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I. INTRODUCTION

Organocopper compounds in organic chemistry appear most frequently in the form of
nucleophilic organocopper(I) reagents, which are used either as stoichiometric reagents or
as catalytic species generated in situ from a small amount of a copper(I) salt and a large
amount of organomagnesium or zinc reagent. Generally formulated as R2CuM bearing a
variety of metal atoms and organic groups, metal organocuprates and related species are
uniquely effective synthetic reagents for nucleophilic delivery of hard anionic nucleophiles
such as alkyl, vinyl and aryl anions1 – 7. A wide variety of transformations including con-
jugate addition, carbocupration, alkylation, allylation, alkenylation and acylation reactions
can be achieved readily with organocuprate reagents but not with other organometallics.
The chemistry of organocopper reagents has been reviewed many times with emphasis
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on synthetic utility and on structural properties, but rarely on reaction mechanisms8,9.
Organocopper chemistry has indeed developed to the current level of sophistication on
the basis of working hypotheses that had rather weak experimental and theoretical support.

The history of nucleophilic organocopper chemistry dates back to 1941, when Kharasch
and Tawney reported the 1,4-addition reaction of a Grignard reagent to an α,β-unsaturated
ketone in the presence of a catalytic amount of a CuI salt10. Gilman and coworkers reported
in 1952 that addition of one equivalent of MeLi to CuI results in the formation of a yellow
precipitate, which then afford a colorless solution upon addition of another equivalent of
MeLi11. In 1966, Costa and coworkers isolated a complex between phenylcopper(I) and
magnesium, as well as crystals of a lithium diphenylcuprate(I) complex12. Since then, a
large number of structures of lithium organocuprates(I) have been determined13 – 15.

The synthetic chemistry of organocuprates started to develop quickly in 1966, when
House and coworkers showed that the reactive species of conjugate addition is the lithium
diorganocuprate called the Gilman reagent16. The foundation for the subsequent develop-
ment was laid by Corey and Posner. Many important transformations such as substitution
reactions of alkyl, alkenyl and allyl electrophiles17 – 21 and carbocupration of acetylene22

had been discovered by the mid-1970s.
Organocopper chemistry is still rapidly expanding its synthetic scope. Landmark

achievements in the last decade are catalytic asymmetric conjugate addition and allylic
substitution reactions by combinations of chiral copper catalysts and a variety of
organometallic reagents such as Grignard, organozinc and organoaluminum reagents23,24.
Even chiral quaternary carbon centers can be constructed in a highly enantioselective
manner. Copper hydride chemistry and directing group strategies have also been
developed25,26.

Though the dominant part of synthetic organocopper chemistry has focused on the
synthesis of biologically active compounds, some interesting developments in material
science have been reported. Quantitative fivefold arylation of C60 and threefold arylation
of C70 using magnesium-based organocopper reagents are good examples, providing a
new class of cyclopentadienyl and indenyl structural motifs27.

Despite synthetic utility of organocopper reagents, their reaction mechanisms had been
poorly understood for a long time. This was primarily due to the structural complexity of
organocopper reagents in solution28. Even the nature of the standard ‘Gilman reagents’
needs careful definition. Although numerous reports described the Gilman reagents as
R2CuLi, most of them are now known to participate in the reaction as an equilibrating
mixture of various aggregate species such as R2CuLižLiX, which is an inevitable side
product of the preparation of ‘R2CuLi’ from RLi with CuX. Even small differences in
solvent and the accompanying salt affect the composition of the reagent and hence the
reactivity29. The equilibrium nature of R2CuLižLiX has made it difficult to conduct mech-
anistic studies such as kinetic studies. Because of this complexity, it is now customary to
indicate all ingredients used when describing a reagent. Understanding of the aggregation
state in solution is fundamental for discussion of the reaction mechanism. In general,
Gilman reagents largely exist as contact ion pairs (R2CuLi dimers) in weakly coordinat-
ing solvents such as diethyl ether, while they prefer to take solvent-separated ion pair
structures in well-solvating solvents such as THF. These species are in equilibrium with
each other, which is closely associated with the reactivity of the reagent.

Numerous mechanistic investigations have been carried out to obtain crystallographic
and spectroscopic information on reactants and products, as well as to understand the
nature of reactive intermediates through kinetic and NMR spectroscopic studies. Never-
theless, the information gained until the mid-1990s was rather fragmentary and incomplete
to provide a comprehensive mechanistic picture of organocopper reactions. A break-
through was provided in the mid-1990s by the development of ab initio and density



Theory of organocopper-mediated reactions 3

functional theories (DFT) that can quickly carry out electron-correlated calculations. With
this computation/theoretical capacity, it became possible for the first time to understand
the behavior of the multi-metallic cuprate systems and the role of the 3d orbitals of the
copper atom. The theoretical studies were strongly supported by the comparison of the
theoretical results with new sets of experimental results such as high-precision kinetic iso-
tope effects (KIEs) and new NMR data such as those obtained by diffusion experiments,
new pulse sequences and low-temperature techniques.

In this chapter, the current status of mechanistic understanding of organocopper-
mediated reactions is summarized by focusing on lithium dialkylcuprate(I) clusters. Section
II describes the fundamental relationship of the structure, molecular orbital and reactiv-
ity of an organocuprate (R2Cu−) molecule. Sections III and IV describe the mechanisms
of basic organocuprate reactions with a focus on the frontier orbital interaction between
the cuprate and each electrophilic substrate. Section V describes the theoretical aspects
behind effects of Lewis acids or bases on the reactivity and selectivity of organocuprate
reactions. Section VI describes the summary and the future outlook.

II. STRUCTURE AND REACTIVITY OF ORGANOCOPPER COMPOUNDS
Structures of diorganocuprate(I) species determined in crystals or by theory have invari-
ably indicated a linear C−Cu−C coordination geometry as the most stable cuprate geom-
etry. The highest occupied molecular orbital (HOMO) of a linear R2Cu− molecule mainly
consists of the copper 3dz2 orbital30,31. The 3dz2 orbital is highest in energy among other
copper 3d orbitals due to its strong anti-bonding interaction with the ligand 2p orbitals
(Figure 1, left). Bending of the C−Cu−C geometry results in not only destabilization
of the R2Cu− molecule (ca 20 kcal mol−1 increase in energy at 113◦), but also mixing of
the copper 3dxz orbital with the ligand 2p orbitals (Figure 1, right). The energy level of
the 3dxz orbital is raised by this orbital mixing, and becomes the HOMO of a bent R2Cu−
at θ < 150◦.

The above analysis demonstrates the strong correlation between the geometry and the
nucleophilic reactivities of an organocuprate anion. For a linear R2Cu− molecule, the high-
lying cuprate orbital will have symmetry suitable for interaction with C−X (X = halogen
or heteroatom) σ* orbital (Figure 2a). Alternatively, a bent R2Cu− species is now suitable
for interaction with the π* orbital of C=C double or C≡C triple bond (Figure 2b). Such
an interaction is a typical case of Dewar–Chatt–Duncanson d–π* back-donation32, which
largely compensates for the energy loss associated with the bending.

With the aid of these back-donation interactions, an organocuprate(I) reagent undergoes
oxidative addition reaction with various electrophiles such as α,β-unsaturated carbonyl
compounds and organic halides to form an organocopper(III) intermediate. The role of
such Cu(III) species in the cuprate reactions has long been unclear, but now is accepted
as the ubiquitous intermediates in the organocopper-mediated C−C bond formation reac-
tions. Theory and experiments demonstrated that a T-shaped trialkylcopper(III) species
is kinetically very unstable and undergoes reductive elimination without energy barrier,
but can be stabilized by a fourth donative ligand through formation of a square-planar
R3CužL complex (Scheme 1)33 – 39. In real synthetic transformations, L can be either a
neutral ligand such as ethereal solvents or heteroatom ligands or anionic ligands such
as halides, cyanide or an intramolecular enolate anion (cf. Section III). The C−C bond
formation reactions of organocuprate reagents commonly takes place through reductive
elimination of such organocopper(III) species.

The above analysis provides the basis for understanding the mechanisms of the organo-
copper-mediated addition and substitution reactions, which will be detailed in the follow-
ing sections. Similar analysis can be applied to the element in the same group such as gold,
which however forms much more stable C−Au(I) bonds and therefore is unreactive40,41.
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FIGURE 2. Schematic representations of orbital interactions between R2Cu− and electrophiles.
(a) Interaction with an alkyl halide. (b) Interaction with an olefin or an acetylene
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On the other hand, the d-orbitals of zinc(II), a main group neighbor, are too low-lying
to be nucleophilic and, as a result, organozinc compounds behave more like a Grignard
reagent42,43.

III. CONJUGATE ADDITION VERSUS SN2 ALKYLATION REACTIONS

The conjugate addition to an α,β-unsaturated carbonyl compound and the SN 2 reaction
with an alkyl halide or pseudohalide are illustrative examples that show the relation-
ship of the geometry, molecular orbital and reactivity of an organocuprate reagent. The
lowest unoccupied molecular orbitals (LUMOs) of these electrophilic substrates are the
C=C π* and C−X σ* orbitals, respectively, which are entirely different from each other
with respect to the orbital symmetry. An organocuprate reagent, by flexibly changing its
geometry, can undergo an efficient frontier orbital interaction with each type of LUMO,
which allows smooth reactions of the entirely different classes of electrophiles. In this
section, reaction mechanisms and molecular orbital interactions involved in these and
related reactions will be overviewed.

The conjugate addition reaction of organocuprates to α,β-unsaturated carbonyl com-
pounds and related compounds is undoubtedly the most important organocopper reaction,
but the mechanism has remained unclear for a long time. High-level quantum mechan-
ical analyses coupled with experimental studies provide a solid mechanistic picture of
the reaction. Thus, the reaction pathways of addition of [Me2CuLi]2 and Me2CuLižLiCl
were studied first for acrolein44 and later for cyclohexenone and its derivatives45,46. The
conjugate addition of an organocuprate to an enone involves complicated multi-step equi-
librium processes such as structural reorganization of the Cu/Li cluster and complexation
of the Cu and Li atoms to the olefinic and carbonyl moieties, respectively. The most
important intermediate of the reaction is an organocopper(III) intermediate that may be
denoted as a β-cuprio(III) enolate, which is formed by the oxidative addition of the enone
to the cuprate(I). This species undergoes rate-determining reductive elimination to afford
the conjugate adduct (Scheme 2). The reductive elimination step is therefore the stage at
which the stereochemistry of the conjugate adduct is determined. Theoretical analysis of
this process reproduced a series of experimental data such as an activation energy47, 13C
NMR chemical shift values48 and 12C/13C KIEs49.
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From a molecular orbital point of view, the organocopper conjugate addition represents
a typical transition metal/olefin reaction. One can draw a pair of donation and back-
donation schemes for Me2Cu− and ethylene (Figure 3a). This reaction, however, cannot be
experimentally observed because ethylene is not electrophilic enough to accept electrons
from the cuprate. When ethylene is substituted with a carbonyl group (e.g. acrolein),
it becomes electrophilic enough to react with the cuprate. The donation/back-donation
scheme is now unsymmetrical, as shown in Figure 3b. The complex can be viewed as a
T-shaped Cu(III) complex bearing an enolate anion as the fourth ligand in a square-planar
coordination sphere. For the reductive elimination to take place, the Cu(III) center needs
to recover electrons from the Cu−C bond, since the two electrons localized in this bond
have largely originated from the copper atom (Figure 3c).

Besides the d–π* interaction as a fundamental driving force of conjugate addition,
the lithium atom acts as a Lewis acid to activate the carbonyl oxygen and hence to
assist the oxidative addition of the cuprate. Both experiments and theory demonstrated
that the Lewis acidity of the lithium atom, which is attenuated by solvent coordination,
is a critical factor of conjugate additions. For instance, addition of a crown ether (i.e.
12-crown-4) is known to retard most of the organocuprate reactions including conjugate
addition. Evaluation of solvation of lithium atoms is therefore essential for theoretical
prediction of activation energies (Figure 4).

The β-cuprio(III) enolate, a key intermediate in the conjugate addition, can undergo
migration of the Cu(III) center when the β-position is substituted with an unsaturated
group (Scheme 3)50 – 52. Reductive elimination of the resulting organocopper(III) species
furnishes a remote conjugate addition product. The remote conjugate addition can be
performed most successfully when the conjugation is terminated by an alkynyl group53,
because an allenylcopper(III) species involved is kinetically unstable to undergo facile
reductive elimination.

The carbocupration of acetylene provides a reliable stereoselective route to cis-alkenyl-
copper(I) species, which can undergo further C−C bond formation as an alkenyl nucle-
ophile. This reaction used to be considered to take place through a four-centered mech-
anism, and hence to be mechanistically different from conjugate addition. However,
theoretical analysis of the reaction of a lithium organocuprate cluster ([Me2CuLi]2 or



Theory of organocopper-mediated reactions 7

RR Cu

RR

Cu

RR

Cu

O
Cu

R

R

O
Cu

R

R

O
Cu

R

R

O
Cu

R

R

O

O
Cu

R

R

oxidative
addition

reductive elimination

(a)

(b)

(c)

+

+

+

_ _

_

_ _

_ _ _

FIGURE 3. Schematic representations of frontier orbital interactions in (a) cuprate/olefin complex,
(b) cuprate/enone complex, and (c) its reductive elimination TS

Cu

O

Li
Cl

Li
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Me2CuLižLiCl) with acetylene revealed kinship of the two reactions (Scheme 4)54. While
not substituted with a carbonyl group as an enone, intrinsically electron-deficient sp car-
bon atoms of acetylene allow facile back-donation interaction with an organocuprate
(step i in Scheme 4; see also Figure 5)55. The resulting cuprio(III)cyclopropane inter-
mediate, assisted by coordination of the lithium cation to the olefinic π-bond, undergoes
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reductive elimination to form a C−C bond (step ii to iv). The initial product of carbocupra-
tion (i.e. alkenyllithium) undergoes Li/Cu transmetalation and affords an alkenylcuprate
species (step v). Thus, the conjugate addition and the carbocupration involve in common
an inner-sphere electron-transfer process that converts the stable C−CuI bond into an
unstable C−CuIII bond and the subsequent reductive elimination forms a new C−C bond.

The mechanistic bridge between the conjugate addition and the carbocupration was
clearly demonstrated through theoretical analysis of cuprate additions to electron-deficient
alkynes (i.e. ynones and ynoates)56. These reactions also involve the oxidative addi-
tion (d/π* back-donation)/reductive elimination processes as the parent carbocupration
reaction57,58. However, the final experimentally detectable products depend on the sta-
bility of the newly formed copper–carbon bond (Scheme 5). If the copper–carbon bond
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is stable enough (i.e. the case of ynoate), the product is an alkenylcopper species. If the
bond is covalently weak (i.e. the case of ynone), the copper–carbon bond is replaced by
a lithium–oxygen bond to give a lithium allenolate.

All of the addition reactions discussed above feature inner-sphere charge transfer from
3dxz orbital of bent R2Cu− species to π* orbitals of the electrophiles. Another typical
reaction of an organocuprate reagent, which features a linear R2Cu− geometry as the reac-
tive conformation, is SN 2−alkylation of alkyl halides, tosylates, epoxides or aziridines.
The reaction takes place with inversion of stereochemistry at the electrophilic carbon59,
and the reaction rate is first-order both to the R2CuLi dimer and to the electrophile60.
Kinetic isotope effects (KIEs) for the reaction of Me2CuLižLiIžPBu3 and CH3I suggested
that the rate-determining step of the reaction is the displacement of the leaving group61.

Theoretical analyses of reactions of alkyl halides (CH3I and CH3Br) and epoxides
(ethylene oxide and cyclohexene oxide) with lithium organocuprate clusters revealed a
mechanistic aspect of this class of organocopper reactions that is entirely different from
addition reactions (Scheme 6)62,63. DFT calculations showed that the rate-determining
step of the alkylation reaction is the displacement of the leaving group (i.e. oxidative
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addition) by a nucleophilic copper(I) atom, which involves efficient overlap of the copper
3dz2 orbital of the linear R2Cu− species and the C−Y σ* orbital (Figure 6). The presence
of the lithium atom in the cuprate is critical, as it assists the C−Y bond cleavage by
coordinating to the leaving Y atom. Such a ‘push–pull’ mode of substrate activation is a
common feature of organocopper reactions, whereas the key copper d-orbital is different
between the addition and SN 2 reactions. The calculated and experimental KIE values for
the reaction of methyl iodide showed good agreement with each other.

The rate-determining displacement of the leaving group leads to formation of a T-
shaped trialkylcopper(III) intermediate, which accepts coordination of a fourth ligand
(halide, solvent etc.) to form a square-planar structure. The copper(III) complex features
the trans relationship of the two R groups and the cis relationship of the R and R′ groups
(Scheme 6), which result from the linear geometry of the R2Cu− moiety in the oxidative
addition step. Hence, reductive elimination of the copper(III) complex exclusively gives
the cross-coupling product R−R’.

A similar reaction pathway was found for the ring-opening alkylation of an epoxide
with an organocuprate cluster. In contrast to the CH3Br reaction, the stereochemistry of
the electrophilic carbon is already inverted in the transition state, providing the reason for
the preferred ‘trans-diaxial opening’ of cyclohexene oxides widely observed in synthetic
studies. BF3, a highly oxophilic Lewis acid, accelerates the epoxide opening reaction by
participating in the C−O bond cleavage step (cf. Section V.A.)64.

IV. ALLYLATION, ALKENYLATION AND ACYLATION REACTIONS

In this section, mechanisms of organocopper-mediated substitution reactions of allyl,
alkenyl and acyl electrophiles will be overviewed. The common characteristics of these
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electrophiles is that they have low-lying C=C (or C=O) π* and C−X σ* orbitals, which
are energetically close to each other and hence can mix with each other in an appropriate
geometry. The key processes involved in the reaction of an organocuprate reagent with
such an electrophile are (1) bending of the R2Cu− fragment, which raises the energy level
of the 3dxz orbital, and (2) structural change of the electrophile, which results in mixing
of the π* and σ* orbitals. With these structural changes, the organocuprate reagent can
undergo effective inner-sphere electron transfer to the electrophile, which eventually leads
to the C−X bond cleavage65. Some details of each reaction system are discussed below.

The substitution reaction of an organocopper reagent with an allylic electrophile such
as halides and esters provides an invaluable tool in organic synthesis. The reactivity
profile is much more complex than the substitution reaction of an alkyl halide, because
the C−C bond formation can take place either at the position α or γ to the position
of the leaving group, and on the face anti or syn66,67 to the side of the leaving group.
An illustrative example of this complexity is shown in equation 1. Thus, the reaction of
a dialkylcuprate is anti-stereoselective but non-regioselective68,69, while a heterocuprate
MeCu(CN)Li undergoes the reaction in an anti- and γ -selective manner70. While an
allylcopper(III) species has long been an accepted intermediate in such reactions71, it was
only recently that theory shed light on the mechanism of its formation and reaction.

OAc

CH3 CH3

αγ CH3

CH3

H3C

+

(CH3)2CuLi 50 : 50

CH3Cu(CN)Li 4 : 96

0 °C

'CH3Cu'

αγ αγ (1)

The reaction pathway of the substitution reaction of a homocuprate and an allyl acetate
is illustrated in Scheme 772. The homocuprate reversibly forms a square-planar olefin
π-complex, which then irreversibly releases an acetate anion in an anti fashion, leading
to a symmetrical π-allylcopper(III) complex. The anti pathway is much more favorable
than the syn pathway due to more effective overlap of the copper 3dxz orbital and the
C=C π*/C−O σ* mixed orbital of the allyl acetate. The cleavage of the C−OAc bond is
intramolecularly assisted by a lithium cation. The π-allylcopper(III) is entirely symmetric
in its geometry and electronic structure, and therefore undergoes reductive elimination
either at the α or γ carbon atom. The π-allylcopper(III) can equilibriate with a less stable
σ -allylcopper(III), which is however much less responsible for the C−C bond formation
(Scheme 8).

If the starting material is substituted differently at the α and γ atoms, reductive elim-
ination of the resulting π-allylcopper(III) intermediate takes place at different rates at
the α and γ carbon atoms73. Analysis of a series of unsymmetrically substituted π-
allylcopper(III) complexes indicated that the regioselectivity of the reductive elimination
of such intermediates is mainly controlled by the electronic effect, and correlated well
to the Hammett σp

+ constant74. In summary, a homocuprate undergoes anti-displacement
of the leaving group to give a π-allylcopper(III) intermediate, and the regiochemistry of
C−C bond formation from this intermediate is governed by electronic and steric effects
of the substituent.

In contrast to the homocuprate reaction, the trans effect in the oxidative addition step
is a critical factor for the γ -regioselective allylic substitution of a heterocuprate (see also
Section V.C for heterocuprates). Such heterocuprates a priori offer two diastereomeric
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transition states of oxidative addition. For the case of the cyanocuprate, the alkyl ligand
has higher σ -donor ability than the cyano ligand and thus causes stronger trans effect.
This and the disymmetry of the C=C π*/C−O σ* mixed orbital make a transition state
with the alkyl ligand on the γ side enjoy better FMO interaction than the opposite iso-
meric TS (Scheme 9). The trans effect is also reflected in the resulting allylcopper(III)
intermediate, which takes an enyl [σ + π] geometry. Due to the configurational stability
of a tetracoordinated organocopper(III) species, once formed, the allylcopper(III) complex
A undergoes reductive elimination exclusively at the γ position. Overall, the regioselec-
tivity of allylic substitution of heterocuprate is controlled by the orbital interaction in the
oxidative addition step.

Ligand effect on the rate of the oxidative addition/reductive elimination steps should
be noted. Thus, less σ -donating ligands such as cyanide reduce the nucleophilicity of
the organocuprate, and decelerate the oxidative addition. On the other hand, such lig-
ands accelerate the reductive elimination because the allylcopper(III) species bearing such
ligands are less stabilized.

Nucleophilic substitution on an alkenyl or acyl sp2-carbon atom is another important
class of organocopper-mediated reactions. In particular, substitution of an alkenyl halide
initially reported in 1967 changed the accepted wisdom that a nucleophilic substitution on
an unactivated sp2 carbon is synthetically impracticable. While the original organocuprate
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reaction is now not as popular as conjugate addition and allylic substitution reactions, it
can be regarded as the prototype of modern catalytic cross-coupling reactions of alkenyl
and aryl electrophiles utilizing nickel(0) and palladium(0) complexes75.

The substitution reaction has been considered to involve insertion of the Cu(I) atom
into the sp2 carbon–halogen bond (oxidative addition) and reductive elimination of the
resulting organocopper(III) intermediate76. However, theoretical study offered a significant
mechanistic modification as outlined in Scheme 1077. First, the cuprate forms a π-complex
with the alkenyl bromide as it does with enones, acetylenes and allylic electrophiles (vide
supra). The subsequent C−Br bond cleavage may go through a three-centered or an
eliminative pathway. In the three-centered pathway, the leaving bromide migrates to the
Cu(III) center, while the eliminative pathway is characterized by the trapping of the
eliminated bromide by a Li cation. Comparison of experimental and calculated KIE data
indicated that the latter pathway is more likely.

The common structural features of the three-centered and eliminative TSs are bending
of the R2Cu− moiety and sp2-to-sp3 hybridization of the α-carbon atom. These structural
changes of the reagent and substrate allow interaction of the Cu 3dxz orbital (HOMO)
with the C=C π*/C−Br σ* mixed orbital (LUMO), which is an important driving force
of the C−Br bond cleavage (Figure 7). Note that this charge-transfer interaction is taking
place already in the π-complex.

The theoretical study on the cuprate reaction revealed several important mechanistic
issues in the oxidative addition of alkenyl and aryl electrophiles: (1) The formation of
a π-complex prior to C−X bond cleavage78, (2) intrinsic mechanistic dichotomy (three-
centered vs. eliminative) of C−X bond cleavage, (3) assistance of C−X bond cleavage
by a Lewis acid. This mechanistic framework offers a useful guideline for the design of
a catalytic process involving oxidative addition as a critical step79.

The mechanistic dichotomy of the three-centered and eliminative oxidative addition is
also found in the substitution of an acyl electrophile by organocuprate reagents, which
offers a reliable method for the synthesis of ketones80,81. The reaction pathway depends
on the nature of the leaving group82. For instance, substitution of a thioester takes place
through a three-centered insertion of the Cu atom into the C−S bond due to high affinity
of thiolate to the Cu atom. On the other hand, an acid chloride prefers an eliminative
pathway (Scheme 11).
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V. EFFECT OF LEWIS ACID AND LEWIS BASE

A wide variety of modified organocopper reagents have been developed during the half-
century history of organocopper chemistry. The modifiers, typically Lewis acidic or basic
additives, are employed mainly for acceleration and regio-, stereo- and chemoselectivity
control of the reaction. In this section, the theoretical basis behind some representa-
tive cases including BF3 effect, Me3SiCl effect, dummy ligand effect and cyano-Gilman
cuprate will be discussed.

A. BF3 Effect

It has been amply demonstrated that the rate and selectivity of organocopper reactions
are significantly affected by countercations or Lewis acidic additives (e.g. BF3

83, Zn(II)84,
Ti(IV)85, Al(III)86). A representative example of such cases is that a Lewis acid such as
BF3 dramatically increases the reaction rate and changes the selectivity of conjugate addi-
tion of an organocopper reagent to an unsaturated carbonyl compound87. The Lewis acid
activation of the carbonyl group was a working hypothesis of the use of BF3. However,
this idea contradicts the mechanism of the conjugate addition, that is, reductive elimina-
tion of organocopper(III) species is the rate-determining step (Section III). Alternatively,
theoretical studies indicate that removal of one of the two alkyl groups by complexation
of BF3 on triorganocopper(III) accelerates the reductive elimination (Scheme 12).

MO
CuIII

R
R

O R2CuM
BF3 MO

CuIII

R

R
B

F

F
F

MO R

slow fast

SCHEME 12. Proposed mechanism of the acceleration of the cuprate conjugate addition by BF3

The origin of the acceleration of epoxide alkylation by BF3 has also been exam-
ined theoretically. A plausible pathway for BF3 participation in the reaction is shown in
Scheme 13. The cooperative interaction of BF3 fluorine and boron atoms with the cuprate
and epoxide is responsible for the acceleration of the C−O bond cleavage.

B. Me3SiCl Effect

Since the initial discovery by Nakamura and Kuwajima in 1984, chlorotrimethyl-
silane (Me3SiCl) has been a standard reagent for acceleration of conjugate addition
reactions. The effect was first reported for copper-catalyzed conjugate additions of zinc
homoenolates88, and followed by applications to Grignard-based catalytic organocopper
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reagents and stoichiometric lithium diorganocuprates89. Acceleration of conjugate addi-
tions and modification of their selectivities by means of silylating agents are now well
established.

The mechanism has become the subject of considerable discussion. The key steps in
representative mechanistic proposals include silylation of a π-complex of an enone and
a cuprate90,91, Lewis acid activation of the enone substrate with Me3SiCl92, chloride
coordination to the lithium cation93 and chloride coordination to the copper atom94, while
none of them has thus far gained strong experimental and theoretical support. While these
proposals failed to provide a direct answer to the mechanism of Me3SiCl acceleration,
the positive correlation between the silylating ability of the reagent and the magnitude of
rate acceleration95 strongly suggests that the rate-determining step of the reaction is the
silylation step rather than the C−C bond forming step. Recent studies of kinetic isotope
effects supported this conjecture96. Further mechanistic analysis including reaction rate,
stereochemistry and theoretical analysis are still awaited.

C. Dummy Ligand Effect

A synthetic problem associated with the use of homocuprates R2Cu− is that the reagent
can transfer only one of the two R ligands to the target electrophiles, with one R lig-
and being lost as an unreactive RCu species. The introduction of mixed organocuprates,
in which the X group acts as a nontransferable dummy ligand, provided the first general
solution to this problem. Typical dummy ligands include alkynyl97, cyano98, phenylthio99,
dialkylamino100, phosphino100 and trimethylsilylmethyl101 groups. It has been accepted
that the ligand transfer selectivity of a mixed organocuprate depends on the Cu−X bond
strength. While this hypothesis has been successful for the design of dummy ligands, the-
oretical analysis of reductive elimination of organocopper(III) complex bearing alkyl and
dummy ligands showed that the selectivity is accounted for by two factors, thermodynamic
stability and kinetic reactivity of the Cu(III) intermediate102,103.

For the typical dummy ligands, the trans effect and the strong Li−X affinity are the
reason why these ligands stay on the copper atom (Figure 8a and 8b). In contrast, the
trimethylsilylmethyl group acts as a dummy ligand due to a high activation energy required



Theory of organocopper-mediated reactions 17

O
Cu

R
X

Li

Cl Li

O
Cu

X
R

Li

Cl Li
vs.

LiO

R

LiO

X

alkyl transfer X transfer

O
Cu

R
C

Li

Cl Li

Y

O
Cu

R
S

Li

Cl Li

R1

Cu

R Si

H
H

Cu

R
H

H

H

(a)

(X = N, CH)

(b) (c) (d)

π-bond coordination
trans effect

lone pair coordination
trans effect

destabilizing
4-e interaction

stabilizing
π-orbital participation

FIGURE 8. Ligand transfer selectivity in conjugate addition and its rationale

for its participation in C−C bond forming reductive elimination (Figure 8c). Transfer of
an alkenyl group is preferred due to participation of C=C π-orbital in the C−C bond
formation (Figure 8d). As described for allylic substitution reaction in Section IV, dummy
ligands play decisive roles not only in the group transfer selectivity but also in the regio-
and stereoselectivity of the reaction.

D. Cyano-Gilman Cuprates

Lipshutz and coworkers reported in 1981 that reagents formed by addition of two
equivalents of RLi to CuCN give higher yields than the corresponding Gilman cuprates
(R2CuLi) or mixed cyanocuprates (RCu(CN)Li), and described them as higher-order
cyanocuprates, assuming a triply coordinated structure104. The higher-order structure of
this reagent has been a subject of controversy since the report of Bertz105. The current
consensus based on a large number of structural studies is that the cyanide anion is not
attached to copper and the cuprate must be regarded as a cyano-Gilman cuprate106. Despite
this conclusion, the Lipshutz cuprate still remains the one of choice in many synthetic
transformations. Furthermore, it shows some unusual reactivity, which suggests that a
minute amount of alkyllithium is generated in equilibrium with the major R2Cu− species.

Theoretical studies on the kinetic reactivity of the Lipshutz reagent in SN 2 alkylation
and conjugate addition reactions have been reported107 – 109. Exploration of the reaction
pathways of organocuprate clusters of the Me2Cu(CN)Li2 composition showed that, while
less stable than the cyano-Gilman structure C, the reactant D undergoes SN 2 alkylation and
conjugate addition as smoothly as C (Scheme 14). Thus, such a minor and undetectable
cuprate species may be responsible for the distinctly higher reactivity of the Lipshutz
cuprate in some cases. The origin of the high reactivity of the minor isomer D is ascribed
to an anisotropic coordination behavior of the cyanide anion.
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VI. CONCLUDING REMARKS

Extensive mechanistic studies in the past 15 years as guided by theory have established
a unified mechanism of the nucleophilic organocopper chemistry. The reactivity and the
high synthetic versatility of organocopper reagents originate from two important factors,
namely (1) the polarizable 3d orbitals of the copper(I) atom, the energy level of which
is suitable for efficient inner-sphere electron transfer to a variety of electrophiles, and
(2) their ability to form cluster structures bearing countercations, Lewis acids and bases,
and ligands. The energy levels of the copper(I) 3d orbitals are much higher than those
in zinc(II), and become even higher upon mixing with the 2p orbital of the alkyl ligand
through R2Cu− formation. Organonickel and silver species are less stable and hence less
synthetically useful than organocopper(I) reagents, while organogold(I) complexes are
too stable for nucleophilic delivery of alkyl groups. The C−Cu−C angle is intimately
related to the orbital symmetry and the reactivity of a diorganocuprate. The Cu(I)/Cu(III)
redox sequence is assisted by cooperative interactions of an electrophilic substrate with
a polymetallic organocopper cluster, which forms under appropriate conditions (solvent,
ligand, countercation etc.).

The design of organocopper reagents and catalysts can now be considered as an issue of
supramolecular chemistry, which requires elaborate control of cooperative transition state
structures through organotransition metal chemistry, Lewis acid chemistry, coordination
chemistry and so on. It is certain that the reactive species in catalytic organocopper
chemistry is a cuprate, either R2Cu− or R(X)Cu−, but details need to be the subject of
systematic study110 – 118. Nonetheless, the information obtained from the stoichiometric
cuprate has proven to be useful for designing the reactivity of catalytic copper reagent119.
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I. INTRODUCTION
The history of organocopper chemistry dates back to 1859 when Böttger reported the
preparation of the highly explosive copper(I) acetylide Cu2C2, a compound most probably
involving copper-to-carbon bonds1. In the same year the reaction of diethylzinc with CuCl
was reported by Buckton2. Instead of the anticipated ‘ethylcopper’ only metallic copper
mirrors were obtained, from which he concluded that it was impossible to bind an organic
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group to copper. However, about sixty years later the isolation of phenylcopper from the
reaction of a phenyl Grignard reagent with CuI was reported by Reich3. In 1952 Gilman
and coworkers reported the formation of methylcopper as a yellow solid, obtained from
the reaction of two equivalents of MeLi with CuCl2 in diethyl ether as a solvent4. The first
step of this reaction involved reduction of Cu(II) to Cu(I) by which the first equivalent
of MeLi acts as a one-electron reductor (equation 1) followed in the second step by the
transfer of the methyl group from the second equivalent of MeLi from lithium to copper
(equation 2). Methylcopper is a yellow solid, stable as a suspension in diethyl ether at
0 ◦C, but which decomposes explosively when made dry.

2 MeLi  +  2 CuCl2 Cu2Cl2  +  2 LiCl  + C2H6 (1)

2 MeLi  +  Cu2Cl2 2 MeCu  +  2 LiCl (2)

In 1936 the applicability of organocopper reagents in synthetic organic chemistry was
demonstrated by the pioneering work of Gilman and Straley5. Somewhat later, it appeared
that catalytic amounts of copper halides favored the 1,4-addition over the more usually
observed 1,2-addition mode in the reaction of Grignard reagents with α,β-unsaturated
ketones (equation 3)6 and α,β-unsaturated esters7, a discovery that appeared to be of
crucial importance for the further development of organocopper reagents.

O

R′
RMgX

OH

R′

R
hydrolysisR O

R′

hydrolysis

RMgX
CuX (cat)

(3)

The synthesis of the Gilman cuprate Me2CuLi4,8 – 10 and related R2CuLi reagents, and
the demonstration of their synthetic potential by House and coworkers8,9 and Corey
and Posner10, resulted in a major breakthrough in the field of copper-mediated synthetic
organic chemistry. An obvious disadvantage of this type of cuprates, which are used in
stoichiometric amounts, is the fact that only one equivalent of the (precious) organic
groups is used in the reaction. This was already recognized at an early stage of these
investigations and later was addressed by Posner and coworkers11, who introduced the
concept of cuprate reagents containing one non-transferable (non-precious) group and one
transferable grouping. An example of such a non-transferable group is the PhS− anion,
introduced in the reaction mixture as CuSPh. Much later this idea was applied in the
enantioselective 1,4-addition reaction of Grignard reagents to α,β-unsaturated ketones in
the presence of catalytic amounts of a chiral copper(I) 2-aminoarenethiolate in which
the chiral 2-aminoarenethiolato anion not only acts as a non-transferable group but also
induces enantioselective transfer of the organic group to the prochiral substrate12,13.

Another class of compounds that much contributed to the applicability of organocopper
reagents in organic synthesis are the so-called higher order cyanocuprates R2Cu(CN)Li2,
initially developed by Lipshutz and coworkers14 – 16.

Recently, the mechanistic insights in both reactions involving cuprates and other organo-
copper compounds and in the nature of these reagents itself have been reviewed17 – 19.
Moreover, these insights are corroborated by modern computational studies20,21.

Systematic studies towards the synthesis, isolation and characterization of organocop-
per compounds started in the late 1960s and early 1970s. Important contributors to
these early studies were: (i) Camus and coworkers, on phenylcopper, as well as 2-,
3- and 4-tolylcopper22,23, (ii) Cairncross and coworkers, on pentafluorophenylcopper
and 3-CF3C6H4Cu24,25, (iii) Lappert and Pearce, on (trimethylsilyl)methylcopper26 and
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(iv) van Koten and coworkers, who introduced the concept of stabilization by intramolec-
ular coordination as, e.g., in 2-Me2NCH2C6H4Cu and other functionally substituted aryl-
copper compounds27,28. Already at an early stage of these studies it became clear that
organocopper compounds have a great tendency to form aggregates with all kinds of metal
salts, including copper(I) salts. It appeared that materials, earlier regarded as impure
organocopper compounds, in fact were pure materials in which the copper halide is
an integral part of the formed polynuclear organocopper compound, as, e.g., in (2-
Me2NC6H4)4Cu6Br2 (vide infra)29,30.

Copper is a late transition element and may occur in formal oxidation states ranging
from 0 to 4+ and of which the ions readily form complexes to yield a wide variety of
coordination compounds. Oxidation states 1+, 2+ and 3+ are the most common ones,
while oxidation states 0 and 4+ in copper compounds are extremely rare. In inorganic and
coordination chemistry the 2+ oxidation state is the most abundant one, and is regarded
to be more stable than the 1+ oxidation state. However, the organometallic chemistry of
copper, in terms of isolable compounds, is strongly dominated by compounds in which
copper is in the 1+ oxidation state.

The intrinsic instability of hypothetical diorganocopper(II) compounds R2Cu is most
probably associated with the redox properties of copper and the stability of the R radical.
Decomposition of such compounds can occur via two different routes: (i) the formation of
an organocopper compound with copper in its 1+ oxidation state and a radical Rž, which is
formally a one-electron reduction process (equation 4), and (ii) direct formation of R−R
and Cu(0), which is formally a two-electron reduction process (reductive elimination)
(equation 5).

+   R•R Cu R R Cu (4)

+   CuR Cu R R R (5)

Recently, a few organocopper(II) compounds in which copper is in its 2+ oxidation
state have been isolated. In these compounds the copper atom is ‘caught’ in a very rigid
ligand environment, e.g. as in N-confused porphyrins (vide infra) that provides a rigid
tetradentate, square planar coordination environment to the copper(II) center.

Organocopper compounds with copper in its 3+ oxidation state are also rare, but
recently a few have been isolated in which either the organic group which is σ -bonded
to the copper(III) center contains highly electronegative groups, as, e.g., in (CF3)2Cu-
S2CNEt231, or in which the carbon anion is part of a multidentate ligand system that
provides a stabilizing ligand environment for the copper(III) center.

A variety of coordination numbers and geometries has been observed for structures of
copper(I) compounds in the solid state, especially for its inorganic complexes (Figure 1)32.
However, in organometallic chemistry mainly coordination geometries such as linear,
trigonal planar and trigonal planar with a strong distortion towards T-shaped geometries
have been encountered.

Already at the early stages of the development of organocopper chemistry it became
clear that organocopper(I) compounds are not simple monomeric species RCu. Molecular
weight determinations by ebulliometry and cryoscopy showed that in solution organocop-
per compounds can exist as dimeric, tetrameric or even octameric species. Definite proof
for the existence of such associated species in the solid state was obtained from the ear-
liest X-ray crystal structure determinations of organocopper(I) compounds. In the early
days such compounds were denoted ‘organocopper clusters’33 because in many of these
structures short Cu· · ·Cu distances could be observed. However, as theoretical studies later
confirmed direct metal–metal bonding is not involved in these organocopper structures
and therefore a better name for this type of compounds is ‘organocopper aggregates’.
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Cu Cu Cu Cu

Cu Cu Cu Cu Cu

Square planar Trigonal pyramidal See-saw Square pyramidal Trigonal bipyramidal

Linear Trigonal planar T-shaped Tetrahedral

FIGURE 1. The observed coordination geometries for the copper(I) center in copper(I)
compounds

It must be noted that the recently reported structures of organocopper-(II) and -(III)
compounds all have [RxCuLn]Anionz−x stoichiometry (in which z is either 2 or 3 and
x can be either 1, 2 or 3). These compounds are mononuclear and all have a direct
two-electron two-center C−Cu bond.

Simple σ -bonding between copper and a carbon ligand has only been observed in a
few organocopper(I) complexes with RCu(L) stoichiometry in which L is a neutral two-
electron donor ligand. In most organocopper(I) compounds RCu aggregation occurs as the
result of electron-deficient two-electron three-center bonding between an anionic carbon
atom (of the R-anion) and two copper(I) centers. A simplified model for such a bonding
between a phenyl anion and two copper atoms is shown schematically (Figure 2). The
lowest molecular orbital is a bonding combination of the sp2-carbon orbital with bonding
orbitals on the two copper atoms (A), while a molecular orbital of higher energy is the
result of overlap of a π-orbital at carbon with an antibonding combination of copper
orbitals (B). In addition, back-donation from the copper atoms to the bridging carbon
atom occurs via overlap of filled antibonding orbitals at copper to a π*-carbon orbital.
It should be noted that the second molecular orbital increases the electron density at the
bridging carbon atom, and thus the kinetic stability of the copper–carbon bond. It is
obvious that an orientation of the plane of the aryl group perpendicular to the Cu–Cu
vector is the energetically most favorable situation. Such a situation is often observed
in the solid state structures of most arylcopper compounds (vide infra) and is enhanced
when ortho-substituents are present.

Finally, it is interesting to note that initially the structural characterization of organocop-
per compounds in the solid state by X-ray crystallography was hampered by several factors
which are: (i) thermal instability, (ii) extreme sensitivity towards oxygen and moisture
and (iii) limited solubility in suitable solvents to grow single crystals.

Nowadays, it has been well established that the thermal stability of organocopper
compounds increases in the order: alkyl < aryl ≈ alkenyl < alkynyl34. It is therefore

Cu CuCu Cu

(A) (B)

FIGURE 2. Simplified model for the phenyl-to-copper bonding in an electron-deficient two-electron
three-center bond
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not surprising that the first organocopper compound characterized by X-ray diffraction
was an alkynylcopper complex, i.e. PhC≡CCu(PMe3)35, which appeared to exist as a
tetrameric aggregate in the solid state. The first alkyl- and arylcopper compounds that were
structurally characterized by X-ray diffraction were Me3SiCH2Cu26 and 2-(Me2NCH2)-
5-(Me)C6H3Cu36,37, respectively. Both compounds exist as tetrameric aggregates in the
solid state.

When modern X-ray crystallographic techniques became more available to synthetic
chemists, a renaissance towards the elucidation of the solid state structures of organocop-
per compounds started. Nowadays, a few hundred structures of organocopper compounds
are known. In fact, in the August 2008 version of the CSD database38, 351 structures con-
taining a σ -copper-to-carbon bond (excluding inorganic carbon monoxide-, isocyanide-
and π-complexes) could be retrieved. Several of these structures have been reviewed (in
part) earlier34,39 – 41. The present chapter gives an overview of the structural investiga-
tions of all organocopper compounds known so far. Depending on the particular type of
aggregate the structures have been divided into several classes of compounds and are
discussed in corresponding sub-chapters. Although copper–carbene complexes formally
are not ‘real’ organocopper compounds, their structures have been included in this chapter
because of the nature of the direct Cu–C interaction in these compounds.

II. ALKYL- AND ARYLCOPPER(I) COMPOUNDS

A. Donor-base-free Organocopper Compounds, RCu

The intrinsic thermal lability of alkylcopper compounds (vide supra, many decompose
violently when dry), together with their very low solubility in both polar and apolar
organic solvents, prevented the growth of single crystals suitable for X-ray crystal structure
determination and therefore hampered the structural characterization of simple alkylcopper
compounds.

One exception is (trimethylsilyl)methylcopper, which has been obtained from the reac-
tion of the corresponding organolithium compound with (insoluble) CuI in diethyl ether.
Me3SiCH2Cu showed a remarkably improved thermal stability (mp 79 ◦C) and, more-
over, appeared to be soluble in hydrocarbon solvents26. A tetrameric aggregate structure
(Me3SiCH2)4Cu4 (1) was proposed for this compound based on the observed mass spec-
tra. However, unequivocal evidence for this tetrameric structure had to await the results
of an X-ray crystal structure determination42. The molecular geometry of 1 comprises
four copper atoms arranged in a square plane (Figure 3). Each of the four trimethylsilyl-
methyl groups are electron deficient, i.e. bridge bonded between neighboring copper atoms
along the edges of the square in a symmetric way [Cu(1)–C(1) 1.98(1) and Cu(2)–C(1)
2.00(1) Å]. The four bridging carbon atoms lie roughly in the Cu4-plane while the coor-
dination geometry at the copper atoms is close to a linear one with C(1)–Cu–C(1a)
amounting to 163.1(1)◦. It should be noted that 1 represents the first and so far only
example of a pure, uncomplexed alkylcopper compound of which the structure in the
solid state was characterized by X-ray crystallography.

Although already in the early days of organocopper chemistry simple arylcopper com-
pounds like PhCu22, 2-, 3- and 4-MeC6H4Cu23, C6F5Cu24, 2-CF3C6H4Cu24 and 3-CF3-
C6H4Cu25 had been synthesized and isolated as pure compounds, knowledge about their
actual structures remained speculative. For insoluble PhCu and some of the alkyl-
substituted ones, a polymeric structure was proposed (Figure 4). However, molecular
weight determinations in solution by ebulliometry and cryoscopy of some soluble com-
pounds indicated that they exist as discrete aggregates in solution. For example, these mea-
surements showed that C6F5Cu and 3-CF3C6H4Cu in solution most likely have tetrameric
and octameric aggregated structures, respectively24,25. In later studies, based on cryoscopic
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FIGURE 3. Molecular geometry of (Me3SiCH2)4Cu4 (1) in the solid state

Cu Cu Cu Cu

FIGURE 4. Proposed polymeric structure for insoluble PhCu in the solid state

measurements in benzene, a tetrameric aggregated structure was observed for 4-Me-
C6H4Cu43.

When modern X-ray crystallography became more readily available to the organocopper
chemist, structures of various alkyl-substituted arylcopper compounds could be determined
more routinely. It must be noted, however, that as the application of X-ray techniques
often appeared crucial for gathering information on structural features of organocopper
compounds, the growth of single crystals often has been a limiting (and frustrating) factor.

The molecular geometries of [Me5C6]4Cu4 (2)44, [2,4,6-Et3C6H2]4Cu4 (3)45, [2,6-(i-
Pr)2C6H3]4Cu4 (4)46, [2,4,6-(i-Pr)3C6H2]4Cu4 (5)47 and [2-(vinyl)C6H4]4Cu4 (6)48 all
exhibit a tetrameric, aggregate structure as a common structural motif. As an example the
structure of pentamethylphenylcopper is shown (Figure 5).

The molecular geometry of [Me5C6]4Cu4 (2) comprises four copper atoms in a perfect
square-planar arrangement [Cu-Cu 2.413(2) Å]. The four aryl groups are each two-electron
three-center bridge bonded via Cipso between two copper atoms along the edges of the
Cu4-plane in a highly symmetrical manner [Cu–C 1.99(1) Å] with the planes of the aryl
groups orientated perpendicularly to the Cu4-plane.

The structures of [2,4,6-Et3C6H2]4Cu4 (3), [2,6-(i-Pr)2C6H3]4Cu4 (4) and [2-(vinyl)
C6H4]4Cu4 (6) are closely related to the structure of 2, while the structure of [2,4,6-(i-
Pr)3C6H2]4Cu4 (5) deviates considerably, which is particularly expressed by the asymmet-
ric bonding of the bridging aryl groups (Figure 5). Although the Cu−C bond
distances in the bridge only slightly deviate [Cu(1)–C(1) and Cu(1a)–C(1) are 1.958(7)
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FIGURE 5. Molecular geometry of [Me5C6]4Cu4 (2) and [2,4,6-(i-Pr)3C6H2]4Cu4 (5) in the solid
state

Cu Cu Cu Cu

(A) (B)

FIGURE 6. The different bridge-bonding situations in 2, 3, 4 and 6 versus the one encountered in 5

and 2.018(7) Å, respectively], the angle of the vector C(4)–C(1) with that of the Cu(1)–
C(1) bond is close to linear (165.4◦) while the angle of the C(4)–C(1) vector and the
Cu(1a)−C(1) bond is 118.6◦. This asymmetric bonding has been explained in terms of
different orbital overlap in the bridge bond (Figure 6). In 2, 3, 4 and 6 aggregate formation
is the result of pure two-electron three-center bonding (bonding situation A) while in 5
formation of the tetramer is described as the result of association of four monomeric units,
in which the copper atom is bonded via a two-center two-electron bond, and aggregation
is provided by an interaction of the electron-rich π-orbital of Cipso , perpendicular to the
plane of the aryl ring, with an empty orbital of the neighboring copper atom (bonding
situation B). A similar type of bonding has been observed in neutral aryl cuprates49 and
is even more expressed in the corresponding aurates50.

An X-ray crystal structure determination of 2-thienylcopper revealed a molecular geom-
etry consisting of a tetrameric aggregate (C4H4S)4Cu4 (7)51 with structural features closely
related to those of 2–5. The 2-thienyl groups are each spanning the edges of a Cu4-square
binding two copper atoms via two-electron three-center bridge bonds. The planes of the
2-thienyl groups are orientated perpendicularly to the Cu4-plane, but in such a way that
two adjacent ones have the sulfur atoms above and the other two below the Cu4-plane.

More than 35 years after its discovery, vide supra, the solid state structure of pentaflu-
orophenylcopper was unambiguously established by an X-ray crystal structure determina-
tion. Recrystallization from a 1,2-dichloroethane/cyclohexane mixture afforded crystalline
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FIGURE 7. Molecular geometry of (C6F5)4Cu4 (8) and (C6F5)4Cu4(C6H5Me)2 (9) in the solid state

(C6F5)4Cu4 (8) whereas the crystalline material obtained after recrystallization from
toluene appeared to be (C6F5)4Cu4(C6H5Me)2 (9)52,53. The molecular geometry of 8
is similar to that of other tetrameric aggregates (vide supra) with the four copper atoms
in an almost perfect square-planar arrangement and the pentafluorophenyl groups sym-
metrically bridge bonded [Cu(1)–C(1) 1.998(2) and Cu(2)–C(1) 2.002(2) Å] between the
copper atoms (Figure 7).

A striking difference is observed in the solid state structure of 9 which contains, in
addition to the four pentafluorophenyl groups, two π-coordinate bonded toluene groups.
The four copper atoms do not lie in one plane but form a butterfly structure with the angle
between the Cu(1)–Cu(2)–Cu(3) and Cu(1)–Cu(3)–Cu(4) planes amounting to 37.5◦
(Figure 7). The pentafluorophenyl groups are each rather symmetrically bridge bonded
[Cu(1)–C(1) 1.957(2) and Cu(2)–C(1) 2.006(2) Å] via Cipso to two copper atoms. The two
toluene (solvent) molecules are each η2-bonded [Cu(2)–C(2) and Cu(2)–C(3) 2.339(2)
and 2.298(2) Å, respectively] to opposite copper atoms. Consequently, two of the copper
atoms [Cu(1) and Cu(3)] are two-coordinate, whereas the other two [Cu(2) and Cu(4)]
have a distorted trigonal-planar coordination geometry.

A remarkable structural diversity was observed for the structures of mesitylcopper in
the solid state. Single crystals, obtained by adding diethyl ether to a THF solution of
mesitylcopper, afforded crystalline Mes4Cu4 (10)54 with a symmetric square-planar Cu4-
geometry (Figure 8) similar to those found in other tetrameric organocopper aggregates
(vide supra). However, recrystallization of the same material from toluene yielded a cyclic
pentameric aggregate Mes5Cu5 (11)55,56. The molecular geometry of 11 comprises a ten-
membered ring of alternating copper and bridging carbon atoms (Figure 8). The ring is
puckered with a total puckering amplitude57 of 1.47 Å. The dihedral angle of the plane
of the mesityl groups with the least-squares plane of the five copper atoms ranges from
91◦ to 105◦.

It appeared that from a THF/diethyl ether solution of 10, which was stored at −80 ◦C,
after prolonged time a so far unknown polymorph crystallized. An X-ray crystal structure
determination, using low-temperature handling techniques, showed this solid phase to be
that of a pentameric Mes5Cu5 aggregate with non-coordinating disordered THF molecules
in the crystal lattice. Prolonged standing of this material at −20 ◦C in THF/diethyl ether
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FIGURE 8. Molecular geometry of tetrameric Mes4Cu4 (10) and pentameric Mes5Cu5 (11) in the
solid state

solution resulted in complete conversion to crystalline tetrameric 10. These observations
indicate that in solution an equilibrium exists between tetrameric and pentameric aggre-
gates that was also supported by NMR studies56 and DFT calculations58, which indicated
that the tetramer and pentamer are very close in energy.

The X-ray crystal structure determination of 2,6-di(phenyl)phenylcopper showed that
this compound exists as a trimeric aggregate [2,6-Ph2C6H3]3Cu3 (12)59 in the solid state
with a triangular arrangement [Cu(1)–Cu(2) 2.3758(7), Cu(1)–Cu(3) 2.4224(10) and
Cu(2)–Cu(3) 2.9136(11) Å] of the three copper atoms (Figure 9). Two of the monoan-
ionic aryl groups are two-electron three-center bridge bonded between the copper atoms
[Cu(1)–C(1) 1.989(3), Cu(2)–C(1) 2.085(3), Cu(1)–C(2) 2.047(3) and Cu(3)–C(2)
1.989(4) Å]. The third aryl anion is η1-bonded to copper via Cipso [Cu(2)–C(3) 1.924(3)
Å] while one of the ortho-phenyl groups is η2-bonded (π-coordination) to Cu(3) [Cu(3)–
C(4) 2.158(3) and Cu(3)–C(5) 2.232(4) Å].

In the solid state 2,6-di(mesityl)phenylcopper exists as a symmetric dimeric aggregate
(2,6-Mes2C6H3)2Cu2 (13)59 (Figure 9). The aryl group is η1-bonded to copper via Cipso

[Cu–C(1) 1.927(5) Å] while dimerization occurs via π-coordination of one of the mesityl
groups in a η2-fashion [Cu–C(3) 2.295(4) and Cu–C(4) 2.123(4) Å] to copper in the other
half of the dimer.

The X-ray crystal structure determination of the product obtained from the reaction of
two equivalents of ferrocenyltrimethyltin, FcMe3Sn, with (C6F5)4Cu4 showed the forma-
tion of heteroleptic Fc2(C6F5)2Cu4 (14)60 (Figure 10).

In 14, the copper atoms are arranged in a parallelogram geometry with each of the ferro-
cenyl and pentafluorophenyl groups two-electron three-center bridge bonded to two copper
atoms [Cu(1)–C(1) 1.971(5), Cu(2)–C(1) 1.969(5), Cu(2)–C(2) 2.018(5) and Cu(3)–C(2)
2.031(5) Å]. The two pentafluorophenyl groups, and consequently the two ferrocenyl
groups, are in trans-position.

A similar reaction of 1,2-bis(trimethyltin)ferrocene with (C6F5)4Cu4 yielded the het-
eroleptic aggregate Fc4(C6H5)8Cu16 (15)60, as shown by an X-ray crystal structure deter-
mination (Figure 10). This aggregate, which consists of four 1,2-FcCu2 and eight C6F5Cu
units, making a total of sixteen copper atoms, represents the largest organocopper aggre-
gate known to date. In 15 each ferrocene moiety is bound to four copper atoms, of which
two are located above the Cp plane and the other two bound from the endo-side. Of the
four copper atoms attached to each ferrocene moiety, three are involved in bridging with
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FIGURE 9. Molecular geometry of trimeric [2,6-Ph2C6H3]3Cu3 (12) and dimeric [2,6-Mes2C6H3]2
Cu2 (13) in the solid state

FIGURE 10. Molecular geometry of the heteroleptic aggregates Fc2(C6F5)2Cu4 (14) and Fc4(C6H5)8
Cu16 (15) in the solid state

other ferrocene units. This arrangement leads to a core of four ferrocene units and six
copper atoms. The fourth copper atom is only involved in bridging C6F5 groups, resulting
in the formation of two interlocking crown-like sub-structures, each consisting of four
C6F5Cu units (Figure 10).

The reaction of Cu2Br2(S-Alkyne)(DMS) with PhLi afforded the heteroleptic aggregate
(16) in low yield (equation 6)61. The formation of 16 is most likely the result of the
addition of PhLi over the alkyne bond of the ligand and subsequent transmetallation. The
structure of 16 in the solid state was established by an X-ray crystal structure determination
and is shown schematically in equation 6. The molecular geometry of this heteroleptic aryl
alkenyl copper aggregate comprises four copper atoms in a square-planar arrangement.
The two phenyl groups are two-electron three-center bridge bonded between the copper
atoms [Cu–C 1.989(4) and 2.005(4) Å] and trans-oriented with respect to each other in

10
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the aggregate. Likewise, the two alkenylic groups are two-electron three-center bridge
bonded between the copper atoms [Cu–C 2.030(4) and 2.029(4) Å].

SCu2Br2(S-Alkyne)(DMS) PhLi

THF

Ph

Cu

Cu

S

Ph

Cu

Cu

SS-Alkyne =

(16)

(6)

A remarkable observation is made when the structural features of 2-[(dimethylamino)-
methyl]ferrocenylcopper (17)62 are compared with those of the 2-[(dimethylamino)-
methyl]phenylcopper compound (vide infra). The ferrocenylcopper compound (17)
appeared to be a tetrameric aggregate with a square-planar Cu4-structural motif with
each of the ferrocenyl groups two-electron three-center bridge bonded [Cu(1a)–C(1)
2.05(4) and Cu(1b)–C(1) 2.05(4) Å] to two copper atoms (Figure 11). Although the 2-
[(dimethylamino)methyl]ferrocenyl ligand is a potentially C,N-bidentate, chelating ligand,
in 17 the nitrogen atoms are not involved in coordination to copper (shortest Cu–N dis-
tance exceeds 3 Å). This is in striking contrast to the organocopper derivatives, containing

FIGURE 11. Molecular geometry of [2-Me2NCH2Fc]4Cu4 (17) in the solid state

11
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the very similar monoanionic, C,N-bidentate 2-[(dimethylamino)methyl]phenyl ligand, in
which intramolecular Cu–N coordination does occur; cf. 18, vide infra.

B. Organocopper Compounds Containing Intramolecularly Coordinating
Substituents, (LR)Cu

In the early days of organocopper chemistry the concept of ‘stabilization by intramolec-
ular coordination’ was introduced by van Koten. Such intramolecular coordination
enhances the thermal stability of organocopper compounds. This concept involves the
use of carbon-anionic ligands that, in addition to the carbon anion, contain a heteroatom
functionalized substituent, capable of additional, intramolecular coordination to copper.
Making use of this concept a series of arylcopper compounds with ortho-substituents, e.g.
(dimethylamino)methyl, dimethylamino, methoxymethyl, methoxy, diphenylphosphino
and dimethylsulfamoyl, were prepared, which all showed enhanced thermal stability27,28.

For one of these compounds, i.e. 2-[(dimethylamino)methyl]-5-(methyl)-phenylcopper
(18), the structure in the solid state could be determined by an X-ray crystal structure
determination and actually 18 represents the first organocopper compound for which the
structure was confirmed by X-ray crystallography36,37. This compound exists in the solid
state as a tetrameric aggregate of which the molecular geometry comprises four copper
atoms in a butterfly arrangement with each of the aryl groups two-electron three-center
bridge bonded [Cu(1)–C(1) 2.16 and Cu(2)–C(1) 1.97 Å] between two copper atoms
(Figure 12). The planes of the aryl groups are orientated perpendicular to the Cu–Cu
vector of the respective bonded copper atoms. To each of the copper atoms a nitrogen
atom of the (dimethylamino)methyl substituent is intramolecularly coordinate bonded
[Cu(1)–N 2.19 Å] resulting in a trigonal planar coordination geometry at each of the
copper atoms.

The molecular geometry of the parent organocopper compound lacking the 5-methyl
substituent present in 18, i.e. 2-[(dimethylamino)methyl]phenylcopper (19), was also
established by an X-ray crystal structure determination and shows a structural motif
identical to that of 1863.

FIGURE 12. Molecular geometry of [2-Me2NCH2-5-MeC6H3]4Cu4 (18) and [8-Me2NC10H6-1]4Cu4
(20) in the solid state

12
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8-(Dimethylamino)-1-naphthylcopper (20) also exists in the solid state as a tetrameric
aggregate64. Its molecular geometry comprises four copper atoms arranged in a par-
allelogram with the naphthyl groups two-electron three-center bridge bonded via Cipso

[Cu(1)–C(1) 2.055(8) and Cu(2)–C(1) 2.019(9) Å] between two copper atoms (Figure
12). The nitrogen atoms of the dimethylamino substituents are pairwise coordinate bonded
to two copper atoms [Cu(2)–N(1) 2.243(8) and Cu(2)–N(2) 2.269(7) Å] resulting in two
copper atoms with a linear [Cu(1) and Cu(1a)] and two copper atoms [Cu(2) and Cu(2a)]
with a distorted tetragonal coordination geometry.

One of the few examples of a heteroleptic organocopper aggregate is (Vin)2(2-Me2NC6
H4)2Cu4 (21) (Vin = cis-(2-Me2NC6H4)C=C(Me)(C6H4Me-4) in which alkenyl and aryl
groups are combined in one aggregate. This compound is accessible via two different
synthetic approaches: (i) reaction of (Vin)2Cu4Br2 (vide infra) with two equivalents of
Me2NC6H4Li, and (ii) reaction of (Me2NC6H4)4Cu6Br2 (vide infra) with two equivalents
of VinLi (equation 7)65. The structure of 21 in the solid state was established by X-ray
crystallography and is shown schematically in equation 766. The four copper atoms in 21
are arranged as a rhombus with the alkenyl groups two-electron three-center bridge bonded
[Cu–C 1.98(3) and 2.04(3) Å] over two adjacent sides of the rhombus. The nitrogen atom
of the 2-N ,N-dimethylaniline substituents of each alkenyl group are coordinate bonded
to opposing copper atoms [Cu–N 2.26(4) and 2.33(4) Å]. The other two sides of the
rhombus are each occupied by two-electron three-center bonded 2-dimethylaminophenyl
groups [Cu–C 2.02(5) and 2.07(4) Å] of which the nitrogen atoms are not involved in
coordination to copper. Consequently, the copper atoms in 21 are alternating two- and
three-coordinate.

Me

NMe2

Me

2-Me2NC6H4Li

Me
NMe2

Me

Cu Cu

CuCu
Me

N
Me2

Me

NMe2

NMe2

(Vin)2Cu4Br2

(2-Me2NC6H4)4Cu6Br2

VinLi

Vin =

(21)

(7)

Substitution of the two bromine atoms in hexanuclear (2-Me2NC6H4)4Cu6Br2 via
reaction with a monosubstituted lithium acetylide (LiC≡CR) leads to the formation of het-
eroleptic hexanuclear (2-Me2NC6H4)4Cu6(C≡CR)2 aggregates67,68. For one of these, i.e.
(2-Me2NC6H4)4Cu6(C≡CC6H4Me-4)2 (22), the structure in the solid state was established

13



Gerard van Koten and Johann T. B. H. Jastrzebski

FIGURE 13. (A) Overall molecular geometry of (2-Me2NC6H4)4Cu6(C≡CC6H4Me-4)2 (22) (view
along the Cuapical –Cuapical axis. (B) Detailed view of the bonding at the Cu6-octahedron (two of the
2-Me2NC6H4 groups and one acetylide group are omitted for clarity)

by an X-ray crystal structure determination69. In 22, the six copper atoms are arranged
as an octahedron (Figure 13). Two of the 2-Me2NC6H4 groups are two-electron three-
center bridge bonded between the top, apical copper atom, Cu(5), and two opposing
equatorial copper atoms, Cu(1) and Cu(3), respectively, while the nitrogen atoms of the
2-dimethylamino substituents are coordinate bonded to the other equatorial copper atoms,
Cu(2) and Cu(4) (Figure 13, B). For the other two 2-Me2NC6H4 groups the bonding
situation is reversed, i.e. two-electron three-center bridge bonded between the bottom,
apical copper atom and Cu(2) and Cu(4), respectively, and the nitrogen atoms coordi-
nate bonded to Cu(1) and Cu(3). The two acetylide groups are μ2-bonded between two
copper atoms at opposing sides in the equatorial plane. Thermolysis of 22 at 80 ◦C in
benzene affords exclusively the cross-coupling product 2-Me2NC6H4C≡CC6H4Me-467.
Based on this observation a synthetic protocol was developed for the high-yield synthesis
of asymmetrically substituted acetylenes 2-Me2NC6H4C≡CR from 2-Me2NC6H4Cu and
the corresponding copper acetylide70.

An X-ray crystal structure determination of 2-anisylcopper showed this compound to
exist as an octameric aggregate (2-MeOC6H4)8Cu8 (23) in the solid state71. In 23, the
eight copper atoms form a slightly distorted square antiprism (Figure 14). The asymmetric
unit contains four copper atoms which results in two cystallographically independent
square anti- prismatic Cu8 arrangements as a consequence of the symmetry in space
group Fddd. As these arrangements are chemically identical and only differ slightly with
respect to bonding features, details for only one of them are given. The phenyl groups
are two-electron three-center bridge bonded via Cipso over the edges of the Cu4-square
faces [Cu(1)–C(1) 2.03(2), Cu(2)–C(1) 2.05(2), Cu(5)–C(2) 2.01(2) and Cu(8)–C(2)
2.02(2) Å], while the oxygen atom of the methoxy substituent is coordinate bonded to
the opposite apex [Cu(1)–O(2) 2.31(2) and Cu(5)–O(1) 2.43(2) Å] (Figure 14, B). As
a consequence of this bonding mode, each of the copper atoms is coordinating to two
carbon and one oxygen atom in a distorted pyramidal geometry. The planes of the aryl
groups are orientated perpendicularly to the Cu–Cu vector of the C-bonded copper atoms
(Figure 14, A). The bridge-bonded carbon atoms are displaced above the upper square
face of the antiprism and below the lower square face of 0.68 Å (mean) and of 0.62 Å
(mean), respectively.

In the organocopper aggregates discussed so far, aggregation primarily involved mul-
ticenter (electron-deficient) bonding of an anionic carbon atom with two copper atoms
while intramolecular coordination of the heteroatom containing substituent occurred to
either one of the C-bonded copper atoms or another copper atom in the aggregate.
Another bonding mode resulting in aggregation occurs, however, via a direct σ -carbon
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FIGURE 14. (A) Overal molecular geometry of (2-MeOC6H4)8Cu8 (23) in the solid state (viewed
perpendicular to the square faces of the square antiprism). (B) Details of the Cu8-square antiprism
and bonding of the two crystallographically independent aryl groups

anion-to-copper bond, while aggregation involves coordination of the heteroatom con-
taining substituent to the copper atom of a neighboring molecule. An example of the
latter mode of aggregation is demonstrated by the structure in the solid state of (2-
pyridyl)(trimethylsilyl)methylcopper. The X-ray crystal structure determination showed
that this compound exists as a cyclic, tetrameric aggregate [(2-C5H4N)(Me3Si)CH]4Cu4
(24) in the solid state72. In 24, the copper atoms are arranged in a square while the
monoanionic (2-C5H4N)(Me3Si)CH ligands are C,N-bridge bonded [Cu(1)–C(1) 1.934(5)
and Cu(1)–N(4) 1.935(4) Å] over the edges of the Cu4-square, coming alternatingly from
above and from below the Cu4-plane (Figure 15). As a result of this bonding mode the four
copper atoms in 24 have a close-to-linear [C–Cu–N 165.5(2)◦] coordination geometry.

X-ray structure determinations of a whole series of organocopper compounds
derived from monoanionic, potentially C,N-bidentate bridging ligands exhibit a
dimeric structural motif in the solid state. The compounds of this series have
in common that dimerization occurs via two monoanionic, bidentate C,N-bridge
bonded groups between two copper atoms which, as a result, have a linear
coordination geometry. These compounds are: [(2-C5H4N)(Me3Si)2C]2Cu2 (25)73,
{[2-[6-MeC5H3N](Me3Si)2C]}2Cu2 (26)74, {[2-[6-(Me3SiCH2)C5H3N](Me3Si)2C]}2Cu2
(27)74, {[2-C5H4N](Me3Si)2C(Me3Si)2C}2Cu2 (28)75, [2-(Me3Si)N=P(Ph)2C6H4]2Cu2
(29)76, [Me3SiN=(t-Bu)CC(H)(SiMe3)]2Cu2 (30)77 and (OXL)2Cu2 (31)78 (OXL = 2-
(4,4-dimethyl-2-oxazolinyl)phenyl). The structures of 25–30 are shown schematically
(Figure 16).

As an example of this dimeric structural motif, details for the structure of 2-(4,4-
dimethyl-2-oxazolinyl)phenylcopper (31) are given78. The molecular geometry of 31
comprises a centrosymmetric dimer as the result of two C,N-bidentate bridge bonded
(oxazolinyl)aryl ligands (Figure 17). The aryl group is σ -bonded via Cipso to one of
the copper atoms (Cu(1)) [Cu(1)–C(1) 1.899(5) Å] while the nitrogen atom of the oxa-
zolinyl group forms a coordination bond to the other copper atom (Cu(1a)) [Cu(1a)–N(1)
1.902(4) Å]. For the second (oxazolinyl)aryl ligand this bonding is reversed, i.e. σ -bonded
to Cu(1a) via Cipso and with its nitrogen atom coordinating to Cu(1), thus forming two
close-to-linear C–Cu–N arrangements [C(1)–Cu(1)–N(1a) 177.8(2)◦].
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FIGURE 15. Molecular geometry of [(2-C5H4N)(Me3Si)CH]4Cu4 (24) in the solid state

N Cu

Cu
Me3Si

Me3Si

N

SiMe3

SiMe3

R

R

N

Me3Si

Me3Si

Cu

SiMe3

N

SiMe3

SiMe3

Cu

Me3Si

Me3Si

SiMe3

(25) R = H
(26) R = Me
(27) R = CH2SiMe3

(28)

(29)

N

Cu Cu

N

t-Bu

SiMe3Me3Si

t-Bu

Me3Si SiMe3
Cu N

P

Ph

Ph

SiMe3

CuN

P

Ph

Ph

Me3Si

(30)

FIGURE 16. Schematic representation of the structures of dimeric organocopper aggregates 25–30
in the solid state
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FIGURE 17. Molecular geometry of dimeric 31 and trimeric (2-C5H5N)3Cu3 (32) in the solid state

The X-ray crystal structure determination of 2-pyridylcopper showed this compound
to exist as a trimeric aggregate (2-C5H5N)3Cu3 (32) in the solid state79 comprising a
triangular arrangement of copper atoms. Each of the 2-pyridyl groups is σ -bonded via
Cipso to one of the copper atoms and forms a nitrogen coordination bond to a neighboring
copper atom (Figure 17). Due to crystallographic disorder (twofold crystallographic axis
through Cu(1b) and the center of the C(1)–N(1) bond) it is not possible to assign particular
Cu−C or Cu−N bonds. The average Cu−C and thus C−N bond length is 1.90 Å while
the C–Cu–N arrangements are close to linear.

C. Donor–Acceptor Complexes of Organocopper Compounds (RCu)-L

An obvious way to arrive at organocopper compounds RCu with improved stability was
to convert them into their corresponding coordination complexes (RCu)-L using phospho-
rus or nitrogen containing additional ligands L. In the early days of organocopper chem-
istry, several attempts were undertaken to react methylcopper with triphenylphosphine
which afforded the isolable MeCu(PPh3)3

80,81 and MeCu(PPh3)2
81 complexes indeed.

Also, the synthesis and isolation of 2,2′-bipyridine MeCu(bipy)82 and dimethylformamide
MeCu(DMF)82 complexes have been reported, but all are thermally unstable.

The interaction of arylcopper compounds such as [PhCu], [2-MeC6H4Cu], [3-MeC6H4-
Cu] and [4-MeC6H4Cu] with phosphorus containing ligands like PPh3, 1,2-bis(diphenyl-
phosphino)ethane (diphos) and 1,1-bis(diphenylphosphino)methane (DPM) and nitrogen
containing ligands like 2,2′-bipyridine, 4,4′-bipyridine and 1,10-phenanthroline were like-
wise studied83,84. Ultimately it was concluded that complex formation does occur, however
detailed information concerning the structures of these complexes could not be gathered.

An exception was the detailed study towards the interaction of (2-Me2NCH2C6H4)4Cu4
(one of the few well-characterized organocopper compounds at that time) with phospho-
rus containing ligands. Making use of a microwave titration technique it was shown that
(2-Me2NCH2C6H4)4Cu4 (19) does not interact with triphenylphosphine, whereas with
diphos it reacts to afford a 1:1 complex 2-Me2NCH2C6H4Cu(diphos) (33) (equation 8)85.
Addition of excess diphos results in an unprecedented C−P bond cleavage reaction
with the formation of a diphenylphosphidocopper complex (Ph2P)2Cu2(diphos)2 (34),
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diphenylvinylphosphine and N ,N-dimethylbenzylamine (equation 8). The structure of
(Ph2P)2Cu2(dppe)2 in the solid state was established by an X-ray crystal structure deter-
mination86.

Cu

NMe2

4

+ 4 dppe
Cu

NMe2

Ph2P

PPh2

P

Cu

P

Cu

Ph2P

Ph2PPPh2

PPh2

Ph Ph

Ph Ph

4

+ 4 diphos

2
+ 4 Ph2PCH=CH2

+ 4 Me2NCH2C6H5

(34)

(33)

(8)

In more recent studies, complexes between organocopper compounds [RCu] and Lewis
bases L have been isolated and were structurally characterized by X-ray crystallography.
Depending on the particular organocopper compound and the particular ligand involved,
deaggregation of the parent organocopper aggregate to a monomeric or lower aggregated
organocopper-ligand adduct (RCu)-L may occur, but also ligand-to-copper coordination
with retention of the initial organocopper aggregate structure has been observed.

Tris(triphenylphosphine)methylcopper MeCu(PPh3)3 (35) has been isolated at −20 ◦C
as a crystalline material and its structure in the solid state was established by an X-ray
crystal structure determination at −150 ◦C87. Its molecular geometry comprises a distinct
monomeric species with the methyl group σ -bonded to copper [Cu–C(1) 2.043(12) Å] and
the three triphenylphosphine ligands P -coordinate bonded to copper [Cu–P(1) 2.311(3),
Cu–P(2) 2.313(3) and Cu–P(3) 2.313(3) Å] (Figure 18). As is indicated by the bond
angles around copper, this copper atom exhibits a close-to-perfect tetrahedral coordination
geometry [C(1)–Cu–P(1) 106.9(4)◦, C(1)–Cu–P(2) 106.7(4)◦, C(1)–Cu–P(3) 106.9(4)◦,
P(1)–Cu–P(2) 113.1(1)◦, P(1)–Cu–P(3) 109.6(1)◦ and P(2)–Cu–P(3) 113.1(1)◦].

As mentioned above, triphenylphosphine and the bidentate phosphines diphos and DPM
do form complexes with phenylcopper; the actual structures of these complexes are still
unknown. It appeared, however, that the tridentate phosphine triphos (triphos = [1,1,1-
tris(diphenylphosphino)methyl]ethane) effectively deaggregates polymeric phenylcopper
into a monomeric PhCu[(Ph2PCH2)3CMe] complex (36)88. An X-ray crystal structure
determination of crystalline 36 revealed a distinct monomeric molecular geometry in the
solid state (Figure 18) with the phenyl group σ -bonded via Cipso [Cu–C(1) 2.020(4) Å]
and the three phosphorus atoms of the triphos ligand forming Cu−P coordination bonds
[Cu–P(1) 2.276(2), Cu–P(2) 2.295(2) and Cu–P(3) 2.342(2) Å], resulting in a distorted
tetrahedral coordination geometry at the copper atom. The C–Cu–P angles range from
119.4(1)◦ to 126.9(1)◦ while the P–Cu–P angles range from 90.0(1)◦ to 93.3(1)◦, values
far from the ideal tetrahedral value, but which are a logical consequence of the strain in
the chelating tripodal ligand.
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FIGURE 18. Molecular geometry of monomeric MeCu(PPh3)3 (35) and PhCu[(Ph2PCH2)3CMe]
(36) in the solid state

Various organocopper–monodentate ligand complexes with a 1:1 RCu-to-ligand molar
ratio have been prepared and were characterized structurally by X-ray crystallography.
The copper atom in these complexes has adopted a linear coordination geometry with a σ -
C−Cu bond in a monomeric structure. Ligands employed included phosphorus-containing
ligands as in MeCuP(Hex-c)3 (37)89 and 2,6-Mes2C6H3CuPPh3 (38)90, sulfur-containing
ligands as in 2,6-[2,6-(i-Pr)2C6H3]2C6H3CuSMe2 (39)91 and 2,4,6-(t-Bu)3C6H2CuSMe2
(40)92 and nitrogen-containing ligands as in C6F5CuNC5H5 (41)93 and C6F5CuNC4H4N-
CuC6F5 (42)93. The structures of these complexes are shown schematically (Figure 19).

The C–Cu–heteroatom bond angle in all these compounds is very close to the ideal
linear value of 180◦. It is interesting to note that both the pyridine complex 41 and the
pyrazine complex 42 are perfectly planar molecules with the pentafluorophenyl ring and
the ring of the ligand in one plane. These molecules form supramolecular structures in
the crystal lattice as the result of π-stacking interactions.

A special tweezer-type ligand (Me3SiC5H4)2Ti(C≡CSiMe3)2, containing two η5-
bonded (trimethylsilyl)cyclopentadienyl groups and two σ -bonded (trimethylsilyl)ethynyl
groups to titanium, appeared to be extremely effective in stabilizing alkyl-, alkenyl- and
aryl-copper compounds in the form of their monomeric complexes RCu[(Me3SiC5H4)2
Ti(C≡CSiMe3)2] (R = Me, Et, n-Bu, i-Pr, c-C5H9, CH2SiMe3, vinyl, Ph, 4-MeC6H4, 4-
MeOC6H4, Mes, 1-C10H7 and 2,4,6-Ph3C6H2)

94 – 97. These compounds could be isolated as
crystalline materials of which for some, i.e. MeCu[(Me3SiC5H4)2Ti(C≡CSiMe3)2] (43)95,
n-BuCu[(Me3SiC5H4)2Ti(C≡CSiMe3)2] (44)97, MesCu[(Me3SiC5H4)2Ti(C≡CSiMe3)2]
(45)94 and 2,4,6-Ph3C6H2Cu[(Me3SiC5H4)2Ti(C≡CSiMe3)2] (46)96, the structure in the
solid state was established by X-ray crystallography (Figure 20). These complexes have
comparable structural features with the organic group σ -bonded to copper and both
acetylenic functionalities of the Ti-ligand in a tweezer-type fashion bonded to the same
copper atom. As an example the molecular geometry of 44 is shown (Figure 20). In
44, the n-butyl group is σ -bonded to copper [1.981(6) Å] and the two acetylenic groups
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FIGURE 19. Schematic representation of the molecular geometry of complexes 37–42 in the solid
state

FIGURE 20. Monomeric organocopper complexes 43–46 and molecular geometry of n-BuCu-
[(Me3SiC5H4)2Ti(C≡CSiMe3)2] (44) in the solid state
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are η2-bonded to copper [Cu–C(2) 2.067(6), Cu–C(3) 2.076(6), Cu–C(4) 2.053(3) and
Cu–C(5) 2.077(6) Å] resulting in a pseudo-trigonal coordination geometry at the copper
atom.

During these studies a rather unexpected rearrangement was observed. When the organo-
copper copper bromide aggregate [2,6-(Me2NCH2)2C6H3]2Cu4Br2 (vide infra) was reacted
with (Me3SiC5H4)2Ti(C≡CSiMe3)2, its presumed monomeric organocopper complex 2,6-
(Me2NCH2)2C6H3Cu[(Me3SiC5H4)2Ti(C≡CSiMe3)2] (47) was most likely formed first,
but then immediately rearranged to compound 48 via addition of the σ -carbon–copper
bond over the C≡C bond of one of the acetylenic moieties of the Ti-ligand by which
the organic group R migrates to the β-carbon atom of one of the coordinated acetylenic
groups, thus forming a 1,2-dimetalla alkenyl unit (equation 9)98.
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The molecular geometry of 48 in the solid state was established by an X-ray crys-
tal structure determination (Figure 21). In 48, the two (trimethylsilyl)cyclopentadienyl
groups are η5-bonded to titanium while the (trimethylsilyl)ethynyl group is σ -bonded
via C(2) to titanium. The alkenyl group resulting from the rearrangement reaction is
both σ -bonded to copper [Cu-C(1) 2.013(14)] and to titanium [Ti-C(1) 2.044(14) Å]
via its dianionic Cipso center, thus forming a 1,1-dimetalla alkenyl grouping. The unaf-
fected (trimethylsilyl)ethynyl grouping is η2-bonded to copper [Cu–C(2) 1.972(16) and
Cu–C(3) 2.236(18) Å]. A trigonal planar coordination geometry at the copper atom is
finally attained by coordination of the nitrogen atom of one of the (dimethylamino)methyl
substituents of the bis-ortho-substituted aryl group to copper [Cu–N(1) 2.027(12) Å].

A particular type of ligands are the N-heterocyclic carbenes (NHC). These ligands
are not only capable of forming complexes with copper salts (vide infra Section IX), but
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FIGURE 21. Molecular geometry of 48 in the solid state

also form complexes with organocopper compounds. The structures in the solid state of
some of these, i.e. F3CCu(NHC) (49)99, F3CCu(NHC) (50)99, MeCu(NHC) (51)100, [3-
C2H5C=C(H)C2H5]Cu(NHC) (52)101, 2,6-Mes2C6H3Cu(NHC) (53)90 and 2,4,6-Me3C6H2
Cu(NHC) (54)90, were established by X-ray crystal structure determinations. Their molec-
ular geometries are shown schematically (Figure 22).

Also, these complexes are distinct monomers with the organic group σ -bonded to
copper and the carbene carbon atom of the NHC, forming a coordination bond to copper
in a linear Cipso –Cu–Ccarbene arrangement.

The reaction of the borylcopper NHC complex (55) with styrene affords selectively the
β-boraalkylcopper–NHC complex (56) that could be isolated in high yield (91%) as a
crystalline solid (equation 10)102. This compound represents one of the few examples of
a benzylic organocopper compound which has sufficient thermal stability to be isolable.
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(54) R = 2,4,6-Me3C6H2

FIGURE 22. Schematic representation of the molecular geometry of NHC complexes 49–54 in the
solid state
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Prolonged heating of 56 did not result in noticeable decomposition, but instead a rear-
rangement reaction occurred resulting in the formation of the α-boraalkylcopper–NHC
complex (57) (equation 10). It was proposed that this rearrangement occurs via a β-
hydride elimination reaction resulting in the formation of a copper hydride NHC complex
and the corresponding borylalkene followed by a reinsertion of the borylalkene into the
copper–hydride bond. Also, 57 could be isolated as a crystalline material. For both 56
and 57 the structures in the solid state were established by X-ray crystal structure deter-
minations.
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The molecular geometry of 56 comprises a linearly coordinated copper atom [C(1)–Cu–
C(2) 175.07(16)◦] with the boraalkyl group σ -bonded to copper [C(1)–Cu 1.948(3) Å] via
its β-carbon atom and the carbene carbon atom coordinate bonded to copper [Cu–C(2)
1.898(4) Å] (Figure 23). The molecular geometry of 57 is quite similar, now with the
α-carbon of the boraalkyl group σ -bonded to copper [Cu-C(1) 1.959(3) Å] and, like in
56, the carbene carbon atom coordinate bonded [Cu–C(2) 1.895(3) Å] (Figure 23). The
C(1)–Cu–C(2) bond angle 169.51(13)◦ deviates slightly more from the ideal linear value
compared to this bond angle in 56.
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FIGURE 23. Molecular geometries of 56 and 57 in the solid state

A similar reaction of the borylcopper–NHC complex 55 with 2,4,6-trimethylbenzalde-
hyde as substrate gives rise to the exclusive formation of the 1,2-insertion product (58)
(equation 11) and was isolated as a crystalline material103.
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FIGURE 24. Molecular geometry of 59 in the solid state

An X-ray crystal structure determination revealed its molecular geometry consisting
of a σ -bonded boroxyalkylcopper group [Cu–C 1.947(1) Å] and a coordinate bonded
carbene carbon atom [Cu–C 1.898(2) Å] in a linear arrangement [C–Cu–C 175.46(8)◦].

The copper triazolide NHC copper complex (59) (Figure 24) was obtained from the
reaction of the corresponding PhC≡CCu(NHC) complex with N3CH(C6H4Me-4)2

104. This
complex represents an intermediate of the ‘Click’ reaction105. The molecular geome-
try of 59 in the solid state was established by an X-ray crystal structure determina-
tion (Figure 24). In 59, the triazolide group is σ -bonded via C(1) to copper [Cu–C(1)
1.904(2) Å] and the N-heterocyclic carbene is coordinate bonded to copper via its car-
bene carbon atom [Cu–C(2) 1.909(5) Å] affording an almost perfect linear coordination
geometry [C(1)–Cu–C(1) 178.0(3)◦] at the copper center.

The organocopper donor ligand adducts discussed so far are all distinctly monomeric
species, either formed by deaggregation of the parent organocopper aggregate or prepared
as such. However, some cases have been reported in which deaggregation did not occur,
but adduct formation did. In these compounds the donor molecule became an integral part
of the aggregate.

When phenylcopper, for which a polymeric structure in the solid state has been pro-
posed (vide supra), was prepared from PhLi and CuBr in dimethyl sulfide (DMS) as
solvent, a crystalline material was obtained for which a structural analysis by X-ray crys-
tallography revealed a tetranuclear aggregate structure Ph4Cu4(DMS)2 (60)106. In 60, the
four copper atoms are arranged in a rhombus with almost equal Cu–Cu sides [2.444(2) and
2.475(1) Å] but largely different Cu–Cu–Cu angles [Cu(1)–Cu(2)–Cu(1a) 67.0(1)◦ and
Cu(2)–Cu(1a)–Cu(2a) 113.0(1)◦] (Figure 25). The four phenyl groups are two-electron
three-center bridge bonded via Cipso to the Cu–Cu edges of the rhombus [Cu(1)–C(1)
1.997(8) and Cu(2)–C(1) 2.070(6) Å] and are orientated perpendicularly to the Cu4-plane.
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FIGURE 25. Molecular geometry of Ph4Cu4(DMS)2 (60) and Mes4Cu4(THT)2 (61) in the solid
state

The Cipso atoms which have either a digonal or a trigonal coordination geometry are not
coplanar with the Cu4-array but are disposed in adjacent pairs above and below this plane.
Two dimethyl sulfide ligands are coordinate bonded to copper [Cu(2)–S(1) 2.383(2) Å]
at opposing sides of the rhombus.

Depending on the solvent and the temperature, mesitylcopper crystallizes as either
a cyclic pentameric or a tetrameric aggregate (vide supra). However, addition of THT
(THT = tetrahydrothiophene) to a THF solution of the pentameric aggregate resulted
in the crystallization of the tetranuclear aggregate Mes4Cu4(THT)2 (61) containing S-
coordinate bonded THT56. Its solid state structure was determined by an X-ray crystal
structure determination (Figure 25) showing a structure which is closely related to that
of 60, i.e a structure with two-electron three-center bridge bonded mesityl groups to the
Cu–Cu edges of a Cu4-rhombus [Cu(1)–C(1) 2.055(8) and Cu(2)–Cu(1) 2.054(7) Å] and
THT ligands S-coordinate bonded to copper [Cu(2)–S(1) 2.369(4) Å] at opposing sides
of the rhombus.

A similar overall structural motif was found for the dimethyl sulfide adduct of o-
tolylcopper (2-MeC6H4)4Cu4(DMS)2 (62)107. An X-ray crystal structure determination of
62 showed that two of the two-electron three-center bridge bonded o-tolyl groups are
disordered. A careful analysis of this disorder showed the presence of two geometrically
different conformers in the crystal lattice, an α-conformer with all four 2-Me substituents
pointing to one side of the Cu4-plane (Figure 26, A) and a β-conformer with the 2-Me
substituents alternating above and below the Cu4-plane (Figure 26, B). These α- and
β-conformers have site occupancies of 75% and 25%, respectively.

In an attempt to prepare heteroleptic cuprates containing both an aryl group and a chiral
aminoarenethiolato group from the reaction of Mes2Mg(THF)2 with [2-(Me2N(Me)CH)-
C6H4S]3Cu3, a rather unexpected product, Mes4Cu4[Mg(SC6H4CH(Me)NMe2)2]2 (63),
was obtained108.

The stoichiometry of the product indicates that a quantitative transmetallation reac-
tion had occurred to yield neutral [MesCu] and [2-(Me2N(Me)CH)C6H4S]2Mg groupings
which are both present in the final aggregate. An X-ray crystal structure determination
of 63 showed this compound to consist of a central Mes4Cu4 structural motif identical
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FIGURE 26. Molecular geometry of the α-conformer (A) and β-conformer (B) of (2-MeC6H4)4Cu4-
(DMS)2 (62) in the solid state

FIGURE 27. Molecular geometry of Mes4Cu4[Mg(SC6H4CH(Me)NMe2)2]2 (63) in the solid state

to that in Mes4Cu4(THT)2 (cf. 61, vide supra) in which the THT ligands have been
replaced by the thiolate-S atoms of [2-(Me2N(Me)CH)C6H4S]2Mg groupings, i.e. they
are S-coordinate bonded to copper at opposing sides of the Cu4-rhombus (Figure 27). In
fact, an alternate interpretation of the binding in 63 is that each of these thiolato groups are
monoanions which are bridge bonded between copper and magnesium [Cu(2)–S 2.389(2)
and Mg–S 2.390(2) Å]. Formally, in the latter interpretation 63 may be regarded as being
a heterocuprate [Mg(SC6H4CH(Me)NMe2]2[Mes4Cu4(SC6H4CH(Me)NMe2)2].

An asymmetric dimeric structure in the solid state was found for the dimethyl sulfide
adduct of 2,4,6-triphenylphenylcopper [2,4,6-Ph3C6H2]2Cu2(DMS)2 (64)92. In 64, one
of the aryl groups is two-electron three-center bridge bonded between the two copper
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FIGURE 28. Molecular geometry of [2,4,6-Ph3C6H2]2Cu2(DMS)2 (64) in the solid state

atoms [Cu(1)–C(1) 2.017(5) and Cu(2)–C(1) 2.027(6) Å] whereas the other aryl group
is σ -bonded to C(1) [Cu(1)–C(2) 1.935(5) Å] (Figure 28). A trigonal planar coordination
geometry at Cu(2) is attained by the additional coordination of two DMS ligands to this
copper atom [Cu(2)–S(1) 2.340(2) and Cu(2)–S(2) 2.273(2) Å].

When Ph4Cu4(DMS)2 in dimethyl sulfide solution is treated with excess pmdta
(pmdta = N,N,N ′,N ′′,N ′′-pentamethylethylenetriamine) and the resulting solution kept
at −20 ◦C, a crystalline material slowly crystallizes which has Ph8Cu8(pmdta)2 stoichiom-
etry (65)109. An X-ray crystal structure determination of this material showed the presence

FIGURE 29. Molecular geometry of the cationic [Ph2Cu3(pmdta)2]+ part (A) and the anionic [Ph6
Cu5]− part (B) of 65 in the solid state
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of isolated [Ph2Cu3(pmdta)2]+ cations and [Ph6Cu5]− anions in the crystal lattice. The
cation consists of a linear array of three copper atoms with each of the two phenyl groups
two-electron three-center bridge bonded between the central copper atom and one of the
terminal copper atoms [Cu(1)–C(1) 1.989(5) and Cu(2)–C(1) 2.006(7) Å] (Figure 29, A).
The terminal copper atoms are each capped by a pmdta ligand of which all three nitrogen
atoms are involved in coordination to copper [Cu(1)–N(1) 2.467(5), Cu(1)–N(2) 2.087(3)
and Cu(1)–N(3) 2.206(5) Å]. As a result, the central copper atom has a linear coordina-
tion geometry while the terminal copper atoms have a distorted tetrahedral coordination
geometry. The anion consists of five copper atoms arranged in a flattened trigonal bipyra-
midal arrangement, with the six phenyl groups spanning the equatorial-axial edges of this
trigonal bipyramid via two-electron three-center bonds (Figure 29, B). A similar struc-
tural arrangement has been found in the anions of cuprate-like compounds (vide supra,
Section VII).

III. ORGANOCOPPER(I) COPPER(I)-X AGGREGATES
(X = MONOANIONIC GROUP)

During the early studies towards the synthesis and isolation of pure organocopper com-
pounds, it became clear that organocopper compounds were difficult to purify from metal
salts used (e.g. copper halides) or set free during the synthesis (e.g. magnesium or lithium
salts). Later studies by van Koten and coworkers showed that organocopper compounds
can form distinct aggregates with metal halides including copper halides. These observa-
tions have been of importance not only for the development of protocols that allowed the
synthesis of pure organocopper compounds, but also established that the different prod-
ucts obtained, i.e. the pure organocopper and the organocopper metal halide compounds,
often have distinctly different physical properties, e.g. different thermal stabilities or, more
importantly, even distinctly different chemical reactivities, for example as group transfer
reagents in organic synthesis. An example is outlined below.

The reaction of 2-Me2NC6H4Li with CuBr in a 1:1 molar ratio in diethyl ether afforded,
irrespective of the order of addition of the reagents, the organocopper copper bromide
aggregate (2-Me2NC6H4)4Cu6Br2 (66) (equation 12)30. It is obvious that at this stage of
the reaction unreacted organolithium starting material still was present in the reaction mix-
ture. Even prolonged reaction times or heating the mixture to the boiling point of diethyl
ether did not result in further reaction. Only after removal of the diethyl ether by evapora-
tion and addition of benzene as a solvent did a smooth further reaction occur to ultimately
yield the pure, insoluble organocopper compound 2-Me2NC6H4Cu (equation 12). The
molecular geometry of 66 was determined by an X-ray crystal structure determination
(vide infra) and had been one of the first examples of an organocopper compound for
which the structure in the solid state was established unambiguously.

Li

NMe2

+  CuBr
Et2O

)4Cu6Br2

NMe2

C6H6
Cu

NMe2

(66)

1 h 24 h (12)

Another example, showing the importance of the order of addition of the reagents,
is the reaction of closely related 2-Me2NCH2C6H4Li with CuBr. When the organo-
lithium compound was slowly added to a suspension of CuBr in diethyl ether, invari-
ably the organocopper copper bromide adduct 2-Me2NCH2C6H4Cu2Br (67) was formed
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(equation 13)110. It appeared impossible to convert 67 into the pure organocopper com-
pound, even with excess of the organolithium reagent, most probably as a consequence
of the insolubility of 67 in common organic solvents. Moreover, it appeared that 67 has
a lower thermal stability as compared to the parent organocopper compound.

LiCuBr  +
Et2O Cu2Br

(67)

NMe2 NMe2

(13)

Applying the alternate order of addition of the reagents, i.e. when solid CuBr was
gradually added to a suspension of 2-Me2NCH2C6H4Li in diethyl ether, half way during
the addition of CuBr a clear solution was obtained due to the formation of the cuprate
(2-Me2NCH2C6H4)2CuLi (equation 14), discussed in Section VII. Addition of the second
half of CuBr to the initially formed (2-Me2NCH2C6H4)2CuLi resulted in the formation
of pure 2-Me2NCH2C6H4Cu111 discussed in the previous section.

Li +  1/2 CuBr
Et2O

)2CuLi

NMe2 NMe2

1/2 +  1/2 CuBr
Et2O Cu

NMe2

(14)

Later, it was unambiguously established that the nature of the anionic group X in
organocopper copper-X aggregates (X = monoanionic group) largely influences the ther-
mal stability of the formed aggregate. For example, treatment of 2-Me2NC6H4Cu with
CuX (X = Cl, Br or I) resulted in the formation of the corresponding (2-Me2NC6H4)4
Cu6X2 aggregates which have extremely high thermal stability (>200 ◦C)112. However,
when 2-Me2NC6H4Cu was treated with CuOTf (OTf = trifluoromethanesulfonate) in an
exact 2:1 molar ratio, (2-Me2NC6H4)4Cu6(OTf)2 (68) was formed (equation 15), which
not only is thermally less stable (explosive decomposition at 120 ◦C) than the correspond-
ing copper halide aggregates but, in the presence of a slight excess of CuOTf, decomposes
quantitatively to form the symmetric biaryl and metallic copper (equation 15)113. Based
on spectroscopic data, a structural motif has been proposed for 68, similar to the one
that was proposed for 66 (vide infra). When pure 4-MeC6H4Cu was treated with half an
equivalent of CuOTf, no aggregates containing CuOTf were formed, but instead direct
and quantitative formation of 4,4′-bitolyl was observed. It appeared that even catalytic
amounts of CuOTf induced decomposition of 4-MeC6H4Cu to 4,4′-bitolyl and metallic
copper (equation 16)43.

Cu

NMe2

+  2 CuOTf )4Cu6(OTf)2

NMe2 NMe2

4

NMe2
(68)

CuOTf

(15)

Me Cu2 Me MeCuOTf (16)
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FIGURE 30. (A) Molecular geometry of (2-Me2NC6H4)4Cu6Br2 (66). (B) Detailed view of the
bonding at the Cu6-octahedron (two of the 2-Me2NC6H4 groups are omitted for clarity)

As mentioned above, the structure of the organocopper copper bromide aggregate (2-
Me2NC6H4)4Cu6Br2 (66) in the solid state was established by X-ray crystallography29. Its
molecular geometry consists of six copper atoms arranged in an octahedron (Figure 30).
Two of the 2-Me2NC6H4 groups are two-electron three-center bridge bonded via Cipso
between the top, apical copper atom (Cu(5)) and two opposing equatorial copper atoms
(Cu(1) and Cu(3), respectively) while the nitrogen atoms of the 2-dimethylamino sub-
stituents are coordinate bonded to the other equatorial copper atoms (Cu(2) and Cu(4),
respectively). Consequently, each 2-Me2NC6H4 anion is capping a face of the Cu6-
octahedron (Figure 30, B). For the other two 2-Me2NC6H4 groups the bonding situation is
reversed, i.e. two-electron three-center bridge bonded via Cipso between the bottom, apical
copper atom and Cu(2) and Cu(4), respectively, while the nitrogen atoms are coordinate
bonded to Cu(1) and Cu(3). The two bromide groups are μ2-bridge bonded between the
copper atoms at opposing sides of the equatorial plane.

When 2-(4,4-dimethyl-2-oxazolinyl)-4-methylphenylcopper was treated with half an
equivalent of CuBr, an aggregate with overall stoichiometry (Oxl)4Cu6Br2 (69) was
obtained (Oxl = 2-(4,4-dimethyl-2-oxazolinyl)-4-methylphenyl)114. The X-ray crystal
structure determination of 69 revealed a molecular geometry with the same structural motif
as was found for 66, with the nitrogen atoms of the 2-oxazolinyl substituent coordinate
bonded to the equatorial copper atoms of the Cu6-octahedron.

From several studies, it appeared that the structural motifs of organocopper copper
bromide aggregates derived from monoanionic groups containing potentially coordinating
amine substituents are largely influenced by: (i) the nature and the number of potentially
coordinating substituents, and (ii) the spatial orientation of these substituents. The molec-
ular geometries of such copper halide aggregates containing either monoanionic, bidentate
(Vin-N), tridentate (Ph-CNN, 2-Naph-CNN and Ph-NCN) or pentadentate (Ph-NNCNN)
substituents (Figure 31) were established by X-ray crystal structure determinations.

The vinylic anion, Vin-N, forms an organocopper copper bromide aggregate with stoi-
chiometry (Vin-N)2Cu4Br2 (70) as established from an X-ray crystallographic study65,115.
Its molecular geometry comprises four copper atoms in a planar rhombus-type arrange-
ment (Figure 32). The aggregate has twofold axial symmetry about the axis through
Cu(2) and Cu(3). The vinylic groups are two-electron three-center bridge bonded via
C(1) between Cu(1) and Cu(2), and Cu(2) and Cu(1a), respectively [Cu(1)–C(1) 2.00(2)
and Cu(2)–C(1) 2.00(2) Å]. The nitrogen atoms of the dimethylamino substituents form
intramolecular coordinate bonds to Cu(1) and Cu(1a) [Cu(1)–N(1) 2.15(2), Cu(1a)–N(1a)
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FIGURE 31. The monoanionic bidentate-, tridentate- and pentadentate ligands

FIGURE 32. Molecular geometry of (Vin-N)2Cu4Br2 (70) in the solid state

2.15(2) Å], respectively. The two bromine atoms are μ2-bonded between the copper atoms
at the other edges of the rhombus [Cu(1)–Br(1) 2.323(3) and Cu(3)–Br(1) 2.323(3) Å],
but are displaced 0.617(7) Å from the central Cu4-plane. As a result of the various bonding
modes two of the copper atoms (Cu(2) and Cu(3)) are two-coordinate, but strongly dis-
torted from linear [C(1)–Cu(2)–C(1a) 145.5(5)◦ and Br(1)–Cu–Br(1a) 135.8(1)◦], while
Cu(1) and Cu(1a) have a distorted trigonal planar coordination geometry.
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From reaction of (Ph-CNN)Li with 1.5 equivalents of CuBr, an organocopper copper
bromide aggregate having the stoichiometry (Ph-CNN)2Cu3Br (71) was isolated in high
yield of which the structure in the solid state was establihed by an X-ray crystal struc-
ture determination63. When two or more equivalents of CuBr were used, a product with
stoichiometry (Ph-CNN)Cu2Br was isolated. The latter compound most probably has a
dimeric structure, as was found for the corresponding 2-naphthyl compound (vide infra).
It should be noted that from the same reaction with exactly one or less than one equivalent
of CuBr, only 71 could be isolated, though in lower yield. From this observation it was
concluded that the parent organocopper compound (Ph-CNN)Cu does not exist.

In the solid state 71 consists of three copper atoms in a triangular arrangement (Figure
33). The two aryl groups each span one of the edges of the Cu3-triangle via two-electron
three-center bonds [Cu(1)–C(1) 1.956(6) and Cu(2)–C(1) 2.108(5) Å] while the bromine
atom resides at the third Cu–Cu edge by forming a μ2-bridge bond between two cop-
per atoms [Cu(2)–Br 2.432(1) and Cu(2a)–Br 2.417(1) Å]. Both nitrogen atoms of the
two Ph-CNN ligands are involved in coordination to copper [Cu(2)–N(1) 2.224(5) and
Cu(2)–N(2) 2.158(5) Å] resulting in a distorted tetrahedral coordination geometry at Cu(2)
and Cu(2a) and a digonal one at Cu(1).

Irrespective of the number of equivalents of CuBr used, the reaction of the naphthyl-
lithium compound (2-Naph-CNN)Li with CuBr always led to the formation of (2-Naph-
CNN)2Cu4Br2 (72) as the only isolable compound. This indicates that the hypothetical
parent organocopper compound (2-Naph-CNN)Cu and the aggregate with stoichiometry
(2-Naph-CNN)2Cu3Br are the thermodynamically less favorable species63. The molecular
geometry of 72 in the solid state was established by an X-ray crystal structure deter-
mination and shows similarities with that of 70. Like in 70, the four copper atoms
form a rhombus (Figure 33). The two naphthyl groups are two-electron three-center
bridge bonded via C(1) between the copper atoms [Cu(1)–C(1) 2.032(8) and Cu(2)–C(1)
1.986(8) Å] at two adjacent sides of the rhombus. The two bromine atoms are μ2-
bridge bonded, each between two copper atoms [Cu(1)–Br(1) 2.458(1) and Cu(3)–Br(1)
2.289(1) Å] at the remaining sides of the rhombus. Like in 71, both nitrogen atoms
of the two 2-Naph-CNN ligands are involved in coordination to copper [Cu(1)–N(1)
2.235(8) and Cu(1)–N(2) 2.140(8) Å], resulting in a distorted tetrahedral coordination
geometry at Cu(1) and Cu(1a). Consequently, the copper atoms Cu(2) and Cu(3) are

FIGURE 33. Molecular geometry of (Ph-CNN)2Cu3Br (71) and (2-Naph-CNN)2Cu4Br2 (72) in the
solid state
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two-coordinate, but deviate considerably from linear as is indicated by the respective
bond angles [C(1)–Cu(1)–C(1a) 142.4(3)◦ and Br(1)–Cu(3)–Br(1a) 155.32(6)◦].

During the attempted synthesis of pure 2,6-(Me2NCH2)2C6H3Cu ((Ph-NCN)Cu) from
the reaction of 2,6-(Me2NCH2)2C6H3Li with CuBr in a 1:1 ratio, it appeared that the
pure organocopper compound could never be isolated but instead, according to elemental
analysis, products were formed containing LiBr, which most likely is an integral part of
an aggregated species containing organocopper fragments and LiBr. However, when two
or more equivalents of CuBr were used, a distinct oranocopper copper bromide aggregate
[2,6-(Me2NCH2)2C6H3]2Cu4Br2 (73) could be isolated and was characterized structurally
by X-ray crystallography116.

In 73, the four copper atoms are positioned in a butterfly arrangement of which two adja-
cent Cu–Cu edges are bridged by the two two-electron three-center bonded aryl groups
[Cu(1)–C(1) 2.172(8) and Cu(2)–C(1) 2.029(9) Å] (Figure 34). At the two other Cu–Cu
edges, the bromine atoms are μ2-bridge bonded between the respective copper atoms
[Cu(1)–Br(1) 2.317(2) and Cu(3)–Br(1) 2.414(2) Å]. The two nitrogen atoms of the two
ortho-(dimethylamino)methyl substituents of each of the Ph-NCN ligands are coordinate
bonded to adjacent copper atoms [Cu(1)–N(1) 2.247(8) and Cu(2)–N(2) 2.188(8) Å]. As
a result all four copper atoms are three-coordinate, but three of them have a different
environment. The copper atoms Cu(1) and Cu(1a) are three-coordinate as the result of
the bonding of one carbon, one nitrogen and one bromine atom, Cu(2) is three-coordinate
due to two bonding carbon atoms and one nitrogen atom and Cu(3) is three-coordinate as
the result of the bonding of two bromine and one nitrogen atom.

The potentially pentadentate, monoanionic Ph-NNCNN ligand (Figure 31) combines
the binding and chelating properties of the Ph-CNN and Ph-NCN ligands. The reaction
of the corresponding organolithium compound (Ph-NNCNN)Li with CuBr afforded an
organocopper copper bromide aggregate with the formulation (Ph-NNCNN)2Cu5Br3 (74).
The molecular geometry of 74 in the solid state was established by an X-ray crystal
structure determination (Figure 35)117.

Formally, the molecular geometry of 74 can be regarded as consisting of two iden-
tical [(Ph-NNCNN)Cu2]+ cationic units linked together via a central [CuBr3]2− dianion
(Figure 35). In the cation, the Ph-NNCNN anionic ligand is two-electron three-center

FIGURE 34. Molecular geometry of [2,6-(Me2NCH2)2C6H3]2Cu4Br2 (73) in the solid state
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FIGURE 35. Molecular geometry of (Ph-NNCNN)2Cu5Br3 (74) and of 2,4,6-(t-Bu)3C6H2Cu3Br2
(DMS)3 (75) in the solid state

bonded between two copper atoms via Cipso [Cu(1)–C(1) 2.020(6) and Cu(2)–C(1)
2.076(6) Å]. Each of the CH2N(Me)CH2CH2NMe2 ortho-substituents is N ,N ′-chelate
bonded to a copper atom [Cu(1)–N(1) 2.316(6), Cu(1)–N(2) 2.288(6), Cu(2)–N(3)
2.275(6) and Cu(2)–N(4) 2.203(6) Å]. In the central [CuBr3]2− dianion the sum of the
three Br–Cu–Br bond angles is 360◦ within experimental error, pointing to a trigonal pla-
nar coordination geometry for this copper atom. Linkage of the two [(Ph-NNCNN)Cu2]+
cations with the central [CuBr3]2− anion is achieved via one μ3-bonded bromine atom
bridging between Cu(1), Cu(1a) and Cu(3) [Cu(1)–Br(1) 2.398(1), Cu(3)–Br(1) 2.459(1)
and Cu(1a)–Br(1) 2.494(1) Å], one μ2-bonded bromine atom bridging between Cu(2) and
Cu(3) [Cu(2)–Br(3) 2.448(1) and Cu(3)–Br(3) 2.398(1) Å] and one μ2-bonded bromine
atom bridging between Cu(2a) and Cu(3) [Cu(2a)–Br(2) 2.403(1) and Cu(3)–Br(2)
2.389(1) Å].

The reaction of 2,4,6-(t-Bu)3C6H2Li with three equivalents of CuBr afforded, after
the addition of dimethyl sulfide (DMS), a crystalline material which appeared to be the
organocopper copper bromide aggregate 2,4,6-(t-Bu)3C6H2Cu3Br2(DMS)3 (75) of which
the molecular geometry in the solid state was established by an X-ray crystal structure
determination118. In 75, the organic group is two-electron three-center bonded via Cipso to
two copper atoms [Cu(1)–C(1) 2.09(2) and Cu(2)–C(1) 1.97(1) Å] (Figure 35). To each
of these copper atoms a bromine atom is bonded, each having a bonding interaction with
a third copper atom [Cu(1)–Br(1) 2.420(4), Cu(3)–Br(1) 2.510(3), Cu(2)–Br(2) 2.295(3)
and Cu(3)–Br(2) 2.558(4) Å] resulting in a C(1)–Cu(1)–Br(1)–Cu(3)–Br(2)–Cu(2) six-
membered ring which is essentially flat (average deviation = 0.009 Å). The aryl group
has a perpendicular orientation (88.2◦) with respect to that plane. To one of the Cipso

bonded copper atoms a DMS ligand is S-coordinate bonded [Cu(1)–S(1) 2.306(6) Å],
resulting in a trigonal planar coordination geometry at this copper atom. To the third copper
atom two additional DMS ligands are coordinated [Cu(3)–S(2) 2.278(5) and Cu(3)–S(3)
2.267(5) Å], completing a distorted tetrahedral coordination geometry at this copper atom.
In fact this structure can be interpreted as consisting of a [2,4,6-(t-Bu)3C6H2Cu2]+ cation
and a [CuBr2(DMS)3]− anion which make contact via μ2-bonded bromine atoms.
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The reaction of the Grignard reagent 2-vinylphenylMgBr (ViPhMgBr) with CuCl
resulted in the formation of various differently aggregated species of which two could
be isolated and appeared to be [Mg(THF)6][ViPh2Cu5Br4]2 (76) and [MgCl(THF)5]-
[ViPh4Cu5Br2] (77) according to their respective X-ray crystal structure determinations48.
The anions of both 76 and 77 are anionic organocopper copper bromide aggregates,
although formally they also could be regarded as ‘cuprate’ species. The molecular geom-
etry of the monoanion of 76 consists of five copper atoms in a square-pyramidal arrange-
ment. The four bromine atoms are μ2-bridge bonded between the basal copper atoms of
the square pyramid (Figure 36). The two aryl groups are each two-electron three-center
bonded via Cipso between the apical copper atom and opposing copper atoms, Cu(3)
and Cu(5), at the basal plane [Cu(1)–C(1) 1.95(4) and Cu(5)–C(1) 2.10(4) Å], respec-
tively. The ortho-vinyl substituents are intramolecular η2-bonded [Cu(2)–C(2) 2.17(4) and
Cu(2)–C(3) 2.04(4) Å] to the basal copper atoms that are not bonded to the respective
Cipso atoms, i.e. Cu(2) and Cu(4). As a result of the various bonding modes, the apical
copper atom has a linear coordination geometry [C(1)–Cu(1)–C(4) 169.8(11)◦] while the
basal copper atoms have distorted trigonal planar geometries.

In the solid state structure of the dianion of 77, four of the five copper atoms form
a square-planar arrangement while three of the four aryl groups are two-electron three-
center bridge bonded via Cipso over three edges of the Cu4-square (Figure 36). At the
fourth edge of the square, the fourth aryl group is bonded via Cipso to one of the copper
atoms while the vinyl substituent of this aryl group is η2-bonded to the other copper
atom. This aryl group is also bonded via Cipso to a fifth copper atom, located above the
Cu4-square, to which also a terminal bromine atom is bonded. Furthermore, at the fourth
edge of the square a bromine atom is μ2-bridge bonded between the copper atoms.

During investigations on the mechanism and possible intermediates in the Hurtley reac-
tion, an elegant synthetic procedure was developed towards the synthesis of (substituted)
copper(I) benzoates. This procedure involves the controlled protonolysis of mesitylcop-
per with (substituted) benzoic acid (equation 17)119,120. Sometimes, a side product was
formed in low yield and appeared to contain both mesityl and benzoate groups. These

FIGURE 36. Molecular geometry of the monoanion of [Mg(THF)6ViPh2Cu5Br4]2 (76) and the
dianion of [MgCl(THF)5][ViPh4Cu5Br2] (77) in the solid state
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side products could be prepared independently in high yield via a redistribution reaction
of pure mesitylcopper and the corresponding copper benzoate (equation 18).

4/5 Mes5Cu5  + CO2H CO2Cu

4

4
−4 MesH

X X

X = H, Cl or Br

(17)
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Me

Me

Me
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Me

Me

Me O2C

2

X
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(78) X = H

X
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According to an X-ray crystal structure determination of the product obtained from
the reaction of mesitylcopper with copper(I) benzoate, this product appeared to be the
mesitylcopper copper benzoate aggregate MesCu3(O2CPh)2 (78) consisting of three copper
atoms, one mesityl group and two benzoate groups (Figure 37).

The molecular geometry of 78 comprises three copper atoms arranged in a triangle with
the mesityl group two-electron three-center bridge bonded between two of the copper

FIGURE 37. Molecular geometry of MesCu3(O2CPh)2 (78) in the solid state
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atoms via Cipso [Cu(1)–C(1) and Cu(1a)–C(1) 1.957(6) Å]. The two benzoate groups
are spanning the other two sides of the Cu3-triangle via an O,O ′-bridge bonding mode
[Cu(1)–O(1) 1.868(5) and Cu(2)–O(2) 1.855(5) Å]. It should be noted that aggregates
with structural motifs as found for 78 are also possible intermediates that can be formed
during either the insertion reaction of CO2 into Cu−C bonds of organocopper compounds,
or the decarboxylation reaction (i.e. elimination of CO2) of copper carboxylates to yield
organocopper compounds121,122.

A rather unexpected aggregate consisting of mesitylcopper and bis(trimethylsilyl)
amidocopper was obtained from the reaction of Mes5Cu5 and the germylene [(Me3Si)2N]2-
Ge. According to an X-ray crystal structure determination this aggregate appeared to be
Mes2Cu4[N(SiMe3)2]2 (79)123. In 79, the four copper atoms are arranged in a Cu4-square
while the two mesityl groups are two-electron three-center bridge bonded [Cu(1)–C(1)
1.982(3) and Cu(4)–C(1) 1.998(3) Å] via Cipso at opposing sides of the Cu4-square
(Figure 38). At the other sides of the square, two (Me3Si)2N groups are μ2-bonded
between the respective copper atoms [Cu(1)–N(1) and Cu(2)–N(1) 1.935(2) Å]. The
C2Cu4N2 eight-membered ring is slightly puckered with C(1) and C(2) above (0.215 Å)
and N(1) and N(2) below (0.125 Å) the Cu4-plane. The coordination geometry at all four
copper atoms is close to linear, as is indicated by the C–Cu–N bond angles (average
C–Cu–N 170.0◦).

A side product containing copper, 2,6-Mes2C6H3 groups, a tert-butoxy group and iodide
was obtained from the reaction of 2,6-Mes2C6H3Li with t-BuOCu in the presence of
LiI. The molecular geometry of this aggregate (2,6-Mes2C6H3)2Cu4(OBu-t)I (80) was
established by an X-ray crystal structure determination (Figure 38)124. Like in 79, the
four copper atoms are arranged in a square and the two 2,6-Mes2C6H3 groups are two-
electron three-center bonded via Cipso to two copper atoms at opposing edges of the
Cu4-square [Cu(1)–C(1) 1.946(4) and Cu(2)–C(1) 2.031(4) Å]. At one of the remaining
edges a tert-butoxy group is μ2-bonded between the copper atoms [Cu(1)–O 1.856(3)
and Cu(3)–O 1.861(3) Å] and at the opposing edge an iodide is μ2-bonded between the
copper atoms [Cu(2)–I 2.4457(6) and Cu(4)–I 2.4499(6) Å]. The thus formed C2Cu4OI
eight-membered ring is essentially flat.

Arylcopper arenethiolate copper aggregates Mes2Cu4(SAr)2 were obtained from the
interaggregate exchange reaction of the parent organocopper compound Mes5Cu5 and

FIGURE 38. Molecular geometry of Mes2Cu4[N(SiMe3)2]2 (79) and [2,6-Mes2C6H3]2Cu4(OBu-t)I
(80) in the solid state
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FIGURE 39. Molecular geometry of Mes2Cu4(SC6H4CH2NMe2-2)2 (81) and MesCu3(SC6H4CH2
NMe2-2-Cl-3)2(PPh3) (82) in the solid state

the copper arenethiolate (ArS)3Cu3. The molecular structure in the solid state of one
of these aggregates, i.e. of Mes2Cu4(SC6H4CH2NMe2-2)2 (81), was established by an
X-ray crystal structure determination13. Its structure comprises four copper atoms in a
butterfly arrangement with a torsion angle Cu(1)–Cu(2a)–Cu(2)–Cu(1a) of 159.61(2)◦
(Figure 39). The aggregate contains a non-crystallographic C2 axis, perpendicular to the
Cu(1)–Cu(1a) and Cu(2)–Cu(2a) vectors. The mesityl groups are two-electron three-
center bonded via Cipso to two copper atoms at opposite edges [Cu(1)–C(1) 2.005(2)
and Cu(2a)–C(1) 2.019(2) Å]. Likewise, the thiolate groups are μ2-bonded between the
respective copper atoms at the other two opposite edges [Cu(1)–S(1) 2.2439(9) and
Cu(2)–S(1) 2.1928(8) Å], while the nitrogen atoms of the 2-amino substituents form
intramolecular coordination bonds to two opposite positioned copper atoms [Cu(1)–N(1)
2.143(2) Å]. As a result of these bonding features two of the copper atoms [Cu(2) and
Cu(2a)] are two-coordinate, but the respective angles deviate considerably from linear
[C(1)–Cu(2a)–S(1a) 141.28(7)◦], while the other two [Cu(1) and Cu(1a)] have a distorted
trigonal planar coordination geometry.

When a Lewis base like PPh3 was added to Mes2Cu4(SAr)2, a deaggregation and rear-
rangement reaction occurs leading to the quantitative formation of an aggregate MesCu3-
(SAr)2(PPh3), and as a requirement of the reaction stoichiometry also Mes5Cu5 was
reformed. The structure in the solid state of one of these products, i.e. of MesCu3(SC6H4-
CH2NMe2-2-Cl-3)2(PPh3) (82), was established by an X-ray crystal structure determina-
tion13. In 82 the three copper atoms are arranged in a triangle, with the mesityl group two-
electron three-center bonded via Cipso [Cu(1)–C(1) 2.021(4) and Cu(2)–C(1) 2.040(4) Å]
and the two thiolate groups μ2-bonded [Cu(1)–S(1) 2.234(1) and Cu(3)–S(1) 2.280(1) Å]
over the Cu–Cu edges of the Cu3-triangle (Figure 39). The nitrogen atoms of the ortho-
(dimethylamino)methyl substituents form intramolecular coordination bonds to Cu(1) and
Cu(2), respectively [Cu(1)–N(1) 2.150(4) Å]. Finally, a PPh3 molecule is coordinate
bonded to the third copper atom [Cu(3)–P 2.214(1) Å].

A rather unique aggregate with the stoichiometry Mes6Cu10O2 (83) was isolated from
the partial oxidation of mesitylcopper dissolved in hexanes with dioxygen. The molec-
ular geometry of 83 in the solid state was determined by an X-ray crystal structure
determination (Figure 40)125.
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FIGURE 40. (A) Molecular geometry of Mes6Cu10O2 (83) in the solid state. (B) Detailed view of
the Cu10O2 core of the aggregate including the Cipso carbons of the mesityl groups

The structural geometry of 83 can be described as consisting of a central O–Cu–O
trianionic unit to which three Mes2Cu3 cationic units are bonded via their peripheral
copper atoms, each to an oxygen atom of the central O–Cu–O unit, in such a way that
the aggregate has approximate D3h-symmetry with, as its approximate threefold axis,
the O(1)–Cu(4)–O(2) vector of the central unit (Figure 40, B). In the Mes2Cu3 unit the
copper atoms are arranged in a triangle [Cu(1)–Cu(2) 2.414(6), Cu(1)–Cu(3) 2.337(7) and

FIGURE 41. Molecular geometry of Mes3Cu9{[3,5-(CF3)2C6H3NCH2]3P}2 (84) in the solid state
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Cu(2)–Cu(3) 3.816(6) Å]. The two mesityl groups are two-electron three-center bridge
bonded via Cipso to the two copper atoms at the short edges of the triangle [Cu(1)–C(1)
1.88(4), Cu(3)–C(1) 2.02(4), Cu(1)–C(2) 1.99(5) and Cu(2)–C(2) 2.02(5) Å]. The two
terminal copper atoms [Cu(2) and Cu(3)] are each bonded to an oxygen atom of the
central O–Cu–O unit [Cu(2)–O(1) 1.80(3) and Cu(3)–O(2) 1.88(3) Å]. As a result of
the bonding of three Mes2Cu3 units to the oxygen atoms of the central O–Cu–O unit,
both oxygen atoms gain a rather unusual trigonal-pyramidal geometry, one with Cu(2),
Cu(2a) and Cu(2b) at the base and the other one with Cu(3), Cu(3a) and Cu(3b) at the
base and Cu(4) as the common apex.

From the controlled protonolysis reaction of mesitylcopper with the tripodal ligand
[3,5-(CF3)2C6H3N(H)CH2]3P, a mesitylcopper copper amido aggregate with the formula
Mes3Cu9{[3,5-(CF3)2C6H3NCH2]3P}2 (84) was isolated and characterized structurally by
X-ray crystallography126. The aggregate has a rather irregular geometry (Figure 41), but
may be regarded as consisting of a central [Cu3[(3,5-(CF3)2C6H3NCH2)3P]2]3− trian-
ion to which three [MesCu2]+ cations are bonded via Cu−N(amido) bonds. Within the
[MesCu2]+ cations the mesityl group is bonded via Cipso in its usual bonding mode, i.e.
two-electron three-center bonded to two copper atoms.

IV. CYCLOPENTADIENYLCOPPER(I) COMPOUNDS

With the discovery and structural characterization of ferrocene127 – 129 and the subsequent
developement of other cyclopentadienyl metal compounds, a new era in organometallic
chemistry started. In the early days most studies concerned the development of synthetic
pathways to new organometallic compounds covering almost the whole periodic system
of the elements and the structural characterization of these new compounds. Since then
thousands of this type of compounds are known, but till today the number of well-
characterized organocopper compounds of this type remains limited.

The synthesis and characterization of the triethylphosphine complex of cyclopentadi-
enylcopper, CpCu(PEt3) (85), was reported as early as 1956 by Wilkinson and Piper130.
Based on physical and chemical evidence it was suggested that the cyclopentadienyl group
should be σ - or η1-bonded to copper. Later, a careful reexamination of the infrared spectra
of CpCu(PEt3) and CpCu(PPh3) (86) by Cotton and Marks let them conclude that both
in the crystalline state and in solution the cyclopentadienyl group in both compounds is
η5-bonded to copper131.

Unequivocal evidence for η5-bonding of the cyclopentadienyl groups in both 85 and
86, at least in the solid state, was obtained from X-ray crystal structure determinations
(Figure 42)132,133.

In 85, the cyclopentadienyl group is bound to copper with almost equal Cu–C distances
[Cu–C 2.25(3), 2.23(2), 2.24(3), 2.25(3) and 2.24(3) Å] while the triethylphosphine ligand
is coordinate bonded [Cu–P 2.136(9) Å] to copper. The P–Cu vector is pointing to the
center of the cyclopentadienyl group. Due to space-group symmetry the ethyl groups of
the triethylphosphine moiety are crystallographically disordered.

A closely related structure in the solid state was found for 86. Like in 85, the cyclopen-
tadienyl group is η5-bonded to copper [Cu–C 2.200(3), 2.229(3), 2.232(2), 2.205(2)
and 2.190(3) Å]. Also in this compound the P–Cu vector of the coordinating PPh3
molecule [Cu–P 1.135(1) Å] is pointing to the center of the cyclopentadienyl group. A
very similar molecular geometry in the solid state was observed for (methylcyclopentadi-
enyl)(triphenylphosphine)copper MeC5H4Cu(PPh3) (87)134, the only difference compared
to 86 being the presence of one methyl group at the cyclopentadienyl ligand.

(Pentaphenylcyclopentadienyl)(triphenylphosphine)copper, (Ph5C5)Cu(PPh3) (88), was
prepared from the reaction of the corresponding cyclopentadienylsodium derivative with
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FIGURE 42. Molecular geometry of CpCu(PEt3) (85) (only one of the PEt3 disorder components
is shown) and CpCu(PPh3) (86) in the solid state

CuCl(PPh3). The molecular geometry of 88 was established by an X-ray crystal struc-
ture determination and comprises an η5-bonded cyclopentadienyl group [Cu–C 2.247(8),
2.244(10), 2.235(9), 2.223(8) and 2.228(9) Å] and a coordinate bonded triphenylphosphine
ligand [C–P 2.126(2) Å] (Figure 43)135. The angle between the phosphorus atom, copper
and the centroid of the cyclopentadienyl group is almost linear (179.1◦). It is interesting
to note that 88 crystallizes in the acentric space group P212121. As a consequence of the
propeller like arrangement of the five phenyl groups (the tilt angles between the plane
of the cyclopentadienyl ring and the planes of the phenyl rings are 43.1(5)◦, 50.0(5)◦,
69.6(5)◦, 47.2(5)◦ and 55.9(5)◦, respectively), the molecule is chiral.

FIGURE 43. Molecular geometry of (Ph5C5)Cu(PPh3) (88) in the solid state
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FIGURE 44. Schematic structures of the carbene cyclopentadienylcopper complexes 89–93

A series of cyclopentadienylcopper complexes (89–92), containing an N-heterocyclic
carbene as an additional ligand, has been prepared and characterized structurally in the
solid state by X-ray crystallography (Figure 44)136. The structures of these compounds
are closely related. In all compounds the cyclopentadienyl group is η5-bonded to copper
and the N-heterocyclic carbene is coordinate bonded to copper via its carbene carbon
atom [Cu–C 1.886(3), 1.878(3), 1.864(4) and 1.861(5) Å in 89–92, respectively].

The copper chloride complex of the double phosphorus ylide hexaphenyldiphosphorane
was successfully converted into the corresponding pentamethylcyclopentadienyl (Cp*)
derivative Cp*Cu[C(PPh3)2 (93) via reaction with pentamethylcyclopentadienylpotassium.
The structure of 93 in the solid state was established by an X-ray crystal structure determi-
nation and is shown schematically (Figure 44)137. Like in all other cyclopentadienylcop-
per compounds, the pentamethylcyclopentadienyl group is η5-bonded to copper [Cu–C
2.213(6), 2.240(5), 2.328(6), 2.344(7) and 2.271(6) Å]. The bent [P–C–P 136.0(4)◦]
hexaphenyldiphosphorane ligand is coordinate bonded via its ylidic carbon atom to copper
[Cu–C 1.992(6) Å].

From the reaction of two equivalents of CpLi with one equivalent of CuCl in the
presence of [Ph4P]Cl, a crystalline product was isolated with stoichiometry [Cp2Cu][PPh4]
(94)138. An X-ray crystal structure determination of this material showed the presence of
isolated [Cp2Cu]− anions and [Ph4P]+ cations in the crystal lattice. It appeared that the
anion exhibits a ‘slipped-sandwich’ structure in which two cyclopentadienyl groups are
each η2-bonded to copper [Cu–C(1) 2.15(3), Cu–C(2) 2.22(2), Cu–C(3) 2.15(3) and
Cu–C(4) 2.20(3) Å] (Figure 45).

That the cation plays an important role whose particular compound crystallizes from
solution became evident from the reaction of two equivalents of CpLi with one equivalent
of CuCl in the presence of 12-crown-4 (12-C-4). From this reaction mixture selective

FIGURE 45. Molecular geometry of the anions of 94 and 95 in the solid state
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crystallization of a compound with stoichiometry [Cp3Cu][Li(12-C-4)2] (95) occurred138.
Its X-ray crystal structure determination showed the presence of isolated [Cp3Cu2]− anions
and [Li(14-C-4)2]+ cations in the crystal lattice. In the anion, one of the cyclopentadienyl
groups acts as a bridge between two copper atoms in a cis-μ2-(η2 : η2) bonding mode
[Cu–C 2.055(7), 2.243(7), 2.075(7) and 2.274(11) Å] (Figure 45). To each of the copper
atoms, one terminal cyclopentadienyl group is η2-bonded [Cu–C(5) 2.087(7), Cu–C(6)
2.180(7), Cu–C(7) 2.075(7) and Cu–C(8) 2.274(11) Å] resulting in a ‘slipped-sandwich’
structure for the anion.

The reaction of 1-Me3Sn-3,5-di-tert-butyl-1,2,4-triphosphole with CuCl(PPh3) affords
the corresponding copper complex (3,5-di-ortho-tert-butyl-1,2,4-triphospholyl)Cu(PPh3)
(96) (equation 19) as an orange microcrystalline solid139.
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Unfortunately, all attempts to grow single crystals of 96 to establish its solid state
structure by X-ray crystallography failed. Based on variable temperature 1H, 13C and
31P NMR studies, it was suggested that in solution 96 exists as a complicated mixture
of interchanging isomers in which the triphospholyl ligand is both η1- and η5-bonded to
copper. Compared to the cyclopentadienyl ligand, in the triphospholyl ligand it is not only
the delocalized π-system but also the phosphorus lone pairs that can play an important
role in the bonding features of this ligand. The highly fluxional behavior of 96 could be
blocked by using the lone pair of one of the phosphorus atoms of the triphospholyl lig-
and for an additional coordination bond to a second metal. Compound 96 was converted
quantitatively into the corresponding tungsten complex η5-(P -W(CO)5-3,5-di-ortho-tert-
butyl-1,2,4-triphospholyl)Cu(PPh3) (97) (equation 19). The molecular geometry of 97 in
the solid state was determined by an X-ray crystal structure determination (Figure 46)139.
In 97, the 1,2,4-triphospholyl anionic ligand is η5-bonded to copper via its two carbon
atoms [Cu–C 2.274(8) and 2.277(8) Å] and three phosphorus atoms [Cu–P(1) 2.438(3),
Cu–P(2) 2.473(3) and Cu–P(3) 2.417(3) Å]. To reach coordination saturation at the cop-
per atom the triphenylphosphine ligand is coordinate bonded via its phosphorus atom to
copper [Cu–P(4) 2.180(3) Å]. The W(CO)5 moiety is bonded to the 1,2,4-triphospholyl
skeleton via the lone pair of phosphorus atom P(1) [W–P(1) 2.532(2) Å].

The trimetallic cluster compounds Cp*3Rh2Cu(CO)2 (98) and Cp*CpCuPtW(CC6H4
Me-4)(PMe3)2(CO)2 (99) have in common that they both contain a pentamethylcyclopen-
tadienylcopper moiety. For both clusters the structure in the solid state was established
by X-ray crystal structure determinations140,141.

The molecular geometry of 98 in the solid state comprises a central core of two rhodium
atoms and one copper atom arranged in a triangle with almost equal metal–metal distances
[Cu–Rh(1) 2.579(12), Cu–Rh(2) 2.529(19), Rh(1)–Rh(2) 2.571(12) Å] while to each of
the rhodium atoms and the copper atom a pentamethylcyclopentadienyl group is η5-
bonded (Figure 47). The two carbonyl groups are each μ3-bridge bonded between all three
metals at opposite sites of the triangular M3-face. One of the carbonyl groups is bonded
to the metals with one relatively short carbon–rhodium bond [Rh–C 1.82(5) Å], one
relatively short carbon–copper bond [2.05(6) Å] and one relatively long carbon–rhodium
bond [Rh–C 2.23(6) Å]. The other carbonyl group is bonded to the three metals with

44



Structural organocopper chemistry

FIGURE 46. Molecular geometry of 97 in the solid state

FIGURE 47. Molecular geometry of the trimetallic clusters Cp*3Rh2Cu(CO)2 (98) and Cp*CpCu
PtW(CC6H4Me-4)(PMe3)2(CO)2 (99) in the solid state

two relatively short carbon–rhodium bonds [Rh–C 1.92(5) and 1.93(5) Å] and a longer
carbon–copper bond [Cu–C 2.26(3) Å].

The X-ray crystal structure determination of 99 also showed the presence of the
three metals in a triangular arrangement [Pt–W 2.779(2), Cu–W 2.648(3) Å and Cu–Pt
2.807(3) Å] (Figure 47). Above one of the triangular faces the carbyne carbon atom of
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the CC6H4Me-4 group is symmetrically μ3-bridge bonded to all three metals [Cu–C
1.96(2), Pt–C 2.00(2) and W–C 2.03(2) Å]. One of the CO ligands is rather unsym-
metrically μ2-bridge bonded between the tungsten and platinum atom [C–W 1.92(3) and
C–Pt 2.45(3) Å] while the second CO ligand is end-on coordinated to tungsten [C–W
1.97(3) Å]. The pentamethylcyclopentadienyl group is bonded to copper in a η5-bonding
mode [mean Cu–C 2.27(3) Å]. Likewise, the cyclopentadienyl group is η5-bonded to
tungsten [mean W–C 2.42(4) Å]. To reach coordination saturation at the platinum center,
two trimethylphosphine molecules are coordinate bonded to platinum [Pt–P 2.285(6) and
2.341(7) Å].

V. COPPER CARBORANE COMPOUNDS

In the mid-sixties of the previous century the fields of boron hydride and carborane
chemistry and transition metal coordination chemistry merged, when it was recognized
that in particular carborane anions exhibit a similar bonding behavior towards transition
metals like the well-known cyclopentadienyl anion142.

Icosahedral 1,2-dicarba-closo-dodecaborane, 1,2-C2B10H12 can be converted with a
base into the anion [C2B9H12]− via the formal extraction of a [BH]2+ vertex from
the icosahedron followed by proton addition to the resulting [C2B9H11]2− anion. It was
expected that the twelfth hydrogen atom became bonded to the open pentagonal face of the
icosahedral fragment, bridging between two boron atoms. It was found that [C2B9H12]−
could be easily deprotonated to form the new bis-anionic ligand [C2B9H11]2−. The dis-
covery of a ferrocene-type analog [(C2B9H11)2Fe]2− initiated studies into a new class of
extremely stable organometallic complexes143,144.

Lipscomb, who was awarded the Nobel Prize in 1976 for his fundamental studies on
the bonding principles in borane and carborane cluster compounds, has described with
coworkers the bonding in the hypothetical [B11H11]4−, a description which is also appli-
cable to the understanding of the bonding in the isoelectronic [C2B9H11]2− anion145.
Accordingly, the bonding in this type of metal carborane complexes can be described as
follows. The applied molecular orbital scheme places 6 electrons in the apical region of the
pentagonal pyramidal [C2B9H11]2− anion, 14 electrons between the two five-membered
rings, and 6 electrons in five sp3 orbitals directed toward the vacant apex position asso-
ciated with the open pentagonal face. These last five atomic orbitals may be used to
generate three bonding and two anti-bonding molecular orbitals. These would include a
strongly bonding a1 orbital, two degenerate and bonding e1 orbitals and two strongly anti-
bonding e2 orbitals. Based on these considerations it is expected that the [C2B9H11]2−
anion resembles the well-known [C5H5]− anion in its reaction with transition metal ions
and type of bonding to these metals.

The copper carboranes [PPN][(1,2-C2B9H11)CuI(PPh3)] (100)146,147 (PPN = bis-
(triphenylphosphoranylidene)ammonium), [Et4N]2[(1,2-C2B9H11)2CuII] (101)148 and
[Ph3MeP][(1,2-C2B9H11)2CuIII] (102)149 have been prepared and were characterized struc-
turally in the solid state by X-ray crystallography. It should be noted that in 100 the copper
atom is in its 1+ oxidation state, in its 2+ oxidation state in 101, while in 102 it is present
in the very rare 3+ oxidation state.

The solid state structures of these compounds comprise separate cationic and anionic
moieties in their respective unit cells of which the anions are shown (Figure 48). To
compare the bonding features of the [C2B9H11]2− anion in these compounds with each
other, the relevant bond distances are compiled in Table 1. It should be noted that in both
101 and 102 the two [C2B9H11]2− anions bonded to copper are symmetry related due to
space group symmetry.
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FIGURE 48. Molecular geometry of the anions [(1,2-C2B9H11)CuI(PPh3)]− (100), [(1,2-C2B9H11)2-
CuII]2− (101) and [(1,2-C2B9H11)2CuIII]− (102), respectively

In complex 100, the bonding of the [C2B9H11]2− anion to copper can be described as
being η5 via two carbon and three boron atoms resulting in an overall closo-metallacar-
borane structural motif. The copper atom lies 1.679 Å from the mean plane of the
C2B3 pentagonal face, which is significantly shorter than the one observed in isolobal
CpCu(PPh3) (1.862 Å). The Cu–P distance (2.147(2) Å) is comparable to the correspond-
ing value observed in CpCu(PPh3) (2.135 Å). The phosphorus atom is slightly displaced
towards the carbon–carbon edge of the C2B3 face.

In the [(1,2-C2B9H11)2CuII]2− anion of 101 the Cu–C distances are significantly elon-
gated compared to those of 100 (Table 1). As a consequence the copper atom is displaced
0.6 Å from the pseudo-fivefold axis through the C2B9 cage resulting in a ‘slipped-
sandwich’ structure. The bonding to copper therefore can be best described as being
distorted towards η3 via three boron atoms.

The overall structural geometry of the [(1,2-C2B9H11)2CuIII]− anion in 102 is closely
related to that of [(1,2-C2B9H11)2CuII]2− in 101, the only chemical difference being the
oxidation state of copper: 2+ in 101 and 3+ in 102, respectively. In 102, however,
the distortion towards η3-bonded [C2B9H11]2− anions is even more pronounced and also
expressed in a significantly shorter C(1)–C(2) bond distance (Table 1).

TABLE 1. Relevant bond distances (Å) of the [C2B9H11]2− anion
in carborane copper complexes 100–102

Complex 100 101 102

Cu–C(1) 2.316(6) 2.583 2.499(7)
Cu–C(2) 2.317(6) 2.569 2.506(6)
Cu–B(1) 2.182(7) 2.211 2.173(8)
Cu–B(2) 2.166(7) 2.132 2.152(7)
Cu–B(3) 2.115(7) 2.245 2.053(7)
C(1)–C(2) 1.586(8) 1.534 1.450(9)
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FIGURE 49. Molecular geometry of closo-[exo-4,8-(μ-H)2CuI(PPh3)-3-(PPh3)-3,1,2-CuIC2B9H9]
(103) and [Cu(PPh3)]2[Ph2C2B9H9] (104) in the solid state

Reaction of [Tl]2[C2B9H11] with two equivalents of CuCl(PPh3) in the absence of other
cations afforded neutral closo-[exo-4,8-(μ-H)2CuI(PPh3)-3-(PPh3)-3,1,2-CuIC2B9H9]
(103)146,147 of which the structure in the solid state was established by an X-ray crys-
tal structure determination. The molecular geometry of 103 comprises a [1,2-C2B9H11]2−
dianion to which two [Cu(PPh3)]+ cations are bonded (Figure 49). One of the [Cu(PPh3)]+
cations [Cu(1)–P(1) 2.164(1) Å] is η5-bonded to the two carbon and three boron atoms of
the C2B3 pentagonal face [Cu(1)–C(1) 2.280(4), Cu(1)–C(2) 2.331(4), Cu(1)–B 2.164(5),
2.226(5) and 2.140(5) Å]. The second Cu(PPh3) moiety is bonded to two boron atoms
of the C2B3 pentagonal face [Cu(2)–B 2.173(5) and 2.210(4) Å] and two exo-polyhedral
boron-hydride-copper three-center two electron linkages [Cu–H 1.91(4) and 2.03(4) Å].

The introduction of phenyl substituents at each of the carbon atoms of the [1,2-
C2B9H11]2− framework in 103 results in the complex [Cu(PPh3)]2[Ph2C2B9H9] (104)150.
An X-ray crystal structure determination of 104 revealed entirely different bonding modes
for the two copper atoms (Figure 49). In 104, one of the [Cu(PPh3)]+ cations [Cu(1)–P(1)
2.183(10) Å] is located above the C2B3 pentagonal face of the [Ph2C2B9H9] dianion, but
is slipped by 0.624 Å towards the boron atoms. The observed distances between the cop-
per atom and the atoms of the C2B3 pentagonal face [Cu(1)–C(1) 2.56(3), Cu(1)–C(2)
2.67(3), Cu(1)–B 2.07(4), 2.20(4) and 2.32(4) Å] suggest rather an η3-bonding mode to
three boron atoms than η5-bonding. The other [Cu(PPh3)]+ moiety [Cu(2)–P(2) 2.128(10)
Å] is bonded to three boron atoms of the B3 trigonal face [Cu(2)–B 2.27(3), 2.18(4) and
2.24(4) Å], adjacent to the C2B3 pentagonal face, and three additional exo-polyhedral
B-H-Cu three-center two-electron linkages [Cu–H 2.01, 2.05 and 2.07 Å].

A structure very closely related to the structure of 103 was found for [Cu(PPh3)]2-
[C2B10H12] (105) in which one of the [Cu(PPh3)]+ cations is η6-bonded to two carbon
and four boron atoms of the C2B4 hexagonal face of the carborane skeleton while the
other [Cu(PPh3)]+ cation is bonded to two boron atoms of the C2B4 hexagonal face and
two exo-polyhedral boron-hydride-copper bridges151.

Replacement of a terminal hydride on the boron atom adjacent to one of the carbon
atoms at the pentagonal C2B3 face of the [C2B9H11]2− anion by a Lewis base like methyl
isonicotinate or dimethyl sulfide results in the zwitter-monoanions, [C2B9H10(NC5H4CO2-
Me-4)]− and [C2B9H10(SMe2)]−, respectively. With Cu+ in the presence of PPh3 these
anions form the neutral complexes [Cu(PPh3)][C2B9H10(NC5H4CO2Me-4)] (106) and
[Cu(PPh3)][C2B9H10(SMe2)] (107), respectively. For both compounds the structures in the
solid state were established by X-ray crystal structure determinations (Figure 50)147,152.
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FIGURE 50. Molecular geometry of the neutral complexes [Cu(PPh3)][C2B9H10(NC5H4CO2Me-4)]
(106) and [Cu(PPh3)][C2B9H10(SMe2)] (107) in the solid state

In 106, the [Cu(PPh3)]+ moiety [Cu–P 2.163(3) Å] is located with its Cu atom above
the C2B3 pentagonal face of the carborane cage. The observed bond distances [Cu–C(1)
2.383(9), Cu–C(2) 2.480(9), Cu–B 2.254(4), 2.150(12) and 2.116(11) Å] suggest a strong
distortion towards an η3-boroallylic bonding rather than an η5-type of bonding to the C2B3
face. A similar type of bonding of the [Cu(PPh3)]+ unit to the pentagonal face of the
[C2B9H10(SMe2)]− anion was observed in 107152.

When the [C2B9H10(NC5H4CO2Me-4)]− anion is treated with Cu+ in the absence of
PPh3, trimeric [CuC2B9H10(NC5H4CO2Me-4)]3 (108) is formed. An X-ray crystal struc-
ture determination of 108 showed that this trimer consists of three [CuC2B9H10(NC5H4-
CO2Me-4)] units symmetry related by a threefold crystallographic axis resulting in a
‘clustered cluster’ with a ‘pinwheel’ ligand array (Figure 51)147,153. Each of the cop-
per atoms is located above the C2B3 pentagonal face of a carborane unit. However,
the observed bond distances [Cu–C(1) 2.634(9), Cu–C(2) 2.635(9), Cu–B 2.265(8),
2.116(8) and 2.307(8) Å] indicate a distortion towards η3-boroallylic bonding. The three
[CuC2B9H10(NC5H4CO2Me-4)] units are linked via a Cu−B bond [Cu–B 2.120(8) Å] to
an adjacent [CuC2B9H10(NC5H4CO2Me-4)] unit and an additional B-H-Cu three-center
two-electron linkage [Cu–H 1.608 Å].

Reaction of the pyrazolyl anion with two equivalents of the carborane C2B9H11 affords
the monoanionic bis-carborane substituted pyrazole [C3H3N2(C2B9H11)2]−. Double depro-
tonation results in the formation of the trianion [C3H3N2(C2B9H10)2]3−, which has been
successfully applied in the synthesis of a series of transition metal complexes including
a copper(III) derivative CuIII[C3H3N2(C2B9H10)2] (109)154. An X-ray crystal structure
determination of 109 revealed an ansa-bridged sandwich-type structure in which the pen-
tagonal C2B3 faces of both carborane units are η5-bonded to the copper atom (Figure 51).

From the reaction of two equivalents of the dilithium salt Li2[(C2B10H10)2], derived
from bis(o-carborane), with CuCl2, after exchange of the cations with Et4N+ an ionic com-
pound [(Et4N)2][CuII{(C2B10H10)2}2] (110) was isolated155,156. An X-ray crystal structure
determination of 110 revealed separated Et4N+ cations and [CuII{(C2B10H10)2}2]2− anions
in the crystal lattice157. The anion consists of two chelating bis(o-carborane) dianions
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FIGURE 51. Molecular geometry of [CuC2B9H10(NC5H4CO2Me-4)]3 (108) and CuIII[C3H3N2-
(C2B9H10)2] (109) in the solid state

FIGURE 52. Molecular geometry of the anions [CuII{(C2B10H10)}2]2]2− (110) and [CuIII-
{(C2B10H10)2}2]− (111) in the solid state

σ -bonded via the carbon atoms [Cu–C(1) 2.070(10), Cu–C(2) 2.072(10), Cu–C(3)
2.072(10) and Cu–C(4) 2.070(10) Å] to divalent copper (Figure 52). The coordination
geometry at copper is rather irregular, as is indicated by the various bond angles around
copper [C(1)–Cu–C(2) 102.3(4)◦, C(1)–Cu–C(3) 142.4(4)◦, C(1)–Cu–C(4) 90.0(4)◦,
C(2)–Cu–C(3) 89.4(4)◦, C(2)–Cu–C(4) 142.4(4)◦ and C(3)–Cu–C(4) 102.3(4)◦]. The
angle formed by the normals to the planes of the two bidentate ligands is 54◦, while the
ideal angle for a square-planar situation is 0◦ and a tetrahedral one is 90◦.
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FIGURE 53. Molecular geometry of the [CuCl(CB11F11)]2− dianion of 112 in the solid state

Single electron oxidation of Li2[Cu{(C2B10H10)2}2] using CuCl2 as the oxidant affords,
after exchange of the cations with Et4N+, the complex [Et4N][CuIII{(C2B10H10)2}2] (111)
with copper in its trivalent oxidation state156. An X-ray crystal structure determination
of 111 showed, as for 110, separated Et4N cations and [CuIII{(C2B10H10)2}2]− anions
in the crystal lattice157. The anion has the same structural motif as the one in 110.
The Cu–C bond distances [Cu–C(1) 2.030(6), Cu–C(2) 2.005(6), Cu–C(3) 2.029(6) and
Cu–C(4) 2.015(6) Å] are slightly shorter compared to those in 110. The various bond
angles around copper [C(1)–Cu–C(2) 92.3(2)◦, C(1)–Cu–C(3) 162.4(2)◦, C(1)–Cu–C(4)
90.5(2)◦, C(2)–Cu–C(3) 90.5(2), C(2)–Cu–C(4) 161.2(2)◦ and C(3)–Cu–C(4) 92.5(2)◦]
point to an irregular coordination geometry at the copper atom.

The dodecahedral [HCB11F11]− monocarborane monoanion represents an example of
the so-called ‘highly fluorinated weakly coordinating anions’. This monoanion can be
easily deprotonated to the corresponding dianion [CB11F11]2−. Its adduct with CuCl was
isolated as the [n-Bu4N]2[CuCl(CB11F11)] complex (112) of which the structure in the
solid state was established by X-ray crystallography158. It solid state structure comprises
isolated [n-Bu4N]+ cations and [CuCl(CB11F11)]2− dianions in the crystal lattice. In the
dianion the copper atom is σ -bonded [Cu–C 1.917(5) Å] to the carbon atom of the
dodecahedral CB11F11 cluster and the chlorine atom [Cu–Cl 2.136(1) Å] (Figure 53).
The carbon to copper to chlorine bond angle is close to linear [C–Cu–Cl 176.0(2)◦].

VI. COPPER(I) ACETYLIDES

The potential of copper acetylides CuC≡CR as a synthetic tool in organic chemistry
was recognized in the early sixties of the previous century159 – 161. Compared to alkyl-
and arylcopper compounds, copper acetylides have a better thermal stability and are less
sensitive towards oxidation and hydrolysis. The formation of the most simple copper
acetylide, i.e. copper acetylide (Cu2C2) itself, obtained by passing acetylene gas through
an ammoniacal solution of a Cu(I) salt, was reported as early as 1897162. It is a red
solid material, highly explosive in a dry state! The monosubstituted copper acetylides are
easily obtained in high yield from the reaction of the parent acetylene with an ammoniacal
solution of a CuI salt (equation 20)159.

+
H2O/NH3

HC CR CuC CR + NH4
+Cu+ (20)

Due to its electronic properties a monosubstitued, monoanionic acetylide ligand can
act as two; four- or even six-electron donor and therefore can easily form bridge bonds
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FIGURE 54. The various bonding modes of the monoanionic acetylide ligand

between two, three or, in exceptional cases, even four metal centers via a variety of
bonding modes (Figure 54).

Due to these versatile bonding modes copper acetylides have a strong tendency to
form highly aggregated species, both in the solid state and in solution. Although synthetic
procedures and their application in synthetic organic chemistry have been reported for
a large variety of pure, monofunctionalized copper acetylides, CuC≡CR, only for a few
of these could the structures in the solid state be established by X-ray crystallography.
The major problem is the insolubility of the greater part of these compounds in common
organic solvents which prevents growing of single crystals suitable for X-ray structure
determinations.

The structure of the parent copper acetylide, i.e. CuC≡CH, is unknown, but the solid
state structure of a rather complicated inorganic material, obtained from an electrochemical
synthetic procedure, formulated as Rb11[CuI

15Cl16Br6(CuIICl6)CuC≡CH] (113) containing
the CuC≡CH fragment, has been determined163. The crystal lattice is built up of anionic
[CuI(CuI

15Cl16Br6)]7−
n layers, perpendicular to the [201] direction, and contains octahe-

dral macrocavities. Each macrocavity is occupied by a [CuIICl6]4− octahedron surrounded
by eight Rb cations. Space between the anions is occupied by other Rb cations and neu-
tral CuC≡CH molecules. The short Cu−C σ -bond [1.84(5) Å] in the CuC≡CH fragment
is notable. However, the considerable deviation from linearity [Cu–C–C 142(5)◦] sug-
gests a significant π-interaction. The only other structures containing CuC≡CH fragments
are [Ca(NH3)6][Cu(C≡CH)3] (114) and Rb2[Cu(C≡CH)3]·NH3 (115)164. The solid state
structures of 114 and 115 were determined from powder diffraction data. The unit cell of
114 contains isolated [Cu(C≡CH)3] dianions and [Ca(NH3)6] dications (Figure 55). In the
[Cu(C≡CH)3] dianion the three C≡CH groups are σ -bonded to copper [Cu–C 2.031(7) Å]
with equal bond distances, as the result of space group symmetry. The C–Cu–C bond
angles around copper are 120◦ within experimental error, indicating a perfect trigonal
planar coordination geometry for this copper atom. The solid state structure of 115 is
similar, with isolated [Cu(C≡CH)3] dianions and [Rb] cations in the unit cell. Formally,
these two compounds belong to the class of ionic cuprates.

Pure copper tert-butylacetylide has been prepared from the reaction of CuBr(DMS)
with LiC≡CBu-t in a mixture of diethyl ether/hexane as a solvent. According to an X-ray
crystal structure determination this material appeared to be [(CuC≡CBu-t)24]ž2C6H14
(116)165. Within the (CuC≡CBu-t)24 aggregate (Figure 56), the acetylide groups adopt a
variety of μ2- and μ3-bridge bonding modes with Cu–C distances varying from 1.939 to
2.541 Å.

When the same compound is crystallized from benzene, an X-ray crystal structure deter-
mination revealed the formation of an entirely different aggregate [(CuC≡CBu-t)20]žC6H6
(117) (Figure 57)166.
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FIGURE 55. Unit cell content of [Ca(NH3)6][Cu(C≡CH)3] (114) in space group P63mc

FIGURE 56. Molecular geometry of [(CuC≡CBu-t)24]ž2C6H14 (116) in the solid state

Also in this aggregate, the acetylide groups adopt a variety of bonding modes to copper
with Cu–C distances varying from 1.862(6) to 2.471(7) Å. On a macromolecular level,
the overall structural geometry of the aggregate can be seen to consist of a central Cu8
ring interlocking with two puckered Cu6 rings resulting in a catenane-type of architecture
(Figure 58).
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FIGURE 57. Overall structural geometry of the (CuC≡CBu-t)20 aggregate 117

The solid state structure of copper phenylacetylide CuC≡CPh (118) was determined
from powder X-ray diffraction data166. Its molecular geometry comprises linear infi-
nite chains via symmetrically μ2-η1,η1-bonded (3c-2e) [Cu–C 1.93(1) and 1.95(1) Å]
acetylide groups (Figure 59).

The copper acetylide CuC≡CPr-n (119) derived from 1-pentyne forms infinite poly-
meric sheets in the crystal lattice166. These sheets are formed by μ2-η1,η2-bridging and
μ3-η1,η1,η2-bridging acetylide groups between two and three copper atoms, respectively,
with Cu–C bond distances ranging from 1.96(1) to 2.23(1) Å.

The structures in the solid state of the cationic, mixed copper–silver aggregate [Cu6Ag8
(Cl)(C≡CFc)12]+ (120)167 (Fc = ferrocenyl) and the anionic, mixed copper–silver aggre-
gate [Cu7Ag6(C≡CPh)14]− (121)168,169 have been established by X-ray crystal structure
determinations. The six copper and eight silver atoms of 120 are arranged in such a
way that they form a rhombic dodecahedron consisting of fourteen Cu2Ag2 quadrangles
(Figure 60). The eight silver atoms are arranged at the eight apices of a cube while the
six copper atoms are located at the apices of an octahedron. A chloride anion is located
at the center of the metal cage. To each of the copper atoms are η1-bonded two acetylide
groups while each of these acetylides is η2,η2-bonded to two silver atoms.

The overall structural geometry of the metal framework in 121 can be described as
consisting of three square pyramids which are interconnected via the common copper
atom at the apex (Figure 60). Each of the square pyramids consists of two copper atoms
and two silver atoms at the base and a copper atom at the apex. To the central copper
atom, two acetylide groups are σ -bonded in an almost linear fashion [C–Cu–C 178.5(9)◦]
and have no further interaction with other metals. To each of the peripheral copper atoms,
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FIGURE 58. Schematic representation showing the two six-membered Cu6 units and the central
Cu8 moiety and the assembly to the catenane-type architecture of 117. From Reference 166. ©
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

FIGURE 59. Part of the infinite polymeric chain of CuC≡CPh (118) in the solid state
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FIGURE 60. Structural geometry of the metal frameworks of cationic [Cu6Ag8(Cl)(C≡CFc)12]+
(120) and anionic [Cu7Ag6(C≡CPh)14]− (121), respectively

two acetylide groups are η1-bonded while each of these acetylide groups are η2,η2-bonded
to two silver atoms.

It is fascinating that addition of simple Lewis bases L like phosphines or amines do not
deaggregate polymeric or oligomeric copper acetylides [CuC≡CR]n to the expected sim-
ple, monomeric adducts LCuC≡CR but instead cause the formation of dimeric, trimeric
or tetrameric complexes (vide infra).

It has been found that only a special bidentate ‘tweezer’-like ligand is capable of
monomerizing copper acetylides. This ligand (η5-C5H4SiMe3)2Ti(C≡CR1)2 (R1 = t-Bu
or SiMe3) (Figure 61) binds to the copper atom of a monomeric copper acetylide unit in a
bidentate fashion via two η2-bonded acetylenic functionalities. Four of these monomeric
complexes, 122a170 (R1 = t-Bu, R2 = t-Bu), 122b171 (R1 = t-Bu, R2 = C≡CEt), 122c172

(R1 = t-Bu, R2 = C6H4NO2-4) and 122d173 (R1 = SiMe3, R2 = SiMe3), have been pre-
pared and were characterized structurally in the solid state by X-ray crystallography.

The molecular geometry of these four complexes in the solid state are closely related.
The structure of 122a is shown as an example (Figure 61). In 122a, the acetylide moiety
is σ -bonded to copper [Cu–C(1) 1.903(4) Å] in an almost linear fashion [Cu–C(1)–C(2)
173.1(3)◦]. The two acetylenic substituents are both η2-bonded to copper [Cu–C(3)
2.068(4), Cu–C(4) 2.157(4) Å and Cu–C(5) 2.066(3) and Cu-C(6) 2.146(4) Å], affording
a pseudo-trigonal planar coordination geometry at the copper atom.

Reaction of polymeric copper phenylacetylide with methyldiphenylphosphine afforded
a dimeric complex [PhC≡CCu(PPh2Me)2] (123) of which the structure in the solid state
was established by X-ray crystallography174. The molecular geometry of 123 is shown
schematically (Figure 62) and comprises a perfectly planar Cu–C–Cu–C four-membered
ring as a result of two μ2-η1-bonded acetylide groups between the two copper atoms. The
bridge bond is slightly asymmetric [Cu–C 2.011(3) and 2.209(4) Å]. The Cu–C–Cu bond
angles are rather acute (70.95(11)◦), but compensated by a larger C–Cu–C bond angle
(109.05(14)◦). To each of the copper atoms, perpendicular to the central Cu–C–Cu–C
plane, two PPh2Me molecules are coordinate bonded via their respective phosphorus atoms
to copper [Cu–P 2.2801(12) and 2.2822(12) Å], one from above and one from below that
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FIGURE 61. Monomeric copper acetylide units in ‘tweezers’ 122a–122d and molecular geometry
of 122a in the solid state
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FIGURE 62. Schematic representation of the molecular geometry of 123–125 in the solidstate

plane. The coordination geometry of the copper atoms is almost perfectly tetrahedral, as
is indicated by the P–Cu–P bond angle (109.75(4)◦).

The potentially tridentate ligand triphos is also capable of depolymerizing copper
phenylacetylide. An X-ray crystal structure determination of the obtained product surpris-
ingly revealed a dimeric complex [PhC≡CCu(triphos)] (124)175 instead of the expected
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monomeric structure with a tridentate bonded triphos ligand. Instead, the overall structural
features of 124 with respect to the central Cu–C–Cu–C plane are closely related to those
of 123 (Figure 62). In 124, coordination saturation at copper is reached by a bidentate
P ,P ′-chelate bonded triphos ligand at each of the copper atoms.

The reaction of CpCu(PPh3) with LiC≡CBu-t in the presence of one equivalent of tri-
cyclohexylphosphine affords the complex (t-BuC≡C)2Cu2(Pc-Hex3)(PPh3)2 (125)176 of
which the structure in the solid state was determined by an X-ray crystal structure determi-
nation. The molecular geometry of 125 is shown schematically (Figure 62) and comprises,
like 123 and 124, a central flat Cu–C–Cu–C four-membered ring as the result of two
μ2-η1-bridge bonded acetylide groups between two copper atoms in a slightly asymmetric
way [Cu–C 2.054(9) and 2.143(9) Å]. One of the copper atoms has a tetrahedral coor-
dination geometry as the result of two additional coordinate bonded triphenylphosphine
ligands [Cu–P 2.272(3) and 2.273(3) Å]. One tricyclohexylphosphine ligand is coordi-
nate bonded to the other copper atom [Cu–P 2.224(3) Å], resulting in a trigonal planar
coordination geometry for this copper atom.

The copper acetylide dppf complex (4-TolC≡C)2Cu2(dppf)2 (dppf = 1, 1′-bis(diphenyl-
phosphino)ferrocene) (126) is also dimeric in nature. Its structure in the solid state
was established by an X-ray crystal structure determination177. The molecular geome-
try (Figure 63) of 126 comprises a similar planar Cu–C–Cu–C arrangement as the result
of two μ2-η1-bridge bonded acetylide groups [Cu–C 2.06(2) and 2.136(2) Å] as was
found for 123–125. The two dppf ligands adopt a P ,P ′-bridging bonding mode, this
bridging occurring between the two copper atoms [Cu–P 2.310(6) and 2.317(7) Å] of the
central Cu2C2 motif.

The only example of a dimeric copper acetylide complex in which the additional ligand
is not a phosphine is the tmtch complex of copper phenylacetylide (PhC≡C)2Cu2(tmtch)2

FIGURE 63. Molecular geometry of (4-TolC≡C)2Cu2(dppf)2 (126) and (PhC≡C)2Cu2(tmtch)2 (127)
in the solid state
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(127) (tmtch = 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne)178. The molecular geometry of
127 in the solid state was established by an X-ray crystal structure determination (Figure
63) and comprises two symmetrically μ2-η1-bridge-bonded acetylide groups between the
two copper atoms [Cu(1)–C(1) 2.014(3) and Cu(1a)–C(1) 2.022(3) Å]. To each of the
copper atoms a cyclic acetylene is η2-bonded via the acetylenic carbon atoms [Cu(1)–C(2)
1.940(4) and Cu(1)–C(3) 1.951(4) Å].

Copper acetylide phosphine complexes often exist as tetrameric aggregates having
a central heterocubane structural motif. This has been observed for a variety of com-
plexes, i.e. (RC≡C)4Cu4(P)4 [R = Ph; P = PPh3 (128)179, R = Ph; P = P(4-MeC6H4)3
(129)180, R = Ph; P = PPh2(2-Py) (130)181, R = 4-MeOC6H4; P = PPh3 (131)182, R =
Me3Si; P = PPh3 (132)183, R = C≡CPh; P = PPh3 (133)184] (Figure 64). In these com-
plexes the acetylide groups are μ3-η1-bridge bonded between three copper atoms in such
a way that the four bridging carbon atoms and the four copper atoms form a slightly
distorted cube. To each of the copper atoms an additional phosphine is coordinate bonded
via its phosphorus atom, thus giving each copper atom a distorted tetrahedral coordination
geometry.

The structures of the ionic copper acetylide complexes [(4-MeC6H4C≡C)3Cu4(P(4-
MeC6H4)3)4][PF6] (134)185 and [(4-MeOC6H4C≡C)3Cu4(PPh3)4][PF6] (135)186 in the
solid state have been established by X-ray crystal structure determinations. The molecu-
lar geometry of the cations is shown schematically in Figure 64. They exhibit an ‘open’
heterocubane structural motif, i.e. a structure lacking one carbon atom in the cube. Con-
sequently, one of the copper atoms has a distorted tetrahedral coordination geometry
whereas the other three copper atoms are three-coordinate. These cationic complexes
have interesting luminescent properties185,186.

The trimethylphosphine complex of copper phenylacetylide also exists as a tetrameric
aggregate, (PhC≡C)4Cu4(PMe3)4 (136)35, not with a central heterocubane structural motif
but with an open structure in which the four copper atoms are coplanar and arranged in
a zigzag chain.

The tetrameric aggregate is assembled via two μ2-η1-bridge-bonded acetylide groups,
each between two copper atoms [Cu(1), Cu(3) and Cu(2), Cu(4), respectively], and two
μ3-η1,η2-bridge-bonded acetylide groups, each between three copper atoms (Figure 65).
The bridge bonding of the η1-bonded acetylide groups is rather asymmetric [Cu(1)–C
2.223(17) and Cu(3)–C(1) 1.957(16) Å], in contrast to the μ3-η1,η2-bridge-bonded acetyl-
ide group [Cu(1)–C(2) 2.073(15), Cu(3)–C(2) 2.073(15), Cu(2)–C(2) 2.061(16) and
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FIGURE 65. Molecular geometry of (PhC≡C)4Cu4(PMe3)4 (136) in the solid state; the methyl
groups of the trimethylphosphine ligands are omitted for clarity

Cu(2)–C(3) 2.085(14) Å]. A tetrahedral coordination geometry at the peripheral copper
atoms Cu(1) and Cu(4) is reached by additional coordination of two triphenylphosphine
ligands to each of these copper atoms [Cu–P 2.230(5) Å average].

Copper phenylacetylide and 1,8-bis(diphenylphosphino)-3,6-dioxaoctane (bdpoo) form
a complex (PhC≡C)4Cu4(bdpoo)2 (137)187, which is also tetrameric in nature. An X-ray
crystal structure determination of 137 revealed a structural motif that, with respect to
the bonding of the four acetylide groups to the four copper atoms, is closely related
to that of 136, i.e. two μ2-η1-bridge-bonded and two μ3-η1,η2-bridge-bonded acetylide
groups (Figure 66). The two bidentate phosphine ligands are both P ,P -bridge bonded
spanning between the two peripheral copper atoms Cu(1) and Cu(4). Complex 137 exhibits
luminescent behavior with extreme high quantum yields.

The nature of the acetylide group can play an important role in the formation of par-
ticular aggregates which became evident from the different structures in the solid state of
the complexes formed between tmtch (tmtch = 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne)
and copper tert-butyl- and phenylacetylide, respectively. The copper tert-butylacetylide
complex appeared to be tetrameric (t-BuC≡C)4Cu4(tmtch)2 (138)178, whereas the corre-
sponding copper phenylacetylide complex (PhC≡C)2Cu2(tmtch)2 has a dimeric structure
(vide supra). The molecular geometry of 138 comprises four copper atoms in a planar
cyclic arrangement. All four acetylide groups are μ2-η1,η2-bridge bonded between two
copper atoms (Figure 66). Cu(1) and Cu(3) experience η1-bonding of the acetylide groups
exclusively while Cu(2) and Cu(4) exclusively experience η2-bonding. Coordination sat-
uration at Cu(1) and Cu(3) is reached by the additional η2-bonded cyclic acetylene.

As to their interesting photophysical properties, a series of cationic tricopper acetylide
complexes having general formula [(R1C≡C)(R2C≡C)Cu3(dppm)3][Y] (Figure 67) were
prepared in order to study their structural features in detail. For several of these complexes
the structures in the solid state could be established by X-ray crystal structure determina-
tions, namely 139188, R1 = R2 = Ph, Y = BF4

−; 140189, R1 = R2 = C≡CH, Y = PF6
−;
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FIGURE 66. Molecular geometry of (PhC≡C)4Cu4(bdpoo)2 (137) (P-bonded phenyl groups are
omitted for clarity) and (t-BuC≡C)4Cu4(tmtch)2 (138) in the solid state

141189, R1 = R2 = C≡CPh, Y = PF6
−; 142190, R1 = R2 = C5H4FeC5H5, Y = PF6

−;
143191, R1 = R2 = benzo-15-crown-5, Y = PF6

−; 144192, R1 = R2 = C≡CRe(CO)3(4-
Me-bipy), Y = PF6

−; 145193, R1 = R2 = C≡CC6H4C≡CRe(CO)5(bipy), Y = PF6
−;

146194, R1 = 4-MeOC6H4, R2 = 4-EtOC6H4, Y = PF6
− and 147194, R1 = 4-MeOC6H4,

R2 = 4-NO2C6H4, Y = PF6
−.

These complexes have as a common structural motif a regular trigonal plane of three
copper atoms linked via three P ,P -bridge-bonded dppm ligands (dppm = 1,1-bis(diphen-
ylphosphino)methane). Each of the two acetylide groups are μ3-η1-bonded to the three
copper atoms, one approaching the trigonal plane from above and one from below.
As a representative example the molecular geometry of 139 is shown (Figure 68). In
139, the copper–copper distances in the triangular plane are almost equal [Cu(1)–Cu(2)
2.570(3), Cu(2)–Cu(3) 2.615(3) and Cu(1)–Cu(3) 2.598(3) Å] while the six-coordinate
bonded phosphorus atoms of the three dppm ligands lie roughly in the same plane. The
μ3-η1-bonding of the acetylide groups to the three copper atoms is rather asymmetric
[Cu(1)–C(1) 2.12(2), Cu(2)–C(1) 2.17(2) and Cu(3)–C(1) 2.34(2) Å].

A closely related type of cationic tricopper complexes has general formula [(RC≡C)
Cu3X(dppm)3][Y] (Figure 67) of which three, i.e. 148195, R = Ph, X = Cl, Y = BF4

−;
149196, R = t-Bu, X = Cl, Y = PF6

− and 150197, R = C≡CAuC≡CC≡CH, X = I, have
been characterized structurally in the solid state by X-ray crystallography. It should be
noted that the latter compound is a zwitterionic, neutral complex due to the formal negative
charge on the gold atom.

The molecular geometry of 148 is shown as an example (Figure 68). The structural
features of the central Cu3P6 core of 148 are closely related to that of 139. Like in 139,
the acetylide group is μ3-η1-bonded in an asymmetric way to the three copper atoms
[Cu(1)–C(1) 1.98(2), Cu(2)–C(1) 2.18(2) and Cu(3)–C(1) 2.34(2) Å]. The opposite site
of the triangular plane of copper atoms is capped by a μ3-η1-bonded chlorine atom
[Cu(1)–Cl 2.568(4), Cu(2)–Cl 2.586(4) and Cu(3)–Cl 2.535(4) Å].
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FIGURE 67. The cationic tricopper complexes [(R1C≡C)(R2C≡C)Cu3(dppm)3][Y] (139–147) and
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FIGURE 68. Molecular geometry of the cations of [(PhC≡C)2Cu3(dppm)3][BF4] (139), [(PhC≡C)
Cu3Cl(dppm)3][BF4] (148) and [(PhC≡C)Cu3(dppm)3][BF4]2 (151) in the solid state; the phenyl
groups of the dppm ligands are omitted for clarity
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A third class of complexes is the one lacking the second μ3-η1-bonded group, i.e.
[(PhC≡C)Cu3(dppm)3][BF4]2 (151)198 and [(t-BuC≡C)Cu3(dppm)3][PF6]2 (152)199, and
consequently is dicationic in nature. These two compounds have closely related structures,
of which that of 151 is shown (Figure 68). The overall geometry of the central Cu3P6 core
is similar to those of 139 and 148, but the Cu3 triangle is less regular as is indicated by the
various Cu–Cu distances [Cu(1)–Cu(2) 2.813(2), Cu(2)–Cu(3) 2.904(3) and Cu(1)–Cu(3)
3.274(3) Å]. The bonding of the acetylide group to the three copper atoms is rather
symmetric [Cu(1)–C(1) 1.96(1), Cu(2)–C(1) 2.04(1) and Cu(3)–C(1) 2.08(1) Å], but the
relatively short Cu(3)–C(2) distance, 2.57(1) Å, suggests rather a μ3-η1,η1,η2- than a
μ3-η1,η1,η1-bonding to the three copper atoms.

A complex that contains twice the structural motif of 151 is [(dppm)3Cu3C≡
CC6H4C≡CCu3(dppm)3][BF4]4 (153)200, containing a 1,4-diacetylidephenylene unit. The
molecular geometry of the tetracationic part of 153 is shown (Figure 69). The structural
features of the two (dppm)3Cu3 moieties are closely related to that of 151. Each of these
moieties is μ3-η1,η1,η2-bonded to an acetylide functionality, like in 151.

Ionic [(C≡C)Cu4(dppm)4][BF4]2 (154) was obtained as an air-stable, yellow crystalline
solid when [Cu2(dppm)2(MeCN)2][BF4]2 was added to a solution of trimethylsilylacety-
lene and n-BuLi in THF at room temperature. An X-ray crystal structure determination of
154 showed the presence of isolated [(C≡C)Cu4(dppm)4]2+ dications and BF4

− anions in
the crystal lattice201. The molecular geometry of the dicationic part involves a square of
four copper atoms linked via P ,P -bridge-bonded dppm ligands [Cu–P 2.253(4) Å mean
value] (Figure 70). The acetylide dianion is end-on, η1-bonded to Cu(1) and Cu(1a) [Cu–C
1.91(1) Å] and side-on η2-bonded to Cu(2) and Cu(2a) [Cu–C 2.12(1) and 2.13(1) Å].

An X-ray crystal structure determination of [(FcC≡C)4Cu6(dppm)2][ClO4]2 (155)
(Fc = ferrocenyl) showed that this complex exists in the solid state as a hexanuclear
aggregate with the copper atoms in an octahedral arrangement (Figure 71)202.

The four copper atoms Cu(1)–Cu(4) reside at the equatorial plane while Cu(5) and
Cu(6) occupy the axial positions of a Cu6-octahedron. The two dppm ligands are each
P ,P -bridge bonded between two adjacent copper atoms in the equatorial plane, Cu(2)
and Cu(3), and Cu(1) and Cu(4), respectively [Cu–P 2.215(3) Å, mean value]. The
anionic acetylide carbon atoms are located above opposing triangular faces of the octahe-
dron, and thus μ3-η1,η1,η1-bonded to two equatorial and one axial copper atom. The

FIGURE 69. Molecular geometry of the tetracation of [(dppm)3Cu3C≡CC6H4C≡CCu3(dppm)3]
[BF4]4 (153) in the solid state; the phenyl groups of the dppm ligands are omitted for clarity
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FIGURE 70. Molecular geometry of the dication of [(C≡C)Cu4(dppm)4][BF4]2 (154) in the solid
state; the phenyl groups of the dppm ligands are omitted for clarity

FIGURE 71. Molecular geometry of hexanuclear [(FcC≡C)4Cu6(dppm)2][ClO4]2 (155) in the solid
state; the phenyl groups of the dppm ligands are omitted for clarity

carbon-to-axial-copper bond distance is relatively short [Cu(5)–C 1.897(10) Å] com-
pared to the carbon-to-equatorial-copper bond distances [Cu(1)–C 2.116(10) and Cu(2)–C
2.127(10) Å]. The perchlorate anions are within bonding distance of the axial copper
atoms [Cu(5)–O 2.353(11) Å].

A particular type of copper acetylide aggregates are the heteroleptic ones, i.e. those
which, apart from the acetylide group, contain other anionic groups. The solid state struc-
tures of three aggregates containing acetylide and 2-aminoarenethiolato anionic groups have
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FIGURE 72. (A) Molecular geometry of (t-BuC≡C)2Cu6(SC6H4CH2NMe2-2)4 (156) in the solid
state. (B) One of the trinuclear units of 156

been established by X-ray crystal structure determinations. These compounds (t-BuC≡
C)2Cu6(SC6H4CH2NMe2-2)4 (156)12,203, (t-BuC≡C)2Cu6(SC6H4CH(Me)NMe2-2)4
(157)203 and (t-BuC≡C)2Cu6(1-SC10H6NMe2-8)4 (158)204 have comparable structures in
the solid state. As an example the molecular geometry of 156 is shown (Figure 72, A).

The molecular geometry of 156 can be described as consisting of two symmetry-related
trinuclear units t-BuC≡CCu3(SC6H4CH2NMe2-2)2. This trinuclear unit contains Cu(1),
Cu(2) and Cu(3) (Figure 72, B), the two thiolate groups which are μ2-bridge bonded
via their sulfur atoms between Cu(1) and Cu(3) [Cu(1)–S(1) 2.258(3) and Cu(3)–S(1)
2.245(3) Å] and Cu(2) and Cu(3) [Cu(2)–S(2) 2.327(3) and Cu(3)–S(2) 2.229(3) Å],
respectively. The nitrogen-containing ortho-substituents of the arenethiolato groups are
intramolecularly coordinating to Cu(1) [Cu(1)–N(1) 2.10(1) Å] and Cu(2) [Cu(2)–N(2)
2.07(1) Å]. The two trinuclear units are linked via two μ3-η1,η1,η1-bonded acetylides,
one between Cu(1), Cu(2) and Cu(3a) [Cu(1)–C(1) 1.96(1), Cu(2)–C(1) 1.96(1) and
Cu(3a)–C(1) 2.13(1) Å] and the other between Cu(1a), Cu(2a) and Cu(3).

Aggregates containing acetylides and hfac (hfac = hexafluoroacetylacetonate) represent
another type of heteroleptic copper acetylide aggregates. A variety of these compounds, i.e.
(n-PrC≡C)15Cu26(hfac)11 (159)205, (t-BuC≡C)8Cu16(hfac)8 (160)206, (PhCH2C≡C)12Cu20
(hfac)8 (161)206, (n-BuC≡C)14Cu26(hfac)12 (162)207, (n-PenC≡C)14Cu26(hfac)12 (163)207

and (n-HexC≡C)14Cu26(hfac)12 (164)207, have been characterized structurally by X-ray
crystallography. These are all highly aggregated species with rather complicated struc-
tures. A common structural feature is the location of the hfac groups at the periphery of
the aggregate and their O,O-chelate bonding to one copper atom. Consequently, the hfac
groupings are not involved in aggregation (e.g. by bridging between two copper centers).
Aggregation occurs via multicenter bonding of the acetylide groups with various bond-
ing modes, μ2-η1,η1, μ2-η1,η2, μ3-η1,η1,η1, μ3-η1,η1,η2 and μ3-η1,η2,η2. The molecular
geometry of 161 is shown as an example (Figure 73).
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FIGURE 73. Molecular geometry of (PhCH2C≡C)12Cu20(hfac)8 (161) in the solid state

Apart from the mixed copper–silver acetylide aggregates (vide supra), a few com-
pounds have been characterized structurally in which the acetylide group is involved in
bridging between copper and another transition metal.

The symmetric trimeric aggregate (HC≡C)3Cu3[Co2(CO)6]3 (165)208 represents an
example of a so-called ‘cluster of clusters’. The molecular geometry of 165 involves three
copper atoms arranged in an almost perfect triangle [Cu(1)–Cu(2) 2.494(2), Cu(2)–Cu(3)
2.508(2) and Cu(2)–Cu(3) 2.499(2) Å] (Figure 74). The acetylide groups are symetrically
μ2-η1-bridge bonded between the copper atoms [Cu(1)–C(1) 1.962(11) and Cu(3)–C(1)
1.939(11) Å]. Each of the acetylide groups binds a Co2(CO)6 moiety via a μ2-η2,η2-
bonding mode [Co(1)–C(1) 2.142(11), Co(1)–C(2) 2.004(14), Co(2)–C(1) 2.087(11) and
Co(2)–C(2) 1.989(12) Å]. Additionally, two of the carbonyl groups of each Co2(CO)6
moiety forms an unsymmetric bridge bond between cobalt and the adjacent copper atom
with short Co–C bond distances [Co(1)–C 1.808(16) and Co(2)–C 1.813(17) Å] and long
Cu–C bond distances [Cu(1)–C 2.408(16) and 2.545(17) Å].

An X-ray crystal structure determination of (PhC≡C)6Cu2Yb2(THF)4 (166)209 shows
the presence of two different types of bridging acetylide groups (Figure 75). Four of
these are μ2-η1-bridge bonded between copper and ytterbium [Yb(1)–C(1) 2.685(6),
Cu(1)–C(1) 1.930(6), Yb(2)–C(1a) 2.800(6) and Cu(1)–C(1a) 1.941(6) Å] while the
remaining two are μ3-η1-bridge bonded between two ytterbium and one copper atom
[Yb(1)–C(2) 2.694(6), Yb(2)–C(2) 2.699(6) and Cu(1)–C(2) 1.969(7) Å]. To complete
coordination saturation at each of the ytterbium atoms, two THF molecules are coordinate
bonded to each of them.
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FIGURE 74. Molecular geometry of (HC≡C)3Cu3[Co2(CO)6]3 (165) in the solid state

FIGURE 75. Molecular geometry of (PhC≡C)6Cu2Yb2(THF)4 (166) in the solid state
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FIGURE 76. Molecular geometry of the cation of [(t-BuC≡C)2CuPt(dppm)2][SbF6] (171) in the
solid state; the phenyl groups of the dppm ligands are omitted for clarity

With respect to the bonding modes of the acetylide groups, the europium-containing
aggregate (PhC≡C)6Cu2Eu2(THF)4(py)2 (167)209 has a solid state structure comparable
to that of 166, the only difference being the presence of an additional coordinate-bonded
pyridine ligand at each of the europium atoms.

The mixed copper–platinum acetylide complexes [(RC≡C)2CuPt(dppm)2][X] (X =
ClO4

− or SbF6
−) were studied in detail210 because of their interesting photophysical

properties. These complexes exhibit photoluminescence with lifetimes in the microsec-
ond range, indicating spin—forbidden triplet excited states. For some of these complexes,
i.e. [(PhC≡C)2CuPt(dppm)2][ClO4] (168), [(4-MeC6H4C≡C)2CuPt(dppm)2][ClO4] (169),
[(4-MeOC6H4C≡C)2CuPt(dppm)2][ClO4] (170) and [(t-BuC≡C)2CuPt(dppm)2][SbF6]
(171), the structures in the solid state were established by X-ray crystal structure determi-
nations. All compounds are ionic, as is indicated by the presence of separate [(RC≡C)2
CuPt(dppm)2]+ cations and X− anions in the unit cell. The cations of these compounds
have comparable structures and, as an example, the molecular geometry of 171 is shown
(Figure 76).

In the cation of 171, the short Pt–Cu distance [Pt–Cu 2.767(2) Å] points to a strong
Pt–Cu bonding interaction211. The two dppm ligands are both bridging between the
platinum and copper atom [Cu–P(1) 2.226(4), Cu–P(3) 2.234(4), Pt–P(2) 2.308(4) and
Pt–P(4) 2.311(4) Å]. One of the acetylide groups is η1-bonded to platinum [Pt–C(2)
1.980(14) Å] while the other one is μ2-η1,η1-bridge bonded between copper and plat-
inum [Cu–C(1) 2.153(16) and Pt–C(1) 2.011(12) Å]. The coordination geometry at the
platinum center is square planar with trans-orientated phosphorus atoms while the copper
atom exhibits a T-shaped coordination geometry.

VII. ORGANOCUPRATES
A. Neutral Organocuprates

The discovery of the Gilman reagent Me2CuLi4, representing the first example of
an organocuprate, and its application in synthetic organic chemistry caused major break-
throughs in the development of organocopper chemistry. Since then, the actual constitution
of Me2CuLi and related species had been heavily debated. Three possible structures
were proposed (Figure 77): (i) A, an ionic structure consisting of [Me2Cu]− anions and
(solvated) lithium cations, (ii) B, a tetrahedral structure comparable to the structure of
methyllithium in which two of the lithium atoms in the Li4 tetrahedron were replaced by
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FIGURE 77. Proposed structures for the Gilman reagent in the seventies

two copper atoms212, and (iii) C, a planar cyclic structure in which the methyl groups
were two-electron three-center bridge bonded via Cipso between a lithium and a copper
atom at the edges of a Cu2Li2 square. Based on molecular weight determinations using
vapor pressure depression, NMR spectroscopic studies and solution X-ray scattering tech-
niques, structure C for the Gilman reagent and related species seemed to be the most
likely one213.

At the same time the synthesis of a diarylcuprate, i.e. of (2-Me2NCH2C6H4)CuLi,
which could be isolated as a pure, crystalline material, was reported214. Molecular weight
determinations by cryoscopy and ebulliometry in benzene solution pointed to a dimeric
aggregate (2-Me2NCH2C6H4)4Cu2Li2 (172). Based on 1H and 13C NMR spectroscopic
data, a structure was proposed as shown schematically in Figure 78, A. Conclusive
evidence supporting the existence of the proposed structure in solution came from a
detailed 13C NMR spectroscopic investigation of the corresponding diarylargentate
(2-Me2NCH2C6H4)4Ag2Li2 (173)215. Due to the presence of magnetically active metal
nuclei (7Li, 107Ag and 109Ag), detailed structural information could be gathered from the
observed 1H and 13C NMR spectra. From these data the following conclusions could be
drawn: (i) because in both the 1H and 13C NMR spectrum one resonance pattern was
observed for the organic moieties, all four groups are (magnetically) equivalent; (ii) the
observation of two resonances for the NMe2 group and an AB pattern for the benzylic CH2
group indicated that these groups are diastereotopic and thus nitrogen-to-metal coordina-
tion (most likely to lithium) is inert on the NMR time scale; and (iii) the 13C resonance for
Cipso shows scalar coupling with one 7Li nucleus and one Ag nucleus (Figure 78, B) indi-
cating that this Cipso is bonded to one lithium and one silver atom. Based on these conclu-
sions the structure as proposed and shown schematically in Figure 78, A was most likely.

When techniques to handle extremely air-sensitive crystals became available, the molec-
ular structures in the solid state of 172 (M = Cu)49 and of the corresponding aurate (2-
Me2NCH2C6H4)4Au2Li2 (174)50 (M = Au in Figure 78, A) could be established by X-ray
crystal structure determinations. It appeared that the molecular geometry of 172 in the
solid state was fully in agreement with the structure in solution that was proposed twelve
years earlier based on spectroscopic data. In 172, the two copper and two lithium atoms
are arranged in an almost perfect planar arrangement with the aryl groups bridge-bonded
via Cipso between copper and lithium (Figure 79). The aggregate has twofold symmetry
as a consequence of a crystallographic C2-axis perpendicular to both the Cu–Cu(a) and
Li–Li(a) vector. The lithium atoms adopt a distorted tetrahedral coordination geometry
as a result of intramolecular coordination [Li–N(1) 2.139(6) and Li–N(2a) 2.123(6) Å]
of the nitrogen atoms of each of the two ortho-(dimethylamino)methyl substituents to
the same lithium atom. The observed bridge-bonding mode is rather asymmetric as is
obvious both from the different bonding distances between Cipso and copper and lithium,
respectively [Cu–C(1) 1.936(3) and Li–C(1) 2.374(7) Å], and from the orientation of the
aryl group, i.e. the angle between the C(4)–C(1) vector and the C(1)–Cu bond which
is close to linear (165◦) while the angle between the C(4)–C(1) vector and the C(1)–Li
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FIGURE 78. (A) Proposed structures for diarylcuprate (M = Cu, 172) and the corresponding argen-
tate (M = Ag, 173). (B) Observed 13C NMR resonance pattern for Cipso of 173

FIGURE 79. Molecular geometry of (2-Me2NCH2C6H4)4Cu2Li2 (172) in the solid state

bond is 115◦. The latter values point to a considerable tilting of the aryl plane towards
lithium, resulting in a Li−Cipso bond almost perpendicular to the plane of the aryl ring.

Comparison, in a simplified model (Figure 80), of the molecular orbitals involved in
a symmetric two-electron three-center bond (A) with those describing the asymmetric
bonding as observed in 172 (B) shows that in the latter situation the overlap between the
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FIGURE 80. Molecular orbitals involved in (A) symmetric two-electron three-center bonding and
(B) asymmetric bridge bonding

aryl-sp2 orbital and copper orbitals is enhanced, i.e. the bonding is shifted towards a two-
electron two-center bonding situation216,217. In its extreme, the solid state structure of 172
could be described in terms of consisting of two monoanionic [(2-Me2NCH2C6H4)2Cu]−
fragments linked by two lithium cations via two Li−N coordination bonds and electrostatic
interactions with the ipso-carbon atoms. However, the observation of a scalar coupling
of 7Li with 13C in the 13C NMR spectrum of 172 [1J (7Li–13C) = 7.0 Hz] indicates that,
at least in solution, considerable s-electron density is present between the ipso-carbon
atom and lithium. In this respect it is interesting to note that in an X-ray crystal structure
determination of the corresponding aurate (2-Me2NCH2C6H4)4Au2Li2 this asymmetric
bonding is even more expressed50.

A structural feature that was recognized in early stages of these studies, is the fact
that, due to the asymmetric substitution of the aryl group (Me2NCH2 substituent at the
2-position) and the bonding of Cipso to two different metals, the ipso-carbon atom is a
chiral center218,219. In the solid state structure of 172 the configuration of each of the
four ipso-carbon atoms is identical, but as a consequence of the centro-symmetric space
group (C2/c) both enantiomers of the diastereoisomer in which the ipso-carbon atoms
have either all four of the (R) or all four of the (S) configuration are present in the crystal
lattice. It should be noted that the configurations of the ipso-carbon atoms bound to the
same lithium atom, i.e. C(1) and C(21a) (Figure 79), are controlled by each other and
should be either both (R) or both (S). This is a logical consequence of the fact that one
of the nitrogen atoms approaches the lithium atom from above the Cu2Li2-plane while
the other nitrogen atom must approach the lithium atom from below that plane. The
reversed situation implies inversion of configuration of both ipso-carbon atoms. Such a
process indeed was observed by NMR spectroscopy at higher temperatures and implies
dissociation of the Li−N coordination bond and concomitant rotation of the aryl group
by 180◦ around the C(1)–C(4) vector as shown schematically (Figure 81).

At this point it is noteworthy that the configuration of the ipso-carbon atoms at the two
different lithium atoms are independent and therefore, in principle, two diastereoisomers
of the aggregate are possible: One with all four ipso-carbon atoms having the same
configuration (as observed in the solid state) and a second one with the ipso-carbon
atoms bonded to one lithium with the (R)-configuration and with (S)-configuration at the
ipso-carbon atoms bonded to the other lithium atom. However, the 1H and 13C NMR
spectra of 172 show only one distinct resonance pattern, indicating the presence of only
one diastereoisomer in solution, most likely the same one as in the solid state.

A much more complicated situation arises when the organic group also contains an
additional (rigid) chiral center as, e.g., in the 2-[1-(dimethylamino)ethyl]phenyl group.
This topic has been studied in detail by 1H and 13C NMR spectroscopy for the cuprates
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FIGURE 81. Process describing the inversion of configuration at the chiral ipso-carbon atom (New-
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FIGURE 82. Interconversion of the diastereoisomeric ligand in 175 (Newman projection along the
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[2-Me2NCH(Me)C6H4]4Cu2Li2 containing both the enantiopure and the racemic ligand,
(S)-175 and (rac)-175, respectively216 – 219. In these aggregates, within one ligand, two
chiral centers are present: (i) the ipso-carbon atom C(i) and (ii) the benzylic carbon atom
C(b). If inversion of configuration at the ipso-carbon atom occurs via a similar process as
described above for 172, this results in interconversion of one diastereoisomeric form of
the ligand into another diastereoisomer (Figure 82). Also in these aggregates, for reasons
outlined above, the configuration of the ipso-carbon atoms bonded to one lithium atom are
controlled by each other, but are independent of the ones bonded to the other lithium atom.
Thus, for (S)-175 in principle three diastereoisomeric aggregates are possible: (i) one with
the configurations (R)C(i)(S)C(b)(R)C(i)(S)C(b)/(R)C(i)(S)C(b)(R)C(i)(S)C(b), (ii) another one
with configurations (S)C(i)(S)C(b)(S)C(i)(S)C(b)/(S)C(i)(S)C(b)(S)C(i)(S)C(b), and (iii) a third
one with the configurations (R)C(i)(S)C(b)(R)C(i)(S)C(b)/(S)C(i)(S)C(b)(S)C(i)(S)C(b). For the
racemic material (rac)-175, many more combinations of configurations of the chiral cen-
ters are possible. However, in both the 1H and 13C NMR spectra of (S)-175 and (rac)-175
only one resonance pattern is observed for the organic ligand, indicating that only one of
all possible diastereoisomers is present in solution, which is a nice illustration of diastere-
oselective self-assembly. In this respect it is interesting to note that the organocopper
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FIGURE 83. (A) Proposed structure for (4-MeC6H4)4Cu2Li2(OEt2)2. (B) Molecular geometry of
176 in the solid state

compound [2-Me2NCH(Me)C6H4]4Cu4 derived from the racemic ligand in solution exists
as a mixture of various diastereoisomeric aggregates217.

Based on molecular weight determinations and 1H NMR spectroscopic studies, already
in 1977, a structure for the simple neutral diarylcuprates (4-MeC6H4)4Cu2Li2(OEt2)2 and
Ph4Cu2Li2(OEt2)2 (176) had been proposed as is shown schematically (Figure 83, A)220.

About thirteen years later an X-ray crystal structure determination of 176 confirmed
this proposal (Figure 83)221. The molecular geometry of 176 comprises a four-membered
Cu–Li–Cu–Li ring that is slightly folded (154.3◦) along the Cu–Cu vector. The aryl
groups are two-electron three-center bridge bonded via Cipso in an asymmetric way
[Cu(1)–C(1) 1.922(7) and Li(1)–C(1) 2.254(10) Å]. Each of the lithium atoms is three-
coordinate as a result of an additional coordinating diethyl ether molecule [Li(1)–O(1)
1.926(9) Å]. Like for 172, the overall molecular geometry of 176 can be described as
consisting of two almost linear [Aryl2Cu]− anions [C(1)–Cu(1)–C(2) 167.7(3)◦] linked
by two [Li(OEt2)]+ cations via electrostatic interactions.

When diphenylcopperlithium was prepared in dimethyl sulfide (DMS) as solvent and
the resulting reaction product was recrystallized from DMS, a crystalline material was
obtained with formula Ph4Cu2Li2(DMS)3 (177)106. An X-ray crystal structure determina-
tion revealed a molecular geometry (Figure 84) with structural features related to those
of 176. Two almost linear (average C–Cu–C 162.8◦) [Ph2Cu]− anions are linked by
two lithium cations (average Li–Cipso 2.284(5) Å). One of the lithium cations is solvated
with one coordinate bonded DMS molecule [Li(1)–S(1) 2.524(5) Å] whereas the other
lithium cation is solvated by two DMS molecules [Li(2)–S(2) 2.552(5) and Li(2)–S(3)
2.526(5) Å].

The only examples of neutral dialkylcuprate compounds that have been structurally
characterized in the solid state by X-ray crystallography have Me3SiCH2 groups as the
alkyl groupings. Recrystallization of the corresponding dialkylcuprate from diethyl ether
afforded an aggregate with the composition (Me3SiCH2)4Cu2Li2(OEt2)3 (178)222 while
recrystallization from DMS gave a crystalline material with the composition (Me3SiCH2)4
Cu2Li2(SMe2)2 (179)223. An X-ray crystal structure determination of 178 showed a struc-
tural motif closely related to that of 177. Two [(Me3SiCH2)2Cu]− anions [average Cu–C
1.955(7) Å] which have a close to linear arrangement (average C–Cu–C 171.8◦) are
bridged by one [Li(OEt)]+ cation at one side and a [Li(OEt2)2]+ cation at the other side
of the aggregate (Figure 85). The bond distances to the three-coordinate lithium atom
are significantly shorter [Li(1)–C(1) 2.199(14), Li(1)–C(2) 2.264(14) and Li(1)–O(1)
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FIGURE 84. Molecular geometry of Ph4Cu2Li2(DMS)3 (177) in the solid state

FIGURE 85. Molecular geometry of (Me3SiCH2)4Cu2Li2(OEt2)3 (178) in the solid state

1.958(14) Å] as compared to the corresponding distances at the four-coordinate lithium
atom [Li(2)–C(3) 2.321(14), Li(2)–C(4) 2.304(14), Li(2)–O(2) 2.022(13) and Li(2)–
O(3) 2.022(13) Å]. This is not unexpected due to the difference in coordination numbers
of the lithium atoms, i.e. three- vs. four-coordination.

An X-ray crystal structure determination of 179 showed this compound to exist as
an infinite polymeric chain in the solid state (Figure 86). The infinite chain is built-up
of [(Me3SiCH2)4Cu2Li2] units with structural features almost identical to that of 178.
The [(Me3SiCH2)4Cu2Li2] units are linked to a chain via two μ2-S-bridge-bonded DMS
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FIGURE 86. Part of the infinite polymeric chain of (Me3SiCH2)4Cu2Li2(SMe2)2 (179) in the solid
state

molecules between two lithium atoms of adjacent [(Me3SiCH2)4Cu2Li2] units. The rel-
atively long Li–S bond distances [average Li–S 2.680(9) Å] point to a weak solvation
of the lithium cations and results in slightly shorter Li–C distances as compared to the
corresponding Li–C distances in 178.

Reaction of the intramolecularly chelated aryllithium compound [(CNN)Li]2 with two
equivalents of a copper arylacetylide afforded the unique, neutral heteroleptic organo-
cuprates 180 and 181 (equation 21)224. The structures in the solid state of both 180
and 181 were established by X-ray crystal structure determinations and appeared to be
isostructural, and therefore only details of the molecular geometry of 180 are given below.

N NMe2

Me

[(CNN)Li]2 CCu2  4-RC6H4C (4-RC6H4C C)2(CNN)2Cu2Li2

CNN =

(180) R = Me
(181) R = Me3Si

+

(21)

The overall structural motif of 180 is identical to that found in the neutral organocuprates
discussed so far (vide supra), i.e. two [R2Cu]− monoanionic units linked by two lithium
cations (Figure 87). The molecular geometry of 180 consists of two different monoan-
ionic units, however: one [(CNN)2Cu]− anion with relative short Cu–Cipso bond dis-
tances [Cu(1)–C(1) 1.932(2) and Cu(1)–C(2) 1.933(2) Å] and a second one, a [(4-
MeC6H4C≡C)2Cu]− anion with even shorter Cu–C bond distances [Cu(2)–C(3) 1.868(2)
and Cu(2)–C(4) 1.871(2) Å]. These two fragments are linked to each other by two lithium
cations that have an interaction with the ipso-carbon atoms of the first unit [Li(1)–C(1)
2.513(4) and Li(2)–C(2) 2.513(4) Å] and the α-acetylenic carbon atoms of the [(4-
MeC6H4C≡C)2Cu] unit [Li(1)–C(4) 2.219(4) and Li(2)–C(3) 2.233(4) Å]. Additionally,
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FIGURE 87. Molecular geometry of heteroleptic cuprate 180 in the solid state

the 2-Me2NCH2CH2N(Me)CH2 substituents are intramolecular N ,N ′-chelate bonded to
the respective lithium atoms [Li(1)–N(1) 2.045(4), Li(1)–N(2) 2.056(4), Li(2)–N(3)
2.094(4) and Li(2)–N(4) 2.096(4) Å].

From the reaction of mesitylcopper with mesityllithium in a 1:1 molar ratio in toluene
as the solvent, two products were isolated with the compositions Mes4Cu2Li2 (182) and
Mes4Cu3Li (183), respectively225. The structures in the solid state of both aggregates were
established by X-ray crystal structure determinations.

The molecular geometry of 182 comprises two symmetry-related [Mes2Cu]− anions
that have an almost perfect linear arrangement [C(1)–Cu(1)–Cu(2) 178.34(7)◦] and are
linked by two lithium cations (Figure 88). The two [Mes2Cu]− anions are arranged in
such a way that the lithium atoms have a bonding interaction with one of ipso-carbon
atoms in one [Mes2Cu]− anion [Li(1)–C(1) 2.129(4) Å] and a η6-bonding interaction
with the aryl ring in the other [Mes2Cu]− unit with Li–C bond distances ranging from
2.271(4) to 2.365(4) Å.

The molecular geometry of 183 contains a structural element that closely resembles
that of Mes4Cu4 in the solid state. The three copper atoms are arranged in a triangle
with two relatively short edges [Cu(1)–Cu(3) 2.441 and Cu(2)–Cu(3) 2.415 Å] and one
long edge [Cu(1)–Cu(2) 3.599 Å]. At the short edges two of the mesityl groups are two-
electron three-center bonded via Cipso between the copper atoms via Cipso [Cu(1)–C(1)

FIGURE 88. Molecular geometry of Mes4Cu2Li2 (182) in the solid state
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FIGURE 89. Molecular geometry of Mes4Cu3Li (183) in the solid state

2.010(4), Cu(3)–C(1) 2.016(4), Cu(2)–C(3) 2.012(4) and Cu(3)–C(3) 1.999(4) Å] and
are orientated perpendicular to the respective Cu–Cu vectors (Figure 89). Another mesityl
group is bonded to both Cu(1) and Cu(2), but in η1-fashion [Cu(1)–C(2) 1.951(4) and
Cu(2)–C(4) 1.932(4) Å]. These latter two mesityl groups are perfectly coplanar, arranged
with a lithium cation that is sandwiched in between both η1-bonded mesityl groups via
η6-bonding interactions with bond distances ranging from 2.304(7) to 2.531(8) Å.

From the reaction of CuBr with three equivalents of PhLi in dimethyl sulfide, a so-
called higher-order organocuprate with formula Ph5Cu2Li3(DMS)4 (184) was isolated. Its
structure in the solid state was characterized by X-ray crystallography226. The molecular
geometry of 184 is rather irregular but may be described as consisting of [Ph2Cu]− and
[Ph3Cu2]− anions which are linked together by three (DMS solvated) lithium cations
(Figure 90). In 184, two of the phenyl groups are two-electron three-center bridge bonded
via Cipso between copper and lithium [C(1) bonded to Li(1) and Cu(1), and C(5) bonded
to Cu(1) and Li(3)]. The other three phenyl groups are two-electron four-center bonded
between two lithium atoms and one copper atom via Cipso [C(2) bonded to Li(1), Li(2)
and Cu(2), C(3) bonded to Li(1), Li(3) and Cu(2), and C(4) bonded to Li(2), Li(3) and
Cu(2)]. To attain a distorted tetrahedral coordination geometry at the respective lithium
atoms, one DMS molecule is coordinate bonded to Li(1) and Li(3), respectively, while to
Li(2) two DMS molecules are bonded.

The only example of a neutral cuprate that has been characterized structurally in the
solid state and that has a metal other than lithium is the aggregate Ph6Cu4Mg(OEt2)
(185)227. The structure of 185 consists of a trigonal bipyramidal array with three cop-
per atoms at the equatorial positions, one copper atom at the top, axial position and one
magnesium atom at the bottom, axial position (Figure 90). Three two-electron three-center
bonded phenyl groups are spanning via Cipso the three Cu–Cu axial-equatorial edges of the
trigonal bipyramid. The Cipso –Cuaxial bond distances [average Cipso –Cu(4) 2.098(12) Å]
are slightly longer than the Cipso –Cuequatorial bond distances [average Cipso –Cuequatorial

1.974(12) Å]. The other three phenyl groups are bonded in a two-electron three-center
bonding mode spanning the Mg–Cu axial equatorial edges with relatively short Cipso –
Cuequatorial bond distances [average Cipso –Cuequatorial1.945(12) Å] and relatively long
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FIGURE 90. Molecular geometry of Ph5Cu2Li3(DMS)4 (184) and Ph6Cu4Mg(OEt2) (185) in the
solid state

Cipso –Mg bond distances [average Cipso –Mg 2.353(11) Å]. The fourth coordination site at
the magnesium atom is occupied by a coordinate-bonded diethyl ether molecule [Mg–O
2.045(9) Å].

Treatment of N-(trimethylsilyl)triethylphosphinimine with n-butyllithium resulted in
α-lithiation of one of the ethyl groups bound to phosphorus. A subsequent transmet-
allation reaction with CuI afforded the metallacyclic diorganocuprate (186) of which
the structure in the solid state was established by an X-ray crystal structure determina-
tion (equation 22)228. In 186, the two organic moieties are σ -bonded via their α-carbon
atoms to copper [Cu–C(1) 1.951(2) and Cu–C(2) 1.956(2) Å] in an almost linear fash-
ion [C(1)–Cu–C(2) 167.20(11)◦]. The two nitrogen atoms are each coordinate bonded to
the lithium cation [Li–N(1) 1.940(5) and Li–N(2) 1.944(5) Å], in this way forming an
eight-membered C2P2N2CuLi ring. The unusual linear, two-coordinate geometry of the
lithium cation is notable [N(1)–Li–N(2) 169.8(3)◦].

(22)

A remarkable dimetalladiphospha-cyclic organocopper compound (187) was obtained
from the reaction of trimethylmethylenephosphorane and CuCl and for which, based on
spectroscopic data, a structure was proposed, as shown schematically in equation 23229.
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An X-ray crystal structure determination of 187 confirmed this proposal230. The copper
and Cipso carbon atoms of the C4Cu2P2 dimetalladiphospha-cyclic ring lie in one plane
while the respective phosphorus atoms are positioned either 0.79 Å above or below this
plane, respectively. The copper–carbon bond distances are relatively short [Cu–C 1.96(1)
and 1.95(1) Å]. The coordination geometry at the copper atoms is close to linear [C–Cu–C
175.8(8)◦]. This compound may be regarded as a zwitterionic cuprate with formal negative
charges on both copper atoms and positive charges at the phosphorus atoms.

B. Neutral Heterocuprates

The neutral organocuprates discussed so far all contained monoanionic, carbon-bonded
organic groups as the only anionic moieties present in the cuprate agggregates. However, in
this section neutral organocuprates are described that contain, apart from the monoanionic
carbon-bonded organic group, also other monoanions, like halogen, amido, phosphido or
cyano groups. These cuprates are denoted ‘neutral heterocuprates’. A particular type of
these heterocuprate aggregates, the so-called ‘cyanocuprates’, will be discussed separately
because of their particular importance as a synthetic tool in organic chemistry.

The reaction of the organolithium compounds [CNN]2Li2 with CuBr in a 1:1 molar ratio
afforded the heterocuprates [CNN]2CuLi2Br (188–192) in quantitative yield (equation
24)231,232.
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R

R′
N
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N NR2
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(188) Aryl, R = Me, R′ = H
(189) Aryl, R = Me, R′ =Me, (R)
(190) Aryl, R = Me, R′ =Me, (rac)
(191) Aryl, R = Et, R′ = H
(192) Naphthyl, R = Me, R′ = H

[CNN]2Li2

R

(24)

The structures in the solid state of three of these, i.e. 188, 191 and 192, were estab-
lished by X-ray crystal structure determinations. These three aggregates are isostructural
and have a structural motif closely related to that of the organocopper copper bromide
aggregate [CNN]2Cu3Br (vide supra, 71). As an example the molecular geometry of
188 is shown (Figure 91). In 188, the copper and two lithium atoms are arranged in a

79



Gerard van Koten and Johann T. B. H. Jastrzebski

FIGURE 91. Molecular geometry of heterocuprates [CNN]2CuLi2Br (188) and 2,6-Tip2C6H3CuLiI
(OEt2)2 (193) in the solid state

triangle with the aryl groups two-electron three center bonded via Cipso between the cop-
per and lithium atoms at the Cu–Li edges of the triangle [Cu–C(1) 1.929(1), Li(1)–C(1)
2.305(2), Cu–C(2)1.927(2) and Li(2)–C(2) 2.393(3) Å]. At the Li–Li edge of the trian-
gle a bromine atom is μ2-bridge bonded between the lithium atoms [Li(1)–Br 2.411(2)
and Li(2)–Br 2.430(2) Å]. The ortho-CH2N(Me)CH2CH2NMe2 substituents are each
N ,N ′-chelate bonded to one lithium atom [Li(1)–N(1) 2.139(2), Li(1)–N(2) 2.189(2),
Li(2)–N(3) 2.113(3) and Li(2)–N(4) 2.149(3) Å]. The aryl groups are orientated in such
a way that the benzylic-N atom of one of the ortho-CH2N(Me)CH2CH2NMe2 substituents
approaches the lithium atom from below the CuLi2 plane while the benzylic-N atom from
the other substituent coordinates to lithium from its opposite side. It should be noted
that careful analysis of the X-ray data showed that the positions of the lithium atoms
are slightly disordered with copper (site population <5%), indicating that lithium might
be substituted by copper with retention of the triangular structural motif, and thus points
to the existence of three further aggregates, i.e. [CNN]2CuLi2Br, [CNN]2Cu2LiBr and
[CNN]2Cu3Br (which actually has been characterized, cf. 71).

The reaction of 2,6-Tip2C6H3Li (Tip = 2,4,6-(i-Pr)3C6H2) with CuI in a 1:1 molar ratio
in diethyl ether as the solvent afforded a product which, after recrystallization from apolar
solvents like hexanes, still contained LiI233. An X-ray crystal structure determination
revealed the formation of a heterocuprate 2,6-Tip2C6H3CuLiI(OEt2)2 (193) instead of the
anticipated pure organocopper compound 2,6-Tip2C6H3Cu. The molecular geometry of
193 in the solid state comprises a 2,6-Tip2C6H3 group that is σ -bonded via Cipso to copper
[Cu–C(1) 1.902(5) Å] while the iodide anion bridges between copper and lithium [Cu–I
2.4512(8) and Li–I 2.690(11) Å] (Figure 91). The carbon–copper–iodine arrangement
is close to linear [C(1)–Cu–I 171.4(2)◦], whereas the Cu–I–Li bond angle is rather
acute, 95.5(2)◦. Two additional diethyl ether molecules are coordinate bonded to lithium
[Li–O(1) 1.905(11) and Li–O(2) 1.893(11) Å], resulting in trigonal planar coordination
geometry at lithium.

From a solution containing a 1:1 mixture of mesitylcopper and LiN(CH2Ph)2 in toluene,
a crystalline material was obtained that, according to an X-ray crystal structure determina-
tion, appeared to be the dimeric mesitylamidocuprate Mes2Cu2Li2[N(CH2Ph)2]2 (194)234.
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FIGURE 92. Molecular geometry of the dimeric mesitylamidocuprate Mes2Cu2Li2[N(CH2Ph)2]2
(194) in the solid state

The asymmetric unit of the centrosymmetric dimer consists of a mesityl group σ -bonded
via Cipso to copper [Cu–C(1) 1.913(5) Å] and a dibenzylamido group μ2-bridge bonded
between copper and lithium [Cu–N 1.753(2) Å and Li–N 1.921(4) Å]. The C(1)–Cu–N
bond angle is close to linear [C(1)–Cu–N 175.3(2)◦]. Dimerization occurs via an η6-
interaction of the mesityl group of the adjacent monomeric unit with lithium (Figure 92)
with Li–C bond distances ranging from 2.334(10) to 2.445(10) Å.

The arylamidocuprate 2-(Ph3P)C6H4CuNHMes (195) was obtained in 55% yield from a
reaction mixture containing Cu(SCN)2, LiNHMes and Ph4PCl in 1,2-dimethoxyethane as
the solvent, which was kept under reflux conditions for 2 hours. The molecular geometry
of 195 in the solid state was established by an X-ray crystal structure determination
(Figure 93)235. In 195, the 2-(triphenylphosphonium)phenyl unit is σ -bonded via Cipso to
copper [Cu–C(1) 1.895(6) Å] while the amido anion MesNH is σ -bonded via N to copper
[Cu–N 1.849(5) Å] in an almost linear fashion [C(1)–Cu–N 175.1(3)◦]. This compound
has a formal negative charge on copper (which, in fact, resides partly on the Cipso and the
amido-N centers) and a formal positive charge at the phosphorus atom. Interestingly, the
cationic phosphorus center in this monometallic structure can be considered as assuming
the function that the lithium cation has in common heterocuprate structures.

It should be noted that the mechanistic aspects of the formation of 195 from the above-
mentioned reaction mixture are not understood yet. It is obvious, however, that in one of
the reaction steps a reduction of copper to its monovalent oxidation state must have taken
place. Most likely, ortho-lithiation of one of the phenyl groups of the tetraphenylphos-
phonium cation prior to transmetallation is the primary step in the formation of 195.

From the reaction of MeLi with t-Bu2PCu in THF as the solvent, the monomeric
methylphosphidocuprate MeCuLiP(Bu-t)2(THF)3 (196) was isolated as a crystalline mate-
rial236. This compound represents a unique and early example of a neutral heterocuprate.
The X-ray crystal structure determination of 196 revealed its monomeric nature with the
methyl group σ -bonded to copper [Cu–C 1.940(4) Å] and the phosphorus atom of the
phosphido group μ2-bridge bonded between copper and lithium [Cu–P 2.217(2) and Li–P
2.54(1) Å] (Figure 93). The coordination geometry at copper is close to perfectly linear,
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FIGURE 93. Molecular geometry of 2-(Ph3P)C6H4CuNHMes (195) and MeCuLiP(Bu-t)2(THF)3
(196) in the solid state

as is indicated by the C–Cu–P bond angle of 179.0(3)◦. As a result of three additional
coordinate-bonded THF molecules, the lithium atom has a tetrahedral coordination geom-
etry.

C. Ionic Structures

For a better understanding of the mechanisms which give organocuprates their special
reactivity properties, knowledge about the structures of such species in solution is of prime
importance. It should be noted that the various structures in the solid state of the neutral
organocuprates discussed above do not necessarily represent their actual structure when
dissolved. It has now been well established that in solution organocuprates usually exist
as neutral aggregates or contact ion pairs (CIP) in equilibrium with solvent-separated ion
pairs (SSIP), as shown schematically (Figure 94)222. It is obvious that in strongly coor-
dinating solvents like THF, this equilibrium will be in favor of SSIP structures whereas
in apolar or weakly coordinating solvents like diethyl ether neutral or CIP structures are
favored. Also, the addition of ligands that have a strong affinity to complex the lithium
cation, such as [12]crown-4, will shift the equilibrium in favor of the SSIP structure. From
various studies, in paticular NMR spectroscopic and computational studies (see Refer-
ences 19, 20 and 222 and references cited therein), it became clear that CIP structures
are the active species in organic reactions with organocuprate reagents. For example, the
reaction of Me2CuLi with 4-methylcyclohexenone in diethyl ether as the solvent afforded
the expected 1,4-addition product in 90% yield. When the same reaction was carried out
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RR
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FIGURE 94. Equilibrium between contact ion pair (CIP) and solvent-separated ion pair (SSIP)
structures
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in the presence of 2.2 equivalents of [12]crown-4, which shifts the CIP/SSIP equilibrium
completely to the side of the SSIP structures, no 1,4-addition product was formed at all237.
This structure–activity relationship was furthermore supported by systematic studies of
logarithmic reactivity profiles of reactions of organocuprates with 2-cyclohexenone and
iodocyclohexane238 – 241.

Ionic diorganocuprates exhibiting SSIP structures in the solid state were isolated by
recrystallization from strongly polar solvents or recrystallized in the presence of coor-
dinating ligands. The following compounds were characterized structurally by X-ray
crystallography: [Li(DME)3][Me2Cu] (197)222 (DME = 1,2-dimethoxyethane), [Li([12]
crown-4)2][Me2Cu] (198)242, [Cu(PMe3)4][Me2Cu] (199)243, [Li([12]crown-4)2][Ph2Cu]
(200)242, [Ph3Ca2(THF)6][Ph2Cu] (201)244, [Li(DME)3][((Me3Si)2CH)2Cu] (202)222,

TABLE 2. Relevant structural data of SSIP structures 197–205

Compound Anion Cation Cu–C (Å) C–Cu–C (◦)

197 [Me2Cu] [Li(DME)3] 1.929(3) 179.2(1)
198 [Me2Cu] [Li([12]crown-4)2] 1.935(8) 180
199 [Me2Cu] [Cu(PMe3)4] 1.93(1) 180
200 [Ph2Cu] [Li([12]crown-4)2] 1.925(10) 178.5(4)
201 [Ph2Cu] [Ph3Ca2(THF)6] 1.910(3) 180.0(2)
202 [((Me3Si)2CH)2Cu] [Li(DME)3] 1.935(5) 178.9(2)
203 [((Me3Si)3C)2Cu] [Li(THF)4] 2.027(7) 180
204 [Mes2Cu] [Cu(DPPE)2] 1.915(9) 180.0(7)
205 [((Me3Si)2CH)CuBr]a [Li([12]crown-4)2] 1.920(6) 178.7(2)

a Cu–Br 2.267(2) Å.

FIGURE 95. Unit cell of crystalline [Li([12]crown-4)2][Ph2Cu] (200)
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[Li(THF)4][((Me3Si)3C)2Cu] (203)245, [Cu(DPPE)2][Mes2Cu] (204)246 (DPPE = 1,2-bis
(diphenylphosphino)ethane) and [Li([12]crown-4)2][(Me3Si)2CHCuBr] (205)242. The rel-
evant structural parameters are compiled in Table 2; the solid state structure of 200 is
shown as an example (Figure 95).

All compounds have in common that their structure in the solid state consists of isolated
[R-Cu-R]− anions and isolated cations, usually solvated lithium cations, in the crystal
lattice. In the anions the copper atoms have a linear digonal coordination geometry with
relatively short (<2.00 Å) copper–carbon bond distances. In this respect it should be
noted, however, that the calculated Cu–C bond distance in 203 is not very reliable due
to crystallographic disorder of the copper atom245.

Cyclopentadienylcopper triphenylphosphine undergoes a nucleophilic substitution reac-
tion when treated with two equivalents of fluorenyllithium. This reaction resulted in the
formation of a unique ionic cuprate [Li(THF)4][(fluorenyl)2Cu(PPh3)] (206) (equation
25)176.

CpCu(PPh3)  +  2 (fluorenyl)Li [Li(THF)4][(fluorenyl)2Cu(PPh3)]  +  CpLi
THF

(206) (25)

An X-ray crystal structure determination of 206 revealed its ionic nature by the presence
of isolated [(fluorenyl)2Cu(PPh3)]− anions and [Li(THF)4]+ cations in the crystal lattice.
The copper atom in the anion has a trigonal-planar coordination geometry as the result of
two σ -bonded fluorenyl groups [Cu–C(1) 2.079(9) and Cu–C(2) 2.170(9) Å] and a coor-
dinated triphenylphosphine molecule [Cu–P 2.223(3) Å] (Figure 96). To our knowledge
the latter coordination geometry is unprecedented for ionic organocuprate structures.

A remarkable structure was found for the compound obtained from the reaction of
2,6-Mes2C6H3Li with excess CuI in THF as the solvent. The product [Li(THF)4][2,6-
Mes2C6H3Cu2I2] (207) combines an organocopper copper iodide aggregate with an ionic
‘ate’ structural motif233.

An X-ray crystal structure determination showed the presence of distinct, isolated [2,6-
Mes2C6H3Cu2I2]− anions and [Li(THF)4]+ cations in the crystal lattice. In the anion
of 207 the aryl group is two-electron three-center bonded via Cipso between the two
copper atoms in a slightly asymmetric manner [Cu(1)–C(1) 1.967(12) and Cu(2)–C(1)
1.974(15) Å] (Figure 96). To each of the copper atoms an iodine atom is end-on bonded
[Cu(1)–I(1) 2.414(2) and Cu(2)–I(2) 2.423(2) Å]. The C(1)–Cu–I bond angles deviate
from linear [C(1)–Cu(1)–I(1) 164.1(4)◦ and C(1)–Cu(2)–I(2) 166.8(4)◦]. As expected
for two-electron three-center bonded aryl groups, the aryl group in 207 is orientated
perpendicular to the Cu(1)–Cu(2) vector.

From the reaction of PhLi with copper salts under various conditions, several aggre-
gated ionic cuprates were isolated. Their structures in the solid state were character-
ized by X-ray crystallography. These ionic cuprates are [Li(THF)4][Ph6Cu5] (208a)247,
[Li(PMDTA)(THF)][Ph6Cu5] (208b)247, [Li(OEt2)4][Ph6Cu4Li] (209)227 and [Li4Cl2
(Et2O)10][Ph6Cu3Li2]2 (210)248. The anionic organocuprate moieties in these aggregates
have a structural motif that is closely related to that of the neutral organocopper magne-
sium cuprate Ph6Cu4Mg227 (vide supra, 185). This structural motif comprises a trigonal
bipyramidal arrangement of the five metals, i.e. five copper atoms in 208, three copper
atoms at the equatorial positions and one copper atom and one lithium atom residing
at the axial sites of a trigonal bipyramid in 209, and three copper atoms at the equato-
rial positions and both lithium atoms at the axial sites in 210 (Figure 97, A). In these
anionic aggregates, all six phenyl groups are two-electron three-center bonded via Cipso
between two metals over the six equatorial–axial edges of the trigonal bipyramid. The

84



Structural organocopper chemistry

FIGURE 96. Molecular geometry of the [(fluorenyl)2Cu(PPh3)]− anion of [Li(THF)4][(fluorenyl)2
Cu(PPh3)] (206) and [2,6-Mes2C6H3Cu2I2]− anion of [Li(THF)4][2,6-Mes2C6H3Cu2I2] (207) in the
solid state

FIGURE 97. (A) The trigonal bipyramidal array of metal atoms in 208–210. (B) Molecular geometry
of 210 in the solid state

bond distances between the respective Cipso atoms and the equatorial copper atoms [aver-
age Cuequatorial –C: in 208a 1.99(2) Å, in 208b 1.96(4) Å, in 209 1.95(1) Å and in 210
1.923(6) Å] are systematically shorter than the distance between the Cipso atom and the
axial metal atom [average Cuaxial –C: in 208a 2.19(2) Å, in 208b 2.14(3) Å, in 209 2.33(3)
and Liaxial –C 2.16(4) Å, in 210 Liaxial –C 2.257(13) Å]. As a result of the bonding of the
six phenyl groups to the trigonal bipyramidal array of five metal atoms, the equatorial
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copper atoms have a linear Cipso –Cu–Cipso coordination geometry while the two axially
positioned metal atoms have a trigonal planar M(Cipso)2 coordination geometry (Figure 97,
B) (however, note that each of the metal atoms are six-coordinate).

D. Cyanocuprates

The addition of either one or two equivalents of an organolithium reagent to CuCN
results in the formation of the so-called ‘lower-order’ or ‘higher-order’ cyanocuprates,
respectively (Figure 98)249, of which the importance as a synthetic tool in organic chem-
istry has been well established16,250 – 252. Soon after its discovery, especially for the
‘higher-order’ cyanocuprates, a debate started concerning the actual constitution of this
reagent in solution. Two models to describe its structure have been put forward: (i) a
bis-anionic species in which the two organic groups and the cyanide anion are bound to
copper while the two lithium cations are separated from this dianion (A in Figure 98),
and (ii) a cyano-Gilman cuprate in which the two organic groups are bound to copper and
the cyanide is bridge bonded to two lithium cations (B in Figure 98). In this respect it
should be noted that it was already demonstrated in an early stage by 13C labeling and 13C
NMR studies that in the ‘lower-order’ cyanocuprates the organic and the cyanide group
are bound to the same copper atom253.

1H and 13C NMR studies254 – 256, EXAFS and XANES investigations257 – 260 and com-
putational studies259,261,262 strongly indicated that in the ‘higher-order’ cyanocuprates the
cyanide is not bound to copper and a structure like B (Figure 98) would be more realistic.
This controversy came to an end in 1999263 in favor of model B when the results of
the first X-ray crystal structure determinations of two ‘higher-order’ cyanocuprates were
reported.

The ‘higher-order’ cyanocuprate [Li2CN(THF)4][(2-Me2NCH2C6H4)2Cu] (211) was
obtained from the reaction of two equivalents 2-Me2NCH2C6H4Li with CuCN in THF
as the solvent264. An X-ray crystal structure determination showed this compound to
exist as a linear (zigzag) polymeric chain in which [(2-Me2NCH2C6H4)2Cu]− Gilman
cuprate anionic moieties and [Li2CN(THF)4]+ cations are distinguishable (Figure 99).
The observed structural motif is fully in agreement with that of the earlier proposed struc-
ture B (Figure 98). In the anionic moiety, the two aryl groups are σ -bonded via Cipso to
copper [Cu–C(1) 1.918(2) Å] in a perfect linear arrangement [C(1)–Cu–C(1a) 180◦]. In
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RCu(CN)Li

Cu

R

R

CN

2−

Cu R]–[R [Li2CN]+
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+ 2 RLi
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FIGURE 98. Formation of ‘higher-order’ and ‘lower-order’ cyanocuprates and proposed structures
for the ‘higher-order’ cyanocuprates
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FIGURE 99. Part of the polymeric chain of [Li2CN(THF)4][(2-Me2NCH2C6H4)2Cu] (211) in the
solid state. Note that the positions of the C and N in the cyanide are chosen arbitrarily (see text)

the cationic [Li2CN(THF)4] fragment the cyanide group is C,N-bridge bonded between
two lithium atoms. Due to a crystallographic inversion center located at the center of
the C≡N bond, the nitrogen and carbon atoms are indistinguishable and thus the C–Li
and N–Li bond distances are found equal, 2.090(4) Å. To each of the lithium atoms
two THF molecules are coordinate bonded [Li–O(1) 1.925(4) and Li–O(2) 2.002(4) Å].
The polymeric (zigzag) chain is formed due to coordination of the nitrogen atom of the
ortho-Me2NCH2 substituent to a lithium atom in the neighboring cationic [Li2CN(THF)4]
fragment [Li–N 2.090(4) Å]. Aggregation state studies by cryoscopy in THF and con-
ductivity measurements in THF pointed to the presence of solvent-separated ions in
THF solution (SSIP structure). However, addition of benzene to a solution of 211 in
THF resulted in the formation of a precipitate (LiCN) and the neutral organocuprate
(2-Me2NCH2C6H4)4Cu2Li2 having a CIP structure (vide supra, see 172).

The only other example of a ‘higher-order’ cyanocuprate that was characterized struc-
turally in the solid state by X-ray crystallography is [Li2CN(PMDTA)(THF)][t-Bu2Cu]
(212)265. That this cyanocuprate exists in the solid state as a real SSIP structure is indi-
cated by the presence of isolated [t-Bu2Cu]− anions and [Li2CN(PMDTA)(THF)]+ cations
in the crystal lattice (Figure 100). In the [t-Bu2Cu]− anion the two tert-butyl groups
are σ -bonded via Cipso to copper [Cu–C(1) 1.957(4) Å] and, like in 211, the coordi-
nation geometry at the copper atom is perfectly linear [C(1)–Cu–C(1a) 180◦]. In the
[Li2CN(PMDTA)(THF)]+ cation the cyanide group is C,N-bridge bonded between the
two lithium atoms. But also here the center of the C≡N bond is located on a crystal-
lographic inversion center making the carbon and nitrogen atoms of the cyanide group
indistinguishable, and consequently the C–Li and N–Li bond distances are found equal,
2.105(7) Å. To each of the lithium atoms an additional THF molecule is coordinate bonded
via its oxygen atom (2.024(8) Å), and all three nitrogen atoms of the PMDTA ligand are
involved in coordination to lithium [Li–N(1) 2.104(8), Li–N(2) 2.270(9) and Li–N(3)
2.356(7) Å]. The coordination geometry at lithium can be described as trigonal bipyra-
midal, with the oxygen atom and N(1) and N(3) at the equatorial sites and the cyanide
group and N(2) at the axial positions.

For the structures of the ‘lower-order’ cyanocuprates (Me2PhSi)3CCu(CN)Li(THF)3
(213)266 and 2,6-Mes2C6H3Cu(CN)Li(THF)3 (214)267 in the solid state, X-ray crystal
structure determinations revealed distinct monomeric structures with the organic moiety
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FIGURE 100. The isolated [t-Bu2Cu]− anion and [Li2CN(PMDTA)(THF)]+ cation in the unit cell of
[Li2CN(PMDTA)(THF)][t-Bu2Cu] (212) and molecular geometry of 2,6-Mes2C6H3Cu(CN)Li(THF)3
(214) in the solid state

σ -bonded via Cipso to copper and the cyanide group bonded via its carbon atom to copper
in a linear fashion [C–Cu–C; in 213 175.2(6)◦ and in 214 173.5(2)◦] (Figure 100). In both
structures the nitrogen atom of the cyanide group forms a bond to the lithium atom of a
[Li(THF)3] moiety. Actually, in contrast to the ionic structures found for the ‘higher-order
cuprates’ the ‘lower-order cuprates’ seem to have neutral structures in the solid state.

Neutral dimeric structures, as shown schematically (Figure 101), were found by X-ray
crystallography for the ‘lower-order’ cyananocuprates: [t-BuCu(CN)Li(OEt2)2]2 (215)265,
[Me3SiCH2Cu(CN)Li(OEt2)2]2 (216)268, [(Me3Si)3CCu(CN)Li(THF)2]2 (217)269,
[Me2N(Me)2SiC(SiMe3)2Cu(CN)Li(THF)2]2 (218)269, [(PhMe2Si)2(Me3Si)CCu(CN)-
Li(THF)2]2 (219)266 and [2,6-Tip2C6H3Cu(CN)Li(THF)2]2 (220)270 (Tip = 2,4,6-(i-Pr)3-
C6H2). They all exhibit the same structural motif consisting of two linear, monoanionic
[R-Cu-CN] units linked via the nitrogen atom of the cyanide group by bridging between
the two [LiL2] cations, thus forming a dimeric structure. As an example, the molecular
geometry of 215 is shown (Figure 101). In the monoanionic [t-Bu-Cu-CN] fragments
of 215 the tert-butyl group is σ -bonded via Cipso to copper [Cu–C(1) 1.969(7) Å] and
the cyanide group is bonded to copper via its carbon atom [Cu–C(2) 1.878(8) Å] in
a linear arrangement [C(1)–Cu–C(2) 170.0(3)◦]. The nitrogen atoms of two cyanide
groups are each μ2-bridge bonded between two lithium atoms forming a central flat
N2Li2 four-membered ring. The bonding of nitrogen to the two lithium atoms is slightly
asymmetric [N–Li(1) 2.149(13) and N–Li(2) 2.050(13) Å]. To complete a tetrahedral
coordination geometry at each lithium atom two diethyl ether molecules are coordinate
bonded [Li–O(1) 1.970(14) and Li–O(2) 1.964(13) Å].

88



Structural organocopper chemistry

FIGURE 101. The ‘lower-order’ cyanocuprates 215–220 and molecular geometry of 215 in the
solid state

The potassium cyanocuprate [(PhMe2Si)2(Me3Si)CCu(CN)K] (221)266 has an entirely
different structure than the corresponding lithium derivative 219. An X-ray crystal struc-
ture determination of 221 showed this compound to exist as a tetrameric aggregate with a
heterocubane structural motif, as shown schematically (Figure 102). The tetramer is built
up of four linear, monoanionic [(PhMe2Si)2(Me3Si)C)Cu(CN)] units with the nitrogen
atoms of the cyanides and the four potassium atoms alternating at the corners of the
N4K4-cube.

A crystalline material with formula [Cu2Li4(CN)4(PPh3)4(THF)10][Ph2Cu] (222) was
obtained from the reaction of PhLi with CuCN in the presence of one equivalent of PPh3 in
THF as the solvent. An X-ray crystal structure determination of this material showed the
presence of isolated [Ph2Cu]− anions with a linear structure and [Cu2Li4(CN)4(PPh3)4
(THF)10]2+ cations in the crystal lattice271. The solid state structure of 222 is shown
schematically (Figure 102). This cyanocuprate has an ionic structure with a cation that
exhibits a strikingly complex coordination network structure containing both copper and
lithium and a seemingly simple cuprate anion.
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FIGURE 102. Schematic representation of the solid state structure of potassium cyanocuprate
[(PhMe2Si)2(Me3Si)CCu(CN)K] (221) and cuprate 222

89



Gerard van Koten and Johann T. B. H. Jastrzebski

VIII. ORGANOCOPPER(II) AND ORGANOCOPPER(III) COMPOUNDS

The inorganic and coordination chemistry of copper covers various oxidation states,
Cu(I) (d10), Cu(II) (d9), Cu(III) (d8) and Cu(IV) (d7), of which the last one is rarely
encountered in complexes. The greater part of the compounds have copper in the formal
Cu(II) oxidation state. The organometallic chemistry of copper is essentially dominated
by organocopper compounds with copper in the formal Cu(I) oxidation state; see other
chapters. It is only thanks to the use of special organic groups and/or ligand environ-
ments that so far also a few examples of organocopper compounds could be isolated and
characterized structurally with copper in an oxidation state higher than +1.

In the early days of organocopper chemistry organocopper(II) compounds were regarded
as intrinsically unstable. However, the existence and key role of organocopper(III) species
as transient species or intermediates in various reactions has been frequently proposed,
e.g. in cross-coupling reactions of copper(I) carboxylates with organic halides272, in con-
jugate addition reactions of cuprates to enones273, in copper(I)-induced Ullmann coupling
reactions274 and in reactions of dialkyl- and diarylcuprates with organic halides275. That
organocopper(III) intermediates, formed during such reactions, could be relatively stable
indeed was supported by computational studies21,276 – 278.

It is only recently that the presence of such species in solution (at low tempera-
ture) could be established by NMR spectroscopy. It must be noted that both Cu(I) (d10)
and Cu(III) (d8) are diamagnetic species and are NMR observable. By making use of
rapid injection NMR techniques, the organocuprates (223) (X = I, CN, SCN or SPh)
(Figure 103) with copper in its trivalent oxidation state were identified in the reaction
mixture of a Gilman reagent Me2CuILiLiX with EtI at low temperature (−100 ◦C)279.
It is exactly these species that were proposed before as intermediates in the reaction
of the Gilman reagent with alkyl halides275. Moreover, the neutral triorganocopper(III)
complexes EtMe2CuIIIL (224) were observed and characterized when this reaction was
carried out in the presence of neutral donor ligands like tertiary amines, phosphines or
phosphites280.

Using 13C-labeled CN-lithium salts, the formation of Li[Me3CuIIICN] (225) (Figure
103), which was prepared from MeLi, Cu13CN and MeI, could be followed while the
structure of 225 was studied in detail by NMR spectroscopy at low temperatures281.
The intermediacy of trialkylcopper(III) species 226 (Figure 103) was observed making
use of the rapid injection NMR technique during the reaction of Me2CuILiLi13CN with
2-cyclohexenone in the presence of Me3SiCl at −100 ◦C282. Accordingly, species 226
has been proposed as intermediate, formed prior to the reductive elimination step, in this
conjugate addition276.
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FIGURE 103. The alkylcopper(III) species 223–226 identified and studied in solution at low
temperature
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FIGURE 104. Molecular geometry of (CF3)2CuIIIS2CNEt2 (228) and the anion [(CF3)4CuIII]− of
230 in the solid state

In the early days of organocopper chemistry it was recognized that perfluoroalkyl-
copper(I) compounds have a much enhanced thermal stability as compared to their non-
fluorinated hydrocarbon analogs. As new routes for the introduction of fluorine-containing
functional groups are important for a range of applications, the reactivity of these per-
fluoroalkylcopper(I) reagents were studied extensively, especially their use in synthetic
organic chemistry283,284. It appeared that in contrast to the CF3CuIL (L = metal halide)
system, which is relatively stable towards oxidation, the cuprate [CdI][(CF3)2CuI] (227)
is readily oxidized by a variety of oxidants to stable organocopper(III) compounds. Oxi-
dation of 227 by N ,N-diethylthiuram disulfide afforded (CF3)2CuIIIS2CNEt2 (228), which
represents the first example of an isolated organocopper(III). The structure of 228 was
unambiguously established by an X-ray crystal structure determination (Figure 104)31,285.
The molecular geometry of 228 comprises a copper atom to which two CF3 groups are σ -
bonded [Cu–C both 1.907(5) Å]. The monoanionic N ,N-diethyldithiocarbamate group is
S,S-chelate bonded to the copper atom [Cu–S both 2.205(1) Å]. The coordination geome-
try at copper can be described as slightly distorted square-planar with the two CF3 groups
in cis-position. The sum of the bond angles around copper is 360◦ within experimental
error, consistent with a square-planar coordination geometry of the copper atom. However,
the individual bond angles slightly deviate [S–Cu–C both 93.2(1)◦, C–Cu–C 94.5(2)◦
and S–Cu–S 79.32(5)◦] from their ideal values (90◦), but it is a logical consequence of
the small bite angle of the chelating dithiocarbamate group.

A very similar structure was observed in the solid state for the perfluoroethyl analog
(C2F5)2CuIIIS2CNEt2 (229)286.

The formation of [(CF3)4CuIII]− anions, in which the copper atom has the 3+ oxi-
dation state, are further examples of the oxidation reaction of an organocuprate(I), i.e.
[CdI][(CF3)2CuI] with various oxidants like O2, XeF2, I2, Br2, Cl2 or ICl31,287. Addition
of bulky cations like n-Bu4N+, Ph4P+ or PNP+ (PNP = [Ph3PNPPh3]+) to such reaction
mixtures afforded the corresponding organocuprate(III) salts as crystalline materials287.
The structure of [PNP][(CF3)4CuIII] (230) in the solid state was established by an X-ray
crystal structure determination. Its solid state structure comprises isolated [PNP] cations
and [(CF3)4CuIII]− anions in the crystal lattice287. The anions consist of a copper atom
to which four CF3 groups are σ -bonded [Cu–C 1.946(18), 1.984(14), 1.955(18) and
1.981(18) Å] via its carbon atoms (Figure 104). The C–Cu–C bond angles around cop-
per are all close to 90◦ [ranging from 89.1(8)◦ to 91.4(6)◦], pointing to a slightly distorted
square-planar coordination geometry.
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A crystalline material (BEDT-TTF)2CuIII(CF3)4(TCE) (231) (BEDT-TTF = bis(ethyl-
enedithio)tetrathiafulvalene, TCE = 1,1,2-trichloroethane) exhibiting superconducting
properties below 4 K has been prepared and was characterized structurally in the solid
state by X-ray crystallography288,289. The crystal lattice contains [BEDT-TTF]2 radical
cations and [(CF3)4CuIII] anions. The structural features of the latter are closely related
to that of 230.

The paramagnetic Cu(II) complexes (232) derived from triazamacrocyclic ligands
underwent a remarkable reaction in MeCN solution at room temperature (equation 26).
From this reaction two diamagnetic products, present in a 1:1 molar ratio, could be iden-
tified: (i) the Cu(I) complex of the protonated triazamacrocyclic ligand and (ii) unique
organocopper(III) complexes (233)290,291. This reaction involves a C–H activation step,
which is unprecedented in organocopper chemistry.

(233a) R1 = H, R2 = Me, X = ClO4
−

(233b) R1 = H, R2 = H, X = CF3SO3
−

(233c) R1 = Me, R2 = H, X = CF3SO3
−

(233d) R1 = Me, R2 = Me, X = CF3SO3
−

(233e) R1 = H, R2 = H, X = CF3SO3
−/Cl−

H

N

N

N
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N

N

N
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N
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2X−
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R1
R2
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R2

+

1/2

1/2 CuX.HX

(232)

MeCN

RT

(26)

The molecular geometries of 233a–233e in the solid state were established by X-ray
crystal structure determinations291. These complexes have comparable structural features
and therefore only details for 233a are given below. In 233a (Figure 105) the copper atom
is σ -bonded to C(1) of the aryl group [Cu–C(1) 1.905(3) Å], while the three nitrogen
atoms of the triazamacrocyclic ligand are all involved in coordination to copper [Cu–N(1)
1.905(3), Cu–N(2) 2.031(3) and Cu–N(3) 1.961(3) Å]. The copper atom, C(1), and the
three nitrogen atoms lie in one plane, as is indicated by the sum of the bond angles around
copper, which is 360◦ within experimental error. The two perchlorate anions are located
above and below this plane with shortest Cu· · ·O interactions with the oxygen atoms O(1)
and O(2) of 2.428(3) and 2.584(3) Å, respectively. These relatively long Cu–O distances
point to weak interactions and therefore the coordination geometry at copper could be
best described as distorted square-planar.
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FIGURE 105. Molecular geometry of 233a in the solid state

Reaction of tris(2-pyridylthio)methane (tptmH) with [CuI(MeCN)4][PF6] afforded the
unique organocopper(II) complex [(tptm)CuII(MeCN)][PF6] (234), again via C–H activa-
tion (equation 27)292. Addition of KF or n-Bu4NX (X = Cl, Br or I) to a solution of 234 in
MeCN gave the neutral complexes (tptm)CuIIF (235a), (tptm)CuIICl (235b), (tptm)CuIIBr
(235c) and (tptm)CuIII (235d), respectively (equation 27)293.
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FIGURE 106. Molecular geometry of the [(tptm)CuII(MeCN)]+ cation of 234 and neutral (tptm)
CuIICl (235b) in the solid state

The molecular geometry of 234 in the solid state was established by an X-ray crys-
tal structure determination and shows isolated [(tptm)CuII(MeCN)]+ cations and [PF6]−
anions in the crystal lattice292. The molecular geometry of the [(tptm)CuII(MeCN)]+ cation
comprises a copper atom with a trigonal-bipyramidal coordination geometry (Figure 106).
The σ -bonded carbon atom [Cu–C 2.004(3) Å] and the coordinating nitrogen atom of
the acetonitrile molecule [Cu–N(4) 2.028(3) Å] reside at the axial positions. The equato-
rial positions are occupied by the three coordinating nitrogen atoms [Cu–N(1) 2.074(3),
Cu–N(2) 2.077(3) and Cu–N(3) 2.084(3) Å] of the three pyridyl groups.

The molecular geometries in the solid state of the neutral complexes (tptm)CuIIF293

(235a), (tptm)CuIICl (235b) and (tptm)CuIII293 (235d) were also established by an X-
ray crystal structure determination. These three complexes have similar overall structural
features and are closely related to those of the [(tptm)CuII(MeCN)]+ cation (Figure 106).
In 235a, 235b and 235d the σ -bonded carbon atom and the halogen atom are at the axial
positions of a trigonal-bipyramidal arrangement. The only significant difference between
these three structures are the different copper–halogen bond lengths [Cu–F 1.874(7) Å in
235a, Cu–Cl 2.321(3) Å in 235b and Cu–I 2.717(1) Å in 235d]. The observed structural
parameters are in agreement with the values obtained from DFT calculation for these three
complexes293. Moreover, these DFT calculations indicate that the spin density is located
along the z-axis of the trigonal bipyramid, i.e. on the σ -bonded carbon atom, copper and
the halogen atom, which is consistent with the observed EPR spectra.

Chemical oxidation with Ce(IV) or electrochemical oxidation of (tptm)CuIICl in the
presence of PF6

− afforded [(tptm)CuIIICl][PF6] (236), in which copper is oxidized to
its trivalent oxidation state. An X-ray crystal structure determination of 236 showed the
presence of isolated [(tptm)CuIIICl]+ cations and [PF6]− anions in the crystal lattice294.
The molecular geometry of the [(tptm)CuIIICl]+ cation is almost identical to that of
neutral (tptm)CuIICl. Only the copper–nitrogen bond distances in the equatorial plane are
slightly shorter, which is most likely a consequence of a smaller ionic radius for Cu(III)
versus Cu(II).

When (tptm)CuIIF was crystallized from dichloromethane/cyclohexane, containing trace
amounts of water, a crystalline material with the composition 4[(tptm)CuIIF].12(H2O) was
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obtained. An X-ray crystal structure determination of this material showed it to be a two-
dimensional clathrate hydrate sandwiched by planar arrays of the copper compound295.

The N-confused porphyrin C6F5-NCP (equation 28) reacted with Cu(OAc)2 to form
the corresponding Cu(II) derivative CuII(C6F5-NCP) (237)296. Its structure in the solid
state was established by an X-ray crystal structure determination. In 237, the copper has
a square-planar coordination geometry as the result of one σ -bonded carbon atom, one
σ -bonded nitrogen atom and two coordinating nitrogen atoms. Due to crystallographic
disorder as the result of space group symmetry, the position of the σ -bonded carbon atom
could not be located and therefore only the average bond lengths between Cu(II) and the
ligand atoms can be given [1.980(9) and 2.018(9) Å].
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C6F5 C6F5
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N
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N

C6F5C6F5

C6F5 C6F5
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N

C6F5C6F5

C6F5 C6F5

CuIII

−e, −H++e, +H+

(237)

(238)

C6F5-NCP

(28)

Complex 237 was easily oxidized by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) to the corresponding Cu(III) complex CuIII(C6F5-NCP) (238) (equation 28)297.
Its structure in the solid state was also established by X-ray crystallography. The struc-
tural features of 238 are comparable to those of 237, only the average bond lengths
between Cu(III) and the ligand atoms [1.961(7) and 1.975(8) Å] are slightly shorter
than those in complex 237. It is interesting to note that reduction of 238 with p-
toluenesulfonylhydrazide affords 237 quantitatively (equation 28).

The doubly N-confused porphyrins C6F5-trans-N2CP and C6F5-cis-N2CP (Figure 107)
reacted with Cu(OAc)2 to form diamagnetic complexes CuIII(C6F5-trans-N2CP) (239) and
CuIII(C6F5-cis-N2CP) (240), respectively. The observed 1H NMR spectra
showed the absence of the inner CH and NH resonances, suggesting the presence of
copper in its trivalent oxidation state in the core298,299.
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FIGURE 107. The doubly N -confused porphyrins C6F5-trans-N2CP and C6F5-cis-N2CP

FIGURE 108. Molecular geometry of the organocopper(III) complexes CuIII(C6F5-trans-N2CP)
(239) and CuIII(C6F5-cis-N2CP) (240)

For both 239 and 240 the structures in the solid state were established by X-ray crystal
structure determinations (Figure 108)298,299. In 239 the copper atom exhibits square-
planar coordination geometry [Cu–C 1.940(7) and 1.944(7) Å, and Cu–N 1.965(6) and
1.967(6) Å]. The molecule is essentially planar with only a small deviation (0.06 Å) from
the mean plane consisting of 25 core atoms. The molecules of 239 form polymeric linear
chains in the crystal lattice via intramolecular hydrogen bonding between H(4) and N(3)
of neighboring molecules.

For complex 240 a similar structure was found with square-planar coordinated copper
[Cu–C 1.939(3) and 1.934(3) Å, and Cu–N 1.969(3) and 1.954(4) Å]. Also, this complex
forms polymeric chains in the crystal lattice via intramolecular H(3) to N(2) hydrogen
bridges of a neighboring molecule, but in this complex the chain has a zigzag arrangement.

The copper(II) complex 241 (Figure 109) was prepared from the reaction of the cor-
responding calic[4]phyrin derivative with Cu(OAc)2. An ESR spectroscopic study of 241
points to the formation of an organocopper(II) compound with copper in its divalent
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FIGURE 109. Schematic representation of the molecular geometry of 241 and 242 in the solid state

oxidation state. The molecular geometry of 241 in the solid state was established by an
X-ray crystal structure determination and is shown schematically (Figure 109)300. The
copper atom in 241 has a square-planar coordination geometry as a result of one σ -
bonded carbon [Cu–C 2.007(4) Å], one σ -bonded nitrogen atom [Cu–N 2.010(3) Å] and
two coordinating nitrogen atoms [Cu–N 2.076(4) and 2.056(4) Å].

In a similar reaction, organocopper(II) complex 242 (Figure 109) was obtained from the
reaction of the corresponding pyrrole-appended, O-confused oxaporphyrin with
Cu(OAc)2

301. Its structure in the solid state was established by an X-ray crystal structure
determination and is shown schematically (Figure 109). Like in 241 the copper atom has
a square-planar coordination geometry as a result of one σ -bonded carbon atom [Cu–C
1.939(4) Å], one σ -bonded nitrogen atom [Cu–N 2.020(3) Å] and two coordinating nitro-
gen atoms [Cu–N 1.977(3) and 2.065(3) Å].

Finally, it has to be recalled that also various CuII –and CuIII –carborane complexes
have been reported; see Section V, 101 (CuII) and 102, 103 and 109 (CuIII).

IX. COPPER CARBENE COMPLEXES

Formally, copper carbene complexes do not belong to the class of organocopper com-
pounds. Although the carbon-to-copper distance observed in copper carbene complexes
is of the same order as this distance in true organocopper compounds, it is the type of
bonding that makes the difference. In organocopper compounds the carbon atom formally
contributes one electron to the carbon–copper bond while in the copper carbene complexes
the carbene carbon atom contributes two electrons to the carbon–copper interaction.

Because of its growing potential and applications as a catalyst in many organic trans-
formations, the structures of copper carbene complexes in the solid state known so far
will be discussed briefly. These transformations include copper-hydride-mediated reac-
tions like carbonyl reductions and hydrosilylation reactions, carbene transfer reactions,
cyclopropanation and insertion reactions, [3 + 2] cycloaddition reactions of azides and
alkynes and ‘click chemistry’, topics that have been reviewed recently302.

Most of the copper carbene complexes are derived from N-heterocyclic carbenes
(NHC), discovered in the early 1960s303. In the early days NHCs were considered as
phosphine mimics in organometallic chemistry304,305, but experimental data show that
NHC-transition metal catalysts can surpass their phosphine-based analogs in both activity
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and scope306 – 308. NHC–copper complexes can be easily prepared by the in situ deproto-
nation of an azolinium salt or alternatively by reaction of free, stable NHC309,310 with a
copper salt (equation 29).
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- KY
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N R3
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CuX

KOBu-t
CuX

NHC

(29)

A series of NHC–copper complexes, NHC–CuX (243–258), derived from NHCs
bearing sterically demanding groups at the nitrogen atoms (Figure 110) were prepared,
characterized by X-ray crystallography and applied as catalyst in various organic trans-
formations. In the solid state these complexes are discrete monomers having comparable
structural features. The relevant structural data of these compounds are compiled in
Table 3.

In complexes 243–258 the carbene carbon-to-copper bond length only varies slightly
and the bond angle (carbene) carbon-to-copper-to-heteroatom (anion) is in all cases very
close to 180◦, rendering a linear coordination geometry at the copper atoms. The overall
structural geometry of all complexes is closely related and only differs in the anion bound
to copper. The structure of 243 is shown as a representative example (Figure 111).

It is notable that in complexes containing a potentially bidentate anion, i.e. acetate
in 250–252 and triflate in 253, only one oxygen atom is bonded to copper, as can be
concluded from the (preferred) linear coordination geometry at the copper atom. This is
different in NHC–copper complexes containing a β-diketonate or β-diketiminate as the
anion (Figure 112).

In (IMes)Cu(DBM) (259)316 (DBM = dibenzoylmethanato), both oxygen atoms are
symmetrically bonded to copper [Cu–O(1) 1.973(3) and Cu–O(2) 1.986(3) Å] while
the carbene carbon atom occupies the third coordination site [Cu–C 1.861(4) Å]. The
C–Cu–O bond angles are rather large [C–Cu–O(1) 136.0(2)◦ and C–Cu–O(2) 132.5(2)◦],
but is compensated by an acute O(1)–Cu–O(2) bond angle of 91.3(1)◦, most likely as a
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FIGURE 110. Sterically demanding NHCs
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TABLE 3. Relevant structural data for the NHC–copper complexes 243–258

Compound Anion (X) Cu–C (Å) Cu–X (Å) C–Cu–X (◦) Reference

(IPr)CuX (243) Cl 1.953(8) 2.089(3) 180.0(2) 311
(IPr)CuX (244) Cl 1.881(7) 2.106(2) 176.7(2) 100
(SIMes)CuX (245) Cl 1.882(4) 2.099(11) 178.48 312
(IPr)CuX (246) OBu-t 1.864(2) 1.810(1) 179.05(7) 101
(SIPr)CuX (247) OEt 1.861(8) 1.793(7) 175.9(4) 313
(SIPr)CuX (248) OPh 1.881(4) 1.831(3) 178.3(2) 313
(IMes)CuX (249) OPh 1.864(2) 1.833(1) 175.53(6) 313
(IPr)CuX (250) O2CMe 1.854(4) 1.850(3) 177.2(2) 100
(SIPr)CuX (251) O2CMe 1.886(3) 1.838(2) 172.5(2) 314
(IMes)CuX (252) O2CMe 1.859(3) 1.867(3) 171.1(1) 314
(IPr)CuX (253) O3SCF3 1.863(3) 1.875(2) 175.6(1) 314
(IPr)CuX (254) SPh 1.895(2) 2.139(1) 178.3(1) 315
(IPr)CuX (255) SCH2Ph 1.898(2) 2.127(1) 171.5(1) 315
(SIPr)CuX (256) SPh 1.896(3) 2.145(1) 177.5(1) 315
(SIPr)CuX (257) SCH2Ph 1.897(3) 2.121(1) 169.5(1) 315
(SIPr)CuX (258) NHPh 1.876(2) 1.846(2) 175.21(7) 313

FIGURE 111. Molecular geometry of (IPr)CuCl (243) in the solid state

consequence of the small bite angle of the DBM anion. However, the sum of the bond
angles around copper is 360◦ within experimental error, indicating a perfect trigonal planar
geometry.

A closely related structure was found for the β-diketiminato complex (IMes)Cu
(NacNac) (260) (NacNac = CH[C(Me)N(C6H3Me2-2,6)]2

−) (Figure 112)317. The β-
diketiminate is chelate bonded to copper [Cu–N(1) 1.995(2) and Cu–N(2) 2.002(2) Å] in
a symmetric way. The carbene carbon-to-copper distance 1.918(2) Å is slightly elongated
compared to this distance observed in linear copper carbene complexes (cf. Table 3). The
sum of the bond angles around copper [C–Cu–N(1) 135.38(8)◦, C–Cu–N(2) 131.05(8)◦
and N(1)–Cu–N(2) 93.57(6)◦)] is 360◦, indicating that also in this complex the coordina-
tion geometry at copper is trigonal planar. It is notable that the N(3)–C–N(4) plane of the
carbene is orientated perpendicular to the N(1)–Cu–N(2) plane, which was considered
to arise from steric interactions and, furthermore, due to the fact that NHCs are weak
π-acceptor ligands for Cu(I)318.
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FIGURE 112. Molecular geometry of (IMes)Cu(DBM) (259) and (IMes)Cu(NacNac) (260) in the
solid state

Reaction of (IPr)Cu(OBu-t) (246) with bis(pinacolato)diboron (pinB-Bpin) afforded
the copper boryl complex (IPr)Cu(Bpin) (261). This complex appeared to be capable
of abstracting an oxygen atom from carbon dioxide, resulting in the formation of the
borate complex (IPr)Cu(OBpin) (262) and carbon monoxide (equation 30)319. For both
261 and 262 the structures in the solid state were established by X-ray crystal structure
determinations. These structures show large similarities with the structures observed for
other NHC–copper complexes in which the copper atom is linear dicoordinate (vide
supra).
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Based on NMR spectroscopic studies, the reaction of (IPr)Cu(OBu-t) (246) with tri-
ethoxysilane afforded a carbene copper hydride complex (IPr)CuH (263) (equation 31).
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The observation of an absorbance at 638 cm−1 in its IR spectrum is indicative for bridging
copper hydrides320.

(IPr)Cu(OBu-t)
(EtO)3SiH

-(EtO)3SiOBu-t
(IPr)CuH

(263)(246)
(31)

The structure of 263 in the solid state was established by an X-ray crystal structure
determination101. Unfortunately, due to the limited quality of the dataset, the hydrogen
atoms could not be located. The structure of 263 comprises two (IPr)Cu units [C–Cu
1.878(6) Å] most likely linked via two bridging hydrogen atoms between the copper
atoms (Figure 113). The observed copper–copper distance [Cu–Cu 2.3059(11) Å] is
in agreement with the distance observed in other copper-hydride dimers with bridging
hydrides320.

The cationic copper carbene complex [(IMes)2Cu][CF3SO3] (264) was isolated from
the reaction of copper triflate with two equivalents of IMes in THF. Its structural char-
acterization by X-ray crystallography was hampered by a very poor dataset. From these
data it could only be concluded that its overall structural features are identical to those
of the corresponding silver complex, i.e. the two coordinating carbene carbon atoms and
the metal are in a linear arrangement321.

The cationic metalla crown ether (265) was prepared via a transmetallation reaction
of the corresponding silver compound with CuI (equation 32). Its structure in the solid
state was established by an X-ray crystal structure determination322. The 13-membered
ring comprises two NHCs linked via ethylene bridges to the oxygen atoms of 1,2-
dihydroxybenzene. Ring closure occurs by coordination of the carbene carbon atoms

FIGURE 113. Molecular geometry of hydride-bridged (IPr)CuH dimer 263 in the solid state
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of the two NHCs to a copper cation [Cu–C 1.960(6) and 1.940(6) Å] with an almost
linear coordination geometry [C–Cu–C 174.2(2)◦] at copper.
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+
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A macrocyclic ligand, consisting of four NHCs linked via propane-1,3-diyl bridges
between the nitrogen atoms of the NHCs, has been prepared and was converted to
the dicopper complex [−CH2CH2CH2(NHC)−]4Cu2I2 (266). An X-ray crystal struc-
ture determination of 266 confirmed the isolation of dications, consisting of two copper
atoms encapsulated in the macrocyclic ligand, and separate iodide anions arranged in the
crystal lattice323. In the dication (Figure 114) two carbene carbon atoms of oppositely
positioned NHCs are bonded to each of the two copper cations [Cu(1)–C(1) 1.920(9),
Cu(1)–C(2) 1.948(11), Cu(2)–C(3) 1.923(10) and Cu(2)–C(4) 1.915(10) Å]. Both cop-
per atoms have an almost linear coordination geometry [C(1)–Cu(1)–C(2) 173.9(4)◦ and
C(3)–Cu(2)–C(4) 174.6(5)◦]. Interestingly, the Cu· · ·Cu distance is 2.553(2) Å.

The copper complexes derived from the NHC-containing tripodal ligands TIMEN-Me,
TIMEN-Bn, TIMEN-t-Bu and TIME-Me (Figure 115) were prepared and characterized
structurally by X-ray diffraction.

An X-ray crystal structure determination of (TIMEN-Bn)CuBr (267)324 showed that
its solid state structure comprises isolated (TIMEN-Bn)Cu cations and bromide anions
in the crystal lattice. The asymmetric unit contains three independent molecules that
are chemically identical and differ only slightly with respect to bond angles and bond
distances. Details are given for one of these molecules (Figure 116).

FIGURE 114. Molecular geometry of the dication of 266 in the solid state
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FIGURE 115. NHC-containing tripodal ligands

FIGURE 116. Molecular geometry of the cations [(TIMEN-Bn)Cu]+ (267) and [(TIMEN-Me)2
Cu3]3+ (269)

In the (TIMEN-Bn)Cu cation the three carbene carbon atoms of the tripodal ligand are
bonded to copper [Cu–C(1) 1.949(6), Cu–C(2) 1.948(6) and Cu–C(3) Å]. The relatively
long Cu–N(amine) distance, 2.365(4) Å, suggests that the copper-to-nitrogen interac-
tion is weak. The sum of the C–Cu–C bond angles is 358.7◦ [C(1)–Cu–C(2) 115.3(3),
C(1)–Cu–C(3) 123.3(3)◦ and C(2)–Cu–C(3) 120.1(1)◦]. These values are close to the
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ideal values for a trigonal planar coordination geometry at copper. However, taking into
account the copper-to-amine nitrogen interaction, the coordination geometry at copper
could be best described as slightly distorted towards a trigonal pyramidal one.

The carbene copper complex [(TIMEN-t-Bu)Cu]PF6 (268) also has been prepared and
was characterized structurally by X-ray crystallography. The overall structural features of
268 in the solid state are very close to those of 267 and therefore will not be discussed
in detail.

When the sterically less demanding TIMEN-Me tripodal ligand was used, a copper
complex with an entirely different and surprising structure was obtained. Instead of the
formation of discrete monomers, a novel structure was obtained in which two TIMEN-Me
ligands associate with three copper cations to form [(TIMEN-Me)2Cu3](PF6)3 (269)324.
An X-ray crystal structure determination showed the presence of isolated [(TIMEN-
Me)2Cu3]3+ cations (Figure 116) and PF6

− anions in the crystal lattice. The cation may
be regarded as consisting of two [(TIMEN-Me)Cu]+ cations in which two carbene carbon
atoms are bonded to the copper cation in an almost linear fashion [C–Cu–C 172.2(2)◦].
Like in 267 the amine nitrogen-to-copper distance is relatively long [Cu–N 2.365(4) Å].
When this latter interaction is considered to be a nitrogen-to-copper interaction, the coor-
dination geometry at copper should be described as T-shaped. Two of these cations are
linked via the third carbene carbon atom of the tripodal ligand to an additional copper
cation [Cu–C 1.909(4) and 1.910(4) Å]. The coordination geometry of this latter copper
atom is close to perfectly linear [C–Cu–C 178.7(2)◦].

The tripodal ligand TIME-Me (Figure 115), which has a (Me)C instead of nitrogen
atom as a bridgehead group, formed the complex [(TIME-Me)2Cu3](PF6)3 (270) with
three copper cations325. An X-ray crystal structure determination revealed a solid state
structure with overall structural features very close to those of related 269.

The copper complexes of a series of 2-pyridyl- and oxazolinyl-substituted NHCs
(Figure 117) were prepared and their structures in the solid state were characterized by
X-ray crystallography.

In the solid state the copper carbene complex (IPr-2-Py)CuBr (271) exists as discrete
monomers (Figure 118)326. The bonding carbene carbon atom [Cu–C 1.880(6) Å], the
copper atom and the bonding bromine atom [Cu–Br 2.208(1) Å] form an almost linear
arrangement [C–Cu–Br 170.3(2)◦]. The pyridyl nitrogen atom only weakly coordinates

N

N

N

Pr-i

i-Pr

IPr-2-Py

N

N N

N

N

N

O

N

N

N

O

i-Pr

Mes-2-CH2Py MesOx MesOxIPr

FIGURE 117. 2-Pyridyl- and oxazolinyl-substituted NHCs
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FIGURE 118. Molecular geometry of (IPr-2-Py)CuBr (271) and [(Mes-2-CH2Py)CuBr]2 (272a) in
the solid state

intramolecularly to copper, as is indicated by a relatively long Cu–N bonding distance
[Cu–N 2.454(5) Å]. Taking this latter interaction into account as a real bond, the coordi-
nation geometry at copper should be described as T-shaped.

The structure in the solid state of the carbene copper complex (Mes-2-CH2Py)CuBr
(272) depends on the solvent of crystallization.

When 272 was crystallized by slow cooling of a dichloromethane/diethyl ether solution,
the solid state structure of the crystalline material comprised discrete dimers [(Mes-2-
CH2Py)CuBr]2 (272a) (Figure 118). This dimer consists of two (Mes-2-CH2Py)CuBr
units in which the bonding carbene carbon–copper distance is in the expected range
[Cu–C 1.931(2) Å], but the bromine–copper distance is rather long [Cu–Br 2.5147(4) Å]
compared to this distance observed in 271. Dimer formation occurs via the pairwise coordi-
nation of the pyridyl nitrogen atoms to a copper atom of an adjacent (Mes-2-CH2Py)CuBr
unit. The bond angles around copper [C–Cu–Br 106.14(7)◦, C–Cu–N 133.88(8)◦ and
Br–Cu–N 98.08(5)◦] point to a rather irregular three-coordination at the copper atoms.

However, when 272 was crystallized from a concentrated chloroform solution, the
solid state structure of the crystals comprised an infinite polymeric chain [(Mes-2-CH2Py)
CuBr]n (272b) (Figure 119)326. This chain consists of (Mes-2-CH2Py)CuBr units [Cu–C
1.914(4) and Cu–Br 2,3758(7) Å] linked via a coordination bond [Cu–N 2.044(3) Å] of
the pyridyl nitrogen atom to a copper atom of a neighboring (Mes-2-CH2Py)CuBr unit.
The bond angles around copper [C–Cu–Br 130.7(1)◦, C–Cu–N 125.2(2)◦ and Br–Cu–N
103.4(1)◦], and especially the sum of these bond angles being 360◦ within experimental
error, points to a trigonal planar coordination geometry for each of the copper atoms.

An X-ray crystal structure determination of the copper complex containing the MesOx
ligand (Figure 117) revealed a dimeric structure for [(MesOx)CuBr]2 (273)327 in the solid
state with structural features closely related to that of 272a. Like 272b, the solid state
structure of ligand MesOxIPr (Figure 117) with copper comprises an infinite polymeric
chain of (MesOxIPr)CuBr units (274) with closely related structural features.

A chelating ligand that combines a hard alkoxy functionality with two N-heterocyclic
carbenes has been designed and was subsequently converted into its copper complex
(equation 33)328. The first step involved reaction of two equivalents of N-t-butylimidazole
with 2-chloromethyl-2-phenyloxirane to afford the zwitterionic diimidazolinium salt (275).
Treatment of this diimidazolinium salt with Ag2O afforded the alkoxy silver carbene
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FIGURE 119. Part of the polymeric chain of 272b in the solid state

complex (276). Subsequently, this silver complex was converted into the alkoxy copper
carbene complex (277) via a transmetallation reaction with CuI.

O

Cu

O

Cu

N N

N N

Ph

N N

N N

Ph

t-Bu
t-Bu

Bu-t
Bu-t

Cl
O

Ph

+
N

N

t-Bu

O−N

N
H+

Ph
2

t-Bu

Cl–

ON

N
Ag

Ph
2

t-Bu

Δ

Ag2O
−AgCl,
−H2O

−AgI

(275)

(277) (276)

2

+CuI

(33)

The structure of 277 in the solid state was established by an X-ray crystal structure
determination and is shown schematically (equation 33). The structure is a dimeric one in
which two oxygen atoms are symmetrically bridge bonded to two copper atoms [Cu–O
1.941(3) and 1.959(2) Å]. Two carbene carbon atoms are bonded to each of the copper
atoms [Cu–C 1.960(5) and 1.966(4) Å]. The angle between the CuO2 and CuC2 planes is
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FIGURE 120. Molecular geometry of 279 in the solid state

only 14.0(2)◦, indicating that the coordination geometry at copper is nearly square-planar,
which is rather unusual for Cu(I).

The chiral imidazolinium salt (278)329, a precursor for a potentially tridentate PCP
ligand in which C is a N-heterocyclic carbene, has been prepared and was successfully
converted into its dicopper complex (279)330 (Figure 120). The central core of the com-
plex consists of two copper atoms bridged by two iodine atoms in a rather asymmetric
way [Cu–I 2.559(1) and 3.110(1) Å]. The tridentate PCP ligand is bridge bonded via
its carbene carbon atom to both copper atoms [Cu–C 2.113(5) and 2.174(5) Å]. One
phosphorus atom of the ferrocenylphosphine moieties is bonded to each of the copper
atoms [Cu–P 2.181(1) and 2.206(1) Å]. As a result both copper atoms adopt a distorted
tetrahedral coordination geometry.

Also, copper complexes containing 1,3-substituted 3,4,5,6-tetrahydropyrimidine-2-
ylidenes as the NHC have been prepared and were characterized structurally331. The
structure of 1,3-diisopropyl-3,4,5,6-tetrahydropyrimidine-2-ylidene copper chloride (280)
in the solid state is straightforward (Figure 121). The copper atom adopts a linear coor-
dination geometry [C–Cu–Cl 171.18(6)◦] as the result of bonding of the carbene carbon
atom [Cu–C 1.915(2) Å] and the chlorine atom [Cu–Cl 2.1106(6) Å] to copper.

An unexpected structure was found for 1,3-dimesityl-3,4,5,6-tetrahydropyrimidine-2-
ylidene copper bromide (281)331. Instead of the anticipated monomeric structure as found
for 280, an X-ray crystal structure determination showed the presence of separated bis
(carbene) copper cations (Figure 121) and [CuBr2]− anions. In the cation the Cu–C bond
distances are identical [Cu–C 1.934(2) Å] as the consequence of crystallographic sym-
metry. A linear coordination geometry at copper is reflected by the C–Cu–C bond angle,
179.29(4)◦.

The thiazolinylidene copper chloride complex (282) was prepared starting from the
corresponding lithiated thiazole (equation 34). An X-ray crystal structure determination
showed that this compound exists in the solid state as a discrete monomer of which
the structure is shown schematically (equation 34)332. The copper atom adopts a linear
coordination geometry [C–Cu–Cl 178.6(1)◦] as the result of bonding of the carbene
carbon atom [Cu–C 1868(6) Å] and the chlorine atom [Cu–Cl 2.099(2) Å] to copper.

Reaction of the copper β-diketiminate [(MesNC(Me))2CH]2Cu2(MeC6H5) (283) with
one equivalent of diphenyldiazomethane in diethyl ether as the solvent afforded the dicop-
per diphenylcarbene complex [(MesN(Me)C)2CH]2Cu2(CPh2) (284) (equation 35)318,333.
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FIGURE 121. Molecular geometry of 280 and the cation of 281 in the solid state

It appeared that in aromatic solvents the dicopper carbene complex 284 is in equilib-
rium with the monocopper carbene complex [(MesN(Me)C)2CH]Cu(CPh2) (285) and the
copper β-diketiminate 283 (equation 35)318,333.
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For both 284 and 285 the structure in the solid state was established by X-ray crystal
structure determinations318,333. In the dicopper carbene complex 284 the diphenylcarbene
is μ-bridge bonded with its carbene carbon atom between the two copper atoms [Cu(1)–C
1.933(5), Cu(2)–C 1.931(5) Å] of two copper β-diketiminate units (Figure 122). In each
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FIGURE 122. Molecular geometry of 284 and 285 in the solid state

of the copper β-diketiminate moieties the copper atom is chelate bonded symmetrically
to two nitrogen atoms [Cu–N 1.971(4) and 1.963(4) Å].

As expected, in the monocopper carbene complex 285 (Figure 122) the bond distance
between the copper atom and the carbene carbon atom [Cu–C 1.834(3) Å] is significantly
shorter compared to the copper–carbon distances in 284. Like in 284, the copper atom
in 285 is bonded symmetrically [Cu–N 1.906(3) and 1.922(3) Å] to the two nitrogen
atoms of the copper β-diketiminate unit. The sum of the bond angles around copper in
285 [C–Cu–N(1) 132.3(1)◦, C–Cu–N(2) 132.5(1)◦ and N(1)–Cu–N(2) 96.1(1)◦] is 360◦
within experimental error, indicating a perfect trigonal planar coordination geometry at
copper.

So far, only copper carbene complexes have been discussed with copper in its monova-
lent oxidation state. Copper carbene complexes with formally divalent copper are very rare
and only three examples of well-characterized copper(II) carbene complexes are known.

Reaction of the free NHC ligand IPr (Figure 110) with Cu(OAc)2 in toluene afforded
the copper(II) carbene complex (IPr)CuII(OAc)2 (286)334. Its structure in the solid state
was established by an X-ray crystal structure determination (Figure 123).

In 286, the carbene carbon-to-copper distance [Cu–C 1.942(4) Å] does not significantly
differ from the distances observed in copper(I) carbene complexes (vide supra). The two
acetate groups are crystallographically symmetry related and are O,O-chelate bonded to
copper with one relatively long [Cu–O(1) 2.259(4) Å] and one relatively short [Cu–O(2)
1.943(3) Å] bond. The coordination geometry around copper can be best described in
terms of a distorted trigonal bipyramid with the carbene carbon atom, O(1) and O(3)
in the equatorial plane and O(2) and O(4) at the axial positions. The sum of the bond
angles around copper in the equatorial plane is 360◦, pointing to a trigonal bipyramidal
geometry. However, the C–Cu–O(2) (99.82(9)◦) and O(1)–Cu–O(2) (60.5(1)◦) bond
angles, and consequently the O(2)–Cu–O(4) (160.4(2)◦) bond angle, deviate considerably
from the ideal values (90◦, 90◦ and 180◦, respectively) for a trigonal bipyramid, which is
a logical consequence of the small bite angle of the chelate-bonded acetate group. It is
noteworthy that 286 has been successfully applied as an alternative for Stryker’s reagent
in hydrosilylation reactions334.

In copper(II) carbene complex (287)335 (Figure 124), containing divalent copper, two
oxygen-anionic functionalized N-heterocyclic carbene ligands are C,O-chelate bonded
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FIGURE 123. Molecular geometry of (IPr)CuII(OAc)2 (286) in the solid state

to copper. Its structure in the solid state was established by an X-ray crystal structure
determination and is shown schematically in Figure 124. The bonding of two carbene
carbon atoms [Cu–C 1.946(4) and 1.940(4) Å] and two anionic oxygen atoms [Cu–O
1.950(3) and 1.960(3) Å] results in a distorted square planar coordination geometry at
copper.

A monoanionic ligand precursor that combines a chiral binaphthyl core, a monoan-
ionic oxygen atom at the 2-position of one of the naphthyl groups and a N-heterocyclic
carbene at the 2-position of the other naphthyl group has been developed336. The enan-
tiopure ligand precursor was successfully converted into the aryloxycopper(II) chloride
carbene complex (288) (Figure 124). The structure of this complex in the solid state was
established by an X-ray crystal structure determination337. It appeared to be a dimer with
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FIGURE 124. Schematic structures of the copper(II) carbene complexes 287 and 288 in the solid
state
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the two monoanionic O,C-chelating ligands bridge-bonded via its oxygen atom between
two copper atoms [Cu–O 1.986(6) and 1.950(6) Å] while each of the carbene carbon
atoms forms a coordination bond to a copper atom [Cu–C 1.926(8) and 1.964(8) Å]. One
chlorine atom is bonded to each of the copper atoms [Cu–Cl 2.226(3) and 2.222(3) Å],
resulting in a slightly distorted square-planar coordination geometry at each of the copper
atoms. This enantiopure copper complex has been successfully applied as a catalyst in
enantioselective allylic allylation reactions with ee values up to 98%337.

X. CONCLUSIONS
Today’s major interest in organocopper compounds is connected to their use in organic
synthesis. Although the first examples date back from the first half of the last century
comprising Ullmann-type cross-coupling reactions and the use of Gilman-type reagents
in conjugate addition chemistry, contemporary interest is primarily in the development of
coupling reactions of copper reagents, such as cuprates and heterocuprates, as well as of
copper-catalyzed stereoselective transformations.

Much attention has currently been paid to circumvent the limitations of the conven-
tional and present synthetic routes for the generation of organocopper reagents. Initially,
organocopper compounds were prepared from organolithium and Grignard reagents which
excluded the use of substituents and reactive groups that are incompatible with the reac-
tivity of the respective metal–carbon bonds in these reagents. However, with the new
synthetic approaches the in situ synthesis of a broad variety of organocopper reagents
with a wide choice of substituents became available. It must be noted that these reagents
comprise the organocopper entity RCu and the metal salts present in the transmetallating
reagent as well as the salts that are formed during the formation of RCu. Often, it is
the unique composition of salts and organocopper entities in this mixture that provides
the special reactivity of the in situ formed organocopper reagent. The various unique
RCu-MX structures encountered in the solid state presented in this overview (see, e.g.,
Section III) as well as those emerging from computational studies substantiate the rea-
sons for this special reactivity. It provides insight in structure and reactivity properties
of the key intermediates and transient species present in the reaction mixture of copper-
mediated organic synthesis. These aspects have been highlighted in a number of recent
reviews20,21,277.

The structural work as well as the reactivity studies indicated that, in order to synthesize
and isolate pure organocopper compounds, special precautions have to be taken, i.e.
sometimes the order of addition of the reagents to the reaction solution appears to be of
crucial importance, the purity of the transmetallating reagents (no metal salts present) has
to be high, the nature of the metal salts formed during the synthesis has to be controlled
in order to prevent undesired organocopper–metal salt aggregate formation and often
special reaction conditions have to be applied, such as low reaction temperatures, severe
exclusion of oxygen and water because of the extreme sensitivity of most of the known
organocopper compounds and derivatives thereof.

Moreover, many pure organocopper compounds, e.g. methylcopper, decompose vio-
lently below room temperature. Finally, also the choice of the polarity of the solvents
used for both the reaction and the subsequent purification and crystallization of the
organocopper compound often appeared of crucial importance owing to the tendency of
organocopper species to exist either as SSIP (Solvent Separated Ion Pair) or CIP (Contact
Ion Pair)/neutral aggregates in solution and in the solid state, respectively19,222.

The identification and structural characterization of organocopper compounds is often
difficult and rely in many cases on the use of X-ray diffractions techniques. The present
review reveals the great structural variety that organocopper compounds can exhibit. Of
course, from the elemental analytical data of purified material the atomic composition
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can be derived, while the NMR data can reveal the connectivity of the building blocks,
but in most cases the nature of the interactions of the copper and eventually other metal
centers with their respective anions as well as the aggregation state of the species remained
obscure. In most of the cases the structural information gathered with X-ray diffraction
techniques appeared indispensable.

In former days, molecular weight determinations (cryoscopic, osmometric or ebullio-
metric measurements) were used to shed light on the aggregation state of the organocopper
compounds in solution. However, even at the beginning of organocopper chemistry it was
the results of the first X-ray structure determinations that showed the true bonding char-
acteristics in the solid state of organocopper compounds, i.e. the presence of dimeric,
trimeric, tetrameric etc. aggregate formation, the (electron-deficient) bridge bonding of
the anions to the copper (metal) cations, and the way organocopper and metal-anion
entities assemble to form aggregates with unique structural features.

It should be noted that the structures found in the solid state do not necessarily reflect
those present in a particular solvent. Moreover, in many cases the single crystal used for
the X-ray structure determination appeared after all not to belong to the major product,
but represented only the structural features of a minor product present in the material
isolated from the reaction mixture. The latter point is of special interest when the struc-
tural information of an organocopper compound is used to interprete its reactivity as an
organocopper reagent.

The wealth of structural information emerging from X-ray structural studies has been
inspirational for the computational chemist. In particular, the discovery of the many
organocopper metal-anion aggregated (including cuprates) structures and their versatile
bonding patterns were leading the computational chemist in the selection process of pos-
sible reaction intermediates and reaction pathways of organocopper-mediated synthetic
transformations.

The focus of this review was on the structural features of organocopper compounds
in the solid state. One aspect that remained underscored, however, but that has been
discussed intensively immediately after the structural elucidation of the first organocopper
compounds, are the sometimes very short Cu· · ·Cu distances [e.g. in 19 of 2.372(8) Å63

vs. 2.48 Å in metallic Cu] and acute Cu–Cipso –Cu bond angles (71.35(8)◦) encountered
in the majority of these structures. A qualitative explanation is provided in Figure 6 (see
also discussion in Reference 63), which shows that the electron density in the electron-
deficient (two-electron three-center) bonding does not coincide with the vectors between
the atoms involved but is directed more to the center of the triangle. Consequently, this
leads to more linear digonal Cipso –Cu–Cipso bond angles; see Figure 30, B29 for example.
Furthermore, it leads to the acute bond angles (Cu–Cipso –Cu) in these aggregates and to
short Cu–Cu distances63.

Another aspect is the observation that the organocopper and the corresponding organo-
lithium compounds both have a strong tendency to form electron-deficient Cipso−Cu bonds
leading to the formation of aggregated structures. In a number of cases the copper atoms
in an aggregated structure could even be replaced by lithium atoms with retention of the
structural features of the aggregate, or even appeared to be disordered in the structure (cf.
188 in Figure 91). In a number of cases this notion was effectively used for the clean
and selective synthesis of a given mixed aggregate (cf. the synthesis of the diarylcuprate
172 from the the reaction of the arylcopper 18 with the corresponding aryllithium in a
1:1 molar ratio in an apolar solvent)49. This example also demonstrates that the forma-
tion of heteroaggregates, such as RnXmCun+m, are the result of selective self-assembly
of the homoaggregates, RCu and CuX, which apparently is the thermodynamically most
stable species. In this respect organocopper and organolithium chemistry have much in
common338.
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Finally, the structural information on the CIP and SSIP structures of cuprates could
be connected to their different reactivity patterns in C–X coupling reactions: it is the
cuprate in its CIP structure that exists in solvents with low polarity and coordinating
properties which is the reactive intermediate, whereas the SSIP structure of the cuprate
in polar solvents is unreactive. This indicates that the nature of the metal ion next to the
copper ion in the CIP structure of the cuprate plays an important role in the reaction with
the substrate, i.e. it is often an anchoring point for the substrate (e.g. the keto-O of an
α,β-unsaturated ketone) while the copper center is involved in the group transfer step (to
the alkenic grouping of the α,β-unsaturated ketone).

A recent and exciting development in organocopper chemistry is the synthesis and
structural characterization of organocopper(II) and -(III) compounds. The presented struc-
tures show the important role the ancillary multidentate ligand systems play in these
compounds to arrive at a stable σ -bond between the C-anion and the copper(II) or -(III)
center.

It is to be expected that because of the growing importance of copper-mediated and
catalyzed reactions in organic synthesis, there will be further and increasing interest in the
synthesis and characterization of organocopper compounds. So far, novel aggregates and
compounds often have shown new and unexpected molecular geometries and bonding pat-
terns. In many cases these findings appeared instrumental for increasing our understanding
of the mechanistic details of copper-mediated synthetic routes. Besides this aspect it is the
synthesis and manipulation of organocopper compounds that remain a great challenge for
the organometallic synthetic chemist. Since 1970, the beauty and fascinating structural
versatility of these compounds have been a tremendous reward for the authors of this
review.
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312. S. Dı́ez-González, H. Kaur, F. K. Zinn, E. D. Stevens and S. P. Nolan, J. Org. Chem., 70,
4784 (2005).

313. L. A. Goj, E. D. Blue, S. A. Delp, T. B. Gunnoe, T. R. Cundari, A. W. Pierpont, J. L.
Petersen and P. D. Boyle, Inorg. Chem., 45, 9032 (2006).

314. L. A. Goj, E. D. Blue, S. A. Delp, T. B. Gunnoe, T. R. Cundari and J. L. Petersen,
Organometallics, 25, 4097 (2006).

315. S. A. Delp, C. Munro-Leighton, L. A. Goj, M. A. Ramirez, T. B. Gunnoe, J. L. Petersen and
P. D. Boyle, Inorg. Chem., 46, 2365 (2007).
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I. INTRODUCTION
Copper has played an illustrious role in organic reaction chemistry both as reagent and
catalyst, and there is an extensive chemical literature in consequence. Diverse coordina-
tion compounds of copper with a wide variety of ligands fill the textbooks. However,
there are few organocopper species for which knowledge of their energetics accompa-
nies that of their structural and reaction chemistry. These few copper–carbon species
include conventionally bonded R−Cu compounds, gas-phase metal cation complexes and
organic compounds chemisorbed on clean metal surfaces of the bulk element. Copper
cyanide and its derivatives (such as anionic and isocyanide complexes, and the N-oxide,
the metal fulminate) are not discussed in this chapter despite Cu−C bonding. Likewise,
π-bonded complexes of copper with olefins, acetylenes and arenes are not considered
here. Although we would prefer to consider only enthalpies of formation and of reaction,
or even Gibbs energies and equilibrium constants, there are very little such data. What
there is in that regard are included, along with some reports of bond energies and bind-
ing energies. As a transition metal, copper has a variety of oxidation states: +1 and +2
are commonplace, and +3 is important—even +4 is increasingly well-known, although
seemingly not yet to the organic chemist. Most of the available data are for the +1 and
+2 states, with a section on the higher oxidation state.

II. HYDROCARBYL DERIVATIVES OF COPPER
The hydrocarbyl derivatives of copper are classical σ -bonded copper-containing species.
They are formally analogous to other organometallic compounds of lithium, magnesium,
zinc, cadmium and mercury, aluminum, tin and lead. Most commonly they contain Cu(I)
and have the generic formula ‘RCu’. Other species with formal R−Cu σ bonds are formed
from reactions of organic species on metallic copper surfaces. RCu is also found in the
anionic ‘ate’ complexes, [R2Cu]−.

A. Methyl Copper and its Derivatives
Methyl copper is the simplest hydrocarbyl derivative of Cu(I). From the analysis of

the energetics of gas-phase Cu+/alkane reactions, the 0 K bond energy for CH3Cu is
found to be 243 ± 8 kJ mol−1 1. This value is in fine agreement with an earlier lower
bound of 249 kJ mol−1 found from related cation/alcohol reactions2. From the sublimation
enthalpy of Cu (337 kJ mol−1)3, reaction 1 is exothermic by ca 94 kJ mol−1. This is
much less exothermic than for the corresponding reactions of Ag and Au which are −150
and −159 kJ mol−1, respectively4. The bond energy value does not reflect particularly
weak metal–carbon bonding because there is no additional stabilization due to agostic
interactions between the closed-shell Cu and the C−H bonds. No new information about
any C−Cu bond energies was found for any other saturated hydrocarbon.

MeCu(g) −−−→ Mež(g) + Cu(s) (1)

Approximating the enthalpy of dissociation by the dissociation energy, the equality in
equation 2 can be rewritten as equation 3.

D(X−Y) = �Hf(X) + �Hf(Y) − �Hf(XY) (2)

�Hf(MeCu) = �Hf(Mež) + �Hf(Cu) − D(Me−Cu) (3)
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Using the 0 K enthalpies of formation of CH3ž and Cu(g), the 0 K enthalpy of formation
of gaseous MeCu is 243 kJ mol−1. Equating the 0 K–298 K enthalpy difference for MeCu
with that of MeI (copper is a rather non-electropositive metal and iodine is a rather non-
electronegative nonmetal) of 10 kJ mol−1, or with MeH (methane) of 8 kJ mol−1 3, gives
an estimated enthalpy of formation at 298 K for MeCu of ca 234 kJ mol−1.

The RCu species is simply understood as containing Cu(I). The related Cu(II) species,
MeCuH and MeCuF, were formed by the reactions of atomic copper with CH4

5 and
CH3F6 in a matrix environment. However, because the temperature and electronic state
of the atomic copper are ambiguous (the copper is formed by laser excitation of either a
metal-containing matrix or bulk metal), thermochemical results cannot be derived from
these data. However, the structural and stoichiometric assignments are secure because
of the careful spectroscopic analyses of the organocopper species as well as alternative
syntheses of the relevant species.

B. Copper Acetylides

Lebedev and Kulagina published a review of thermodynamic characteristics of cop-
per, silver, gold and mercury acetylides from calorimetric measurements7. Enthalpies of
formation of the copper-containing acetylides of the type RC≡CCu in the solid state
are reported to be: R = Vi, 296.0 ± 2.8; n-Bu, 73.2 ± 3.5; n-Hx, −100.4 ± 3.3; and Ph,
296.0 ± 2.1 kJ mol−1. Of related interest is the enthalpy of formation of silver pheny-
lacetylide, −346.0 ± 1.7 kJ mol−1. There is an apparent anomaly in the data. It is well-
known that there is a linear relationship between the enthalpies of formation and number
of carbons in a homologous series of compounds, CH3(CH2)nZ, in both the liquid and
gas phases8. There are very few series for which solid state enthalpies of formation
are available, but for two of them the methylene increments are −31.5 (n-alkanols) and
−27.0 (n-alkanamides) kJ mol−1. The enthalpy of formation difference for the two copper
acetylides R = n-Bu and R = n-Hex is −86.8 kJ mol−1 per methylene group which is too
large to be credible. Assuming that the enthalpy of hydrogenation in the solid state is not
too different from that in the liquid or gaseous state (ca −130 kJ mol−1 for hydrogenation
of 1-buten-3-yne to 1-butyne), then the enthalpy of formation of copper ethylacetylide
derived from hydrogenation of copper vinylacetylide is ca 166 kJ mol−1. From the derived
enthalpy of formation of copper ethylacetylide and the average of the two known methy-
lene increments, the enthalpy of formation for the butyl derivative would be about 108
and for the hexyl derivative about 50 kJ mol−1.

Vinyl- and phenyl-substituted compounds, Vi-Z and Ph-Z, are observed to have approx-
imately the same enthalpies of formation9 and this holds true for the measured ViC≡CCu
and PhC≡CCu species as well. In an earlier chapter4 we reported that the endothermicities
of reaction 4 are essentially the same for M = Ag and Cu and so reaction 5 is essentially
thermoneutral.

MCN(s) + PhC≡CH(lq) −−−→ PhC≡CM(s) + HCN(lq) (4)

CuCN(s) + PhC≡CAg(s) −−−→ PhC≡CCu(s) + AgCN(s) (5)

The measured enthalpies of combustion of the copper acetylides are problematic even
though the error bars are relatively small and the analysis of the compounds suggest high
purity samples. The combustion process is written with the explicit assumption that solid
CuO, in the presence of water and carbon dioxide, is the product. However, the solid
CuO, the lower valence solid Cu2O and the hydrated copper oxides Cu(OH)2 and CuOH
are comparably stable. To further confound the issue, there are also well-known copper
hydroxide carbonates (such as the minerals malachite and azurite) that could be formed.
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Small differences in combustion conditions, or the identity of the copper acetylide, could
result in different amounts of these species. As such, careful measurements of enthalpy of
combustion are not immediately related to well-defined values of enthalpy of formation
and so the reported enthalpies of formation and even their differences must regrettably be
viewed with skepticism.

There is an electrochemical measurement10 for the enthalpy of formation of the parent
monocopper acetylide, CuC≡CH, in aqueous solution. There are no additional data to
help interrelate this aqueous-phase data with those from the solid.

C. Alkyl Radicals on the Surface of Elemental Copper

These solid-phase experiments deal with organometallics containing R−Cu bonds11,12

but in a different phase from those in which discrete molecular species are found, or
at least those compounds with well-defined stoichiometries. Perhaps had there been
ample thermochemical data for more ‘normal’ compounds, these findings from the solid
state might not have been included. In what follows, the crystal face that is being
considered is generally disregarded, despite careful experiments that allowed for this
distinction13. Summarizing numerous studies from the solid state, the bond energies
are: methyl–Cu, 121 ± 9 kJ mol−1 12; ethyl–Cu, 138 ± 7 kJ mol−1 14; primary alkyl–Cu,
136 ± 25 kJ mol−1 12; and allyl–Cu, 109 ± 17 kJ mol−1 15. A comparison could be made
between methyl and primary alkyl in terms of the methyl deviation from the ‘universal
methylene increment’ and the anomalies of methyl substitution8. The weakened allyl–Cu
bond could be explained simply in terms of resonance stabilization of the allyl radical16

formed on breaking this bond modulated by an interaction of the metal with the π sys-
tem in the organometallic. However, additional factors complicate the explanations. For
example, the double bond in ethylene has been suggested to be tilted away from the
Cu(110) surface17 but bonded to the Cu(100) and Cu(111) surfaces11, i.e. the π-metal
interaction is seemingly not always stabilizing. C−H bonds seem to favorably inter-
act with the Cu surface18 as shown by the increase by 5 ± 1 kJ mol−1 for the bonding
of n-alkyl halides for each additional methylene group19. α-Hydride elimination from
organocopper compounds is at least seven orders of magnitude less favorable than β-
hydride elimination20, making methyl-bonded copper considerably more stable kinetically
than the higher n-alkyl copper species despite a meaningfully weaker C−Cu bond in the
former.

All secondary alkyl coppers seem to have comparable bond strengths, or at least have
comparable activation energies for decomposition21. This is the case whether the sec-
ondary alkyl group is acyclic, monocyclic or bicyclic. However, their reactivity with
regard to decomposition by β-hydride elimination exhibits variation of some six powers
of ten when the rates are corrected to a common temperature of 200 K. The variation
was ascribed as largely due to free-energy differences needed to orient the hydrocarbyl
group with a 0◦ dihedral angle between the β-H and the surface atom bearing the Cu−C
bond. No interconversion of primary and secondary alkyl groups on Cu is known to the
authors. No evidence for any special, i.e. non-classical, behavior was found as for the
2-norbornyl carbocation. No mention was made about tertiary alkyl coppers and so no
comparison is possible between 1- and 2-norbornyl copper derivatives and interaction of
copper with the anti-Bredt olefin 1-norbornene as opposed to the more mildly strained
2-norbornene that are formed upon decomposition of the corresponding bicycloalkyl. The
‘discrete’ molecular species 1-norbornylcopper exhibits high thermal stability22 as it is
this 1-norbornene that would be produced by the ‘natural’ β-elimination decomposition
pathway.
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D. Conjectures on the Energetics of Dialkyl Cuprates

The enthalpy of formation of any dialkyl cuprate, [RR1Cu]−, remains unmeasured for
any R and R1. Likewise, any enthalpy of reaction of such species is unknown. However,
there is reason for optimism about such determinations and what follows are outlines of
some suggested experiments. Such anions are readily formed in the gas phase by sequen-
tial decomposition of copper(I) biscarboxylate anions23. Both homoleptic organocuprates
(R2Cu−, where R = Me and Et) and diverse heteroleptic organocuprate anions (RR1Cu−,
where R = Me and R1 = Et, n-Pr and i-Pr, t-Bu, allyl and Bn) have been prepared, as well
as monocarboxylate complexes, as in reaction 6. It would appear that competition reac-
tions involving loss of the various hydrocarbyl groups in the RCuR1 by ‘kinetic method’
measurements24 should provide information on relative carbon–copper bond strengths.

(RCOO)(R1COO)Cu− −−−→ (RCOOCuR1)− or (RCuOOCR1)− −−−→ (RCuR1)− (6)

In the gas phase25, dimethylcuprate has been shown to react with methyl iodide to form
CH3CuI− + C2H6. From this, the bounds for the relative dissociation energies of other
R−Cu and Cu−halogen bonds are D(Cu−I) − D(C−I) > D(Cu−C) + D(C−C).

Finally, cupric acetate reacts with bis(hydrocarbyl) magnesium R2Mg in the presence
of tertiary phosphines, P 26, to give organocopper species, both the ionic salt [CuP4]+
[CuR2]− and/or the covalent ligated RCuP3 depending on the identity of the R group.
Evaluation of the equilibrium constant for the ligand exchange reaction 7 would pro-
vide useful information on the R−Cu bond strength in neutral and ionic organocopper
compounds.

2 RCuP3 −−−⇀↽−−− [CuP4]+[CuR2]− + 2P (7)

E. Anionic Copper

Anionic copper is the monoatomic species Cu− for which the energetics are well
known. Simplistically, Cu− may be expected to behave like a halide ion because it is
monatomic, singly charged and has no unpaired electrons. However, the electron affinity
of Cu corresponding to formation of the 1S anion is 119 kJ mol−1 27 – 29 as compared to
>300 kJ mol−1 for the halogens F, Cl, Br and I. Some comparisons of the hydrogen
bonding behavior of this anion with halides and with its congeners Ag− and Au− have
been made30.

Elemental copper31 and Cu(I) ate complexes32 have been suggested as synthetic inter-
mediates from the naphthalene radical anion reduction of Cu(I) complexes. It was proposed
that Cu− is formed by electron transfer to the metal, which then undergoes a displace-
ment reaction with the organic compound. We await more classical chemistry comparisons
involving Cu− as the nucleophile33 analogous to SN 2 reactions of alkyl halides for which
considerable understanding of gas-phase chemical energetics has been deduced.

F. Copper Bonded to Methylene

There are at least three meanings to ‘copper bonded to methylene’: the four-atom
species CuCH2; a CH2 bonded to a metallic copper surface; and the binding of CH2
as found in an n-alkane or derivative thereof to Cu. With regard to the first meaning,
and related to the aforementioned gas-phase ion–molecule reactions of Cu+ with diverse
alkanes1, are those with ethylene oxide and cyclopropane that have been shown to form
CH2Cu+ 34. While the CH3−Cu+ bond energy is 240 ± 7 kJ mol−1 (this is ca twice that
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for the neutral methylcopper), the CH2−Cu+ bond energy is 267 ± 6 kJ mol−1. Although
discrete, neutral tetraatomic CH2Cu has been observed and spectroscopically characterized
subsequent to laser synthesis from atomic Cu and either cyclopropane35 or diazomethane36,
again it is impossible to derive thermochemical information without knowing the tempera-
ture or electronic state of Cu. No measurement for its ionization energy has been reported
and so the CH2Cu bond energy cannot be derived to compare with that of CH3Cu.

The C−Cu bond energy for discrete molecular species and that for a surface bound
organic group are significantly different. For surface bound CH2 on metallic copper, a bond
energy of 314 ± 42 kJ mol−1 has been determined37, more than twice the corresponding
binding energy of CH3 on the surface, 138 ± 33 kJ mol−1 —it remains unknown whether
this is a methylidene (=CH2) or μ2-methylene (−CH2−) complex. The last meaning of
‘CH2Cu bond energy’, namely that from the interaction of a methylene group as found in
an alkane or other alkyl chain with the Cu metal surface, has a value of ca 5 kJ mol−1 19.

G. Cyclopropanes, Other Cycloalkanes and Copper-containing Species

Earlier we cited the gas-phase reaction34 of Cu+ with cyclopropane to form CuCH2
+.

Now consider the reaction of cyclopropane with metallic copper. The simple adsorption
process on Cu(110) and Cu(111) surfaces is experimentally shown38 to be exothermic by
ca 40 kJ mol−1. Irradiation of cyclopropane on copper surfaces with 10 eV electrons (ca
900 kJ mol−1) result in both C−C and C−H bond cleavage showing the presence of both
cupracyclobutane and cyclopropyl-copper species in an approximately 1:4 ratio. That the
cupracyclobutane is the product and not the ‘pentanuclear’ 1,2-dicupracyclopentane was
shown by IR spectroscopy39,40. That the cyclopropyl-copper maintains the 3-membered
ring from the parent cyclopropane was demonstrated and comparison was made with other
cyclopropyl and ‘linear alkyl’ (e.g. η1-allyl) derivatives. All of these results are consis-
tent with the spectroscopy of other organometallics, although 1,2-dimetallocyclopentanes
are notably scarce in the literature, e.g. both 1,2- and 1,3-dibromopropane form propene
on aluminum surfaces, as does 1,3-diiodopropane41. 1,3-Diiodopropane reacts42 with α,β-
unsaturated esters (i.e. acrylates and the isomeric fumarates and maleates), copper and iso-
cyanides to form the corresponding substituted cyclopentyl isocyanides (RNC)žCuI com-
plex. The authors suggest the intermediacy of 3-iodopropyl copper derivatives rather than
either cupracyclobutanes or 1,2-dicupracyclopentanes, although none of these intermedi-
ates are precluded by the data. 1,4-Diiodobutane likewise forms the substituted cyclohex-
ane—there is no evidence for or against cupracyclopentanes or 1,2-dicupracyclohexanes.

H. Vinyl and Other Alkenylcoppers

Surprisingly little is known about the energetics of vinylcopper species. Vinyl radical
bonds to metallic copper surfaces43. The dissociation of vinyl copper is more reminis-
cent of methyl than other alkyl coppers in that butadiene is formed by its dissociation
rather than β-hydrogen elimination to form acetylene, whereas surface bound ethyl forms
ethylene and not butane. The lability of surface bound alkyl groups on Cu affirms the
exoergicity (at least at temperatures exceeding 200 K) of the ‘generic’ alkyl/alkene reac-
tion 8.

Cu(surface)−C−C−H −−−→ Cu(surface)−H + >C=C<(g) (8)

However, not enough is known to deduce the energetics of the unsaturated counterpart
process for the vinyl/acetylene reaction 9.

Cu(surface)−C=C−H −−−→ Cu(surface)−H + −C≡C−(g) (9)
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Indeed, we cannot thermochemically compare the gas, liquid or solution phase reaction
10 with reaction 11.

Cu−C−C−H −−−→ CuH + >C=C< (10)

Cu−C=C−H −−−→ CuH + −C≡C− (11)

The hydrocupration reaction44, the reverse of equation 11, of 3-hexyne with dimeric
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene copper hydride forms the isolable cis-
3-hexenylcopper as a complex, reaction 12.

N
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Ar
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N

Ar

Ar

2EtC CEt
Et

C
H

C
Et
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N
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Ar
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2

H

+ (12)

In contrast, CuH is formed by in situ reduction of CuCl, and then reacts45 with 1-hexyne
to form 5,7-dodecadiene via the sequential reaction 13.

2CuH + 2BuC≡CH −−−→ 2BuCH=CHCu

−−−→ (E,E)-BuCH=CHCH=CHBu + 2Cu(s) (13)

It is too difficult to disentangle the simultaneously large steric and electronic effects of
the imidazolylidene ligand on copper and the corresponding ones in the two isomeric
hexenyl radicals and dimeric diene to derive bounds on Cu−C bond strengths despite
whatever knowledge we have about the thermochemistry of the diene products46. (Z)-
and (E)-1-propenylcopper, as their respective tributylphosphine complexes, thermally
decompose to form (Z,Z)- and (E,E)-2,4-hexadiene, respectively, with stereochemi-
cal integrity47. 2-Butenyl copper derivatives likewise decompose47 with stereochemical
integrity. In both cases, the (Z,Z)-diene is less stable than its (E,E)-counterpart. The
difference is 8.0 kJ mol−1 for the propenyl dimer48 and 1.6 kJ mol−1 for the 2-butenyl
dimer49.

I. Phenyl and Arylcopper Derivatives

Little is known about the energetics of arylcopper species. Cu+ binds to benzene with a
0 K dissociation energy50,51 of ca 217 ± 10 kJ mol−1. An unrealized challenge is to find
a base that will effect deprotonation (reaction 14) but not demetallation (reaction 15). It
is generally agreed that C6H6Cu+ is a π complex (η2 and η6) in which case considerable
geometric reorganization is needed to accompany the deprotonation to form the σ -bonded
phenyl copper.

C6H6Cu+ + B −−−→ PhCu + BH+ (14)

C6H6Cu+ + B −−−→ C6H6 + BCu+ (15)

A successful reaction would allow the determination of at least an upper bound to the
enthalpy of formation of PhCu and thereby a lower bound to the Ph−Cu bond energy.
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The same question applies for the variety of other aromatic−Cu+ complexes, although
in the case of the species with phenol it has recently been suggested that this π-complex
and a η1-carbon bonded complex are nearly isoenergetic, with the latter being somewhat
more stable52. The bond energy of PhOHžCu+ is ca 215 kJ mol−1 51,52.

Earlier in this chapter we mentioned the anions [MeCuR]− for a variety of alkyl groups
(R = Me and R1 = Et, n-Pr and i-Pr, t-Bu, allyl and Bn) and their gas-phase synthesis23

from carboxylate complexes. In the same study R1 = Ph was also investigated and all
subsequent discussion for these dialkylcuprates applies to methyl(phenyl)cuprate here as
well. Indeed, diphenylcuprate(–1) is known as a discrete anion in complexed lithium
and calcium cation salts Li(12-crown-4)2 CuPh2

− 53 and [(THF)3Ca(μ-Ph)3Ca(THF)3]+
CuPh2

− 54.
Phenyl copper is an oligomer in the condensed phase. In dimethyl sulfide solution it

has been shown to be a mixture of trimer and tetramer55; a variety of oligomerizations has
been reported for aryl copper depending on the aryl group and the solvent. An enthalpy
of aggregation of −15 ± 4 kJ mol− 1 was reported for the oligomer shuffling reaction 16.

3(PhCu)4 −−−→ 4(PhCu)3 (16)

The tetramer is known as the dimethyl sulfide disolvate in the solid but solvation data
are absent56. 2,6-Diphenylphenylcopper (2-cuprioterphenyl) (1) is a trimer in the solid
phase57. In benzene solution, it has an aggregation number of almost 2, suggesting the
dimer dominates in solution. 2,6-Dimesitylphenyl copper is a dimer in the solid. In benzene
solution, it has an aggregation number of 1.2 suggesting somewhat greater stability of the
monomer over the dimer or higher oligomers.

Cu

(1)

Benzene reacts with gaseous homoatomic copper anion clusters to form PhCum
− for

m = 1, 2 and 358,59. A combination of the photoionization energy of these species59 and
the enthalpies of formation of the polymetal anions60,61 provides at least a bound for the
enthalpy of formation of the neutral phenyl copper species. Phenyl-copper clusters also
exist in the condensed phase, albeit generally with rather exotic counterions and affixed
ligands. For example, the [Cu5Ph6]−, [Cu4LiPh6]− and [Cu3Li2Ph6]− anionic clusters
with D3h symmetry have been crystallographically characterized62 – 64. This ‘equivalence’
of Cu and Li as evidenced by the previous series of three anions is not unprecedented,
even with no assumption of similar geometries or even structures65. Neutral and cationic
clusters have also been seen and characterized, e.g. Cu4MgPh6 (isoelectronic to the pre-
vious ‘5-atom cluster’63) and [Cu3Ph2]+ 66. The last ion, its linear CuCuCu chain doubly
complexed with N ,N ,N ′,N ′′,N ′′-pentamethyldiethylenetriamine (PMDTA), was formed as
its [Cu5Ph6]− salt. Unfortunately, the energetics—or even relative energetics—of these
species are essentially unknown. We can say reaction 17 is energetically favorable but
little more.

‘CuPh’ + PMTDA −−−→ [Cu3Ph2ž2PMDTA]+[Cu5Ph6]− (17)
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As for the phenyl copper derivatives, very little is quantitatively known about the energet-
ics of other classes of cluster species such as metal carbonyls and carboranes, at least in
comparison with classical organic compounds, inorganic and organometallic compounds.

J. Polycuprioalkanes (Polycopperalkanes)

In previous sections, we discussed alkyl copper compounds, also known as cuprioalka-
nes. We also discussed, however briefly, dicuprioalkanes. In this section we return to this
latter class of species and generalize them with the title ‘polycuprioalkanes’ to allow for
the possibility of multiple copper atoms being present. We start with dicupriomethane.
There is no evidence for any discrete molecular species with the formula CH2Cu2. The
closest to this species is CH2 absorbed on metallic copper37 but, as acknowledged before,
there is no information about how many coppers the CH2 is bonded to. Tri- and tetracupri-
omethane have not been studied—there are thermochemical data for carbon presumably
bonded to two coppers but not four, while for lithium there are thermochemical data on
CLi4 but not CH2Li2.

A species with the formula C2H4Cu2 is known from gas-phase experiments67. From
modeling the observed data, the Cu2/C2H4 binding energy for the gas-phase species has
been suggested to be at least 83 kJ mol−1. Should this species be understood as an ethy-
lene dicopper cluster67, a 1,2-disubstituted ethane68, or as a perpendicular C2H4žCu−Cu
complex69? There is also a spectroscopically observed and characterized70 – 74 species
with this formula, accompanied by the likewise characterized C4H8Cu2 and C6H12Cu2,
C2H4Cu, C4H8Cu and C6H12Cu. These last five species, like C2H4Cu2, were described
as ethylene-copper complexes but structural proof is likewise absent.

Continuing now with species with the formula CnH2nCu2, the copper reaction chemistry
of α,ω-diiodoalkanes with suitable olefins was briefly discussed in the previous section
(we just mentioned CnH2nCu2 for n = 2, 4 and 6). The study of these I(CH2)nI with
activated copper, but without olefin, has also been reported75. The yield of cycloalkane
is not monotonic with increasing n: n = 4, 14%; 5, 40%; 6, 18%; 8, 0%. The yield of
more conventional cyclization reactions reflects entropy and conformational freedom as
well as enthalpic considerations; e.g. formation of cyclopropanes and epoxides is rather
easy despite their high strain.

In principle, other alkane derivatives with even more coppers may be suggested, such
as the theoretical suggestion of C2H2Cu4, alternatively described68 as 1,1,2,2-tetracuprio-
ethane and as a 1:2 acetylene dicopper complex. No experimental data, structural or
energetic, are yet available, however.

K. Bonds with Higher Oxidation State Copper

Copper may be considered as having an oxidation state of +1 in the simple alkyl
coppers, copper acetylides or the dialkylcuprates, or even in the surface bound alkyl group
containing species. The copper in the MeCu+ ion is +2 by assuming the Me is carbanionic,
as we did in the simple alkyl coppers and in magnesium species such as RMg+, RMgX
and R2Mg. We know of no thermochemical data for any neutral alkyl Cu(II) species,
neither R2Cu nor even RCuX complex to parallel the corresponding organomagnesium
species, R2Mg and RMgX76. However, photoionization of the aforementioned R2Cu−
(and likewise hetero-organocuprates RR1Cu− and RCuX−) would seemingly provide us
with this information.

Rather much more can be inferred thermochemically about organo-Cu(III) species.
Cu(II) oxidizes alkyl radicals to the corresponding carbocations and a copper–carbon
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bonded intermediate was suggested, as in reaction 1877,78.

Rž + Cu(II) −−−→ [R−Cu]+2 −−−→ Cu(I) + R+ −−−→ carbocation derived products
(18)

The putative [R−Cu]+2 intermediate is Cu(III) by assuming the R is carbanionic. Using
this oxidation state definition, [R2Cu]+ species is also considered as Cu(III). One example
is the cuprocyclobutane cation suggested79 as an intermediate in the gas-phase reaction
of quadricyclane with Cu+ to form [C5H6CuC2H2]+ by way of a norbornadiene–copper
complex which fragments but leaves all of the pieces attached to the metal. Likewise, an
intermediate mixed π-complexed propargyl-alkyl copper cation has been suggested for
the fragmentation of octynes into mixed ‘lower’ alkyne-alkene–Cu(I) complexes80.

Neutral trihydrocarbyl copper species have long been discussed. However, only recently
have Me2EtCu with affixed anionic and neutral ligands and [Me3EtCu]− been observed
and well-characterized by low temperature ‘rapid injection NMR’81 – 83 in organocuprate
reactions such as reaction 19.

Me2CuLižLiX(X = I, CN, SCN, SPh) + EtI −−−→ [Me2EtCuX]− (19)

Additional reaction then proceeds to form [Me3EtCu]−. Alternatively, if the CuI complex
is first reacted with suitable electron-donating Lewis bases such as phosphines, phosphates,
isocyanides and pyridines, then neutral Me2EtCuL are formed. These were found to be
highly fragile suggestive of weak C−Cu bonds. Not surprisingly, the stability depends on
the affixed X and L. Thermal decomposition reactions at the ‘hot’ temperature of −80 ◦C
result in propane. However, these studies cannot be used to deduce relative Me−Cu and
Et−Cu bond strengths because the relatively small methyl groups are situated trans from
each other to allow the two larger groups to be trans in the square-plane Cu(III) complex.

The anionic Cu(III) species, (CF3)4Cu−, is isolable as a ‘surprisingly stable’ salt84.
It would appear that this Cu(III) species is particularly stable in that its synthesis from
CuCF3, formed in situ, can be achieved by oxidation with the rather strong oxidant XeF2
but also with any of the three elemental halogens Cl2, Br2 and I2 (the last two rather weak)
when accompanied by the large cations Bu4N+, Ph4P+ or PNP+ (PNP = Ph3PNPPh3).
To quantify this assumption of stability, it might be possible to ‘volatilize’ this anion
from its salts and sequentially chip away Cu−C bonds, determining their energy by use
of collision-induced dissociation measurements, as in reaction 20.

(CF3)4Cu− + M −−−→ (CF3)nCu− + (4 − n)CF3
ž + M (20)

Perhaps this species and the less trifluoromethylated anions can be photoionized to form
the neutral formal Cu(IV) species using the same methodology that was used for Cu− in
an earlier section of this review, as in reaction 21.

(CF3)nCu− −−−→ (CF3)nCu + e−(n = 1–4) (21)

The superconducting bis(ethylenedithio)tetrathiafulvalene salt of (CF3)4Cu− has the
stoichiometry (BEDT-TTF)2Cu(CF3)4 with cocrystallized 1,1,2-trichloroethane solvent85.
It most likely contains Cu(III) rather than Cu(II) despite the long-known existence of
[Cu(II)Cl4]2− and other cuprate salts. The same study reports the existence of the super-
conducting SF5CH2CF2SO3 salt with the same formal 2:1 cation/anion ratio, as well as
cites numerous other salts of this cation with well-defined anions of charge −1. Earlier
ESR experiments86 did not show Cu(II) in this (CF3)4Cu− salt and noted that supercon-
ductivity is lost in the absence of the halocarbon solvent in the solid.
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We now note the remarkably stable Cu(III) complex87, (CF3)2CuS2CNEt2. The phrase
‘remarkably stable’ is used because this species, like (CF3)4Cu−, can be isolated and
characterized, unlike most other Cu(III) species and unlike most other species with Cu−C
bonds. Comparison of its Cu−S bond strength with copper(II) dithiocarbamates88 and
its Cu−C bond with the above copper(III)-containing anion (CF3)4Cu− should prove
instructive.

III. THE THERMOCHEMISTRY OF BINARY COPPER–CARBON
SPECIES, CuxCy

There are apparently no direct measurements, whether it be a dissociation energy for
the CuC diatomic or of bulk solid Cu2C or CuC2, to mimic the long-known binary
carbides of aluminum or calcium, Al4C3 or CaC2, respectively. Analogous to the car-
bide chemistry of other metals, these latter species are ‘methanides’ and ‘acetylides’
(also called ‘acetylenides’ and ‘ethynediides’). For the latter class of species there are
some fragmentary data. There is the long-known species with the formal formula Cu2C2,
cuprous (or copper(I)) acetylide. This species has usually been considered as highly
explosive89 – 92, although recently it has been ‘tamed’93. There is also Cu2C4, the copper
butadiyne or diacetylene derivative94, as well as a polyyne copper derivative of ambiguous
stoichiometry95. However, while structure and composition are becoming better under-
stood, thermochemical information is still generally lacking.

It has been observed96 that silver acetylide is a more energetic explosive than its
copper counterpart. Assume the simplest decomposition reaction for M = Ag and Cu is
equation 22.

M2C2(s) −−−→ 2M(s) + 2C(s) (22)

If it is also assumed that the carbonaceous products are the same for both metals97,
then the reaction for M = Cu is less exothermic than that for M = Ag. The enthalpy of
formation of Ag2C2(s) has been given3 as 350.6 kJ mol−1, and so that value is an upper
bound for the enthalpy of formation of Cu2C2(s). However, it was also shown98 that the
transmetallation reaction 23 proceeds rapidly and quantitatively.

Ag2C2 + 2Cu+(aq) −−−→ Cu2C2 + 2Ag+(aq) (23)

Assuming the entropy change is negligible and accepting the stoichiometry of both metal
acetylides as written, an even better (i.e. smaller or tighter) upper bound for the enthalpy
of formation of Cu2C2(s) is 282 kJ mol−1. This correctly confirms that solid Cu2C2 is
highly unstable. Na2C2(s) has an enthalpy of formation of 17 kJ mol−1 and so is likewise
unstable relative to the elements, but much less so than the other two metals. All of the
carbides are relatively unstable because the C−C bond strength in graphite is so much
stronger than the covalent bonds in most other metal compounds with nonmetals. Nitrides,
likewise, are generally quite unstable. Since sodium is more electropositive than either
copper or silver, the sodium salt is expected to be most stable.

Solid Cu2S has an enthalpy of formation of −80 kJ mol−1, while Ag2S (derived as the
average of two crystalline forms) has the value of ca −30 kJ mol−1. Na2S has an enthalpy
of formation of −365 kJ mol−1 and so the order of stability for the sulfides is the same as
for acetylides. Consider now the formal solid state reaction 24. As written, this reaction
is at least 29 kJ mol−1 exothermic.

Na2C2 + Cu2S −−−→ Na2S + Cu2C2 (24)
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Recently, it has been found99 that the ‘undercoordinated’ (410) surface of solid Cu
reacts with ethylene to form chemisorbed C2. By use of ‘a simple thermodynamic cal-
culation’ involving the strength of C−H and Cu−H bonds, the authors deduced that the
Cu−C bond energy is 200 ± 30 kJ mol−1. However, as do the original authors, we forego
attempting a precise description on the molecular level of the Cu(s)−C2 surface species
of interest.

Gas-phase copper–carbon cluster ions have been investigated with rather nonclassical
stoichiometries even when it is acknowledged that it is C2, not C, which is the fundamental
carbonaceous building block. Some species have been ascribed as having ‘magic numbers
for stability’, e.g. Cu11C10

+ 100, and others as sandwich structures, e.g. Cu3C4
− 101 in which

a triangular Cu3
3+ is sandwiched between two C2

2− ions. Both qualitative and quantitative
data have been derived for the energetics of these ions, but none of these findings result
in an enthalpy of formation for any neutral species containing only copper and carbon, or,
for that matter, containing copper, carbon and anything else such as hydrogen as would
be formed by protonating an anion.

IV. COPPER COMPLEXES WITH CARBON MONOXIDE
AND CARBON DIOXIDE

In this section, copper complexes with carbon monoxide and carbon dioxide qualify as
organometallics because they have Cu−C bonds. For the synthetic chemist, copper has
long been associated with carbon monoxide. The classic Gattermann synthesis of aromatic
aldehydes employs CO, along with some catalyst, as the formylating agent of the arene.
Copper salts have often served as the catalyst. The Koch carbonylation of aliphatics (e.g.
alkenes, alcohols, alkanes) with CO to form the acid with one more carbon (or some
derivative thereof) has long been known. Again copper-containing species have shown
catalytic activity. However, these processes have not been studied from a thermochemical
vantage point, much less from a calorimetric perspective. Other examples are the binding
of CO by copper in the active oxygen binding sites of hemocyanins of crustaceans and
some other invertebrates, and by copper-containing artificial silicate and aluminosilicate
minerals. There are no values for biologically relevant Cu−CO bonding energies. We will
ignore the binding of CO to Cu as found in cage-structured metal aluminosilicates. Most
commonly these are zeolites, and the copper may be found in the oxidation state(s) Cu(0),
Cu(I) and/or Cu(II).

A. Homoleptic Copper Carbonyls and Related Species

Like other transition metals, copper forms a variety of carbonyls—neutral, cationic and
anionic species defined by the general stoichiometry Cux(CO)y . Whether these species be
charged or not, there are no other affixed groups or other ligands. These are most gen-
erally not like organic carbonyl compounds. The x = 2, y = 1 species, Cu2(CO), should
not be assumed to resemble formaldehyde, H2CO, even though both copper and hydrogen
are often found in their univalent oxidation state. The x = 1, y = 2 species, Cu(CO)2,
should not be considered an inorganic analog of carbon suboxide, C3O2 (O=C=C=C=O).
Neutral copper carbonyl species are all unstable, i.e. none of them are isolable under
conventional laboratory conditions at or near STP, and, as a consequence, there are com-
paratively few measurements of their bond energies, much less enthalpies of formation.
This instability also suggests that the bond strengths in these species are rather low com-
pared to the carbonyls of many other metals such as copper’s neighbors in the periodic
table, iron, cobalt and nickel. For the neutral copper carbonyls, the bond energies are only
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known102 for x = 1 with y = 1 and 2 to be 25 ± 5 and >50 kJ mol−1, respectively. This
may suggest that Cu(CO)2 is a viable gas-phase species under ambient conditions and
that gives optimism for the existence of Cu(CO)3. However, we know of no evidence
for this or any higher copper carbonyl under ambient conditions. That is, one must con-
sider the low temperature and high dilutions that characterize cryogenic matrices103 – 105.
As adsorbed on the surface of metallic copper, 250 mV (24 kJ mol−1) was adequate to
remove106 a CO from Cu(CO)2 to form CuCO, but 500 mV (48 kJ mol−1) was needed to
remove and then exothermically transfer the remaining CO to form Cu. For bulk metallic
copper, it has been shown that the binding energy of CO starts at 70 kJ mol−1 for pristine
surfaces and then decreases to ca 53 kJ mol−1 for coverages between 0.15 and 0.35 of a
monolayer107. Alloys are complicated and effects are usually nonadditive with regard to
their metallic components. For example, the binding of CO to copper–platinum alloys is
stronger than to either of these metals alone108.

Sequential Cu−CO bond energies have been measured109 for Cu(CO)y+ ions, y = 1, 2,
3 and 4, which are respectively 148 ± 9, 172 ± 3, 75 ± 4 and 53 ± 3 kJ mol−1. These ions
are also known in the solid phase110 and are well-characterized in solution as well111,112. It
is perhaps surprising that Cu(CO)4

+ is not found in a solid salt. After all, the isoelectronic
Co(CO)4

− and Fe(CO)4
2− are well-known in condensed-phase media and the isoelectronic

neutral Ni(CO)4 is well-studied in the gas phase as well. Perhaps as a tetrahedral cation,
Cu(CO)4

+ lacks a coordination site that would allow it to ‘snuggle’ with its counterion.
It thereby derives adequate additional stabilization that would allow for its isolation in
the solid as part of an ionic salt.

The electron affinities of some Cux(CO)y species have been measured in the gas
phase113. For x = 1, y = 2, 3, 4 and x = 2, y = 4, 5 these values are 92, 98, 100, 138 and
115 kJ mol−1, respectively. The energetics of some ‘copper-rich’ (x > y) anionic carbonyl
clusters have also been measured. For Cux(CO)− the recommended114 Cux

−−CO bind-
ing energies are respectively: x = 3, 77 ± 29; x = 4, 62 ± 14; x = 5, 119 ± 21; x = 6,
84 ± 24; and x = 7, 59 ± 16 kJ mol−1.

Gas-phase Cux(CO)+ clusters with x = 7 and 17 show particular stability compared to
those with nearby values of x115. Gas-phase CO-rich cationic clusters Cux(CO)y+ (x � 14,
y generally � x) have also been studied116 but while rate constants are reported, bond
energies and stoichiometries are generally absent. Of these species only for the x = 1,
y = 2 case are there thermochemical data for the cation109, neutral102 and anion113.

For CS that is isoelectronic to CO, the Cu+−CS bond energy has been determined117

to be 238 ± 12 kJ mol−1 in Cu(CS)+. It is interesting to note that the first synthesis of CS
involved passing carbon disulfide over copper metal118. Revisiting this experiment with
contemporary spectroscopic instrumentation should prove interesting. While some neutral
copper thiocarbonyl species such as Cu(CS)2 and Cu2CS119 were observed in cryogenic
matrices a century later, thermochemical data are absent for these species as well as for
any anionic copper–carbon monosulfide complex. All that can be said is that metal CS
complexes are usually more strongly bound than the isoelectronic CO complexes.

B. Copper Halide Carbonyl Complexes

As evidenced by reports from the mid and late 19th and early 20th centuries, copper
halide complexes with CO have a long history120 – 123. More recently, CO was cocondensed
in a matrix with CuCl and CuCl2 and their respective monocarbonyls, CuClžCO124 – 127 and
CuCl2žCO127, were characterized structurally as discrete molecules. The thermochemistry
of CuCl/CO complexation has been studied128,129. The enthalpy of the carbonylation
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reaction 25 is exothermic by 46.6 ± 0.1 kJ mol−1 with an associated Gibbs energy of
−1.374 ± 0.006 kJ mol−1 128.

CuCl(s) + CO(g) −−−→ CuClžCO(s) (25)

By contrast, CuAlCl4 in toluene130 reversibly binds CO by 64.5 kJ mol−1, as found by
taking the difference between the activation energies for the forward and reverse directions
for CO complexation. However, the binding enthalpy is only ca 30 kJ mol−1 as found from
enthalpy of solution measurements involving the explicit formation of copper carbonyl
AlCl4 complexes131. On the assumption that CuCl forms Cu(NH3)3Cl in water in the
presence of NH3, CO complexation of ‘ammoniacal cuprous chloride’ is suggested to be
exothermic by 39.7 kJ mol−1 132.

C. Cu(I) vs Cu(II) Binding of CO

Although there is a relatively rich Cu(I)–carbon monoxide chemistry, there is compar-
atively little for Cu(0) and Cu(II). One of the few direct comparisons of Cu(I) and Cu(II)
is for their t-butoxides. While copper(I) t-butoxide forms a monocarbonyl complex stable
enough133 that it may be sublimed (60 ◦C at 1 mm), this same study reports that copper(II)
t-butoxide reacts with CO at 90 ◦C to form this copper (I) alkoxide carbonyl and di-t-
butyl carbonate. The enthalpy of formation of copper(II) t-butoxide is unknown134, as are
that of other copper and transition metal alkoxides. Accordingly, the presumed exother-
micity of this reaction cannot be used to provide an estimate for the enthalpy of formation
of Cu(O-Bu-t)žCO. Combined electrochemical and spectroscopic measurements135 have
shown that Cu(I) prefers binding CO over acetonitrile, while the reverse is true for Cu(II).

D. Copper Carbon Dioxide Complexes

CO2 may bind copper by one or both oxygens to form a Lewis base/Lewis acid complex,
or by the carbon to produce a formate-like species. We concern ourselves here only with
carbon-bonded species. The study of the binding of CO2 to copper is related to that of CO.
The water gas shift reaction that interconverts CO and H2O, and CO2 and H2, is catalyzed
by metallic copper. Not only have C-bonded Cu−CO complexes been suggested, but more
recently so have C-bonded Cu−CO2 complexes136. This same CuCO2 species has been
suggested137 as part of the radiation chemistry of CO2 in the presence of copper ions
and hence metallic copper. This is the reaction chemistry of solvated electrons and the
resultant formation of a variety of transient species: the one-carbon containing CuCO2,
its anion CuCO2

−, the protonated form CuCOOH+ (not to be confused with a form of
Cu(II) formate), CuCO and the cation CuCO+. Two-carbon transients Cu(CO)COOH,
Cu(CO)(CO2) and Cu(CO)2

+ are also observed. There are other possible structural motifs
for CuCO2 and CuCO2

−. There is the copper carbonyl OCuCO formed by the reaction138

of atomic copper and CO2 and those reactions involving Cu− or CO2. Of all these species,
there are thermochemical data only for the Cu−CO bond energies in the CuCO+ and
corresponding dicarbonyl cation complexes.
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I. INTRODUCTION
The importance of Nuclear Magnetic Resonance (NMR) spectroscopy for the structure
elucidation of inorganic materials, organometallic complexes and metal-containing bio-
logical systems is well documented by numerous recent publications1 – 9. In these studies,
the direct NMR observation of metal resonances provides valuable information about the
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TABLE 1. Nuclear properties (spin quantum number I , natural abundance N.A., gyromagnetic
ratio γ , quadrupole moment Q and receptivity relative to 13C RN.A.) of isotopes used for NMR
investigations on organocopper compounds

Isotope I N.A. (%) γ (107 rad s−1 T−1) Q (10−30 m2) RN.A.

1H 1/2 99.985 26.7522205 — 5.87 × 103

6Li 1 7.59 3.937127 −0.0808 3.79 × 100

7Li 3/2 92.41 10.397704 −4.01 1.59 × 103

13C 1/2 1.108 6.728286 — 1.00 × 100

15N 1/2 0.37 −2.7126188 — 2.23 × 10−2

31P 1/2 100 10.8394 — 3.91 × 102

63Cu 3/2 69.09 7.111791 −22.0 3.82 × 102

65Cu 3/2 30.91 7.6043 −20.4 2.08 × 102

physical and chemical environment of the metal atom and additional information is gained
from investigations of the ligand resonances. However, for copper compounds there was
little information available about NMR of copper substances in the early volume, The
Chemistry of the Metal–Carbon Bond, of the Patai series in 1982. Neither direct copper-
detected nor ligand-detected structural information was available, which was interpreted
as ‘possibly indicating a lack of interest in Cu(I) chemistry’10. Since then, the relevance of
organocopper complexes has grown dramatically. This is documented by a series of recent
reviews, which describe the wide applicability of organocopper compounds in catalytic and
stoichiometric organic reactions and the actual interest in their reaction mechanisms11 – 23.
The major relevance in organic synthesis also necessitates a better understanding of the
structure and dynamics of organocopper compounds, in order to enable faster reaction
optimization processes and, to some extent, a rational control of the reactivity.

However, the NMR properties of the two copper isotopes (Table 1) allow the direct
NMR detection of copper resonances mainly in highly symmetric structural arrangements
due to their high quadrupole moments. Therefore, for most of the copper complexes,
the NMR spectroscopic approach relies on different NMR active nuclei available in the
ligands. In Table 1, the NMR properties24 of selected isotopes, which have been used
successfully in structure elucidation of various organocopper compounds, are given.

Nowadays, NMR is the most powerful method for structure analysis in solution, but
it is an indirect method and not a direct one, as e.g. X-ray analysis. Therefore, for an
accurate structure elucidation via NMR, a sufficient number of structure parameters have
to be spectroscopically available. Due to the fact that organocopper compounds and copper
complexes often form highly symmetrical supramolecular structures, the available NMR
parameters, such as chemical shifts δ, scalar couplings J , dipolar interactions and diffusion
coefficients, sometimes do not reveal sufficient information for a complete and independent
structure determination by NMR. Therefore, in structure elucidation of copper complexes
in solution, very often information from X-ray structures, theoretical calculations and
further spectroscopic methods are combined with NMR spectroscopic results to reveal
structural aspects.

A. General Aspects of NMR of Organocopper Compounds

In solution and solid-state NMR spectroscopy, the direct detection of Cu resonances
shows some limitations, which are typical for nuclei with large quadrupole moments.
Copper possesses two NMR active natural isotopes, 63Cu and 65Cu, with a natural abun-
dance of 69% and 31%, respectively. Both have gyromagnetic ratios similar to that of
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13C and their receptivities show very acceptable values, with the slightly better one for
63Cu (Table 1). However, the most restricting parameter for NMR of copper isotopes is
the large quadrupole moment (Q) of both copper isotopes. Quadrupole moments arise
in every nuclei with a spin quantum number I � 1 and Table 1 shows that the NMR
spectroscopically favorable isotopes 6Li and 7Li also possess quadrupole moments. This
seeming contradiction is caused by the fact that the principal NMR accessibility of an
isotope depends on the absolute value of the quadrupole moment and of the electric field
gradient (EFG) across the nucleus, with large values being detrimental in case of both
parameters. In the following, the influence of quadrupole moment and EFG is briefly
explained to understand the limitations in copper NMR.

The quadrupole moment is a measure of the deviations from the spherical symmetric
charge distribution of the nucleus, which can be either prolate (lengthened) or oblate
(flattened). Consequentially, a quadrupole nucleus owns degenerate energy levels due to
different orientations of the quadrupole, in addition to the nuclear spin orientations, and
further transitions between these energy levels are possible, which are used in Nuclear
Quadrupole Resonance (NQR). These energy levels are quantized and split according to
an electronic field gradient (EFG), which results from an asymmetric charge distribution
around the nucleus due to an anisotropic arrangement of neighboring electrons and atoms.
In solution, the quadrupole coupling cannot be detected due to the isotropic tumbling of
the molecules, but acts as an effective relaxation source and can lead to enormous line
broadening of the signals. The effective amount of quadrupolar relaxation is directly
correlated with the magnitude of Q2 and the local EFG24 – 28. As a result, complexes with
a high symmetry, i.e. small EFGs and/or small quadrupole moments, show advantageous
NMR properties.

In the case of 63/65Cu NMR spectroscopy, it could be shown that in highly symmetric
tetrahedral Cu(I)L4 or octahedral Cu(I)L6 complexes the EFGs are sufficiently minimized
to enable the detection of copper resonances26. Contrarily, already an exchange of only one
ligand at the copper site to a Cu(I)L3L′-type structure usually leads to extremely broad line
widths or even to an undetectable copper signal. Even for CuL4 complexes, disturbances
of the symmetry induced by solvent, temperature, concentration or chemical composition
are observed as line broadening of the signals29 – 32. Recently, it was also reported that in
the case of Cu(I)L3L′-type complexes the right choice of the ligands reduces significantly
the line width by matching exactly the EFG31. Nevertheless, despite the large restrictions
in NMR spectroscopy of Cu(I) complexes in solution, quite a large amount of 63/65Cu
spectra of highly symmetrical complexes with varying ligands, e.g. phosphites27,30,33 – 37,
phosphines35,38,39, diphosphines38,40 – 45, nitriles29,30,32,36,37,46 – 55 and carbonyl com-
pounds26 are reported in the literature and some reviews have been published25,26,28,56.
For copper complexes with reduced symmetry and not detectable copper resonances, only
the NMR active nuclei of the ligands can be used for structure elucidation.

In addition, the line widths of all NMR signals are very sensitive to the presence of
paramagnetic compounds. Therefore, it is of great importance to avoid paramagnetic nuclei
in high-resolution NMR. Considering organocopper compounds, the Cu oxidation states
+I and +II are by far the most common and only the diamagnetic Cu(I) is observable
via NMR. For paramagnetic Cu(II) compounds, electron spin resonance (ESR) is the
method of choice. Therefore, for the application of high-resolution NMR spectroscopy the
absence of Cu(II) ions is very important, because otherwise the line-broadening effects
are tremendous30. In recent studies, the copper oxidation state +III has become more
and more important57 – 59. In this case the ligand field theory predicts for the d8 electron
configuration of Cu(III) a structure-dependent situation where square-planar complexes are
diamagnetic and tetrahedral ones are paramagnetic. For square-planar Cu(III) complexes,
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this could be experimentally confirmed and consequently tetrahedral and square-planar
complexes should be distinguishable by different line widths. Hence, NMR spectroscopy
of organocopper reagents is rather restricted to Cu(I) and square planar Cu(III) compounds.

B. NMR Techniques Applied to Organocopper Compounds

High-resolution NMR investigations are in general based on the determination of the
fundamental NMR parameters, chemical shift and scalar coupling. The chemical shifts of
63/65Cu resonances in different copper complexes can reach the higher positive or negative
three-digit area (ca −400 ppm to 800 ppm)26,60. Originally, CuCl or K3[Cu(CN)4] in D2O
were used as standards for 63/65Cu, but nowadays a solution of the tetrakis(acetonitrile)
complex [Cu(CH3CN)4]+ is commonly accepted and acts as chemical shift reference
of 0 ppm26. Because in organocopper chemistry severe line-broadening effects very often
lead to undetectable 63/65Cu resonances, the chemical shift values and the coupling patterns
of other nuclei, such as 1H, 13C, 6/7Li and 31P, are used for structure elucidation.

Besides the chemical shift, the information from scalar coupling constants, i.e. the
multiplicity of the signals, is the second important classical parameter in high-resolution
NMR spectroscopy. Due to the unfavorable nuclear properties of 63/65Cu, direct couplings
to copper are only detected in highly symmetrical complexes. In complexes with reduced
symmetry sometimes valuable scalar couplings of the NMR active nuclei across copper
are reported. For example, in temperature-dependent studies of copper–phosphoramidite
complexes61 and in organocuprate Cu(I) or Cu(III) π-intermediates57 – 59,62 – 65 either direct
observations of scalar coupling constants across copper or magnetization transfers via
scalar couplings across copper were possible. These studies show that not only the absolute
electronegativities and the resulting EFGs are the critical factors for the detection of scalar
couplings between ligand nuclei across copper, but also the exchange rate, i.e. the lability
of the ligands.

Especially for structural studies of lithium organocopper compounds and intermediates,
fully and partially 13C labelled compounds were synthesised with much effort in order to
observe reliable JH,C and JC,C coupling constants. In achiral Cu(I) π-complexes, INADE-
QUATE and HMBC experiments were successfully applied for the determination of JC,C
and magnetization transfers in partially labelled complexes. This spectroscopic approach
without any scalar couplings to Li is in contrast to that of other organometallic compounds
like, e.g., organolithium reagents, where direct scalar couplings to Li are commonly used
to determine structures and aggregation levels in solution66 – 74. When Li ions are part of
organocopper reagents, the applicability of JLi,X scalar couplings depends on the individual
binding properties. For lithium amidocuprates, the existence of JLi,N couplings facilitates
the data interpretation, whereas in the case of lithium dialkylcuprates the covalent character
of the organocopper–lithium bonds is not sufficient for a detection of scalar couplings.

In addition to chemical shifts and scalar couplings, qualitative dipolar 1H,1H homonu-
clear and 1H,X heteronuclear (X = 6/7Li, 13C, 15N) interactions can provide further struc-
tural details75 – 86 and the next step of structural refinements is the quantitative determi-
nation of NOEs or HOEs, which provide distances between different nuclei. In most of
the organic molecules and organometallic complexes with several dipolar interactions, it
is possible to assign one NOE/HOE to a known distance, which then serves as a dis-
tance reference for the other NOEs and HOEs. In the case of organocuprates, which
form highly symmetric species by supramolecular assembling (Section II.B.2), quantita-
tive NOEs or HOEs for distance measurements are difficult to access, because sometimes
only one resonance signal exists. Even for these systems a quantitative NOE/HOE deter-
mination is possible, but for that the reintroduction and determination of correlation times
τC and the measurement of build-up curves is necessary87. For example, the estimation
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FIGURE 1. 1H,6Li build-up curves of Me2CuLižLiCN (�, 1žLiCN) and Me2CuLi (Ž, 1), both
0.72 M in diethyl ether at 239 K. The initial build-up region is enlarged. Reprinted with permission
from Reference 87. Copyright 2001 American Chemical Society

of τC of organocuprates was made via the maximum HOE enhancement ηmax of the
1H–6Li HOE and with the help of the Solomon equations87,88. The initial build-up rate
σ1H,6Li of the HOE (Figure 1) then provides the H–Li distance. Because in the cross-
relaxation rate of the 1H–6Li HOE the distance rH – Li is the only unknown parameter, in
case the correlation time the isotope specific constants, the gyromagnetic ratio γ and the
resonance frequency ω are known (equation 1)

σ1H,6Li = 4

15

( μ0

4π

)2
(

h

2π

)2
γ 2

H γ 2
Li

r6
H –Li

τC

×
[

6

1 + (ωH + ωLi)2τ 2
C

− 1

1 + (ωH − ωLi)2τ 2
C

]
(1)

The determination of homonuclear 1H–1H NOE build-up curves in highly symmetric
molecules sometimes requires a determination of NOEs between chemically equivalent
groups. In these structures the symmetry problem can be solved by using the two different
isotopomers 1H–13C and 1H–12C (Figure 2a). The basic experiments for this purpose are
the HMQC–ROESY89 and HSQC–NOESY pulse sequences90. However, in the case of
long interproton distances, even with a 20% 13C labelling the sensitivity of these two meth-
ods is too low, because mixing times up to 1 s have to be used, which lead to an extreme
diffusion-like signal attenuation caused by the applied pulsed-field gradients. To circum-
vent this obstacle, a NOESY–HSQC pulse sequence was developed in which the gradients
for coherence selection are separated only by short refocusing delays and diffusion effects
are minimized (Figure 2b). This approach was successfully applied to organocuprates87,91.

The pulse sequences used in exchange spectroscopy (EXSY) are closely related to the
basic NOESY experiments. Both pulse sequences are identical and only the length of
the mixing time is varied. The EXSY experiments can be used to detect and quan-
tify exchange processes, which are slow on the NMR time scale, without applying
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FIGURE 2. (a) Schematic description of the two different isotopomers, which are used in (b) the
NOESY–HSQC to determine 1H,1H NOEs between chemically equivalent groups. From Refer-
ence 91. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission

temperature-dependent NMR, which would be disadvantageous in case of temperature-
sensitive compounds.

A NMR spectroscopic method for the determination of the size of supramolecular
assemblies is the diffusion-ordered spectroscopy (DOSY)84,86,92 – 96. In DOSY experi-
ments the spatial molecular motion in solution by virtue of thermal energy is used for the
determination of self-diffusion coefficients. In the 1960s, Stejskal and Tanner97 carried
out the first PFG-SE-Experiment (Pulsed-Field-Gradient Spin-Echo). Due to the change
of the spatial position within a distinct time interval between two pulsed gradients, an
attenuation of the signal is observed which can be used to calculate the self-diffusion coef-
ficient. The obtained diffusion coefficient D is inversely correlated to the hydrodynamic
radius rH, which is a measure of the size of supramolecular assemblies. For an accurate
calculation of the hydrodynamic radius from the experimental diffusion coefficients, a
modified Stokes–Einstein equation (equation 2) has to be applied which considers the
relative solvent/solute size (c) and the shape of the molecules (fS)93,98.

D = kT

c(rsolv , rH )fSπηrH

(2)

In equation 2, k represents the Boltzmann constant, T the temperature and η the vis-
cosity of the solvent. For reliable, reproducible and quantitative DOSY measurements,
variations in the viscosity and possible contributions of thermal convection have to be
especially considered. Viscosity changes, e.g. due to variable sample composition or con-
centration, have to be eliminated via viscosity standards93,99. Convection in the NMR tube
can falsify the diffusion value dramatically, because of the principal translational charac-
ter of the self-diffusion coefficient. Convection effects are significantly present in high-
or low-temperature measurements and strengthen with increasing difference from room
temperature. To compensate contributions from ideal convection, a convection compen-
sating pulse sequence, developed by Jerschow and Müller, is a reliable method100. Later
on, attempts were made to circumvent the low sensitivity of this method by shorter and
more sensitive pulse sequences101.

For the stabilization of reaction intermediates, rapid injection NMR (RI-NMR) is a
very promising technical approach which was developed in the last twenty years102,103. An
insert inside the NMR spectrometer allows one to inject substances directly into the NMR
tube, while the tube remains in the probe ready for the next experiment. This technique
affords minimal dead times between injection and NMR detection and is therefore ideal
for the observation of reaction intermediates with short life times.
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II. NMR STRUCTURE DETERMINATION OF ORGANOCOPPER REAGENTS
A. Stoichiometric Organocopper Reagents, An Introduction

The chemistry of stoichiometric organocopper(I) compounds is mostly covered by the
chemistry of organocuprates. Since the first observations of Gilman and Straley104, who
found soluble organocopper reagents after treatment of copper(I)salts with two equivalents
of organolithium reagents, organocuprates have become a widely used organometal-
lic reagent in organic synthesis. The general synthesis of homoleptic organocuprates
is given in Scheme 1a. The reaction of 1 equivalent of Cu(I) salt and 2 equivalents
of organolithium compound yields the desired Gilman-type cuprate104. Using Grignard
or organozinc reagents, instead of alkyllithium, Normant-type105,106 or Knochel-type107

cuprates are derived, respectively.

(b) 1 CuCN + RLi RCu(CN)Li

(a) 1 CuX

(c) R1MgCl + LiNR2 + CuCl R1Cu(NR2)Li

+ 2 RLi R2CuLi•LiX

SCHEME 1. Schematic description of the synthesis of (a) homoleptic Gilman cuprates, (b) heter-
oleptic cyanocuprates and (c) heteroleptic amidocuprates

In case only one equivalent of alkylation agent is used, heteroleptic organocuprates
(Scheme 1b) or amidocuprates (Scheme 1c) are obtained, which are sometimes of higher
synthetic importance due to the non-transferable ligand108. Especially, the amidocuprates
provide the introduction of chiral information via substituted chiral amido ligands109.
Considering the three equations in Scheme 1, it is obvious that the exact ratio of copper(I)
salt to the alkylation agent is crucial when the structures of free organocuprate reagents
are discussed. In comparison to the synthetically highly valued heteroleptic cuprates, the
Gilman-type dimethyl cuprates Me2CuLi (1) have become a generally accepted model for
mechanistic and structural studies on copper-mediated reactions. The structure elucidation
of these Gilman cuprates caused the famous and long-standing scientific discussion about
‘higher order’ and ‘lower order’ organocuprates110, which could be finalized in favor of
the Gilman cuprates110, and continued with numerous theoretical and spectroscopic studies
about the structures and reaction intermediates of dimethyl cuprates19,111,112.

Synthetically, it was early recognized that dialkylcuprates (Scheme 1a) are able to form
highly chemo- and diastereoselectively C−C bonds and this property is used throughout
organic synthesis108,113 – 115. Scheme 2 shows schematically the three standard reaction
types of organocuprates, addition reactions to unsaturated carbonyl compounds (Scheme
2a), SN 2-like substitution reactions (Scheme 2b) and SN 2′ allylic substitutions (Scheme
2c). Amidocuprates are also frequently used reagents in synthesis108,116 – 119. If additional
redox agents, such as chloranil, are used, even coupling reactions between the alkyl and
the amido substituents are possible and therefore amidocuprates provide access to tertiary
amines116 – 118.

The famous discussion about ‘higher order’ organocuprates started, because Lipshutz
and coworkers had reported higher reactivities of cyanocuprates than of iodocu-
prates120,121. Also later on, strong salt and solvent dependencies were found in syn-
thetic studies of various organocuprate reactions108,122. Even the only two detailed studies
with experimental setups enabling a direct comparison of the reactivities of cyano- versus
iodocuprates show deviating results. In a study using logarithmic reactivity profiles, similar
reactivities were reported for iodo- and cyanocuprates123 whereas a combined kinetic and
spectroscopic study showed higher reactivities of the cyanocuprate in pure diethyl ether124.
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(a) R2CuLi • LiX +

O O

R

(b) R2CuLi • LiX + R′ I R-R′

(c) R2CuLi • LiX + Y R

SCHEME 2. Schematic description of (a) the 1,4-addition to α,β-unsaturated Michael acceptors,
(b) SN 2-like substitution reactions and (c) SN 2′ allylic substitution reactions of Gilman cuprates
(X = CN, I; Y = halide, OAc)

The identification of the Gilman-type cuprates as the dominating monomer structure in
solution for all dialkylcuprates110 shifted the focus to possibly different supramolecular
cluster structures of cyano- and iodocuprates as the reason for the deviating reactivities.
Especially in diethyl ether, colligative measurements125 – 127, broad line widths in 13C and
15N spectra128, crystal structures129,130 and mass spectrometric investigations131 consis-
tently indicated supramolecular aggregation to be present. In 2005, the deviating reactivity
of cyanocuprates and iodocuprates (Figure 3) as well as salt-free cuprates were explained
by different supramolecular structures in solution by using combined kinetic and NMR
spectroscopic studies of 1,4-addition reactions (Scheme 2a)132. This study revealed that
the variations in the reaction rates of 1žLiI (Figure 3a) and 1žLiCN (Figure 3b) in diethyl
ether upon addition of THF correlate with a disaggregation of the supramolecular structure
or solvent-induced changes in the supramolecular cluster structures (see Section II.C).

Also in the stabilization and structure elucidation of organocuprate intermediates,
impressive progress has been made during the last decade. Investigations on reaction
intermediates of addition reactions revealed Cu(I) π-complexes as important interme-
diate structures62,63,133 – 135 and in the past few years even the detection of decisive
Cu(III) intermediates in addition, as well as in SN 2-like/SN2′ substitutions, had been
successful57 – 59,64,65.

In the course of structure determination of the supramolecular complexes and the
intermediates of organocuprates in solution, NMR spectroscopy turned out to be a very

Me2CuLi•LiI Me2CuLi•LiCN

(a)

k 
(s

−1
)

k 
(s

−1
)

0.10 0.08

0.07

0.06

0.05

0.04

0.03

0.08

0.06

0.04

0.0 0.5 1.0 1.5 2.0

THF (equivalents)

(b)

0 1 2 3 4 5

THF (equivalents)

FIGURE 3. Rate constants k (s−1) of the 1,4-addition reaction of (a) Me2CuLižLiI and (b) Me2CuLiž
LiCN to 4,4-dimethylcyclohex-2-enone in diethyl ether upon addition of THF. Reprinted with per-
mission from Reference 124. Copyright 2005 American Chemical Society
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powerful method even for complicated and highly symmetric aggregate structures. Espe-
cially, a step by step NMR analysis of small structural aspects in combination with
results from theoretical calculations and X-ray analyses allowed to solve structural details
of organocuprates and their intermediates, knowledge which is crucial for further devel-
opments in organocopper chemistry.

B. Diorganocuprates—The Free Reagent

1. Monomer structure

The reliable determination of the monomer structure was the basis for the structure
elucidation of the free organocuprate reagent and its supramolecular structures in solution.
At first, δ chemical shift values served as a source for structure information. However,
with the chemical shifts as sole structural parameters, the differentiation of homoleptic
and heteroleptic organocuprates was difficult and the influence of solvent, aggregation and
temperature on organocuprates could not be explained for decades. Hence, the discussion
about ‘higher order’ (R2Cu(CN)Li2) and ‘lower order’ (R2CuLižLiCN) cuprates had not
been finalized for a long time110.

‘Higher order’ cuprates were proposed to have three ligands attached to one Cu(I)
center in contrast to the ‘lower order’ cuprates, in which two ligands are bound to Cu(I).
To detect these differences in the coordination sphere of copper, the measurement of 2JC,C
coupling constants across copper is a powerful method. The existence of scalar couplings
directly reveals the connectivity in the complexes and the number and arrangements
of the substituents are evident from the multiplicity pattern and the absolute coupling
constant value of the signals. For this purpose 2JC,C coupling constants were determined
in samples with and without cyanide-containing cuprates to provide evidence for either
‘higher order’ or ‘lower order’ cuprates. First, 2JC,C coupling constants in 1D 13C spectra
were observed in heteroleptic RCu(CN)Li cuprates in THF, with phenyl, ethyl and methyl
groups as substituents (Table 2)136. The fact that one cyanide and one alkyl substituent are
bound to the same Cu center was proven upon 13C labelling of the cyanide, which caused
a doublet splitting of the alkyl group. Examples of temperature-dependent 13C chemical
shifts and 2JC,C of heteroleptic MeCu(CN)Li (2) and EtCu(CN)Li (3) are listed in Table 2.

Interestingly, the coupling constants in Table 2 show strong temperature dependencies,
that is, starting from a minimum value of 12.3 Hz, the absolute values increase with
decreasing temperature, indicating similar structures at low temperature and a partial

TABLE 2. 13C NMR chemical shift values and 2JC,C coupling constants of selected heteroleptic
cuprates at different temperatures in THF or diethyl ether as solvent. Reprinted with permission from
Reference 136. Copyright 1991 American Chemical Society

Cuprates Solvent T (◦C) C1 (ppm) 2JC,C (Hz) CN (ppm)

13CH3Cu(13CN)Li (2*) THF-d8 −78 −12.85 149.34
THF-d8 −100 −12.60 149.13
THF-d8 −110 −12.46 20.8 148.97

CH3Cu(13CN)Li (2) ether-d10 −78 −12.58 151.01
ether-d10 −100 −12.25 150.20
ether-d10 −110 −12.10 12.3 149.95
ether-d10 −120 −11.93 21.6 149.78

CH3CH2Cu(13CN)Li (3) THF-d8 −78 1.64 21.6 149.11
THF-d8 −100 1.74 22 148.96
ether-d10 −78 1.85 150.86
ether-d10 −100 1.89 20.8 150.10
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decoupling at higher temperatures due to exchange processes. For example, at −110 ◦C,
the 2JC,C coupling constant of 2 in diethyl ether is significantly smaller than that of 2* in
THF. But a temperature reduction of a sample of 2 to −120 ◦C causes a 2JC,C coupling
constant even slightly larger than that of 2* at −110 ◦C. A comparison of 2JC,C of 3 in
THF at −78 ◦C (21.6 Hz) and −100 ◦C (22 Hz) suggests a maximum of the experimental
coupling constant at the range of 2JC,C = 20.8–24.2 Hz. These results showed that it is
principally possible to determine the number and kind of organic substituents on copper
by measuring scalar couplings across copper. Therefore, this approach was ideal to prove
or disprove the existence of ‘higher order’ or cyano-Gilman cuprates in solution. For this
purpose, the scalar coupling patterns of 13C-labelled Me2CuLi (1) and Me2CuLižLiCN
(1žLiCN) were measured in THF (Figure 4)137.

The salt-free cuprate Me2CuLi (1) was used to provide the coupling constants of the
basic Gilman dimethylcuprate unit (Figure 4a) and, interestingly, for both salt-containing
cuprates Me2CuLižLiCN (1žLiCN) and Me2CuLižLiI (1žLiI) an identical multiplicity
pattern compared to 1 (Figure 4c) was detected. A comparison with simulated spectra
(Figure 4b) showed clearly the existence of an A3XX′A3

′ spin system, which reveals
identical ‘lower order’ cuprate structures for 1žLiCN and 1žLiI137. In addition, the sim-
ulation provided the scalar coupling constants of 1JC,H = 109.5 Hz, 2JC,C = 21.0 Hz
and 3JC,H = −0.8 Hz. A comparison of the 1JH,C scalar coupling with that of MeLi
(1JH,C = 98 Hz) reveals the metal-bound character of the methyl group and the value
of 2JC,C = 21 Hz is in accordance with the maximum 2JC,C values of the heterolep-
tic organocuprates in Table 2. From these results, a linear structure with either two

(a)

(b)

(c)

2JCC

3JCH

1JCH

13C

H

H
C CCu

H H
H

H

d −9.0 −9.5 −10.0 −10.5 −11.0 −11.5

FIGURE 4. (a) Monomeric cuprate unit with the observed scalar couplings indicated by arrows;
(b) simulated and (c) experimental 13C spectrum of Me2CuLi (1) in THF. The detection of identical
1JC,H, 2JC,C and 3JC,H scalar coupling constants in 1D 13C spectra of Me2CuLižLiCN showed that
the Gilman cuprate is the general structure for all dialkylcuprates. Reprinted with permission from
Reference 137. Copyright 1998 American Chemical Society
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alkyl substituents or alkyl/cyanide (1:1) can be concluded for homoleptic cuprates and
cyanide-containing heteroleptic cuprates, which was also confirmed by various other
theoretical and spectroscopic results110.

2. Solvent separated ion pairs (SSIPs) vs. contact ion pairs (CIPs)
Numerous synthetic studies revealed a strong solvent dependence of reactions with

organocuprates, which hinted at the existence of supramolecular structures in solution
being relevant for their reactivity122,123,138 – 140. The first investigations of the aggregation
level of organocuprates started with colligative measurements in diethyl ether125,126,141

followed by mass spectrometric investigations131, NMR spectroscopic measure-
ments129,142,143 and theoretical calculations111,144 – 146. Especially, theoretical calculations
proposed a dimer as a minimal cluster, necessary for conjugate addition reactions of
organocuprates145. In NMR spectroscopic investigations, Li coordinating agents, such as
HMPA and crown ethers, influenced the 2JC,C coupling constants in heteroleptic cuprates
across copper and this effect was attributed to the complexation of the Li cation136.
Another obvious NMR spectroscopic hint of aggregation was the observation of broad
line widths in 13C and 15N spectra of organocuprates in diethyl ether128. In addition,
a study on phenyl- and diphenylcopper(I) species with variable-temperature 13C NMR
spectra revealed some details about aggregation. An examination of δ(ipso-C) showed
that for differently aggregated PhLi and Ph2CuLi complexes the chemical shift of the
ipso-C decreases with an increasing number of metal atoms bound to it (Figure 5)143, an
effect which can be attributed to the paramagnetic shielding term147.

Figure 5 shows that for PhLi a chemical shift decrease of approximately 25 ppm is
observed upon aggregation to (PhLi)4, and the aggregation from Ph2CuLi to (Ph2CuLi)2
causes a decrease of approximately 15 ppm143. But this useful correlation seems to be
only valid for diphenylcuprates, because the homoleptic and heteroleptic alkylcuprates
1, 1žLiI, 1žLiCN, 2 and 3 (Table 2) show only small and even increasing chemical shift
differences switching from THF (monomers) to diethyl ether (supramolecular aggregates).

Another NMR spectroscopic approach was initiated by the observation of different
aggregation levels in crystal structures. Polar solvents like THF and Li coordinating agents
force the cuprate to form solvent separated ion pairs (SSIPs, Figure 6b), while diethyl
ether, which is a less coordinating solvent supports the formation of contact ion pairs
(CIPs), in which the Li atom is a part of the supramolecular assembly (Figure 6a).

In general, a transfer of structure information from crystal structures to the situation in
solution has to be done with great care. In studies of organolithium compounds, it was
shown that completely different structures can be present either in solution or in the solid
state148 – 151. But with selected NMR measurements, structural aspects of crystal structures
can be verified in solution. Traditionally, aggregation studies on Li-containing complexes
are performed by determination of scalar couplings between Li and the heteroatom, as is
done for lithium amidocuprates (see later in this section). However, in the case of homolep-
tic organocuprates, JLi,C scalar couplings have not been detected up to now. Therefore,
in solution, aggregation trends and supramolecular structures of organocuprates can only
be derived via the measurement of diffusion coefficients and various dipolar interactions.
Using Heteronuclear Overhauser Spectroscopy (HOESY), the quite good spectroscopic
properties of 6Li and 7Li allow determining qualitative and sometimes even quantitative
distances in solution. From crystallographic129,130 and theoretical studies111,144,146,152,153

it was known that in organocuprate CIPs the distances between the Li ions and the alkyl
substituents are less than 250 pm, i.e. quite intense HOE cross-peaks can be detected. In
contrast, in SSIPs the Li atom and the organocuprate units are separated more than 500
pm, which is beyond the cut-off limit of HOEs. Therefore, no HOE cross-peaks can be
detected in SSIPs, if alternative magnetization transfers via solvent molecules, chemical
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FIGURE 7. 1H,6Li HOESY spectra of 1 in (a) THF and (b) diethyl ether, and (c) the corresponding
equilibrium of solvent separated ion pairs (SSIPs) and contact ion pairs (CIPs); the Me/Li cross-peak
intensity in (a) indicates only small amounts of CIPs in THF, whereas in diethyl ether (b) mainly
CIPs exist. Reprinted with permission from Reference 142. Copyright 2000 American Chemical
Society

exchange or concentration-dependent background signals can be excluded as accomplished
for organocuprates142. Consequently, qualitative HOE measurements of organocuprates
can be used to reveal the amount of SSIPs and CIPs in different samples, as was shown
for the model reagent Me2CuLi (1) in THF and diethyl ether (Figure 7)129.

In THF, a weak interaction between Li and dimethylcuprate and strong cross-signals
between Li and THF are detected (Figure 7a). In contrast, in diethyl ether the interac-
tion between Li and dimethylcuprate is strong and that between Li and diethyl ether
reduced (Figure 7b). To visualise these intensity differences, the 1D projections of the
cross-peaks are additionally given on the right side of the spectra in Figure 7. These
1H,6Li HOESY data clearly indicate that in THF only a small amount of CIPs exist,
whereas in diethyl ether the formation of CIPs is preferred. Thus, for organocuprates a
solvent-dependent equilibrium between SSIPs and CIPs was established in solution. This
equilibrium could be correlated with the reactivity of organocuprates in 1,4-addition reac-
tions and, in accordance with theoretical calculations111, the CIPs were identified as the
reactive species129.

In order to identify the structure of these synthetically so important CIPs in solu-
tion, quantitative 1H,7Li HOEs and 1H,1H NOEs of dimethylcuprates were measured in
diethyl ether87. Salt-free Me2CuLi was used as archetype of organocuprate homodimers
and cyanide-containing Me2CuLižLiCN was used as model for the heterodimer struc-
tures, which were proposed in several theoretical calculations111,154 – 160. Based on crystal
structures and theoretical calculations, the 1H,1H NOE and 1H,6Li HOE ratios between
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cuprates with the characteristic distances resulting in differently strong 1H,1H NOEs and 1H,6Li
HOEs. Reprinted with permission from Reference 87. Copyright 2001 American Chemical Society

homo- and heterodimers were calculated (Figure 8) and the pronouncedly different values,
especially for the 1H,1H NOE, show that a structure differentiation is possible if these
NMR parameters can be observed.

As evident from Figure 8, the symmetric structures of organocuprates only allow for
a detection of one 1H,6Li HOE, both in homodimers and in heterodimers. This means
that no reference distance is available. As a consequence, the correlation time (τC) had
to be measured and the Solomon equations88 were used to quantify the 1D HOE build-
up rates87. In the case of dimethylcuprates, the maximum 1H,6Li HOE was used for
the determination of τC as the most appropriate method87. The subsequent analysis of the
1H,6Li HOE build-up curves revealed similar NOE intensities for both cuprates and H–Li
distances of 243 ± 3 pm and 242 ± 9 pm for 1 and 1žLiCN, respectively. This indicates
very similar homodimer structures of both 1 and 1žLiCN in diethyl ether. To confirm
this conclusion, additionally 1H, 1H NOE measurements were performed. In the case of
1 and 1žLiCN, this means that NOEs between chemically equivalent protons must be
detected. Therefore, solutions of 20% 13C-labelled cuprates were prepared to differentiate
the chemically equivalent groups by means of the different isotopomers 1H–12C and
1H–13C (Figure 9a). This allows one to measure NOE build-up curves from the central
1H signal (1H–12C) to the 13C satellites (1H–13C isotopomer) with a sensitivity-improved
1D NOESY–HSQC pulse sequence87. The results for 1 and 1žLiCN in diethyl ether
are displayed in Figure 9b. The build-up curves of 1 and 1žLiCN show a similar curve
progression, which corroborates a homodimer structure of both 1 and 1žLiCN.

In contrast to homoleptic alkylcuprates with lithium exchange rates being fast on the
NMR time scale, in the case of lithium amidocuprates slow chemical exchange rates of Li
are observed. This enables the detection of different Li signals as well as separated proton
signals in amidocuprates with a reduced symmetry and facilitates the structure elucidation
of lithium amidocuprates, because a more classical NMR spectroscopic approach can
be applied. As a result, the structure elucidation of amidocuprates is primarily based
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on different 6/7Li signals, which allow a detailed interpretation of JLi,N scalar coupling
constants and multiplicity patterns (Figure 10a–d)161 – 163, and of 1H,6/7Li HOESY spectra
(Figure 11a) in the classical manner. As an example the 6Li spectra of the amidocuprate
4 are shown in Figure 10, for which JLi,N values and multiplicity patterns in combination
with 1D and 2D NMR spectroscopy suggest a dimer structure in diethyl ether, which
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not show HOE signals, due to broad line width. From Reference 167. Copyright Wiley-VCH Verlag
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is disaggregated upon addition of THF109. In Figure 10e the proposed disaggregation is
shown from the dimer 4 to the monomer 5 and finally to 6, which consists of separated
Li amide and n-BuCu compounds.

In further studies on [Cu2Li2Mes2(N(CH2Ph)2)2] (7), indirectly detected 1H,7Li HOESY
spectra164,165 revealed several species in toluene, which are obvious from different Li sig-
nals (Figure 11a). With the aid of lithium chemical shift data166 – 168a the different species
were assigned to the Schlenk-like equilibrium shown in Figure 11b. Recently, similar
NMR studies were performed to investigate the influence of THF on the structures and
reactivities of these amidocuprates168b.

C. Supramolecular Aggregation

After the homodimeric core structure was elucidated as the main structural motif of
dialkylcuprates in diethyl ether and the CIPs were identified as the reactive species in 1,4-
addition reactions to enones, the question arose whether there possibly exist even higher
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supramolecular assemblies with impact on the reactivity of these reagents. In the case
of the homoleptic dimethylcuprates, 1 and 1žLiCN, the negative sign of the 1H,1H NOE
build-up curves (Figure 9b) indicated larger assemblies than homodimers in solution87 and
polymeric structures were found in crystal structures, e.g. that of [Li2Cu2(CH2SiMe3)4
(SMe2)2]∞ (Figure 12)130.

Aggregation tendencies beyond the formation of homodimers were additionally indi-
cated by mass spectrometric investigations131and broad line width of 13C and 15N signals
of organocuprate reagents in diethyl ether128. In synthetic studies, an influence of different
copper salts, concentrations and varying alkyl substituents on the reactivity and selectiv-
ity of organocuprates was observed108. As discussed in detail in Section I.B, pulsed field
gradient (PFG) DOSY experiments can be used to measure the diffusion coefficient D
of supramolecular aggregates in solution, which can be correlated to the hydrodynamic
radii and the aggregation level of these assemblies. One great advantage of DOSY mea-
surements is that no special sample preparation is necessary, but correctly applied DOSY
experiments (see Section I.B and references therein) can be used to monitor the influence
of different concentrations, temperatures and alkyl substituents on the aggregation level.

The tendency of organocuprates to form supramolecular structures in diethyl ether is
shown in Table 3 by experimental and theoretical diffusion coefficients. Depending on
the steric hindrance of the alkyl residues and the presence and kind of copper salts,
aggregation levels between dimers and oligomers are found. For (Me3SiCH2)2CuLi (8),
an example for sterically hindered cuprates, a slight trend towards higher diffusion values
D, i.e. smaller aggregates, is observed. The diffusion data of cuprates with the same
alkyl substituent, but different or no Li salt units attached, show that salt-free 1 and 8
and iodide-containing 1žLiI and 8žLiI have similar diffusion values, while 1žLiCN and
8žLiCN reveal much lower diffusion coefficients, which indicate larger assemblies.

For an accurate quantitative interpretation of the diffusion values in terms of aggre-
gation numbers, presumptions and/or measurements of the solvent shell, the chemical
composition and, especially in organometallic chemistry, possible exchange contributions
have to be made. In addition, for non-spherical molecules such as organocuprate oligomers
(see Figures 12 and 13), shape correction factors are necessary for a quantitative interpre-
tation of diffusion coefficients (Section I.B and equation 2). Therefore, the models shown
in Figure 13 were used for the interpretation of the diffusion values in Table 3 and their
hydrodynamic radii and cylindrical shape factors were derived from crystal structures130,
theoretical calculations111,152,153 and hard-sphere increments170,171.
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TABLE 3. Diffusion coefficients D (10−9 m2 s−1), molecular radii rC (10−10 m)a , length indices n

and nmf
b, solvation indices nsolv and theoretical solvation indices nsolv(t) of different organocuprates

in diethyl ether. Reprinted with permission from Reference 169. Copyright 2003 American Chemical
Society

Complex rc
a,c D nmf

b nc nsolv nsolv(t)
c

(Me3SiCH2)2CuLi (8) 5.39 0.59 1.3 1.7 4.8 3.2
(Me3SiCH2)2CuLižLil (8žLil) 6.05 0.54 1.1 1.4 7.5 5.4

(6.39) (1.3) (7.5)
(Me3SiCH2)2CuLižLiCN (8žLiCN) 6.01 0.35 4.5 3.6 6.9 4.6

(6.35) (3.2) (6.6)
Me2CuLi (1) 4.22 0.53 4.4 3.1 2.4 2.6
Me2CuLižLil (1žLil) 5.20 0.51 2.2 2.3 6.3 4.9

(5.64) (1.9) (7.0)
Me2CuLižLiCN (1žLiCN) 5.14 0.33 9.0 5.2 5.1 4.4

(5.58) (4.5) (6.4)

arc = radius of the core units calculated by molecular hard-sphere volume increments.
bnmf is the aggregation number calculated by a model-free approach (see text for details).
cFor salt-containing complexes, two sets of values are given: those obtained from model (c) (without brackets)
and from model (d) (in brackets) of Figure 13.

R = H, Me3Si; S = solvent molecule; X= I, CN.
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FIGURE 13. Structure models of dialkylcuprate aggregates beyond dimers; salt-free homodimers
(a), salt-containing heterodimers (b), different salt-containing homodimers (c) and (d). Reprinted
with permission from Reference 169. Copyright 2003 American Chemical Society

In organometallic compounds, the properties of the solvent are often decisive for their
structures in solution. In addition, the solvent shell usually has a significant size and is
sometimes even larger than the organometallic compound itself. Therefore, it is crucial
for the interpretation of DOSY data to determine and include the number of solvent
molecules attached to the complex, i.e. the solvation index nsolv. In principle, the solvation
of organometallic complexes can be calculated from the normalized diffusion constant of
the pure solvent Dfree and that of the solvent in the reagent sample Dobs according to
equations 3 and 4 below (Dcup represents the diffusion coefficient of the cuprate and α
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the percentage of coordinated solvent out of the total amount of solvent ntot).

Dobs = αDcup + (1 − α)Dfree (3)

nsolv = αntot (4)

Equation 3 shows that the diffusion coefficient of the solvent in the cuprate samples
is averaged between free and complexed solvent molecules. Considering the usual error
range of 2–5% in DOSY measurements, the determination of solvation is only possible
in the case of large oligomers or highly concentrated samples. Applying the models
of Figure 13 including the amount of solvent molecules attached, aggregation numbers
(length indices) n can be calculated (Table 3)169,172. To evaluate the influence of the shape
factors, which were derived from linear polymeric chains in crystal structures, also the
aggregation indices based on spherical shapes, i.e. without any model (nmf), are given in
Table 3. These nmf values have similar relative aggregation trends, but different absolute
values and highly increased oligomerization numbers for 1žLiCN and 8žLiCN. These data
show that for an absolute quantification of the oligomerization, reliable shape factors
are necessary, but that, independent of the model used, the presence of LiCN leads to
significantly larger oligomers.

DOSY measurements combined with kinetic investigations can also be used to test
whether the degree or oligomerization of organocuprates is correlated with their reactivity
in 1,4-addition reactions to enones124. For this purpose, the oligomers were stepwise
disaggregated by using different solvent mixtures of diethyl ether and THF and parallel
kinetic measurements were performed (see Figure 3 for kinetic and Figure 14 for diffusion
results). A disaggregation of 1žLiCN upon increasing equivalents of THF was indeed
detected by normalized diffusion coefficients (Figure 14b), whereas in 1žLiI samples no
disaggregation effect was observed within an experimental error range of 5% (Figure 14a).
The parallel kinetic data of 1žLiCN showed significantly reduced rate constants upon
addition of THF and, thus, the supramolecular structures of 1žLiCN were found to be
essential for its reactivity in 1,4-additions.

The kinetic data in Figure 3 clearly show a pronounced effect of THF on the reactivity
of 1žLiI, which is not detectable by DOSY experiments. Therefore, 1H,7Li HOE and
1H,1H NOE experiments were applied, because dipolar interactions are more sensitive
towards small structural changes due to the r−6 dependence of the NOE/HOE and the
maximum range of approximately 5 Å124. From a NMR spectroscopic point of view, it
is difficult for these highly symmetrical and flexible oligomers to find reliable reference
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FIGURE 14. Diffusion coefficients of (a) Me2CuLižLiI and (b) Me2CuLižLiCN in different solvent
mixtures of diethyl ether and THF. Reprinted with permission from Reference 124. Copyright 2005
American Chemical Society
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distances to interpret the observed cross-peak intensities of a number of HOE/NOE signals
originating from different samples. Based on the result that homodimeric core structures
exist in diethyl ether (Section II.B.2), all 1H,7Li cross-signals could be calibrated relative
to the known cuprate 1H,7Li HOE cross-signal. With this method, the effect of increasing
amounts of THF on the structures of 1žLiCN and 1žLiI was elucidated. In the case
of 1žLiCN (Figure 15c), the HOE between Li and diethyl ether is decreasing in the
same manner as the HOE between Li and THF is increasing upon addition of increasing
amounts of THF. In samples of 1žLiI, the HOE to THF increases dramatically, while
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FIGURE 15. (a) Postulated aggregate structure and (b) disaggregation in the case of 1žLiI. In addi-
tion, bar charts are displayed summarizing the 1H,7Li HOE volume integrals of the cross-peaks
between lithium and the protons of diethyl ether (DEE) and THF for (c) Me2CuLižLiCN and
(d) Me2CuLižLiI and bar charts summarizing the 1H,1H NOEs between the methyl groups of the
cuprate and the CH2 groups of THF for (e) Me2CuLižLiCN and (f) Me2CuLižLiI. Reprinted with
permission from Reference 124. Copyright 2005 American Chemical Society
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the HOE to diethyl ether remains constant (Figure 15d). These HOE patterns indicate
that in 1žLiCN solvent molecules are exchanged from diethyl ether to THF, while the
general supramolecular structure of 1žLiCN remains and is disaggregated as a whole.
In contrast, the addition of THF to 1žLiI causes additional coordination sites for solvent
molecules at Li, which can be interpreted as dissociation of salt units from the homodimer,
which is shown schematically in Figures 15a and 15b. Both structural interpretations were
confirmed by 1H,1H NOE experiments, in which the distance between the two CH2 groups
of THF was chosen as reference distance, after normalization of the increasing amounts
of THF. In 1žLiCN, the 1H,1H NOE between the methyl groups of the cuprate and THF
remains constant (Figure 15e), as expected for an unmodified core structure. In contrast,
in 1žLiI, the 1H,1H NOEs between cuprates and THF decrease upon addition of THF
(Figure 15f), which is in accordance with THF solvated Li ions dissociating from the
cuprate unit.

The previously discussed studies show that certain combinations of 1H,1H NOE and
1H,7Li HOE measurements are a sensitive method to elucidate even the structural changes
of disaggregation processes in supramolecular aggregates. However, these studies do not
reveal the absolute position of the anion, either iodide or cyanide, in the supramolecular
core structure. For this purpose, 13C-labelled Cu13CN was used to elucidate the position of
13CN by 1H,13C HOEs. In a sample in which the exchange between cuprate coordinated
THF (THF* in Figure 16a) and bulk THF was slow on the NMR time scale, it was
possible to detect 1H,13C HOEs between 13CN and the cuprate-bound THF molecules,
but none to the cuprate itself (Figure 16a). This surprising result was interpreted as an
orientation of the 13C away from the cuprate moiety (Figure 16b).
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FIGURE 16. (a) 1H,13C HOESY spectrum of Me2CuLižLiCN with 12 equivalents of THF. Two sets
of signals are observed for THF: THF in the solvent bulk and THF* bound to the cuprate aggregate;
the observed 1H,13C HOE cross-peaks indicate the orientation of CN shown in (b). Reprinted with
permission from Reference 124. Copyright 2005 American Chemical Society
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III. NMR SPECTROSCOPY OF INTERMEDIATE COMPLEXES
OF ORGANOCUPRATES

The results presented for the free organocuprate reagents in the previous section show
impressively that NMR spectroscopy is a powerful method for the structure determination
of organometallic compounds in solution, even in the case of flexible and oligomeric
aggregates. NMR is also the method of choice for the structure elucidation of reaction
intermediates. However, the basic prerequisite for any NMR investigation of transient
species is to stabilize sufficient amounts of it for a certain time period, because NMR
is a very insensitive and slow method. Consequently, the NMR methods applicable to
reaction intermediates are limited by the existing life time and amount of the intermediate
and isotope labelling is often used to increase sensitivity.

A. Cu(I) Organocuprate Intermediates

In conjugate addition reactions of organocuprates to Michael acceptors, π-complexes
between cuprates and Michael acceptors were proposed theoretically as first reaction
intermediates111,112,173 – 179 and were confirmed experimentally (e.g. Figure 17)62,134,135,

180 – 189. Furthermore, in copper-mediated click reactions of copper acetylides with azides,
a π-complex formation between Cu and the acetylene is reported as the initial step,
too190. In these intermediate π-complexes, the π-bond carbons are expected to experience
the highest chemical shift variations and can be used as sensors for the formation of
π-intermediates. In one of the first literature-available NMR studies of organocuprate
intermediates134, an organocuprate π-complex was stabilized by using low-temperature
NMR in combination with cinnamic ester as quite unreactive Michael acceptor. In the
13C spectra of cinnamic ester and its organocuprate π-complex, upfield shifts of the π-
bond carbons of �δ = −67.2 ppm and −82.6 ppm were detected. In addition, a small
downfield shift of the carbonyl carbon indicates a Li coordination at the carbonyl oxygen.
Later on, also in further studies of organocuprate π-complexes, these characteristic 13C
chemical shift differences were detected and used as evidence for π-complexation in
organocuprate intermediates (for a typical example, see Figure 17)62,180 – 183,185,186.

Similar to the chemical shifts, scalar couplings as second fundamental NMR parameter
can also be used for the detection and structure elucidation of intermediate complexes.
However, especially in organocopper complexes, line broadening due to quadrupolar relax-
ation often hampers the detection of scalar couplings. In addition, exchange processes
may lead to a reduction of the detected scalar coupling constant, as already mentioned
for heteroleptic cuprates in Table 2 (Section II.B.1). Dealing with this problem, elaborate
intermediate stabilization strategies, low-temperature NMR and specific isotope labelling
rendered not only magnetization transfers via scalar couplings, but also the quantitative
determination of scalar coupling constants possible in various intermediate species. Infor-
mation from both methods allowed impressive insights into bonding orders and structures
of organocuprate intermediates.

The first JC,C coupling constants in organocuprate π-complexes were detected in the
cuprate ynoate complex 11 (Figure 18)135. To enable the detection of 1JC,C scalar cou-
plings, compound 9 was 13C-labelled at C-2, C-3 and C-5. The 1JC,C coupling constants
of free 9 were determined with the aid of the INADEQUATE technique. After addition
of the sterically demanding t-Bu2CuLižLiCN, the π-complex 11 and the corresponding
1JC,C coupling constants were detected (Figure 18).

Comparing the coupling constants in 9 and 11, it is evident that the most varying 1JC,C

coupling constant is 1JC,C between C-2 and C-3, which decreases from 74 Hz to 51 Hz and
indicates the interaction of the cuprate with the π-bond. As 1JC,C scalar couplings imply
information about hybridization and bond orders, the significant decrease of the 1JC,C
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FIGURE 18. Comparison of the 1JC,C coupling constants of the ynoate 9 before and after formation
of the π -complex 11 show the exclusive coordination of the cuprate to the former double bond.
Reprinted with permission from Reference 135. Copyright 1994 American Chemical Society

shows that the hybridization and bond order of C-2 and C-3 in the π-complex is similar
to sp2-carbons, which are connected via a single bond. For comparison, in 1,3-butadiene
the 1JC,C coupling constant of the single bond, which is connecting the two sp2-carbons,
is 53.7 Hz135. Later studies showed that in organocuprate intermediates scalar couplings
between the cuprate and the enone moiety can also be detected. For this purpose, samples
with specifically 13C-labelled 9 and completely 13C-labelled 1žLiCN were prepared and
the 13C spectra of either C-2* or C-3* labelled intermediates (Figure 19b and 19c) were
compared with that of completely unlabelled 9 in the π-complex 10 (Figure 19a). Intro-
ducing a 13C label in the C3 position, the methyl group ∗Mea at −6.9 ppm is split into
a doublet with a coupling constant of 12 Hz. Consequently, the 13C signal of C3 is also
a doublet with 12 Hz62. In contrast, the labelling in position C2 produces no observable
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coupling pattern (Figure 19c). This difference in the scalar coupling constants within the
π-complex is in accordance with a bent structure of the cuprate moiety in the intermediate
(Figure 19d).

The orientation of the two methyl groups ∗Mea and ∗Meb in these intermediates was
confirmed by NOESY cross-signals to the vinyl protons H-2 and H-3 (Figure 20). The
cross-peak intensities show that the methyl group ∗Meb at −0.6 ppm is directed towards
the t-butyl group and the methyl group ∗Mea at ca −1.1 ppm towards the carbonyl
function (Figure 20).

The described general characteristic of organocuprates in THF to form π-complexes as
first detectable intermediate in 1,4-addition reactions was also confirmed in intermediate
studies with diethyl ether as solvent. From the studies of the organocuprate reagents it was
known that oligomeric supramolecular assemblies exist in diethyl ether, which could be
correlated to their different reactivity (see Section II.A). Consequently, the question arose
whether these supramolecular assemblies persist in the π-intermediates. Extremely broad
line widths and the gel-like textures of concentrated π-complexes in diethyl ether indicated
high supramolecular structures, but did not allow any detailed NMR investigations63,132.
Therefore, distinct amounts of THF were used to disaggregate the supramolecular assem-
blies until spectroscopically acceptable line widths were observed, a strategy which was
based on the studies of oligomeric aggregates of the free organocuprates (Section II.C).
In order to slow down the reaction rates compared to unsubstituted 2-cyclohexenone and
in an attempt to stabilize the π-intermediates, additionally different substitution patterns
were used in the cyclic enones 12, 13, 14 and 15 (Scheme 3)63,132,191.
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From Reference 62. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission
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build NMR observable enantiomeric (12, 13, 14) and diastereomeric (15) π -complexes in diethyl
ether. Reprinted with permission from Reference 63. Copyright 2008 American Chemical Society

In investigations of the π-complexes of 4,4a,5,6,7,8-hexahydro-4a-methylnaphthalen-
2(3H )-one (15), it could be shown that diastereomeric complexes are formed due to an
α- and β-face coordination of the cuprate (Figure 21a). This significantly complicates the
NMR spectra of the resulting π-intermediates, because two sets of signals exist in varying
amounts due to the two diastereomeric complexes (Figure 21c). The resulting problems
of signal overlap and sensitivity were solved by using achiral enones, in which α- and
β-face coordination of the cuprate leads to enantiomeric complexes producing only one
set of signals (Figures 21b and 21d)63.

Using disaggregation with THF and achiral enones, the NMR spectroscopic foundations
were laid to demonstrate that the π-complexes described in THF, including their bended
structure, are a general structural motif also in diethyl ether as solvent. In the example of
14 with 2 equivalents of 1žLiI, the characteristic 13C and 1H chemical shift differences
before (Figure 22a,b) and after (Figure 22c,d) π-complexation are shown in diethyl ether.

Interestingly, in diethyl ether the carbonyl carbon C1 experiences a small upfield shift
upon π-complexation (Figure 22a,c), whereas in THF a downfield shift was observed,
which was assigned to a Li coordination (Figure 17)62. This observation indicates that in
diethyl ether more complex species than a single Li ion are responsible for the carbonyl
complexation63.
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FIGURE 23. (a) 1H,13C HMBC spectrum of a π -complex of 1žLiCN and 14 showing the cuprate
section in the 1H dimension and the coordinated double-bond section in the 13C dimension. The
cross-signals indicate scalar couplings, which are illustrated by arrows in the schematic π -complex
(b). Reprinted with permission from Reference 63. Copyright 2008 American Chemical Society

The most impressive result of the described optimization of the experimental conditions
was the detection of scalar couplings in π-complexes even without 13C labelling. By
applying a HMBC magnetization transfer across copper from the methyl groups of the
cuprate to the enone, it was possible without specific 13C labelling of the enone to adduce
direct evidence for π-complexation and the bended cuprate structure in these intermediates
also in diethyl ether (Figure 23).

Previously, it was discussed for π-complexes in THF that different scalar coupling
constants were used to deduce the bent structure of the cuprate moiety (Figure 19). Despite
the described extensive improvements of the experimental conditions, in diethyl ether a
similar approach was not applicable, because the scalar couplings were smaller than
the line widths. In such cases an indirect approach can be used, because in HMBC
spectra the integrals of the cross-peaks are correlated qualitatively with the coupling
constants192 – 195. Therefore, in principle qualitative coupling constants can be derived
from HMBC spectra and, e.g., the cross-peak pattern shown in Figure 23a confirms the
bent structure of the cuprate unit also for organocuprate π-intermediates in diethyl ether
(Figure 23b). As additional structural feature in diethyl ether compared to THF, DOSY
experiments revealed that the π-complexes also form supramolecular assemblies and that
the oligomeric cuprate aggregates even increase after addition of enones63.

In synthetic studies about conjugate addition reactions of cuprates, high and sometimes
unexpected diastereoselectivities were obtained for a variety of chiral cyclic enones108. For
example, the chiral enone 15 (Scheme 4a) yields almost exclusively the β-methyloctalone,
which means that surprisingly a cis-selective 1,4-addition reaction takes place.

In order to test whether this unexpected and high diastereoselectivity is caused by a
conformational preference of the π-intermediate, π-complexes of 15 and methyl cuprate
were prepared in diethyl ether and revealed two sets of signals due to diastereomeric
α- and β-face complexes (see above)63. The 1H and 13C chemical shifts were assigned
via a combination of 1H,13C HSQC, 1H,13C HMBC, 1H,1H NOESY and 1H,13C INEPT
INADEQUATE experiments, including a diastereotopic assignment of the CH2 groups
(Scheme 4b). With the aid of INEPT INADEQUATE experiments196,197, in both π-
intermediate conformations scalar couplings between the cuprate Me1 and C8a in 15 were
detected even without 13C labelling of the enone, indicating the bent cuprate structure in
both intermediate conformations (Figure 24).
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From the schematic drawings of the α- and β-face π-complexes of 15 in Scheme 4,
it is evident that the β-face π-complex is the precursor of the detected cis-addition and
the α-face π-complex is the precursor of a possible anti-addition. Therefore, the further
structural features of the two π-complexes of 15, i.e. identification of α- and β-face
complex and determination of the enone conformations in both complexes, were performed
with NOESY experiments. Based on the qualitative interpretation of the 1H,1H NOESY
spectrum shown in Figure 25 and the theoretically calculated conformations of pure 15198,
the major π-complex could be identified as the β-face π-complex shown in Scheme 4c and
the minor π-complex was assigned to the α-face complex shown in Scheme 4d. These
results indicate impressively that the conformational preferences of the enone change
significantly upon cuprate complexation. In addition, the β-face complex is already the
major π-intermediate species. This means that the nearly exclusive cis-selective formation
of β-methyloctalone in the product is to some extent already preformed in the α-/β-face
ratio of the π-intermediates (Scheme 4, 16 and 17) and further enhanced by the subsequent
reaction pathway via the Cu(III) intermediates.

The second principal technique used for the stabilization of organocuprate intermediates
is the RI-NMR technique102,103, which reduces the dead time before the first NMR scan
to a minimum and allows 1D NMR spectra within the first seconds of a reaction. After
the very first scan, the starting time for the second experiment is limited by the relaxation
properties of the sample and typical repetition times are between 1–2 s. For classical
2D NMR experiments, e.g. COSY or NOESY, also in RI-equipped NMR spectrometers a
stable equilibrium state is necessarily induced by low temperatures or with slowly reacting
compounds.
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FIGURE 25. Section of a 1H,1H NOESY spectrum of the π -complexes composed of 15 and 1žLiI
in diethyl ether at 180 K. The different patterns of the cross-signals indicate the different structures
presented in Scheme 4c,d. The minor intermediate is labelled with an asterisk; for a visualization
of the numbers see Scheme 4b. Reprinted with permission from Reference 63. Copyright 2008
American Chemical Society
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FIGURE 26. Stacked plot of rapid-injection 1H spectra of the reaction of 1žLiI with 2-cyclohexenone
at −100 ◦C in THF. Reprinted with permission from Reference 133. Copyright 2002 American
Chemical Society

A typical series of spectra, performed with RI-NMR, is shown in Figure 26 for the reac-
tion of 1žLiI and 2-cyclohexenone in THF at −100 ◦C133. The assignment of the different
detected species was based on 2D COSY and NOESY experiments after equilibrium was
reached.

From the integrals of the signals presented in Figure 26, the rate constants for the
formation of the individual π-complexes 19 and 19žLiX can be determined. Such a mea-
surement of reaction rates is a typical and powerful application of RI and standard NMR on
reacting systems. In the case of 19 and 19žLiX, the observed rate constants in combination
with EXSY measurements were used to propose the exchange equilibria of organocuprate
reagents and intermediate species shown in Figure 27133.
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FIGURE 28. (a) Concentration vs. time plots for the reaction of cyano-Gilman reagent Me2CuLiž
LiCN (�) with 2-cyclohexenone (�) at −70 ◦C. Additionally, the enolate product (�) and resid-
ual copper species (ž) are displayed. (b) Stacked plots of 1H NMR spectra for the addition of
cyclohexenone to Me2CuLižLiCN at −70 ◦C. The first spectrum shows the cuprate solution before
injection. Reproduced by permission of the Royal Society of Chemistry from Reference 184

The importance of low-temperature stabilization even in RI-NMR is impressively
demonstrated in the following example. For the RI 1H spectra shown in Figure 26
and the intensities derived from RI 1H spectra shown in Figure 28, similar experi-
mental setups were used (2-cyclohexenone, THF) and the temperature was raised from
−100 ◦C to −70 ◦C. At −70 ◦C (see Figure 28), the amount of π-complex is too low for
detection but the enolate product is observed184. Additionally, an interesting ocillatory
process becomes obvious. While directly after the injection of cyclohexenone (�) no
free Me2CuLižLiCN (�) is detected, later on its concentration rises again and reaches
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Tobias Gärtner and Ruth M. Gschwind

a maximum at 145 s. The curve of cyclohexenone (�) in turn shows an unexpected
oscillating behavior during the whole measurement.

B. Cu(III) Organocuprate Intermediates

Numerous theoretical calculations predicted Cu(III) species as second essential interme-
diate in the prototypical reactions of organocuprates, such as conjugate additions to α,β-
unsaturated carbonyls, SN 2-like cross-couplings and SN 2′ allylic substitutions111,173 – 176,

199 – 202. In contrast to this extensive theoretical work, experimental evidence of these elu-
sive Cu(III) species has been missing for decades. Therefore, it was a real breakthrough
that recently the first Cu(III) intermediates were detected by NMR spectroscopy57 – 59,64,65.
Later on, additional Cu(III)-containing organometallic complexes were reported203.

In 2007, Bertz and Ogle succeeded in the very first experimental detection of a Cu(III)
intermediate in organocuprate reactions. In these experiments the Cu(III) intermediate of
a 1,4-addition reaction was detected with the aid of rapid-injection NMR and TMSCN as
stabilizing agent for the Cu(III) enolate species (Figure 29)58. The intermediate Cu(III)
enolate was trapped by the formation of a stable silyl enol ether (compound 20 in
Figure 29) and this stabilization trick allowed extensive NMR investigations of the Cu(III)
intermediate. With a double application of the rapid-injection technique it was even pos-
sible to show experimentally that neither the kind of starting cuprate (1žLiI or 1žLiCN)
nor the injection sequence influences the formation of the Cu(III) compound. Route A
first allows the detection of π-complexes 19 and 19žLiI, whereas the further injection of
TMSCN leads to the formation of the Cu(III) σ -complex (20 in Figure 29). In route B
the injection sequence starts with TMSCl and the identical Cu(III) σ -complex is observed
immediately after the injection of the cyclohexenone.

In Table 4 the observed chemical shifts for the different compounds of Figure 29 are
listed. The chemical shifts of the cuprates (1žLiI or 1žLiCN) and the Cu(III) species 20 can
be distinguished by an appreciable downfield shift of the methyl groups in 20. While 1žLiI
(−9.12 ppm/−1.40 ppm for 13C/1H) and 1žLiCN (−9.04 ppm/−1.35 pm) show common
cuprate chemical shifts, 20 exhibits a striking chemical shift combination of the 13C and 1H
methyl signals (12.43 ppm/0.05 ppm for Met and 25.31 ppm/0.53 ppm for Mec). These
numbers denote that the 13C signals of the Cu(III) species shift dramatically downfield in
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FIGURE 29. Two routes to generate the Cu(III) σ -complex 20 of the 1,4-addition to 2-cyclo-
hexenone in THF. Reprinted with permission from Reference 58. Copyright 2007 American Chemical
Society
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TABLE 4. Comparison of 13C and 1H (parentheses) chemical shiftsa for organocuprate Cu(I)
π -complexes and Cu(III) σ -complexes. Reprinted with permission from Reference 58. Copyright
2007 American Chemical Society

Group 18 1žLil 1žLiCN 19 19žLil 19žLiCN 20

CH3(CH3
t)b −9.12 −9.04 −5.02 −5.56 −5.76 12.43

(−1.40) (−1.35) (−1.12) (−1.16) (−1.15) (0.05)

CH3 (CH3
t)b −9.12 −9.04 −0.57 −1.85 −2.14 25.31

(−1.40) (−1.35) (−0.10) (−0.24) (−0.21) (0.53)

CN 158.89 159.20 153.78

C1 (C3)b 198.65 194.75 193.34 193c 144.73

C2-H(C2-H)b 130.12 77.45 75.82 75.27 116.28
(5.90) (3.77) (3.68) (3.71) (5.02)

C3-H(C1-H)b 151.65 61.50 61.50 61.51 39.68
(7.08) (3.26) (3.19) (3.17) (2.74)

aParts per million from TMS. Values for C atoms attached to Cu are in boldface.
bLabelling for 20. Note that C1 of 18 becomes C3 of 20 and C3 of 18 becomes C1 of 20.
cShift could not be measured accurately, owing to broadening.

the range of 20 to 35 ppm compared to cuprates. The observation of two distinguishable
methyl resonances Met and Mec in compound 20 (trans and cis to the ring) is caused
by the asymmetric chemical environment in the Cu(III) complex and was confirmed by
NOE spectra.

The connectivity in 20 was directly proven using 2JC,C coupling patterns across cop-
per. For this purpose, a sample with 13C-labelled methyl groups and labelled Cu13CN was
prepared and 1D 13C measurements were performed (Figure 30). In the resulting spectra,
all 2JC,C scalar couplings across copper were detected, which were expected for the con-
nectivity in 20 (2JC,C ring methine carbon (C1), Met = 38.1 Hz, 2JC,C cyano substituent,
Mec = 35.4 Hz). Additionally, Met is coupled to the cyano group with 2JC,C = 5.4 Hz
and to Mec with 2JC,C = 2.9 Hz. The 13C chemical shifts and 2JC,C coupling constants

153.78 ppm

25.31 ppm 12.43 ppm

−50 0 50 −50 0 50 −10 0 10 Hz

FIGURE 30. 13C NMR sections for labelled 20 with solvent (+). In the upper spectrum 13CN
is 13C-labelled and in the lower spectra both 13CH3 and 13CN are 13C-labelled. Reprinted with
permission from Reference 58. Copyright 2007 American Chemical Society

33
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in 20 were consistent with theoretical calculations of 20, which confirmed the proposed
square-planar structure of the Cu(III) σ -complex 20199.

Shortly after the detection of the first Cu(III) σ -complex in 1,4-additions, the prepara-
tion and NMR spectroscopic detection of the first Cu(III) σ -complexes in cross-coupling
reactions was also successful59,65.

During the investigation of organocuprate π-complexes conventional low-temperature
NMR, 13C labelling of the cyanide and diethyl ether as solvent were standard experimental
tools for stabilizing the Cu(I) intermediates63. Surprisingly, with this experimental setup
an additional Cu(III) species was also detected in various 1H,13C HMBC spectra, which
later turned out to be the intermediate of cross-coupling reactions59. This species showed
cross-signals of two chemically non-equivalent methyl groups and one cyanide group
attached to the same copper. Initially, the amount of this species was so low that in the
corresponding proton spectra no signal could be detected even at a high number of scans
and only the 3JH,C coupling between the methyl groups and the 13C-labelled cyanide led
to a signal enhancement allowing its detection in the 1H,13C HMBC spectra (Figure 31c).
By variations in the ratio of Cu13CN to MeLi and the presence of small amounts of MeI, it
was possible to increase the concentration of this Cu(III) species to such an extent that not
only the detection of 1H signals (Figure 31a), but also extensive HMBC (Figure 31b, c)
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FIGURE 31. Selected high-field section of (a) a 1D 1H and (b), (c) a 1H,13C HMBC spectrum, which
prove the existence of (d) a square-planar lithium trimethylcyanocuprate(III) 21 due to cross-signals
between (b) the different methyl signals (1H chemical shifts in parentheses in d) and (c) cross-signals
between the methyl signals Metrans /Mecis and the cyanide Mesym is a separate, symmetrical species.
Reprinted with permission from Reference 59. Copyright 2007 American Chemical Society
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and NOESY NMR measurements were possible. The two methyl signals Metrans (δ(1H) =
0.57 ppm) and Mecis (δ(1H) = −0.06 ppm) in the 1H spectrum, their integral ratio of 1:2,
respectively, and the HMBC coupling pattern shown in Figure 31b,c directly indicate the
formation of the square-planar Me3Cu(III)(CN)Li complex (21) presented in Figure 31d.
In contrast, in a tetrahedral Cu(III) complex only one signal would be observable for all
three methyl groups in the 1H spectrum. Considering the supramolecular assemblies as a
general feature of organocuprates and Cu(I) intermediates in diethyl ether, it is interesting
that up to now 1H,1H NOESY spectra have not revealed any hint for supramolecular
aggregates of the Me3Cu(III)(CN)Li intermediate in cross-coupling reactions in diethyl
ether.

Simultaneously to the described investigation of 20, further Cu(III) intermediates of
organocuprate substitution reactions were reported by applying rapid-injection NMR in
THF as solvent65. In Figure 32, the time-dependent intensity developments of the 1H sig-
nals of the cyano Cu(III) and the iodo Cu(III) intermediates are shown as examples. These
Cu(III) intermediates were formed immediately after the injection of ethyl iodide into a
cuprate/THF solution at −100 ◦C and could be assigned via 1D 1H, 13C, 2D NOESY and
HMQC spectra. This experiment was repeated with various cuprates, Me2CuLižLiI (1žLiI),
Me2CuLižLiCN (1žLiCN), Me2CuLižLiSCN (1žLiSCN) and Me2CuLižLiSPh (1žLiSPh),
and yielded quite a number of different Cu(III) σ -complexes (Table 5)65. Throughout all
of these Cu(III) species, 2JC,C coupling constants were used to confirm the connectivity.
With 13C-labelled cuprates and CH3

13CH2I, several coupling constants were determined
for these compounds (Table 5), with the coupling constants across copper being consis-
tent with the stereochemistry (2Jtrans � 2Jcis )65,204,205. Again the carbon chemical shifts
of the Cu(III) species show very deshielded values in the range of 13 ppm to 20 ppm
for the CH3 substituents and 28 ppm to 39 ppm for the CH2 group of the ethyl sub-
stituent. The proton chemical shifts reveal values in the range of −0.5 ppm to 0.8 ppm
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FIGURE 32. Time-dependent 1H NMR spectra from the rapid-injection treatment of (a) 1žLiI and
(b) 1žLiCN with ethyl iodide. In (a) Me2EtCuI (23) and in (b) Me2EtCu(CN) (24) are observed, and
both samples show signals assigned to Me3EtCu (22). From Reference 65. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission

35
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TABLE 5. 13C NMR (1H NMR) chemical shiftsa for tetracoordinate, square-planar Cu(III)
σ -complexes in THF. From Reference 65. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission

Complex δ Me δ Et (CH2, CH3) δ Cuprateb

Me3EtCuc 13.26, 16.03d 28.17, 16.13 e

(22) (−0.42, −0.29d ) (0.54, 1.15)

Me2EtCuI 16.03 33.67, ND −9.07
(23) (−0.07) (1.48, 1.28) (−1.39)

Me2EtCuCNf 14.06 34.66, 16.03 −9.11
(24) (0.00) (1.54, 1.20) (−1.41)

Me2EtCuSCN 17.42 39.07, ND −9.08
(25) (−0.21) (1.36, 1.26) (−1.31)

trans-Me2EtCuSPh 18.06 34.21, 17.53 −9.50
(26a) (−0.31) (1.83, 1.31) (−1.31)

cis-Me2EtCuSPh 14.83, 20.40 30.04, 15.60 −9.50
(26b) (−0.50, 0.83) (0.53, 1.14) (−1.31)

aChemical shifts δ (ppm) vs. TMS. ND = not determined.
bShifts of starting cuprate, 1žLiX (X = I, CN, SCN, SPh), before injection.
cShifts for 22 from 24, see e .
d2 × area of other Me peak.
ePrepared from 1žLiX. The shifts of the 13C atom bonded to copper in 22 vary with Cu salt by ±0.1 ppm.
f Cyanide 13C shifts are δ = 152.66 ppm for 24 and δ = 158.95 ppm for 1žLiCN.

and 0.5 ppm to 1.8 ppm, respectively (Table 5). In contrast, in cuprates the 13C chemical
shifts vary only between −9.07 ppm and −9.50 ppm and those of 1H between −1.31 ppm
and 1.41 ppm (Table 5). These deviating chemical shift differences in Cu(I) and Cu(III)
complexes reflect the different binding properties between the copper compound and the
anions of the previous copper salts (e.g. CN−, I−, SCN−). In the Cu(I) complexes mainly
ionic interactions exist between these species, whereas in the Cu(III) complexes the salt
anions are covalently bound.

In addition to the trialkyl Cu(III) species with iodide (23), cyanide (24), thiocyanate
(25) or thiophenolate (26a, 26b) attached, quite often also the tetraalkyl species Me3EtCu
(22) was detected in this study (Table 5, Figure 32)65. Interestingly, the tetraalkyl species
22 is exceedingly stable, because after warming up the sample to −10 ◦C and re-cooling
to −100 ◦C, the tetraalkyl species predominated in solution65. In the case of an injec-
tion of ethyl iodide to 1žLiSPh, an isomerization process between trans-Me2EtCuSPh
(26a) and cis-Me2EtCuSPh (26b) was also detected. In further studies, in which Gilman
cuprates were treated with different stabilizing agents, such as pyridine or PBu3, even
neutral copper complexes were detected in THF64. In addition, the described Cu(III)
investigations demonstrate impressively the influence of the solvent on the reaction rates
of organocuprates even on the level of Cu(III) intermediates. In THF, the reaction rate
of the cross-coupling with methyl iodide as alkyl halide is too fast to observe any inter-
mediate signals even with rapid-injection NMR. In contrast, in diethyl ether a long-term
stabilization of the Cu(III) intermediate 21, which is produced from MeI, is possible.

For SN 2′ substitution reactions of organocuprates and allylic substrates, a reaction
mechanism including Cu(III) intermediates similar to that of classical substitution reac-
tions was proposed111,173,174 and recently theoretical calculations on the origin of the
regio- and stereoselectivity in SN 2′ reactions were published206. With rapid-injection
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FIGURE 33. (a) Reaction of allyl chloride 27 (allyl-1,3-13C chloride, 50 atom% at each position)
with (13CH3)2CuLižLi13CN (1žLiCN) and (b) 13C NMR spectrum of products 28 (major) and 29
(minor) in THF-d8 at −100 ◦C. Asterisks denote solvent peaks. Reprinted with permission from
Reference 57. Copyright 2008 American Chemical Society

NMR, the reaction of allyl chloride with the Gilman cuprates Me2CuLižLiX (X = I,
CN) was investigated and Cu(III) species were found also for these allylic substitution
reactions57. Interestingly, after injection of 1,3-13C-labelled allyl chloride (27) into a solu-
tion of 1žLi13CN in THF (Figure 33a), the 13C chemical shifts of the allyl part indicate
two different Cu(III) complexes being present in solution, a Cu(III) σ -complex and a
Cu(III) π-allyl complex (Figure 33b).

For compound 28 (Figure 33a), the methyl 13C chemical shifts of 11.7 ppm and 23.1
ppm indicate the presence of a Cu(III) σ -complex in agreement with the previous Cu(III)
NMR studies. For the π-allyl copper complex, identical 13C chemical shifts (δ(13C) =
77.4 ppm) of C1 and C3 of the allyl ligand (29, Figure 33a) and one chemical shift for the
methyl groups bound to copper (δ(13C) = −3.56 ppm) indicate an η3 π-allyl complex.
Interestingly, the cuprate 13C chemical shifts and 2JC,C coupling constants in this π-allyl
complex are quite similar to those observed in Cu(I) π-complexes of cuprates and α,β-
unsaturated Michael acceptors (2JC,C = 12 Hz, see Figure 19). This is in accordance with
theoretical calculations, which show that the formal Cu(III) π-allyl complex has a binding
situation similar to that of Cu(I) π-complexes.57

Rapid-injection NMR spectra of these Cu(III) σ -allyl and π-allyl complexes show the
time-dependent interconversion of the two species (Figure 34b). The σ -allyl complex is
formed directly after the injection of 27 (Figure 34a) and then its amount decreases in
favor of the π-allyl complex. This suggests a thermodynamically higher stability of the
π-allyl copper complex 29.

37
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IV. NMR STRUCTURE ELUCIDATION IN Cu(I)-CATALYZED REACTIONS

A. Catalytic Copper Complexes with Thiol-TADDOL Ligands

Nowadays, a multitude of catalytic metal/ligand combinations is accessible in organic
synthesis. For copper and its catalytic properties, a recent series of reviews and the
edition of this book describe the synthetic potential of copper-catalyzed reactions in
detail11 – 15,18,21,23. However, structure elucidation reports on catalytic copper systems
are very rare and the amount not at all comparable to the numerous studies with, for
instance, Pt, Pd or Rh as central transition metals. For example, in copper-catalyzed 1,4-
addition reactions only a few crystal structures of precatalytic copper phosphoramidite
complexes are published207,208. All of these crystal structures show a tetrahedral coor-
dination on copper, which does not explain the ligand accelerated catalysis observed in
these reactions. Only in the last few years, NMR spectroscopic investigations revealed
some structural details about precatalytic copper complexes in solution19. In the follow-
ing, two examples will be discussed in detail, although diimine copper complexes209 – 215

and ferrocene-derived diphosphine copper complexes216 – 218 have also been investigated.
A very remarkable study compares the structures of Cu(I) complexes with thiol-

TADDOL ligands in the solid state and in solution219. In copper-catalyzed enantioselective
1,4-additions of Grignard reagents, high er values are obtained in the presence of thiol-
TADDOL ligands (Scheme 5). In this reaction, also an inversion of the er ratio can be
achieved by applying the different derivatives 31, 32 and 33. Ligand 31 (Scheme 5a)
catalyzes the formation of (−)-(S)-3-butylcycloheptanone, whereas ligands 32 and 33
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SCHEME 5. (a) Thiol-TADDOL ligands 31–33. (b) Copper-catalyzed conjugate addition: er = 92:8
(with 31) and er = 8:92 (with 32 or 33). From Reference 219. Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission

(Scheme 5a) form (+)-(R)-3-butylcycloheptanone220. Additionally, for ligands 31 and 32
a small non-linear effect was found, which suggests the participation of more than one
ligand in the catalytically active complex219.

For X-ray studies, crystals could be obtained by treating 31, 32 or 33 with butyl lithium
and adding afterwards CuCl. For each complex, the solid state structure shows a Cu4S4
unit in which each sulfur atom is coordinated to two copper atoms. Interestingly, no
interaction between the −OH, −OMe or −NMe2 groups of the ligand and the metal
center is observed, which means that the thiol-TADDOL acts as a monodentate ligand219.

Subsequent NMR diffusion measurements of the pure ligands 31 and 32 (Scheme 5a)
and the corresponding Cu4L4 complexes revealed that the Cu4S4-core unit remains intact
in solution. Now the question arose as to whether the Cu4L4 complex remains stable
upon transmetalation. To model the transmetalation process and simultaneously to produce
NMR suitable samples, isocyanide was used as additional ligand and diffusion measure-
ments indicated also Cu4L4 complexes for the isocyanide derivatives 34–36 (Figure 35).

In addition, 1H,1H NOESY spectra of 34 (Figure 36a) and 35 (Figure 36b) were
recorded in order to gain information as to whether the observed inversion of enantios-
electivity for 31 compared to 32/33 can be correlated with the 3-dimensional structures
of their isocyanide complexes. Indeed, the NOESY cross-peak sections of the isocyanide
protons and the aryl protons of 34 and 35 show different signal intensities. For 34, the
methyl protons of the butyl group exhibit strong cross-peaks to both sets of phenyl protons
(Figure 36a), whereas in 35 the butyl protons have only a very weak interaction with the
phenyl protons adjacent to the methoxy functional group (Figure 36b). This indicates a
conformational change via rotation around the C−S bond (indicated in Figure 35 by an
arrow), derivatizing the free alcohol (34) into the methoxy substituent (35), and explains
the observed inversion of enantioselectivity.

B. Catalytic Copper Complexes with Phosphoramidite Ligands

In the past few years, interest in chiral monodentate ligands has grown enormously221,222.
In particular, the biphenol- or binaphthol-based phosphoramidite ligands223 – 226 are report-
ed to yield high ee values and tolerate a wide range of different reaction types and
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FIGURE 35. Part of the Cu4 (thiol-TADDOL)4 structure, adopting a different conformation for 34
in contrast to 35 and 36. This conformational change is indicated by an arrow. From Reference 219.
Copyright Wiley-VCH Verlag GmbH KGaA. Reproduced with permission
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Verlag GmbH KGaA. Reproduced with permission

transition metals. Additionally, the phosphoramidites are applicable to a large variety of
substrates, such as cyclic and acyclic enones, malonates, unsaturated nitro-olefins, unsat-
urated piperidones and unsaturated imines or amines23. This broad range of applications
suggests the existence of so-called privileged ligand structures in the case of phos-
phoramidite ligands. In 1,4-addition reactions of dialkylzinc reagents, catalytic amounts
of copper(I) salts (Scheme 6) in the presence of chiral monodentate phosphoramidites
(Figure 37) yield excellent ee values18,23,108,219,227 – 229. Two promising ligands, which
combine atropisomerism with two stereogenic centers, are the binaphthol-based (37) and
biphenol-based (38) phosphoramidites shown in Figure 37.

In 2002 Alexakis reported that highly enantioselective copper-catalyzed 1,4-addition
reactions of diethylzinc to cyclohexenone in the presence of 38 do not necessarily need
toluene as solvent but are also possible in several other organic solvents and with a couple
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SCHEME 6. Schematic description of the Cu(I)-catalyzed asymmetric 1,4-addition of non-stabilized
carbon nucleophiles. From Reference 231. Copyright Wiley-VCH Verlag GmbH KGaA. Reproduced
with permission

(37) (38)

O

O
P N

Ph

Ph

O

O
P N

Ph

Ph

FIGURE 37. Two representative phosphoramidite ligands derived from binaphthol and
biphenol228,230. From Reference 231. Copyright Wiley-VCH Verlag GmbH KGaA. Reproduced with
permission

of different copper salts230. These synthetic results laid the basis for subsequent NMR
spectroscopic investigations of precatalytic phosphoramidite copper complexes, because
it was now possible to use several combinations of solvents and copper salts for the opti-
mization of the spectroscopic properties (aggregation, line widths, number of compounds,
relaxation properties) without losing relevance for the interpretation of synthetic results.

Under experimental conditions close to those used in synthetic 1,4-addition reactions,
the 31P spectra of 1:2 mixtures of different copper salts and 37 or 38 show the coexis-
tence of free ligand and at least one copper phosphoramidite complex in solution (see
Figure 38a). In the corresponding 1H spectra the signals of the free ligand and the copper
complexes show no separate signals but nearly completely overlapping chemical shifts.
Therefore, 1D 31P spectra are the key to distinguish different species of phosphoramidite
Cu complexes in solution (for spectroscopic properties, see Table 1) and were used to iden-
tify the solvent dependence of the complex species (Figure 38a)231. In THF and toluene,
broad signals of several complex species are observed, whereas in CDCl3 and CD2Cl2 a
single complex signal is detected (denoted as C2) besides the free ligand. By reducing
the ligand-to-copper ratio from 2:1 to 1:1, one of the other complexes in Figure 38a could
be assigned to the 1:1 phosphoramidite copper complex C1 (Figure 38b). Based on these
results, CDCl3 and CD2Cl2 were chosen because these solvents allow a separation of
the two species C1 and C2 and simultaneously provide high ee values in 1,4-addition
reactions.

From the synthetically optimized conditions it was proposed that a L2Cu complex is
the catalytically active species. Therefore, it was surprising that a 2:1 ratio of ligand
to copper salt produced signals of C2 plus free ligand. At this point, 31P spectra with
varying ratios of copper salt to ligand revealed the stoichiometry of C2 (Figure 39). A
1:1 ratio exclusively produces C1 (δ = 121.7 ppm). The addition of more ligand leads
to the formation of C2 (δ = 126.6 ppm) and to a decrease of C1. At 1.5:1 mainly C2 is
present besides small amounts of free ligand and C1 and at higher ratios C2 and increasing
amounts of free ligand are detected. These spectra show that only in the case of a 1:1
ratio a single species (C1) exists in solution, which can be characterized directly with
diffusion experiments. For all other ratios and especially for the diffusion characterization
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FIGURE 38. 31P spectra of ligand 38 and CuCl in varying solvents and at a ratio of ligand:CuCl
of (a) 2:1 and (b) 1:1 at 220 K. From Reference 231. Copyright Wiley-VCH Verlag GmbH KGaA.
Reproduced with permission
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FIGURE 39. 31P spectra of CuCl and ligand 38 at varying ratios in CDCl3 at 220 K. From Refer-
ence 231. Copyright Wiley-VCH Verlag GmbH KGaA. Reproduced with permission

of C2, separated signals for free and coordinated ligands would be necessary, which do not
exist in the 1H spectra due to severe signal overlap. Also, the well-separated 31P signals
were not suitable for DOSY experiments, because quadrupole relaxation and exchange
phenomena cause too short transversal relaxation times visible in extremely broad line
widths. At this point serendipity helped to cut this Gordian knot. The internal dynamic
of the phosphoramidite ligands is considerably influenced by its kind of complexation.
As a result, the methine proton in 38 and 37 features different line widths in the free
ligand, C1 and C2, with the line width of C2 being fortunately by far the smallest one at
220 K. This allows to use the quite long convection compensating DOSY pulse sequence
of Jerschow and Müller100 as complex selective T2 filter for the exclusive detection of
the DOSY attenuation of C2231.
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TABLE 6. Diffusion constants D (10−10 m2s−1) of the free
ligands 37 and 38, and the complexes C1 and C2 consisting
of CuCl and ligands 37 or 38. From Reference 231. Copyright
Wiley-VCH Verlag GmbH KGaA. Reproduced with permission

Ligand D(ligand) D(C1) D(C2)

37 2.30 1.60 1.62
38 2.68 1.81 1.83

The experimental diffusion constants of C1 and C2 with the identical ligand are very
similar, while the free ligands, 37 and 38, and the corresponding complexes with different
ligands reveal well-separated diffusion constants according to their size (Table 6). To
interpret these experimental diffusion data, structural models were derived from crystal
structures with ligand (L) to copper salt ratios between 1:1 and 3:1 and a maximum
number of four ligands in the complex (Figure 40).

From experimentally determined ligand volumes and hard-sphere increments of the
copper salts, the theoretical volumes of these models were derived and compared to the
experimentally detected ones. With this method it could be shown that three phospho-
ramidite ligands exist in C1 and C2. The volume of different amounts of copper salts in
the two complexes is within the experimental error of the DOSY measurements. There-
fore, this information was taken from the 31P spectra shown in Figure 39 and C1 could
be proposed to be structure 41 and C2 correlated with structure 42 (Figure 40). Due to
the fact that in synthetic protocols the 2:1 ratio was reported to give the highest ee values,
and at a 2:1 ratio only C2 is present besides free ligand (Figure 39), complex C2 can be
proposed to be the precatalytic complex.

A further NMR spectroscopic screening with three phosphoramidite ligands and four
Cu(I)X salts (X = Cl, Br, I, thiophene-2-carboxylate) confirmed the mixed trigonal/
tetrahedral Cu coordination in 42 as basic structural motif of precatalytic phosphoramidite
copper complexes with a free coordination site for transmetalation232.

Due to the fact that the above-described structure elucidation process of C2 does not
conform to a classical NMR structure determination, additional low-temperature 31P spec-
tra of phosphoramidite copper complexes were recorded. The resolved low-temperature
spectra of CuCl/37 and CuI/38 are shown in Figure 41, representing the two principal
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FIGURE 40. Schematic models of copper(I) complexes with one, two or three metal atoms based on
crystal structures of phosphoramidite and phosphine Cu complexes. From Reference 231. Copyright
Wiley-VCH Verlag GmbH KGaA. Reproduced with permission
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FIGURE 41. 31P NMR spectra of the combinations (a) ligand 37/CuCl and (b) ligand 38/CuI at a
ratio of 2:1 at different temperatures in CD2Cl2. L indicates the free ligand. Reprinted with permission
from Reference 61. Copyright 2008 American Chemical Society

signal patterns found in the low-temperature spectra of various phosphoramidite copper
complexes61.

The CuCl-containing sample (Figure 41a and 42a) is the first example of phospho-
ramidite copper complexes, in which a resolved AA′BB′ signal pattern with a 2JP,P

coupling of 260 Hz is detected61. This and cross-signals in the low-temperature 31P,31P
COSY spectra indicate CuLL′ subunits, in which the two ligands have different three-
dimensional orientations with chemically non-equivalent phosphorous atoms. Diffusion
measurements of closely related complexes showed that these CuLL′ subunits are part
of a L2L2

′Cu2Cl2 complex (Figure 42) as already found in a phosphoramidite crystal
structure208. Furthermore, dynamic NMR simulations indicate high ligand exchange rates
in these complexes (Figure 42b)61.

A comparison of the spectrum of the L2L2
′Cu2Cl2 complex of 37/CuCl (Figure 41a)

with that of 38/CuI (Figure 41b) suggests for 38/CuI a combination of two complex
species with one part being the already identified type L2L2

′Cu2X2. An intensity-adapted
simulation of the spectra reveals the second complex species to have two signals with
an intensity ratio of 1:2, which fits perfectly to the previously proposed mixed trigo-
nal/tetrahedral precatalyst. Hence, a separated simulation of the 31P spectra of L2L2

′Cu2I2
(Figure 43a) and of LL2

′Cu2I2 (Figure 43b) was the basis for the interpretation of the low-
temperature species of 38/CuI at 180 K. An intensity-adapted superposition (Figure 43c)
of the simulated spectra of L2L2

′Cu2I2 (Figure 43a) and of LL2
′Cu2I2 (Figure 43b) shows

a nearly perfect agreement with the experimental spectrum in Figure 43d. Thus, the
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FIGURE 42. (a) Experimental and (b) simulated spectra of the low-temperature complex composed
of 37 and CuCl. (c) Schematic structures of the ligand and the L2L2

′Cu2X2 complex are given. L and
L′ represent the identical ligand in different sterical arrangements resulting in separated 31P signals.
Reprinted with permission from Reference 61. Copyright 2008 American Chemical Society
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FIGURE 43. Simulated 31P NMR spectra of (a) the L2L2
′Cu2X2 complex, (b) the LL2

′Cu2X2 com-
plex and (c) an intensity-adapted superposition of (a) and (b). The superposition (c) shows an
excellent agreement with (d) the experimental 31P spectrum of a 2:1 ratio of 38 to CuI at 180 K. L and
L′ represent an identical ligand in different sterical arrangements resulting in separated 31P signals.
Reprinted with permission from Reference 61. Copyright 2008 American Chemical Society

existence of the mixed trigonal/tetrahedral complex C2 was also proven by classical
NMR spectroscopic methods.

The combined interpretation of low-temperature 31P spectra and temperature-dependent
DOSY information of various phosphoramidite copper complexes hinted at a temperature-
dependent interconversion of different copper complex species in solution. For example,
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in DOSY measurements, CuL2 complexes were detected at higher temperatures (300 K)
and these copper complexes aggregate with decreasing temperature up to L4Cu2X2 com-
plexes at 180 K. A temperature-dependent interconversion of different catalytic species in
solution is of extreme interest for synthetic applications and would explain the observed
temperature sensitivity of these reactions. However, from the low spectral resolution and
the averaged signals of the temperature-dependent 31P spectra shown in Figure 44 it is
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obvious that a classical NMR quantification of the different complex species, for which
well-separated and well-resolved signals are necessary, is not possible. Therefore, the
well-resolved and sharp 31P signal of the free ligand was used as indicator for the exist-
ing copper species in solution. From the investigations described, the possibly different
coexisting copper complexes were identified as C1, C2 and C3 (for schematic models,
see Figure 40), possessing the different ligand to copper salt ratios of 1:1, 1.5:1 and 2:1,
respectively. That means, in the case of a temperature-dependent interconversion of C1
into C2 and then into C3, that the free ligand is stepwise consumed and reflects the
interconversion step as shown by the example in Figure 44a. The temperature-dependent
amounts of C1, C2, C3 and free ligand, which are derived from the 31P integrals of a
2:1 ratio of 38/CuI, are displayed in Figure 44b. These graphs show that above 210 K
small amounts of C1 coexist beside the main complex C2. At 210 and 200 K, C2 exists
exclusively in solution and it partially interconverts into C3 at temperatures below 200 K.
Interestingly, at a 1.5:1 ratio of ligand to copper, i.e. at the stoichiometry of the precatalytic
complex C2 (L3Cu2X2), the stability of C2 is reduced. This is obvious from Figure 44c
showing a significantly reduced temperature range, in which C2 exists exclusively. With
this method, the amount of the different copper complexes can be detected even in tem-
perature regions in which spectroscopically unresolved complex signals exist, because
the free ligand is used as a spy for the interconversion of stoichiometrically deviating
complexes.

V. CONCLUSION
For decades, the disadvantageous properties of the two Cu isotopes, the presence of
dynamic equilibria and the complex supramolecular structures hampered the structure
elucidation of organocopper complexes in solution. With continuous developments in
NMR spectroscopic techniques, the switch to the NMR active nuclei in the ligands of
organocopper complexes and step-by-step structural approaches, it was recently possible to
elucidate the supramolecular structures of stoichiometric and catalytically active copper
reagents in solution. In these complexes, the high symmetry of the aggregates often
hampers the application of classical NMR spectroscopic approaches. However, elaborate
DOSY, HOE and NOE NMR spectroscopic measurements, which are tailored to the
specific structure problems, allow to gain insights into the structures and sizes of these
supramolecular assemblies, which is still a challenging task.

For organocuprates, it could be shown that the linear cuprate units form homodimer core
structures in diethyl ether solution, which tend to aggregate in a chain-like manner bridged
by salt and solvent molecules. These supramolecular aggregates of organocuprates could
be correlated with their reactivities in addition reactions to α,β-unsaturated enones. Fur-
thermore, the two approaches of intermediate stabilization, i.e. the rapid-injection NMR
at low temperatures and the preparative stabilization in conventional low-temperature
NMR, in combination with isotopic labelling, allowed the detection of elusive inter-
mediate structures of copper-mediated reactions. Thus, it was proven experimentally
via NMR spectroscopy that both π- and σ -complexes of the Cu(I)/Cu(III) redox sys-
tem are the decisive intermediate complexes in copper-mediated conjugate addition and
SN 2/SN2′ reactions.

In the case of catalytic copper complexes, the continuous spectroscopic improve-
ment allowed for a structure elucidation revealing multinuclear complexes. Again, via
DOSY and NOE measurements, for both TADDOL-like as well as phosphoramidite lig-
ands, detailed structural information was derived from NMR in solution. Especially, for
phosphoramidites and their precatalytic complexes, it was possible to obtain important
information about the temperature-dependent stability of the precatalytic copper com-
plexes, which may be very helpful for a further design of catalytically active complexes.
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Thus, the recent progress in structure elucidation of organocopper compounds in solu-
tion by NMR spectroscopy shows impressively the capability of this method, which
should encourage further research in the field of supramolecular assemblies throughout
organocopper chemistry.
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I. INTRODUCTION
A. Abbreviations

D-A donor–acceptor systems PDT photodynamic therapy
C60 [60]fullerene PET photoinduced electron transfer
ET electron transfer S singlet state
P porphyrin T triplet state
Pc phthalocyanines

B. General Introduction

Copper tetrapyrroles have found industrial uses for oil desulfurization, as photoconduct-
ing agents in photocopiers, deodorants, germicides, optical computer disks, semiconductor
devices, photovoltaic cells, optical and electrochemical sensing, and as molecular elec-
tronic materials. Nevertheless, even in this area the body of available literature is large
and we only use selected examples to highlight the state of the art of this field. A descrip-
tion of syntheses, methodology or electron transfer reactions is outside the purview of
this work and the present work can only give a broad overview and selected examples of
studies in this area.

II. BASIC PHOTOCHEMISTRY OF PORPHYRINS AND PHTHALOCYANINES
A. General Concepts and Theoretical Background

Tetrapyrroles are macrocyclic heteroaromatic compounds and the aromatic character of
the underlying tetrapyrrole moiety, the central metal and the reactivity of the functional
groups in the side chains govern their chemistry. The tetrapyrrole ligand is capable of
coordinating almost any known metal with the core nitrogen atoms. Together with the con-
formational flexibility of the macrocycle and the variability of its side chains, this accounts
for their unique role in photosynthesis, medicine, biochemistry and applications1 – 3.

Porphyrins and phthalocyanines 1–3 are well-known representatives of the tetrapyr-
role class of heteroaromatic compounds and closely related. Tetraazaporphyrin (or por-
phyrazine) 2 is the first member of the phthalocyanine class. In phthalocyanines, carbon
atoms of methine bridges (positions: 5, 10, 15 and 20 in 1) have been replaced by four
nitrogen atoms and generally referred to the structure 3 of a tetrabenzotetraazoporphyrin.

They contain an extended π-conjugated system which is responsible for their use in
many applications ranging from technical (pigments, catalysts, photoconductors) to medic-
inal (photodynamic therapy) uses. The electronic absorption spectra are governed by the
aromatic 18 π-electron system and typically consist of two main bands. In phthalo-
cyanines, the Q band around 660–680 nm is the most intense one accompanied by
a weaker Soret band near 340 nm4. In porphyrins, the situation is reversed with an
intense Soret band around 380–410 nm and weaker Q bands in the 550–650 nm region.
The position and intensity of the absorption bands are affected by the central metal,
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axial ligands, solvation, substituents and their regiochemical arrangement, and aggrega-
tion. The theoretical background has been widely reviewed and established in pioneer-
ing works by Gouterman5 and Mack and Stillman6. The spectral characteristics depend
strongly on the substituent pattern. By now, almost all possible combinations of electron-
donating, electron-withdrawing or sterically demanding groups have been prepared. Cop-
per tetrapyrroles 1–3 behave like most other organic chromophores. The absorption of
light results in the rapid formation of the lowest excited singlet state via promotion of
an electron from the HOMO to the LUMO. The excited state can then either relax to the
ground state via radiative (fluorescence) or non-radiative processes (internal conversion
of vibrational relaxation). Another possibility is inter-system crossing to form a triplet
state which again can relax either via radiative (phosphorescence) or non-radiative pro-
cesses. In our context, both types of excited states can take part in photochemical reactions
and, in the presence of donor or acceptor units, energy or electron transfer between the
chromophores can compete with these processes7. In addition, metallo(II) porphyrins and
phthalocyanines may form ions upon illumination. These are either anion or π-cation
radicals and undergo further photochemical reactions8,9.

B. Photophysics of Copper Tetrapyrroles

Cu-ions are known to be excited-state quenchers with the partially filled d orbitals.
Copper(II) ions are capable of fluorescence quenching by electron or energy transfer.
Furthermore, Cu(II), with its d9 valence electron configuration, is paramagnetic. These
special features of the copper have a strong influence on the subsequently discussed
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photochemical tetrapyrrole transformations. Many spectroscopic studies provide details
on magnetic interactions and spin dynamics of states with different multiplicities, such
as doublets, triplets and charge-transfer states. The communication between these states
strongly depends on the temperature and the solvent, and the spectroscopic studies estab-
lished the existence of radical species deduced through ps optical experiments and the
corresponding theoretical calculations10 – 13.

Copper(II) porphyrins are interesting complexes from both a theoretical and experi-
mental point of view. The unpaired electron in the dx2 –y2 orbital couples with the normal
porphyrin (π , π∗) excited states to form the singdoublet [2S(π , π∗)], tripdoublet [2T
(π , π∗)] and quartet [4T (π , π∗)] states.14 These complexes do not exhibit the typi-
cal fluorescence of closed-shell metalloporphyrins, but rather show moderately strong
phosphorescence from the tripdoublet–quartet manifold15 – 19.

The relaxation processes in excited Cu-porphyrins have been extensively studied by
picosecond transient absorption spectroscopy20 – 22. It was found that photoexcitation of
a CuP in the 2S0 →2Sn channel was followed by an extremely fast (1 ps) inter-system
crossing to the excited 2T1 state, thus suppressing porphyrin fluorescence. The equilibrium
formation between the 2T1 and 4T1 states proceeds within hundreds of picoseconds. Note
that splitting between the excited 2T1 and 4T1 states for different Cu-porphyrins varies,
depending on the porphyrin macrocycle structure. A variety of studies were undertaken to
investigate the effects of porphyrin structure23 – 25 and axial ligands26 on the photophysical
and photochemical processes of copper porphyrins.

Similar to metalloporphyrins, the central metal in metallophthalocyanines has a sig-
nificant effect on the nature and the lifetime of the excited states. An interesting feature
of CuPc’s27,28 and other metallophthalocyanines is their ability to participate in stacked
assemblies with other CuPc’s or with metalloporphyrins. Investigations of these assemblies
have shown that metallophthalocyanines with transition metals often display an excited-
state relaxation pathway associated with the interactions of the macrocyclic π-system and
d-orbitals of the central metal29,30.

III. ELECTRON TRANSFER SYSTEMS AND PHOTOCHEMICAL REACTIONS
A. Introduction

Studies on photoinduced energy and electron transfer in supramolecular assemblies have
witnessed a rapid growth in the past decade. Most of these studies focused on the mech-
anistic details of light-induced chemical processes. Researchers attempt to generate sys-
tems with ultra-fast charge transfer and charge recombination applicable as light-induced
switches or with long-lived charge-separated states for solar-energy conversion31. These
endeavours have produced an expanding body of information on porphyrin/phthalocyanine
dyads, their design, and energy, exciton and charge transfer properties. Incorporation of
these systems into larger architectures now offers the possibility for applications in molec-
ular photonics, electronics, solar-energy conversion, nanomaterials and quantum optics.

B. Donor–Acceptor Electron Transfer Compounds

CuP and CuPc play a very important role in electron transfer processes. The simplest
covalently linked systems consist of a tetrapyrrole unit linked to an electron acceptor or
donor moiety with appropriate redox properties.

Classic D–A systems. Biomimetic systems comprised of porphyrins and quinones have
been studied extensively with regard to their electron transfer and charge transfer proper-
ties as they are related to photosynthesis and solar-energy conversion. In many cases, the
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magnitude of the reduction potentials of quinones covalently linked to porphyrins suggests
light-induced radical-pair generation. However, use of quinones as acceptors decreases the
energy that can be stored in the photoinduced radical pair, thus diminishing the likelihood
of a mechanism via radical-pair generation32. For mechanistic studies, it is essential to
have acceptor moieties other than quinones with systematically variable reduction poten-
tials so that the energy of P+ –A− falls between the energies of the excited singlet and
triplet states and beyond. One example for alternatives to porphyrin–quinone model sys-
tems are the copper picryl porphyrins 433. Here, the interaction between the porphyrin
and trinitroaryl group is relatively stronger than in porphyrin–quinone systems34.
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Fullerenes. Applications of fullerenes in photoinduced electron-transfer studies derive
from the fact that back electron transfer is inhibited in donor–acceptor systems incor-
porating [60]fullerene (C60). Fullerenes can accept up to six electrons and exhibit small
reorganization energies while the photoinduced charge-separation is accelerated and charge
recombination is slowed. The effect of the introduction of C60 as an electron acceptor into
tetrapyrrole molecules should enhance our knowledge of the dependence of photoinduced
electron-transfer dynamics on molecular topology. Several self-assembled donor–acceptor
systems containing fullerenes as three-dimensional electron acceptors, and porphyrins as
electron donors have been described. Likewise, different types of non-covalently and
covalently linked copper porphyrin–fullerene dyads have been synthesized and intensively
studied35 – 37.

A series of fulleropyrrolidinophthalocyanines containing free base, Zn and Cu, were
investigated as electron-donating building blocks in fullerene dyes of type 538. These
experiments support the view that the C60/C60

ž− couple exhibits the strongest electron
affinity, while the different Pc/Pcž+ couples play the role of electron donors.

Further investigations have shown that the donor ability increases in the following
order: CuPc < H2Pc < ZnPc. In other words, starting from the free base (H2Pc), addition
of either Cu (CuPc) or Zn (ZnPc) increases or decreases the electron density on the
phthalocyanine, respectively. Similarly, the energy for the radical ion pair CuPcž− –C60

ž+
formed in a photoinduced electron-transfer reaction (vide infra) decreases in the following
order: (1.40 eV)> H2Pc–C60 (1.36 eV)> ZnPc–C60 (1.23 eV).

Although H2Pc and ZnPc are both strongly fluorescent probes in room-temperature
emission experiments, neither fluorescence nor phosphorescence was observed for CuPc.
Implicit in the fluorescence silence is an ultra-fast deactivation of the initially excited state
of this paramagnetic compound with a d9-metal centre. A similar mechanism has been
proposed for the analogous copper porphyrin (CuP), which showed, however, activation
of moderately strong and long-lived phosphorescence as a result of thermally equilibrated
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triplet–doublet/triplet–quartet states39,40. Due to the comparable nature of the porphyrin
and phthalocyanine macrocycles and binding of the transition-metal centre (i.e. Cu–N),
it is likely that a similar ultra-fast deactivation pattern governs the photophysics of CuPc.

C. Heteroligand Systems

Photoinduced electron transfer (PET) between metalloporphyrins and free bases in
dimeric, trimeric and oligomeric porphyrin systems has been studied extensively. Depend-
ing on the choice of the donor and acceptor unit, electron transfer from either singlet or
triplet states can be observed. Electron transfer studies in systems based on heterodimers
with covalent or electrostatic bonds is of particular interest as it relates directly to the
natural photosynthesis process.

ET from CuP to its free-base partner was observed in a CuP–H2P hybrid dimer 641.
The advantage of a hybrid system is that the energy donor and an acceptor are distinct.
The lowest excited singlet and triplet states of the free-base porphyrin monomer are
lower than those of the copper porphyrin. Based on T–T transient absorption spectra,
the triplet yield of the free-base porphyrin was found to increase in the hybrid dimer
compared to a monomeric free-base porphyrin. According to a time-resolved ESR study,
the intermolecular energy transfer occurs between the triplets. The lowest excited triplet
state of the CuP–H2P dimer is generated both by energy transfer processes from the
triplet manifolds in the copper porphyrin moiety and by inter-system crossing from the
lowest excited singlet state of the free-base moiety. As a result of the paramagnetic
perturbation, inter-system crossing in CuP is remarkably accelerated and it seems to
prevent singlet–singlet energy transfer to another porphyrin moiety.

Electrostatically linked dimers can be easily produced by a coupling between two
monomers with oppositely charged substituents in the liquid phase. An example of such
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systems has been illustrated by Tran-Thi and coworkers42, where Zn-porphyrin units were
linked with Cu-phthalocyanines. Drastic changes in the ground-state absorption of the
electrostatically linked dimer compared to the corresponding monomers indicate a strong
interaction between the two chromophores.

According to femto- and nano-second absorption spectroscopy, very efficient inter-
system conversion takes place in the excited ZnP–CuPc, leading to the final ‘triplet’
state. In contrast, excitation of the ZnP–AlPc dimer led to an electron transfer from the
porphyrin to the phthalocyanine moiety. The different behaviour in ET can be explained
by the peculiar properties of the paramagnetic CuPc.

The whole mechanistic scheme can be summarized as follows for ZnP–CuPc and
ZnP–AlPc, respectively:

Cu–Zn Zn–Al
S◦

(Zn–Cu) + hν → 2S(Zn–Cu)∗ Zn–Al + hν → 1S(Zn–Al)∗
2S(Zn–Cu) → S◦

(Zn)–2T – 4T(Cu)∗ 1S(Zn–Al)∗ → 2S(Znž+ –Alž−)

(� � 0.75; kisc = 5 · 1011) (1ket = 3.8 · 1011)
S◦

(Zn)–2T – 4T(Cu)∗ → S◦
(Zn–Cu) 1S(Zn–Al)∗ ← 1T(Zn–Al)∗

(kT = 3.2 · 107) (kisc = 9.5 · 109)
S◦

(Zn) → 1S(Zn)∗ → 1T(Zn)∗ 2S(Znž+ –Alž−) → S◦
(Zn–Al)

(� = 0.85; kisc = 6.7 · 108) (1k−et = 1.4 · 1010)
1T(Zn)∗ → S◦

(Zn) 1T(Zn–Al)∗ → 2T(Znž+ –Alž−)

(kT = 2 · 104) (1Tket = 2.45 · 104)
2T(Znž+ –Alž−) → S◦

(Zn–Al)
(1Tk−et = 3.8 · 103)

Here, ket (s−1) and k−et (s−1) are the forward and backward ET rate constants, respectively,
kT is the rate constant of the conversion from triplet (T) to ground state and kisc (s−1) is
the rate constant for inter-system conversion from singlet to triplet.

For systems such as the copper-copper dibenzofuran-bridged co-facial bisporphyrins 7
and 8, EPR spectroscopy has been shown to be an essential analytical tool that provides
information not available from optical studies. It also complements crystallographic studies
by probing intra-molecular metal–metal arrangements in frozen solution43.
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D. Photochemical Reactions

In the early 1970s photoinduced metallation of porphyrin series was reported44. It was
found that etioporphyrin I, tetraphenylporphyrin, phyllo-type petroporphyrins (porphyrins
derived from chlorophyll phyllo-type) and certain Cu(II) 1,3-diketonates underwent a
quantitative conversion into Cu(II) porphyrins in a short period of time (time frame
varied with light intensity) upon light irradiation (ca 400 nm). Experiments in the dark
required several hours or days to achieve a comparable conversion. Upon illumination in
the dark experiments, reaction was found to occur at the photoinduced rate. The length
of this period was proportional to the length of the prior irradiation time. In addition, no
spectrophotometric evidence was found for any porphyrin-containing compounds other
than a free base and a Cu(II) porphyrin.

H2P + hν → H2P∗
H2P∗ + Cu(II)L2 → Cu(I)L + Lž + H2P
Cu(I)L + H2P → Cu(I)HP + HL
Cu(I)HP + Lž → Cu(II)P + HL

where L is a ligand and H2P is a free-base porphyrin.
Based upon the observation that the photochemical reaction occurs upon irradiation by

light (ca 400 nm) in the region of the Soret band, the formation of a porphyrin excited
form would be logical.

Other interesting examples for photochemical transformations were observed in cop-
per(II) porphyrins 9 and 10, which bear a fused methylenepropano-ring. They were shown
to undergo unusual self-sensitized photo-oxygenation reactions45. These porphyrins were
perfectly stable in the dark under inert gas, however once exposed to both light and air,
they were rapidly transformed into oxygenated adducts.

Compound 10 appeared to be more unstable in the presence of both light and air
and its major oxygenation product was identified as the α,β-unsaturated ketone 11 and
obtained in 52% yield. Differently, the co-facial bis-porphyrin 12 has been isolated from
the reaction of 9 in the presence of DBU in very good yield (60%) and its structure was
confirmed by X-ray analysis.
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IV. PHOTOINDUCED ELECTRON TRANSFER IN APPLIED PHOTOCHEMISTRY
Solar-energy conversion, electrophotography, hydrogen production and photocatalysis are
the most popular topics involving copper-based tetrapyrroles. CuPc-based photoenergy
conversion systems have been designed using donor–acceptor molecules, polymers and
carbon nanotubes. The mechanism of photoinduced electron transfer (PET) is extensively
studied and a variety of the artificial systems applying PET is examined for use as molec-
ular devices.

A. Nanomaterials—Molecular Electronic Devices

The discovery of the charge transfer across the donor–acceptor systems opened an
effective way to improve the photo-optical response of the organic materials. Develop-
ment and use of organic ultra-thin monolayers as potential models for optoelectronic
devices and catalysts in solid photochemistry has attracted great attention. Some stud-
ies focused on the fabrication of CuPc and CuP thin films using photoinduced deposition
methodologies46 – 48 and investigated their optical49, optical memory and photoswitching50

and xerographic51 properties.
Many memory and switching phenomena in organic solid films have been examined,

as prototypical candidates for molecular electronic devices and photogeneration in these
organic superlattices under an applied electric field may play a fundamental role. Some
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work has been reported on PET and back electron transfer (charge recombination) of
hetero-Langmuir–Blodgett film devices with CuPc as a sensitizer. A transient electric
current was observed upon the selective photoexcitation of CuPc and the resulting charge-
separated state in the device survived for a few minutes. Applying electric biases and/or
lowering temperatures caused the charge-separated state to last much longer52.

Disk-shaped like monomers can form rod-like aggregates (discotic mesophase mate-
rials) and they exhibit long-range order, large electrical anisotropies. The high interest
in these materials stems from their promise as organic electronic devices requiring high
charge mobilities and dense integration (e.g. organic field effect transistors, organic light-
emitting diodes and photovoltaic cells). CuPc’s, especially with flexible hydrocarbon
chains, exhibit a remarkable feature to form the discotic mesophased architectures53.

Syntheses and thin-film formation have been performed for octa-substituted phthalo-
cyanines 13–15 with and without polymerizable styryl side chains: CuPc(OC2H4OCH=
CHPh)8 (13) with styryl groups at the termini on the side chains, or with one alkoxy
group removed, CuPc(OC2H4CH=CHPh)8

54 (15), and CuPc(OCH2)2OBz)8 (14). The
latter compound (14) has been shown to form highly coherent rod-like aggregates in
Langmuir–Blodgett films with excellent control of rod orientation55,56.
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Irradiation of the styryl π –π∗ absorbance bands with λ ca 254 nm for horizontally
transferred LB films of 13 and 15 resulted in a stabilization of their rod-like aggregates,
through formation of cyclobutane links between adjacent side chains (Scheme 1). In the
case of compound 13, styryl group polymerization was achieved up to 75% versus ca
55% for 1557.
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SCHEME 1. Photoinduced cyclobutane formation within adjacent side chains of 13 and 15

Polymerized thin films have shown a long-range order that was confirmed by atomic
force microscopy and X-ray reflectometry. The differences in the orientation of individual
Pc’s, between films of 13 and 14, were determined by transmission and reflectance. Higher
dark photoconductivities and electrical anisotropies were observed in films of 13 after
annealing and polymerization, compared with those found for films of 14.

Photoelectrodes. Several studies were aimed at the fabrication of molecular-based pho-
toelectrodes and special attention has been given to the efficient uptake of visible light and
conversion into output of the photosystems. Typical examples are the construction, deter-
mination of photoelectric characteristics and an evaluation of the photoelectrodes58,59.
For example, photoelectrode devices constructed from CuPc as a p-type semiconductor
in combination with N ,N ′-diphenylglyoxaline-3,4,9,10-perylenetetracarboxylic acid bis-
benzimidazole as n-type semiconductor in the water phase were investigated in terms of
kinetics. Each film of the p/n bilayer presents a photoanode, where the photoinduced oxi-
dation of thiol occurs. The holes originate on account of the photophysical events in the
p/n interior, involving the charge separation of excitons at the p/n interface60 (Figure 1).

Gas-sensitive electrodes can be fabricated by use of CuPc incorporation into a polypyr-
role backbone. The photoresponse in electrochemical mode increases due to the presence
of phthalocyanine in the films, and enhanced sensitivity towards nitrogen gas as compared
to pure polypyrrole film was observed.61

Junctions. Molecular conductance junction62 is another important utilization of phthalo-
cyanines. Here, a molecule or a small cluster of molecules conduct electrical current
between two electrodes. Copper phthalocyanine (CuPc) has been used in silicon-based
molecular nanotechnology63 to integrate molecular electronic function with silicon sur-
faces. In these applications the knowledge about mechanisms of charge transfer and the
role of the outer phenyl ring is important to understand the interaction with the surround-
ing substrate when the CuPs molecule is bound to the surface via its central copper atom64.
One example is the intercalation of CuPc pyridinium complex and iron phthalocyanine
into two layered titanates from Na2Ti3O7 to study the microstructure control65.

B. Solar Energy
One of the main targets in solar-energy conversion is reaching 10% conversion effi-

ciency. This is within reach and has caused an intensive development of organic and hybrid
thin-film photovoltaics (third-generation solar cells). Substantial improvements have been
made resulting in new device concepts and improved understanding of energy-conversion
processes. Films of tetrapyrrole semiconductors are promising candidates for stable and
low-cost electrode materials that can be used for solar-energy conversion. Various copper
phthalocyanines have been investigated as thin-film electrodes in photoelectrochemical
cells66,67.

The behaviour of the phthalocyanines as p-type materials results under illumination in
cathodic photocurrents with reduction of a suitable acceptor in solution. These thin-film
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FIGURE 1. Schematic illustration of the photoanodic reaction at a CuPc/water interface

materials are robust and absorbing at ca 650–750 nm. n-Type semiconduction in organic
materials has been reported for porphyrins. For example, Yamashita and coworkers68

described the semiconducting behaviour of metal-free and copper tetraphenylporphyrins
to be switched from p-type into n-type in a photoelectrochemical cell when more than
three phenyl groups were replaced by pyridyl residues.

Organic–inorganic hybrid cells also demonstrated enhanced performance by use of
nanoporous Si as n-type and CuPc. The CuPc device shows a conversion efficiency up to
2% under white-light illumination (20–30 mW cm−1)69. Theoretical studies on a microki-
netical model of a solar cell included electron–hole pair recombination between donor and
acceptor sites. A simulation has been performed on CuPc and 3,4,9,10-perylenetetracar-
boxylic acid dianhydride (PTCDA) and interpreted in a simple kinetic picture of an
electron–hole pair generation step at the CuPc–PTCDA interface and subsequent trans-
port in the CuPc and PTCDA domains70.

Other studies reported the construction and analysis of photovoltaic cells fabricated with
CuPc and TiO2

71 – 73 or ZnS74 nanoparticles. The dye-sensitized TiO2 solar cell showed
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conversion efficiencies of 7–10% under standard solar conditions. The high efficiencies
are associated with ultra-fast charge transfer from the dye to TiO2, the high internal sur-
face area of the TiO2 films, the broad absorption of the dye and the efficient separation of
opposite charges between the domains. Recently, some attention has been given to com-
posites of metal phthalocyanines and carbon nanotubes because of their high quantum
efficiency facilitated by charge transfer between them and the complementary proper-
ties of the composites. These are regarded as promising candidates for the fabrication
of donor–acceptor heterojunction diodes and photovoltaic devices. An example of such
constructions has been reported recently for a copper phthalocyanine with long dodecyl
chains covalently attached to modified multi-walled carbon nanotubes75.

C. Hydrogen Production

Photochemical processes capable of the evolution of molecular hydrogen are one of
the most important areas of the current research. Considerable interest has followed
after Fujishima and Honda reported the photoelectrochemical water splitting using a
UV-responsive TiO2 electrode76. Nowadays, dihydrogen (H2) energy is attracting much
attention as a ‘clean energy’ source with water photolysis being one of the most promis-
ing procedures to produce H2. Some of the strategies are based on the development of
an efficient solid/water interface to achieve the (photo)chemical energy conversion under
solar irradiation.

Being p-type of semiconductors, CuPc’s can be used to construct p/n type of organic
bilayers as photoelectrodes and used in water phase77. In aqueous solution, copper tetrapyr-
roles can be used to reduce methyl viologen (MV) from MV2+ to MVž+ that is capable of
decomposing water in the presence of a catalyst. A hydrogen-producing three-component
system [chromophore/donor/MV] was analysed using CuPc as a chromophore78. However,
sulfonated phthalocyanines compare unfavourably to metalloporphyrins79. Some studies
were carried out on the photodynamics of these systems for future applications80.

D. Dye Industry
Improvements in the lightfastness of disperse dyes is one of the major goals in the dye

industry. The relationship between chemical structure and lightfastness of disperse dyes
and complete determinations of the reaction mechanisms that characterize the photofading
of disperse dyes on polyamide and PET substrates is of great interest. Many studies
have been focused on investigating the light-induced reduction, photooxidation by singlet
oxygen and wavelength-dependence of photoreduction in various organic solvents, to
name a few.

Himeno and coworkers81 reported that reductive fading of monoazo disperse dyes
combined with vinylsulfonyl copper-phthalocyanine on nylon or polyester substrates was
decreased compared with the rate of reductive fading of disperse dyes without the CuPc
dye. Singlet oxygen generated by the photosensitization of CuPc dye suppressed the
reductive fading of disperse dyes. Nylon had a greater tendency to give light-induced
reduction and oxidation of disperse dyes than polyester, depending upon the properties of
the adsorbed dye.

Some investigations were carried out purely on CuPc dyes; examples are the pho-
tosensitized oxidation of copper phthalocyanine (CuPc) reactive dye on cellulose under
different conditions82 – 84 and additives85, and photochemical reduction of the tetrasodium
salt of copper tetrasulfonatophthalocyanines with amines86,87.

Dyes are utilized in polymer materials to enhance their colour-changing properties.
However, these additives can considerably affect the polymer stability towards degrada-
tion. Interestingly, CuPc can play the role of a polymer stabilizer against degradation as
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FIGURE 2. Schematic illustration of dye participation in the photodegradation mechanism of poly-
mers (P)

well as in some cases to be its trigger. The interaction mechanism of dyes can occur via two
pathways88 – 90 (Figure 2). In pathway A, after the light absorption in oxygen-containing
media, the dye produces chemical species such as singlet oxygen and superoxide anions.
The reactive chemical species thus produced accelerate polymer degradation. In pathway
B, the dye reaches excited singlet (S1, S2) and triplet (T1, T2) states. The energy absorbed
by the dye is then transferred to the chemical groups in the polymeric chain via inter-
molecular energy transference. The energetic excitation of the polymer by the colourant
increases the potential formation of free radicals (Pž).

For example, CuPc incorporated into polycarbonate resulted in accelerated degradation
under UV-radiation. Being a strong sensitizer, CuPc very likely enhances the formation of
reactive species in polycarbonate. Excited states of CuPc may intercept hydrogen atoms
from methyl groups in polycarbonate, increasing the formation of free radicals, which is
the beginning for the sequential photo-oxidation processes leading to the degradation of a
polycarbonate. Alternatively, photodegradation of polycarbonate triggered by CuPc may
go via electron transfer sensitization91. In contrast, the three-component system involving
hindered piperidine (known to be effective photostabilizers for some polymers), antiox-
idant and CuPc have shown synergistic effects. Interestingly, CuPc alone offered little
photoprotection and some enhanced photoprotection was observed for antioxidant CuPc.
These results indicate that CuPc and a hindered piperidine exhibit a highly favourable
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interaction for photostabilization92. Finally, CuPc dyes can also be used as heterogeneous
sensitizers to induce the photopolymerization of trimethylolpropane triacrylate93.

V. GREEN CHEMISTRY OF COPPER-BASED DYES: PHOTODEGRADATION,
STABILIZATION AND PHOTOCATALYSIS

High levels of environmental contamination have been associated with dye wastewater
contents from the textile dyeing and finishing industry. Various types of synthetic dyes
are used in the textile industry including azo, anthraquinone, triarylmethane and phthalo-
cyanines designed to be highly robust. Moreover, due to the complexity and variety of the
dyes used for the different purposes, as well as their non-biodegradability, it is rather diffi-
cult to find unique treatment methods that would result in effective degradation of all types
of dyes. Azo dyes are the largest class of commercially used colourants, while phthalo-
cyanines are mainly utilized as blue and green dyes. Copper phthalocyanines (16–20 are
several examples of the commercially used CuPc dyes) are the most important deriva-
tives of the phthalocyanine pigment class94. Their commercial success is based on three
features: beautiful bright blue to green shades and strength, remarkable chemical stability
and excellent fastness to light. Due to their low tendency to migrate in materials, CuPc’s
are used in inks and printing, coatings, some plastics, textile and leather. However, envi-
ronmentally, these advantages as robust and efficient colourants decrease the efficiency of
convenient treatment technologies. Additional contamination associates with metals such
as copper released during the process from the metallized dyes.
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A. Photodegradation of CuP and CuPc Dyes

Although porphyrins and especially phthalocyanines are stable compounds, both will
undergo photo-oxidative degradation or photoexcited ET reactions. The phthalocyanine
systems are very stable even in advanced catalytic processes such as photocatalytic oxi-
dation. Photoelectrocatalytic oxidation attracts considerable attention as a way to increase
the photocatalytic efficiency in degradation of organic pollutants and studies have been
carried out to apply this methodology for decolourization of Pc systems.

The decolourization of commercially relevant reactive CuPc dyes, such as Remazol
Turquoise Blue 133 , was studied comparatively in aqueous solution with regards to
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TiO2-mediated photocatalytic and photoinduced and dark Fenton/Fenton-like reactions95.
However, the authors reported that none of those advanced oxidation systems was effective
in the degradation of the CuPc dye. Further investigations were performed on Remazol
Turquoise dyes. For example, Remazol Turquoise Blue 15 (20) was investigated by direct
cathodic reduction on platinum electrode and photoelectrocatalytic oxidation on Ti/TiO2 as
nanostructured semiconductor thin-film electrodes with higher efficiency for the combined
process of photoelectrocatalytic oxidation and electrochemical reduction96.
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The direct cathodic reduction was not successful for dye mineralization, but almost
complete mineralization of the dye was reached using photoelectrocatalytic oxidation
(thin-film Ti/TiO2 photoanodes) and UV irradiation. Maximum photoelectrocatalytic
degradation was achieved at E = +1.2 V and 0.1 mol l−1 Na2SO4. At pH ca 2 or pH ca
8 100% colour removal of the Cu-dye solution, almost complete mineralization values of
95% (pH ca 2) and 85% (pH ca 8.0) were recorded97. However, this method is limited
to dyes at high concentrations.

Some studies on photostable CuPc sulfonate sodium salts were carried out under UV
(λ > 320 nm) or visible light (λ > 450 nm) in the presence of a TiO2 semiconductor in an
aqueous medium. They underwent notably photobleaching in the presence of TiO2. The
spectral analysis showed that the dye photobleaching led to complete destruction of the
phthalocyanine ring. In addition, the stability of the dye towards visible light was greatly
affected by the physical properties of TiO2 semiconductor, and the dye photostability
could be improved through addition of electron sacrificers such as 4-chlorophenol98.

Another example of photodegradation catalysed by titanium dioxide is illustrated for
the CuPc dye 19 (Alcian Blue 8 GX ). This dye is one of the so-called biological stains,
such as Eosin Y, Auramine O, Hematoxylin or Rose Bengal etc., which are widely used in
biomedical research laboratories and for diagnostic purposes. Some of them are known to
be toxic or mutagenic for humans and animals, highly resistant to micro-organisms such
that biological wastewater treatment processes are very inefficient in treating these dyes.

The photocatalytic degradation of Alcian Blue 8 GX was carried out in aqueous sus-
pensions containing the commercial catalyst TiO2 P-25. According to the Langmuir–
Hinshelwood model, photodegradation followed approximately a pseudo-first kinetic order.
It was shown that the photocatalytic degradation reaction can be described mathematically
as a function of parameters such as pH, H2O2 concentration and irradiation time using the
response surface methodology99.

Decolourization and mineralization of phthalocyanine dye 16 (C.I. Direct Blue 199 )
has been studied using an advanced oxidation process. The authors varied experimental
conditions such as hydrogen peroxide and UV dosage, dye concentration and the pH of the
medium. The operating conditions for 90% decolourization of the dye and 74% removal of
total organic carbon were found to be an initial dye concentration of 20 mg l−1, hydrogen
peroxide dosage of 116.32 mM and a UV dosage of 560 W at pH ca 9 in 30 min.
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Interestingly, decolourization of C.I. Direct Blue 199 was found to be more difficult than
that of an azo dye (C.I. Acid Black 1 ) under the same operating conditions100.

B. CuP and CuPc Photocatalysts Based on Titanium Dioxide

Great attention has been drawn to other applications of porphyrins and phthalocyanines
as very promising (photo)catalysts. Semiconductor photocatalysis is an advanced oxidation
process and can be used to eliminate organic pollution. TiO2-based photocatalysts are
being used in photocatalytic technologies for the degradation of organic compounds in
water. In past decades, great interest has focused on the development of economically
and environmentally friendly new catalytic systems with enhanced activity of TiO2-based
catalysts for use in the oxidative degradation of various organic pollutants.

Titanium dioxide (TiO2) is one of the most popular materials to be used as a photocat-
alyst for air treatment and degradation of organic pollutants in water. Having a large band
gap (3.2 eV with λ � 385 nm), TiO2 can consume only about 5% (with energy above
3.0 eV, λ � 410 nm) of solar light reaching the earth’s surface. Thus, to increase the
efficiency of solar-energy utilization through TiO2, it is often doped with transition metal
ions or organic dyes to shift the photoresponse of the catalyst into the visible region.
In view of its low cost and feasibility, dye sensitization is considered to be an effec-
tive method to modify the photochemical properties of TiO2 particles. Mechanistically,
the photosensitization of TiO2 proceeds via initial excitation of the dye. A photoinduced
electron transfer from excited dye to TiO2 and the surface reaction of TiO2 conductive
band electron were suggested as the key processes.

It was shown that TiO2 impregnated with Cu-based sensitizers is beneficial for the
photoactivation of TiO2, and CuP’s101 – 103 and CuPc’s have been shown to improve the
photocatalytical activities of these photocatalysts.

Comparative studies show that TiO2 samples doped with CuP and FeP are more
photoactive than simple TiO2 (anatase), whereas samples including MnP showed less
photoreactivity104. Free-base porphyrins have shown slightly higher photoactivity than
TiO2, suggesting that the porphyrin macrocycle is photocatalytic as well. However, sam-
ples impregnated with CuP exhibited the highest photoactivity. These results, related to
the photodegradation of 4-nitrophenol (4-NP) in an aqueous heterogeneous environment,
suggest that the Cu(II)–Cu(I) photocatalytic redox cycle plays the main role in the process.

Cu(II) could be reduced to Cu(I) by electrons of the conduction band of TiO2 where
additional electrons are injected, due to the presence of the sensitizer:

TiO2[Cu(II)P] + hν → TiO2[Cu(II)P]∗
TiO2[Cu(II)P]∗ → TiO2[Cu(I)P]+ + e−

CB
TiO2[Cu(II)P] + e−

CB → TiO2[Cu(I)P]
TiO2[Cu(I)P] + 3O2 → TiO2[Cu(II)P] + O2

ž−
TiO2[Cu(I)P] + 1O2(

1�) → TiO2[Cu(II)P] + O2
ž−

TiO2[Cu(I)P] + H2O2 → TiO2[Cu(II)P] + žOH + OH−

Systematic investigations demonstrated the existence of an optimum photoreactivity
depending on the amount of impregnated porphyrin. Several reports have shown that the
copper porphyrins-TiO2 photocatalysts are (photo)stable under irradiation conditions and
during photocatalytic experiments and retain those catalytic activities even after several
cycles.

Similar results were shown for a series of TiO2-CuPc’s systems where different Cu(II)Pc
(TiO2 –CuPc) were examined for their photocatalytic degradation of 4-NP105. Here, the
presence of modified CuPc was beneficial for the photoactivation of TiO2 (anatase),
while only in few cases a slightly enhanced photoactivity for TiO2 (rutile) was observed.
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Recent studies of the photocatalytic activity of polycrystalline TiO2 samples impregnated
with rare-earth-metal diphthalocyanines in the 4-NP photocatalytic degradation show bet-
ter photoactivity for the complexes of lanthanide metals, such as Nd, Sm and Ho106.
Improved photocatalytic activity was observed in the decomposition rates of 4-NP for
TiO2-lanthanide diphthalocyanines over those impregnated with Cu(II)P’s.

Other examples of photocatalysis illustrate the utilization of hybrid sol-gel TiO2/
organosilica films doped with CuPc as photocatalysts for the oxidative degradation of
organics under visible light irradiation107. This process has been successfully demon-
strated for the aliphatic 2-propanol using copper and iron phthalocyanines, methylsilica
and amorphous titania.

Plastic used widely all over the world and its waste as the so-called ‘white pollution’
has been recognized as one of the central environmental problems. Heterogeneous pho-
tocatalytic oxidation can occur under moderate conditions, such as room temperature,
atmospheric pressure and molecular oxygen as the only oxidant. Recently, studies of the
solid-phase photodegradation of TiO2-embedded plastic upon irradiating the composite
film for 300 h under air have shown reduction of its average molecular weight by two-
thirds and weight by 27%108. Comparative studies have been carried out on polystyrene
(PS) incorporated in (TiO2/CuPc) and TiO2 alone. Faster photocatalytic degradation of
polystyrene was observed in PS-TiO2/CuPc than in PS-TiO2. During photocatalytic degra-
dation, activation of polystyrene by the reactive oxygen species attacking neighbouring
polymer chains leads to chain cleavage and production of new reactive radicals. The higher
charge-separation efficiency of TiO2/CuPc photocatalyst results in more effective genera-
tion of reactive oxygen species both on surface and inside thin film, polystyrene undergoes
faster and more complete mineralization over TiO2/CuPc than over TiO2 photocatalyst109.

Another serious environmental problem has been caused by azo dyes from textile indus-
tries. Here, methyl orange is often selected as a reliable model to investigate decolour-
ization and decomposition of azo dyes using photocatalysts. It has been shown that pho-
tostable copper 2,9,16,23-tetracarboxyl phthalocyanine (CuTcPc) doped with amorphous
TiO2 (am-TiO2) hybrid photocatalyst exhibits excellent photocatalytic activity towards
methyl orange under visible irradiation (λ > 550 nm)110 (Figure 3). In contrast, no pho-
tobleaching of methyl orange was observed with bare am-TiO2 at λ > 550 nm. Besides
the active oxygen species, TcPc+ž radical cation produced as well also reacts with methyl
orange and induces the photodegradation of methyl orange. Since no valence band hole
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FIGURE 3. Visible-light-induced reductive degradation of methyl orange on CuPc/TiO2
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is produced in am-TiO2, the interior charge recombination is avoided in dye sensitization
photocatalysis.

Similar results were reported for hybrid photocatalysts in situ hydrothermally synthe-
sized from TiO2 and water-soluble copper phthalocyanine tetrasulfonate111. Its efficiency
with TiO2 was tested on methyl orange. However, methyl orange was not completely
degraded by this catalyst under visible light.

C. Other Hybrid CuP and CuPc Photocatalysts
Several studies have been carried out to investigate the influence of different semi-

conductor types and phthalocyanine complexes on the photoactivity. For instance, copper
phthalocyanine complexes supported on Al2O3, TiO2 or WO3 were prepared and the pho-
tooxidation of Na2S and Na2S2O3 studied. It was found that the photocatalytic activity of
the phthalocyanine complex, supported on TiO2 or WO3, was much higher compared to
dielectric Al2O3. This high photocatalytic activity was explained by an electron transfer
from the conduction band of the excited Pc to the conduction band of a semiconductor.
The increase in the quantum yield of the redox process and the higher degree of oxidation
of the substrate resulted in the additional formation of superoxide radicals on the TiO2 or
WO3 conduction band112.

Zn/Al hydrotalcite-like compounds (general formula for these materials is {[MII
1−xMIII

x

(OH)2]x+ž(Ax/n)
n−žmH2O}, where MII is a divalent, MIII is a trivalent cation and An−

is the anion) with various Zn/Al molar ratios were prepared through co-precipitation and
used as supports for the immobilization of copper tetrasulfonated phthalocyanine. The
photocatalytic bleaching of methylene blue was studied under different conditions upon
solar radiation. Interestingly, the Zn/Al molar ratio has almost no effect, but an increase
in pH enhances the photodecolourization of methylene blue. A maximum of 75% dye
decolourization was achieved in 4 h solar irradiation in contrast to 33% in dark control113.

Photocatalysts prepared in situ by CuPc immobilized on Al and encapsulated inside
zeolite-X show a remarkable affinity towards CN−. Photo-oxidation is based on trans-
ferring electrons from the zeolite to cyanide ions in solution. It was found that CuPc
affects zeolite cages through distortions, and accommodation inside them results in strong
interaction with the complex and can enhance activity of the whole system114.

Mesoporous catalysts were prepared through reaction of 3-aminopropyltrimethoxysilane
and (hexadecafluorophthalocyaninato)copper(II), followed by co-condensation of tetra-
ethylorthosilicate around a micelle formed by n-dodecylamine. The surfactant was re-
moved from the pores via continuous extraction with ethanol, yielding the Si–CuF16Pc
catalyst. SEM images confirmed catalyst formation as nanoaggregates with a diameter
of 100 nm. This novel material shows an excellent photocatalytic activity, degrading
almost 90% of 2,4-dichlorophenoxyacetic acid in up to 30 min, while only approximately
40% of photodegradation was obtained in its absence. This catalyst demonstrates efficacy
for photodegradation of organochloride compounds, industrial dyes and pesticides with
unproblematic recuperation from the reaction medium115.

CuP’s are not very often employed as photocatalysts for organic molecule degradation
compared with CuPc; an example has been given by the photocatalytic degradation of
2,4,6-trinitrotoluene by copper porphyrins under light irradiation116.

VI. PHOTOBIOCHEMISTRY
A. Photodynamic Therapy and Singlet Oxygen Production

The interaction of tetrapyrrole derivatives with oxygen under the influence of light, and
their photostability, has been a matter of great interest due to its medicinal relevance. Pho-
todynamic therapy (PDT) presents the only one clearly established medicinal application
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of tetrapyrroles and relies on the selective accumulation of a tetrapyrrole photosensitizer
in target tissue where it can be activated with light to produce toxic singlet oxygen result-
ing in, e.g., tumour necrosis. Several porphyrin-based compounds have been approved for
medicinal applications and others are in Phase-2 trials117 – 120.

Some studies have been carried out to investigate copper tetrapyrroles with regards to
singlet oxygen production for use in PDT. For example, an iminium salt of octaethyl-
benzochlorin copper complex 21 was tested for its tumouricidal effects on the AY-27
N-[4-(5-nitro-2-furyl)-2-thiazolyl] formamide tumour line and was found to be an effective
photosensitizer in vivo in combination with non-coherent light sources.

N N

NN

CuII N+Me2
Cl−

(21)

Skin photosensitization was found to be minimal when drug-injected mice were illumi-
nated in a solar simulator121. The photodynamic ability of this complex required the pres-
ence of molecular oxygen in order to generate reactive species upon light activation122,123.

Sometimes, the efficacy of one-photon PDT is limited by hypoxia, which can prevent
the production of the cytotoxic singlet oxygen species, leading to tumour resistance for
PDT. To solve this problem, two-photon excitation of the photosensitizer can be employed.
Excitation of the CuPc triplet state leads to an upper excited triplet state with distinct
photochemical properties, which could inflict biological damage independently from the
presence of molecular oxygen124. The potential of a two-photon excitation process was
investigated on Jurkat cells incubated with copper phthalocyanine tetrasulfonate125.

Other studies have shown that copper-based tetrapyrroles can also exhibit photonucle-
olytic activity and may be used for the DNA cleavage. Many copper complexes have
been shown to exhibit nuclease activity in the presence of external co-oxidants126 – 131.
Very few reports are available where copper(II) complexes promote DNA cleavage on
their own132,133. For example, hexaporphyrin dyads were synthesized from n-butyl stan-
nonic acid and 5-(4-carboxyphenyl)-10,15,20-tritolylporphyrin (H2TTP–CO2H) followed
by copper insertion as artificial nucleases134. The Cu-hexaporphyrin 22 showed high nucle-
ase activity towards DNA supercoil.

Interestingly, DNA cleavage did not occur in the presence of the free-base hexa-
porphyrin alone and a monomeric CuP complex also failed to cleave it. Considerable
inhibition of DNA cleavage in the presence of singlet oxygen quencher NaN3 suggests
the involvement of reactive oxygen species for cleavage.

Another example of potentially useful biomolecules is presented by the porphyrin
23135 bearing the enediyne structural fragments. Enediynes136,137 themselves are known to
undergo rearrangements to form diradicals upon photoactivation leading to H-abstraction
from DNA and cell death138.
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It is interesting to note that ‘doubly N-confused’ copper porphyrins have also been
synthesized and investigated in terms of their singlet oxygen production. The free-base
‘doubly N-confused’ porphyrin complex 24 exhibits a low fluorescence quantum yield
of 9.1 × 10−3, which is completely suppressed in the Cu(III)P complex 25. However, a
high singlet oxygen quantum yield (φ� = 0.66) was observed for the Cu(III).

These results were explained in terms of enhanced inter-system crossing rates, induced
by a heavy atom effect, rather than a redox quenching involving the metal ions in an
unusually high oxidation state. The ‘confused porphyrins’ are photochemically stable in
oxygen-free solution but are bleached more or less rapidly by photogenerated singlet
oxygen in the absence of other quenchers139.

Phthalocyanines can act as photosensitizers for the production of singlet oxygen in a
similar manner to the porphyrins. Besides their catalytic properties, as discussed above,
TiO2 can be used to kill bacteria under UV irradiation. For instance, Lactobacillus aci-
dophilus, Saccharomyces cerevisiae and Escherichia coli can be completely sterilized
when incubated with platinum-loaded TiO2. TiO2 photocatalysis is known to generate
various active oxygen species, such as hydroxyl radicals and peroxide, and superoxide
radical anions under UV irradiation. These properties can be used to develop disinfection
materials and self-disinfecting thin films particularly attractive in places such as hospi-
tals. So far, dye-sensitized TiO2 films prepared with CuPc as sensitizers have shown
bactericidal activities. It was found that the films can kill E. coli DH5α bacteria under
visible-light irradiation (λ > 420 nm) and that the bactericidal activity is related to the
adsorption amount of the dye on film140.

Dyes can also be attached to polymers soluble in water or/and in polar solvents, or to the
insoluble polymer supports for recovery from the reaction medium for further re-use. CuPc
can be easily functionalized for preparation of polymer hybrid thin films141. For example,
CuPc was linked to an amino group of Amberlite IRA-93 and is strongly fluorescent in
the solid state and in DMF suspension. Singlet oxygen quantum yields were determined
in suspension by monitoring the photo-oxidation of diphenylisobenzofuran. Fluorescence
and singlet oxygen production are environmentally dependent, e.g., on dye aggregation142.
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The degree of aggregation plays an important role in the photochemical mechanisms of
photo-oxidation. Singlet oxygen production in these systems is expected to be different
for monomers143.

CuP and CuPc have found applications in different areas of current research targeting
highly interesting topics of organic and medicinal chemistry, material and nanoscience.
They have been shown to be effective photocatalysts for water-waste and organic-pollutant
degradation in green chemistry. On the other hand, they can also be used as efficient sta-
bilizing agents for polymers and dyes. The search for alternative energy sources is one
of the important aims of the present century and has attracted much attention recently.
We have also highlighted their future potential as molecular devices in emerging areas
of nanoscience. Copper tetrapyrroles, especially copper phthalocyanines, have found uti-
lization as prospective candidates in hydrogen production as (photo)catalysts and in solar
energy as photovoltaic cells and junctions.
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I. INTRODUCTION
Electrochemical investigations into organocopper compounds are very scarce. In a num-
ber of chapters and reviews dealing with electrochemistry of organometallic compounds
published in the last decades only a few examples of such studies are mentioned1 – 4, often
as a part of broader investigations including copper complexes with organic ligands. This
is mainly caused by the fact that electrochemical reactions of organocopper compounds
are dominated by changes of the oxidation state of the metal and hence the most important
problem to be investigated was the effect of different organic moieties on the stability of
reactants, in particular of the copper(I) oxidation state. On the other hand, the extreme
versatility of oragnocopper reagents in organic synthesis and the great interest in them
have no counterpart in the field of electrochemical reactivity. One more drawback should
be mentioned here: a large number of organocopper compounds are either insoluble or
unstable in solvents that are usually used in electrochemical measurements, even though
they are quite stable in the crystalline state.

1

PATAI'S Chemistry of Functional Groups; Organocopper Compounds (2009)
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First of all, Section II of this Chapter presents a review of studies on the synthesis
of organocopper compounds including mainly the use of direct electrolysis based on
the simultaneous cathodic reduction of an organic compound and the dissolution of a
sacrificial copper anode. These methods appeared suitable for the preparation of copper(I)
π-complexes with the coordination of organic cations by the metal atom through the C=C
bond, in particular for the direct formation of such compounds in the form of crystals.

The discussion of electrochemical behavior of the title compounds is focused mainly
on their stability at different oxidation states of copper atoms. Compounds with only one
copper atom (Section III.A) and binuclear compounds with copper and platinum or tita-
nium atoms as well as with two copper atoms in the molecule (Section III.B) have been
successively reviewed. Finally, Section III.C presents electrochemical data on polynuclear
compounds including copper clusters (very often with three copper atoms) bounded to
organic moieties in homonuclear as well as heteronuclear compounds. The synthesis of
such compounds and investigations of their structures and photophysical behavior have
received a lot of attention in recent years because of their potential technological appli-
cations as precursors of nonlinear optical materials and rigid-rod molecular wires5. A
number of papers were also devoted to the electrochemical study of electronic communi-
cation between the redox centers, like ferrocene or titanocene, at the ends of heteronuclear
organometallic molecules. Such investigations (see references cited in Reference 6), in
general directed toward the search for new materials of interest for molecular electronic
devices, also dealt with organocopper compounds, of which some examples are mentioned
in Section III.C.

Finally, the Chapter ends with a suggestion concerning further use of electrochemical
methods in investigations into organocopper compounds.

It should be explained at the beginning that the use of the terms ‘reversibility’ and
‘irreversibility’ in this Chapter follows the same sense as used in the original papers
cited and does not correspond exactly to the definition of electrochemical reversibility.
Namely, in the cyclic voltammetry method the process is called irreversible if reversing the
potential scan after a cathodic peak gives no anodic peak, and vice versa. And conversely,
the process is called reversible if both cathodic and anodic peaks are observed, even if the
difference between potentials of a cathodic (Epc) and anodic (Epa) peak, �Ep, is greater
than the theoretical value. In such a case the formal potential of a given redox couple is
approximated as the midpoint between both peaks, Eo = 1/2(Epc + Epa).

The following common abbreviations are used in this Chapter, beside the general
abbreviations of the book: CV, cyclic voltammetry; EDX, energy dispersive X-ray spec-
tra; ESI-MS, electrospray ionization mass spectrometry; FAB-MS, positive-ion fast atom
bombardment mass spectroscopy; cod, 1,5-cyclooctadiene; dppm, bis(diphenylphosphino)
methane; dppf, 1,1′-bis(diphenylphosphino)ferrocene; bipy, 2,2′-bipyridyl; TBAP, tetra-
butylammonium perchlorate; TBAPF6, tetrabutylammonium hexafluorophosphate;
TBABF4, tetrabutylammonium tetrafluoroborate; GC electrode, glassy carbon electrode;
F, Faraday constant; and M, mole dm−3.

The quoted potentials are originally measured mainly versus an aqueous saturated
calomel electrode (SCE) or versus the Ag/Ag+ couple in acetonitrile. Sometimes they were
converted to the standard hydrogen electrode (SHE) scale. However, in many reports the
ferricinium ferrocene redox couple (Fc+/Fc) was additionally used as the internal standard
and potentials are often expressed (sometimes after recalculations) in this scale.

II. ELECTROCHEMICAL SYNTHESIS OF ORGANOCOPPER COMPOUNDS
Olefin copper(I) π-complexes can be easily prepared in the form of crystals using elec-
trochemical techniques. Out of a great number of cyclic olefins which can be bonded to
copper(I), a stable compound 1 with 1,5-cyclooctadiene (cod) was prepared by Manahan7
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employing the direct current electrolysis (1–2 V and 20 mA) of a solution of copper(II)
perchlorate and cod in absolute methanol under nitrogen atmosphere with the use of cop-
per electrodes. The remarkably stable crystals of 1 formed at both electrodes in cathodic
(reaction 1a) and anodic (reaction 1b) processes are moderately soluble in acetone and
their voltammetric properties will be discussed in Section III. Cu(BF4)2 can also be used
as a starting reactant8 instead of Cu(ClO4)2.

Cu2+ + 2cod + ClO4
− + e −−−→ Cu(cod)2ClO4↓

(1)

(1a)

Cu + 2cod + ClO4
− − e −−−→ Cu(cod)2ClO4↓ (1b)

Reactions 1a and 1b clearly show that the main idea of electrochemical synthesis is
the use of copper electrodes and a solution of copper(II) compound in order to produce
copper(I) species in the redox reaction: Cu0 + Cu2+ → 2Cu+. Then, in the presence of
a π-electron ligand in the solution, the crystals of the final copper(I) π-complex are
formed. Thus, the original method of Manahan7 was improved and converted to an
alternating-current electrolysis9 which was found to be very powerful for direct prepara-
tion of high-quality single crystals of copper(I) compounds. The growth of crystals can
be conveniently controlled by changing the voltage and current density, and moreover,
for unstable copper(I) π-complexes the difficult process of recrystallization is omitted. A
great number of Cu(I) compounds (2–28) with the metal atom coordinated to C=C bonds
in allyl groups of different ligands were prepared using the ac electrochemical method
by Goreshnik and coworkers10 – 32 and crystal structures of the products were determined.
However, in some cases σ -complexes without copper–carbon bonds were also produced
by this method. The synthesized organocopper compounds as well as the applied organic
reactants containing allyl groups are listed in Table 1. The second reactant was CuBr2
or CuCl2ž2H2O and ethanol was mainly used as solvent. The alternating current of a
frequency of 50 Hz was applied to copper electrodes and the potential difference was
equal to 0.30 V. Crystals were formed on the electrodes after time ranging from four
hours (for 3), ten hours (for 2), 48 hours (for 15, 16, 19 and 20) to several days (for 13,
23 and 24) and even twenty days for 21, but in order to prepare 25 after two days of
electrolysis the solution was placed in a refrigerator at −1 ◦C for a month. Moreover, it
should be added that a change from chlorine to bromine atoms in the starting reactant
can change the bonding to the copper atom and the final structure of the compound; for
example, instead of copper(I) π-complex 16 the use of CuBr2 and the same ligand yields
[C4H8N2(C3H5)4]2+ [CuBr3]2−, which is not an organocopper compound20.

(2) X = Cl
(3) X = Cl/Br

S

N
CuX2

−

N
N

N
CuCl

(4)

N
N

N

Cu2Br3
−

(6)

+
+

The determined crystal structures allowed the author to establish the bonding of copper
atoms (including a coordination with C=C bonds as well as with nitrogen atoms and
bridging halogen atoms) and to discuss the effectiveness of metal–olefin interactions. For
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N

N
Cu2X3

−

(7) X = Cl
(8) X = Cl/Br

N

H
N

CuXS

(9) X = Cl or Br

+

N
CuCl2

−

H2N

(12)

N
CuX2

−

(13) X = Cl
(14) X = Cl/Br

NH2

++

N

O

Cu4Cl5
−

(15)

N

N

[CuCl2]2
−

(16)

2++

N
Cu2Cl3

−

(17)

N

N
Cu3Cl4

−

(18)

+

NH

O

Cu2Cl4
2

(19)

2 −

example, it was found27 that two copper atoms in 21 have trigonal–pyramidal arrange-
ments with a varying degree of tetrahedral distortion, indicating different strengths of metal
C=C interactions for each Cu atom. Thus, a better view of the structure can be represented
by dimers Cu2[C6H4N3(OC3H5)]2Br4 (21a). In a similar manner 2 and 13 can be repre-
sented by the formulas [C7H5NS(C3H5)] [CuCl2)] (2)4 and [H2NC5H4N(C3H5)][CuCl2]
(13)18 shown in Table 1 or by the dimeric formulas [C7H5NS(C3H5)]2[Cu2Cl4] (2a) and
[H2NC5H4N(C3H5)]2[Cu2Cl4] (13a), respectively, which not only means that there are
interactions between two organic cations and the dinegative (Cu2Cl4)2− ion, but also
allows one to show properly all σ - and π-bonds of copper(I), as is shown below. Dimeric
fragments 10a and 11a with a weakly bonded C=C group to each copper atom were also
established17 for crystals of 10 and 11 and the dimeric formula of 19 is shown as 19a.
However, the details of structures and bonding are beyond the scope of this chapter and
will not be discussed here.
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TABLE 1. Electrochemical syntheses of copper(I) π -complexes with bonding by allyl groups

Reactant with the π -ligand Product Cu(I) compound Reference

N -Allylbenzothiazolium halide [C7H5NS(C3H5)]+(CuCl2)−žH2O 2 a 10
[C7H5NS(C3H5)]+ (CuCl1.06Br0.94)−žH2O

3 a

1-Allylbenzotriazole [C6H4N3(C3H5)]žCuCl 4 a 11
Diallyl sulfide [(C3H5)2S]ž2CuCl 5 12
1,3-Diallylbenzotriazolium bromide [C6H4N3(C3H5)2]+ (Cu2Br3)− 6 13
1,3-Diallylbenzimidazolium chloride [C7H5N2(C3H5)2]+ (Cu2Cl3)− 7 14
1,3-Diallylbenzimidazolium halide [C7H5N2(C3H5)2]+ [Cu2(Cl0.67Br2.33)]− 8 15
(2-Allylthio)benzimidazole [C7H5N2S(C3H5)]žCuX (X = Cl or Br) 9 16
1-Allyl-4-aminopyridinium halide {Cu[H2NC5H4N(C3H5)]Br2}žH2O 10 17

{Cu[H2NC5H4N(C3H5)]Br0.65Cl1.35}žH2O
11

{Cu[H2NC5H4N(C3H5)]Cl2} 12
1-Allyl-2-aminopyridinium chloride [H2NC5H4N(C3H5)]+ [CuCl2]− 13 18
1-Allyl-2-aminopyridinium bromide [H2NC5H4N(C3H5)]+ [CuBr1.10Cl0.90]−

14
N ,N ′-Diallylmorpholinium chloride [C4H8ON(C3H5)2]+ [Cu4Cl5]− 15 19
N ,N ,N ′,N ′-Tetraallylpiperazinium

chloride
[C4H8N2(C3H5)4]2+ [CuCl2]2

− 16 20

l-Allylpyridinium chloride [C5H5N(C3H5)]+ [Cu2Cl3]− 17 22
1-Allylbenzimidazolium chloride [C7H5N2H(C3H5)]+ [Cu3Cl4]− 18 23
N -Allylmorpholine hydrochloride {[C4H8ONH(C3H5)]+}2 [Cu2Cl4]2− 19 24
1-Allyloxybenzotriazole C6H4N3(OC3H5)žCuCl 20 25
1-Allyloxybenzotriazole C6H4N3(OC3H5)žCuBr 21 27

C6H4N3(OC3H5)ž2CuCl 22
1-Allyl-3-aminopyridinium chloride {[H2NC5H4N(C3H5)]2žCu4Cl6}n 23 28
3-[(2-Morpholino-4-oxo-4,5-dihydro-1,3 [(C17H18N2O3S)2žCu4Cl4]n 24 b 29
thiazol-5-ylidene)methylphenoxy] propene
1-(2-Pyridyl)-4-allylpiperazinium

dichloride
[(C5H4NH)NC4H8NH(C3H5)]2+

[Cu3Cl5]2− 25
30

Mixture of 2-imino-3-allyl- [C7H5N2S(C3H5)ž(CuCl)] 26 a 31
benzothiazole with 2-imino-3-allyl- {[C7H6N2S(C3H5)]+}2 [Cu2Cl4]2− 27
benzothiazolium bromide {[C7H6N2S(C3H5)]+}2 [Cu2Br4]2− 28

a Electrochemical synthesis was performed in acetonitrile solution.
b Electrochemical synthesis was performed at 323 K because of low solubility of the organic reactant.

Heterovalent copper(I,II) π ,σ -complexes were also synthesized by the same method
using 2,4,6-triallyloxy-1,3,5-triazine (29) as the ligand21,26,32. In compound Cu7Br6.48
Cl1.52ž2C3N3(OC3H5)3 (30) each ligand 29 is coordinated to one copper(II) atom through
the nitrogen atom and to two copper(I) atoms through the C=C bonds26. Higher effi-
ciency of the π-interaction between Cu(I) and C=C in a similar coordination was found
in Cu7Cl8ž2C3N3(OC3H5)3 (31), which is a mixed-valence Cu(I),Cu(II) π ,σ -complex
obtained21 by electrochemical reduction of the copper(II) complex [CuCl2ž2C3N3
(OC3H5)3]. Further reduction yields21 [Cu8Cl8ž2C3N3(OC3H5)3]ž2C2H5OH, with all three
allylic groups and a nitrogen atom of 29 coordinated to four copper atoms. Another
mixed-valence copper π-complex, [Cu3Cl4ž2C3N3(OC3H5)3] (32), was obtained32 after a
two-hour electrolysis of 29 and CuCl2ž2H2O. In 32 the copper(I) atom coordinates two
bridging chlorine atoms and the C=C bond of the allyl group which is in the trans posi-
tion to the nitrogen atom of the triazine ring coordinated to the copper(II) atom. This is
in sharp contrast to the cis arrangement found earlier21 in 31. It should also be added
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N

CuII N
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OO

O O

O O

CuI

CuI

ClCl

(32)

Cl

Cl

that in the case of some ligands, during the electrochemical synthesis some intermedi-
ate complexes of copper(II) coordinated only by nitrogen atoms were obtained and their
structures were determined33.

The synthesis of cyano copper(I) complexes in one-step reactions was achieved34 – 36

by electrochemical dissolution of a sacrificial copper anode and a simultaneous cathodic
reduction of nitriles in acetonitrile solutions. A similar method was next used for prepa-
ration of two organocopper compounds36. Fluorenylbis(triphenylphosphane)copper(I)–
diacetonitrile [Cu(C13H9)(PPh3)2]ž[2MeCN] (33) was synthesized36 by electrolysis at 0 ◦C
in an undivided cell, equipped with a copper anode and a platinum cathode, of the acetoni-
trile solution containing fluorene, triphenylphosphane (34) and TBABF4 as a supporting
electrolyte. A constant current of 50 mA was applied and, after passing the charge of 1F
per mole, a white precipitate of 33 (quite soluble in DMSO) was formed. The proposed
structure of 33 was supported by elemental analysis, EDX and ESI-MS (most abun-
dant ions are [Cu(C13H9)(PPh3)2]+ and [Cu(C13H9)(PPh3)(PPh)]+), as well as 1H, 13C,
31P NMR and IR spectroscopy. Similar electrolysis of an acetonitrile solution containing
triphenylmethane (35), 34 and TBABF4 under the same conditions yielded triphenyl-
methyl(triphenylphosphane)copper(I)–diacetonitrile [Cu(CPh3)(PPh3)]ž[2MeCN] (36) as
a greenish precitipate. The formula of 36 was proposed on the basis of elemental analy-
sis, EDX and FAB-MS results. Thus, the following cathodic (2a), anodic (2b) and final
(2c) reactions were suggested:

Ph3C-H
(35)

+e −−−→ Ph3C− + 1/2H2↑ (2a)

Cu+ PPh3
(34)

+MeCN − e −−−→ [Cu(MeCN)(PPh3)]+ (2b)

[Cu(MeCN)(PPh3)]+ + Ph3C− + MeCN −−−→ [Cu(CPh3)(PPh3)]ž[2MeCN]↓
(36)

(2c)

8
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CuN PPh3

PPh3

(33)

MeC

CPh3

CuN

PPh3

(36)

MeC N CMe

NMeC

III. ELECTROCHEMICAL STABILITY OF ORGANOCOPPER COMPOUNDS
Electrochemical measurements can be very useful when evaluating the stability of copper
compounds in different oxidation states. This method was often used to compare the effects
of the structure and ligand nature on the stability of copper complexes. Some examples
of this approach to organocopper compounds, including a determination of equilibrium
constants or only a report of redox potentials, are given in this Section.

A. Mononuclear Compounds

Voltammetric examinations of 1 in acetone solutions at the rotating platinum electrode
showed7 the shifts of half-wave potentials for reversible processes of Cu(II)/Cu(I) and
Cu(I)/Cu(0) couples with the cod concentration as shown in Figure 1. The slopes of the
linear relationships shown support the 1:1 stoichiometry of the Cu(cod)+ complex. The
overall formation constant for this complex obtained from Cu(II)/Cu(I) and Cu(I)/Cu(0)
data (Figure 1) was equal to log β = 4.4 ± 0.1 and log β = 4.6, respectively.

0.6

0.2

E
1/

2 
/V

 v
s.

 S
C

E

−0.2
−3 −2

Cu(II)/Cu(I)

Cu(I)/Cu(0)

log[cod]

−1

FIGURE 1. Dependence of half-wave potentials for the Cu(II)/Cu(I) and Cu(I)/Cu(0) couples in 1
on the log of cod concentration in acetone. Data from Reference 7
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In a similar manner stability constants for the formation of copper(I) π-complexes
with maleic acid H2L (37) (equation 3) and its deprotonated anions, HL− and L2−, were
determined37. For this purpose reversible potentials of two consecutive one-electron steps
for the reduction of Cu(II) in aqueous solutions of different pH and the variable con-
centrations of 37 were measured at the hanging mercury drop electrode using cyclic and
square-wave voltammetry. The observed increase in the stability of the complexes with
deprotonated 37 in the order of log K (M−1) = 3.36, 4.08 and 4.45 for CuH2L+, CuHL
and CuL−, respectively evidently points to additional electrostatic attractions between
copper ion and the negatively charged oxygen atoms37.

Cuaq
+    +

(37)

CC

H

HOOC COOH

H

CC

H

HOOC COOH

H

Cu

+

(3)

Sandwich complexes of copper with the (3)-1,2-dicarbollide ligand, B9C2H11
2−, involv-

ing Cu(II) d9 paramagnetic ion, Cu(B9C2H11)2
2− (382−), and Cu(III) d8 diamagnetic ion,

Cu(B9C2H11)2
− (38−), were prepared and their spectral and electrochemical properties

were reported38. They are formally analogous to the bis(cyclopentadienyl)metallocenes,
yet isostructural anions of crystal salts [(C2H5)4N]2CuII(B9C2H11)2 (38a) and [(C6H5)3
PCH3CuIII(B9C2H11)2 (38b) do not form symmetrical sandwich structures, but are dis-
torted by a slippage of the carborane moieties parallel to one another39,40, as shown in
Figure 2. It is evident from this Figure that three boron atoms of each carborane face are
closer to the copper atom than the two carbon atoms. Cyclic voltammograms of both 38a
and 38b recorded at a platinum electrode in MeCN solutions containing 0.1 M TEAP
or TBAP showed a reversible one-electron process corresponding to the 38b/38a redox
couple with the cathodic peak potential equal to −0.35 V vs. SCE. The second, quasi-
reversible process corresponding to CuII/CuI couple with a cathodic peak potential varying

Cu

(38)

C-H
B-H

n− 

FIGURE 2. The structure of 382− and 38− ions. Reprinted with permission from Reference 38.
Copyright 1968 American Chemical Society
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around −1 V vs. SCE suggests the existence of Cu(I) compound but its stability was not
investigated. The obtained results indicate that the CuIII compound 38b exhibits the most
stable oxidation state. On the other hand, 38a is a strong reducing agent, as supported by
gradual oxidation of its solutions in the presence of air, producing 38b. The properties of
38a and 38b were compared38 with those of similar compounds containing other transition
metals, in particular gold, and the most probable metal–ligand orbital interactions were
suggested.

Electrochemical and spectroelectrochemical behavior of 39 in which unusually high
oxidation state of copper(III) is stabilized by two copper–carbon bonds in the central
core of cis-doubly N-confused porphyrin ligand was investigated in CH2Cl2 solutions
containing 0.1 M TBAPF6 electrolyte41. Apart from a number of CV peaks similar to
those observed for the ligand alone, but also connected with the residual water, the
additional reduction peak found around the potential of −0.9 V vs. SHE was assigned to
the CuIII/CuII couple.

(39)

C

N
H
N

C

NN

Cu

FF

F

F F

F

F F

F

F

F F

F

FF

F

F

F

F

F

O

B. Binuclear Compounds

1. Mixed compounds with Cu and Pt or Ti atoms

Low oxidation states of transition metals in mixed-metal-alkynyl complexes, inter-
esting as precursors of organometallic polymers with potential electronic applications,
can be stabilized by di-imine ancillary ligands42. Two such complexes containing 1:1
Pt:Cu metals, namely [(t-Bu2bipy)Pt(C≡CR)2Cu(SCN)], with R = p-MeC6H4 (40a) and
R = SiMe3 (40b), were prepared42 by reacting (4,4′-bis-tert-butyl-2,2′-bipyridyl) platinum
bis-alkynyl with Cu(SCN) in MeCN. Their X-ray analysis showed the trigonal planar coor-
dination of copper with η2 bonding to two C≡C bonds. Electrochemical measurements of
40 in CH2Cl2 solutions containing 0.5 M TBABF4 using a platinum electrode revealed a
reversible one-electron reduction of bipyridyl ligand at a potential around Ered = −1.3 V
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vs. Ag/AgCl, close to a value of Ered = −1.29 V vs. Ag/AgCl observed42,43 under the
same conditions for the mononuclear platinum complex [Pt(Me2bipy)(C≡CPh)2]. The
more interesting one-electron oxidation processes of 40 assigned to CuI/CuII redox cou-
ple (Eox > 1 V vs. Ag/AgCl) are completely irreversible because of decomplexation of
unstable CuII compounds formed in the electron transfer. A similar irreversible oxidation
of analogue platinum–silver complex, [(t-Bu2bipy)Pt(C≡CSiMe3)2Ag(SCN)] (41), was
found at lower potential (Eox = 0.85 V vs. Ag/AgCl), indicating much lower stability of
the AgII than CuII compound42.

N

N

t-Bu

t-Bu

Pt

C

C

CR

CR

Cu NCS

(40a) R = p-MeC6H4
(40b) R = SiMe3

          Ered (V)    Eox (V)

40a   -1.36         1.07
40b   -1.29         1.25

By applying chelating ligands, the so-called π-tweezers like bis(alkynyl) titanocene
(η5-C5H4SiMe3)2Ti(C≡CSiMe3)2, it was possible to synthesize several heterobimetallic
compounds including early transition metal in a high oxidation state and late transition
metal in a low oxidation state. Electronic interactions between both metal centers in such
compounds were investigated, often using CV measurements. The discussion of the above
problem and comparisons for compounds with different metals are beyond the scope of this
Chapter. However, considering only Ti(IV)–Cu(I) compounds the reduction and oxidation
potentials obtained44 – 46 for {(η5-C5H4SiMe3)2Ti(μ-σ ,π-C≡CR)2}CuX (42) and thiol end-
capped titanium–copper complexes {(η5-C5H4SiMe3)2Ti(μ-σ ,π-C≡CR)2}CuSC6H4R′-4
(43) are given in Table 2.

Ti

C

C

CR

CR

Cu X

SiMe3

SiMe3

(42a) R = Ph; X = Br
(42b) R = SiMe3; X = Cl
(42c) R = SiMe3; X = Br
(42d) R = SiMe3; X = I
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Cu R′

SiMe3

SiMe3

(43a) R = SiMe3; R′ = 

(43b) R = SiMe3; R′ = 

(43c) R = t-Bu;     R′ =

S C CH

S

S S

Me

O

SH
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TABLE 2. Cathodic and anodic potentials for the reduction and oxidation at the
platinum electrode of compounds 42 and 43 in THF solutionsa at 298 K

Compound Reduction Oxidation Reference

−Eo (V vs. Fc+/Fc) Epa (V vs. Fc+/Fc)

CuI/Cu0 TiIV/TiIII

42a 1.55 b 1.74 b 0.17 c 44
42b 1.73 1.84 45 g

42c 1.75 1.89 45 g

42d 1.72 1.85 b 45 g

43a 1.51 b 1.96 b 0.86 46
43b d 1.78 b,e 2.74 b 0.91, 1.02, 1.36 46
43c 1.56 b 1.97 b,f — 46

a Supporting electrolyte: 0.1M TBAPF6; υ = 0.2 or 0.1 V s−1.
b Epc value is given for the irreversible peak.
c Eo value is given for the reversible process; �Ep = 100 mV.
d CH2Cl2 solution was used.
e Small reoxidation peak was observed at Epa = −1.60 V vs. Fc+/Fc.
f Small reoxidation peak was observed at Epa = −1.7 V vs. Fc+/Fc.
g Data from Reference 45 with permission from Elsevier.

The reduction of copper(I) is in most cases completely irreversible, i.e. no reoxidation
peak is observed, and presumably this process results in the disintegration of the complex
with the formation of metallic particles45. However, the last reaction is probably slower for
43b and thus a small reoxidation peak was observed46. Reversible oxidation of copper(I)
to copper(II) was reported only for 42a. On the other hand, the irreversible anodic peak for
43a and the first peak for 43b (Table 2) were assigned46 most probably to the oxidation
of the copper–thiolate unit.

2. {Cu(μ-L)}2 compounds

Binuclear copper compound [{Cu[μ-C(SiMe3)2(C5H4N)]}2] (44), stable to the thermal
and oxidative decomposition, was investigated47 using the cyclic voltammetry in THF
solutions containing 0.2 M TBABF4. The reversible reduction process observed at Eo =
−2.47 V vs. SCE results in an unstable product (its half-life time determined by the CV
method is t1/2 < 1 s). On the other hand, the oxidation product corresponding to Eo =
0.71 V vs. SCE exhibits much higher stability (t1/2 > 100 s) and the oxidation process
(equation 4) involves two electrons as shown by the controlled-potential coulometry at
0.64 V. Thus, the formally copper(II) alkyl species 442+ are produced of unexpected

N

Cu

Me3Si

Me3Si

N

Cu

SiMe3

SiMe3

(44)
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TABLE 3. Cathodic and anodic peak potentials for the irreversible reduction
and oxidationa of compounds 45–48 in THF at 298 K50

Potentials Step Compounds
(V vs. Fc+/Fc)

45 46 47 48

Epc 1 −3.19 −2.92 −3.20 −2.97
2 — −3.09 — −3.13

Epa 1 0.61 0.47 0.81 0.66
2 — 0.81 — 1.36

a Glassy carbon working electrode; supporting electrolyte: 0.1M TBAPF6, υ = 0.1 V s−1.

stability in comparison with earlier reports on unstable copper(II) alkyls48. It should be
added that copper hydrocarbyl species in the cationic form are also rare.

44 − 2e −−−→ 442+ (4)

Among a number of copper(I) complexes with 1-azaallyl ligand investigated by
Hitchcock and coworkers49,50 there are two dimeric organocopper compounds, [{Cu[μ-N
(SiMe3)C(t-Bu)C(H)SiMe3]}2] (45) and [{Cu[μ-N(SiMe3)C(Ph)C(SiMe3)2]}2] (46), for
which some interactions between both copper(I) centers were discussed. Their examina-
tion by several electroanalytical methods revealed that in THF solutions at 298 K, 45 gives
one cathodic and one anodic peak, but 46 gives two separate cathodic and two anodic
peaks. All the peaks are irreversible and their potentials are collected in Table 3 together
with potentials of irreversible peaks obtained for the copper complex 47 and compound
48 which is the precursor of 46. A comparison of reduction potentials given in Table 3
indicates50 that the electron is transferred to an orbital mainly centered on the azaallyl
ligand. Thus, the electron-withdrawing phenyl substituents facilitate the electroreduction
shifting the potential of 46 to less negative values than those observed for 45, but 45
and 47 have the same Epc value. It was also shown that the following rapid reaction was
responsible for the lack of reoxidation peaks, but this could be obtained by lowering the
temperature. Then for 46 at 268 K the formal potentials and peak separations are equal to
Eo = −2.91 V and �Ep = 96 mV and Eo = −3.06 V and �Ep = 199 mV, for the first
and the second reduction steps, respectively. In addition, the third, irreversible reduction
peak appeared then at −3.55 V.

Cu N

SiMe3

CuN

Me3Si

t-Bu Bu-t

SiMe3Me3Si

(45)

Cu N

SiMe3

CuN

(Me3Si)2

Ph Ph

(SiMe3)2Me3Si

(46)

At 268 K, a first oxidation peak of 46 also shows a cathodic response giving Eo =
0.45 V and �Ep = 112 mV. Moreover, in CH2Cl2 solution at 298 K the first oxidation
step of 46 is reversible (Eo = 0.27 V, �Ep = 84 mV) but the second one is not (Epa =
1.23 V). However, the most interesting result is that the first oxidation process corresponds
to a one-electron step, in contrast to the behavior of 44 described previously. This result
was confirmed for 46 by the square-wave voltammetry and for an analogue compound
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P Cu

Ph

Ph

Ph N

t-Bu

C(H)SiMe3

SiMe3

C(SiMe3)2

NMe3Si

Li

THF

(48)(47)

of gold using also chronocoulometry and chronoamperometry. Moreover, the formation
at the electrode of a paramagnetic radical cation of gold analogue of 47 was confirmed
by an ESR signal obtained in spectroelectrochemical experiments at 3.3 K. In conclusion,
one-electron oxidation processes take place at the metal centers, leading to mixed-valent
Cu+/Cu2+ species50, which are more stable for compound 46 than for 45. The contrast to
independent oxidation of both Cu(I) centers at the same potential observed47 for 44 was
noticed but not explained49. In this context it seems interesting to point out the problem
of metal–metal interactions (in crystals the Cu–Cu distances are 2.499(2) Å for 4549

and 2.412(1) Å for 4447) and the problem of electronic communication (no substantial
communication is expected for saturated ligands, similarly as observed for 44).

C. Polynuclear Compounds

A great number of polynuclear alkynylcopper(I) clusters, in particular trinuclear cop-
per(I) acetylides, were synthesized by Yam and coworkers51 – 58, and their structures as well
as remarkable photophysical and photochemical properties were investigated because of
their potential applications as nonlinear optical materials. Electrochemical methods were
used regularly in their research to compare the stability of different oxidation states.
However, attempts to use electrochemical techniques in order to prepare mixed-valence
Cu(I)Cu(II) compounds were not successful because in most cases the one-electron oxida-
tion was not reversible, indicating some instability of the mixed-valence complex. Thus,
faster spectroscopic techniques had to be used52.

Cyclic voltammetry at a GC electrode of [Cu3(μ-Ph2PCH2PPh2)3(μ3-η1-C≡CR)2]PF6
(49) in acetonitrile solutions shows the one-electron quasi-reversible oxidation of the cop-
per(I) center51,57, with the exception of p-nitrophenylacetylide (49c) which oxidizes irre-
versibly. The oxidation potentials are given in Table 4; for the quasi-reversible behavior
the Eo values were obtained from peak potentials, Epa and Epc. A similar oxidation of the
copper(I) center was also observed for a parallel series of monocapped acetylides [Cu3(μ-
Ph2PCH2PPh2)3(μ3-η1-C≡CR)][BF4]2 (50) and the oxidation potentials obtained51,57 are
given in Table 4; note the different anion for Cu3(μ-Ph2PCH2PPh2)3(μ3-η1-C≡CBu-
t)][PF6]2 (50b). Some trends in oxidation potentials can be easily understood51,57. A
greater σ -donating ability of alkyl substituents over aromatic groups, i.e. tert-butylacet-
ylide and n-hexylacetylide over phenylacetylide, makes the oxidation of 49b and 49g
easier than the oxidation of 49a owing to higher stabilization of the product copper(II)
center in the first two compounds51,57. A similar trend was also observed for parallel
compounds in a series of monocapped acetylides 50. For aryl substituents, the Eo val-
ues clearly decrease with increasing electron-donating abilities of the substituents57 and a
rough correlation with the Hammett substituent constants59 can be noticed (for five com-
pounds 50a, 50c–50f the correlation coefficient is 0.907). For both compounds containing
a strong electron-withdrawing p-nitrophenylacetylide group, 49c and 50c, the oxidation
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TABLE 4. Potentials for the quasi-reversible (or irreversible) oxidation at a GC electrode of
bicapped (49) and monocapped (50) trinuclear copper(I) acetylides in MeCN solutions at 298 Ka

Compound Eo (V vs. Fc+/Fc) Reference Compound Eo (V vs. Fc+/Fc) Reference

49a 0.41 51 50a 0.38 53
49b 0.37 51 50b 0.36 53
49c 0.49 b 57 c 50c 0.48 b 57 c

49d 0.37 57 c 50d 0.36 57 c

49e 0.33 57 c 50e 0.36 57 c

49f 0.34 57 c 50f 0.15 57 c

49g 0.27 57 c 50g 0.31 57 c

a Supporting electrolyte: 0.1M TBAPF6; scan rate 0.1 V s−1.
b Irreversible peak; Epa is given instead of Eo.
c Data from Reference 57 with kind permission of Springer Science and Business Media.

process is irreversible, indicating most probably57 the decomposition of the unstable cop-
per(II) product. Only these two compounds exhibit the reduction process (at −1.40 V
vs. Fc+/Fc) which certainly corresponds to the electroactivity of the nitrophenyl group.
It should also be added that at more anodic potentials further oxidation processes were
observed51,57 with completely irreversible CV peaks suggesting the decomposition of
clusters.

Cu
CuCu

C

CR

C

CR
Ph2
P

PPh2

Ph2
P

Ph2P

Ph2P
PPh2

PF6
−

(49a) R = Ph
(49b) R = t-Bu
(49c) R = p-NO2C6H4
(49d) R = p-PhC6H4
(49e) R = p-MeOC6H4
(49f) R = p-NH2C6H4
(49g) R = n-Hex

Cu
CuCu

C

CR
Ph2
P

PPh2

Ph2
P

Ph2P

Ph2P PPh2

(A−)2

(50a) R = Ph; A = BF4
(50b) R = t-Bu; A = PF6
(50c) R = p-NO2C6H4; A = BF4 
(50d) R = p-PhC6H4; A = BF4
(50e) R = p-MeOC6H4; A = BF4
(50f) R = p-NH2C6H4; A = BF4
(50g) R = n-Hex; A = BF4

2++

Oxidation potentials for a series of trinuclear copper(I) acetylides (51), exhibiting pho-
toluminescent behavior as 49 and 50, but built with bis(diphenylphosphino)alkylamines
and—arylamines bridging ligands (52) instead of dppm (i.e. Ph2PCH2PPh2 as in 49 and
50), are given in Table 5. Further oxidation of 51 at more anodic potentials probably
results in the decomposition of clusters showing irreversible processes54.

The inspection of potentials given in Table 5 shows that the oxidation becomes easier
with increasing electron-donating ability of the acetylide ligands (for the same R = n-
Pr the Eo values decrease for R′ in the order 51d � 51e > 51b > 51c > 51a � 51f >
51g and for R = Ph in the order 51j > 51h > 51k) as expected54 due to preferential
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Cu
CuCu

C

CR′

C

CR′
Ph2
P

PPh2

NR

Ph2
P

RN

Ph2P

Ph2P
N PPh2

A−

(51)

51   R                        R′                   A

RN

PPh2

PPh2

(52a) R = n-Pr
(52b) R = Ph
(52c)  R = p-MeC6H4

(52d) R =p-FC6H4
(52)

R

+ (a)   n-Pr                   p-EtOC6H4 BF4

BF4

BF4

BF4

PF6

PF6

PF6

PF6

PF6

PF6

PF6

PF6

PF6

PF6

PF6

PF6

(b)   n-Pr                  
-Pr                  

 p-PhC6H4

(c)    n-Pr                  Ph
(d)   n-Pr                   p-NO2C6H4

(e)    n-Pr                  p-py
(f)    n-Pr                  t-Bu
(g)   n-Pr                  n-C10H21

(h)   Ph                     p-EtOC6H4

(i)    Ph                     p-PhC6H4 

(j)    Ph                     Ph
(k)   Ph                     n-Hex
(l)    p-MeC6H4        p-EtOC6H4

(m)  p-MeC6H4        p-PhC6H4

(n)   p-MeC6H4        Ph
(o)   p-FC6H4           p-EtOC6H4

(p)   p-FC6H4           p-PhC6H4

TABLE 5. Potentials for the quasi-reversible oxidation at a GC electrode of trinuclear copper(I)
acetylide compounds in MeCN solutionsa at 298 K. Reprinted with permission from Reference 54.
Copyright 1997 American Chemical Society

Compound Eo
V vs. Fc+/Fc)

Compound Eo
(V vs. Fc+/Fc)

Compound Eo
(V vs. Fc+/Fc)

51a 0.30 51g 0.23 51m 0.37
51b 0.34 51h 0.38 51n 0.38
51c 0.32 51i 0.37 51o 0.40
51d 0.45 51j 0.41 51p 0.44
51e 0.44 51k 0.31
51f 0.29 51l 0.35

a Supporting electrolyte: 0.1M TBAPF6; scan rate 0.1 V s−1.

stabilization of the higher oxidation state of copper(II). The same trend was observed with
increasing the electron richness of ligand 52; for example, for a constant R′ = p-EtOC6H4
the Eo values increase in the order of 51a > 51l > 51h > 51o54. The results obtained54

for 51 with aryl R and R′ substituents (with the exception of 51i) can be described in a
more quantitative way using the Hammett equation with substituent constants59 for both
ligands, σp

R and σp
R′

, in a two-parameter equation (equation 5):

Eo = 0.24(±0.08)σp
R + 0.13(±0.07)σp

R′ + 0.42(±0.01) (5)

In equation 5, 95% errors of regression coefficients are given in parentheses and this
equation holds for the seven compounds shown in Figure 3 with the correlation coefficient
of r = 0.976 and the Snedecor parameter F = 40.8, indicating that the relationship is
statistically important with the probability of 99.8%; moreover, the addition of the second
parameter is statistically significant with a probability of 92.8%. Evidently, the more
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FIGURE 3. Relationship between the experimental54 oxidation potentials of 51 (Table 5) and the
calculated values from equation 5. The theoretical line with unit slope is shown. The open square
denotes the most deviating point not included in the regression

negative σp
R and σp

R′
values correspond to a higher electron-donating ability, which

stabilizes the copper(II) state, resulting in lower oxidation potentials.
A similar effect of an electron-donating ability of ligands on the stabilization of

copper(II) oxidation state which decreases the oxidation potentials was reported55 for
copper(I)–rhenium(I) mixed-metal acetylide compounds (53); cations 53+ are shown in
the formula drawn below, the corresponding anions being PF6

− or BF4
−. Thus, the quasi-

reversible oxidation process corresponding to Cu(I)/Cu(II) couple occurs more easily
for 53b with the 2,5-dimethyl-1,4-diethynylbenzene ligand than for 53a with the 1,4-
diethynylbenzene ligand and more easily for 53c with t-Bu2bipy than for 53a with
bipyridine ligand (cf. the potentials given in Table 6). However, the discussed effect is
rather weak and oxidation potentials for all compounds 53 have similar values. Moreover,
the effect of the second metalloligand, rhenium(I) acetylide backbone, is also small, as is
evident from a comparison with the results discussed previously: 53d with 51c (Eo = 0.34
and 0.32, respectively) and 53a with 49a (Eo = 0.39 and 0.41, respectively).

TABLE 6. Potentials for the quasi-reversible oxidation and reduction at a GC
electrode of trinuclear copper(I) acetylide compounds in MeCN solutionsa at 298 K

Compound Oxidation
Eo (V vs. Fc+/Fc)

Reduction
−Eo (V vs. Fc+/Fc)

References

53a 0.39 1.82 55
53b 0.31 1.83 55
53c 0.33 1.91 55
53d 0.34 1.90 55
53e 0.30 1.93 55
54a 0.33 — 56
54b b 1.39 56

a Supporting electrolyte: 0.1M TBAPF6; scan rate 0.1 V s−1.
b Irreversible process.
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The quasi-reversible reduction process of 53 was assigned55 to the one-electron transfer
from an electrode to bpy ligands on the basis of electrode potentials for similar reactants
described in the literature. The Eo values measured55 are also given in Table 6. It is
evident that for the same ligand L = dppm coordinated to the Cu3 cluster the reduction is
more difficult for 53c having t-Bu2bipy ligand coordinated to the rhenium atom than for
53a with unsubstituted bipyridine of a greater π-acceptor ability. The observed behavior
is fully conceivable, i.e. the opposite effect was discussed above for the oxidation process.

Quasi-reversible oxidation corresponding to the Cu(I) → Cu(II) process was
observed56 under similar conditions as for 53 (Table 6) for mix-capped trin-
uclear copper(I) compound [Cu3(μ-Ph2PCH2PPh2)3(μ3-η1-C≡CC6H4OMe-p)(μ3-η1-
C≡CC6H4OEt-p)]PF6 (54a), but the process was completely irreversible for [Cu3(μ-
Ph2PCH2PPh2)3(μ3-η1-C≡CC6H4OMe-p)(μ2-η1-C≡CC6H4NO2-p)]PF6 (54b). It was
suggested that irreversibility is caused by the decomposition of the oxidized form of
54b, which is unstable due to strong electron-withdrawing properties of the nitro group.
On the other hand, for 54b a quasi-reversible one-electron reduction was found at poten-
tial of ca −1.39 V, close to the reduction potential of 4-nitrophenylacetylene. Thus, the
acetylide ligand itself is most probably reduced, similarly as the ligand reduction observed
for 53 (Table 6). The recorded cyclic voltammograms were shown in the original paper56.

Recently, Yam and coworkers58 extended their studies of photoluminescence and elec-
trochemical properties of monoynyl trinuclear copper(I) complexes to a series of diynyl
compounds [Cu3(μ-Ph2PCH2PPh2)3(μ3-η1-C≡CC≡CR)2]PF6 (55). Oxidation potentials
obtained59 for the quasi-reversible one-electron processes are given in Table 7, after recal-
culating from SCE to Fc+/Fc scale. The trinuclear silver(I) diynyl complexes, analogous
to 55a and 55c, have higher oxidation potentials, around 0.72–0.81 V vs. Fc+/Fc, and
therefore Yam and coworkers suggested58 that the oxidation of 55 ‘has substantial metal-
centered character but with mixing of some diynyl ligand centered contributions’. The last
suggestion was supported by theoretical calculations indicating that some HOMO orbitals
are delocalized over the organic ligand–metal triangle backbone. The substantial partici-
pation of the oxidation of Cu(I) to Cu(II) can explain the observed shift of the oxidation
potentials, namely the compounds with more electron-rich diynyl groups are more easily
oxidized58 (Table 7). It was also noticed58 that diynyl complexes have somewhat more

Cu

CuCu
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C
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Ph2
P

PPh2
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P

Ph2P

Ph2P
PPh2
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(54b) R = p-NO2C6H4
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(b)   p-MeC6H4
(c)    p-MeOC6H4
(d)    n-Hex
(e)    H

55   R

20



Electrochemistry of organocopper compounds

TABLE 7. Potentials for the quasi-reversible oxidation at a GC electrode
of trinuclear copper(I) diynyl compounds 55 in MeCN solutionsa at 298 K.
Reprinted with permission from Reference 58. Copyright 2004 American
Chemical Society

Compound 55a 55b 55c 55d 55e

Eo (V vs. Fc+/Fc) 0.43 0.37 0.34 0.37 0.50

a Supporting electrolyte: 0.1M TBAPF6, υ = 0.1 V s−1.

positive potentials than analogous monoynyl compounds, as is evident from a comparison
of Eo values of 55a, 55c and 55d given in Table 7 with Eo values of 49a, 49e and 49g
(Table 4), respectively.

Trinuclear copper(I) cluster acetylide acting as a bridge between two ferrocene molecul-
es [Cu3(μ-Ph2PCH2PPh2)3(μ3-η1-C≡CFc)2]PF6 (56) was used60 as a model compound
for the investigation of electronic interactions between metal centers and the effect of
spacer nature on electron transfer processes between the electron donor and acceptor.
These problems look interesting in view of the continuous search for molecular wires.
The CV measurements at 298 K for MeCN solutions of 56 containing 0.1 M TBAPF6
as a supporting electrolyte show on the platinum disc anode two almost merging oxida-
tion peaks of similar area at the potential around 0.15 V vs. Ag/0.1 M AgNO3, which
corresponds60 to 0.09 V vs. Fc+/Fc. They are assigned to the successive oxidation of two
ferrocenyl groups on the basis of the lack of oxidation peaks at similar potentials for 49a,
which has the same formula except that there is Ph instead of Fc. Moreover, equal values
of the anodic and cathodic peak currents and the difference of 60 mV between the anodic
and cathodic peak potentials showed clearly60 the reversibility of both processes. Thus,
they can be schematically described (omitting dppm ligands) by equations 6a and 6b.

[FcII C C Cu3 C C FcII ]+ − e [FcII C C Cu3 C C FcIII ]2+

(56+) (562+)
(6a)

[FcII C C Cu3 C C FcIII ]2+ − e [FcIII C C Cu3 C C FcIII ]3+

(562+) (563+)
(6b)

Cu

Cu

Cu

CC C C

PPh2

P
Ph2

PPh2

Ph2PPh2
P

Ph2P

(56)

Fe

Fe

PF6
−

+

Exact potentials for both processes above were obtained from differential pulse voltam-
metric curves (scan rate 20 mV s−1 and pulse width 50 ms) exhibiting two almost equal
peaks at 0.114 ± 0.01 and 0.224 ± 0.01 V vs. Ag/Ag+. The difference between them of
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0.110 ± 0.014 V corresponds to the equilibrium constant Kc = 77 ± 30 for the compro-
portionation reaction (equation 7).

56+ + 563+ 2 562+ (7)

Relatively weak electronic communication across the −C≡C−Cu3−C≡C−bridge in 562+
was discussed60 in comparison with the behavior of other organometallic compounds. It
was concluded that the stability of the mixed-valence cation 562+ does not really depend
on the electron delocalization. In fact, it depends mainly on the reduction of electrostatic
repulsion between the oxidized Fc+ and the positively charged Cu3 cluster as well as
on statistical distribution. The CV curves of 56 show a further irreversible oxidation
peak at the potential 1.046 ± 0.01 vs. Ag/Ag+ and a small cathodic peak at 0.509 ± 0.01
V vs. Ag/Ag+, with the peak current only around 6% of the above-mentioned anodic
peak. Finally, those peaks were assigned60 to the oxidation and the reduction of the
tricopper(I) core. After a comparison with the irreversible copper(I) oxidation of 49c
which has the electron-deficient p-nitrophenylacetylide group, it was suggested60 that the
oxidation of ferrocenylacetylide ligands decreases the stabilization of the copper(II) state,
which explains the irreversibility of the copper(I) oxidation in 56. On the other hand, the
reduction of organic ligand in 56 was not observed in the available potential window.

Very recently, a number of heteromultimetallic transition metal complexes, some of
them with organocopper bonds, were synthesized by Lang and coworkers61,62 and inves-
tigated by spectroscopic and electrochemical methods. Among these reactants there were
compounds with copper and titanium, or copper and platinum brought in close proximity
to each other by organic π-conjugated bridging units, but the molecules involved also iron
or ruthenium atoms. In four compounds, Fc-C≡C-bipy{[Pt(μ-σ ,π-C≡CSiMe3)2]CuFBF3}
(57), [Fc-C≡C-bipy{(η5-C5H4SiMe3)2Ti(μ-σ ,π-C≡CSiMe3)2}Cu]PF6 (58), [(η5-Cp)
(PPh3)2Ru-C≡C-bipy{(η5-C5H4SiMe3)2Ti(μ-σ ,π-C≡CSiMe3)2}Cu]BF4 (59a) and [(η5-
Cp)(dppf)Ru-C≡C-bipy{(η5-C5H4SiMe3)2Ti(μ-σ ,π-C≡CSiMe3)2}Cu]PF6 (59b), the cop-
per(I) is η2-coordinated by two C≡C bonds in the chelating ligand and in 58 and 59
additionally Cu(I) is chelate-bonded to 2,2′-bipyridine through nitrogen atoms. The CV
curves obtained in THF or CH2Cl2 solutions of 58 and 59 exhibit quasi-reversible peaks
corresponding to the CuI/Cu0 redox couple and some additional peaks corresponding to
the oxidation of iron(II) and/or ruthenium(II), which are beyond the scope of this Chapter.
However, all Eo and �Ep values reported are given in Table 8 for comparison. For 57 the
reduction of copper(I) is irreversible, suggesting61 that this process takes place initially,
and it results in fragmentation of the reactant. Similar irreversibility was in fact observed
for 58 unless the potential scan was reversed just after the reduction peak. The behav-
ior above supports the conclusion about some chemical transformation of the copper(0)
reduction product. It should also be noted that only for 57 was the two-step reduction of
bipy observed. The reduction of copper(I) center in 59 is more difficult than that in 58
(cf. the Eo values in Table 8) as a consequence of the increase in electron density. The
suggestion above is in line with the observed positive shift of Eo potential for RuII/RuIII

couple after coordination of bipy to a bis(alkynyl)titanocene–copper(I) fragment in 59,
as well as with IR data62.

A series of heterobimetallic compounds 42 and 43 with bis(η2-alkynyl) titanocene
(η5-C5H4SiMe3)2Ti(C≡CSiMe3)2 as the π-tweezer (discussed in Section III.B.1) was
extended63 to tetranuclear complexes after the addition of two ferrocenyl groups to the
π-tweezer. One of the resulting organocopper compounds {(η5-C5H4SiMe3)2Ti(μ-σ ,π-
C≡CFc)2}CuBr (60) was investigated at 298 K by the CV method in THF solutions
containing 0.1 M TBAPF6. The reversible pair of cathodic and anodic peaks was observed
at Eo = 0.01 V vs. Fc+/Fc (�Ep = 150 mV) which corresponded to the transfer of a
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TABLE 8. Potentials Eo and anodic–cathodic peak separations �Ep from quasi-reversible CV
curves recorded at a platinum electrode for solutions of 57, 58 and 59 at 298 Ka

Compound Solvent CuI/Cu0 bipy/bipy−ž bipy−ž/bipy2− FeII/FeIII RuII/RuIII Reference

−Eo (V)
�Ep (mV)

−Eo (V)
�Ep (mV)

−Eo (V)
�Ep (mV)

Eo (V)
�Ep (mV)

Eo (V)
�Ep (mV)

57 THF 1.82 b 1.60 2.23 0.16 — 61 c

— 130 120 120
58 THF 1.39 2.67 b — 0.12 — 61 c

120 — 150
59a CH2Cl2 1.50 — — — 0.215 62

110 100
59b CH2Cl2 1.52 — — 0.545 0.20 62

95 165 115

a Potentials Eo and Epc given vs. Fc+/Fc scale; supporting electrolyte: 0.1M TBAPF6; υ = 0.1 V s−1.
b Epc value for the irreversible reduction peak.
c Reprinted with permission from Reference 61. Copyright 2006 American Chemical Society.
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SiMe3Me3Si
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A = BF4Ru

PPh3
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Fe

Ph2P

Ph2P

Ru

(59a) MeL =

(59b) MeL = A = PF6

Ti

C

C

C

C

Cu

Me3Si

Me3Si

(60)

Br

Fe

Fe

total of three electrons. A comparison with the CV behavior of 42 and of the π-tweezer
itself64,65 allowed the authors to assign the observed peaks to three synchronous steps:
one for CuI/CuII couple and two for FeII/FeIII couples. The reversibility of each step
found in repeated multicyclic experiments63 evidently demonstrated the stability of σ -
bonds between titanium and alkynyl units after oxidation of the ferrocenyl groups. The
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last behavior is in sharp contrast to those reported64,65 for the π-tweezer alone, namely the
oxidation of the remote ferrocenyl units in [(η5-C5H4SiMe3)2Ti(μ-σ ,π-C≡CFc)2] imme-
diately induced the bond cleavage. Two irreversible reduction peaks also observed for 60
at potentials −1.71 and −1.96 V vs. Fc+/Fc were assigned63 to CuI/Cu0 and TiIV/TiIII,
respectively.

In 61, two titanium-tweezer fragments are coordinated to copper(I) atom forming the
molecule which looks interesting for a comparative study of electronic communication
between the remote titanium(IV) ions66. Cyclic voltammograms recorded at 298 K in THF
solutions (0.1 M TBAPF6, υ = 0.2 V s−1) exhibited a pair of peaks at Eo = 0.10 V vs.
Fc+/Fc (�Ep = 130 mV) that corresponded to the CuI/CuII couple, which was unexpected
in light of unsuccessful attempts at a synthesis of copper(II) compounds with similar π-
tweezers. The irreversible reduction of copper(I) was observed at Epc = −1.64 V vs.
Fc+/Fc, typical of similar compounds67, and the precipitation of elemental copper was
then observed. However, the chemical nature of other products was unknown and thus
it was impossible to draw reasonable conclusions as concerns the further irreversible
reduction process observed at Epc = −2.26 V vs. Fc+/Fc, which probably corresponds to
the TiIV/TiIII couple66.

Cu

C

C

CC

C

C

C C

Ti

Me3Si

Me3Si

Ti
BF4

−

SiMe3

SiMe3

PhPh

PhPh

(61)

+

Tetrametallic bis(alkynyl) titanocene complexes 62 with two heterobimetallic Ti(IV)–
Cu(I) or Ti(IV)–Ag(I) building blocks (similar to 42) coupled together by a single halide
or pseudo-halide bridge looked more promising for the investigation of electronic commu-
nication between both titanium centers45,67. However, electrochemical investigations45,67

did not support this expectation, indicating that halide-bridged copper(I) or silver(I) cen-
ters act as an impedance rather than as a transmitter. Peak potentials obtained45 for the
reduction of 62 are given in Table 9; the values for organosilver compounds are also
included for a clear demonstration of conclusions concerning the electrode mechanism
proposed for compounds with a −Cu−X−Ag− bridge. The electroreduction of copper(I)
and silver(I) centers is completely irreversible, resulting in fragmentation of the reactants,
similar to what was observed45 for the corresponding heterobinuclear compounds 42.
However, potentials for CuI/Cu0 couples in 62a–62c are more positive than for the corre-
sponding 42b–42d (cf. Table 2). The observed effect was explained45 taking into account
a decrease of the charge density at copper(I) ions in 62 due to the effect of the bridging
halide ions. Moreover, numerical simulations of the CV curves supported the suggestion
that cathodic peaks correspond to two one-electron reduction steps of tetranuclear and bin-
uclear compounds, respectively45. An interesting conclusion was drawn from the fact that
for 62d–62f, peak potentials for the AgI/Ag0 couple are less negative than for 62g–62i
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TABLE 9. Peak potentials Epc for the reduction of 62 at a platinum electrode in THF
solutionsa at 298 K. Reprinted from Reference 45 with permission from Elsevier

Compound −Epc (V vs. Fc+/Fc) Compound −Epc (V vs. Fc+/Fc)

CuI/Cu0 TiIV/TiIII AgI/Ag0 TiIV/TiIII

62a 1.61 2.04 62g 1.42 1.69
62b 1.70 2.01 62h 1.64 2.05
62c 1.67 1.96 62i 1.54 2.03

Compound −Epc (V vs. Fc+/Fc)

CuI/Cu0 TiIV TiIII AgI/Ag0

62d 1.79 2.20 1.26
62e 1.74 1.99 1.28
62f 1.73 2.08 1.32

a Supporting electrolyte: 0.1 M TBAPF6; υ = 0.2 V s−1.
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(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)

(k)

(m)
(l)

62 XM′M

(j)

with the same halide, but peak potentials for the CuI/Cu0 couple are more negative than
for the corresponding 62a–62c. This behavior implies43 that the reduction of 62d–62f
starts from the silver(I) center and results in the fragmentation into Ag0 and 42b–42d,
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respectively, which are further reduced to Cu0 and bis(alkynyl) titanocene; other products
of both processes were not identified. The proposed fragmentation is in line with the
observed independence of potentials for the TiIV/TiIII couple which were around −2 V
(with the exception of 62g), i.e. similar to those observed for the free π-tweezer ligand.
A similar mechanism was also proposed67 for thiocyanato-bridged compounds 62k–62m.

Tetranuclear 63 exhibits46 a similar electrochemical behavior as binuclear 43b, dis-
cussed in Section III.B.1. Irreversible oxidation peaks observed in CH2Cl2 solutions (with
0.1 M TBAPF6) at Epa = 0.95 V and 1.10 V vs. Fc+/Fc correspond most probably to the
oxidation of the copper–thiolate system and the further peak at Epa = 1.47 V vs. Fc+/Fc
to the oxidation of disulfide formed in an accompanying chemical reaction. Two reduction
peaks with close potentials Epc = −1.74 V and −1.88 V vs. Fc+/Fc correspond to the
reduction of copper(I) and a small difference between them points to the existence of
weak electronic interactions46.

Ti

C

C

C

C

Cu

Me3Si

Me3Si SiMe3

SiMe3

S S Ti

C

C

C

C

Cu

SiMe3

SiMe3
Me3Si

Me3Si

(63)

Trimetallic Ti(IV)–Cu(I)–Fe(II) and pentametallic Ti(IV)–Cu(I)–Fe(II)–Cu(I)–Ti(IV)
compounds 64, 65 and 66 were prepared68,69 in the same laboratory using bis(alkynyl)
titanocene and ferrocenecarboxylate as building blocks. Their electrochemical behavior
was examined68,69 as potentially interesting from the standpoint of electronic communi-
cation and the cooperative effect in catalysis. The electrode potentials obtained68,69 for
the reduction and oxidation processes are given in Table 10; for the irreversible reduc-
tion cathodic peak potentials are given, for reversible or quasi-reversible processes Eo
values obtained from the CV curves and the corresponding �Ep values are shown. The
first reduction process corresponds to CuI/Cu0 and its irreversible character is similar to
that observed for binuclear Cu–Ti compounds. The second reduction process, occurring
at more negative potentials and sometimes showing the corresponding reoxidation peak,
was assigned to the TiIV/TiIII couple. It was emphasized68 that the last process does not
depend strongly on the chemical identity of the central part of molecules. This supports the
suggested fragmentation of the product of the first reduction step. For oxidation processes
after reversing the potential scan the cathodic peaks were always visible. Sometimes only
one oxidation peak was found. However, if two anodic peaks were observed, one of them
corresponded to the CuI/CuII couple and the other to the Fc/Fc+ couple. Unfortunately,
the identities of these processes were suggested only on the basis of a comparison with
the oxidation of the parent ferrocenecarboxylic acids and were not persuasively proved.
Nevertheless, the observation of only one pair of copper(I) redox processes for bicop-
per compounds 66 indicated69 that electronic communication between Cu centers is not
favored. In the final conclusion68,69 the bridging carboxylate units were not recognized
as transmitters.

Very recently, two heterotetranuclear Fe(II)–Au(I)–Cu(I)–Ti(IV) complexes 67 and
68 were investigated70 by the CV methods and electrode potentials obtained are given

27



Jan S. Jaworski

Ti

C

C

CR

CR

Cu

Me3Si

Me3Si

(O)OC

Fe

R′

(64a) R = SiMe3,  R′ = H
(64b) R = t-Bu,     R′ = COOH

Ti

C

C

C

C

Cu

Me3Si

Me3Si

(O)OC

Fe

(65b) R = CH2CH2

SiMe3

SiMe3

R

(65a) R =  trans-CH CH

Ti

C

C

C

C

Cu

Me3Si

Me3Si

(O)OC

Fe

Bu-t

Bu-t
Ti

C

C

RC

RC

Cu

SiMe3

SiMe3

(O)OC

(66a) R =  t-Bu
(66b) R = SiMe3

in Table 11. The irreversible reduction of copper(I) in 67 results in fragmentation of the
reactant and the π-tweezer [(η5-C5H4SiMe3)2Ti(C≡CSiMe3)2] formed is further reduced
at a more negative potential, similar to what was previously observed45 for other copper
complexes with bis(alkynyl) titanocene. The conclusion above was supported70 by multi-
cyclic experiments, which showed an increase of the peak corresponding to the TiIV/TiIII

couple while the reduction peak of CuI/Cu0 disappeared70.
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TABLE 10. Potentials for the reduction and oxidation at a platinum electrode of 64, 65 and 66 at
298 Ka

Compound Solvent Epc (V vs. Fc+/Fc) or Eo (V vs. Fc+/Fc) [�Ep (mV)] Reference

Reduction Oxidation

64a CH2Cl2 −1.69 −1.92 −0.02 [95] 0.25 [105] 68
64b THF −1.79 −2.01 [100] 0.11 [70] 0.40 [70] 69 b

65a CH2Cl2 −1.73 −1.92 0.05 [90] — 68
65b CH2Cl2 −1.70 −1.92 −0.03 [100] — 68
66a THF −1.84 −2.00 [120] 0.09 [80] 0.39 [90] 69 b

66b THF −1.81 −1.99 [110] 0.11 [60] 0.41 [60] 69 b

a Supporting electrolyte: 0.1M TBAPF6; υ = 0.1 V s−1.
b Reprinted with permission from Reference 69. Copyright 1999 American Chemical Society.

TABLE 11. Reduction and oxidation potentials at a platinum electrode for THF solutions a of 67
and 68 at 298 K70

Compound Epc (V vs. Fc+/Fc) or Eo (V vs. Fc+/Fc) [�Ep (mV)]

Reduction CuI/Cu0 TiIV/TiIII bipy/bipyž− Oxidation FeII/FeIII

67 −1.30 −1.80 [180] — 0.28 [115]
68 −1.41 [115] −1.635 [180] −2.72 [160] 0.27 [115]

−1.76 [180]

a Supporting electrolyte: 0.1M TBAPF6; υ = 0.1 V s−1.

(67)
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On the other hand, the chelate coordination of bipyridyl ligand to the copper(I) center
in 68 assures greater structural stability of the complex after the copper reduction, the
kind of behavior which is very rare for other Ti(IV)–Cu(I) compounds (cf., however, the
properties of 58 discussed earlier61). As a consequence, the anodic peak corresponding
to partial reoxidation of the copper(0) was observed70 as well as two pairs of peaks at
Eo = −1.635 V and −1.76 V for the TiIV/TiIII reduction in 68 and in the free π-tweezer
molecule, respectively. The reversible one-electron reduction of bipy was also observed
(Table 11).
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IV. CONCLUDING REMARKS
It is evident from this review that electrochemical methods were mostly used to investigate
the stability of new synthesized organocopper compounds at different oxidation states
as well as to study the problem of electronic communication between redox centers in
molecules. For that purpose the most desirable electrochemical data were reversible formal
potentials for a given redox couple. The irreversibility observed in many cases was only
valuable to indicate that the products of electrode reactions are unstable. On the other
hand, the mechanism of electrode processes was beyond the authors’ interest and its
examination is still open for electrochemists’ activity. Contemporary CV measurements
are able to prove whether the overall irreversibility is caused by the following chemical
reaction, by the slow electron transfer itself or whether the process should rather be
described as the concerted electron transfer and bond breaking. Thus, modern synthetic
routes leading to multinuclear metalloorganic complexes with fascinating structures make
it a challenge to use advanced electrochemical investigations in this area in order to
recognize the details of electrode mechanisms. In view of recent achievements in the
synthesis of novel organocopper compounds one can suppose as well that their ability to
undergo electron transfer processes, not accessible for direct investigations in the case of
unstable compounds, like methylcopper reagents for which attempts to measure oxidation
potentials failed71, will be available for more stable analogous compounds72,73.
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Al Mokhtar Lamsabhi, Manuel Yáñez, Jean-Yves Salpin and Jeanine Tortajada

A. Reactivity with Amino Acids and Peptides . . . . . . . . . . . . . . . . . . .        40
1. Binary mixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        41
2. Ternary complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        48
3. Interaction with proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        52

B. Reactivity with Saccharides and Derivatives . . . . . . . . . . . . . . . . . .        54
C. Reactivity with Nucleic Acid Building Blocks . . . . . . . . . . . . . . . . .        59

IX. REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        62

I. INTRODUCTION
Organocopper compounds play very important roles in chemistry and biochemistry, and
they have received a great deal of attention as useful reagents or because they are basic
components of proteins and enzymes. Among the former, the so-called blue copper pro-
teins are particularly relevant because they exhibit high reduction potentials. Actually, for
some proteins the presence of Cu(II) is required to interact with the appropriate peptides
or other proteins to carry out their specific activity. Copper forms also part of oxidation
enzymes such as catechol oxidase1, peptidylglycine α-hydroxylating monooxygenase2 or
indophenoloxidase as well as of many other biomolecules like tyrosinase3, superoxide
dismutase4 or copper amine oxidase5 whose biochemical activity is directly related to
the presence of this transition metal in different oxidation states. Not surprisingly, many
efforts have been devoted to unravel the mechanisms associated with the biochemical
activity of these systems, to determine which is the active site and what is the role played
by the metal. Different approaches can be found in the literature with this common objec-
tive, but only two subsets can be considered gas-phase investigations: those based on the
use of mass spectrometry techniques, and those based on computational models of non-
solvated systems. Of course, most of the studies carried out on the proteins or enzymes
themselves do not fall in this category, and neither do many other studies, based on the
use of appropriate chemistry model systems in the condensed phase. However, a great
deal of effort was devoted to understand the intrinsic behavior of these complicated sys-
tems, by investigating the interactions of some of its basic components with Cu(I) and
Cu(II). In this respect it is important to mention that there is more and more evidence
that, more often than expected, the behavior of biochemical systems in the physiological
medium is closer to that shown in the gas phase than to that shown in solution, reflect-
ing the low polarity of the physiological medium. Good examples are provided by the
acidities of uracil and uracil analogues6,7. The enhanced intrinsic acidity of the N1 site is
consistent with the stability of anionic uracil in the active site of uracil-DNA glycosylase,
which is, conversely, contrary to the expectation based on solution acidities8,9. Also, it
has been found, for instance, that blue copper proteins show structures which are very
close (within 1.7 kcal mol−1) to their optimal gas-phase geometries10, and that the effects
of base stacking and hydrogen bonding on DNA duplexes are similar in the gas phase
and in solution11, although the latter dominate in the gas phase.

This research activity was carried out either through the use of mass spectrometry
techniques, through the use of computational models or by a wise combination of both.
In the sections which follow we shall present an overview of the reactivity of Cu(I) and
Cu(II), the two oxidation states which are more relevant from the chemical viewpoint, with
molecules of different size, and different characteristics. Since both oxidation states are
present in biochemical media, a great deal of attention was paid, mainly through the use
of different mass spectrometry techniques, to the interactions of these two metal ions with
small or medium-size systems, which are basic components of larger biochemical com-
pounds or which constitute reasonable model compounds of larger and more complicated
systems, in an effort to understand their mode of action. A review dealing with copper
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complexes of a variety of organic and bioorganic molecules generated experimentally
by different ionization methods has been recently published, mainly focused on ternary
complexes of Cu(II)12. Hence, we shall not discuss in detail in this chapter this kind of
complexes, and we will focus a little bit more on the use of ternary complexes to generate
odd-electron ions of biomolecules. On the other hand, in order to keep the number of
citations within reasonable limits we will refer exclusively to papers published in the last
ten years, although papers published before 1998 might be quoted if necessary.

Although gas-phase experimental investigations involving species containing Cu(I) and
Cu(II) are numerous, gas-phase experimental results on neutral organocopper compounds
are, on the contrary, very rare. The very few studies reported in the literature are reduced
to infrared or photochemical investigations of some small species13,14. A section will
be devoted to overview the spectroscopic and photochemical aspects of organocopper
compounds and to the photofragmentations produced.

As mentioned above, a great deal of the information on bonding, structure, binding
energies, catalytic effects etc. comes from computational approaches, so we thought it
convenient to include in this chapter a section devoted to analyzing the performance of
the different theoretical models available for the treatment of Cu-containing systems as
well as the problems which arise depending on the oxidation state of the metal.

Particular attention will be also paid to the coordination of Cu as a function of its
oxidation state, because this coordination sometimes dictates the behavior of many Cu-
containing proteins or enzymes.

It is also common that metal cations such as Cu(II) when dissolved in polar liquids show
Jahn–Teller distortions, which of course have important effects on its specific interaction
with different kind of ligands. Hence, some attention will be also paid to this question.

II. PERFORMANCE OF DIFFERENT THEORETICAL MODELS
Since many of the results on structure, bonding, coordination and other properties of
organocopper compounds to be discussed in forthcoming sections are based on or use
computational techniques, we have considered it pertinent to begin this chapter by pre-
senting a brief overview on the performance of ab initio and density functional theory
(DFT) calculations normally used to offer a rationale to the properties of these compounds.
For more general and complete analyses of the performance of different computational
techniques when dealing with molecular ions in the gas phase, the reader is referred to two
general reviews published recently15,16, where ab initio molecular orbital theory, DFT,
quantum Monte Carlo theory and the methods to calculate the rate of complex chemical
reactions involving ionic species in the gas phase are analyzed.

Nowadays, it is well established that accounting for electron correlation effects is practi-
cally mandatory in any computational method aiming at a correct description of a chemical
system. In the framework of the molecular orbital theory this is usually done by using the
Møller–Plesset (MPn) perturbation theory, at different orders (n = 2, 3, 4, . . .) or coupled
cluster (CCSD(T)) approaches. Correlation effects are particularly important when deal-
ing with transition metal ions in general and with Cu(I) and Cu(II) in particular, because
they can be considered as highly-correlated systems with significant electron clustering.
Therefore, models based on Hartree–Fock (HF) calculations are usually very unreliable.
It has been unambiguously shown, for instance, that the HF method yields wrong coordi-
nation numbers. This is indeed the case for different mixed complexes between Cu(I) and
water and ammonia, where the three-coordination is systematically preferred at the HF
level17, whereas the inclusion of correlation effects reduces in all cases the level of coor-
dination to two. Similarly, the fact that the HF approach exaggerates the electrostatic and
polarization contributions to the stabilization energies results in wrong coordination num-
bers in Cu(H2O)+n (n = 3–6) complexes. Whereas at the HF level the three-coordinated
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complexes were the most stable minima for n = 3–5 and the four-coordinated one for
n = 6, the inclusion of electron correlation effects reduces the optimum coordination num-
ber to two in all cases18. For smaller clusters, in particular for the dehydrated system, the
RHF method predicts the D2d structure to be the only stable form of the complex, while
MP2 and CCSD(T) methods predict a lower symmetry (C2) for its ground state. It has
also been found that in molecular dynamic simulations based on QM/MM approaches, the
inclusion of correlation effects leads to a significant improvement in the characterization
of the Jahn–Teller effects observed19 in the solvation of Cu2+. Correlation effects are
also important when evaluating relative binding energies of Cu+ to guanine and adenine
where, in general, the HF values are too small because they do not account for the stabi-
lizing intersystem correlation energy and do not describe properly the covalent character
of the bonds between the metal and the base20. Similar findings have been reported for
the interactions between Cu+ and DNA base pairs21.

Much less demanding than the MP2 or CCSD(T) methods to account for dynami-
cal correlation effects are the different methods based on the DFT. Among the different
methods based on the local density approximation (LDA) or the gradient generalized
approximation (GGA), the most commonly used is the B3LYP hybrid functional which
combines the Becke’s three-parameter nonlocal hybrid exchange potential22 with the non-
local correlation functional of Lee, Yang and Parr23. This approach has been shown to
yield reliable geometries for a wide variety of systems24 – 28and its performance to describe
Cu+ complexes has been also assessed in different studies. Luna and coworkers29 showed
that for Cu+ –nitrogen base complexes this DFT approach was a very good alternative, as
far as binding energies, vibrational frequencies, rotational constants and electron densities
were concerned, to high-level ab initio methods such as G2 theory or CCSD(T) calcula-
tions. Almost simultaneously, in their study of the complexes of α-amino acids with Cu+,
Hoyau and Ohanessian30 found that the agreement between B3LYP and MP2 optimized
geometries was excellent, although the DFT approach places the Cu+ ion systematically
closer to the basic site of the amino acid. Later, Sodupe and coworkers31 also found that
the B3LYP method was very reliable for the study of Cu+ and Cu2+ complexes with
glycine. Also importantly, Yáñez and coworkers32 found that the B3LYP method was
superior to G2 and other high-level ab initio approaches when trying to reproduce the
Cu+ affinities of a wide set of neutral bases. Similarly, the B3LYP method was found to be
superior to MP2 in reproducing the sequential binding energies of [Cu(NH3)n]+ (n = 1,
2, 3, 4) complexes33 and the relative Cu+ ion affinities of glycine and alanine34, although
the performance is slightly worse when dealing with absolute values35. Klippenstein and
Yang36 also found reasonably good agreement between CCSD(T) and B3LYP Cu+ binding
energies, although the latter are almost systematically about 4 kcal mol−1 higher than the
former. As we shall discuss later in a little more detail, Sodupe and coworkers found for
different Cu2+ complexes31,37,38 that functionals with a larger amount of exact exchange
than B3LYP, such as BHLYP, yielded results in close agreement with CCSD(T) values.

It is important to emphasize, however, that not always do DFT and MP2 approaches
yield the same optimized geometries for Cu+ complexes. This is the case, for instance,
for some aromatic compounds including benzene. DFT methods favor for benzene–Cu+
complex the less symmetric (Cs) η2 structure, whereas the MP2 method yields as the
ground state a C6v η6 conventional π-complex39. Similar behavior was reported for
phenylsilane–Cu+ and phenylgermane–Cu+ complexes40. Also, while the MP2 method
predicts a η6 conventional π-structure for the complexes of aniline and phenol with Cu+,
the B3LYP approach yields as global minima η1 complexes in which the metal ion is
bonded to the para carbon atom41,42. More importantly, when correlation corrections are
included beyond second order by carrying out quadratic configuration interaction calcu-
lations (QCISD), the structures predicted by the DFT approach are clearly stabilized with
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respect to MP2 ones. As a matter of fact, for benzene, QCISD/6-311G(d,p) calculations
predict both the η6 conventional π-complex found at the MP2 level, and the η2 structure
found when the B3LYP approach is used, to be local minima of the potential energy sur-
face (PES), the former being only slightly more stable. For phenol and aniline, both η1 and
η6 structures are also found to be practically degenerate41. The origin of the stabilization
of these lower symmetry structures in which the metal cation interacts specifically with
a CC bond will be discussed later on, when analyzing the behavior of other unsaturated
systems.

An added difficulty inherent to the theoretical treatment of transition metal ions is the
existence of different states close in energy, so nondynamical correlation effects may also
be important, in which case single-reference methods, as are most of the standard ab initio
and density functional approaches, become unreliable. For the particular case of Cu(I) this
situation is aggravated by the fact that, very often, more than one solution is obtained in
the HF calculations, which is the origin of dramatic failures when the G2 approach is used
to evaluate Cu(I) binding energies. As a matter of fact, when more than one HF solution
exist none is a good representation of the wave function, and even high-correlated methods
based on them become unreliable43. This is already the case when dealing with CuH+, the
simplest system containing Cu+, where two different HF solutions can be found, leading
to wrong descriptions of the ion even at the CCSD(T) level of theory43. The situation
is even worse for CuO+ where up to three different HF solutions can be found32. The
most dramatic consequence is that when the standard G2 procedure, as implemented in
the Gaussian series of programs44, is used, both CuH+ and CuO+ are predicted to be
unbound. For the particular case of CuO+, this unphysical result is due to the fact that
the G2 standard procedure starts from an unstable HF wave function. In principle, such
solutions can be discarded ‘a priori’ by analyzing the stability of the HF wave function or
by obtaining the right orbitals in the initial guess of the HF calculations45. Nevertheless,
as we have mentioned above, when more than one HF solutions are found none of them
is a good zeroth-order wave function and, as a consequence, even when the right orbitals
are chosen, the G2 and CCSD(T) estimated binding energies are still off with respect to
the experimental value by more than 15.5 and 14.3 kcal mol−1, respectively45.

It must be also taken into account that in Gn (n = 1, 2, 3) theories, the correlation
energy is estimated by assuming additivity of partial contributions evaluated at different
levels, by means of the MPn perturbation series which, for Cu(I)-containing systems,
converges very slowly. As illustrated in Figure 1, already for the bare Cu+ ion the MPn
series up to fifth order presents significant oscillations, and these oscillations increase
significantly when the basis set includes diffuse components and high angular momentum
polarization functions32. This pathological behavior is typically found in systems which
present a significant electron clustering46 and is not exclusive of Cu(I)-containing systems,
but it has been also found in other transition metal ions, such as Ni+. For instance,
NiOH+ or Ni(OH)2

+ presents two or four different HF solutions within a 2.5 kcal mol−1

energy gap, respectively47. Ni+(2D) presents also similar strong oscillations of the MPn
perturbation terms48.

Interestingly, the behavior of different density functional approaches is much more
regular, and for those cases in which several HF solutions exist, only a unique solution is
found when the density functional theory is used43,47. Furthermore, it has been shown that
the B3LYP/6-311+G(2df,2p) calculations on B3LYP/6-311G(d,p) optimized geometries
yielded Cu(I) binding energies in very good agreement with the known experimental
values32. This is probably one of the reasons why most of the computational studies
reported on Cu-containing systems have been performed by using this DFT approach.

The situation is, however, slightly different as far as the next oxidation state of Cu is
considered. On the one hand, and to the best of our knowledge, no pathological behavior
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FIGURE 1. Electron correlation energies (Ecorr.) evaluated using the MPn (n = 2, 3, 4, 5) pertur-
bation series for Cu+ and its complexes with H2O and CH2, showing that this perturbative series
converges very slowly for Cu+-containing systems. Values taken from Reference 32

has been described regarding ab initio calculations on Cu(II) complexes, in spite of the
fact that Cu(II) is an open-shell species. On the other hand, there are some interesting
differences with respect to Cu(I) concerning the performance of different DFT approaches.
It has been shown38 using Cu(H2O)2+ as a suitable model system that a correct description
of its ground state depends significantly on the degree of mixing of the exact Hartree–Fock
and DFT exchange functionals. MP2 and CCSD(T) calculations predicted for this complex
a C2v symmetry associated to a 2A1 state. This is not an unexpected result taking into
account that the 3dz

2 orbital is the one with larger overlap with H2O, and the larger this
overlap the larger the metal–ligand repulsion is and therefore the less stable becomes the
corresponding electronic state. This is nicely reflected in the Cu–O distance which follows
the same trend as the electronic states stability: 2A1 < 2B1 < 2B2 < 2A2. In contrast, most
of the different hybrid and nonhybrid functionals found as global minimum a Cs structure
associated to a 2A′ ground state, and only the BHLYP approach, where equal amounts of
Hartree–Fock and DFT exchange are used, reproduced the CCSD(T) results. In fact, it
was shown that within the C2v symmetry the relative stabilities of the different electronic
states are rather sensitive to the proportion of exact exchange introduced in the functional.
The origin of this discrepancy is that both LDA and GGA functionals usually overestimate
the stability of delocalized situations as those associated with Cs structures in contrast
with C2v ones where the electron hole is more localized at the metal ion. This problem is
significantly reduced by increasing the contribution of the exact exchange, explaining the
good behavior of the BHLYP method. For some systems larger than Cu(H2O)2+ it was
found that this effect is not very significant49, but it cannot be concluded that this will be,
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in general, the behavior to be expected. Hence, when dealing with Cu(II) compounds, it
is convenient to verify whether the results obtained are sensitive to the amount of exact
exchange included in the functional.

It is important to note that, as indicated above, Cu(II) is an open-shell system and
the possible spin contamination in the corresponding unrestricted treatment can, in some
specific cases, be important and it may render DFT calculations completely unreliable50.

III. LIGAND-FIELD SPECTROSCOPY AND PHOTOFRAGMENTATION
PROCESSES

Ligand-field spectroscopy has been considered traditionally a very useful technique in
organometallic chemistry, but experiments are usually undertaken in the condensed phase.
This implies that the solvent and the presence of a counterion significantly limit the
knowledge one can gain on the structure of the chromophore from the spectral transitions.
However, significant advances have been made in the last decade in spectroscopy and
photodissociation studies of size-selected metal ion complexes in the gas phase. Using
a laser vaporization technique combined with a supersonic beam expansion, Cu+–furan
complexes were generated and analyzed by means of time-of-flight mass spectrometry
techniques51. A ground-state binding energy of 37 kcal mol−1 for this complex51 could
be estimated from the photofragment spectra. Similarly, neutral Cu–benzene complexes,
Cun(benzene)m, were produced in the gas phase by using the laser vaporization method
and characterized by mass spectrometry, photoionization spectroscopy and chemical probe
experiments13. Although only the complexes with n = 1 and m = 1, 2 were generated,
their benzene–Cu binding energies could be measured. The values obtained, 0.18 and
0.22 eV, respectively, are small and lower than those measured for early transition metals
like Sc or Ti13. This is due to the fact that Cu has the d shell completely full, so no
d –π interactions but repulsive interactions between the 4s orbital and the benzene ligand
should be expected.

Photodissociation experiments have also been reported for Cu+–pyridine complexes52.
These complexes were obtained by combining the laser ablation technique with a super-
sonic molecular beam. Although when this technique is used, up to five pyridine molecules
are coupled to Cu+, only the photofragmentation of the monomer Cu+–pyridine complex
was investigated by irradiating with UV light in the 202–284.1 nm wavelength range.
Even though one can reasonably expect the positive charge of the complex to be localized
on the metal, since Cu has a lower ionization energy (7.72 eV) than pyridine (9.25 eV)53,
pyridine+ was the only photoproduct detected in the experiments carried out. This means
that the photodissociative process induced intramolecular ligand-to-metal charge transfer.

Similar experiments on Cu+ –ketone (acetone, 2-butanone, 3-methyl-2-butanone and
2-pentanone) complexes showed54 a significantly different behavior to that outlined above
for Cu+–pyridine complexes. In this case the photofragmentation was produced by using
UV radiation at 266 nm, which should correspond to ligand excitation. The first important
finding is that no charged L+ fragments are observed for any of the ketones investigated,
in clear contrast also with the behavior of [Ag(acetone)]+ complex55. The same behavior
was observed when the number of ligands is greater than 2, in which case the loss of
neutral ligands to produce very stable [CuL2]+ ions clearly dominates over bond cleav-
age processes within the ligand. Conversely, when the number of ligands is one or two,
there are significant differences between the different ketones as well as in respect to
Cu+–pyridine complexes. For instance, [Cu(acetone)]+ does not show any photodissoci-
ation, whereas 2-butanone and 2-pentanone lose both CH3 and the complementary alkyl
group simultaneously or sequentially, indicating that 266-nm photons have enough energy
to cleave two α C−C bonds in the ligand. For 3-methyl-2-butanone the dominant dissocia-
tion process corresponds to the loss of CH3. When the number of ligands is 2, with the only
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Al Mokhtar Lamsabhi, Manuel Yáñez, Jean-Yves Salpin and Jeanine Tortajada

exception of 3-methyl-2-butanone, the dominant photofragment is [CuLCO]+, which once
more involves the cleavage of two α C−C bonds. In [Cu(3-methyl-2-butanone)]+ com-
plexes only one metal–ligand bond is broken and the dominant product is [CuL]+. Very
recently, a photofragmentation and theoretical study of [Cu-(PhOH)(PhO)]+ complex42

showed that the phenolate anion interacts with the metal preferentially through the oxygen
atom, which is accompanied by an electron transfer which locates the unpaired electron
on the aromatic moiety. Furthermore, the bond strength between copper and the oxygen
atom of the phenoxy radical is weakened by the presence of neutral phenol.

Spectroscopic information of complexes involving neutral Cu and organic ligands is
almost nonexistent, and we are only aware of the ZEKE (zero kinetic energy) photoelec-
tron study of pyridine–Cu complex14. In this study, it was found that the ionization energy
of the Cu–pyridine complex was 2.308 eV smaller than that of the free Cu atom, indi-
cating significant stabilization upon ionization. Using these data and the known binding
energy for the Cu+–pyridine complex, it was possible to obtain for the binding energy of
the Cu–pyridine complex a value of 5.5 ± 2.4 kcal mol−1. However, this value was esti-
mated using the first reported collision induced dissociation (CID) binding energy for the
Cu+–pyridine complex56, which is too low as compared with the one measured by means
of photodissociation techniques52 as well as the new reported CID value57. If this new CID
value is used instead, the Cu–pyridine binding energy amounts to 9.5 ± 2.4 kcal mol−1,
which is in reasonably good agreement with the B3LYP/6-311+G** calculated value
(12.1 kcal mol−1)58. Also interestingly, the shift in the ionization energy observed for
Cu–pyridine complex with respect to Cu14 is larger than that measured using similar
techniques59 for CuNH3, which means that the Cu+–pyridine binding energy is larger
than the Cu+–NH3 value.

One of the difficulties associated with the spectroscopic investigation of Cu2+ com-
plexes is that the preparation in the gas phase of these doubly charged species is a
challenge, because many of them are unstable with respect to charge transfer or to proton
loss. Nevertheless, even in these cases the ligand-field photochemistry of the resulting
monocations offers important insights on their structure and reactivity. A paradigmatic
example is offered by the study of Spence and coworkers60 on the [Cu(II)(bpy)(serine-
H)]+ž complex 1 in Figure 2, generated by means of electrospray ionization. In this study,
the photodissociation of the serine moiety triggered by the excitation of a d –d transition is
compared with the collision activated dissociation (CAD) of this ion complex, previously
investigated by Tureček and coworkers61 who proposed the scheme shown in Figure 2 to
account for the four peaks observed on the CAD spectra. Ligand-field excitation of the
aforementioned complex at 575 nm triggers photofragmentation reactions yielding three of
the four products observed in CAD and metastable decomposition of [Cu(II)(bpy)(serine-
H)]+ž complex, dissociation product 2 being absent. Although a detailed mechanism for
the observed photofragmentations could not be established, the formation of products 3
and 4 follows the loss of H2CO, whereas the formation of 5 follows the bond cleavage
between Cu and the amino nitrogen of serine. Interestingly, the sum of the branching
ratios for the formation of 3 and 4 (0.46) is comparable to that observed for CAD and
metastable decomposition (0.44), which was taken as an indication that the barriers to
elimination of formaldehyde and transfer of OH followed by the loss of H2CCH(NH2)CO2
must be rather similar and much lower than the photon energy (2.16 eV).

The advantage of being able to investigate transition metal ion complexes in which the
metal is in a high oxidation state is that very often, as for Cu, this is the state in which
they are found in solution or in the physiological medium. Hence, significant efforts have
been devoted to the generation of Cu2+ complexes in the gas phase. Although the number
of attempts that succeeded to do so are not many, it is important to discuss here the pio-
neering work of Stace and coworkers54,62 – 64 who were able to produce [Cu(pyridine)n]2+
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FIGURE 2. Reaction scheme mechanism proposed by Tureček and coworkers61 for CAD of [Cu(II)
(bpy)(serine-H)]+ž complex in the gas phase

(n = 4–7) and Cu[(acetone)n]2+ (n = 4–8) complexes in the gas phase in order to study
their photofragmentation. A detailed description of the modern experimental setup used by
this group to study the photofragmentation of doubly charged species in the gas phase can
be found elsewhere65,66. The goal of these investigations, as those carried out on singly
charged species, was to determine whether d –d excitations within the metal ion can lead to
metal-to-ligand charge transfer or whether the excitation of the ligand leads to a photofrag-
mentation of the complex. [Cu(pyridine)4]2+ when UV-irradiated at about 280 nm, which
in principle can excite pyridine to either the S1(nπ*) or the S2(ππ*) state67, loses a neu-
tral pyridine molecule, with practically no evidence of dissociative charge transfer. This
is in clear contrast with the behavior observed54 in the case of [Cu(acetone)4]2+ when
light of 26 nm is employed. In this case, after excitation, the complex loses one neutral
and one charged acetone molecule, the product of the reaction being a singly charged
[Cu(acetone)2]+ species. This can be taken as an indication54 that two acetone molecules
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are enough to stabilize a Cu2+ ion in the gas phase, while three molecules of pyridine
are needed to produce a similar effect. The fragmentation of larger [Cu(pyridine)n]2+
complexes exhibit a pattern with very abrupt transitions yielding [Cu(pyridine)4]2+ as
the dominant product, likely indicating a very large stability for this complex. Again,
the behavior of [Cu(acetone)n]+ systems when n � 5 is different. For n = 5 two acetone
molecules are lost yielding a tri-coordinated [Cu(acetone)3]+ complex54, while no pho-
todissociations were observed after excitation of this doubly charged species. It is also
worth mentioning that the fragmentations undergone by [Cu(acetone)4]2+ under collision-
induced dissociation (CID) conditions68 differ from those observed upon UV irradiation,
since after losing one neutral acetone molecule, a charge transfer process leads to two
stable singly charged species, namely [Cu(acetone)]+ and [Cu(acetone)2]+, pointing to
a quite different mechanism behind both kinds of processes. When the ligand was 2-
butanone, 2-pentanone and 3-methyl-2-butanone, the reactivity pattern was also different.
For the latter, no photofragmentations were detected under any circumstances. However,
for the other two ketones, when the number of ligands around the metal ion was 5, one
and two ligands were lost, the former process being, for both 2-butanone and 2-pentanone,
dominant. Also, for the particular case of 2-butanone, a very small proportion of charge
transfer leading to [Cu(2-butanone)3]+ singly charged ions was detected. For n = 6, only
the loss of two neutral ketone molecules was observed.

The nature of the photofragments when [Cu(pyridine)n]2+ (n = 4–7) are irradiated
with visible light in the range of 450–1000 nm does not change with respect to that
observed when UV light was used62, and a loss of neutral pyridine is observed, although
the mechanism is certainly different. Using Ar3

+ (Ar = argon) as reference, the molar
extinction coefficient for the transitions recorded around 600 nm, which corresponds to
spin-allowed d –d transitions in Cu(II)69, was 100 L mol−1 cm−1. This value is lower
than that measured for Ag(II) complexes (500 L mol−1 cm−1) for which the charge trans-
fer mechanism clearly dominates. Furthermore, the extinction coefficient estimated for
[Cu(pyridine)4]2+ is in good agreement with the values reported for spin-allowed d –d
transitions in Cu(II) complexes in aqueous solutions69 – 71. They correspond to transitions
from the dxz and dyz into the antibonding dx2−y2 and are very likely also responsible
for the observed absorption spectra in the gas phase. For the smallest [Cu(pyridine)3]2+
complex investigated, it was found64 that when irradiated in the same region, a weak
signal associated with the loss of one charged pyridine unit was detected, leaving a stable
[Cu(pyridine)2]+ ion. Interestingly, this finding is consistent with the results observed in
CAD experiments carried out by the same group65. The same behavior has been observed
for [Cu(picoline)n]2+ (n = 3–6) complexes64, where [Cu(picoline)3]2+ photodissociates
by losing a (4-picoline)+ ion, whereas larger complexes just lose a neutral picolone
molecule. However, the corresponding absorption bands appear slightly blue-shifted with
respect to those of the corresponding pyridine complexes.

Although in recent years the number of studies on metal cation complexes using infrared
multiphoton dissociation techniques (IRMPD) has grown dramatically, mainly due to the
availability of free-electron laser (FEL) facilities, very few of these efforts were focused
on doubly charged complexes, and even less on Cu2+-containing systems. As a matter
of fact, we are only aware of the paper published by Stace and coworkers66 in which
the infrared multiphoton spectrum for [Cu(pyridine)4]2+ complexes was recorded. This
technique is indeed an interesting complementary tool of visible or UV photofragmen-
tations, even for systems with high binding energies. Although the energy required to
dissociate a [Cu(pyridine)4]2+ complex into [Cu(pyridine)3]2++ pyridine is as large as
59.8 kcal mol−1, which is equivalent to the energy of about 21 IR photons, the avail-
able experimental setups can trigger the sequential absorption of up to 40 photons. In
the IRMPD study of the [Cu(pyridine)4]2+ complex, a line-tunable CO2 laser over the
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FIGURE 3. D4h structure of the [Cu(pyridine)4]2+ complex

range of 910–1090 cm−1 was used66. The assignment of the signals observed was guided
through the use of DFT calculations, which showed that the only structure that was com-
patible with a band at 1042 cm−1, accompanied by a much weaker one which is only
detected when the laser power is increased, was a D4h square-planar one66 (Figure 3).

These results are in line with previous DFT calculations which showed that indeed
the D4h structure is the ground state for [Cu(pyridine)4]2+ complexes, the D2h and D2d
conformers being at least 14.3 kcal mol−1 higher in energy64.

New IRMPD studies carried out by the same group on [63Cu(pyridine)4]2+ at a laser
power of 550mW introduced some variations with respect to previous photodissociations
using UV and visible light66. In these IR experiments there is a charge transfer, the
dominant product being C5H5N+. However, the fact that there is no complementary
[63Cu(pyridine)3]+ was interpreted66 as the reaction pathway being sequential, so that the
first step is the loss of neutral pyridine from [63Cu(pyridine)4]2+, the same reaction path
observed in UV and visible photofragmentations, which is followed by the photoexcitation
of [63Cu(pyridine)3]+ to yield C5H5N+ and [63Cu(pyridine)2]+.

Finally, it should be mentioned that some absorption spectra of Cu(II) complexes
with bacteriochlorin72 and texaphyrin73 have been studied theoretically in an attempt to
investigate the potential behavior of these molecules as photosensitizers in photodynamic
therapy.

IV. Cu+ AND Cu2+ BINDING ENERGIES
The number of experimental Cu+ binding energies is really scarce, and even scarcer if
one excludes inorganic compounds such as NH3, H2O, H2S etc. A good compilation was
published in 1996 by Freiser74, but after this compilation not many new values have been
reported in the literature dealing with organic compounds, and most of the Cu+ binding
energies known to date come from ab initio or DFT calculations. This is indeed the case
as far as Cu2+ binding energies are concerned due to the difficulty in generating long-lived
Cu2+ complexes in the gas phase.

Since the development of what are usually called high-level ab initio methods, it was
possible to obtain thermodynamic magnitudes within chemical accuracy (±1 kcal mol−1).
Hence, very accurate ab initio calculations could be used to anchor gas-phase ion affin-
ity scales, or to detect some anomalous experimental values. Cu+ affinities present nice
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TABLE 1. Cu+ and Cu2+ (values within brackets) affinities (in kcal mol−1) of α-amino acidsa and
some glycine oligomers

Amino acid Cu+ affinity Amino acid Cu+ affinity

Glycine 64.3 68.1b 68.6c 67.1d Tyrosine 72.5
[214.8]b [205.2]d [242.7]e

Alanine 65.9 68.2d [220.7]d Cysteine 72.9 [268.1]g

Serine 67.4 Glutamine 74.0
Valine 67.9 Methionine 74.6
Leucine 68.4 Tryptophan 75.7
Isoleucine 68.6 Histidine 77.6
Threonine 68.8 Lysine >77.6
Proline 69.1 Arginine >77.6
Aspartic acid 69.3 GGf 87.5e 80.3c [256.4]e

Asparagine 70.9 GGGf 97.5e 94.8c [301.7]e

Glutamic acid 71.5 GGGGf 104.7e [338.1]e

Phenylalanine 72.2

aThe values reported, except otherwise stated, were taken from Reference 30 and were obtained by combining
an accurate theoretical estimate for the Cu+ affinity of glycine with the relative experimental scale reported in
Reference 76.
bValue obtained at the CCSD(T) level using B3LYP geometries taken from Reference 81.
cValues obtained at the MP2(fc)/6-311++G(2df,2p)//B3LYP/DZVP level taken from Reference 77.
dBHandHLYP/6-311++G** calculated values taken from Reference 35.
eB3LYP calculated values taken from Reference 31.
f GG, GGG and GGGG stand for diglycine, triglycine and tetraglycine, respectively.
gB3LYP calculated value taken from Reference 78.

examples of both situations. In some other cases, theory was ahead of experiment predict-
ing Cu+ binding energies before they were experimentally known. Quite interestingly, in
many cases these predictions were very accurate. This is the case, for instance, for a series
of different aromatic compounds, whose experimental Cu+ binding energies published in
200775 agreed very well with previous calculated values reported in 200440 and 200641.

An absolute Cu+ affinity scale for all amino acids (Table 1) was built up by com-
bining a rather accurate CCSD(T) Cu+ affinity value for glycine with the experimental
relative scale reported by Cerda and Wesdemiotis76 for all the amino acids. This scale
was expanded some years later by incorporating theoretical estimates for both the Cu+
and Cu2+ affinities of (glycyl)nglycine (n = 1–3) oligomers (Table 1) obtained by means
of B3LYP calculations31. These values differ slightly from those obtained previously by
Hopkinson and coworkers77 using the same method but a smaller basis set. For both
oxidation states of the metal, due to larger electrostatic interactions, the binding energies
increase as the peptide chain becomes longer31. The gap between Cu+ and Ag+ binding
energies in glycine (glycyl)nglycine series was also found to increase as the size of the
ligand increases77.

Later on, new theoretical estimates of Cu+ affinities of some α-amino acids were
reported by the group of Russo34,35,78 but these values did not differ substantially from
those obtained by Hoyau and Ohanessian30. It is worth mentioning that in some of these
studies Cu+ was found to bind neutral bases systematically stronger than Ag+ 33,58,79.
Also, in some of these publications Cu+ affinities were found to be significantly larger
than Li+ affinities34,40,80. Although in some cases this was attributed to simple differences
in the electrostatic interactions between the metal cation and the base34, in forthcoming
sections we will have the opportunity to show that the enhanced Cu+ affinities reflect a
non-negligible covalent character in the Cu+ –ligand interactions.
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Cu+ affinities for biochemical systems other than α-amino acids or their oligomers
have also been published, although most of them correspond to theoretical estimates.
As a matter of fact and to the best of our knowledge, only the experimental Cu+ affin-
ity of adenine has been reported82. B3LYP/6-311+G(2df,2p) Cu+ binding energies for
uracil, thymine, cytosine, guanine and adenine were published by Russo and coworkers83

(Table 2). Those for uracil and all the thiouracil derivatives, at the same level, were also
published by Yáñez and coworkers84. Agreement between calculated83 and experimental
values82 for adenine is fairly good.

Not much experimental information is available either on Cu+ affinities to alkanes. Nev-
ertheless, a compilation of B3LYP/6-31G* calculated values for the first twelve members
of the series, excluding heptane and nonane, was reported in 200180 showing a clear
increase along the series which becomes clearly attenuated as the length of the chain
increases (Figure 4). Similar behavior was found for complexes with polyethylene gly-
cols (PEG)80, although the absolute binding energies are much larger. For both series
of compounds the calculated Cu+ affinities are significantly larger than Na+ affinities,
pointing to quite different bonding patterns, as we shall discuss in forthcoming sections.

B3LYP/6-311+G(2df,2p) Cu+ affinities of small saturated and unsaturated bases con-
taining N, P and As as active sites85 – 87 show that unsaturated systems are systematically
less basic than their saturated analogues. For methylenimine (H2C=NH) only the nitrogen-
attached species was found to be stable, whereas for methylenphosphine (H2C=PH) and
methylenarsine (H2C=AsH) both C- and heteroatom-attached species are local minima
of the PES. For H2C=AsH the carbon attached complex is the global minimum. For
methylidynephosphine (HCP) and methylidynearsine (HCAs) only the carbon attached
species have been found85. One year later, an experimental value for the Cu+ affinity of
acetonitrile was reported88. As expected, this value was larger than that calculated for the
unsubstituted parent compound (HCN)85 and only slightly smaller than that predicted for
methanimine85. It is noteworthy that, although the same trend was found for their proton
affinities, the gap is significantly larger (17.2 kcal mol−1)53 when the reference acid is a
H+ than when it is a Cu+ ion (2.3 kcal mol−1) (Table 2).
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TABLE 2. Cu+ affinity (in kcal mol−1) of different organic compounds

Compound Cu+ affinity Compound Cu+ affinity

Uracil 59.9a ; 54.8b Ethynylphosphine 55.3p

2-Thiouracil 63.2b Ethynylarsine 51.2p

4-Thiouracil 65.9b Methylidynephosphine 47.0n

2,4-Dithiouracil 67.1b Methylarsine 58.5n

Thymine 60.0a Methylenarsine 51.3n

Cytosine 80.2a Methylidynearsine 51.8n

Guanine 88.0a Dimethyl ether (DME) 44.3 ± 2.8q

Adenine 70.3 ± 2.5c ; 69.0a Dimethoxyethane
(DXE)

63.1 ± 1.8r

Methane 23.6d Benzene 52 ± 5s ; 50.6t ;
51.9 ± 1.4u;
50.3v

Ethane 26.0d Toluene 52.7s ; 52.3 ±
2.2u

Propane 32.9d ; 28.3e Phenylsilane 51.8w

Butane 34.5d Phenylgermane 52.9w

Pentane 40.4d Phenol 52.1x ;
50.3 ± 2.8u

Hexane 43.6d Aniline 59.8x ;
60.2 ± 2.5u

Octane 43.2d Benzaldehyde 52.2x

Decane 46.0d Benzoic acid 55.9x

Dodecane 47.0d Trifluoromethylbenzene 41.7x

Ethylene glycol 79.6d Pyridine 58.7 ± 2.4y ;
65.5z; 57.8aa ;
65.7bb ; 62.7cc

Ethylene 44-50f ; 45.4g ;
42.2h; 46.5e ;
43.4i ; 42.0 ± 3j

4,4′-Bipyridine 63.0dd

Acetylene 40.3h; 43.9e 2,2′-Bipyridine 88.5ee

Ethylsilane 40.8i 1,10-Phenanthroline 94.4ff

Ethylgermane 42.9i Pyrimidine 59.6 ± 2.3gg

Prop-1-ene 47.8i Imidazole 68.7 ± 1.7hh

Vinylsilane 46.0i Furan 37ii ; 37.6jj

Vinylgermane 47.6i Fluorobenzene 43.8 ± 1.1u

Prop-1-yne 48.9k Chlorobenzene 46.5 ± 1.1u

Ethynylsilane 47.2k Bromobenzene 50.7 ± 1.8u

Ethynylgermane 50.3k Iodobenzene 52.8 ± 1.8u

Methylamine 59.8l Anisole 56.5 ± 2.1u

Methanimine 59.3l N -Methylaniline 63.8 ± 2.5u

Hydrogen cyanide 50.0l N ,N -Dimethylaniline 55.6 ± 2.8u

Acetonitrile 57.0m Pyrrole 57.2 ± 3.0u

Methylphosphine 63.4n N -Methylpyrrole 63.9 ± 1.8u

Methylenphosphine 52.9n Indole 60.6 ± 2.1u

Ethylamine 62.3o Naphthalene 55.3 ± 2.1u

Ethylphosphine 65.7o Coronene 59.7v

Ethylarsine 61.0o Cyclododeca-1,5,9-
trien-3,7,11-triyne

92.4v
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TABLE 2. (continued)

Compound Cu+ affinity Compound Cu+ affinity

Vinylamine 62.8o Tribenzocyclyne 107.5v

Vinylphosphine 62.2o bis(2,2′-bipyridine) 38.8kk

Vinylarsine 53.9o

aB3LYP/6-311+G(2df,2p) calculated value at 0 K taken from Reference 83.
bB3LYP/6-311+G(2df,2p) calculated value at 298 K taken from Reference 84.
cExperimental value taken from Reference 82.
d B3LYP calculated value taken from Reference 80.
eB3LYP calculated value taken from Reference 36.
f Experimental estimate taken from Reference 90.
gCCSD(T) calculated value taken from Reference 90.
hCCSD(T) calculated value taken from Reference 36.
iB3LYP/6-311+G(2df,2p) calculated value taken from Reference 104.
j Experimental value taken from Reference 92.
kB3LYP/6-311+G(2df,2p) calculated value taken from Reference 105.
l B3LYP/6-311+G(2df,2p) calculated value taken from Reference 29.
mExperimental value taken from Reference 88. The values for Cu+(CH3CN)2, Cu+(CH3CN)3, Cu+(CH3CN)4,
Cu+(CH3CN)5 are: 56.6, 16.6, 11.2 and 5.0 kcal mol−1, respectively.
nB3LYP/6-311+G(2df,2p) calculated value taken from Reference 85.
oB3LYP/6-311+G(2df,2p) calculated value taken from Reference 86.
p B3LYP/6-311+G(2df,2p) calculated value taken from Reference 87.
q Experimental value taken from Reference 100. The values for Cu+(DME)2, Cu+(DME)3, Cu+(DME)4 are: 57.2,
16.4, and 18.0 kcal mol−1, respectively.
r Experimental value taken from Reference 99. The value for Cu+ (DXE)2 is 43.1 kcal mol−1.
sExperimental value taken from Reference 97.
t Value estimated using the variable reaction coordinate transition state theory taken from Reference 94.
uExperimental value taken from Reference 75.
vB3LYP calculated value taken from Reference 36.
wB3LYP/6-311+G(2df,2p) calculated value taken from Reference 40.
xB3LYP/6-311+G(3df,2p) calculated value taken from Reference 41.
yExperimental value taken from Reference 56.
zExperimental value taken from Reference 52.
aaG2 calculated value taken from Reference 52.
bbB3LYP calculated value taken from Reference 58. In the same reference a Cu binding energy of 12.1 kcal mol−1

is also reported.
ccExperimental value taken from Reference 57. The values for Cu+(pyridine)2, Cu+(pyridine)3, Cu+(pyridine)4

are: 56.5 ± 2.1, 19.7 ± 0.5 and 14.4 ± 0.6 kcal mol−1, respectively.
dd Experimental value taken from ref. 57. The values for Cu+(4,4′-bipyridine)2 , Cu+(4,4′-bipyridine)3 are: 55.6 ±
2.5 and 15.1 ± 0.4 kcal mol−1, respectively.
eeExperimental value taken from Reference 57. The value for Cu+(2,2′-bipyridine)2 is: 56.8 ± 2.3 kcal mol−1.
ff Experimental value taken from Reference 57. The value for Cu+(1,10-phenanthroline)2 is: 55.7 ± 3.0 kcal
mol−1.
ggExperimental value taken from Reference 98.
hhExperimental value taken from Reference 106. The values for Cu+(imidazole)2, Cu+(imidazole)3,
Cu+(imidazole)4 are: 61.5 ± 2.2, 19.1 ± 0.6 and 15.2 ± 0.5 kcal mol−1, respectively.
iiExperimental value taken from Reference 51.
jj CCSD(T) calculated value taken from Reference 51.
kkB3LYP calculated value taken from Reference 33.

In spite of the fact that the interactions between ethylene and transition metal ions
received much attention because this compound is a good prototype to understand the
behavior of unsaturated organic ligands in the bond-activation process and catalysis,
its experimental Cu+ affinity is still not known with precision. In 1990, Fisher and
Armentrout89 published a lower bound for the Cu+–ethylene binding energy of 23 kcal
mol−1 which was about half the value estimated by using reasonably accurate quan-
tum chemistry methods90. This motivated a revision of the aforementioned experimental
value using mass spectrometry techniques in which an equilibrium between (H2O)Cu+
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or (NH3)nCu+ (n = 1, 2) and (C2H4)Cu+ was tried to be established. Combining the
calculated NH3−Cu+ binding energy91 with the fact that according to the aforementioned
experiments the bond dissociation energy of NH3−Cu+ exceeds that of C2H4-Cu+ at
least by 6 kcal mol−1, a more realistic experimental value for the ethylene Cu+ affinity of
44–50 kcal mol−1 was proposed90. Later on, using guided-ion beam mass spectrometry
techniques, the mono- and bis-ethylene complexes with Cu+ were studied by collision-
ally dissociating the complex ions with xenon92. The new Cu+ affinity so obtained
(42 ± 3 kcal mol−1) was not far from the previous experimental range. Posterior theo-
retical estimates obtained at the CCSD(T) and B3LYP levels36 are in reasonably good
agreement with this new experimental range (Table 2). Also surprisingly, and to the best
of our knowledge, no precise experimental Cu+ affinities have been reported for acetylene.
However, the CCSD(T) and B3LYP estimates are reasonably close and within the range
40–44 kcal mol−1 36, although an older MP2 value is slightly lower (36.2 kcal mol−1)93.
The new B3LYP estimated value for the Cu+ affinity for benzene reported in the aforemen-
tioned publication36 was in very good agreement with a previous value obtained using the
variable reaction coordinate transition state theory94. Also, estimates for the Cu+ affinity
of coronene, cyclododeca-1,5,9-trien-3,7,11-triyne and tribenzocyclyne (Chart 1), which
are interesting ligands in organometallic chemistry, were reported94. The Cu+ affinity
of coronene was predicted to be 5 kcal mol−1 larger than that of benzene, reflecting the
larger polarizability of the former. However, tribenzocyclyne binds Cu+ almost twice as
strongly as benzene, because the corresponding Cu+ complex is planar, with the metal
cation inserted directly into the ligand cavity, a fact that had been postulated before by
Dunbar and coworkers95,96.
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CHART 1

As expected, the Cu+ affinities measured for pyridine and pyrimidine are larger than
that of benzene75,97 (Table 2), but for the former the reported values differ significantly
depending on the experimental procedure used to obtain them, the binding energy mea-
sured in photodissociation experiments (65.5 kcal mol−1)52 being much higher than the
one obtained by means of threshold collision-induced dissociation experiments (58.7 ±
2.4 kcal mol−1)56. The reported calculated values do not solve completely this dichotomy
because the MP2 estimates are closer to the CID experiments (57.8 kcal mol−1), whereas
the B3LYP estimates (65.5 kcal mol−1)58 agree better with the values obtained in photodis-
sociation experiments. More recent CID measurements57 yield a value (62.7 kcal mol−1)
which seems to support both the value obtained in photodissociation experiments and by
B3LYP calculations. For imidazole, agreement between the experimental values obtained
in collision-induced dissociation experiments and the B3LYP/6-311+G(2d,2p) calculated
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values is very good. Interestingly, in parallel with their behavior in protonation processes,
imidazole was found to be more basic than pyridine when Cu+ is the reference acid
(Table 2). However, the gap between the Cu+ affinities is more than three times larger
than the gap between the corresponding proton affinities. Conversely, pyrimidine, which
is a weaker base than pyridine in protonation process53, was predicted to be slightly more
basic98 than pyridine when the reference acid is Cu+, if for the pyridine Cu+ affinity the
CID value is adopted56. However, if either the photodissociation value52 or the new CID57

are used, pyridine would still be more basic than pyrimidine with respect to Cu+, which
seems to support these last two estimates. Yáñez and coworkers have shown85 for dif-
ferent series of organic bases the existence of a rough correlation between Cu+ affinities
and proton affinities; however, these correlations depend significantly on the nature of the
basic site. Hence, the correlations found for P- and As-containing bases present similar
slopes, but very different from that found for the corresponding N-containing analogues.
This seems to indicate significant dissimilarities between proton and Cu+ association pro-
cesses, even if in the latter the covalent character, which is very important in the former,
is not negligible.

Recently, a compilation of the Cu+ affinities of a large series of aromatic com-
pounds obtained by means of threshold collision-induced dissociation techniques has been
published75. It is worth mentioning that several of these experimental values, namely
those of phenol, toluene and aniline, were in very good agreement with calculated val-
ues obtained at the B3LYP level and reported in the literature several years earlier40,41.
As indicated in Section III, the Cu+ binding energy to furan was measured by means
of photodissociation techniques and the experimental value is very well reproduced by
CCSD(T) calculations51.

Of particular interest are comparisons of the Cu+ affinity of dimethoxyethane (DXE)99

and dimethyl ether (DME)100 and those of pyridine, 4,4′-bipyridine, 2,2′-bipyridine and
1,10-phenanthroline (Chart 2), which illustrate the chelating effect when the metal ion
interacts with bidentate ligands. Since DXE is bidentate, it binds more strongly to Cu+
than DME. However, while the second DME molecule binds to Cu+ slightly more strongly
than the first one, the second DXE is bound much more weakly than the first one. As we
shall discuss later on, this is related to the fact that for Cu+ di-coordination is strongly
favored through the participation of sd hybrids, which reduces metal–ligand repulsion.
This is also consistent with the fact that Cu+ binds a second DXE molecule much more
strongly than the third and fourth DME ligands.

N N

4,4′-bipyridine

N

N

2,2′-bipyridine

N N

1,10-phenantroline

CHART 2

2,2′-Bipyridine and 1,10-phenanthroline exhibit very strong binding as compared to
pyridine or 4,4′-bipyridine, because the latter behave as monodentate ligands while the
former yield chelated complexes in which Cu+ is simultaneously bound to the two ring
nitrogens. This means that although the trans isomer is by far the most stable structure
of 2,2′-bipyridine, the interaction with Cu+ triggers an internal rotation around the single
bond connecting both aromatic rings in order to facilitate the interaction of the metal ion
with both N atoms. This is also reflected in the incremental binding energies of these
systems, as we shall discuss at the end of this section.
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A compilation of DFT calculated interaction energies between Cu2+ and typical
bidentate ligands, namely ethyl xanthate, ethyl trithiocarbonate, dithiobutyric acid, ethyl
dithiocarbamate, diethyl dithiocarbamate, diethylphosphinecarbodithioic acid and
diethoxyphosphinecarbodithioic acid, showed101 that the stronger interactions occur for
dithiocarbamates, in agreement with their ability as powerful collectors, i.e. as chemi-
cals able to separate valuable minerals from their ores102. The Cu2+ binding energies to
dimethyl dithiocarbamate were also calculated at the DFT level103.

A. Role of Agostic-type Interactions on Cu+ Binding Energies

Particularly interesting are the enhanced Cu+ affinities of silicon and germanium, sat-
urated and unsaturated compounds. The calculated Cu+ affinity of propane is in line with
the values reported for methane but, surprisingly, those calculated for ethylsilane and
ethylgermane are almost twice as large104 (Table 2). Also, some unexpected Cu+ affini-
ties were reported for the corresponding unsaturated compounds. The Cu+ affinity for
propene is, as expected, only slightly larger than that estimated for ethylene, but surpris-
ingly the Cu+ affinities for vinylsilane and vinylgermane are similar to that of propene.
Analogously, ethynylsilane and ethynylgermane exhibit Cu+ affinities rather close or even
slightly higher than propyne105 (Table 2). The behavior of the analogous aromatic deriva-
tives is similar and phenylsilane and phenylgermane were predicted to be as basic as
toluene with respect to Cu+ 40.

The enhanced Cu+ affinity exhibited by ethylsilane and ethylgermane is due to the fact
that the metal cation prefers to bond the terminal SiH3 and GeH3 groups rather than the
terminal methyl group. The global minimum of the propane–Cu+ complex corresponds
to a structure in which Cu+ interacts simultaneously with both terminal CH3 groups104,107

(Figure 5). Conversely, although for ethylsilane and ethylgermane the analogous structures
in which Cu+ interacts with the CH3 and XH3 groups simultaneously are also local
minima of the potential energy surface, the global minima correspond to complexes in
which the metal cation interacts exclusively with the XH3 group (X = Si, Ge) (Figure 5).
The important finding is, however, that the latter structures are significantly more stable
than the former. An analysis of the bonding, using second-order orbital analysis within
the natural bond orbital (NBO) formalism108, shows the existence of a charge donation
from the σX−H (X = C, Si, Ge) bonding orbital toward the empty 4s orbital of the metal
and a back-donation from the occupied d orbitals of the metal into the σ*X−H (X = C, Si,
Ge) antibonding orbital of the organic moiety. These interactions are particularly strong
when X is not very electronegative, so that a X+δ−H−δ polarity is expected. This kind
of interaction resembles closely the agostic bonds defined by Brookhart and Green109 to
account for the effects of transition metals on the C−H bond of organic ligands, and
therefore they have been named as agostic-type interactions.

FIGURE 5. B3LYP/6-311G(d,p) optimized geometries corresponding to the global minima of the
(a) propane–Cu+ , (b) ethylsilane–Cu+ and (c) ethylgermane–Cu+ complexes, respectively, taken
from Reference 104
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The unexpected high Cu+ affinities exhibited by the unsaturated and aromatic ana-
logues, namely vinylsilane, vinylgermane, ethynylsilane and ethynylgermane, and the
phenyl derivatives, are also a direct consequence of the stabilizing effect of the aforemen-
tioned agostic-type interactions. For the unsaturated and aromatic hydrocarbons, propene,
propyne and toluene, the most stable conformation of the Cu+ complexes in the gas
phase correspond to conventional π-complexes (Figure 6), in which the bonding is usu-
ally described in terms of the Dewar–Chatt–Duncanson model110,111, which was analyzed
quantitatively for the case of Cu+–ethylene complexes by Ziegler and Rauk112. According
to this model the metal ion interacts with the π-system, through a donation of charge from
πCC bonding orbitals of the organic moiety toward the empty 4s orbital of the metal and
a back-donation from the occupied d orbitals of the metal toward the π∗

CC antibonding
orbitals of the organic moiety, as illustrated in Figure 7.

Conversely, for Si- and Ge-containing compounds, the most stable structure corresponds
to a nonconventional complex in which a typical three-center–two-electron bond is formed
through the interaction of a p orbital of the C atom, a d orbital of the metal and the s
orbital of the H atoms of the XH3 (X = Si, Ge) group (Figure 8).

The existence of these agostic-type interactions leads to a significant activation of the
X−H (X = Si, Ge) bond which participates in the interaction, because the depopulation

FIGURE 6. B3LYP/6-311G(d,p) optimized geometries corresponding to the global minima of the
(a) propene–, (b) vinylsilane–, (c) vinylgermane–, (d) toluene–, (e) phenylsilane–and (f) phenyl-
germane–Cu+ complexes, respectively, taken from References 104 and 40

FIGURE 7. Orbital interactions associated with conventional π -complexes between Cu+ and unsat-
urated carbon compounds
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FIGURE 8. Molecular orbital of the vinylsilane–Cu+ complex showing the overlap between a d
orbital in Cu with the πCC orbital and s orbital of one of the H of the SiH3 group

of the σXH bonding orbital and the population of the σ ∗
XH antibonding orbital leads

necessarily to a significant weakening of this linkage. This is clearly reflected in a signif-
icant lengthening of the bond which becomes 0.11–0.15 Å longer than the X−H bonds
that do not interact with the metal. This weakening has also a dramatic effect on the
infrared spectra of these species. These differences are clearly seen when the spectrum
of the conventional π-complex of vinylsilane, taken as a suitable example, is compared
with that of the corresponding nonconventional π-complex. As illustrated in Figure 9, the
infrared spectrum of the nonconventional π-complex presents two strong absorption bands
at about 1700 cm−1 and 1200 cm−1, respectively, which are not observed for the con-
ventional π-complex. They correspond to the Si−H stretching and Si−H bending modes,
respectively, of the SiH bond directly interacting with the metal. Due to the weakening
triggered by the agostic interaction, the former appears red-shifted by about 600 cm−1

and the latter blue-shifted by about 400 cm−1.

B. Binding Energies of Solvated Cu+ and Cu2+ Ions

To finish this section it is convenient to indicate that some effort has also been addressed
to investigate the effects that the solvation of Cu+ and Cu2+ may have on their binding
energies, as well as to measuring incremental binding enthalpies with different organic
ligands88,106,113. For obvious reasons, most of this effort is concentrated on the interactions
with systems of biochemical relevance. For [Cu+(H2O)5Guanine]+ complexes, the most
stable conformers always correspond to bisligated Cu ions bonded to one water molecule
and to N7 of guanine, the binding energies being in the range 75–83 kcal mol−1 114.
This implies a decrease with respect to the binding energy of the bare metal ion of
about 5–13 kcal mol−1. When the metal cation is in its higher Cu(II) oxidation state, a
clear attenuation of the binding energy as a function of the number of water molecules
around the metal is also observed115, as illustrated in Figure 10. Hence, while the binding
energy of guanine to a bare Cu2+ ion amounts to 302 kcal mol−1, addition of one water
molecule leads to a reduction of ca 70 kcal mol−1. When two and three water molecules
are added the calculated decreases are 143 and 180 kcal mol−1, respectively. When the
maximum number of coordinated water molecules (5) is reached, the overall decrease
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FIGURE 9. Infrared spectra for the (a) conventional π -complex and (b) nonconventional Cu+ –
vinylsilane complex, calculated at the B3LYP/6-311G(d,p) level. Frequencies are in cm−1 and inten-
sities in KM mol−1

is ca 212 kcal mol−1 115. Similar findings have been reported for complexes involving
[Cu(H2O)3]2+ and guanine or GGG triplets116. The replacement of water by guanine leads
to a stabilization of the complex of about 24.3 kcal mol−1. This stabilization amounts to
35–45 kcal mol−1 when water is replaced by TGGG or CGGG triplets. The interaction
of hydrated Cu2+ ions with guanine and an anionic phosphate group was also studied
through the use of DFT methods117.

One typical signature as far as Cu+ sequential binding enthalpies is concerned is that the
values measured or calculated for the second ligand are nearly equal or even slightly larger
than those obtained for the first ligand. This is indeed the case when dealing with Cu+
(dimethyl ether)n, Cu+(methanol)n and Cu+(acetone)n (n = 1–4) complexes, where the
Cu+ bond dissociation energy for n = 2 is about 2.0 kcal mol−1 larger than that measured
for n = 1100,118,119. This bonding enhancement is well reproduced by CCSD(T)113 and
DFT calculations118,119, and is a consequence of the hybridization of the dz

2 and 4s
orbitals of the metal which leads to a significant reduction of the Pauli repulsion between
the metal cation and the ligand in the corresponding linear arrangement. Consistently with
this explanation, for the three kinds of complexes the binding of the third ligand implies
a dramatic decrease (about 40 kcal mol−1 for dimethyl ether, 28 kcal mol−1 for methanol
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FIGURE 10. Binding energy of [Cu(H2O)n(guanine)]2+ complexes as a function of the number of
water molecules (n)

and 34 kcal mol−1 for acetone) of the interaction energy. The situation is similar when
the ligands are acetonitrile88, imidazole106 or pyridine57, the only difference being that
the binding energy of the second ligand is, in these cases, slightly smaller than that of
the first ligand (Table 2). A particular case is represented by 2,2′-bipyridine and 1,10-
phenanthroline, where the change in the Cu+ binding energies on going from complexes
with one ligand to complexes with two ligands is significantly large (31 and 39 kcal mol−1,
respectively)57, reflecting the fact that in the complex with only one ligand the metal ion
is already bisligated. Accordingly, the electrostatic contributions to the binding decrease
sharply, because the chelating ligands provide two donor interactions such that the charge
retained by Cu+ decreases quite significantly. On the other hand, the addition of the
second ligand yields a structure in which the coordination number of the metal ion is 4,
which is accompanied by a significant increase in the repulsion between the two ligands.

V. COORDINATION
Different evidence seems to be consistent with the idea that copper coordination prefer-
ences in Cu-containing enzymes could play a significant role in their biological functions,
and therefore the preferred coordination of copper and its dependence on its oxida-
tion state was the subject of many studies. There is also evidence of the effect of the
coordination geometry on the gas-phase reactivity of tetra-coordinated Cu(II) ion com-
plexes. In the gas-phase reactions of ammonia with Cu(EN-(py)2)2+, Cu((en)-(phen)2)2+,
Cu((phen)2)2+ (EN = 1,6-bis(2-pyridyl)-2,5-triazahexane; en = ethylenediamine; phen =
1,10-phenanthroline) the reactivity of the tetra-coordinate complexes depends strongly on
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the nature of the ligand. When EN-(py)2 is the ligand, the rate constant is about half that
measured when (en)(phen)2

+ is the ligand. Even more significant is the change observed
when two phen ligands are bound to the metal ion, because in this case no significant
addition of NH3 was observed120.

A. Coordination in Complexes with One Ligand

It is interesting to discuss in the first place what should be the expected coordination
when the metal ion interacts with only one ligand. We have already discussed in the
section devoted to analyzing the performance of various theoretical models the different
coordination patterns exhibited by Cu+ when the base is a benzene derivative. Of particular
interest are the situations which arise when the ligand presents two or more basic sites. We
have already discussed several cases in which the metal forms chelated structures when
the base presents more than one basic site; however, it is important to emphasize that not
always is a chelated structure found to be the global minimum of the PES of bidentate
or polydentate bases. Glycine and urea are two suitable examples. Both bases present
as possible basic sites a carbonyl group, an amino group and, in the case of glycine,
in addition a hydroxyl group. However, whereas glycine leads to a bisligated complex30

in which Cu+ interacts with the carbonyl oxygen and with the amino N (Figure 11), in
urea this conformer lies 12.9 kcal mol−1 higher in energy than the global minimum121 in
which Cu+ interacts exclusively with the carbonyl oxygen. This can be understood if one
takes into account that in urea the amino nitrogen lone-pair conjugates with the carbonyl
group and is not available to interact with the metal. It is worth noting, however, that the
attachment of Cu+ to the carbonyl group is not linear, as is the case for alkali ions, pointing
to different bonding patterns, as we shall discuss later. The same behavior is found for
uracil83,84 and thymine complexes83. Also for 2-, 4- and 2,4-thiouracil, the Cu+ adducts
are mono-coordinated Cu+ complexes in which the metal ion is attached preferentially to
the sulfur atom. It is also interesting to indicate that any attempt to find a tri-coordinated
glycine–Cu+ complex in which the metal interacts with both oxygen atoms and with the
nitrogen atom failed30, as all these structures collapsed to the bisligated global minimum.
The situation is different, however, as far as the complexes with serine and cysteine are
concerned. In these two cases the global minimum corresponds to conformers in which
Cu+ interacts with the amino nitrogen, the carbonyl oxygen and the alcohol oxygen in
serine, or the thiol sulfur in cysteine (Figure 11).

This propensity to yield highly coordinated complexes reflects the importance of polar-
ization interactions and depends on the flexibility of the base to adequately orient its lone
pairs toward the metal. We have already mentioned the case of 2,2′-bipyridine, where
the association with the metal is preceded by an internal rotation around the single bond
connecting both aromatic rings in order to favor the interaction of both ring nitrogens

FIGURE 11. Optimized geometries of (a) glycine–, (b) urea– and (c) serine–Cu+ complexes
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with the metal ion. Also in the case of serine and cysteine, the neutral base undergoes a
rearrangement to favor the interaction of the three basic sites with the metal ion, which
implies little energy. Conversely, the concomitant interaction with the OH group of the
carboxylic group would require a strong distortion and breaking of the intramolecular
hydrogen bond between this group and the carbonyl oxygen, and therefore this interac-
tion does not occur. This is corroborated by the fact that the complexes between diglycine
and triglycine with Cu+ always correspond to bisligated structures in which the metal ion
is chelated to the terminal amino group and the carbonyl oxygen, and all attempts to
produce tri-coordinate complexes were not successful31,77. Conversely, for Ag+, tri- (in
the case of diglycine) and tetra-coordinate (in di- and triglycine) structures are the most
stable77. It should also be emphasized that for diglycine, triglycine and tetraglycine, the
complexes with a structure similar to that shown in Figure 11 for glycine–Cu+ are not the
global minimum of the potential energy surface because Cu+ prefers a linear coordination
environment rather than an angular one. As already explained in Section IV.B, associ-
ated with the linear arrangement is a significant reduction of the Pauli repulsion between
the metal cation and the ligand through the formation of sd hybrids122 – 124 (Figure 12).
Conversely, in an angular arrangement the hybridization involves necessarily, by sym-
metry reasons, the 4p and dxz orbital, and due to the higher energy of the 4p orbitals
the hybridization is less effective and the repulsion decrease is smaller31. We will find
again a similar conformation in many complexes in which Cu+ interacts with two or more
ligands.

The structure of the glycine complexes does change dramatically when Cu+ is replaced
by Cu2+ since, although the global minimum still corresponds to a bisligated struc-
ture, in this case the metal ion interacts with the CO2

− terminus of the zwitterionic
form of glycine81 (Figure 13). Similar behavior has been found when the structure of
α-alanine–Cu+ complex is compared with that of α-alanine–Cu2+ 35. Changes are appar-
ently less significant when dealing with urea and uracil49,125, where the replacement of

Cu

(a)

Cu

(b)

Cu

(c)

FIGURE 12. B3LYP optimized geometries for the global minima of the (a) diglycine–, (b) trigly-
cine– and (c) tetraglycine–Cu+ potential energy surfaces taken from Reference 31

FIGURE 13. B3LYP optimized geometries of the Cu2+ complexes with (a) glycine, taken from
Reference 10, (b) urea and (c) thiourea, taken from Reference 49
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Cu+ by Cu2+ triggers a noticeable opening of the C−O−Cu angle, which for uracil
becomes very close to 180◦. More importantly, Cu2+ association leads to a significant
symmetry change in the urea moiety, where one of the C−N bonds becomes sizably
shorter than the other one49 (Figure 13). Conversely, attachment of Cu2+ to thiourea
yields a nearly symmetric structure in which Cu2+ binds to the sulfur atom practically
in the plane which bisects the NCN angle49, the CSCu angle being 109.7◦ (Figure 13).
Similar CSCu bending arrangements are also found for thiouracil derivatives125.

These significant dissimilarities between Cu+ and Cu2+ complexes when interacting
with one ligand reflect completely different bonding patterns81,125. As pointed out by
Bertrán and coworkers81, the ionization potential of Cu+ (20.8 eV) is much larger than
that of most of the aforementioned organic bases, and certainly larger than that of glycine
(9.38 eV), urea (10.27 eV), thiourea (8.5 eV) or uracil (9.2 eV)53, so one may expect
Cu2+ to be able to oxidize the base so that the Cu2+ complexes would behave more like
Cu+-base+ž than like Cu2+-base systems. This is mirrored in the corresponding electron
densities. [Cu–uracil]2+ complexes can be actually viewed as Cu+–uracil+ complexes,
not only because the uracil moiety bears a net positive charge very close to unity, but
because the spin density, which in a Cu2+ complex should be located on the metal (with
a d9 configuration), is located on the organic moiety. The same electron distribution was
observed in [Cu–thiouracils]2+ 125 and [Cu–urea]2+ complexes49. As we shall discuss
in detail in forthcoming sections, the oxidative capacity of Cu2+ is one of its specific
signatures and dictates many of the properties of Cu(II)-containing systems. Actually, the
fact that the global minimum of the [glycine–Cu]2+ complex corresponds to a η2-O,O
structure of the zwitterionic isomer indicates that Cu2+ association strongly favors a proton
transfer from the carbonylic group toward the amino group126. This was also observed in
cysteine–Cu2+ interactions78 where the association with Cu2+ triggers a proton transfer
from the S−H group toward the amino group, the global minimum of the [cysteine–Cu]2+
complex being a bisligated structure in which Cu interacts with the carbonyl oxygen and
the sulfur atom of this zwitterionic form78. It is important to mention that the charge
transfer from the base toward the metal ion seems to be strongly favored in monodentate
complexes, whereas for bidentate structures the spin density is more delocalized, as found
for glyoxylic acid oxime–Cu2+ interactions37.

B. Coordination in Complexes with More than One Ligand
When Cu(I) or Cu(II) interact with more than one ligand, it seems well established

that Cu(I) prefers lower coordination numbers than Cu(II)4. Actually, different studies
confirmed a preference for Cu(I) to be bisligated, whereas Cu(II) is usually found in
tetra-coordinated planar structures. So, even though it is usually assumed that d10 metal
ions should form tetrahedral complexes127, this is not always the case when dealing with
Cu+. We have already indicated the preference of Cu(I) to yield complexes in which Cu
is linear or nearly bound to two active sites of a polydentate base, whenever the base is
flexible enough to favor these linear arrangements. When two or more ligands interact
with the metal ion this is indeed the kind of coordination usually found. Obviously, this
is the arrangement in Cu+(pyridine)2 complexes128 as well as in the neutral counterpart,
Cu(pyridine)2, although in the latter the Cu–N distances are larger because of the increase
of the Pauli electron repulsion between the N lone-pair and the 4s electron of the metal.
This preference of Cu(I) for di-coordination is nicely reflected in the solvation patterns
exhibited by Cu+ in Cu+(H2O)n (n = 2, 4, 6) clusters129. At the MP2 and CCSD(T) levels
of theory, the Cu+(H2O)2 cluster is predicted to be a C2 structure (Figure 14)130. When a
third water molecule is added, the lowest energy structure corresponds to that depicted in
Figure 14, in which the third water molecule forms hydrogen bonds with one in the first
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FIGURE 14. Structure of the global minima for Cu+(H2O)n (n = 2, 3, 4, 6) taken from Refer-
ences 130 and 129 showing the preference of Cu+ to form linear L–Cu–L′ arrangements when
interacting with several ligands

shell. Analogously, the most stable structure for Cu+ (H2O)4 clusters can be viewed as
the result of the solvation of the C2 dimer. That is, two water molecules are covalently
bonded to the metal, while the other two interact with the first-shell water molecules
through the formation of hydrogen bonds, acting as proton acceptors (Figure 14). Also
consistently, the global minimum of the Cu+(H2O)6 has only two water molecules in the
first shell linearly bound to the metal, while the other four solvate these two, acting as
proton acceptors (Figure 14).

This bonding pattern is also found in many complexes between Cu+ and organic
ligands. For instance, in the Cu+(imidazole)2 complexes Cu is linearly coordinated to the
two bases. Furthermore, when a third imidazole molecule is added it interacts through
hydrogen bonds with one of the imidazoles of the first shell, whereas the local minima
in which the three ligands are in the first solvation shell is predicted to be 4.4 kcal mol−1

higher in energy106. Similarly, in the global minimum for the Cu+(imidazole)4 complex
only two imidazole molecules are directly connected to the metal, while the structures with
three and four ligands in the first solvation shell are predicted to be 6.3 and 11.5 kcal mol−1

less stable, respectively. In Cu+(dimethyl ether)2, again the ground state corresponds to
a nearly linear bisligated complex113. In this case, when a third ligand is added, it does
not solvate one of the ligands of the first shell because in this case there is no possibility
of forming hydrogen bonds, but the structure of the complex corresponds to a distorted
T-type arrangement, in which the third ligand is much weakly bound than the other two
(Figure 15).

A similar bonding pattern was obtained at the B3LYP/DZVP level for complexes
formed by the interaction of glycine–Cu+ ions with CO, water and ammonia131.

Cu

n=2

Cu

n=3

FIGURE 15. CCSD(T) optimized geometries for the Cu+(dimethyl ether)n (n = 2, 3) complexes
taken from Reference 113
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Whereas Cu(I) prefers in general di-coordinated structures, Cu(II) yields quite stable
tetra-coordinated complexes, and when the coordination number is six, there is a signifi-
cant Jahn–Teller effect which forces two of the ligands to be much less tightly bound than
the other four. This happens, for example, in complexes between Cu(II) and acetone132.
These complexes were generated in the gas phase by a technique able to produce com-
plexes of a controlled size. Each complex is first produced as a neutral Cu-solvent species,
which is subsequently ionized by electron impact. The data obtained for [Cu(acetone)n]2+
complexes show a maximum abundance when the number of ligands is four, accompanied
by a rapid decline in the abundance when n increases. On the other hand, the results show
no evidence of a stable octahedral unit when n = 6, due to a strong Jahn–Teller effect
leading to a distorted octahedral structure in which two ligands are weakly bound. Very
interestingly, however, when the ligand is ethylene, the maximum intensity is observed
for n = 3132. This was interpreted in terms of donations and back-donations between the
CC π-system and the metal, because the optimum number of π-bonded ligands would be
three, through the interaction of dxy , dxz or dyz orbitals with the π∗

CC antibonding orbital132.
The same experimental technique was used to investigate the coordination of Cu(II) to
different alcohols, namely methanol, ethanol, 1-propanol, 2-propanol, different ketones
(acetone, butanone, 2-pentanone, 2,4-pentanedione) and other organic bases such as pyri-
dine, pyrazine, tetrahydrofuran, dioxane, benzene, benzonitrile and ethylenediamine65. The
intensity distributions recorded for the interactions with acetone, pyridine, tetrahydrofu-
ran and acetonitrile are clearly dominated by a very intense [CuL4]2+ unit, followed by
a rapid decline in the intensity measured for complexes of larger size. Furthermore, in
[CuL4]2+ complexes containing acetone, 2-butanone or 2-pentanone, the charge transfer
reaction leads to the loss of two ligands to form [CuL2]+ complexes. The situation is
different for alcohol ligands. For 1- and 2-propanol, both Cu(II) complexes exhibit inten-
sity maxima at n = 4 as for the case of the aprotic solvents mentioned above. However,
for ethanol and methanol, up to eight ligands can be gathered around the metal because
of the ability to form hydrogen bonds between the ligands in the first shell and those in
the second one. In fact, as shown by Ziegler and coworkers133, in the case of methanol,
four ligands are located in the first solvation shell in a square-planar distribution, with
another four connected to the first ones via hydrogen bonds. On going to ethanol there is
a downward shift in maximum intensity to n = 6, with [CuL4]2+ becoming more promi-
nent. The association with benzene constitutes a special case since [Cu(C6H6)2]2+ is the
only ion observed, suggesting that the structure very likely corresponds to a sandwich-like
arrangement in which the metal dication is centrally located between both aromatic rings.

In [Cu(pyridine)n]2+ (n = 4, 6) complexes64, when n = 4 the ground state corresponds
to a D4h structure, but the ground state of the hexamer can be viewed as the result of
associating to the D4h tetramer two additional ligands in an overall octahedral arrange-
ment. However, while the Cu–N distance for four ligands is 1.95 Å, for two of them
it is 3.72 Å, showing a clear Jahn–Teller distortion, similar to the one found in clus-
ters in which Cu2+ is solvated by water19,134 – 137, ammonia135,138 or water and ammonia
molecules simultaneously19,135,139,140. This preference for tetra-coordination in the case of
Cu(II) complexes was also observed in clusters between GGG (G = glycine) and hydrated
Cu2+ ions116. Even in complexes between glycine and Cu2+(H2O)4, where the coordina-
tion around the metal ion is forced to be five, one of the water ligands is always far away
from it, or moves to the second solvation shell141. Very recently, the structures of com-
plexes between guanine and hydrated Cu(II) were reported115. The B3PW91/6-31+G(d)
optimized geometries showed that the global minimum of the diaqua system corresponds
to a tetra-coordinated complex, in which the metal forms a chelated structure with the
base and interacts simultaneously with the two water molecules (Chart 3). Importantly
however, when two more water molecules are added, the coordination of the metal ion
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does not change, and as illustrated in Chart 3, the two new water ligands form hydrogen
bonds with the water molecules of the first shell.115

Even in the case of copper-bound proteins, where the rigidity imposed by the protein
backbone may prevent ligand exchange or ligand loss, Cu(I) shows a clear preference to
yield di-coordinated species4,142,143. Two thorough theoretical studies of the Cu(I) and
Cu(II) binding sites for a His–His peptide model4,142 using 3-(1H -imidazol-5-yl)-N-[2-
(1H -imidazol-5-yl)ethyl] propanamide (6) as a suitable model system (Chart 4) showed
a preference of Cu(II) to yield tetra-coordinated complexes, forming in general distorted
square-planar structures. Since this modeling was carried out by taking into account the
specific solvation of the metal cation by water molecules, it was found that Cu(II) releases
water molecules when the histidines and the backbone get involved in the coordination
sphere, in order to keep the coordination number equal to four142. A more recent study
using the same model compound4 showed that a reduction of the metal was accompanied
by a decrease in the coordination number to three or two. As a matter of fact, it was found
that lowering the coordination number of Cu(I) from four to three or two was favored
irrespective of the identity of the ligand lost. Actually, in the most stable complex between
Cu(I) and compound 6, the metal ion forms two linear bonds with the N atoms of the
imidazole rings. A third, very weak Cu(I)–O interaction in the stem position leads to a
distorted T geometry.
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3-(1H-imidazol-5-yl)-N-[2-(1H-imidazol-5-yl)ethyl]
propanamide (6)

CHART 4

In a systematic investigation of the bonding of Cu(II) and Cu(I) to N-formylmethionin-
amide (NFMET) (Chart 4)143 as a suitable methionine model peptide, analogous results
were found. Hence, in general, tetra-coordinated Cu(II)–NFMET complexes were found to
be more stable than those with higher coordination numbers. However, for Cu(I)–NFMET
the tri-coordinate complexes were more stable than the tetra-coordinated ones.
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C. Coordination of Cu(II) in Blue Proteins

The coordination of Cu(II) in blue proteins has received particular attention, because it
seems well established that coordination dictates their oxidation capacity, i.e. their role as
electron-transfer proteins as well as other of their properties. As a matter of fact, mononu-
clear copper proteins have been usually classified into two types, which differ clearly in
the coordination of Cu(II). In the so-called ‘normal’ proteins, Cu(II) exhibits two different
arrangements depending on the coordination number, tetragonal or elongated octahedral
due to a typical Jahn–Teller effect. In contrast, in blue proteins Cu(II) is usually sur-
rounded by a trigonal coordination sphere involving two histidine nitrogen atoms and
a cysteine thiolate group. Our knowledge of the coordination of Cu(II) in blue proteins
comes essentially from theoretical modeling using small systems. A quite simple model,
in which Cu(II) interacts with two or three ammonia molecules and with a SH−, SH2 or
S(CH3)2 ligand, permitted to gain some insight into the origin of these preferences for a
trigonal coordination144. This model clearly reproduced the unusually short Cu–cysteine
and the unusually long Cu–methionine bond lengths. Methionine occupies an axial posi-
tion in the protein and leads to an unfavorable interaction with the doubly occupied d
orbital of the metal ion. At the same time, the model clearly showed the stabilizing
role played by the thiolate ligand because of its soft character that gives covalent Cu−S
bonds, stabilizing the trigonal arrangement around the metal. In a posterior analysis10, it
was concluded that for small and hard ligands the tetragonal structure around Cu(II) was
the most stable. However, for large, soft and polarizable ligands, trigonal and tetragonal
coordinations are very close in energy, although in complexes like Cu(NH3)2(SH)(SH2)+
the trigonal structure is more stable. This was taken as an indication of the important role
played by methionine in this kind of protein, as a consequence of the large amount of
charge transferred from the ligand to the copper ion, whose charge becomes rather close
to +1.

More sophisticated models, in which S(CH3)2 and CH3CONH2 ligands simulate the
effects of methionine and glutamine residues, respectively, and CH3CONH(CH2)2-
imidazole simulates the effect of the backbone amide group, were used145 to gain insight
into the coordination of a series of blue copper proteins such as azurine or stellacyanin
(Figure 16). The main conclusion of this analysis was that the axial ligands had a rather
small influence on the reduction potentials of these proteins, which seems to depend
essentially on the solvent accessibility to the copper site and on the orientation of the
protein dipoles around the metal.

QM/MM calculations146 were also reported for azurin, plastocyanin and stellacyanin in
which the QM region, which contains complexes similar to those described in the previous

FIGURE 16. Complex used in Reference 145 to model blue copper proteins
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paragraph, was treated at the DFT level of theory, whereas the rest of the protein was
described using molecular mechanic approaches. This model reproduces the trends in the
relative values of the redox potentials for plastocyanin and stellacyanin, suggesting that
the much smaller value found for stellacyanin is associated with a much shorter Cu–O
distance in the oxidized form.

VI. BONDING

A. Bonding in Cu+ Complexes

It has been usually assumed that the interaction of Cu+ with neutral systems is essen-
tially electrostatic, but more and more evidence indicates that covalent contributions are
not at all negligible. This covalency is reflected both in the binding energies and in
the structures of the Cu+ complexes, through the contribution of dative bonds from
the ligand to the 4s empty orbital of the metal and back-donations from occupied d
orbitals of the metal into empty antibonding orbitals of the base39 – 41,90,104,105,112,147. We
have already discussed in preceding sections that these interactions were the origin of
the enhanced stability of nonconventional π-complexes between Cu+ and unsaturated or
aromatic derivatives of silicon and germanium. We will emphasize here the significant
differences between Cu+ and alkali metal ions, where the interactions are dominantly
electrostatic. The differences in bonding are clearly illustrated in Figure 17, which shows
the energy density contour maps for the conventional π-complexes of Li+ and Cu+ with
phenylgermane40. It should be recalled here that negative values of the energy density148

indicate that the potential energy density dominates over the kinetic energy density as in
covalent bonds, and vice versa, a positive value of the energy density indicates that the
kinetic energy density term dominates as in typical ionic bonds.

Figure 17 shows that in the phenylgermane–Li+ and phenylgermane–Cu+ conven-
tional π-complexes the metal ion sits on the electronic hole of the aromatic ring, but
whereas the energy density is clearly positive between the metal cation and the base for
the Li+ complex, for Cu+ it is negative, providing evidence that this interaction has a
non-negligible covalent character. This is coherent with the interaction energies between
the σC1C6, σC2C3 and σC4C5 occupied orbitals of the base toward the 4s empty orbital of Cu
(15, 14 and 13 kcal mol−1, respectively) calculated using a second order NBO perturbation
analysis and those from filled d orbitals of the metal and the corresponding antibonding

(a) (b)

FIGURE 17. Energy density contour maps for the phenylgermane–Li+ π -complex (a) and phenyl-
germane–Cu+ conventional π -complex (b). The energy density has been plotted in a plane perpen-
dicular to the aromatic ring and containing the substituted and para carbon atoms, as well as the
metal ion. Dashed lines and solid lines correspond to negative and positive values of the energy
density, respectively
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orbitals of the base (7, 6 and 5 kcal mol−1, respectively)40. The depopulation of the σC1C6,
σC2C3 and σC4C5 bonding orbitals and the concomitant population of the σ ∗

C1C6, σ ∗
C2C3

and σ ∗
C4C5 antibonding ones results in a lengthening (0.018 Å, in average) of all the CC

bonds of the aromatic ring, whose stretching frequencies appear shifted to the red by ca
36–51 cm−1 40. Of course, these kinds of interactions are not possible in Li+ complexes
where the first empty 2s orbital lies very high in energy. The situation is not different
when dealing with saturated compounds147. As shown in Figure 18 for complexes of Li+
and Cu+ with germane, again the energy density is positive between the metal ion and
the base in the case of Li+, but clearly negative when the metal ion is Cu+.

The non-negligible covalent character of Cu+ complexes is mirrored in binding affinities
which are, in average, 1.3 times larger than the corresponding Li+ affinities40. Similar
behavior was reported for guanine and adenine Cu+ complexes when compared with the
corresponding Li+ ones20. Finally, it is worth mentioning that besides electrostatic terms,
the energy employed in the deformation of the ligand is crucial to rationalize the stability
trends of different complexes31,81.

B. Bonding in Cu2+ Complexes

The most significant characteristic of the bonding in Cu(II) complexes is the oxidation
undergone by the ligand with the result that both the spin density and the electron defi-
ciency is concentrated in it4,31,42,81,101,115,116,125,149 –151. A similar oxidation effect has
been reported for Cu(III) complexes93 where the metal does not have a d8 electronic con-
figuration explaining why, quite unexpectedly, the Cu–L distances are uniformly longer
in Cu(III) complexes than in their Cu(I) analogues93. As could be anticipated, the more
coordinated the metal is, the less oxidized are the ligands115. For instance, while in
Cu2+ –guanine complexes reduction of Cu(II) to Cu(I) takes place and the spin density
on the metal is almost zero, when the number of water molecules solvating the metal
increases, this effect decreases dramatically and the spin density on Cu (0.72) is again
closer to unity115. Interestingly, the same conclusion was reached when dealing with
complexes in which only one (polydentate) ligand interacts with the metal31,37.

The aforementioned oxidation of the ligand enhances its intrinsic acidity which facil-
itates its deprotonation150,152. This explains why in general [Cu−L−H]+ monocations
are readily detected in the gas phase instead of the corresponding [Cu−L]2+ doubly
charged species151. Cu(II) has also a clear tendency to oxidize amino acids and pep-
tides. For instance, [Cu(II)(2,2′-bypiridine)(AA-H)]+ complexes (where AA is an amino

(a) (b)

FIGURE 18. Energy density contour maps for the germane–Li+ (a) and germane–Cu+ (b) com-
plexes. The energy density has been plotted in a plane containing the silicon atom, as well as the
two hydrogen atoms interacting with the metal ion. Same conventions as in Figure 17
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acid) lead to the loss of CO2 followed by further radical-driven fragmentation of the
resulting Cu(I) complex61,153,154. Similarly, CID experiments carried out on [Cu(2,2′-
bypiridine)(Arg)]2+ and [Cu(His)2]2+ complexes lead to the formation of [Arg-CO2]+ž
and [His-CO2]+ž radical cations, which was taken as evidence of the formation of argi-
nine and histidine radical cations as transient species153,155. Similar results were reported
for complexes between Cu(II) and histidine-containing peptides, as we will see in the
section dealing with the reactivity of copper ions with biomolecules. On the other hand,
the reduction of Cu(II) to Cu(I) is the basic mechanism behind the electron-transfer role
of blue copper proteins10,144, whereas the oxidation capacity of Cu(II) is also the driving
force of proton-transfer reactions within base pairs156,157. Experiments conducted in the
gas phase158 showed significant differences in the bonding of Cu(II) with respect to Ag(II)
and Au(II).

VII. Cu+/Cu2+ REACTIONS WITH SMALL ORGANIC BASES

Over the past decades, a great body of studies on gas-phase reactions of bare Cu+/Cu2+
cations with small molecules containing prototypical bonds (e.g. N−H, C−H, C−C, O−H)
have been performed159 – 168. In this section we will present an overview of the most
significant results reported in the period of time covered in this chapter.

The interaction of Cu+ with carbonyl compounds has been widely studied in the liter-
ature. The binding energy has been measured or calculated for a large set of compounds,
as has been discussed in preceding sections. For Cu2+, the deprotonation usually accom-
panying the association of this doubly charged metal to organic compounds makes the
measurement of binding energies practically impossible, since the species experimentally
accessible is the singly-charged deprotonated complex. As a matter of fact, as we have
already noted when discussing the bonding, it appears that the most significant difference
in reactivity between both copper oxidation states is the oxidation capacity of Cu(II). The
interaction of Cu+/Cu2+ with thiouracil derivatives (Chart 5) provides a good example for
these differences84,125,150. While Cu+ interaction occurs preferentially with one oxygen or
a sulfur lone pair, Cu2+ interacts preferentially with the two oxygen lone pairs simultane-
ously. In the first case, the attachment of the metal occurs at the most basic site, which is
the heteroatom at C4. For Cu2+ the interaction is preferred at the oxygen atom, indepen-
dently of its position. This was explained by a greater affinity of Cu2+ toward carbonyl
than toward the thiocarbonyl group125, even though in general thiocarbonyl derivatives
exhibit a gas-phase basicity larger than their carbonyl analogues169,170.

NH NH

Y

X

5
6

31
2

X = Y = O      uracil
X = S, Y = O  2-thiouracil
X = O, Y = S  4-thiouracil
X = Y = S       2,4-dithiouracil

4

CHART 5

To the best of our knowledge there are no studies dealing with the reactivity of uracil
and thiouracil derivatives toward Cu+. However, as these compounds can be viewed as
formed by two different groups, formamide and urea or their thio derivatives, the reactiv-
ity patterns of uracils and thiouracils might be considered similar to those of formamide
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and urea or thiourea, if one excludes ring effects which are only present in the former and
which will be discussed in subsequent sections. Tortajada and coworkers171 have reported
a nice experimental and theoretical study on the fragmentation of formamide–Cu+ com-
plexes in the gas phase. In a preliminary study, the isomerization of formamide using
different levels of theory was analyzed in order to estimate its affinity toward Cu+ and
to locate the most basic centers172. Subsequently, by means of Chemical Ionization Fast-
Atom Bombardment (CI-FAB) mass spectrometry techniques, the dissociation products of
the formamide–Cu+ complex were investigated, the main precursors for these fragmen-
tations being the oxygen- and nitrogen-attached species. The exploration of the PES at
the B3LYP/6-311+G(2df,2p)//B3LYP/6-311G(d,p) level of theory revealed that OCCu+
and CuNH+

3 , which were the most abundant fragments observed by Mass Analyzed Ion
Kinetic (MIKE)-CAD spectra, may be produced through three different mechanisms. If
the O-attached complex is assumed to be the precursor, the reaction should overcome, as
a first step, an activation barrier of about 93.4 kcal mol−1 associated with a 1,2-hydrogen
shift from carbon to nitrogen (Figure 19). A similar energetic barrier, ca 95.7 kcal mol−1,
corresponding to a 1,2-hydrogen transfer from carbon to oxygen is the first step when the
same fragments are produced if the N-attached complex is considered to be the precur-
sor for the unimolecular fragmentation. The calculated activation barrier is higher (about
104.9 kcal mol−1, Figure 20) if a direct hydrogen transfer from the CH group to the amino
group is envisaged.

In the case of urea, two amino groups are available for the interaction with the metal
ion. The effects of this second amino group are reflected in both the interaction patterns
of copper and the nature of the fragments obtained in gas-phase unimolecular decom-
positions, because new fragments can be generated when dealing with urea, which are
not possible when the base is formamide. For instance, while the loss of ammonia leads
to COCu+ in the case of formamide–Cu+ reactions, in urea–Cu+ reactions the same
process produces a HNCOCu+ ion, which is the most abundant one121,173. The DFT
calculated PESs showed a quite different mechanism in both cases. While in urea–Cu+
reaction ammonia is formed through a 1,3-hydrogen transfer between both amino groups,
for formamide–Cu+ reactions, this is a three-step process, the former being a 1,2-H shift
from the C−H group toward the carbonyl oxygen, which is subsequently transferred to
the amino group by means of a 1,3-H shift. Furthermore, the HNCOCu+ fragment is only
produced from the O-attached adduct as precursor. In both reactions a high intensity peak
corresponding to the CuNH+

3 ion is observed with origin in the N-attached complex. In
both cases the barriers are lower than the entrance channel, which indicates that these
mechanisms are thermodynamically favored (Figure 21).

In the reaction of formamide with copper, it should be mentioned that the loss of
water was found to be a quite favorable process whereas such a process was not observed
for urea. A theoretical survey of the corresponding PES showed that for formamide a
double hydrogen transfer toward the carbonyl oxygen atom is feasible, a first one from
the nearest carbon and a second one from the amino group171. However, for urea–Cu+
these hydrogen transfers to oxygen do not compete with those taking place between the
two amino groups which ultimately lead to the loss of NH4

+ 121. Interestingly, this is not
the case when the carbonyl group is replaced by an isoelectronic NH group as in the case
of guanidine–Cu+ complexation174 where the loss of NH4

+ was not observed in the mass
spectra. It is worth noting, however, that this is the only significant difference between
guanidine–Cu+ and urea–Cu+ fragmentations. For instance, if we take into account that
the difference between the urea and guanidine molecule is the replacement of the oxygen
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by a NH group, the loss of HNCO observed in urea–Cu+ reactions121 appears as the loss
of HNCNH in guanidine–Cu+ reactions174. In both cases the dominant product of the
reaction was ammonia.

Another aspect to be emphasized concerning the Cu+ reactivity is that the metal cation
can act as a hydrogen carrier for the loss of H2. For urea– and formamide–Cu+ systems,
the experimental results do not provide any indication of such a loss. However, in 2-
propanol–Cu+ 175,176, ethylenediamine–Cu+ 177 and alkene–Cu+ reactions178, the loss of
a H2 molecule was systematically observed with different intensity. All the theoretical
studies which aimed at explaining the dissociation of H2 in these complexes pointed to
the role of copper as a carrier. Concerning the alkene–Cu+ complexes, the attachment
of the metal cation to the π-system forces a coiling of the alkyl chain, which favors
the formation of a hexa-coordinated intermediate (form 7 in Scheme 1) that eventually
evolves to yield form 8, which could be a good precursor for the loss of H2.

HH

H CH2

CH2

CHRH

Cu+

(7)

HH

H CH2

CH2

H

Cu

(8)

CHR
+

SCHEME 1

However, much more stable complexes, such as species 9 (Scheme 2), can be formed
when the metal ion interacts simultaneously with two C−H bonds of the alkyl chain,
through typical agostic-type interactions, already discussed in detail in Section IV.A. The
activation of both C−H bonds lead to the formation of structure 10 (Scheme 2), which
finally dissociates by losing H2.

H

CHR

CH2CH
H

Cu

CHH2C
+

(9)

CH

H

H

H

CH2

CHR

Cu+

HH

(10)

SCHEME 2

The most favorable process in the reactions between Cu+ and alkenes corresponds,
however, to the loss of one olefin molecule. This happens, as proposed by Morizur and
coworkers179, through a pseudo-insertion mechanism, in which form 7, where the alkyl
chain coils up to enhance its interaction with the metal cation, plays an important role.
From 7, and for the particular case of 1-pentene, two different unimolecular dissociation
processes leading to C2H4 + [H3C−CH=CH2--Cu]+ and to C2H6 + [H2C=CH2--Cu]+
are possible, the former being more favorable due to the larger Cu+ binding energy to
H3C−CH=CH2.
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The loss of H2 in Cu+ –2-propanol reactions was investigated by Cheng and Hu176

by means of B3LYP/6-311+G(d,p) calculations. Two different mechanisms would be
compatible with the experimental observations of Huang and coworkers175 where the
most abundant fragment is [Cu-(3C,6H,O)]+. One of them would yield 2-propenol–Cu+
while the other would produce acetone–Cu+. In both cases, the 2-propanol–Cu+ complex
loses a hydrogen molecule. The most favorable mechanism was the one schematized in
Figure 22, where acetone–Cu+ appears as the product ion. The exit channel is reached
via a C−OH metal insertion followed by a hydrogen shift. It can be seen that, also in this
case, copper acts as carrier of the hydrogen molecule to yield the acetone–Cu+ fragment
and the energy barriers involved in this mechanism are below the entrance channel. Note
that the C−H insertion mechanism was found energetically unfavorable and consequently
was discarded.

For ethylenediamine–Cu+ reaction, Yáñez and coworkers177 also showed the active
role played by copper in the H2 loss. In this case, the activation energies also remain
below the entrance channel all along the route from the initial Cu+ adduct to the products
(Figure 23).

Cu2+ reactivity is dominated by its oxidation capacity, already mentioned when dis-
cussing its bonding. Accordingly, and unlike inorganic molecules180, the doubly charged
complexes resulting from the association of Cu2+ to any typical organic base have not
been experimentally observed by the experimental techniques available to date, since an
immediate deprotonation of the system takes place and only the singly charged depro-
tonated copper complex is detected. Hence, Cu2+ reactivity is rather similar in many
aspects to that of Cu+, since what is usually observed is the fragmentation of the singly
charged species produced upon deprotonation of the doubly charged complexes125,150,181.
Hence, not surprisingly the fragmentation of uracil–Cu2+ complexes, to be discussed in
a forthcoming section, follows similar patterns to those observed, for instance, in the
fragmentation of formamide–Cu+ and urea–Cu+ complexes.

The most significant difference between formamide–Cu+ and urea–Cu+ with respect to
uracil–Cu2+ reactions is the loss of NCOž radical, which is only observed for the latter,
reflecting, as we shall discuss later, the important role played in this case by π-type
complexes.

VIII. GAS-PHASE REACTIVITY OF COPPER(I) AND COPPER(II) IONS TOWARD
MOLECULES OF BIOLOGICAL RELEVANCE

As already mentioned in the introduction, copper plays a significant role in different
biochemical processes. For example, in the mechanism of action of several enzymes, it is
the cofactor of redox reactions involving molecular oxygen, and it is involved in antibody
production.

Gas-phase studies on the interaction of copper with small model molecules is of great
interest because knowledge of their intrinsic properties can provide important clues to
understand the behavior of more complicated systems of biological importance. These
studies have received much more attention since the introduction of fast atom bombard-
ment (FAB), laser desorption and electrospray ionization (ESI) as methods of forming
such complexes in the gas phase.

A. Reactivity with Amino Acids and Peptides

A typical example is the study of the reactivity of copper ions toward amino acids
and peptides, and numerous studies involving either of the aforementioned ionization
methods have been published during the last decade. These studies can be divided into
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TABLE 3. Code names of the various amino acids

Name Code name

3 letters 1 letter

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val V

two categories. The first one corresponds to the direct examination of ‘binary’ mixtures of
copper salts and amino acids or peptides, and will be described first. The second category
deals with the generation of ternary complexes by using an auxiliary organic ligand which
occupies some coordination sites in the copper ion, and thus directs the coordination of
the biomolecule. For the sake of simplicity in the following sections the different amino
acids will be identified by the abbreviations shown in Table 3.

1. Binary mixtures

Gas-phase interaction between Cu(I) ions and the simplest amino acid, namely glycine,
were first studied by Plasma Desorption Mass Spectrometry182. Complexes of interest
were generated in a plasma desorption ion source by bombarding a mixture of glycine
and cupric salts with fission fragments of 252Cf. Regardless of the copper salt used, the
resulting adducts are of the type MCu+. Copper in its cuprous oxidation state [Cu(I)] is
indeed exclusively observed, not only for glycine but also for the other nine amino acids
considered in this study (Val, Phe, Tyr, Trp, His, Asp, Asn, Glu, Gln). Under metastable
conditions, the unimolecular decomposition of the [Cu–glycine]+ complex is character-
ized by the predominant elimination of a 46u [H2,C,O2] fragment. It is noteworthy that
this fragmentation is commonly observed for both cationized and protonated amino acids.
This elimination may correspond either to the loss of formic acid, HCOOH, or to the
consecutive loss of H2 and CO2, or H2O and CO. Use of deuteriated amino acids sug-
gested that the most probable mechanism involves the consecutive elimination of water
and carbon monoxide, likely leading to the formation of a metal-cationized imine.

The Cu+/glycine system has been recently reinvestigated by combining electrospray
ionization tandem mass spectrometry and DFT calculations183. Collisional activation
experiments were carried out on [63Cu–glycine]+ ions (m/z 138). Again, the most favor-
able dissociation process corresponds to the formation of [Cu...HN=CH2]+ concomitant
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with the elimination of [H2,C,O2]. Total H/D exchange of the acidic hydrogens showed
that the hydrogen atoms eliminated in the 46u are labile hydrogens. In order to rationalize
these experimental findings, the authors explored the potential energy surfaces associated
with this system. As mentioned in Section VII and confirming previous theoretical stud-
ies, the most stable form of copper–glycine involves metal chelation between the nitrogen
atom and the oxygen atom of the carbonyl group. Several mechanisms were considered
to account for the fragmentations observed, involving either metal insertion into covalent
bonds (C−C, C−O) or dissociative attachment whereby the metal ion catalyzes the frag-
mentation by its distant electronic influence. It was shown that the formation of [Cu...

HN=CH2]+ is exclusively associated with the loss of (H2O+CO) as elimination of other
neutral species such as HCOOH, C(OH)2 and H2+CO2 implies energy barriers located
higher in energy than the decationization energy and therefore are not competitive. The
dissociation proceeds through mechanisms involving copper insertion into the C−C and
C−OH bonds. It may start either with insertion into the C−C bond, followed by inser-
tion into the C−OH bond (Figure 24), or these two elementary steps may occur in the
reverse order.

This elimination of 46u is in fact commonly observed for various amino acids, and
notably for the four aromatic amino acids histidine, tryptophan, tyrosine and phenylal-
anine155,182,184. However, the reactivities of glycine and of these amino acids also dif-
fer. For example, elimination of CO2+NH3 is systematically observed and is the main
fragmentation for the [Cu–His]+ complex184. An additional characteristic fragmentation
detected at high collision energies corresponds to the loss of a 137u consistent with a
[Cu,C2,O2,N,H4] group, and leading to the ionized side chain R+. The observed losses
are found to be very similar for all the aromatic systems and only differ in their relative
intensities. They do not involve cleavage within the amino acid side chain, in agree-
ment with other previous metal cation–amino acid studies77,185. Given these similarities,
Sodupe and coworkers184 have only investigated theoretically the [Cu–Phe]+ system. The
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most stable structure corresponds to the metal cation interacting with the aromatic ring,
the amine nitrogen and the carbonyl oxygen. Exploration of the various potential energy
surfaces showed that the observed eliminations are produced from insertion of the metal
cation either into the backbone C−C bond of Phe (losses of 46u) or into the C−R bond
(losses of 137u). Concerning the latter process, it has been demonstrated that the direct
elimination of a HOOC−CH−NH2Cu moiety is favored over the consecutive loss of
CuCOOH and CH2=NH.

In addition to the [Cu–AA]+ (AA = amino acids) species, complexes of general for-
mula [Cu(AA)–H]+ can also be generated by decreasing the cone voltage of an electro-
spray interface. This was observed for histidine155. Expectedly, the gas-phase reactivities
of [Cu–His]+ and [Cu(His)–H]+ complexes are different. Upon collision, the latter
species not only expels a [C2,O2,H3,N] entity, but also yields the immonium IHis as
a fragment ion. Based on thermochemical estimates, the formation of these two par-
ticular ions has been interpreted as elimination of CO2, immediately followed by loss
of formaldimine and the neutral metal, respectively. Note that for zinc and copper the
decarboxylated complexes appeared unstable (not observed) while they are detected in
significant abundance for other metal ions such as Ni2+, Co2+ and Fe2+. In the literature,
the decarboxylation is usually interpreted as a radical-like mechanism involving reduction
of the metal (Figure 25). Note that the elimination of formaldimine implies the insertion
of the metal within the amino acid side-chain.

Adopting mild source/interface conditions also allows the formation of multiply charged
and solvated ions by electrospray. As a matter of fact, with such conditions and by using
water as solvent, Seto and Stone186 managed to generate stable and relatively abundant
[Cu(gly)(H2O)]2+, [Cu(gly)(H2O)2]2+ and [Cu(gly)2]2+ complexes in the gas phase, even
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if the major ion in the spectrum is that of protonated glycine, GlyH+. On the other hand,
these authors did not manage to produce in the source the complex in which the copper
dication interacts with a single glycine molecule, but this behavior under ESI is typical
of this metal, as mentioned before. It is worth noting that a doubly charged species iso-
baric to the [Cu(gly)]2+ ion was detected in the CAD spectra of [Cu(gly)(H2O)]2+ and
[Cu(gly)(H2O)2]2+, strongly suggesting that the [Cu(gly)]2+ is indeed stable thermody-
namically.

The unimolecular reactivity of the doubly charged complexes is characterized by two
kinds of product ions, depending on whether a charge reduction occurs during the frag-
mentation. If one examines the CID spectra of the [Cu(gly)(H2O)]2+ species, it can be
seen that there is a preference for loss of neutral water rather than of neutral glycine, in
agreement with the fact that glycine should have the higher enthalpy of association.

An interesting fragment ion in the MS/MS spectrum of [Cu(gly)2]2+ is the loss of water.
The postulated mechanism for the formation of this ion is the elimination of a molecule
of water in an intracomplex condensation reaction, leading to the formation of a peptide
bond between the two glycine residues, the dipeptide remaining attached to the metal.
Even if there is no experimental evidence in the gas phase supporting this assumption, it
is worth mentioning that such a reaction occurs in aqueous solutions containing a Cu(II)
salt and glycine187,188.

Chiral assignments are of great interest because the chemical or biological activity
of a substance often depends on its stereochemistry. While condensed-phase techniques
such as NMR, circular dichroism and chromatography are widely used to study enan-
tioselective intermolecular interactions, increasing attention is being paid to gas-phase
techniques, in particular mass spectrometry. Chiral recognition by mass spectrometry has
been made possible through the use of the well-known kinetic method189,190, which was
initially developed by Cooks and coworkers for the determination of thermochemical
values such as gas-phase basicities, metal ion affinities or ionization energies of organic
compounds191. Recently, the kinetic method has been successfully applied to the chiral
recognition of D- and L-amino acids by analysis of the kinetics of competitive fragmen-
tations of trimeric copper(II)-bound complexes192. Singly charged cluster ions of general
formula ([Cu(II)(AA)n - H]+ (n = 2, 3, 4) can be generated easily in the gas phase
by electrospray ionization of Cu(II)–amino acid mixtures. CID experiments showed that
dimeric cluster ions (n = 2) dissociate by losing CO2. In contrast, heterotrimeric cluster
ions appeared to have two singly bound ligands (Figure 26), as attested by the MS/MS
spectra of [Cu(AA1)2(AA2)–H]+, resulting solely in the formation of dimeric cluster ions
by elimination of either AA1 or AA2.

Six amino acids (AA) were studied, i.e. Tyr, Leu, Met, Phe, Thr, Asp. By using
L-proline as reference and by assuming that only the monoligated amino acids can be lost,
the singly charged trimeric cluster ions [Cu(II)(L-proline)2(AA)–H]+ were mass selected
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and collisionally excited in a quadrupole ion trap, where they are dissociated competitively
to form the dimeric complexes [Cu(II)(L-proline)(AA)–H]+ and [Cu(II)(L-proline)2 –H]+
by the loss of the neutral reference, or the amino acids AA studied, respectively.

L-AA
Cu(II)

Reference
[Cu(II)(Ref)2(L-AA)–H]+

[Cu(II)(Ref)(L-AA)–H]+  + Ref

[Cu(II)(Ref)2–H]+  + L-AA

with rL = I(Cu(II)(L-proline)(L-AA)–H]+)/I([Cu(II)(L-proline)2–H]+)

Cu(II)

Reference
[Cu(II)(Ref)2(D-AA)–H]+

[Cu(II)(Ref)(D-AA)–H]+  + Ref

[Cu(II)(Ref)2–H]+  + D-AA

and rD = I(Cu(II)(L-proline)(D-AA)–H]+)/I([Cu(II)(L-proline)2–H]+)

D-AA

The difference in stability of the fragment ions [Cu(II)(L-proline)(AA)–H]+, due to the
two enantiomeric forms of the AA, results in differences in the corresponding product ion
abundances, measured relative to the abundance of [Cu(II)(ref)2 –H]+. The two abundance
ratios rL and rD allow evaluating the chiral resolution factor R, equal to rD /rL. The
data obtained revealed that amino acids with an aromatic side chain show a very high
chiral effect (R � 1), while aliphatic amino acids are characterized by R values very
close to 1.

Additional experiments demonstrated for aromatic amino acids the quantitative nature
of the chiral distinction achieved by the kinetic method. Proline mixtures with various
optical purities (fraction of D isomer = 0, 0.25, 0.5, 0.75 and 1) were used as the reference
and D- or L-tyrosine was used as the analyte. As expected, the largest chiral discrimina-
tion was observed when pure D- or L-proline was used as the reference. There was no
chiral distinction for D- and L-tyrosine when proline racemate was used as the reference.
These first results showed that the kinetic method could be applicable to measurement of
enantiomeric excess.

During the last decade, tandem mass spectrometry has become an invaluable tool for
identification of peptides and proteins. In this context, the most widely applied strategy
is to perform low-energy CID experiments on protonated peptides ([M+nH]n+ ions).
Not only these ions can be easily formed by several ionization methods, and especially
matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI),
but they also provide primary sequence information upon activation by cleavage of the
amide linkages to yield complementary bn/yn series of ions (Figure 27).
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FIGURE 27. Nomenclature adopted to label fragment ions resulting from peptide backbone cleav-
ages (from Reference 193)
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Mokhtar Lamsabhi, Manuel Yáñez, Jean-Yves Salpin and Jeanine Tortajada

Although fragmentation of protonated peptides is highly useful, this approach suffers
from several limitations. The sequence information can be limited because protonated
peptides may not fragment at every amide bond, leading to incomplete sequence infor-
mation. Products from only one or a few specific cleavages often dominate product ion
spectra, depending upon the charge state and the primary sequence of the peptide. Finally,
the location of post-translational modifications (PTMs) cannot be determined. For these
reasons, alternative means for deriving peptide structural information are desirable. In
this context, metal-specific fragmentations can provide a useful complement toward full
structural characterization of peptides. Consequently, besides studies describing the mech-
anisms of interaction of copper with peptides, the reactivity of Cu(I) and Cu(II) ions has
been applied for sequencing purpose, and also to distinguish isomeric peptides.

As mentioned earlier, the elimination of 46u from [M+Cu]+ ions is commonly observed
for amino acids. On the other hand, this fragmentation is not observed for peptides. Instead,
Shields and coworkers194 have shown that the metastable ion spectra of [M+Cu]+ com-
plexes obtained with small peptides containing a N-terminal arginine are characterized
by loss of neutral fragments such as water, formaldehyde or acetaldehyde when pep-
tides include a serine, threonine or glutamic acid residue, and ammonia or guanidine for
peptides containing basic residues such as lysine or arginine. Unlike the [M+H]+ ions,
immoniums ions and internal fragments were practically not detected. Interestingly, series
of ions of general formula [an+Cu-H]+, [bn+Cu-H]+; and [cn+Cu+H]+, resulting from
the cleavage of the peptidic chain, are also particularly abundant. Such ions have also been
observed with alkali metals195 and Ag+ 196, and provide interesting sequence information.
Authors also noted that the dissociation processes of [M+Cu]+ ions were governed by the
presence and position of the arginine residue. All the fragment ions of peptides containing
a N-terminal arginine contained the arginine residue and Cu+.

[bn+Cu-H]+ ions are formed by cleavage of peptide backbone amide bonds associ-
ated with the migration of hydrogen to the neutral leaving group. Several mechanisms
have been proposed in the literature in order to explain their formation, one involving
the transfer of a hydrogen from the Cα-carbon to the neutral leaving group197 and two
involving instead a hydrogen from the amide NH group198,199. Data obtained with glycine-
containing peptides suggested that the proton transferred to the leaving group does not
originate from the side chain as glycine does not have a side chain. Furthermore, results
deduced from H/D exchange experiments indicated that the hydrogen transferred is an
amide nitrogen from the N-terminal side of the cleavage. Consequently, to interpret the
difference of reactivity between [M+H]+ and [M+Cu]+ ions, the authors proposed that
the Cu+ ion is anchored at the N-terminal arginine, and that [bn+Cu-H]+ fragment ions
are formed via a mobile proton transferred from the N-terminus to other amide nitrogens
along the peptide backbone. The results obtained during this particular study also showed
that the [an+Cu-H]+ ion were either generated directly from the precursor ions, or by
loss of CO from the corresponding [bn+Cu-H]+ species. A second study200 confirmed
that the side chains of the basic amino acids arginine and, to a lesser extent, histidine
and lysine were the Cu+ binding sites within peptides. B3LYP calculations have also
been performed in order to establish a relative copper affinity scale for monodentate and
bidentate interactions. Relative binding energies of the model monodentate ligand–Cu+
systems were as follows: Arg>His>Lys>Cys>Ser. A slightly different order has been
found for bidentate Cu+ binding energies (Arg>Lys>His>Gln>Asn>Glu>Asp), indi-
cating the importance of multidentate Cu+ coordination. In a MALDI study published
several years ago201, it was deduced from the analysis of the interactions with six-
teen synthetic peptides that the compounds containing no histidine did not form sta-
ble metal complexes under MS conditions, whereas all histidine-containing sequences
formed metal complexes. This confirms histidine as an important binding site of copper
in proteins.
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The use of metallation by divalent metal ions for investigating peptide structures has
not been widely explored under negative ESI conditions so far. One reason could be
the relatively low yield of negative-ion complexes generated under ESI conditions in
comparison with those achieved in positive-ion mode. However, the group of Tabet has
demonstrated that the copper reactivity can be successfully applied for the differentiation
of isomeric peptides202,203. By mixing various modified enkephalins (YGGFX, X = I,
L, M, Q, K) and copper chloride, pseudo-molecular ions such as [(M-3H)+Cu(II)]−,
[M-H]− and [M-2H+CuCl]− can be generated in the gas phase by electrospray. The
cationization yield strongly depends on the metal/ligand ratio and, by using a 10/1 ratio,
the [(M-3H)+Cu(II)]− complex can be produced in significant abundance.

The major pathway observed in the low-energy CID spectra of [(M-3H)+Cu(II)]−
corresponds to the loss of carbon dioxide. This differs strongly from the reactivity observed
for binary complexes involving either of the other first-row transition metal ions, as
with Mn2+, Fe2+, Co2+, Ni2+ or Zn2+ there is no loss of CO2 (or it is very weak) and
H2O elimination appears to be preferred. Formation of the [(M–3H)+Cu(II)]− complexes
requires removal of three labile protons, e.g. from the amide and/or the carboxylic groups
as well as the phenol group of the tyrosine side chain. The elimination of CO2 strongly
suggests that the terminal carboxylic site is deprotonated and does not coordinate the
metallic center.

The distinction of the C-terminal YGGFL and YGGFI (I and L at the C-terminal
position) isomers by MS/MS experiments is neither possible from [M-H]− ions nor from
[M+H]+ species. On the other hand, these two peptides can be unambiguously distin-
guished by fragmentation of the [(M–3H)+Cu(II)]− complexes (Figure 28).
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Following decarboxylation, the loss of a C2H5
ž radical is indeed characteristic of

YGGFI loss while elimination of C3H7
ž is specific to YGGFL. Other transition metal

ions (e.g. Mn2+, Fe2+, Co2+, Ni2+ or Zn2+) did not lead to such diagnostic ions. Such
radical losses (produced by β –γ bond cleavages) were observed only with Cu2+ ions
and indicate that the reduction of copper occurred during the decomposition process.
Note, however, that such a distinction is not achieved when the I and L residues occupy
internal position along the peptidic chain. It should also be pointed out that under high-
energy CID, radical losses have been observed from anionic binary complexes containing
alkali-earth metals204,205. However, α–β bond cleavages take place rather than β –γ
bond cleavages. Such α–β bond cleavages did not allow the Leu/Ile isomers to be
distinguished.

The two isobaric peptides, namely YGGFK and YGGFQ, were also studied203. Both
spectra exhibit losses of CO2 and CH2=C6H4=O. Interestingly, YGGFQ exhibits an
abundant additional product ion attributed to the loss of H2NCOCH2 (Gln side-chain
radical), again leading to the distinction of C-terminal Gln/Lys residues.

Isomeric peptide distinction can also be achieved through the use of the kinetic method,
by a strategy similar to that presented for the distinction of enantiomeric amino acids
(vide supra). More precisely, Cooks and coworkers evaluated the capacity of the kinetic
method for the differentiation of isomeric dipeptides and for the quantitation of mixtures
of isomers206. Six pairs of isomeric dipeptides (X-Y/Y-X) were successfully distinguished,
by using an appropriate reference, and the relative amount of each partner in binary mix-
tures could be determined. This approach is particularly powerful because the spectra are
simple and therefore easy to interpret. Although the information content is low, the frag-
mention abundances are dependent on stereochemical interactions that are very sensitive to
isomeric form. More recently, the kinetic method has been applied to differentiate isomeric
tripeptides207 and was extended further to determine compositions of ternary mixtures of
the isomers Gly-Gly-Ala (GGA), Ala-Gly-Gly (AGG) and Gly-Ala-Gly (GAG). Differ-
ent metals ions were tested and among the first-row transition metal ions, Cu(II) yields
remarkably effective isomeric differentiation for both the isobaric tripeptides, GGI/GGL
using GAG as the reference ligand, and the positional isomers GAG/GGA using GGI as
the reference ligand. The procedure also allowed one to perform chiral quantification of
a ternary mixture of optical isomers.

Finally, complexation by Fe2+ and Cu2+ metal ions was used successfully to differ-
entiate diastereomeric YAGFL, Y(D)AGFL and Y(D)AGF(D)L pentapeptides208. Binary
[Metal(II)(M-H)]+ metal–peptide complexes were generated by ESI in the positive-ion
mode. Their fragmentations were studied under low-energy collision conditions in an ion
trap mass spectrometer. Again, with copper, the decarboxylation process is common to
the three systems, but a careful examination of the CID spectra showed interesting dif-
ferences. Indeed, elimination of CH2=C6H4=O is characteristic of the YAGFL peptide,
thereby allowing its distinction from its Y(D)AGFL isomer. Concerning Y(D)AGFL and
Y(D)AGFL pentapeptides, their distinction is less straightforward and is based on the
intensity of the fragment ion resulting from the decarboxylation. These distinctions were
attributed to the stereochemical effects due to the (D)Leu/(L)Leu and (D)Ala/(L)Ala residues
yielding various steric interactions which direct relative dissociation rate constants of the
binary [M–H+Metal(II)]+ complexes.

2. Ternary complexes

As biomolecules such as amino acids and peptides are practically always polyden-
tate ligands, metal ions may interact with a variety of binding sites and coordination
numbers, thereby resulting in a multitude of possible structures. In addition, numerous
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computational studies of transition metal ion complexes have shown that these structures
are often very close in energy, and that the most stable forms in the gas phase do not
necessarily correspond to the most stable forms in solution. Consequently, the actual
structures generated in the gas phase by simply mixing the metal ion and the ligand of
interest are often unknown.

A way to circumvent this problem is to use an auxiliary organic ligand that occupies
some coordination sites in the metal ion ligand sphere and thus direct the coordination of
the biomolecule to involve only one or two of its functional groups. In solution, copper(II)
ions form stable complexes with multidentate polar molecules, such as diimines, nitrogen
heterocycles, amino acids, peptides or nucleosides. Very stable complexes self-assemble
in solution when Cu(II) salts are mixed with an equivalent of the analyte and an aromatic
diimine, for example 2,2′-bipyridine (bpy) or 1,10-phenanthroline (phen) (Chart 6), and
the pioneering work of the Tureček’s group has demonstrated that these solutions result in
the production by electrospray of very abundant gaseous [Cu(II)(ligand)(Analyte–H)]+ž
ternary complexes.
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Amino acids were the first biomolecules studied by this group61,153,154 and the structure
of these ternary complexes has been characterized by combining mass spectrometry and
theoretical calculations (Figure 29).

Experiments have shown that amino acids bind to Cu(II) by deprotonated carboxy-
late acid groups, blocking the carboxylic group as a methyl ester practically prevents
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FIGURE 29. Structure of ternary Cu(II) complexes obtained with amino acids and the auxiliary
ligand bipyridine

the complexes from being formed by electrospray61,209. The ternary complexes are odd-
electron species showing a tetra-coordinated Cu(II) with a square-planar geometry. The
bpy and amino acid amine nitrogens form regular Cu−N bonds with lengths in the 1.994
to 2.042 Å range. Analysis of the electron density reveals that most of the positive charge
is located on the auxiliary ligand.

Upon collision, these singly charged ternary complexes undergo facile decarboxylation
(Figure 29) yielding an amino acid Cα ion radical. In turn, this ion undergoes a cleavage of
the Cβ−Cγ bond resulting in the loss of a radical from the side chain. Consequently, these
ternary complexes allow one to notably distinguish leucine from isoleucine, and lysine
from glutamine210. Isomeric amino acids leucine and isoleucine could also be quantified
in 90:10 to 10:90 binary mixtures; Tureček and coworkers also studied a series of tripep-
tides (GGA, LGG, GGL, GGI, FGG, GGF, LGF, GLF, GFL, GYA and GAY)211. CID
spectra of ternary complexes showed fragments that were indicative of the amino acid
sequence in the peptide. The CID spectra of GGL and GGI complexes exhibit diagnostic
peaks allowing C-terminal leucine and isoleucine to be distinguished. Interestingly, the
formation of the [Cu(bpy)peptide]ž2+ ternary complexes is also observed when adopting
mild electrospray ionization conditions. Their MS/MS spectra are clearly distinct for pep-
tide isomers. Their fragmentation proceeds from both the N- and C-termini. Dissociations
starting from the N-terminus are analogous to those in protonated peptides and produce
b- and a-type ions. The complementary Cu-containing singly charged ions are analogous
to ternary complexes of dipeptides or amino acids and are useful for structure elucidation
of the C-termini in the peptides. The reader will find a complete description of these
studies in a review published in 2007 by Tureček12.

A new type of redox reaction involving Cu(II) ions was discovered by Siu and cowork-
ers for ternary complexes containing peptides and diethylenetriamine (dien) as auxiliary
ligand (L)212. By mixing in methanol the Cu(II)dien(NO3)2 complex and a peptide M,
[Cu(II)(dien)(M)]2+ ions could be produced by electrospray. Upon collision, this complex
dissociates by a charge transfer process to give rise to the radical cation of the peptide,
M+ž. The product ion spectra of M+ž appeared very different from those of the corre-
sponding (M+H)+ and display a rich fragmentation chemistry, providing complementary
structural information. This new reaction has attracted considerable attention because of
the unique fragmentation behavior of such radical cations. Indeed, while the fragmenta-
tion of even-electron peptide ions is dominated by the cleavage of amide bonds, radical
cations are also characterized by cleavages of N−Cα bonds, leading to c and z product
ions (Figure 27). Consequently, many studies have been published over the last eight
years and nowadays the use of ternary complexes is a well-established approach, besides
electron capture dissociation (ECD) and electron transfer dissociation (ETD), to produce
gaseous radical cations of amino acids and peptides. However, the charge transfer reaction
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is not the only dissociation observed. By using enkephalin derivatives213, the following
dissociation scheme could be established:

[Cu(II)(M)L]2+

[Cu(II)(M-H)]+ +     LH+

[Cu(II)(L)(M - fragment)]+

+     L

(M) +• +     [Cu(I)L] +

(M+H)+ +     [Cu(II)(L-H)]+

[Cu(II)(M)]2+

1)

2)

3)

4)

5)
      +     fragment+

In order to favor the charge transfer process, much effort has been devoted to the choice
of the auxiliary ligand (Figure 29). The first experiments were carried out by using dien as
auxiliary ligand212,213. However, with dien, this particular methodology was only appli-
cable to peptides containing tyrosyl or tryptophanyl residues. Attempts to produce radical
cations of peptides including basic amino acids failed. NH-containing ligands such as
dien indeed promote proton transfer reactions to the peptide (channel 4). Several studies
have extended this approach to the use of terpy (terpy = 2,2′:6′,2′′-terpyridine) for gener-
ating peptide radical cations214 – 216. In addition to peptides with tyrosyl and tryptophanyl
residues, the [Cu(II)(terpy)(M)]ž2+ complex was also found capable of generating radical
cations of oligopeptides containing basic amino acid residues such as arginine, lysine and
histidine. It was also established that the abundance of the peptide radical cation could
depend on the sequence of the peptide. By using simple di- and tripeptides GX, GGX,
GXG, XG and XGG, the influence of the position of the basic residue, X (X=R, K and
H), on the formation of peptide radical cations was probed217, and it was found that Mž+
is formed with greatest abundance when the basic residue is at the C-terminus. In order to
gain some insight into the binding modes of these peptides to [Cu(II)(terpy)]ž2+, the forma-
tion and fragmentation of copper(II) complexes of tripeptides protected as their carboxy-
methyl/ethyl esters (M−OCH3 or M−OC2H5) were also studied. For lysine and arginine,
no ternary complexes were observed, suggesting that arginine- and histidine-containing
peptides bind to [Cu(II)(terpy)]ž2+ as zwitterions.

By using terpy as auxiliary ligand, it was still not possible to generate radical cations
containing only aliphatic amino acid residues, which is a very challenging problem due
to the relatively high ionization energies (IEs) of aliphatic amino acids. Recently, Chu
and coworkers218 – 220 reported the benefits of sterically encumbered auxiliary ligands.
They demonstrated that it was indeed possible to generate molecular radical cations of
a series of aliphatic tripeptides GGX (W=G, A, P, I, K, L and V), by using either
12-crown-4, 6,6′′-Br2-terpy or 9-aneN3 ligands (Chart 6). 12-Crown-4 is a cyclic polyether
ligand that has no exchangeable protons, and therefore competitive proton transfer can be
avoided during the formation of radical cations of M. The enhancement in the formation
of peptide radical cations observed with Cu(II)(9-aneN3) is at first glance surprising,
because both 9-aneN3 and dien contain three amino nitrogen atoms and acidic hydrogen
(NH) atoms. The facile formation of GGK+ ions from [Cu(II)(9-aneN3)GGK]2+ complex
ions presumably occurs because of inefficient proton transfer between the peptide and
the sterically constrained 9-aneN3 ligand. For the whole series of GGX tripeptides, use
of 12-crown-4 ligand resulted in more abundant peptide radical cations. The reasons for
the enhanced peptide radical cation formation when using sterically encumbered ligands,
relative to their open-chain analogs, are not obvious. It was suggested that the presence
of a constrained macrocyclic ligand could weaken metal–peptide chelation through steric

51
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repulsion between the ligand and the peptide, a situation which may lead to more favorable
peptide radical cation formation.

Finally, Chu and Lam have recently shown that the formation of deprotonated radical
cations of peptides (M+nH)(n+1)+ž by MS/MS spectra of ternary complexes was also
possible221. This had been presently achieved from triply charged [Cu(II)(terpy)(M)]ž3+
complexes. (M+H)2+ž ions have indeed been formed in significant abundance, especially
for relatively long oligopeptides that present a basic amino acid residue at either the C- or
N-terminus. Dissociation of [M+H]2+ž dications through MS3 experiments leads to the
formation of fragment ions an

+, yn
+, [zn+H]+ and wn

+. This fragmentation is similar to
that of the dissociation of odd-electron peptide radical cations M+ž, but is significantly
different from those of the corresponding [M+2H]2+ and [M+H]+ ions. A very striking
feature is that the differentiation between internal isomeric leucine and isoleucine residues
in polypeptides is possible through the analysis of the secondary fragmentation products
of the [zn+H]+, which generates even-electron wn

+ ions. This is illustrated in Figure 30.
This distinction is demonstrated by the presence of peaks associated with the loss

of diagnostic neutral radicals, CH(CH3)2 (43u) and CH2CH3 (29u), for leucine and
isoleucine, respectively, by inspecting the consecutive mass differences between the [z6+
H]+ and w6

+ ions. This approach, although not universal, therefore appears particularly
promising not only because these hydrogen-deficient radical cations are now accessible
to rather cheap instruments (ion traps), but also because these ions provide particularly
structural information sensibly different from that obtained from even-electron protonated
ions222,223.

3. Interaction with proteins

To conclude this section about peptides and proteins, it is worth noting that sev-
eral studies dealt with the interaction of copper ions with large proteins224 – 230 and
notably metallothioneins (MTs)224,230. MTs are small cysteine-rich proteins that typi-
cally comprise some 60 amino acid residues, many of which are serine and threonine.
Many mono- and divalent metals have been observed to complex with MTs, includ-
ing Cu(I), Ag(I), Zn(II), Cd(II), Au(I) and Hg(II)231 – 233. Siu and coworkers230 studied
the Rabbit metallothionein MT2A and combined electrospray ionization to ion-mobility
experiments to determine their binding properties toward Cd(II), Zn(II), Ag(I), Hg(II)
and Cu(I) ions. They found that the number of metal ions bound by MTs depends on
the pH of the solution. This number decreases as the pH is lowered. Observation of
[Cu4MT2A+4H]4+, [Cu4MT2A+5H]5+ and [Cu4MT2A+6H]6+ ions suggests a 4:1 stoi-
chiometry. Ion-mobility measurement showed that the conformations of the ions obtained
with Cu(I) are similar to those observed for Ag(I) ions and that in all cases metal binding to
MTs induces a conformational rigidity to the metal–MT complexes. The same stoichiom-
etry has been observed by Jensen and coworkers during their study of the metallothionein
isoform 3 (MT3)224. They also demonstrated that Cu(I) appears to bind preferentially
to the β domain of MTs. As a matter of fact, addition of 2 molar equivalents of Cu(I)
to the βMT3 domain peptide resulted in a prominent tetracopper species, while mixing
Cu(I)–acetonitrile with αMT3 did not generate a higher molecular weight species in the
electrospray spectrum.

Finally, one may also cite the study of Baldwin and coworkers225 about the interaction
of copper ions with the Prion protein (PrP). The N-terminal side of the Syrian hamster
(SHa) PrP, spanning from the 57th till the 91st residue, is highly conserved as it consists
in WCQ(PHGGGWGQ)4. The repetition of the eight amino acid sequence PHGGGWGQ,
each copy of which is referred to as one octarepeat, was identified as a potential Cu2+
binding motif, which might induce secondary structure and protect the N-terminus against
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FIGURE 30. MS3 spectrum of [M+H]2+ ions with (a) M = RLYVHPI and (b) M = RIYVHPI.
Reproduced by permission of Elsevier, Copyright 2005 from Reference 221
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proteolysis. Baldwin and coworkers225 used ESI-MS techniques in order to evaluate the
binding of Cu2+ ions to the mature Prion protein (PrP), by studying synthetic peptides
corresponding to sections of the sequence of the mature prion protein (PrP). This ESI-MS
study demonstrated that Cu2+ is unique among divalent metal ions in binding to PrP and
defines the location of the major Cu2+ binding site as the octarepeat region in the N-
terminal domain. Furthermore, it appeared that two adjacent octarepeats were sufficient
to bind one Cu2+ ion, but also that the histidines were essential ligands for this. The
stoichiometries of the complexes measured directly by ESI-MS were found to depend
on the pH: a peptide containing four octarepeats chelates two Cu2+ ions at pH 6, and
four at pH 7.4. Dissociation constants (kD) for each Cu2+ ion binding to the octarepeat
peptides were determined by electrospray. This is possible by assuming that the total
signal response for each individual ion is proportional to the concentration of that species
in the gas phase and, by extension, in solution. This also assumes that the free peptide
and the peptide with metal bound give the same signal response. Measured kD values
lie mostly in the low micromolar range. Circular dichroism measurements also reveal a
pH-dependent structural change. At pH 6, only a modest spectral change is induced by
binding of Cu2+ ions, while Cu2+ binding at pH 7.4 induces a major conformational
change.

B. Reactivity with Saccharides and Derivatives

Carbohydrates are the most abundant biomolecules in nature. They are mainly found as
polysaccharides that play a crucial role in both animal and vegetal life. Monosaccharides
not only bind together to form polysaccharides, but also with purines and pyrimidines
(ribose and 2-deoxyribose) to give nucleosides, and subsequently RNA and DNA. More-
over, most naturally occurring proteins and lipids are glycosylated. Carbohydrates are thus
involved in many biological functions, such as cell–cell recognition, cell–cell adhesion,
and act also as antigens and as blood group substances. Such a variety makes carbohydrate
analysis a challenging task for mass spectrometry. A complete structural description of
carbohydrates implies notably exact mass measurements, determination of the sequence,
sites and anomeric configuration of the glycosidic linkages and, when possible, stereo-
chemical characterization of the different asymmetric centers of the sugar ring(s). Many
studies have been carried out on those topics for more than three decades, using different
ionization techniques. For many years, derivatization (methylation, permethylation and
peracetylation) in conjunction with electron impact or positive-ion chemical ionization
have been the primary method used. Analysis of underivatized oligosaccharides has also
been performed by negative-ion chemical ionization or FAB. With the advent of soft ion-
ization methods such as FAB, or more recently ESI, the particular reactivity of the metal
ions in the gas phase has been used in order to distinguish structural isomers of mono- or
polysaccharides. Among the metal ions considered, several studies published during the
last ten years implied Cu(I) or Cu(II) ions, even if interactions with sugars were much
less studied than interactions with amino acids or peptides.

In this context, our group compared the analytical potential of three metal ions Ag+,
Cu+ and Pb2+, by studying their interactions with D-glucose, D-galactose and D-fructose,
O-methyl-α-D-glucose and O-methyl-β-D-glucose234. Mixing copper chloride and the
monosaccharides in a glycerol matrix resulted in the formation of intense [Cu(I)(mono-
saccharide)]+ complexes. MIKE spectra of the [Cu(I)(monosaccharide)]+ ions are sig-
nificantly different from those obtained for the silver-glycoside adducts. Similar losses
are observed (dehydrogenation, dehydration), but copper cationization induces additional
species. Fragmentation of the various complexes produced exclusively Cu+-containing
fragment ions. Metastable-ion fragmentation pathways common to all monosaccharides
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are losses of H2, 16u and H2O. Interestingly, the main fragmentation of the three hexoses
is different for each copper complex, namely dehydration for D-glucose, dehydrogena-
tion for D-galactose and finally loss of 16 mass units for D-fructose. Consequently,
interactions with Cu(I) allows these three monosaccharides to be easily distinguished,
experiments carried out with lead being also successful. As methylation of the anomeric
hydroxyl blocks the α � β anomerization reaction, we tried to characterize the absolute
configuration of the anomeric carbon by considering the two methyl-glycosides α-1-O-
methyl-D-glucose and β-1-O-methyl-D-glucose. The distinction of these two molecules
was not as straightforward as with silver cations, but the combined elimination of water
and methanol appeared characteristic of the β anomer.

DFT calculations have been carried out to propose reliable structures for the complexes
observed with D-glucose235. Cramer and Truhlar236 have estimated at nearly 3000 the
number of possible conformers of glucopyranose. This number becomes even larger when
the interaction with Cu+ is considered. In order to restrict the survey of the possible
adducts to a reasonable number, Tortajada and coworkers235 have considered only those
structures in which the Cu+ is attached to at least two different oxygens of glucose,
assuming that the sugar moiety retains its cyclic structure.

The calculations performed demonstrated that the most stable cyclic forms obtained for
both anomers imply interaction of the metal with the hydroxymethyl group, the anomeric
hydroxyl and the endocyclic oxygen (O5) (Figure 31).

In the case of β-glucose, it was possible to obtain a conformation in which the Cu+ is
interacting with four different hydroxyl groups. Another important finding of this survey
is that Cu+ association produces such important distortions of the conformation of the
sugar that we can no longer talk of boat or chair conformations.

The AIM analysis showed that activation of the C1−O5 bond is favored in di-
coordinated complexes, while the activation of the C5−O5 bond is favored in tri-
coordinated ones. The C1−O5 fission should be preceded by a 1,3-H shift from C5
to C1, resulting in OG1 opened forms (Figure 31). Alternatively, a 1,3-H shift from
C1 toward C5 would lead to the C5−O5 bond fission, and to the production of OG2
opened structures. It is worth mentioning that the activation barriers associated with these
hydrogen shifts and leading ultimately to the cleavage of the six-membered ring, although
high (around 61.9 kcal mol−1 at the 6-31G* level), are still lower than the glucose–Cu+
binding energy, which is estimated to be 66.9 kcal mol−1 at the same level of theory.
Consequently, the complex formed by a direct attachment of Cu+ to glucose has enough
internal energy to overpass these activation barriers leading to opened-structures OG1
and OG2. The second important quantitative result is that these opened structures are
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FIGURE 31. Some of the most stable cyclic and opened forms for the [Cu(I)(D-glucose)]+ complex
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also much more stable than the cyclic ones. The enhanced stability of the opened struc-
tures is clearly associated with a more efficient bonding between Cu+ and the oxygen
atoms of the sugar moiety. In the opened structures the O−Cu−O fragment exhibits a
practically linear arrangement, while in cyclic structures this possibility is hindered by the
rigidity of the ring. The potential energy surface associated with the loss of water (m/z
225, main fragmentation) was also explored and it was concluded that the most stable
final product ions have their origin in opened structures. The most stable m/z 225 product
ions are those formed by a spontaneous fragmentation of the most stable opened structure
OG2, while the less stable structures are those produced by the unimolecular dissociation
of cyclic complexes.

As metastable decomposition studies showed that Ag+, Cu+ and Pb2+ were of potential
interest in the structural characterization of isomeric glycosides, we reconsidered these
systems by using electrospray ionization a couple of years later223. With the same metal-
lic salt, ESI mass spectra showed the presence of abundant protonated and coppered
species. The electrospray mass spectra of CuCl2/monosaccharide mixtures are charac-
terized by complexes in which the formal oxidation state of copper remained Cu(II),
such as [Cu(II)(monosaccharide)–H]+, metallic complexes of reduced Cu(I)-adduct ions
like [Cu(I)(monosaccharide)]+ (at m/z 243/245) and [Cu(I)(monosaccharide)2]+ (at m/z
423/425). Doubly-charged species were never observed. The ratio [Cu(II)(mono-
saccharide)–H]+/[Cu(I)(monosaccharide)]+ was found to depend on nozzle-skimmer volt-
age variations. At low cone voltage, metallic complexes involving Cu(II) are predominant.
On the contrary, high cone voltage leads to an increase of the [Cu(I)(monosaccharide)]+
abundance. The formation under electrospray conditions of a mixture of organometallic
species containing copper ions in two different oxidation states, already known for amino
acids and peptides12, is therefore also observed with carbohydrates. Globally, positive-ion
ESI spectra of coppered complexes do not really allow the aldoses and the ketose to be
differentiated.

The low-energy CID spectra of [63Cu(I)(monosaccharide)]+ adduct ions recorded at
a collision energy of 20 eV show an amazing reactivity. The copper cation was able to
induce activation of practically all C−C and C−O bonds resulting in many fragmen-
tation pathways. Consequently, unlike in FAB conditions, the use of copper salt does
not allow the distinction between D-glucose, D-galactose and D-fructose, neither from
the positive-ion ESI spectra nor from the ESI-MS/MS spectra. Globally, lead(II) ions
exhibited the greatest potential for characterizing isomeric saccharides under electrospray
conditions222,237.

The ternary complex approach has also been employed in order to discriminate glu-
cose from its aldose isomers (talose, mannose and galactose)238. Ternary complexes were
generated by using nickel, copper and zinc. In addition, several auxiliary ligands were
considered in order to address the effect of the size, number and coordination num-
ber of the ligands in the complex. By using a quadrupole ion trap mass spectrometer,
tandem mass spectrometric experiments were performed on the electrospray-generated
metal N-glycoside complexes. Diaminopropane (dap) and ethylenediamine (en) were used
to generate tri-coordinate [Cu(L/hexose)–H)]+ complexes238. The product ion spectra
of all tri-coordinate Cu/dap complexes were very simple, possessing a single promi-
nent product ion at m/z 178 (elimination of C4H8O4 by cross-ring cleavage). Such
simple spectra did not allow any stereochemical differentiation. On the other hand,
the [Cu(en/monosaccharide)–H]+ MS/MS spectra obtained under identical experimen-
tal conditions from all four diastereomeric Cu/en complexes are characterized by various
cross-ring cleavages (elimination of CnH2nOn moieties, n = 1–3) and/or loss of water,
and revealed unique product ion spectra for each of these precursor ions. Whereas a
full differentiation of the four diastereomeric monosaccharides was achieved with the
Cu/en complexes, such a distinction appeared not possible with zinc. Finally, unlike the

56



Gas-phase chemistry of organocopper compounds

tri-coordinate complexes, tetra- and penta-coordinate ions did not lead to a successful
distinction of the four isomers.

The gas phase reactivity of copper ions has also been applied to the structural analysis
of carbohydrate derivatives, and notably flavonoids239. Flavonoids are a class of phyto-
chemicals sharing a common chemical structure, based on a C15 skeleton with a chromane
ring bearing a second aromatic ring B in position 2, 3 or 4 (presently 2 in that particular
study, Chart 7). Their ubiquitous presence in plants makes them an integral part of the
human diet. The high degree of variety in flavonoid structure makes accurate identification
a difficult task.
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ESI, APCI and MALDI are used to analyze flavonoids and some significant progress has
been made toward systematic structural characterization of flavonoids by mass spectrome-
try. However, mass spectrometric analysis is still not able to achieve de novo identification
of flavonoids. Only tentative identifications, generally based on collision-induced disso-
ciations of protonated or deprotonated pseudo-molecular ions, can be made, particularly
in terms of saccharide location and identity, unless complementary analytical methods,
such as UV, FTIR or NMR spectroscopy, are employed. In order to develop a sim-
ple and robust method, Davis and Brodbelt239 chose to form flavonoid glucoside/metal
complexes in order to get a broader array of fragments for structural analysis. Five met-
als, Ca(II), Mg(II), Co(II), Ni(II) and Cu(II), were evaluated for their ability to form
such complexes. The complexes were produced from methanolic solutions containing 1:1
flavonoid glycoside/metal salt. No pH adjustment was performed on the analyte solu-
tions. Under these conditions, the flavonoid glycosides formed 1:1 and 2:1 analyte/metal
complexes of the type [M(II)(L–H)]+ and [M(II)(L)(L–H)]+. The 2:1 complexes were
found more abundant, and gave simple CID spectra with easily-assigned fragments and a
variety of dissociation pathways for structural determination, and were therefore chosen
for an analytical purpose. Despite the efficient formation of transition metal complexes
of the type [M(II)(L–H)(L)]+ where M = Co, Ni or Cu, none of these complexes per-
mitted complete identification of all glycosylation sites studied (C6, C8, O3, O7 and
O4′). Neither cobalt nor nickel complexation provide sufficient differentiation of 3-O-
and 4′-O-glucosyl flavonoids. The copper complexes were even less useful for locating
the glycosylation sites. It turned out that the Mg(II) complexes offered the best and most
complete identification and differentiation of all five categories of flavonoid glucosides
studied.

Numerous mass spectrometry studies on the fragmentation of polysaccharides have
shown that the main fragmentation pathways consist of glycosidic cleavages (ions of the
type B, C, Y or Z; Figure 32) that involve single bond rupture between the sugar rings,
and cross-ring cleavages of the rings themselves (A and X ions). The former predominate
and provide sequence information whereas the latter yield additional information on the
linkage position of one residue to the next. In the positive-ion mode, [M+H]+, [M+Li]+
and [M+Na]+ ions are often used but they mainly dissociate by glycosidic bond cleavage.
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FIGURE 32. Nomenclature of the fragmentation of carbohydrates (from Reference 240)

Several groups have also considered other metal ions. Recently, Harvey reported the use
of Mg2+, Ca2+, Mn2+, Co2+ and Cu2+ cations in order to analyze Maltoheptaose (linear
β1 → 4-linked glucose) and several N-linked glycans241. Again, electrospray ionization
was used and the dominant species obtained with all salts were [M+metal]2+ complexes.
Fragmentation of the doubly charged ions became prominent as the cone voltage was
increased, except those ions formed with copper. In-source fragmentation involved dis-
sociation of the [M+metal]2+ ions into singly charged [M+metal]+ ions with loss of a
monosaccharide residue (mannose 162 mass units). In the case of copper, the [M+Cu]+
ion was formed without apparent loss of carbohydrate, indicating that its oxidation state
must have changed to Cu(I).

MS/MS of the [M+metal]2+ ions produced both singly and doubly charged ions with
the relative abundance of doubly charged ions decreasing in the order Ca>Mg>Mn>Co>
Cu. Whatever the polysaccharides considered, fragmentation of [M+Cu]2+ or [M+Cu]+
complexes mostly corresponded to singly charged ions arising from glycosidic bond
cleavages, therefore yielding useful sequence information. In the particular case of mal-
toheptaose, the MS/MS spectrum of the [M+Cu]+ ion was strikingly similar to that
of [M+Na]+ complexes. Globally, MS/MS spectra of copper-cationized polysaccharides
were devoid of cross-ring fragments, hence failing in providing the position of the gly-
cosidic linkages.

The interactions between copper and polysaccharides arising from the degradation of
cellulose, chitin and chitosan were also investigated242. Chitosan is a linear homopoly-
mer of β-1,4-linked D-glucosamine residues possessing high selectivities for transition
metal ions. Chitin refers to the acetylated form of chitosan, consisting of β-1,4-linked
N-acetyl-D-glucosamine. Owing to their abundance in the marine environment, chitosan
and chitin can control metal ion equilibria in their surroundings. Cellulose was chosen
as a benchmark because it does not exhibit any amino or N-acetylamino groups and
therefore was not supposed to bind strongly copper ions. These systems were inves-
tigated by electrospray ionization and the goal of these studies was to understand the
degree to which electrospray mass spectra can reflect the solution chemistry of cop-
per–oligosaccharide complexes242. To this end, mass spectrometry data were compared
with potentiometric studies. Sugar–copper complexes of general formula [M2+Cu]2+,
[M3+Cu]2+ and [M−H+Cu]+ have been observed in the gas phase with the chito- and
cello-tetrasaccharides. It is worth noting that [M+Cu]2+ were also detected, suggest-
ing that tetrasaccharides are polarizable enough to stabilize the double charge of copper
under electrospray conditions. On the other hand, the potentiometric data revealed no
copper binding for mono- and tetrasaccharides of cellulose and chitin. The complexes
observed on mass spectra were therefore attributed to charge-attachment phenomena dur-
ing desolvation from the highly charged electrospray droplets. In contrast, the chitosan
tetrasaccharide due to its available amino groups was expected to bind copper effectively
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and to give intense electrospray spectra. However, no complexes were detected by mass
spectrometry. The authors suggested that neutral complexes could be formed in solution.
In order to check this assumption, they measured the [M+2H]2+ abundance as a func-
tion of the copper concentration. Its intensity declined as the [Cu2+] concentration in
solution was increased, suggesting removal of the free tetrasaccharide by complexation
to Cu2+ ions. This experiment was repeated with a sodium salt but no decline in the
[M+2H]2+ response was observed, confirming the formation of neutral and/or negatively
charged Cu(II)/chitosan complexes, hence not detectable in the positive-ion mode. This
result was in agreement with the potentiometric studies indicating that at pH 7, Cu(II) ions
and chitosan form strong complexes which are essentially neutral or negatively charged,
explaining the absence of metal species in the positive-ion ESI spectrum.

C. Reactivity with Nucleic Acid Building Blocks

Metal cations can both stabilize and destabilize DNA243. The interaction of divalent
cations with nucleic acids plays an important role in promoting and maintaining their
functionalities243 – 245. As illustrated throughout this chapter, the open-shell Cu2+ cation
has a rich redox chemistry and some studies have emphasized that the exposure of DNA
to Cu2+ can have different consequences, such as single and double strand cleavage, base
modification and formation of basic sites246,247.

The interactions and coordination chemistry of metal cations with nucleic acid building
blocks have been studied quite extensively in the condensed phase. In contrast, data about
the intrinsic gas-phase behavior of such interactions are rather scarce. A good knowledge
of the mechanisms at the molecular level is still lacking in most cases. One reasonable
way of approaching this chemistry is to adopt a ‘bottom-up’ strategy based on the gradual
increase of the size and complexity of the nucleic acid building blocks. In this context, we
began our gas-phase investigations with uracil, one of the five nucleobases. As mentioned
in Section VI, we first studied in the last few years the interactions (binding, energetics)
of uracil and its thio-derivatives toward proton169, copper(I)84 and copper(II)125. Then, we
went a step further by exploring the experimental unimolecular reactivity of the complexes
produced in the gas phase by electrospray ionization151.

Under electrospray conditions, interaction between copper(II) ions and uracil gave rise
to different types of ions, the structure of which, as expected, clearly depended on the
cone voltage applied. At low cone voltage, a pair of peaks associated to copper/uracil
interaction, namely [Cu(uracil)n –H]+ complexes (n = 1, 2), were observed. Increasing
the cone voltage resulted in the additional apparition of [Cu(uracil)]+ ions through a
reduction process. Neither [Cu(uracil)]2+ ions nor higher homologues were observed,
suggesting that the source conditions were likely not mild enough to allow the production
of multiply charged complexes.

The [63Cu(uracil–H)]+ species was selected and allowed to dissociate upon collision
with nitrogen. Two main fragment ions were detected at m/z 130.9 and 131.9, corre-
sponding to the loss of [H,N,C,O] and [N,C,O]ž, respectively. A weak fragment ion at
m/z 145.9 attributed to the elimination of carbon monoxide was also observed. By using
appropriate labeled uracils, it could be unambiguously concluded that the loss of both
NCOž and HNCO involves specifically C2 and N3, whereas the loss of carbon monoxide
involves only C4.

In order to rationalize these experimental findings, DFT calculations were performed
on the [Cu(uracil–H)]+ system. The most stable complex corresponds to a form in which
Cu+ bridges between N1 and the oxygen atom of the C(2)O carbonyl group (Figure 33).

Conventional π-complexes in which the metal cation is above the plane of the ring
also correspond to local minima of the potential energy surface, although they were found
to be significantly less stable than σ -complexes.
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FIGURE 33. The most stable σ - and π -forms optimized for the [Cu(uracil–H)]+ complex. Bond
lengths are in Å

Considering the C−N bond distances as well as the charge densities at the bond critical
point deduced from an AIM analysis, the N3−C4 (Chart 5) fission seemed to be the most
favorable process. A survey of the PES (Figure 34) indicates that the loss of HNCO has its
origin in the global minimum (σ -complex). Interestingly, the most favorable mechanism
for the elimination of NCOž involves π-type complexes. The out-of-plane copper inter-
action leads to specific bond activations within the ring, which result in bond cleavages
associated with the NCOž loss process. Consequently, π-complexes were found to play
an important role in the gas-phase reactivity of [Cu(uracil–H)]+ complexes. The fact that
the HNCO and NCOž losses follow complete different pathways allowed one to explain
why in both cases the same atoms, namely N3 and C2, are involved.
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Recently, Sodupe and coworkers184 also showed the important role of π-complexes in
the interaction of Cu+ with phenylalanine, which are the precursors for the C−C insertion
which triggers the fragmentation of phenylalanine–Cu+ complexes.

During the last decade, electrospray ionization has also been employed to examine
the formation and reactivity of [Cu(L)(N)]2+ ternary complexes involving nucleic acid
building blocks (N). In their study, Wee and coworkers considered both Pt(II) and Cu(II)
cations that they mixed with two possible auxiliary ligands (dien and terpy) and nucle-
obases, nucleosides or nucleotides248. Ternary complexes could be obtained with all the
nucleic acid buildings blocks and the data obtained showed that all three components
played a role in the formation of the ternary complex. More of these complexes could be
formed for Cu(II) than for Pt(II).

Like for peptides, the MS/MS spectra of the ternary complexes are characterized by
different dissociation processes: a redox reaction which results in the formation of the
radical cation of the nucleic acid constituent, N+ž; the loss of the nucleic acid constituent
in its protonated form; and the fragmentation of the nucleic acid constituent. N+ž radical
cation were only observed with copper, confirming that the metal must have suitable
redox properties to promote the formation of radical cations. Again, using terpy in place
of dien allowed limiting the efficiency of the proton transfer process. In fact, N has the
biggest influence on the fragmentations observed. Nucleobase radical cations have been
obtained solely with copper and terpy ligand. The relative yield of the radical cations of
each of the nucleobases from the copper ternary complexes exactly followed their relative
vertical ionization potentials (IPs) G<A<C<T. Consequently, nucleobases with the lower
IPs are the most easily ionized and form the greater yield of their radical cation upon
dissociation of the metal complex. As the nucleobase was changed for the nucleosides,
the redox reaction no longer occurred. Finally, changing the nucleoside to the nucleotide
yields a new type of product ion in which the metal remained bound to the phosphate and
the nucleobase was lost in its protonated form. In general, all of the Cu(II) complexes
of the nucleotides fragmented via loss of the protonated nucleobase, suggesting that the
copper was bound to the phosphate. This is consistent with the known binding of copper
to the phosphate moiety in nucleotides in the condensed phase249.

In a recent study of Cheng and Bohme250, an electrosprayed water/methanol solution
of guanosine and copper nitrate resulted in the formation of a gas-phase copper com-
plex of [CuLn]2+ž, [CuL(MeOH)n]2+ž and [CuGn(NO3)]+ž, as well as the ions [L]+ž,
[L+H]+, [G]+ž and [G+H]+ (L = guanosine, G = guanine). The observation under mild
electrospray conditions of an abundant [L]+ž radical cation was quite unexpected and
constitutes one of the very first examples of formation of radical cations of guanosine
from binary mixtures. MS/MS of the [Cu(L)3]2+ž ions suggested that the formation of
[L]+ž can be achieved through the transfer of an electron from L to Cu2+ within the com-
plex before Coulomb repulsion dissociates the complex into a singly charged [Cu(L2)]+
complex and [L]+ž. The formation of the [G]+ž ions observed on the MS/MS spectrum
proceeds through the dissociation of the N-glycoside as confirmed by the CID spectrum
of [L]+ž. Adding or removing one L unit resulted in very different CID spectra. The
electron transfer channel disappears for [Cu(L)2]ž2+, while a [L2]+ž is generated for the
[Cu(L)4]ž2+ species.

Finally, bigger oligonucleotides have also been considered and Hettich published sev-
eral years ago a MALDI/FTICR (Fourier Transform Ion Cyclotron Resonance) study of
the interactions of transition metal ions with a series of single-stranded dinucleotides251.
While metal ions such as Na+, K+, Mg2+ and Ca2+ exhibit a strong affinity for phosphate
groups, the transition metals are more likely to form covalent bonds with the nucleobases
themselves. In general, the most common binding sites for heavy metal ions appear to be
the N7 atoms in adenine and guanine.
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Various dinucleotides were considered during this study, namely dTG, dCA, dCT, dGG
and dAG. Most of the results concerned the latter dinucleotide because dAG provides a
variety of acidic protons and possible binding sites for metal ions. In the particular case
of copper ions, up to three copper ions could be attached to the dAG dinucleotide, as
attested by the presence of [M+Cu-2H]−, [M+2Cu-3H]− and [M+3Cu-4H]− ions on the
MALDI mass spectrum. High-resolution measurements revealed that copper is present
only at the Cu(I) oxidation state. The copper ion thus appears to act similarly to the alkali
metal ions, and simply displaces acidic protons of the dinucleotide.

Collisional dissociation of the [dAG+Cu-2H]− ion revealed loss of adenine and deoxy-
adenosine as the primary fragment products. Collisional dissociation of the ion [dAG+
2Cu-3H]− also revealed loss of deoxyadenosine, verifying the presence of both copper
ions in the remaining fragment ion. From these results, it could be deduced that at least
two copper ions were associated strongly with the deoxyguanosine, replacing the 3′-
hydroxyl proton and/or the nucleobase protons. In order to examine this metal ion binding
site with more detail, the interaction of copper with dinucleotides of varying sequences
has been investigated. Up to 2, 2, 3, 3 and 4 protons could be replaced by copper for
dCA, dCT, dTG, dAG and dGG, respectively. Because copper is present in all of these
complexes as Cu+, it does not require multisite attachment like the other multivalent
metal ions examined in this article, and thus behaves like an alkali metal, and it simply
replaces available acidic hydrogens in the dinucleotides. Consequently, copper allowed
the estimate of the maximum number of dinucleotide protons that can be replaced by a
singly charged metal ion. As the results obtained for the series of dinucleotides suggest
that the copper coordination depended primarily on the identity of the nucleobases, the
author concluded that copper ions primarily replace acidic hydrogens on the nucleobases
of the dinucleotides and that the involvement of the deoxyribose hydroxyl groups in metal
ion binding seemed to be minimal. Based on these results, a structure (Figure 35) could
be proposed for the [dAG+3Cu-4H]+ complex.
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64



Gas-phase chemistry of organocopper compounds
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102, 4652 (1998).

66



Gas-phase chemistry of organocopper compounds
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177. M. Alcamı́, A. Luna, O. Mó, M. Yáñez, J. Tortajada and B. Amekraz, Chem. Eur. J., 10, 2927

(2004).
178. A. Luna, O. Mó, M. Yáñez, J. P. Morizur, E. Leclerc, B. Desmazières, V. Haldys, J. Chamot-

Rooke and J. Tortajada, Int. J. Mass Spectrom., 228, 359 (2003).
179. P. J. Fordham, J. Chamot-Rooke, E. Giudice, J. Tortajada and J. P. Morizur, J. Mass Spec-

trom., 34, 1007 (1999).
180. D. S. Schroder, H. Schwarz, J. Wu and C. Wesdemiotis, Chem. Phys. Lett., 343, 258 (2001).
181. J. A. Stone, T. Su and D. Vukomanovic, Can. J. Chem., 83, 1921 (2005).
182. H. Lavanant and Y. Hoppilliard, J. Mass Spectrom., 32, 1037 (1997).
183. Y. Hoppilliard, G. Ohanessian and S. Bourcier, J. Phys. Chem. A, 108, 9687 (2004).
184. A. Rimola, M. Sodupe, J. Tortajada and L. Rodrı́guez-Santiago, Int. J. Mass Spectrom., 257,

60 (2006).
185. E. R. Talaty, B. A. Perera, A. L. Gallardo, J. M. Barr and M. J. Van Stipdonk, J. Phys. Chem.

A, 105, 8059 (2001).
186. C. Seto and J. A. Stone, Int. J. Mass Spectrom., 192, 289 (1999).
187. R. Tauler and B. M. Rode, Inorg. Chim. Acta, 173, 93 (1990).
188. K. R. Liedl and B. M. Rode, Chem. Phys. Lett., 197, 181 (1992).
189. S. A. McLuckey, D. Cameron and R. G. Cooks, J. Am. Chem. Soc., 103, 1313 (1981).
190. W. A. Tao, D. Zhang, E. N. Nikolaev and R. G. Cooks, J. Am. Chem. Soc., 122, 10598 (2000).
191. R. G. Cooks, J. S. Patrick, T. Kotiaho and S. A. McLuckey, Mass Spectrom. Rev., 13, 287

(1994).
192. W. A. Tao, D. Zhang, F. Wang, P. D. Thomas and R. G. Cooks, Anal. Chem., 71, 4427

(1999).
193. P. Roepstorff and J. Fohlman, Biomed. Mass Spectrom., 11, 601 (1984).
194. S. J. Shields, B. K. Bluhm and D. H. Russell, J. Am. Soc. Mass Spectrom., 11, 626 (2000).
195. T. Lin, A. H. Payne and G. L. Glish, J. Am. Soc. Mass Spectrom., 12, 497 (2001).
196. I. K. Chu, X. Guo, T. C. Lau and K. W. M. Siu, Anal. Chem., 71, 2364 (1999).
197. L. M. Teesch and J. Adams, J. Am. Chem. Soc., 113, 812 (1991).
198. T. Yalcin, C. Khouw, I. G. Csizmadia, M. R. Peterson and A. G. Harrison, J. Am. Soc. Mass

Spectrom., 6, 1165 (1995).
199. T. Yalcin, I. G. Csizmadia, M. R. Peterson and A. G. Harrison, J. Am. Soc. Mass Spectrom.,

7, 233 (1996).
200. B. K. Bluhm, S. J. Shields, C. A. Bayse, M. B. Hall and D. H. Russell, Int. J. Mass Spec-

trom., 204, 31 (2001).
201. S. Kuenzel, D. Pretzel, J. Andert, K. Beck and S. Reissmann, J. Peptide Sci., 9, 502 (2003).
202. A. Bossée, F. Fournier, O. Tasseau, B. Bellier and J. Tabet, Rapid Commun. Mass Spectrom.,

17, 1229 (2003).
203. A. Bossée, C. Afonso, F. Fournier, O. Tasseau, C. Pepe, B. Bellier and J. Tabet, J. Mass Spec-

trom., 39, 903 (2004).
204. P. Hu and M. L. Gross, J. Am. Chem. Soc., 114, 9153 (1992).
205. P. Hu and M. L. Gross, J. Am. Chem. Soc., 114, 9161 (1992).
206. W. A. Tao, L. Wu and R. G. Cooks, J. Am. Soc. Mass Spectrom., 12, 490 (2001).
207. L. Wu, K. Lemr, T. Aggerholm and R. G. Cooks, J. Am. Soc. Mass Spectrom., 14, 152 (2003).
208. M. Lagarrigue, A. Bossée, C. Afonso, F. Fournier, B. Bellier and J. Tabet, J. Mass Spectrom.,

41, 1073 (2006).
209. T. Vaisar, J. Heinecke, J. Seymour and F. Tureček, J. Mass Spectrom., 40, 608 (2005).
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I. INTRODUCTION

Many of the active sites of currently known enzymes harbor transition metals, such as
Mo, Mn, Fe, Co, Ni, Cu and Zn, thus turning these biomolecules into potent catalysts. The
choice of the transition metal usually depends on its ionic radius, the type of reaction, the
required redox-potential, the nature of available binding sites and, perhaps most important,
on the bioavailability of the metal itself. In the early reducing atmosphere, copper was
practically unavailable and locked in its univalent Cu(I) form as insoluble Cu2S1,2. This
extremely stable form of copper kept it from use in biological systems, in contrast to
iron which existed as soluble Fe(II) under these conditions. The arrival of dioxygen in
the atmosphere, as a result of the evolution of photosynthetic organisms, increased the
stability and hence the concentration of oxidized transition metal ions. Oxidation of Cu(I)
lead to soluble Cu(II), whereas soluble Fe(II) was converted into Fe(III) which, in water,
occurred mainly as insoluble Fe(OH)3. The occurrence, functions and reactions catalyzed
by copper enzymes indicate that copper only became biologically relevant after dioxygen
began to accumulate in the atmosphere.

Today, most living organisms need copper to serve as a cofactor in crucial redox
proteins and enzymes3,4, such as plastocyanin, a blue type 1 Cu electron transfer protein
used in the photosynthetic apparatus of green plants, superoxide dismutase, a type 2 Cu, Zn
enzyme which detoxifies superoxide anion (O2

ž−) to dioxygen and hydrogen peroxide, or
cytochrome c oxidase, the redox-driven mitochondrial proton pump converting dioxygen
to water. Yet paradoxically, larger doses of copper are cytotoxic, and nature has evolved
highly sophisticated mechanisms to handle and detoxify copper ions. Therefore, it is
not too surprising that any imbalance of copper in humans will lead to diseases that can
seriously impair the quality of life. These include Menkes syndrome and Wilson’s disease,
involved in severe neurological disorders, and characterized by the inability to distribute
correctly copper to all cells and tissues5.

In this chapter we summarize structural and functional aspects of selected copper pro-
teins and enzymes, and discuss recent advances in the field of novel copper enzymes, such
as nitrous oxide reductase and carbon monoxide dehydrogenase. Physiological, structural
and mechanistic aspects of these proteins and their active sites will be described. Many
of them carry complex multi-metal catalytic sites with unique chemical and electronic
properties which have attracted the interest of chemists, biologists and spectroscopists. In
view of the enormous number of publications accumulating in the field, we recommend
as primary references the two Handbooks on Metalloproteins6,7, and the special issues of
Chemical Reviews on Biomimetic Chemistry8,9. The following comprehensive reviews
are also recommended for further reading10 – 18.

II. TYPES OF BIOLOGICAL COPPER CENTERS

In biological systems, copper occurs as part of the active site of proteins or enzymes. The
various manners in which copper is bound to these centers are of special interest. In most
cases, the metal ion participates directly in the catalytic cycle. However, in some enzymes,
copper generates an intrinsic organic cofactor without participating in catalysis. Usually,
the copper ions change their redox-states during catalysis, electrons are transferred either
between the metal ion and its substrate, or between the metal ion and its partner with the
individual redox-potentials determining the electron flux. In biological systems, relevant
oxidation states are confined to diamagnetic Cu(I) (S = 0; 3d104s0) and paramagnetic
Cu(II) (S = 1/2; 3d94s0). In agreement with the HSAB-concept of Pearson19, the ‘soft’
Cu(I) will be preferentially complexed by amino acids such as cysteine (Cys), histidine
(His) and methionine (Met), while the ‘harder’ Cu(II) can also bind ‘harder’ ligands, such
as H2O, or amino acids tyrosine (Tyr) and histidine (His). The different oxidation states
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of copper not only favor distinct ligands but also distinct geometries. Sterical hindrances
excluded, Cu(I) (coordination number 4) favors a tetrahedral conformation in contrast to
Cu(II), which favors a square-planar conformation. In copper proteins, ligand sites and
geometries may differ significantly from those observed in regular copper complexes.
A redox-active copper center within a protein must switch between the oxidation states
Cu(I) and Cu(II), with a minimum of energy for structural reorganization. This goal is
usually achieved in two ways: first, by ligands (CySH and His) which favor both Cu(I) and
Cu(II), and second, by employing the proper coordination geometries through the protein
scaffold which will allow rapid electron transfer. The choice of ligands and geometry
will strongly influence the redox potential of the central copper ion. In aqueous solution,
the redox potential of Cu2+/Cu+ is E

◦ = +153 mV, vs a range of potentials found in
copper proteins and enzymes from +183 mV in halocyanin to +785 mV of the type 1 Cu
center of laccase20,21. This wide range of relatively high redox potentials was achieved
by the evolution of various copper-binding centers. In these centers, the coordinating
amino acid residues are fixed within the protein backbone, forcing the metal ion into a
stereochemically rigid environment. In all cases for efficient electron transfer, there is
minimal change in geometry with redox (i.e. a low reorganizational energy) and efficient
electronic coupling through the protein14,22. Furthermore, the high redox potentials of
copper proteins make them suitable for reactions with dioxygen2.

The large pool of potential coordinating ligands for copper in proteins, and its proximity
to neighboring copper ions, or other metals centers, allowed for three distinct classes of
copper metal centers within proteins which were denoted types 1, 2 and 323. Malkin
and Malmström classified the copper centers according to their spectroscopic properties,
mainly UV/Vis and electron paramagnetic resonance (EPR), as briefly discussed in the
following section.

A. Type 1 Cu

A remarkable and unique spectroscopic feature of numerous copper proteins is a blue
color as a result of the electronic properties of the type 1 copper center, with a character-
istic intense absorption maximum around 600 nm (ε > 3000 M−1 cm−1) and a small (ca
180–240 MHz) value for the hyperfine coupling constant A|| in the EPR spectra. By com-
parison, the corresponding coefficient of a ‘normal’ Cu(II) complex, such as square-planar
D4h-CuCl42−, comes to ε = 40 M−1 cm−1, and the magnitude for AII is significantly
larger14. A greek key β-barrel structural motif is typical for type 1 Cu proteins denoting
the cupredoxin fold24. Basically, type 1 copper is coordinated by two histidines (2N), one
cysteine (1S) and one methionine (1SMet)25,26 (Figure 1).

Depending on the individual protein, the geometry of the metal center is between a
distorted tetrahedron (e.g. plastocyanin) and a distorted trigonal bipyramide (e.g. azurin)27.
In both cases, the methionine residue is the ligand most distant from the copper center.
In addition, azurin carries a fifth ligand, usually a carbonyl oxygen atom opposite to
methionine. In some type 1 Cu proteins, the methionine ligand was exchanged against
glutamine28, or has been omitted completely29. Type 1 copper centers have not been only
observed in small copper proteins, such as azurin or plastocyanin; they also act as electron
transfer sites in multi-copper enzymes, e.g. laccase, ascorbate oxidase or nitrite reductase.

B. Type 2 Cu

The spectroscopic properties of the non-blue type 2 copper center, by comparison to
the blue type 1 center, differ less from those of regular Cu(II) complexes2,23. A copper
site was classified as type 2 copper if its absorption bands in the visible region were
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Cys84

(a)

His37

Met92

His87Cu Cu

(b)

Cys112

Gly45

Met121

His117

His46

FIGURE 1. Schematic representation of the type 1 copper sites in (A) plastocyanin25 and (B)
azurin26

relatively weak (ε � 500 M−1 cm−1) and the magnitude of AII in the EPR spectrum
was large (ca 450–550 MHz). Type 2 copper has been identified in numerous dioxygen
activating enzymes (e.g. oxidases and oxygenases), nitrite reductase and in Cu,Zn super-
oxide dismutase30 – 32. While type 1 copper centers are restricted to electron transport,
type 2 copper centers are directly involved in the metabolism of oxygen and nitrogen.
In amine oxidases, the type 2 Cu is involved in the biosynthesis of an intrinsic organic
cofactor. In these oxidases, dioxygen is reduced to hydrogen peroxide by a two-electron-
transfer process. On the other hand, copper nitrite reductase, a constituent of the bacterial
denitrification pathway, converts nitrite to nitric oxide (NO). Cu,Zn superoxide dismu-
tase catalyzes the disproportionation reaction of the superoxide anion radical (O2

−ž) to
hydrogen peroxide and dioxygen:

O2
ž− + O2

ž− + 2 H+ −−−→ H2O2 + O2

Type 2 copper centers are quite flexible with regard to their ligands and structural
geometries. Clearly, the favored ligand of type 2 Cu is the imidazole nitrogen of histidine,
but tyrosine also plays an important role as will be discussed for galactose oxidase31,32

(Figure 2). One common feature is, however, that in those enzymes where the type 2
Cu actively participates in catalysis, one coordination site is always accessible for the
substrate. Peptidylglycine-α-hydroxylating monooxygenase harbors two type 2 copper
centers per functional unit denoted CuA and CuB, which do not directly interact as they
are separated by a solvent-filled cleft about 11 Å wide. In this case, CuA is coordinated
by the Nδ atoms of three histidines, and CuB is tetrahedrally coordinated by the Nε atoms
of two histidines, the sulfur of one methionine and an additional ligand. In the oxidized
enzyme, this fourth ligand is either H2O or OH−30. Last but not least, the type 2 copper
ion in Cu,Zn superoxide dismutase is coordinated by four histidine residues, one of which
connects the copper ion to the zinc ion, the second metal ion bound to the active site of
the enzyme31 (Figure 2).

C. Type 3 Cu

A type 3 copper center consists of a pair of copper ions which lacks an EPR signal
in the oxidized state because of strong antiferromagnetic coupling between the metal
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FIGURE 2. Schematic representation of the type 2 Cu sites in Cu,Zn superoxide dismutase31 (left)
and galactose oxidase32 (right)
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FIGURE 3. Schematic representation of the type 3 copper site in the oxygen-bound form hemocya-
nin33 (left), and of the trinuclear copper site in the reduced state of ascorbate oxidase34 (right)

centers of the Cu(II)–Cu(II) pair23. Type 3 copper sites occur in hemocyanin, in tyrosinase
and in catechol oxidase (Figure 3). Hemocyanin binds O2 reversibly (the blue blood of
arthropods and molluscs)33, catechol oxidase converts catechols to the corresponding
o-quinones and tyrosinase hydroxylates monophenols (e.g. tyrosine) converts catechols
to quinones. Usually, each of the two copper ions is coordinated by three histidines.
While reduced, the binuclear copper site in hemocyanin is colorless but turns blue upon
binding of dioxygen. The Cu–Cu distances in catechol oxidase range from 2.9 Å for the
hydroxo-bridged Cu(II),Cu(II) form to 4.5 Å for the Cu(I),Cu(I) deoxy form. Interestingly,
both catechol oxidase and hemocyanin contain a covalent thioether cross-link between a
histidine ligand and a nearby cysteine residue. Multi-copper oxidases, also denoted blue
oxidases (e.g. laccase, ascorbate oxidase and ceruloplasmin), contain trinuclear copper
sites, formally built by a type 2 and a type 3 copper center (Figure 3). Both type 3 copper
ions are coordinated by three histidines, whereas the third copper center is ligated by two
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histidines and a third ligand (H2O or OH−)34. These trinuclear copper centers represent
the catalytic site for reduction of dioxygen to water as will be discussed for ascorbate
oxidase.

D. Novel Cu Centers

In addition to the canonical type 1, 2 and 3 copper sites found in numerous copper
proteins and enzymes, novel copper centers have been discovered and structurally charac-
terized over the past two decades. These include the mixed-valent [Cu(1.5+). . .Cu(1.5+)]
CuA electron transfer center in nitrous oxide reductase and cytochrome c oxidase35,
the tetranuclear μ-sulfido [Cu4S] cluster in nitrous oxide reductase36 and the hetero-
dinuclear Mo-μ-sulfido-Cu site in carbon monoxide dehydrogenase isolated from aerobic
microorganisms37. In addition, two important hetero-dinuclear metal centers have to be
mentioned, the Cu,Zn site in superoxide dismutase (Figure 2) and the heme a3-Cu site in
cytochrome c oxidase38. These centers are involved in the conversion of oxygen species,
N2O as well as CO. They will be introduced when discussing the structural and functional
aspects of the corresponding enzymes.

III. COPPER PROTEINS WITH MONONUCLEAR COPPER SITES
A. Plastocyanin

Plastocyanin consists of a single peptide and carries a single type 1 Cu center. Depend-
ing on the organism, its amino acid chain length ranges from 97 to 105, with a molecular
mass of approximately 10 kD39. Plastocyanins are found in photosynthetic bacteria, in
algae and in plant chloroplasts where they are loosely bound to the surface of the inner
thylakoid membrane. They are part of the photosynthetic electron-transport chain where
they connect the cytochrome b6-f -complex and P700 of photosystem I. When copper
became available following the oxygenation of the primordial atmosphere, the copper
protein plastocyanin was increasingly replaced by the iron protein cytochrome c2

6.
In 1978, Hans Freeman and colleagues39 determined the crystal structure of the first

blue copper site, that of plastocyanin, which couples photosystem I with photosystem II
through electron transfer (Figure 4).

The geometric structure of the copper site was a distorted tetrahedron, not the tetragonal
geometry normally observed for Cu(II). This raised the issue of the role of protein in
determining the geometric structure of this active site40. There were also two chemically
interesting ligands: a short thiolate S−Cu bond of Cys (ca 2.1 Å) and a long thioether
S−Cu bond of Met (ca 2.9 Å). The coordination environment was completed by two
His N−Cu bonds at ca 2.05 Å. Associated with this unusual geometry and ligation are
the unique spectroscopic features of the blue copper site. In contrast to the weak d → d
transitions of normal tetragonal Cu(II) complexes with ε ca 40 M−1 cm−1 at ca 600 nm,
the blue copper site exhibited an intense absorption maximum at ca 600 nm (ε ca 5000
M−1 cm−1). In the EPR spectrum, the hyperfine coupling (AII) of the electron spin to
the nuclear spin on copper was reduced by more than a factor of 2 for the blue type 1
copper relative to normal copper complexes. For details on the ground- and excited-state
properties of the copper center in plastocyanin and their functional importance, refer to
the article by Solomon14, and for structural details to the article by Freeman and Guss41.

B. Galactose Oxidase

A rather unusual copper center is present in galactose oxidase in which a Cu(II)
ion is coupled to a modifed tyrosine radical (Figure 2). The fungal enzyme (Dactylium
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FIGURE 4. Schematic representation of the three-dimensional structure of poplar plastocyanin (PDB
code 1PLC)

dendroides) consists of a single peptide chain which, in contrast to the type 2 Cu
dependent amine oxidases, does not contain the typical organic cofactor TOPA (2,4,5-
trihydroxyphenylalanine). Its chemistry and spectroscopy was recently reviewed42,43. Ga-
lactose oxidase oxidizes primary alcohols to aldehydes, with dioxygen being converted to
hydrogen peroxide.

R − CH2OH + O2 −−−→ R − CHO + H2O2

Its substrate specificity is remarkably low. A wide range of compounds from small
alcohols, such as propane-1,2-diol, to polysaccharides will be accepted. Note that galactose
oxidase has a very low substrate specificity but a high stereospecificity: D-glucose and
L-galactose will not be oxidized44.

The three-dimensional structure of galactose oxidase consists almost entirely of
β-strands; only a single, short α-helix (residues 328–331) occurs. The D-galactose bind-
ing site within domain 1 is perhaps the site of attachment of the enzyme to the cell
walls of trees—the natural habitat of Dactylium dendroides. Galactose oxidase performs
a two-electron reduction, although it only contains a single type 2 copper center. How-
ever, in the active state of the enzyme, the copper center is coordinated to a tyrosine
(Tyr272, Figure 2) which forms a tyrosine radical producing an antiferromagnetically
coupled Cu(II)-Tyr radical site. The copper center sits on the surface of domain 2, close
to its sevenfold axis, and surrounded by a multitude of aromatic amino acid residues,
which might help to generate and stabilize the tyrosyl radical44. In the crystal structure,
the copper ion is coordinated by four internal ligands and one external ligand: the O from
Tyr272, N from His496, His581, and a solvent molecule (H2O) almost form a square
around the metal ion; the O from Tyr495 is the fifth, axial ligand (Figure 2). The tyrosyl
radical is bound to Cys228 via a thioether bond, and Trp290, through stacking, stabilizes
the tyrosyl radical45 (Figure 5).
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Cys228

Trp290

Tyr272

Cu

FIGURE 5. Stacking of tryptophan290 and the tyrosine272-cysteine228 thioether moiety in galactose
oxidase44,45

The Tyr-Cys-Trp triad participates in the generation and stabilization of the tyrosyl
radical which exhibits a redox potential around + 0.40 V46, in contrast to + 0.94 V for
free tyrosine47, probably the result of the thioether bond. The incoming substrate, R-CH2-
OH, replaces the water molecule at the active Cu(II)-Tyr radical and gets converted to
its aldehyde R-CHO. In parallel, the formed Cu(I)-Tyr center undergoes reoxidation by
dioxygen to produce hydrogen peroxide. For further details on galactose oxidase and its
mechanism of action, refer to the article by Wilmot and colleagues45.

C. Cu,Zn Superoxide Dismutase

Cu,Zn superoxide dismutase (CuZnSOD) has been found in all eukaryotic species.
The intracellular form of CuZnSOD is a homodimer (2 × 16 KDa); each subunit carries
an active center consisting of a Cu(II) and a Zn(II) ion31 (Figure 2). The postulated
physiological function of CuZnSOD is the disproportionation of the superoxide radical
anion, O2

ž−, to O2 and H2O2. The value of the redox potential of the copper center in
CuZnSOD allows it to shuttle between reduction and oxidation of O2

ž− 48.

SOD − Cu2+ + O2
ž− −−−→ SOD − Cu+ + O2

SOD − Cu+ + O2
ž− + 2H+ −−−→ SOD − Cu2+ + H2O2

The active center of CuZnSOD is located at the end of a channel consisting of highly
conserved, charged residues directing the negatively charged substrate to the active cop-
per site49. In fact, because of the electrostatic forces exerted by the protein, the substrate
diffusion towards the active site is faster than its diffusion in bulk water. The active center
of CuZnSOD does not only contain a type 2 copper ion but a further metal ion, Zn(II), as
well (Figure 2). The Cu(II) ion is coordinated in a distorted, square-planar conformation
by His44 (Nδ1), His46 (Nε2), His61 (Nε2) and His118 (Nε2). The conformation surround-
ing the Zn(II) ion is a distorted tetrahedron built by three histidines and an aspartate
residue. The bridging imidazolate anion (His61) acts as a straight bridge between the
metal ions, which are separated by 6 Å. During catalytic turnover, copper is the active
redox partner of the superoxide radical; the Zn(II) ion does not appear to be directly
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involved in catalysis. For further details on the properties of the heterometallic copper
protein superoxide dismutase and its mechanism of action, refer to the article by Bordo
and colleagues50.

IV. COPPER PROTEINS WITH MULTINUCLEAR COPPER SITES
The reduction of dioxygen is a major step in many important biological processes includ-
ing respiration and ligand oxidation. Enzymes containing either iron or copper, or both
elements, are the key players in this process and are the target of intensive biochemical,
spectroscopic and structural studies51,52.

A. Catechol Oxidase

Like type 3 copper proteins hemocyanin and tyrosinase, catechol oxidase carries a
dinuclear copper center. The dinuclear copper centers in these proteins are strongly cou-
pled through a bridging ligand which provides a direct mechanism for the two-electron
reduction of dioxygen52 (Figure 6). Catechol oxidase has been isolated from several plant
sources; its physiological function might be related to the protection of the damaged plant
from pathogens and insects. The dinuclear copper site of catechol oxidase is found in
the center of a hydrophobic pocket of the enzyme. In the oxidized Cu(II)–Cu(II) form
of the enzyme the two metal ions are 2.9 Å apart. In addition to six histidine ligands, a
bridging ligand (most likely OH−) appears to be present, completing the four-coordinate
trigonal pyramidal coordination sphere for both Cu(II) ions, denoted CuA and CuB. An
interesting feature of the dinuclear metal center in catechol oxidase is a covalent thioether
bond formed between one of the histidine ligands (CuA, His109) and an adjacent cysteine
sulfur atom (Cys92) (Figure 6). Such a covalent linkage had been also described for the
mononuclear copper site of galactose oxidase, which had been proposed to stabilize a
tyrosyl radical (Figure 5). Most recently, a catalytic mechanism based on biochemical,
spectroscopic and X-ray structural data has been postulated. Overall, two molecules of

His88

His109

His118

His244

His274

His240

OH
CuA CuBCys92

FIGURE 6. Schematic representation of the dinuclear copper site of catechol oxidase53
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catechol are converted to the corresponding quinones, with dioxygen being reduced to
water. Based on the structure of the enzyme with its inhibitor phenylurea, a monoden-
tate binding of the catechol substrate to the CuB center seems most likely to reduce the
Cu(II)–OH–Cu(II) center to its Cu(I)–Cu(I) form, which had been successfully crystal-
lized and structurally characterized. In the next step, after release of the first quinone, O2
and a second catechol molecule react with the Cu(I)–Cu(I) state of the enzyme forming
the catechol peroxide–Cu(II)–Cu(II) adduct, which releases the second water molecule
and the oxidized substrate.

For further details on structural and functional aspects of catechol oxidase, refer to the
articles by Eicken, Gerdemann and Krebs53, and Reedijk and coworkers54.

B. Ascorbate Oxidase
Multi-copper enzymes that react with O2 include the well-studied multi-copper oxi-

dases. These enzymes couple the reduction of dioxygen to water with substrate oxidation,
and contain a total of four copper ions arranged as a type 1 blue copper site, a type 2
copper site and a type 3 copper site similar to that in tyrosinase and catechol oxidase.
The type 2 and type 3 copper ions form a trinuclear cluster for O2 binding and acti-
vation. Among the crystallographically characterized members of this class are laccase,
ascorbate oxidase and ceruloplasmin from eukaryotes, and CueO and CotA laccase from
prokaryotes13. Recently, two new multi-copper oxidase structures have been determined,
phenoxazinone synthase and ferroxidase Fet3. Phenoxazinone synthase catalyzes the last
step in the biosynthesis of the antibiotic actinomycin D. Fet3 is the yeast homolog of
ceruloplasmin, which catalyzes the oxidation of Fe(II) to Fe(III). These ferroxidases are
a subfamily of the multi-copper oxidases that contain residues supporting a specific reac-
tivity towards Fe2+ and play a vital role in iron metabolism in bacteria, algae, fungi and
mammals. Additional CotA structures have also been described recently and mechanistic
hypotheses related to these structures have been reviewed51,55.

The functional unit of the classical blue oxidases, e.g. laccase, ascorbate oxidase and
ceruloplasmin, contains one or more type 1 copper centers and a trinuclear center which,
formally, consists of a type 2 and two type 3 copper atoms. The type 1 center usually serves
as the electron transfer site, while the trinuclear copper site functions as the catalytically
active center, converting dioxygen to water.

Ascorbate oxidase occurs mainly in higher plants. Its physiological function is still not
fully understood; most likely it plays a role in ripening, growth control or protection56,57.
Ascorbate oxidase is a glycosylated homodimeric enzyme (2 × 70 kDa). As in laccase,
the subunits consist of three domains and harbor 4 copper ions. The type 1 copper center
is located in domain 3; the trinuclear copper center is bound between domains 1 and 3
(Figures 3 and 7). The subunits are glycosylated on their asparagine 92 residues. Ascor-
bate, the physiological reductant, binds on the surface of the enzyme, close to the type 1
copper center. The trinuclear catalytic copper center is embedded inside the enzyme and
accessible by two channels of different sizes.

The type 2 and type 3 centers form the trinuclear copper cluster, the active site for
the reduction of dioxygen to water, which has been strongly supported by X-ray crys-
tallography for fungal laccase, ceruloplasmin and ascorbate oxidase. The distant type 1
Cu center is linked to the trinuclear copper cluster through the Cys-His electron-transfer
pathway. The T1Hg derivative, where the type 1 copper is replaced by the redox inactive
Hg2+, has allowed one to gain an insight into the electronic structure of the trinuclear
copper-cluster site and its interaction with dioxygen. For further structural and mechanistic
information on reaction intermediates of the reduction of O2 to H2O, refer to the reviews
by Rosenzweig and Sazinsky13, Lindley and coworkers51, Solomon and coworkers52 and
Messerschmidt58.
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FIGURE 7. Schematic representation of the three-dimensional structure of ascorbate oxidase, show-
ing the monomer with the mononuclear type 1 Cu and the trinuclear copper site (PDB code 1AOZ)

C. Nitrous Oxide Reductase

Nitrous oxide (N2O) is a potent greenhouse gas that has been steadily on the rise
since the beginning of industrialization. It is an obligatory metabolite of denitrifying
bacteria, and some production of N2O is also found in nitrifying and methanotrophic
bacteria. In denitrification, N2O is converted to dinitrogen and water, catalyzed by the
multi-copper enzyme nitrous oxide reductase. This respiratory process provides the cell
with an electron sink for anaerobic growth of bacteria such as Pseudomonas stutzeri or
Paracoccus denitrificans :

N2O + 2H+ + 2e− −−−→ N2 + H2O E
◦’ = +1.35 V;

�G
◦’ = −339.5 KJ mol−1; (pH 7.0)

The Cu centers in nitrous oxide reductase are both novel structures among the Cu pro-
teins: the mixed-valent dinuclear CuA and the tetranuclear CuZ center. A modified nitrous
oxide reductase exists in Wolinella succinogenes which carries a covalently attached c-type
cytochrome in addition to the two copper centers59.

The nitrous oxide reductases isolated so far are homodimers that contain two multi-
nuclear Cu centers per subunit: (i) the CuA mixed-valent electron transfer site with two
bridging cysteine ligands forming a highly spin-delocalized Cu2S2 rhomb, and (ii) the cat-
alytic tetranuclear CuZ site, which represents the first biologically active Cu−S2− cluster
known. In CuZ, the Cu atoms are coordinated solely to imidazole nitrogen from seven
histidine residues (Figure 8). As Cu usually adopts the oxidation states +1 and +2 in bio-
logical systems, in principle three different oxidation and resulting spin states can arise
for CuA, and five different states for CuZ (Figure 8). For the CuA center only the S = 1/2
and S = 0 spin states have been observed, whereas for CuZ the states [Cu4S]4+, S = 0, 1
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FIGURE 8. Schematic representation of the mixed-valent CuA center (left) and CuZ center (right)
in nitrous oxide reductase

and [Cu4S]3+, S = 1/2, and the colorless super-reduced state [Cu4S]2+, S = 0, have been
characterized by various spectroscopic techniques including multifrequency electron para-
magnetic resonance (EPR), circular dichroism (CD), magnetic circular dichroism (MCD)
and extended X-ray absorption fine structure (EXAFS) spectroscopy60 – 65.

Almost two decades after the identification of nitrous oxide reductase as a copper
enzyme66, the first X-ray structure was reported67. Whereas the CuA center was antici-
pated accurately from spectroscopic studies, the structure of the CuZ site was unexpected.
It comprises four Cu ions arranged in a novel ‘butterfly’ cluster solely coordinated by
histidine residues. The structure of nitrous oxide reductase therefore marks the discovery
of a new type of biological center68. In the first crystal structure of the enzyme from Ma.
hydrocarbonoclasticus, in addition to the seven histidine residues bound to the CuZ site,
three exogenous ligands were assigned as being either water or a hydroxide anion. At
that time, a sulfur-containing ligand was not considered, which made it difficult to rec-
oncile the structure of the CuZ center with the spectroscopic data that strongly suggested
sulfur ligation. However, this picture changed rapidly. Elemental analysis and resonance
Raman spectroscopy of isotopically labelled nitrous oxide reductase conclusively demon-
strated the presence of one acid-labile sulfur ligand62,69. Furthermore, the structure of the
enzyme from Pa. denitrificans (1.6 Å resolution) became available70 and confirmed the
existence of one sulfide at the CuZ site. Each nitrous oxide reductase monomer is com-
posed of two distinct domains: the C-terminal domain with a classical cupredoxin fold
(Figure 9), carrying the mixed-valent [CuA(1.5+). . .CuA(1.5+)] electron transfer center,
and the N-terminal domain, a β-propeller structure, which hosts the catalytic, μ4-sulfide
bridged CuZ site. The N-terminal domain adopts a seven-bladed β-propeller homologous
to other enzymes, such as methylamine dehydrogenase or galactose oxidase. The shortest
CuA−CuZ distance within a monomer is ca 40 Å, which is too long for an efficient elec-
tron transfer between the two sites. On the other hand, the corresponding intermonomeric
distance of 10 Å is well-suited for fast electron transfer within a protein71 (Figure 9).

The CuZ site comprises four copper ions, CuI to CuIV, arranged in a tetranuclear μ4-
sulfide bridged Cu cluster solely coordinated by histidine residues (Figure 8). It appears
that CuI is the predominantly oxidized Cu center, which is consistent with CuI having a
four-coordinate structure and the other three Cu atoms lower coordination numbers. Thus,
the CuI center sits roughly above a plane built by the three Cu centers CuII, CuIII and
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FIGURE 9. Schematic representation of the three-dimensional structure of nitrous oxide reductase
from Paracoccus denitrificans, showing the head-to-tail dimer with the mixed-valent CuA (purple)
and the tetranuclear CuZ (yellow) sites (PDB code 1FWX)

CuIV, and the inorganic sulfur64. Biomimetic complexes, featuring this structural unit with
Cu in higher oxidation levels, have not been reported yet15.

The enzyme from Pseudomonas stutzeri could be activated by base treatment60, or
incubation with CO61. One might speculate that at higher pH, or with CO, the CuI−CuIV
edge of the cluster will get altered; the edge is thought to bind the substrate (Figure 8).
Furthermore, nitrous oxide reductase sources will be activated in vitro by reduction with
the redox dyes methyl viologen or benzyl viologen59, indicating that the catalytically rele-
vant form of CuZ is the fully reduced [Cu4S]2+, S = 0 state. Incubation of the reductively
activated nitrous oxide reductase from Achromobacter cycloclastes with N2O-saturated
buffer led to a partially oxidized enzyme according to optical and EPR spectra. The acti-
vated form converts N2O to N2 and thus represents the first report of substrate reduction
in vitro72. The results of computational investigations suggest that in the lowest energy
structure of the CuZ –N2O complex, N2O binds at the CuI−CuIV edge in a bent, μ-1,3
bridging mode with the terminal N atom coordinating to CuI

63 (Figure 8). By Cu → N2O
π* backbonding interaction the N−O bond will be weakened significantly, thus facilitat-
ing the direct N−O bond cleavage via simultaneous transfer of two electrons from CuZ
to the μ-1,3 bridged N2O.

D. Carbon Monoxide Dehydrogenase

Carbon monoxide dehydrogenases of aerobic or anaerobic microorganisms, which rep-
resent the essential catalyst in the global biogeochemical cycle of atmospheric carbon
monoxide (CO), catalyze the oxidation of CO to carbon dioxide, or the reverse reaction:

CO + H2O −−−→ CO2 + 2H+ + 2e−

The annual removal of CO from the lower atmosphere and earth by these microor-
ganisms has been estimated to be ca 108 tons37. The CO dehydrogenase isolated from
the aerobe Oligotropha carboxidovorans is a complex multi-site Mo- and Cu-containing
iron–sulfur flavoprotein. It carries a dinuclear heterometal [CuSMo(=O)OH] center at the
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active site. The cluster is coordinated through interactions of the Mo with the dithiolate
pyran ring of molybdopterin cytosine dinucleotide and of the Cu with the thiolate sulfur of
Cys388. Earlier, the presence of a SeH-group in place of copper had been reported for the
active-site structure which could not be confirmed73. The three-dimensional structure of
CO dehydrogenase with the inhibitor n-butyl isocyanide bound led to a model for the cat-
alytic mechanism of CO oxidation which involves a thiocarbonate-like intermediate state.
The dinuclear [CuSMo(=O)OH] cluster of CO dehydrogenase establishes a previously
uncharacterized class of dinuclear molybdoenzymes containing the pterin cofactor. The
μ-sulfido bridge between molybdenum and copper as well as the copper are cyanolyz-
able and react with cyanide, yielding thiocyanate (NCS−) and, most likely, a Cu cyanide
complex37. More recently, a CO dehydrogenase from an anaerobic microorganism, Car-
boxydothermus hydrogenoformans, has been structurally characterized in different states74.
In this case, catalysis is performed by a complex Ni-, Fe- and S-containing metal center
called cluster C. In a reduced state, exogenous CO2 is bound and reductively activated
by cluster C. In the intermediate structure, CO2 acts as a bridging ligand between Ni and
the asymmetrically coordinated Fe, where it completes the square-planar coordination of
the Ni ion.

V. OUTLOOK
Copper along with iron active sites clearly dominate the field of biological oxygen chem-
istry and play important roles in homogeneous and heterogeneous catalysis52. Recently,
a role was assigned to copper in the biosynthesis of the molybdopterin cofactor which
binds both molybdenum and tungsten via its dithiolene sulfur atoms75. Note that for the
reduction of nitrite (NO2

−) to nitric oxide (NO), a key step within the important den-
itrification pathway as part of the global nitrogen cycle, microorganisms can either use
the copper-dependent nitrite reductase (one type 1 and one type 2 copper), or the iron-
dependent nitrite reductase (one heme c and one heme d)76. Two molecules of NO will be
transformed to nitrous oxide (N2O) by NO reductase, a complex membrane-bound iron
enzyme, followed by the conversion of N2O to dinitrogen by the copper enzyme nitrous
oxide reductase with the mixed-valent CuA electron transfer center and the tetranuclear
CuZ sulfide cluster59 (Figure 8).

Over the past decade, a complicated network of metal-specific trafficking proteins has
been identified. These proteins exhibit metal binding motifs with unprecedented coordina-
tion chemistry tailored to their function77. For example, the CysXXCys sequence, found
in cytosolic copper chaperones and trafficking proteins, provides for facile Cu(I) transfer
via low-coordination-number anionic intermediates78. Extracellular methionine-rich motifs
seem to play an important role in copper trafficking factors, such as the CusF protein.
CusF is a component of the copper and silver efflux machinery used by Escherichia coli
to tolerate elevated and otherwise toxic concentrations of these metal ions. This protein
uses a new metal recognition site wherein Cu(I) is tetragonally displaced from a Met2His
ligand plane toward a conserved tryptophan residue79. Spectroscopic studies demonstrate
that both thioether ligation and strong cation-π interactions with tryptophan stabilize metal
binding. Molecular recognition in this methionine-rich site is quite different from the Cu(I)
coordination chemistry in other copper chaperones and metalloregulatory proteins. Thus,
this methionine-rich site carries no negatively charged ligands, and Cu(I) binding leads
to a cationic coordination site, in contrast to the CysXXCys recognition sequence, which
confer an overall anionic character to the coordination site.

In many methanotrophic bacteria—these are aerobically living microorganisms that
oxidize CH4 to methanol for carbon and energy and play a major role in the global carbon
cycle—copper requirements can be up to fourfold higher than iron requirements. Thus,
copper plays a central role in metabolism, regulating expression of two types of methane
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monooxygenases, which convert methane to methanol, a soluble iron-dependent methane
monooxygenase and a copper-dependent particulate methane monooxygenase. Recently,
evidence was presented for a small fluorescent chromopeptide called methanobactin80.
Methanobactin is a copper transport molecule analogous to the siderophores that medi-
ate iron transport into many cells. It is composed of a tetrapeptide, a tripeptide, and
several unusual moieties, including two 4-thionyl-5-hydroxyimidazole chromophores that
coordinate the copper, a pyrrolidine that confers a bend in the overall chain and an
amino-terminal isopropyl ester group. The copper coordination environment includes a
dual nitrogen- and sulfur-donating system derived from the thionyl imidazolate moi-
eties. Obviously, structural elucidation of methanobactin has broad implications in terms
of organocopper chemistry, biological methane oxidation and global carbon cycling80.
In this context, the crystal structure of the integral membrane copper protein methane
monoxygenase from Methylococcus capsulatus had been determined (2.8 Å), and both
copper and zinc sites had been structurally assigned81. However, despite the efforts of
several research groups, definitive identification of the active site of particulate methane
monooxygenase has been elusive, and the involvement of a putative di-iron active site,
as identified earlier in soluble methane monooxygenase, cannot be excluded82.
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I. INTRODUCTION
The early development of organocopper chemistry focused upon lithium dialkylcuprates
(Gilman reagents) and copper-catalyzed 1,4-conjugate additions of Grignard reagents1.
The observation that stoichiometric quantities of Gilman reagents only transferred one
of the two ligands on copper prompted a search for non-transferable ligands, and amines
were found to be suitable residual ligands both for transferable ligand economy and asym-
metric induction. More recently, procedures for copper-mediated amine, amide, and imide
alkylation and arylation have been developed (see Chapter 18 by Penn and Gelman). The
importance of alkaloids and N-containing compounds in natural products and medicinal
chemistry led to protocols for metallation adjacent to a protected nitrogen atom and from
these beginnings transmetallations from the lithium compounds to copper were investi-
gated as a potentially effective strategy for C−C bond formation. This chapter will focus
on N-functionalized organocuprates where the N-atom is directly bound to Cu or located
at positions α or β to the metal. The latter reagents provide a tactical approach to forming
C−C bonds at positions α or β to the nitrogen atom.

II. ORGANOCUPRATES WITH A N−Cu BOND

A. Amidocuprates

1. Non-transferable ligands and cuprate structure

Amido(organo)cuprates (i.e. R2NCuRTLi where RT = a transferable ligand) were first
examined as potentially useful reagents containing a non-transferable heteroatom ligand
but found to be unstable2. Subsequent investigations revealed that amidocuprates are
not formed below −50 ◦C, but once formed are more thermally stable than monoalkyl-
cyanocuprates, acetylenic and phenylthio2 mixed cuprates, or Gilman reagents prepared
from a variety of Cu(I) salts3. Thus, conditions necessary for complete cuprate forma-
tion should always be a focus of attention. These cuprates can be prepared by either
addition of RTLi to R2NCu or by addition of R2NLi to RTCu, and although the same
reagents are produced the sequence may impact the reaction outcomes. Although the mixed
amidocuprates are generally less thermally stable than the mixed phosphidocuprates,
steric hindrance in the amine increases thermal stability3a as does the more coordinat-
ing solvent THF. By solvent coordination to sites on copper, β-hydride elimination is
suppressed. The phosphido(RT)cuprates gave higher yields than the amido(RT)cuprates
upon reaction with 2-cyclohexenone, 1-iodooctane and cyclohexene oxide, and both
reagents displayed improvements of 10–20% upon addition of LiBr4. Both reagents
afford comparable yields in coupling reactions with allylic halides, enones, acid chlorides,
epoxides and alkyl halides, although sterically hindered enones such as isophorone give
significantly higher yields with the phosphido(RT)cuprates3b. Mixed amido(RT)cuprates
prepared from lithiated imidazole or pyrrole and CuCN are reasonably effective in reac-
tions with epoxides, alkyl halides, enones and vinyl triflates, although the mixed cuprate
appears to be in dynamic equilibrium with RCu(CN)Li and the lithiated heterocycle5.
The lithium hexamethyldisilazido(n-Bu)cuprate displays excellent reactivity (greater than
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2-thienylCu(n-BuLi)žLiCN but less than n-Bu2CuLižLiCN) in Et2O, but not in THF, for
coupling with 2-cyclohexenone6. These reagents have not received widespread use in
synthesis.

Computational studies reveal that the amido ligands do not competitively transfer from
copper (i.e. vinyl > Me � alkynyl, cyano, heteroatom, CH2SiMe3) due to the greater
trans-effect of the heteroatom ligand, and the greater affinity of the N-atom for the Li-
cation in the cuprate cluster in the transition state7. While the C−N bond strength may
play a minor role7b, the cuprate cluster dominates in regulating ligand selectivity and
reactivity.

Although an early NMR study hinted at multiple species in MeLi/Et2NCu solutions,
little structural information was elucidated8. The preference of the lithium ions in the
cuprate cluster for the N-atoms was confirmed by NMR solution studies and X-ray struc-
ture determinations9,10. In Et2O, the amidocuprates exist largely as head-to-tail dimers in
equilibrium with the monomer. In THF, the dimer collapses to a monomer and then
ultimately to the lithium amide dimer and RCu9a. The alkylcopper decomposes via
β-hydride elimination if β-hydrogen atoms are available. In toluene, amidocuprates pre-
pared from mesitylcopper undergo a Schlenk-type equilibrium to afford three mixed
amido(aryl)cuprate dimers 1–3, the homo arylcuprate dimer 4 and the homo amidocuprate
dimer 5 (Figure 1)10. These structural studies provide crucial insight into enantioselec-
tivites obtained from enantioenriched amido(alkyl)cuprates prepared with chiral amide
ligands (vide infra).

2. Chiral non-transferable ligands

Enantioselective cuprate-mediated reactions can be effected by the use of substrates
containing a chiral auxiliary11, complexation of a dialkyl or diarylcuprate to a neutral
chiral ligand12 or by utilization of heteroatomcuprate reagents where the chirality resides in
the non-transferable heteroatom ligand11,13. The use of (−)-sparteine by Kretchmer in the
copper-catalyzed conjugate addition of Grignard reagents to enones was the first reported
attempt at enantioselective organocopper reactions14. Early work on the use of chiral
amidocuprates to effect asymmetric conjugate addition reactions has been reviewed11.
Although high enantiomeric excesses (ee) were obtained (e.g. as high as 88%), in some
instances, the ligands did not prove general for a range of substrates and transferable
ligands15. The use of bidentate and tridentate ligands containing additional heteroatoms
for coordination to the cuprate cluster was frequently examined.

A large number of enantioenriched amido ligands were examined by Bertz16, Dieter17,
Rossiter18 and their coworkers for asymmetric conjugate addition to enones. The studies
largely involved simple cyclic ketones and ligand screening was generally performed with
2-cyclohexenone. Initial examination of proline-derived amidocuprates gave promising
results17a that later work found difficult to replicate17b. Bertz and coworkers16 examined
nearly fifty chiral amines, amino alcohols and alcohols for transfer of the phenyl group,
and found the vast majority to give very low to no enantioselectivity. Alkoxyamines
proved superior to hydroxyamines, which were converted to the N ,O-dianions for cuprate
formation. Poor reproducibility was achieved with (−)-ephedrine, which interestingly
gave higher ees in THF (50%) than in Et2O (20%). Enantioselectivities were slightly
affected by the cation (e.g. Li, Mg), added salt, solvent and temperature, and the best
conditions involved use of a lithium reagent, CuI, diethyl ether and reaction at −78 ◦C.
In some instances, reversal of the (R/S) selectivity was observed between Et2O and
THF. The best amines were (R)- or (S)-α-methylbenzylamine (6), (R)- or (S)-α-1-
naphthylethylamine (7) and (4S,5S)-(+)-5-amino-2,2-dimethyl-4-phenyl-1,3-dioxane (8)
(Figure 2, A; 30–50% ee).
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Cu NR2

CuR2N

Li
Li

R2N Cu NR2

Li Li

Cu

R2N Cu NR2

Li Li

R2N Cu NR2

(1) 64% (2)

(3) (4)

(5)

Cu NR2

LiLi

Cu NR2

Cu

Cu

LiLi

FIGURE 1. 1H–7LI HOESY NMR determined Schlenk equilibrium species for [Cu2Li2Mes2
(N(CH2Ph)2)2] in PhMe (R = PhCH2)10. Reprinted with permission from reference10 (Structural
studies on a Lithium Organo-Amidocuprates in the Solid State and in Solution) Copyright Wiley-VCH
Verlag GmbH & Co.

Dieter and coworkers examined several ephedrine and pseudoephedrine derived
diamines and triamines17b,c, while Rossiter and coworkers18 explored a series of chiral
diamines and triamines prepared from phenylglycine. These series of chiral amine ligands
(Figure 2, B; 9–21) all display a similar structural motif containing a phenyl group
attached to the stereogenic center bearing the cuprate appended N-atom with one or
two additional N-atoms present in the side chain for intramolecular coordination in
the cuprate structure. Several interesting patterns emerged from these studies. Cuprates
prepared from CuCN gave low to no enantioselectivity16,18d, while CuBr generally gave
lower chemical yields but higher ees than CuI17b,c. For the (S)-N-methyl-1-phenyl-
2-(1-piperidinyl)ethanamine[(S)-MAPP, 9] enantioselectivity increased with ring size
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(cyclopentenone < cyclohexenone < cycloheptenone > cyclooctenone: % ee, 45, 83,
96, 86) reflecting additional steric bias in the larger rings18b.

Although no asymmetric induction was observed in THF17b,c,18d, both bidentate and
tridentate amidocuprates gave comparable enantioselectivity in Et2O or dimethyl sulfide
(DMS) (Figure 2, B; 9, 11–14 vs. 18, 19, 21). Cuprates containing ephedrine-derived
tridentate ligands (i.e. 19) afforded good optical yields, which were suppressed by N-
methylation (i.e. 20), while the reverse occurred with the phenylglycine-derived ligands
(i.e. 17 vs. 18). The sole difference in these two sets of tridentate ligands, which display
complementary ee trends between the primary and secondary amides, is the presence
(ephedrine series) or absence (phenyl glycine series) of a methyl group on the carbon
framework. In addition, the two sets of bidentate ligands reveal a subtle but significant
interplay of substitution patterns on the Cu-bound N-atom and the ligand backbone. In the
ephedrine or pseudoephedrine series, either N-methylation or introduction of a piperidine
ring alone increased the observed ees (compare 13–16) and the effect is cumulative (i.e.
14) and independent (14 vs. 16 and 19 vs. 21) of the relative stereochemistry in the
ephedrine and pseudoephedrine ligands. The phenylglycine-derived ligands required both
N-methylation and piperidine ring introduction in order to achieve effective asymmetric
induction. Finally, N-methylation in the ephedrine and pseudoephedrine bidentate series
inverts the sense of asymmetric induction (i.e. S for 13 and 15 and R for 14 and 16) but
not for the tridentate ligands in either series (19–21). Although a single quadradentate
ligand (i.e. 22) was found that gave modest ees, this strategy did not prove superior to
the di- and tri-dentate ligands first examined18f.

A series of chiral amidocuprates derived from β-aminothioethers gave poor enantiose-
lectivity, but confirmed the change in facial selectivity for N-heterocuprates upon changing
the solvent from Et2O to toluene perhaps reflecting significant changes in cuprate solvation
and aggregation19.

While amidocuprates derived from the dianion of norephedrine or the monoanion of O-
methylnorephedrine gave poor enantioselectivity in n-butylcuprate additions to chalcone,
the N-silyl-O-methylnorephedrine-derived cuprates gave excellent yields and enantios-
electivities (Figure 2, 23)20. The β-silyl substituent greatly increased both the chemical
yields and enantioselectivities in these reactions. Again no to low enantioselectivity was
observed in THF.

Although the precise origin of these Cu(I) salt and ligand structural effects upon the
sense and extent of asymmetric induction are difficult to interpret, a model involving a
trans mixed chiral amido(alkyl)cuprate dimer invoked by Dieter and coworkers17a, and
elaborated on by Rossiter and coworkers18d, is consistent with recent NMR9 studies of
chiral amido(n-Bu)cuprates suggesting that these species are dimers in Et2O that rapidly
decompose to lithium amide dimers and alkylcopper species in THF solutions9a. In addi-
tion, the NMR studies suggest that the two lithium cations in the cuprate cluster are in
different environments9 that should be sensitive to structural variations in the chiral lig-
ands. Titration of a chiral amido(n-Bu)cuprate with 2-cyclohexenone reveals cleavage of
the dimer to a monomer upon Cu–alkene complexation, suggesting that enantioselectivity
is determined in the complexation event between the cuprate dimer and cyclohexenone9b.
Thus dimer–enone complexation affords a strongly bound enone–cuprate monomer that
undergoes reductive elimination to afford enantioenriched 2-n-butylcyclohexanone. Since
tridentate alkoxy(alkyl)cuprates give good ees in THF21 and no enantioselectivity in ether,
the implication arises that alkoxy(alkyl)cuprates display different solution dynamics17c. It
is also interesting that the cuprates derived from the bidentate alkoxides gave no enan-
tioselectivity in THF17c.

Grignard and organozinc reagents are generally required for reactions catalytic in copper
due to the reactivity and basicity of organolithium reagents. The asymmetric 1,4-addition
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A.  Transfer of Ph to Cyclohexenone from Scalemic Amidocuprates:

Ph N Ph

H
N

O O

PhHN

Et2O  23% (40% ee)  R Et2O  74% (30% ee)  S

Et2O      62% (50% ee)  R
THF      26% (0% ee)    -
Hexane  51% (30% ee)  S

(6) (7)

(8)

Ph

CH3N

N
Ph

CH3N

N
Ph

CH3N

N

Ph

CH3N

N

O

DMS  92% (81% ee)  S
Et2O   71% (88% ee)  S

Et2O   75% (37% ee)  S Et2O   69% (84% ee)  S

Et2O   35% (83% ee)  S
for 2-cycloheptenone

B.  Transfer of n-Bu to Cyclohexenone (or Cycloalkanones Noted) from Scalemic Amidocuprates:

Ph
N

NH

Ph
N

CH3N

Et2O   86% (78% ee)  S Et2O   96% (82% ee)  R

(9) (10) (11)

(12) (13) (14)

Ph

CH3N

N
N

DMS   92% (81% ee)  S
Et2O   75% (55% ee)  S

Ph
N

NH

Ph
N

CH3N

Et2O   60% (30% ee)  S Et2O   50% (53% ee)  R

Ph

NH

N
N Ph

CH3N

N
N

Et2O   79% (70% ee)  R Et2O   56% (10% ee)  R

(15) (16)

(18) (19) (20)

Ph

NH

N
N

(17)

DMS  61% (4% ee)  S

FIGURE 2. (continued)
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Ph

CH3N

N
N

Et2O   70% (66% ee)  R

N
N N

N

Ph

OCH3

R2R1SiN

DMS   92% (96% ee)  S
Et2O   99% (99.6% ee)  S

PhH/Et2O  64% (77% ee)   R

(21) (22)

(23)

FIGURE 2. Chemical yields and enantioselectivities in the reaction of chiral amido(n-Bu)CuLi with
2-cyclohexenone (unless otherwise noted)16,17b,c,18d,f,20

of n-BuMgCl to 2-cyclohexenone is catalyzed by an aminotropone iminate22. Low enan-
tioselectivities are obtained in THF (20%) and optimal conditions (74% ee) require the
addition of HMPA and TMSCl, which favor more rapid silylation of the carbonyl oxygen
in the rate-determining step involving reductive elimination22b. This is consistent with
kinetic isotope measurements23. This catalyst gives poor ees with other Grignard reagents
(i.e. RMgX, R = Me, Et, Ph, vinyl) and/or enones. Chiral amidocuprates derived from
diphenyl- or dicyclohexylphosphino-substituted pyrrolidinones have been used for the
catalytic asymmetric conjugate addition of butylmagnesium chloride and diethylzinc to
2-cyclohexenone affording good chemical yields, but poor to modest enantioselectivities
in Et2O24. Low ees are obtained for the Grignard reagent in other solvents (e.g. hexane,
PhMe, CH2Cl2, THF or MeCN) and when the cuprate is prepared from Cu(I) salts [e.g.
CuCl, CuCN, Cu(OTf)2] other than CuI. The zinc reagents offered no improvements under
these conditions.

The highest enantioselectivities observed for a copper-catalyzed 1,4-addition of
diethylzinc to acyclic enones (83–98% ee) were obtained with a 2-amino-2′-hydroxy-
1,1′-binaphthyl derivative and Cu(OTf)2 in non-polar solvents such as PhMe or
PhMe/chloroalkanes25. Much lower ees are obtained in more polar solvents such as THF.
Given the use of Cu(OTf)2 and the reaction conditions (i.e. no prior deprotonation of the
amide) it is unlikely that an amidocuprate reagent is generated, and the rigidity imposed
by the amide linkage is likely a function of complexation between the amide of the
binaphthyl ligand, the Cu(OTf)2 and the zinc reagent.

Major advances in the asymmetric conjugate addition of dialkylzinc reagents to enones
have been made using catalytic quantities of Cu(OTf)2 and sulfonamides26 or peptidic
amides27. Although the sulfonamides and peptidic amides contain acidic N−H hydrogen
atoms that could in principle lead to amido cuprates, the emerging picture is that covalent
N−Cu complexes are not formed. Rather the sulfonamides and peptidic amides serve as
templates to coordinate both the zinc reagent and the copper catalyst with both metals
ultimately binding to the enone substrates in a pre-organization leading to eventual transfer
of the ligand from zinc to copper followed by reductive elimination to afford the coupled
product.
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N-Functionalized organocuprates

3. Transferable N-ligands

Although N-heteroatoms generally function as non-transferable ligands, reaction con-
ditions have been developed for copper-mediated amine alkylation and arylation. These
copper-mediated amination28 – 30 reactions generally involve the intermediacy of mixed N-
heteroatom(R)copper(III) species, and can be classified as electrophilic28 or nucleophilic29

depending upon whether the leaving group is on the N- or C-centered substrate, respec-
tively (Scheme 1). Electrophilic aminations involve reaction of an organocopper reagent
with an electrophilic N-center to afford a mixed amido(R)copper (III) complex, which
affords the alkylated amine upon reductive elimination (A, Scheme 1). Alternatively,
reaction of a nucleophilic R2NCu species (e.g. amido, amidate, imidoyl etc.) with an aryl
halide affords the mixed R2NCuArL Cu(III) species that gives the arylated amine upon
reductive elimination (B, Scheme 1). The copper-mediated coupling of an aryl amine and
an aryl halide is known as the Goldberg reaction31 and is discussed by Penn and Gelman
in this volume. A third mechanistic pathway involves oxidative coupling of amidocuprates
(C, Scheme 1)30.

Alkyllithium reagents react with lithiated alkoxyamines to afford alkylated primary or
secondary amines32a isolated as the amides, and the chemical yields in this amine syn-
thesis decrease along the organometallic series RLi > R2CuLi > RMgBr > R3ZnLi
(equation 1)32b. The endocyclic restriction test (i.e. use of a substrate with potential
intramolecular pathways) coupled with cross-over experiments revealed that the reaction
followed an SN 2-mechanistic pathway involving displacement of the alkoxy leaving group
by the organometallic reagent. For copper reagents, this substitution step is followed by a
reductive elimination. Reaction of lithium N-tert-butyl-N-tosyloxycarbamate and copper
enolates provided for the preparation of N-Boc protected α-amino imides and α-amino
phosphonic esters (equation 2)33a, while utilization of lithium allyl-N-tosyloxycarbamate
affords allyloxycarbonyl protected α-aminophosphonic esters33b or allyloxycarbonyl pro-
tected aryl and heteroarylamines33b. These reactions involve either α-cuprioimides, α-
cupriophosphonic esters or arylcopper reagents and are likely to proceed via a more
reactive halocuprate reagent (e.g. ArCuBrLižSMe2). Cuprates derived from enantioen-
riched amides containing a cis-aminoindanolyl chiral auxiliary (equation 3) afforded, with
excellent diastereoselectivity (96.3 to >99% de), the N-Boc protected α-amino amides,
which upon hydrolysis with aqueous acid afforded scalemic (i.e. enantioenriched) α-amino
acids of high optical purity (89.4–98.2% ee)33b.

RM RNHCOPh
1.  LiNHOMe

2.  PhCOCl

M R  =  s-Bu R  =  Ph

Li 68 91

MgBr 19 54

RCuLi 58 83

Me2ZnLi 18 -

% Yield

(1)
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RM p-MeC6H4SO3N(Li)Boc RNHBoc

RM % Yield

N O

OO

Ph

Cu•LiI

R1CHPO(OEt)2

Cu•LiI

R1  =  Me

R1  =  Ph

55

80

50

(2)

O

N

O

R

O

N

O

R

(Boc)HN

1.  n-BuLi, THF, −78 °C

2.  CuCN, −78 °C

LiN

OSO2C6H4Me-p

Boc3.

R  =  Me, n-Bu, i-Pr, PhCH2, Ph 51–77% (de  =  99%)

(3)

The methodology was extended to N ,O-bis(trimethylsilyl)hydroxylamine34a, and to N-
alkyl(silyloxy)amines34b in combination with Gilman and R2CuLižLiCN reagents [R =
aryl (79–90% and 45–88% yields, respectively), heteroaryl (58–72% and 60–70% yields,
respectively), alkyl (48–80% yields)] where one ligand is presumably sacrificed to depro-
tonate the amine. The formation of alcohol by-products (5–18%) in the former reaction is
explained by a silyl migration from oxygen to the lithiated N-atom where bis(trimethyl-
silyl)amide becomes the leaving group. Speculatively, a concerted amine deprotona-
tion and ligand substitution was suggested34a. Phenylzinc reagents in the presence of
catalytic quantities of Cu(I) salts react with O-methylhydroxylamine to afford aniline
with increasing yields along the series PhZnCl < Ph2Zn < Ph3ZnLi35a,b. Lower yields
were obtained with the stoichiometric zinc cuprates Ph2CuZnCl and PhCu(CN)ZnCl. A
kinetic study and linear Hammett plots for the reaction of R2CuMgBr and RCu(CN)ZnR
(prepared from R2Zn and CuCN) with O-methylhydroxylamine are consistent with SN 2-
type aminations35c. The reaction with Me3SiNHOSiMe3 has been applied to the synthesis
of ferrocenyl amines36. Although the use of mixed 2-thienyl(cyano)- or tert-butyl(cyano)
cuprates gave modest yields (39–56%), the reaction could not be scaled up to 50 mmol.
The bis(ferrocenyl)cuprates derived from CuCN gave lower yields (36%), but excellent
reproducibility and scale-up potential.

Nevertheless, both N-monoalkyl- and N ,N-dialkylbenzoyloxy amines (equation 4)
undergo copper-catalyzed substitution reactions with diorganozinc reagents to afford sec-
ondary and tertiary amines, respectively37. Grignard reagents can also be employed,
but deprotonate the N-monoalkylbenzoyloxy amines failing to give secondary amine
products37d. The reaction can be catalyzed by a variety of Cu(II) and Cu(I) salts (e.g. CuI,
CuCl2, [CuOTf]2C6H6), and shown by the endocyclic restriction test and cross-coupling
experiments to be consistent with an SN 2-mechanistic pathway37d. Thus, it is interesting
that the reaction appears insensitive to steric hindrance about the electrophilic nitrogen
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center (equation 4)37c. While the endocyclic restriction test and cross-over experiments
rule out an intramolecular oxidative addition, the insensitivity to steric hindrance appears
inconsistent with a simple SN 2 pathway.

R1

R

N
O Ph

O
R1  =  H;  R  =  i-Pr

R1  =  Me3CCH2;  R  =  H

R1

R

N
Ph[CuOTf]2C6H6

THF, r.t., 15–60 min
+ Ph2Zn

72%

74%

(4)

The reaction of amidocopper reagents with ICH2ZnI affords α-aminomethylcopper
intermediates, which react with allylic halides to afford homoallylic amines (equation 5)38.
The proposed mechanism invokes an amidocopper–ICH2ZnI complex 24 within which N-
ligand migration with loss of the iodide leaving group affords the α-aminocopper species,
which can undergo further reaction.

N Cu IZnCH2I
N

Cu

I
Zn

Bu-n

N CH2Cu + ZnI2

N Bu-n

76%

(24)

C
H2

I

Br

(5)

Primary amines can be prepared by reaction of alkylcopper species generated from
either alkyllithium or alkyl Grignard reagents with 4,4′-bis(trifluoromethyl)benzophenone-
o-methylsulfonyloxime, followed by hydrolysis of the resultant N-alkyldiarylimine39 26
(Scheme 2). Chemical yields are improved by addition of polar additives such as HMPA
or TMEDA. Grignard or lithium reagents in the absence of copper fail to give sub-
stitution products in the polar solvents. Lithium dialkylcuprates afford the unsubsti-
tuted imine presumably arising via hydrolysis of a more stable (i.e. 27 vs. 25) N-
diarylmethanimino(dialkyl)copper(III) intermediate 27. Oxidation of this imino(dialkyl)
copper(III) intermediate with molecular oxygen affords the alkylated imine in low yield
(39%) along with the 4,4′-bis(trifluoromethyl)benzophenone azine dimer (21%). It is
speculated that alkylcopper reagents afford an Ar2C=NCuR(OSO2OMe) copper(III) inter-
mediate 25 more prone to reductive elimination to give Ar2C=NR39b. It is therefore
noteworthy that Grignard reagents in the presence of catalytic quantities of CuCNž2LiCl,
where the reactive agent is most likely R2CuMgX, afford good yields of primary amines.
The reaction gave very low yields for arylcopper compounds and primary arylamines
were prepared from aryl Grignard reagents in an Et2O/PhMe solvent mixture39b.
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N-Functionalized organocuprates

Acetone O-(2,4,6-trimethylphenylsulfonyl)oxime reacts with arylzinc reagents in the
presence of catalytic amounts of CuCN to afford modest yields of N-arylated imines35a.
Yields increase along the series Ph2Zn < PhZnCl < Ph3ZnLi and 20 mol% of CuCN
affords higher yields. Yields could be increased by use of two equivalents of 1,3-dimethyl-
3,4,5,6-tetrahydro-2(1H )-pyrimidinone (DMPU)40. Lower yields of product are obtained
with the stoichiometric cuprate reagents. Low yields were obtained with PhLi and poor
to modest yields with Gilman cuprates35b. Modest yields could be achieved with Grig-
nard reagents, magnesium cuprates, zinc cuprates and lithium aryl(cyano)cuprates with
the latter giving the highest yields (76%). Although modest yields could be achieved with
benzylzinc reagents (56–62%), alkylzinc reagents gave low yields of N-alkyl imines.
Competitive kinetic studies and Hammett plots gave reaction constants for the Grignard
(ρ = −2.94; r = 0.977) and zinc cyanocuprate (ρ = −0.84; r = 0.936) substitution reac-
tions on the N-atom41, consistent with a decrease of charge on the aryl organometallic
reagent in the transition state for substitution. The greater ρ-value for the Grignard reagents
reflects the difference between the carbon-centered nucleophile in the Grignard vs. the
Cu-centered nucelophile in the cuprate reagents. The authors posit an SN 2 pathway for
the Grignard reagents and an oxidative–addition reductive–elimination pathway for the
copper reagents.

This N-imination strategy has been extended to the copper-catalyzed reaction of oxime
O-carboxylates with boronic acids and organostannanes42 (equation 6). The reaction is
catalyzed by a variety of Cu(I) and Cu(II) salts and suggested to proceed via copper
oxidative addition to the N−O bond, followed by transmetallation of a Cu(III) intermediate
(i.e. 28) and subsequent reductive elimination.

Ph Ph

N
OCOC6F5

Ph Ph

N

Cu

OCOC6F5

X
Ph Ph

N
R

III
S CO2Cu

or
Cu(OAc)2

RB(OH)2or

RSn(Bu-n)3

52–98%

R  =  Ph, 2-naphthyl, o-MeC6H4, p-MeOC6H4, m-HOC6H4, m-(OHC)C6H4, 2-thienyl,
2-furyl, vinyl, p-CF3C6H4, p-ClC6H4, (E)-PhCH=CH2, (E)-n-BuCH=CH2, 2-CHO-3-
MeOC6H3,3,4-methylenedioxyC6H3

(28)

50–70 °C

(6)

A third general approach to copper-mediated amine synthesis involves treatment of
alkyl- or aryl(amido)cuprates [i.e. R(R1R2N)CuLi or Ar(R1R2N)CuLi] with molecular
oxygen or a variety of other oxidants to afford alkylated or arylated amines via an oxidative
coupling pathway. Primary or secondary amines react with Gilman reagents or alkylcopper
species generated from Grignard reagents to afford substituted amines after quenching
with molecular oxygen43. Higher yields are obtained in polar solvents and with an excess
of the organocopper reagent. The alternative sequence involving reaction of butylcopper
with lithium butylheptylamide gave similar yields of product suggesting the intermediacy
of lithium alkyl(amido)cuprates. The formation of N-(o,o′-diethoxyphenyl)piperidine in
51% yield when copper piperidide and the aryllithium reagent are heated at reflux in
THF–hexane illustrates the robust stability of aryl(amido)cuprate reagents.
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Reaction of o-lithiated tertiary benzamides with anilinocuprate reagents (e.g. ArRN-
CuXLi: R = H, Me and X = Cl, CN, 5.0 equivalents) afforded N-arylanthranilamides
(23–63%), which could be parlayed into a synthesis of acridones (25–95%)44. Alkyl-,
aryl- and alkenyl(amido)cuprates prepared by either addition of lithium amides to RCu
(CN)Li, amines to cyano Gilman cuprates (i.e. R2CuLižLiCN) or by addition of cuprio-
amides to organolithium derivatives all gave similar yields (45–62%) of N-alkylated, ary-
lated or vinylated amines upon treatment with molecular oxygen (equation 7). Variable
amounts of C–C homocoupling products were observed45. The procedure could be adapted
to lithiated hydrazines to afford N-alkylated or arylated hydrazines (20–60%). EPR obser-
vation of diisopropyl, diethyl or diphenyl nitroxide signals upon addition of dioxygen
to lithium amidocuprate solutions suggested the formation of aminyl radicals. Oxygen-
quenched solutions also displayed EPR signals for Cu(II) complexes upon warming to
room temperature. Improved yields were achieved by utilization of zinc cyanocuprates
and lithium amides coupled with careful selection of oxidizing agents45b. An oxygen/o-
dinitrobenzene (20 mol%) combination proved effective for the zinc cuprates, while a
Cu(NO3)2/O2 oxidizing system proved more effective for the lithium cuprates45b.

i-Pr2NLi    +    RCu(CN)M′ i-Pr2NR

RCu(CN)Li

RCu(CN)ZnCl•LiCl

Oxidant

O2

RCu(CN)ZnCl•LiCl O2/o-C6H4(NO2)2 (cat)

O2

R  =  n-Bu            PhCH=CH           Ph

50

85

-

45

-

60

60

30

70

Cuprate

oxidant

% Yield

(7)

Good yields of monoaryl-, diaryl- or triarylamines as well as heteroaryl amines can be
prepared by oxidation of lithium(amido)cuprates with chloranil46. Halogen metal exchange
of aryl iodides with i-PrMgCl (equation 8), of aryl bromides with i-PrMgClž2LiCl or
Directed Ortho-Metallation (DOM, equation 9) with 2,2,6,6-tetramethylpiperidin-1-
ylmagnesium chloride–lithium chloride complex (TMPMgClžLiCl) generates the aryl
magnesium reagents, which afford the arylcopper reagents upon addition of CuCNž2LiCl
and one equivalent of (Me2NCH2CH2)2O. Addition of 2–3 equivalents of a lithium amide
followed by chloranil oxidation affords the amines. The procedure is compatible with a
range of functional groups46a,b including nitriles, esters, aryl iodides, aryl bromides, aryl
chlorides, ethers, carbonates and a variety of heteroaryl46c ring systems.

I

I

N

I

CF3

CF3

Cl

N

Li

CF3

CF3

Cl

1.  i-PrMgCl•LiCl (1.1 equiv), 0 °C, 15 min

2.  CuCl•2LiCl (1.1 equiv), −40 °C, 30 min

3.

−78 °C, 2 h

4.  chloranil (1.2 equiv), −78 to −40 °C, 12 h

(2 equiv)

71%

(8)
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OBoc

CO2EtEtO2C

N

MgCl•LiCl

(1.9 equiv)

0 °C

2.  CuCl•2LiCl, −50 °C, 45 min
(Me2NCH2CH2)2O

1.

3.  LiHMDS (2.0 equiv)
−50 °C, 90 min

4.  Chloranil (1.2 equiv)
−78 to −50 °C

BocO

CO2EtEtO2C

N

TMS

TMS

76% (9)

B. N-Carbamoyl(RT)cuprates
Gallina and coworkers introduced allylic carbamates containing an acidic hydrogen on

the N-atom as a directing group for syn-selective SN 2′-substitution reactions47. Although
the initial procedure47a gave complete selectivity with three equivalents of Me2CuLi
in diethyl ether, later work47b revealed substantial sensitivity of the regio- and stere-
oselectivity to the solvent and cuprate stoichiometry. Subsequent mechanistic studies
by Goering and coworkers elucidated the origin of these effects48. Slow addition of
Me2CuLi (3.0 equivalents) to Et2O solutions of carbamate gave excellent syn-SN 2′ sub-
stitution (i.e. 29) since this allowed cuprate deprotonation of the carbamate (with for-
mation of MeCu), N-heteroatom(Me)cuprate formation and subsequent intramolecular
allylic substitution (equation 10). Rapid addition of three equivalents of Me2CuLi in
Et2O resulted in intermolecular anti-SN2′-substitution that was competitive with forma-
tion of the N-heteroatom(methyl)cuprate, where the competing pathways led to reduced
selectivities. Conducting the reaction in THF accelerated carbamate deprotonation, and
N-heteroatomcuprate formation and excellent syn-SN 2′ substitution was again achieved.
Alternatively, the carbamate can be deprotonated with MeLi, followed by sequential addi-
tion of CuI and then an alkyllithium to introduce the alkyl group to be transferred. The
latter procedure is preferred, as it requires only one equivalent of the alkyl ligand to be
introduced. Stoichiometric amounts of copper are required in order to form the amido-
copper intermediate, and use of catalytic copper is likely to lead to dialkylcuprates which
will react intermolecularly with anti-SN 2′ or SN 2 substitution. This syn-SN 2′ substitution
procedure is sensitive to steric hindrance where decomposition of the cuprate is compet-
itive with allylic substitution. A sterically hindered trans-α-methyl-γ -mesitylallyl system
gave exclusive γ -substitution as a 97:3 mixture of E/Z alkenes in 25% yield after several
days at 0 ◦C.

O2CNHPh

D

Me D

D

Me

Me2CuLi (3.0 equiv)

Me2CuLi (3.0 equiv)

Me2CuLi (3.0 equiv)

i.  MeLi.  ii. CuI.  iii.  MeLi

Et2O, add slowly

Et2O, add rapidly

THF

THF

(29) (30)

98:2

52:48

>99:<1

>99:<1

96:4

13:87

>99:<1

>99:<1

79

88

66

70

Reagent Conditions 29:30 cis:trans % Yield

reagent
0 °C then

25 °C, 10 h
+

(10)
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The procedure has been employed in a number of synthetic applications49 and works
well in the absence of steric congestion49a.

This intramolecular allylic substitution protocol has been applied to the synthesis of
allylsilanes50a, and extended to the preparation of β-carbonyl siloxanes via an intramolec-
ular conjugate addition reaction50b. While carbamates derived from simple acyclic primary
alcohols give very modest γ -selectivity [e.g. E-2-pentenol (65:35), 3-methyl-2-pentenol
(56:44)], SN 2-substitution can predominate [e.g. Z-2-pentenol (29:71, SN 2′:SN 2)]50a. Car-
bamates derived from simple acyclic secondary and tertiary alcohols generally give clean
γ -substitution (i.e. SN 2′) and E-olefin geometries, but can afford E/Z mixtures of dou-
ble bond isomers 32 and 33 (equation 11). The Z-carbamates are often far more E-
selective than the E-carbamates, particularly when amido(silyl)cuprates are employed
(equation 12). Preference for the E-alkene product arises from a smaller A1,3-strain in
the transition states 34 and 36 than in the transition states 35 and 37 leading to the Z-
alkene product (Scheme 3). The transition state energy differences (e.g. 36 vs. 37) are
greater in the Z-allylic carbamates than in the E-isomers (e.g. 34 vs. 35) leading to a
greater stereoselectivity.

Me3Si

OCONHPh

Me3Si

R

Me3Si

R1.  n-BuLi or MeLi
THF

+

E-31 Me 40              90:10

Z-31 Me 74              100:0

E-31 Ph 59              93:7

Z-31 Ph 87              100:0

Carbamate R % Yield       (32:33)

(31) (32) (33)

2.  CuI
3.  RLi

(11)

Ph

OCONHPh

Ph

Ph

Ph

SiMe2Ph

SiMe2Ph

1.  n-BuLi, THF
2.  CuI

3.  PhMe2SiLi

+

+

E 68%    (39:8:52)
Z

PhMe2Si

75%   (100:0:0)
(12)
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Me3Si

O
H

Me

H

Me3Si

H
O

Me H

N

O

Cu

Ph

R

NCu
O

Ph

R

H

Me3Si
O

Me H

NCu
O

Ph
R

H

O

Me

Me3Si

N

O

Cu

Ph

R

E-allylic
carbamate

A1,3

A1,3

Z-alkene
 product

(minor)

Z-alkene
 product

(minor)

E-alkene
 product
(major)

E-alkene
 product
(major)

(34) (35)

(36) (37)

H
Z-allylic

carbamate

SCHEME 3. A1,3-strain responsible for (E )-selectivity in carbamate mediated syn-SN 2′-allylic
substitutions

Steric hindrance can significantly impact chemical yields, regiochemistry and alkene
geometry (equations 13 and 14). Carbamate-directed intramolecular conjugate addition
of silylcuprates in δ-carbamoyl-α,β-enonates affords β-diphenyl(hydroxy)silyl-substituted
esters with modest diastereoselectivity (85:15)50b.

OCONHPh

R R

SiMe2Ph

(  )n (  )n

R  =  Me, Ph, i-Pr
n  =  1,2

20–45% (51–92%)
(based on recovered 
starting material)

1.  n-BuLi, THF
2.  CuI

3.  PhMe2SiLi
(13)

OCONHPh SiMe2Ph SiMe2Ph

+

16% 34% (E:Z  1:1)

1.  n-BuLi, THF
2.  CuI

3.  PhMe2SiLi (14)

Magnesium amido(silyl)cuprates are Z-selective with E-allylic carbamates and E-
selective with Z-allylic carbamates51. CuI, CuBržSMe2 and CuIž2LiCl all give comparable
Z-selectivity, while CuCNž2LiCl gives significant decrease in Z-selectivity. This reversal
of selectivity with the magnesium cuprates is attributed to aggregation phenomena and a
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detailed explanation awaits further experimentation. Amido(alkyl)cuprates derived from
lithium, zinc and titanium reagents are E-selective with E-carbamates, while aluminum
reagents afford ligand-dependent E/Z-selectivity (equation 15)51a. Z-Allylic carbamates
are highly E-selective (equation 16).

PhMe2Si PhMe2Si

OCONHPh R

RM E:Z γ:α % Yield

Me3SiCH2Li 60:40 - 52

Me3SiCH2MgCl   5:95 - 82

Me2Ti(OPr-i)3Li 89:11 99:1 82

Et2Zn 90:10 >99:<1 77

AlMe3 76:24 >99:<1

MeLi 92:8 94:6

76

72

MeLi•LiBr, THF, 0 °C
CuI

RM, 0–22 °C

(15)

OCONHPh

R

PhMe2Si1.  MeLi
2.  CuI•2LiCl

3.  RM

RM E:Z γ:α % Yield

i-BuMgCl 93:7 98:2 93

i-BuLi >99:<1 100:0 93

PhLi >99:<1 >99:<1 55

Me3SiCH2MgCl 93:7 >99:<1 78

PhMe2Si

(16)

Reaction of carbamates with bis(triorganosilyl)zinc reagents in the presence of catalytic
amounts of CuI (5 mol%) afford γ -substitution with anti-selectivity (i.e. anti-SN 2′), and
this selectivity was observed even when the carbamate was deprotonated prior to addi-
tion of the zinc reagent and copper catalyst52. High levels of asymmetric induction can
be achieved intramolecularly when the substrate functionality and heteroatom ligand are
contained in the same molecule. Chiral N-carbamoyl(alkyl)cuprates derived from allylic
carbamates [i.e. (RCH=CHCH2OC(O)NR∗) CuR1] undergo an intramolecular allylic rear-
rangement with excellent enantioselectivities (R1 = Me, n-Bu, Ph; 82–95% ee), although
yields are modest (42–70%) due to unreacted starting carbamate53.

This protocol for the stereoselective preparation of allylic silanes has been utilized in
synthetic applications54. Nevertheless, the methodology can fail when steric hindrance in
the substrate becomes a problem55.
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III. ORGANOCUPRATES WITH AN α-N-SUBSTITUENT
Metallation adjacent to a N-heteroatom generally involves lithiation followed by transmet-
allation to copper. These α-N-heteroatom-substituted alkyl or heteroarylcuprates generally
undergo typical cuprate reactions, but with modification of cuprate reactivity. The only
exceptions to the transmetallation protocol appears to be the insertion of CO or zinc
carbenoids into a Cu−N bond.

A. Carbamoyl, α-Imidomethyl, α-Iminomethyl, α-Formamidinyl-
and α-Azoalkylcuprates

Lithium bis(N ,N-diethylamido)cuprate absorbs two equivalents of carbon monoxide
at ordinary pressure and ambient temperature in THF:HMPA (4:1) to afford lithium
bis(N ,N-diethylcarbamoyl)cuprate [i.e. (Et2NCO)2CuLi], which reacts with PhI, allyl bro-
mide and RCOX (R = Me, Ph, EtO) to give amides and α-oxoamides (or oxamic esters for
R = EtO), respectively, in variable yields56a. Higher, but modest, yields (49–61%) were
obtained when the reaction was conducted between 60–80 ◦C and at elevated CO pressures
(50 kg cm−2). Reaction with methyl vinyl ketone at −78 ◦C gave Et2NCOCH2CH2COMe
in 78% yield. Preparation of the carbamoylcuprate with CuI instead of CuCl extended
the method to N-methylanilide derivatives56b. Reaction of carbamoylcuprates 38 prepared
from CuI in less polar solvents (e.g. Et2O) with mineral acids, Br2/NaOMe, carbon diox-
ide or PhI/Pd0 afforded formamides 39, carbamates 41, oxamic acids 42 and amides 43,
respectively, under mild conditions (Scheme 4)57. Oxidation of the carbamoylcuprate with
Br2 or TiCl4 effected oxidative dimerization to oxamides 40.

As already noted, zinc carbenoids (e.g. ICH2ZnI) insert into the Cu−N bond to afford
α-aminoalkyl cuprates, which can be alkylated with very reactive allyl halides, but are
unreactive toward less reactive electrophiles38. Similarly, the zinc phthalimidomethyl-
cuprate reacted with 3-iodo-2-cyclohexenone to give the substitution product in good yield
(72%), but was unreactive with other electrophiles58, and did not react with nitroalkenes
in conjugate addition reactions.

α-Imidocopper reagents (i.e. copper(I) aldimines) generated by addition of organo-
lithium reagents to tert-butyl isocyanide followed by treatment with one equivalent of a
Cu(I) salt (e.g. CuI, CuBržSMe2) are unstable at room temperature and decompose to form
amides and imine dimers59. In the presence of BF3žEt2O, t-BuN=C(Cu)Bu-n underwent
conjugate addition to cyclohexenone (71%), 3-penten-2-one (95%), methyl vinyl ketone
(39%) and hexenal (88%) in modest to excellent yields, although with enals the imine
product was hydrolyzed during work-up. This acyl anion protocol has not been utilized
in synthetic applications.

Glycine templates have been developed employing bislactim ethers for the asym-
metric synthesis of non-proteinogenic α-amino acids60 (equation 17). Although these
organometallic species may be viewed as α-metallo imines or metallo aza enolates (vide
infra) depending upon which nitrogen atom is the focus of attention, the latter descrip-
tion best reflects their reactivity profile. The lithium aza enolate can be converted into
the organocuprate and the latter reagent undergoes conjugate addition reactions with
α,β-unsaturated carbonyl compounds to afford conjugate adducts 44. Small amounts
of 1,2-addition products (e.g. 45) arise from enals and β,β-dialkyl-substituted enones.
Extended 1,6-conjugate addition occurs in preference (2:1) to the 1,4-addition when both
opportunities exist61. Excellent stereoselectivity is achieved at the ring carbon atom of
the bislactim ether, while stereocontrol at the newly created stereogenic center β to the
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N-Functionalized organocuprates

carbonyl of the original enone or enal varies widely (i.e., 1′ in 44). The lithium bislactim
ethers can be effectively alkylated with simple alkyl halides, but the copper reagents have
been employed for benzyl halide derivatives bearing a nitro group62 or when the lithium
reagent failed with alkyl halides63.

N

N

MeO

OMe

N

N

MeO

OMe

R2

O
N

N

MeO

OMe

R1R R1 HO R2

R

R             R1              R2

(44)

44  (2R,1'R):(2R,1'S)

2 1'

(45)

44:45 % Yield

−(CH2)2−

−(CH2)3−

−(CH2)4−

−(CH2)2−

H

H

H

Me

Ph

2-Furyl

H

H

H

Me

Me

Me

98:2

94:6

89:11

50:50

45:55

61:39

H     -

>99:<1

97:3

>99:<1

  84:16

94:6

  82:11

95:5

71

71

66

52

62

60

39

1.  n-BuLi, THF, −78 °C
2.  CuBr•SMe2 (0.5 equiv)3.

O

R2R1

R

+

(17)

N-Methyldiphenylmethanimine (i.e. Ph2C=NMe) can be lithiated with LDA or n-BuLi,
and converted into an organocopper reagent with one equivalent of CuBržSMe2 that effects
an SN 2′-allylic substitution with propargyl mesylates to afford α-allenic amines in low
yields (14–54%)64. Gilman reagents and organocopper reagents prepared with other Cu(I)
salts give lower yields. Imine hydrolysis could be achieved with aqueous oxalic acid,
and the amines isolated as the oxalate salts or free amines upon treatment with NaOH.
The procedure has been utilized for the preparation of scalemic α-amino allenes from
enantioenriched propargyl mesylates utilizing CuCNž2LiCl to generate the organocopper
species (i.e. RCu)65.
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Vinylborates derived from 1-(N-tert-butylimidoyl)-2-pyrrolinyllithium (i.e. 2-Li-c-
C4H5N-CH=NBu-t) undergo transmetallation with CuCN (1.46 equiv) to afford organo-
copper or cuprate species that can be alkylated with allyl and benzyl halides (50–60%) and
vinyliodonium salts (61%), although the reaction fails with heteroaryl- and alkynyliodo-
nium salts66. Treatment of the 2-pyrrolinyllithium reagent with pentynylcopper affords a
mixed homocuprate that can be allylated with allyl bromide in 87% yield67.

Reaction of N-sulfonyl-2-pyrrolinyllithium with Gilman reagents results in coupling
with concomitant ring opening to afford stereoselectively a vinyl organometallic species
that can be trapped with alkyl and allyl halides, I2, and chlorotrimethylstannanes to afford
homoallylic amines with stereodefined olefin geometry (equation 18)68.

N

S

R

M
MN

Trs

E

NTrs

H (Me)

1.  t-BuLi

2.  R2CuLi

E+

OO

Pr-i

i-Pr

i-Pr

Me

n-Bu

t-Bu

t-Bu

Me3Sn

Me

H2O

MeI
CH2=CHCH2Br

MeI
Me3SnCl

MeI/HMPA

H

Me

allyl

I2 I

Me

Me

71

92

88

92

37

75

73a

a N-Methylation also occurred.

R

E+ ER % Yield

Me2C=CH(CH2)2

Me3Sn

Trs = 2,4,6-triisopropylbenzensulfonyl

(18)

As the above examples illustrate, the early success of cuprate reagents containing an α-
nitrogen atom consisted of sp2-centered ligands56,59,66 – 68, although aza allylcuprates also
gave good yields in conjugate addition reactions60 – 63 and modest yields with propargyl
substrates64,65.

The development of procedures for lithiation adjacent to the N-atom in amine deriva-
tives provided opportunities for cuprate chemistry via transmetallation69. Meyers and
coworkers70 as well as Gawley and coworkers71 prepared cuprate reagents from α-
lithio-tert-butylformamidines in order to avoid SET reactions observed in the alkylation
of the lithium reagents with alkyl halides. Dieter and coworkers extended the reactions
of formamidinylcuprates to 1,4-conjugate additions with α,β-enones72 and also examined
cuprates prepared from N-lithiated hydrazones73. The latter reagents underwent conju-
gate addition reactions with cyclic enones, enoates and alkylidene malonates with poor
diastereoselectivity. In both cases, difficulty in removing the tert-butylformamidine and
N-tert-butylazo protecting groups in the presence of the carbonyl functionality precluded
successful synthetic applications of these methods.
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B. α-(N-Carbamoyl)alkylcuprates
The easier removal of N-Boc (i.e. tert-butoxycarbonyl) protecting groups prompted an

examination of Beak’s α-lithiated carbamates for the preparation of α-N-functionalized
alkylcuprate reagents74. In initial studies, cuprates prepared by deprotonation of N-Boc-
pyrrolidine 46, with s-BuLi followed by addition of CuCN, gave low and capricious yields
of 1,4-adducts with 2-cyclohexenone (equation 19)74a. In marked contrast, utilization of
the N-Boc-2-pyrrolidinylstannane 47 to effect a transmetallation cascade from Sn to Li to
Cu afforded cuprate solutions that gave nearly quantitative yields in the conjugate addi-
tion reaction with 2-cyclohexenone74a. Although the conjugate addition yields appeared
to depend upon the diamine (and its purity) employed to assist carbamate deprotona-
tion, a subsequent study explored the effect of Cu(I) salt, s-butyllithium quality, solvent
and temperature upon α-(N-carbamoyl)alkylcuprate chemistry75. Good yields of conju-
gate adducts could be achieved when the cuprate was prepared from solid CuCN for
extended periods at low temperatures (e.g. −78 to −50 ◦C for 40–80 min) or shorter
periods at higher temperatures (e.g. 25 ◦C, 15 min). A more reliable procedure resulted
when the cuprate was prepared from THF soluble CuCNž2LiCl at low temperature (i.e.
−78 ◦C). A thermal stability study indicated that both the N-Boc-2-pyrrolidinyl- and N-
Boc-2-piperidinylcuprates displayed good stability at 20 ◦C for two hours. Modest yields
of 1,4-addition products could also be obtained when poor quality s-BuLi containing LiH
(solid suspension) and lithium alkoxides was employed in the deprotonation step. These
impurities appeared to increase the rate of cuprate decomposition as excellent yields were
obtained with high quality s-BuLi freshly prepared. These results suggest that the α-(N-
carbamoyl)alkylcuprates are significantly more stable than the lithium reagents and that
slow cuprate formation (e.g. solid THF insoluble CuCN, −78 ◦C) results in competitive
decomposition of the lithium reagent and diminished yields in the copper-mediated reac-
tions. Utilization of THF soluble CuCNž2LiCl allows cuprate formation at −78 ◦C where
the lithiated carbamates are more stable.

N X

1.  s-BuLi (clear, >1.0 M)
     Et2O or THF for 46

     or n-BuLi, −78 °C for 47
2.  Cu(I) salt, THF, −78 to −50 °C
3.  2-cyclohexenone, TMSCl, THF

N
Boc

Boc

cpd        Diamine                                  CuXa                   % Yield

46

47

46

46

TMEDA

-

(−)-Sparteine

TMEDA (distilled)

(−)-Sparteine (distilled)

(−)-Sparteine

46

46

CuCNb

CuCN

CuCN

CuCN

CuCN

CuCN•2LiClb

<12–41

98

71–73

71–73

95

90

a Cuprate formation at −55 to −40 °C unless noted. b Cuprate formation
at −78 °C.

(46)  X  =  H
(47)  X  =  Sn(Bu-n)3

O

(19)
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Utilizing the THF soluble CuCNž2LiCl protocol, α-(N-carbamoyl)alkylcuprates
undergo 1,4-conjugate addition to α,β-enones74b, α,β-enals74b, α,β-unsaturated carboxylic
acid derivatives (e.g. esters, thiolesters, imides)76, α,β-ynones77, α,β-ynoates76b,78, and
α-allenyl esters78,79 (Scheme 5). Conjugate addition to α,β-γ ,δ-allenyl esters occurred
stereoselectively anti to the substituent at the γ -carbon atom to afford (E)-3-carbamoylalkyl-
β,γ -unsaturated esters. These conjugate addition reactions require the use of TMSCl to
accelerate the reactions and can be accomplished with both cyano Gilman reagents [i.e.
R2CuLižLiCN, R = α-(N-carbamoyl)alkyl] and alkyl(cyano)cuprates [i.e. RCu(CN)Li, R =
α-(N-carbamoyl)alkyl] where the most effective reagent is substrate-dependent. Alkyl
(cyano)cuprate reagents give lower yields with α,β-enoates and higher yields with α,β-
ynoates or ynones than the Gilman reagent. Reaction of cuprates with α,β-alkynyl ketones
and esters may well proceed via a 1,2-addition or carbocupration process80 and the use of
TMSCl and CuCNž2LiCl in the α-(N-carbamoyl)alkylcuprate reactions facilitates E:Z iso-
merization of the intermediate α-cuprioalkenoate via the ketone or ester lithium allenolate.
Low to modest yields of conjugate adducts were generally obtained with α,β-unsaturated
nitriles and sulfoxides76b, while very modest diastereoselectivity was observed in the ynone
and ynoate conjugate adducts. This protocol could be extended to α,β-unsaturated nitro com-
pounds if dialkylzinc reagents and copper catalysts were employed81 where the procedure
was used in the preparation of triplex DNA-specific intercalators.

α-(N-Carbamoyl)alkylcuprates also participate in substitution reactions (Scheme 6)
with acyl halides82, vinyl iodides78,83, vinyl triflates84, allylic substrates (halides85,
sulfides85, phosphates85,86) and propargl substrates87 (mesylates, halides and phosphates).
For the 2-pyrrolidinylcuprate, vinylation with (E)-1-iodohexene proceeded in good yields
with both the Gilman (80–88%), RCu(Cl)Li (77–83%, R=2-pyrrolidinyl) and RCu(CN)
Li (69–73%) reagents. Higher yields were generally achieved with Gilman and RCu(Cl)Li
reagents in the acylation reactions. Use of the RCu(CN)Li or RCu(Cl)Li reagents is
efficient in α-(N-carbamoyl)alkyl ligand, although yields are slightly lower than those
obtained with R2CuLižLiCN. Alkyl(cyano)cuprates gave lower yields and excellent enan-
tioselectivities in reactions with enantioenriched allylic phosphates, while the Gilman
reagents gave higher chemical yields but lower enantioselectivities86. Propargyl mesy-
lates generally afforded comparable yields of α-amino allenes upon reaction with both
Gilman and alkyl(cyano)cuprates87c, but the latter were employed in reactions with enan-
tioenriched propargyl mesylates87d.

Substitution reactions with cinnamyl allyl halides or phosphates afforded mixtures of
rearranged (SN 2′) and unrearranged (SN 2) products and little regioselective control could
be achieved85. These results are consistent with initial formation of an olefin–copper π-
complex followed by allylic inversion (i.e. SN 2′ with generally anti stereoselectivity) to
give a σ -alkylcopper complex. This σ -allyl complex can undergo reductive elimination
to afford the SN 2′ substitution product or isomerize via a π-allyl complex to a rearranged
σ -allyl complex, which affords the SN 2 substitution product upon reductive elimina-
tion. Alkylation of α-(N-carbamoyl)alkylcuprate reagents with allylic sulfides prepared
from benzothiazole-2-thiol gave regiospecific SN 2 substitution in modest to good yields
(31–80%). Excellent regiocontrol could also be achieved with propargyl sulfonates and
epoxides resulting in exclusive SN 2′ substitution for most systems87. Propargyl acetates
were unreactive. Substitution without allylic rearrangement was only observed when
severe steric crowding was present in the α-(N-carbamoyl)alkyl ligand or in the propargyl
substrate.

These conjugate addition and substitution reactions of α-(N-carbamoyl)alkylcuprates
were exploited in the synthesis of nitrogen heterocycles78. Substitution reactions of α-
(N-carbamoyl)alkylcuprates with (E)-6-chloro-3-iodo-2-hexenoate (48) gave good to
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N-Functionalized organocuprates

excellent yields of piperidines 49a, indolizidines 49b and quinolizidines 49c contain-
ing a carboalkoxyalkylidene moiety on the carbon framework (Scheme 7) after N-Boc
deprotection and cyclization, while reactions with the (Z)-isomer 50 followed by N-Boc
cleavage and cyclization led to pyrrolin-2-ones 51a and pyrrolizidin-2-ones 51b in good
yields and indolizidin-2-ones 51c in poor yields. This route using the 3-iodoenoates is
preferable to the use of alkynyl esters (see Scheme 5), which afford mixtures of (E)- and
(Z)-γ -carbamoylenoates with poor diastereoselectivity. The conjugate addition reactions
α-(N-carbamoyl)alkylcuprates to α-allenyl esters 52 provide a diastereselective route to
4-alkylidene pyrrolidinones 53 and pyrrolizidinones78,79, while conjugate addition to α,β-
alkynylketones provided a synthesis of simple (e.g. 54) and fused pyrroles77 (Scheme 8).
The procedure is versatile permitting the introduction of substituents at three of the four
carbon atoms of the pyrrole ring system. Reaction of α-(N-carbamoyl)alkylcuprates with
propargyl mesylates provides a synthetic route to 3-pyrrolines87c and utilization of enan-
tioenriched propargyl mesylates 55 affords enantioenriched 3-pyrrolines 56 wherein the
ee of the propargyl mesylate is preserved in the final product (Scheme 8)87b,d. Arylpalla-
dium(II) species (e.g. PhPdL2I) can mediate nucleophilic cyclization of the intermediate
α-allenyl amines to afford, after reductive elimination, substituted 3-phenyl-3-pyrrolines
or 3-phenylpyrroles87b. Utilization of Ru3(CO)2 to effect amino allene cyclization gave
either 3-pyrrolines, pyrroles or 3-pyrrolidin-2-ones87c depending upon reaction conditions.

Control of absolute stereochemistry in bond formations adjacent to the N-carbamoyl
moiety was first achieved using chiral auxiliary methodology (equation 20). Transmet-
allation of diastereomeric N-(α-stannylalkyl) lactams 57 epimeric at the alkylstannane
stereocenter affords an epimeric mixture of organolithium reagents that rapidly equili-
brates to the more stable epimer 58. Treatment of the lithium reagent with CuCN (1.0
or 0.5 equivalents) affords enantiopure α-aminoalkylcuprates that gave a single diastere-
omer upon reaction with acrolein88. Conjugate addition to α,β-enones gave mixtures of
diastereomers epimeric at the β-carbon of the original enone. Diastereoselectivities are
poor with acyclic enones (56:44 dr) and modest to excellent with cyclic enones. The poor
diastereoselectivity at the β-carbon of cyclic enones arises from poor facial selectivity
during cuprate addition. Acyclic enones may also give poor diastereoselectivity at the β-
carbon center via E:Z isomerization arising from an equilibrium between a cuprate–enone
d–π* complex and starting materials.

The asymmetric deprotonation of carbamates developed by Beak and coworkers89 pro-
vided opportunities for the preparation of enantioenriched α-(N-carbamoyl)alkylcuprates
provided conditions could be found to maintain configurational stability during cuprate
preparation and subsequent reaction. Asymmetric deprotonation of N-Boc pyrrolidine
could be achieved with s-BuLi/(−)-sparteine at low temperatures in Et2O, but rapid
racemization occurred when conducted in THF89. This posed a problem since the α-
(N-carbamoyl)alkylcuprate conjugate addition and substitution reactions were generally
conducted in THF. Generation of the enantioenriched N-Boc-2-lithiopyrrolidine in Et2O
followed by addition of a THF solution of CuCNž2LiCl allowed rapid cuprate formation
at −78 ◦C with the latter reagent undergoing racemization at a significantly slower rate
than the lithium derivative90. Utilizing this protocol, good to excellent enantioselectivities
could be achieved in the vinylation, allylation, propargyl substitution reactions and the
conjugate addition reaction with methyl vinyl ketone (Figure 3). Less reactive substrates
afforded lower enantioselectivities and a low 20% ee could be achieved with benzyl acry-
late using a TMSCl/HMPA additive mixture that greatly accelerated the conjugate addition
reaction. Reactive cuprate/electrophile combinations that reacted rapidly at low tempera-
tures generally gave good enantioselectivities, while reagent/substrate combinations that
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were less reactive and required higher temperatures and/or longer reaction times generally
gave lower enantioselectivities.

O

NPh O

LiEt

O

NPh O

O

NPh O

Et Li

n-BuLi (1.1 equiv)−78 °C, 10 min

1. CuCN
   (0.5 or 1.0 equiv)

2. R
CHO

Et CHO

R

H

H

Me

1.0

0.5

1.0

78

96

85

100:0

100:0

100:0 (C4)

71:29 (C3)

(57)

(58)

% drR % YieldCuCN

(20)

Preparation of enantioenriched acyclic α-(N-carbamoyl)alkylcuprates proved more
problematic since direct deprotonation could not be achieved. An enantioenriched stan-
nane 59 was prepared and converted into scalemic cuprates 60 via a Sn to Li to Cu
transmetallation cascade (Figure 4)91. Gilman and zinc alkyl(cyano)cuprates gave mod-
est enantioselectivities in THF and no ee in Et2O, and enantioselectivities were again
electrophile-sensitive. The solvent effect is interesting and suggests that the acyclic analogs
are more configurationally stable than the cyclic derivatives. It is also interesting to note
that the α-(alkyloxy)alkylcuprate analogs gave higher ees in Et2O than in THF.

These asymmetric reactions were applied to the synthesis of several pyrrolizidine
and indolizidine alkaloids92 – 94. Alkylation of the cuprates derived from (S)-N-Boc-2-
lithiopyrrolidine with 2-iodo-5-chloro-1-pentene (61a) afforded a substitution product 62a
that could be converted into (+)-ent-heliotridane or (+)-isoretronecanol, while alkylation
of the cuprates with 2-iodo-6-chloro-1-hexene (61b) provided a synthetic route via 62b
to (+)-tashiromine contaminated with its diastereomer (+)-5-epitashiromine generated in
the hydroboration reaction (Scheme 9)92. The enantiopurity of the alkaloids matched the
enantioselectivity of the cuprate alkylation reaction, which was higher for Gilman reagents
than for the alkyl(cyano)cuprates. The diastereoselectivities reflect the hydrogenation and
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hydroboration stereoselectivities and optimization studies could examine more selective
reagents for these reactions.

The asymmetric vinylation reactions were also employed in synthetic routes to (R)-
(−)-pyrrolam A93 and (+)-elaeokanine A94 (Scheme 10). Enantioselectivities were par-
ticularly sensitive to cuprate reagent, substrate structure and reaction conditions in the
(+)-elaeokanine synthesis. The Gilman reagent gave excellent ees when vinylated with
ethyl (Z)-3-iodopropenoate (63), while the alkyl(cyano)cuprate in the presence of n-Bu3P
was more effective for vinylation with (E)-1-iodo-1-trimethylsilyl-4-bromo-1-butene (64).
Optimal conditions required vinylation at −40 ◦C to enhance the rate of vinylation against
the competitive rates of cuprate decomposition and racemization.

α-(N-Carbamoyl)alkylcuprate chemistry has been extended to the allylation of 3,7-
diazabicyclo[3.3.1]nonanes (e.g. N-bis-bispidine, equation 21)95, allylation of piperazines
(equation 22)96, diastereoselective 1,2-additions of α-(N-carbamoyl)propargylcuprates to
aldehydes (equation 23)97 and the allylation of 2-indolylcuprates with π-allyl Mo com-
plexes (equation 24)98. The α-lithiocarbamate can be generated by reduction of the α-
cyanocarbamate and the resultant cuprate undergoes alkylation and conjugate addition
reactions (equation 25)99. Dieter and coworkers have shown that two different carbamates
can be coupled by oxidation of the mixed α-(N-carbamoyl)alkylcuprate with molecular
iodine (equation 26)100.

N

N

Boc

Boc

N

N

Boc

Boc

H1.  s-BuLi (1.6 equiv), TMEDA
     Et2O, −78 °C, 7 h

2.  CuCN•2LiCl (1.0 equiv)

3. OPO(OPh)2

N-Boc-bispidine

(21)

N

N

Ph

Boc

N

N

Ph

Boc

R

1.  s-BuLi (2.4 equiv), TMEDA
     Et2O, −78 to −10 °C, 1 h

2.  CuCN•2LiCl (2.4 equiv)

3.  RX R  =  allyl       89%
R  =  benzyl   54%
R  =  n-Bu      89%

N

N

Ph

Boc

83%

R  =  allyl

  repeat
procedure

(22)

NO

O

Ph

N

O

R

HO

Ph

O

1.  s-BuLi, TMEDA

THF, −80 °C

2.  CuCN•2LiBr

3.  RCHO

75–88%  (dr = 86:14 to >95:<5)R  =  i-Pr, c-Hex, n-Pr, t-Bu, propenyl, pentynyl

(23)
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N

Cl Boc

N

Cl Boc

1.  s-BuLi, (−)-sparteine

t-BuOMe,  −78 °C, 3.5 h

2.  CuBr•SMe2, S(Pr-i)2,  THF

−78 °C, 30 min

Mo
CO NO

Cp

BF4

3.

−78 to 25 °C

4.  O2, CHCl3,  25 °C,  3.5 h

45%

+ _ (24)

N

Boc
CN

N

O

H

Boc1.  LiDBB, THF, −78 °C, 5 min

2.  1-hexynylcopper, P(OMe)3

−78 °C, 30 min
3. 2-cyclohexenone, TMSCl

60% (dr  =  9:1)

(25)

N

Boc

N

Boc N
N

Boc

Boc

1.  s-BuLi (2.2 equiv), TMEDA

THF, −78 °C, 2 h

2.  CuCN•2LiCl  (1.0 equiv)

3.  I2   (70%, 1.0 equiv)

(65%, 0.5 equiv)
65–70%

+

(26)

C. N-Heterocyclic Carbene–Copper (NHC–Cu) Complexes

N-Heterocyclic carbenes (NHC), containing two nitrogen heteroatoms alpha to the
carbene metal ligation, are an important emerging class of ligands for transition metal
mediated reactions101. They are effective ligands for a variety of transition metals and
provide significant ligand accelerated catalysis (LAC) in a number of transformations.
The N-heterocyclic carbenes can be readily generated from imidazolium and dihydroim-
idazolium salts via deprotonation with a variety of bases. Application of these ligands to
organocopper chemistry is relatively new, and developments have been outlined in two
recent reviews102. In many instances, the NHC–Cu complexes appear to be copper(I)
species with relatively few examples involving the cuprate or ate complexes.

NHC–Cu complexes were first reported as effective agents for copper-catalyzed con-
jugate addition reactions of dialkylzinc reagents103 and asymmetric conjugate additions
employing scalemic NHC–Cu complexes soon followed104. The LAC of these ligands is
attributed to their ability to stabilize the often-invoked Cu(III) intermediate via σ -donor
stabilization103. High enantioselectivities were achieved with lithium alkoxy carbene lig-
ands suggesting the possible intermediacy of alkoxycuprate reagents (equation 27)104d.
Cu(OTf)2 is often used and is presumably reduced to a Cu(I) species prior to formation
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of the active copper reagent promoting the conjugate addition reaction12b,105. The supe-
rior performance of Cu(OTf)2 appears to be related to its higher solubility in organic
solvents. Scalemic NHC–Cu complexes have also been developed that permit the asym-
metric conjugate addition of Grignard reagents to enones for the generation of quaternary
centers (equation 28)106. Restriction of conformational mobility about the N−C bond of
the N-substituent can be achieved by chelation (e.g. 65)106a or by steric biasing via sub-
stituents on the imidazole ring (e.g. 66)106b. The Grignard reactions appear to involve
ate complexes (e.g. NHCCuEt2MgX)106a or higher-order cuprates if the metal alkoxide is
intramolecularly bound to copper. In contrast, the organozinc reactions are more likely to
involve organocopper(I) reagents in the absence of intramolecular coordination of a metal
alkoxide or amide104f heteroatom center.

O

N N

HO

1.  (3 mol% cat.), n-BuLi (8 mol%), −50 °C

2.  Cu(OTf)2  (2 mol%),  Et2O

99% (85% ee)

3.  add 2-cyclohexenone

BF4
_

+

and Et2Zn at 20 °C

(27)

O

Me

O

Me
N N

HO

BF4

N N

O

BF4

EtMgBr(1.2 equiv) (2.0 equiv)

Cu(OTf)2 (6 mol%)(3 mol%)

ImH+(4 mol%) (8 mol%)

T, time −60 °C, 1.5 h0 or 30 °C, 30 min

99% conversion (81% isolated) (80% ee)  S 99% conversion (80% ee)  R

Ph Ph

O

Et2O

(65) (66)

+
+

_
_

(28)

The use of Grignard reagents and NHC–Cu complexes favor SN 2′ (67) over SN 2 (68)
substitution pathways in allylic substitution reactions (equation 29)107 and cuprates (i.e.
NHC–CuR2

− +MgX) were invoked as the active agents107b. In cyclohexenol derivatives,
syn-SN 2′ substitutions are favored over the anti-SN2′ pathways107b. Scalemic dimeric
NHC–Ag(I) complexes in the presence of Cu(II) salts catalyze asymmetric SN 2′ sub-
stitutions of allyl phosphates with dialkyl-108a, diallyl-108b and diarylzinc108b reagents.
Utilization of these NHC–Ag(I) complexes permits the use of air-stable CuCl2ž2H2O in
place of the moisture-sensitive Cu(OTf)2

108a. The dimeric NHC–Cu(II) complexes were
also isolated and shown to catalyze the enantioselective alkylation reaction, although
a copper(I) species (i.e. NHC–CuR) is most likely the catalytic active agent105. These
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reagents were used for the preparation of allylsilanes containing either tertiary or quater-
nary silicon-substituted carbon centers108b. They have also been utilized for the enantiose-
lective (73–95% ee) generation of quaternary centers by catalyzing the conjugate addition
of dialkylzinc reagents to 3-carboalkoxy-2-enones109. Similarly, both a monomeric cop-
per(II) alkoxy–NHC complex and a dimeric copper(II)–bisalkoxy-NHC complex serve
as pre-catalysts for the conjugate addition of Et2Zn to 2-cyclohexenone110.

Ph X
Ph Ph

N N

Cu

Cl

i-PrMgCl (1.5 equiv), 0 °C, 1 h

+

(0.001–1 mol%)
X  =  OCO2Et

X  =  Cl

Et2O 100%  (98:2)

THF   21%  (8:98)

Et2O 100%  (96:4)

THF 100%  (89:11)

(67) (68)

(29)

The NHC–Cu complexes (e.g. 69a–c) catalyze a number of copper-mediated trans-
formations (Scheme 11). They can be used as Stryker reagents for the hydrosilylation of
ketones111 and aldehydes111c,d, hydrocupration of alkynes112 and for conjugate
reductions111d,113 of α,β-enones and enoates. A tandem conjugate reduction–aldol reac-
tion has been reported with modest diastereoselectivity114. These NHC–Cu complexes
also catalyze the 1,2-addition of dialkylzinc reagents to N-tosylimines115, the addition
of arylboranes116 or alkyl groups117 to carbon dioxide and the 1,4-conjugate addition of
amines118b,c, alcohols118b,c and thiols118d to enones, acrylate esters and α,β-unsaturated
nitriles. A NHC–Cu complex of pinacol borane adds to alkenes providing vicinal Cu–B
substitution potentially allowing for subsequent transformations at the Cu and B sub-
stituted centers (equation 30)119. The pinacol borane NHC–Cu complex also effects the
1,2-diboration of aldehydes120.

D. α-N-Heteroarylcuprates

α-Heteroarylzinc cuprates prepared from 2-iodo-imidazoles121, thiazoles121, pyri-
dines122, indoles123 or quinolines121 react with allylic halides, 1-iodo-1-alkynes and 3-
iodo-2-cyclohexen-1-one to afford coupled products in good yields. These results illustrate
the facility with which sp2-centers bound to copper participate in ligand transfer.

While exploring the reactions of metallated heteroaryls, Knochel and coworkers found
the α-N-heteroarylzinc reagents to be generally unreactive with most organic electrophiles.
However, in the presence of stoichiometric or substoichiometric quantities of CuCNž2LiCl
efficient coupling with a variety of substrates (allylic, vinyl and alkynyl halides) was
observed121. The organozinc precursors were obtained by direct insertion of zinc metal
into the carbon–iodine bond of 2-iodo-1-methylimidazole, 2-iodoquinoline or 2-iodo-1,3-
thiazole in THF or N ,N-dimethylacetamide at 25 ◦C for one hour (zinc insertion into
some brominated analogues failed even when heated to reflux). Upon generation of the
organozinc species (e.g. 70–72), 5–10 mol% of CuCNž2LiCl in THF was employed for
cuprate formation before reaction with the electrophiles. The α-N-heteroarylcuprates gave
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good to excellent yields (68–91%, Scheme 12) of the substituted imidazoles (73a and b),
thiazols (74) and quinolines (75a and b). Smooth reaction with 3-iodo-2-cyclohexen-1-
one and 1-iodohexyne required stoichiometric amounts of CuCNž2LiCl, but resulted in
good chemical yields (Scheme 12, 70 and 68%).

N N

Cu

B(pin)

i-Pr

Pr-i

i-Pr

Pr-i

N N

Cu

i-Pr

Pr-i

i-Pr

Pr-i

Ph B(pin)

Ph

n-pentane, 25 °C, 20 min

91%

(30)

Later, Knochel and coworkers employed cuprate reagents derived from magnesiated
indoles (equation 31) and imidazoles (equation 32) for use in allylic substitution reac-
tions123. These Grignard reagents were prepared from the corresponding iodoindoles (e.g.
76) or iodo- or bromoimidazoles (e.g. 78) by halogen–magnesium exchange using i-
PrMgBr in THF124. Transmetallation from magnesium to copper was effected by treatment
with THF soluble CuCNžLiCl at −30 to −40 ◦C for 2 to 3 hours125,126. Addition of allyl
bromide afforded good to excellent yields of the coupled products 77 and 79 (57–84%).
Perhaps the most striking feature of this work is the extent to which other functional groups
are tolerated. In these examples, selective halogen–magnesium exchange was achieved on
polyhalogenated five-membered heterocycles (e.g. 76 and 78). Subsequent halogen–metal
exchange is exceedingly slow because of the electron-rich nature of the heterocyclic Grig-
nard reagent. Control of regiochemistry is also achieved in the case of tribromoimidazole
(78, equation 32). Halogen–metal exchange is directed to the 2-position via chelation of
the Grignard reagent to the ether oxygen atom. The vigorous reaction conditions (−80 to
+100 ◦C, 1 h, equation 32) illustrate the stability of the cuprate reagent. This methodol-
ogy has also been applied in the preparation of substituted, polyfunctionalized pyridines
(equation 33)122.

α-N-Heteroarylcuprates have also been used in the construction of novel, substituted
allyl purines127. Purines lithiated at the 6-position suffer from extensive rearrangement to
give the more stable 8-lithiated derivatives even at −80 ◦C. The corresponding purinylzinc
reagents have been prepared, but only Pd-mediated cross-coupling with aryl halides has
been reported121. Allylation at the 6-position was accomplished only with cuprates derived
from the corresponding Grignard reagents. The Grignard was prepared from 6-iodopurine
by halogen–magnesium exchange (i-PrMgBr, THF, −78 ◦C), and transmetallation to cop-
per was achieved using a variety of Cu(I) salts (e.g. CuCN, CuI). To determine optimal
conditions, several protocols, both stoichiometric and catalytic in copper, were examined.
The authors found that CuI (20 mol%) was superior to CuCN (10–100 mol%). The Cu(I)
salts were not solubilized with LiCl, and all experiments using CuCN were conducted
from 0 ◦C to room temperature presumably to insure cuprate formation (i.e. R2CuMgI,
80), whereas reactions with CuI were allowed to warm to room temperature from −80 ◦C.
Using the optimal conditions (CuI, 20 mol%, THF, −80 ◦C to rt), seven allylic halides
were chosen to probe the scope of the reaction (Scheme 13). Yields were poor to good
(7–54%), although poor regioselectivity was observed with 1-chloro-2-butene, which gave
a mixture of regioisomers 81 and 82 (Scheme 13, SN 2: SN 2′ = 59:41).
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N
I

I

SO2Ph

(76)

N

I

SO2Ph

(77)

1.  i-PrMgBr, THF

−30 °C, 2 h

2.  CuCN•2LiCl (1.0 equiv)

−30 °C, 1 h

3.  allyl bromide, −30 °C to rt, 2 h

84%

(31)

1.  i-PrMgBr, Et2O

25 °C, 2 h

2.  CuCN•2LiCl (1.0 equiv)

−30 °C, 1 h

3.  allyl bromide, −80 to 100 °C, 1 h

N N OEt

Br

BrBr

(78)

N N OEt

BrBr

(79)

57%

(32)

N MgCl

OSO2Ar

Br

N Cu(CN)MgCl

OSO2Ar

Br

N

OSO2Ar

Br

−78 °C, 1 h

−78 °C to rt allyl bromide

(1.0 equiv)

THF

(2.0 equiv)1 h

55%

CuCN•2LiCl

(33)

IV. ORGANOCUPRATES WITH A β-N-SUBSTITUENT

A. β-(N-Carbonyl)alkylcuprates

There are two β-aminocuprate derivatives where the N-atom is protected with a car-
bonyl functionality. These include the carbamate and amide derivatives and involve the
formation and utilization of zinc cuprate reagents.
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1. β-Cuprio-N-carbamoyl reagents

Knochel and coworkers developed a protocol by which chiral, amino acid derived, β-
N-carbamoyl cuprates may be prepared from the corresponding organozinc reagents128.
These reagents are of particular interest because of the intact stereogenic center β to the
copper atom. Once generated, the organozinc reagents undergo transmetallation to copper
(CuCNž2LiCl, 1.0 equivalents, 0 ◦C, 5 min) and the cuprate reagents react with several
classes of electrophiles to afford polyfunctional amines protected as carbamates. These
β-(N-carbamoyl)alkylcuprates react with a wide array of substrates including allyl and
vinyl halides, 1-iodoalkynes, acid chlorides, propargyl mesylates, trialkylchlorostannanes
and α,β-alkynyl esters. Reactions of cyclic β-(N-carbamoyl)alkylcuprates afford good to
excellent yields (Scheme 14, 63–96%) of coupled products. Reactions of chiral acyclic
ethyl carbamates were also reported to give good results (Scheme 15, 67–84%).

Other carbamates that have been used in cuprate-mediated allylation reactions include
the N-Boc-azetidines introduced by Billotte129. In this procedure, 3-iodo-N-Boc-azetidine
is converted to the organozinc reagent by treatment with Zn dust. Transmetallation to
copper (CuCNž2LiCl, 1.0 equivalents, 0 ◦C) followed by addition of allyl bromide gives
the coupled product in moderate yield (equation 34, 58%).

N

Boc

ZnI

N

Boc

Cu(CN)ZnI

N

Boc
58%

−78 °C

THF

Br

0 °C

THF

CuCN•2LiCl (34)

Hiemstra and coworkers used β-(N-carbamoyl)alkylcuprate reagents in reactions with
propargyl tosylates (or mesylates) to prepare allene precursors for use in synthetic routes
to bicyclic carbamates and lactams130. Only two examples with carbamates are noted, and
yields are modest to moderate (equation 35, 39–49%). The cuprates were prepared from
the corresponding organozinc species using a catalytic amount of CuBržSMe2 in DMF,
which was preferred over using stoichiometric amounts of CuCNž2LiCl.

NH

O ZnI

O
NH

O

O

R1

C

R R

CuBr•SMe2 (5 mol%)

DMF, −20 °C

R1
OTs

RR
R, R1  =  H, H   39%

R, R1  =  Me, H 49%

(35)

Reactions of β-(N-carbamoyl)alkylcuprates with aromatic, aliphatic and alkenyl acid
chlorides have also been reported131. The cuprates were prepared from the corresponding
organozinc reagents in THF and N ,N-dimethylacetamide (THF:DMA 1:1) at −25 ◦C
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with stoichiometric amounts of CuCNž2LiCl. Yields were generally good (equation 36,
65–78%), with the exception of propenoyl chloride that failed completely. An important
consequence of these reactions is that a N-substituted stereogenic center is installed β to
the newly generated ketone carbonyl.

MeO

NHBoc

ZnIO

MeO

NHBoc

Cu(CN)ZnIO

MeO

NHBoc

O

(1.0 equiv)

−25 °C

DMA:THF, 1:1

RCOCl

R % Yield131

Ph

CH2OAc

2-furyl

(CH2)4CH3

68

75

0

65

78

77

RO

CuCN•2LiCl

(E)-C( CHOCH3)CH2CH3

CH CH2

(36)

2. β-Cuprioamide reagents

Cuprate reagents, which possess an amide functional group β to the copper atom, have
also been reported to be effective conduits for installation of a nitrogen functionality
into organic frameworks. Knochel and coworkers explored these reagents while examin-
ing the corresponding β-amidozinc reagents from which the cuprates were prepared128.
Cuprates prepared from stoichiometric amounts of CuCNž2LiCl (1.0 equivalents) reacted
with allylic bromides, acid chlorides, trialkylchlorostannanes and α,β-alkynyl esters to
give the coupled products in moderate to excellent yields (Scheme 16, 34–93%). For
reactions involving secondary β-cuprioamide reagents the chemical yields are good to
excellent (76–93%), but diastereoselectivity remains uncontrolled (Scheme 17).
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Me3SnCl

CO2Et

Br

NHAc

Cu(CN)ZnI

NHAc

SnMe3

NHAc

CO2Et

−30 to 25 °C

4 h

THF

−30 to 25 °C

4 h

THF

93%, dr  =  1:1 76%, dr  =  1:1

SCHEME 17. Reactions of β-cuprioamide reagents with allylic halides and chlorostannanes128

Hiemstra and coworkers also investigated β-cuprioamide reagents in reactions with
propargyl tosylates and mesylates130. The cuprates were prepared from the corresponding
organozinc reagents using a catalytic amount of CuBržSMe2 in DMF. Chemical yields
are moderate (equation 37, 51–59%), but this methodology does allow incorporation of
oxygen-containing substituents and aromatic groups in the propargyl substrate.

R1 % Yield130

Ph

Me

H

CH2OAr

58

59

54

56

51

54

a TBS  =  tert-Butyldimethylsilyl

N
O

ZnI

H

N
O H

R1

C

RR

CuBr•SMe2 (5 mol%)

DMF, −20 °C

R1
OTs

RR

R

H

H

Me

H

H

H

H

CH2OTBSa

(37)

With designs on preparing bicyclic amines and lactams, Hiemstra and coworkers later
extended this work to include reactions with 1-iodoalkynes and allenyl bromides. Although
earlier work employed catalytic amounts of copper (CuBržSMe2), stoichiometric quantities
of copper (CuCNž2LiCl, 1.0 equivalents) were employed in these reactions132. Results
were moderate with yields ranging from 49–52% (Scheme 18).

Hielmgaard and Tanner reported reactions of β-cuprioamide reagents with a range of
aroyl, alkanoyl and alkenoyl chlorides131. The cuprates were prepared from the corre-
sponding organozinc reagents in a mixture of THF and dimethylacetamide (THF:DMA
1:1) with one equivalent of CuCNž2LiCl. Coupling of these reagents with acid chlo-
rides appears to be capricious with isolated yields ranging from moderate (44–51%) to
complete failure of the reaction (equation 38).
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N

O

CuCNZnI
H

N

O

H

N

O

H

R

−30 °C, DMF

4 h

−30 °C, DMF

4 h

I R

C Br

R  =  n-C5H11

R  =  CH2SiMe3

52%

49%

52%

SCHEME 18. Reactions of β-cuprioamide reagents with allenyl and alkynyl halides132

(1.0 equiv)

−25 °C

DMA:THF, 1:1

RCOCl

R % Yield131

Ph

CH2OAc

2-furyl

(CH2)4CH3

51

52

0

0

44

0

NO

ZnIH

NO

Cu(CN)ZnIH

NO

H

R

O

CuCN•2LiCl

(E)-C( CHOCH3)CH2CH3

CH CH2

(38)
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B. β-Cuprio-α-aminocarboxylates

β-Cuprio-α-aminocarboxylates such as 83 (Scheme 19) have been prepared by Jackson
and Dunn using the corresponding alkylzinc reagents derived from serine133. The goal
of this work was to develop a novel, convenient route to new unsaturated N-protected
amino acids. Initial work was largely confined to allylic substitution reactions employing
simple allylic halides and tosylates. Allylic chlorides outperformed bromides generally
giving higher chemical yields. Only one example of a propargyl system was examined
(propargyl bromide, 55%). The reactions proceed in an SN 2′ fashion with modest to good
chemical yields (32–65%), but with poor diastereoselectivity. The authors suggest that
internal alkenes are less reactive than terminal ones, however the yields hover around
40–60% irrespective of alkene substitution (Scheme 19).

In later work, the authors expanded this methodology to include reactions with acid
chlorides, α,β-enones, 1-bromo- or 1-iodoalkynes and propargyl halides134. Reactions with
propargyl tosylates resulted in selective formation of allenes (no acetylenes) in moderate to
good yields (51–81%) and with impressive diastereoselectivity (equation 39, de 88–89%).
Cuprate formation was achieved by treating the corresponding alkylzinc reagent with THF
soluble CuCNž2LiCl according to Knochel’s protocol135. The stereochemical integrity of
the stereocenter β to copper remained intact with no observable epimerization. Clive and
coworkers used this methodology to prepare the angiotensin-converting enzyme inhibitors
(−) A58365A and (−) A58365B136.

H

TsO

RH
IZn(CN)Cu

NHBoc

CO2Bn

C

H

R

H

NHBoc

CO2BnTHF, 0 °C, 1 h

R  =  Me 88% ee

85% eeR  =  Ph
R  =  Me 81% dr  =  94.5:5.5

R  =  Ph 51% dr  =  94:6

(39)

These serine-derived zinc alkyl(cyano)cuprate reagents have also been used with α,β-
alkynyl iminium triflates in DMF to give α,β-unsaturated ketones after aqueous workup137.
Utilization of these reagents in conjugate addition reactions has been reported to give poor
results128,138. However, switching to a more polar aprotic solvent such as DMF resulted
in modest yields (28–33%) of the conjugate adducts and in some reactions eliminated the
need for additives such as chlorotrimethylsilane. However, in reactions with allyl chloride,
the results were better with yields ranging from 73–82% (equation 40)139. Formation of
the cuprate reagent was achieved by warming the reaction from −55 to 0 ◦C. Upon cuprate
formation, the reaction was recooled to −78 ◦C before the electrophiles were added.

CO2Me

Cu(CN)ZnI
BocHN

Cl
CO2Me

BocHN
73–82%

DMF

−78 to 0 °C

(40)

More recently, Jackson and coworkers developed procedures catalytic in copper
(CuBržDMS) as a means of exerting regiocontrol in reactions with substituted allyl halides
(e.g. 1-bromo-2,3-dimethyl-2-butene)140. However, while the use of catalytic amounts of
copper did simplify the workup procedure, no enhancement of regiocontrol was observed
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TABLE 1. Chemical yields as a function of CuX (X = CN, Br) stoichiometry in the reactions
of β-cuprio-α-aminocarboxylates with allyl and propargyl bromide141

Zn reagent Electrophile Product % Yield
(catalytic Cu)

33 51

36 55

30 63

29 60

allyl
bromide

propargyl
bromide

allyl
bromide

propargyl
bromide

BocHN
ZnI

BocHN
ZnI

BocHN
ZnI

BocHN
ZnI

BocHN C

BocHN

BocHN

BocHN C

% Yield
(stoichiometric Cu)

(equation 41, SN 2′: SN 2 = 49:51). Furthermore, diastereoselection was modest with the
tosylate derived from (E)-2-methyl-2-buten-1-ol (59%, dr 63:37).

IZn
NHBoc

CO2Me

CuCN•SMe2

(10 mol%)

DMF

−15 °C to rt overnight 29%

30%

NHBoc

MeO2C

NHBoc

MeO2C

+Br (41)

Jackson and coworkers later revisited catalytic copper protocols in a more exten-
sive examination using β-cuprio-α-aminocarboxylate reagents141. These reagents were
prepared from the corresponding iodo compounds using activated zinc dust in DMF.
Transmetallation to copper was accomplished using a catalytic amount of copper bro-
mide (CuBržDMS, 5 mol%) at −55 ◦C. To insure cuprate formation, the solutions were
allowed to warm briefly to 0 ◦C, and then re-cooled to −55 ◦C before electrophile addi-
tion. Allylic and propargylic halides were investigated along with one example of a vinyl
halide (3-iodocyclohex-2-enone, Table 1). Results were generally better when the cat-
alytic protocol was employed with chemical yields ranging from 47–78%. This was a
marked improvement over the reactions stoichiometric in copper where yields were more
modest (29–59%). The R2CuZnI species is most likely the active reagent in the catalytic
procedure.
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This methodology has also been used to prepare 9-fluorenylmethoxycarbonyl (Fmoc)-
protected amino acids for use in automated solid-phase peptide synthesis142. Jackson and
coworkers employed a stoichiometric quantity of soluble CuCNžLiCl to facilitate cuprate
formation from the organozinc species in THF. Subsequent reaction with allyl chloride
provided the coupled product in good chemical yield (60%).

Primary and secondary β-iodo amino acids have also been coupled with acid chlo-
rides of aryl and alkyl phosphinous acids in moderate to good yields (equation 42)143.
The β-iodo amino acid is converted to the corresponding zinc iodide and subsequently
treated with stoichiometric amounts of CuCNžLiCl followed by chlorodiphenylphosphine.
The initially formed phosphine is protected as the phosphinothione, which may later be
unmasked with Raney nickel. Yields range from poor (equation 42, 32%) with secondary
iodides to good (75%) with primary iodides. Reaction of the cuprate reagent with bis(tert-
butyl)chlorophosphine fails to give the coupled product in any proportion. The authors
found that while secondary iodides do participate in these reactions, they do so with com-
plete loss of stereochemistry at the carbon bearing the iodine. The authors cite several
articles related to this problem144. Gilbertson and coworkers later exploited this work
in the synthesis of a bisphosphine ligand system for the palladium-catalyzed addition to
cyclic allyl acetates145.

N

I

H

Boc

CO2Me

N

IZn(CN)Cu

H

Boc

CO2Me

N

P

H

Boc

CO2MePh

Ph

S

32%, dr  =  75:25

1.  Zn°, TMS–Cl

1,2-dibromoethane

THF/DMF

2.  CuCN•2LiCl, 0 °C

1.  Ph2PCl

0 °C to rt

2.  S8

(42)

Isobe and coworkers employed serine-derived zinc–copper reagents in reactions with
alkynyl iodides for the preparation of α-C-glycosylamino acids146. The reaction, which
proceeds in modest yield (43%), tolerates oxygen-rich functionality well as evidenced by
the sugar moiety present on the acetylenic halide147 (equation 43). Seeking to explore the
issue of stereocontrol in these coupling reactions, Wilson and Jackson used the secondary
L-threonine-derived zinc reagents as precursors in copper-catalyzed (CuBržDMS) cou-
plings with three allylic halides148. The chemical yields were modest (34–38%), although
no diastereoselectivity was observed.

Alkenyl phosphates have also been coupled to these serine-derived zinc cuprate reagents
to prepare β-cycloalkylalanine derivatives149. The reactions were effective for six- and
seven-membered racemic endocyclic allylic phosphates as modest to good yields were
achieved (40–55%), but diastereoselectivities were poor (n = 1, 53:47; n = 2, 60:40,
equation 44) as little kinetic resolution occurred. It has been suggested that the decom-
position of β-N-carbamoylzinc reagents (cuprate precursors) by β-elimination is a uni-
molecular syn-process and is solvent-dependent150. The nature of the protecting group on
nitrogen also seems to play an important role. The authors speculate that coordination of
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zinc by the protecting group facilitates the elimination event (equation 45). This prob-
lem can be circumvented by judicial choice of reaction solvent. It was demonstrated that
elimination occurred four times faster in THF than in the more polar DMF, and this is
attributed to the more robust coordination of zinc to DMF rather than to the carbamate,
thereby slowing decomposition.

IZn(CN)Cu
CO2Me

NHBoc O

OBn

OBnBnO

OBn I

O

OBn

OBnBnO

OBn
H

CO2MeBocHN

H

43%

THF−78 to 0 °C

+

(43)

IZn(CN)Cu
CO2Me

NHBoc

(EtO)2OPO

n

CO2Me

NHBoc
n

n  =  1, 40%, dr  =  53:47

n  =  2, 55%, dr  =  60:40

(44)

NHO

Zn

OBu-t

I
CO2Me

NHO

Zn

OBu-t

I

CO2MeTHF + (45)

C. Aryl and Heteroarylcuprates with a β-N-Atom

Aromatic cuprates containing a β-N-atom consist of aromatic compounds with a
N-substitutent ortho to the carbon–metal bond or N-heterocyclic compounds with met-
allation occurring β to the nitrogen atom. Initial metallation of the aromatic ring can be
achieved by Directed Ortho Metallation (DOM) protocols or by halogen metal exchange.
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1. β-N-Substituted arylcuprates

Much of the impetus for the development of zinc cuprates arose from the incompat-
ibility of the corresponding alkyllithium or Grignard reagents toward many important
functional groups. Furthermore, N-substituted aryl Grignard reagents often require mask-
ing of the nitrogen functionality in the form of a protecting group. Knochel and coworkers
found the formamidine moiety70 to be an excellent protecting group for the generation
of N-substituted aryl Grignard reagents. These Grignard reagents could then be added
directly to various electrophiles, or alternately, transmetallated with Cu(I) salts to form
cuprate reagents151,152. These β-N-substituted arylcuprates performed admirably in both
allylic and vinylic substitution reactions. The Grignard reagent was prepared from the
corresponding aryl bromide by halogen–magnesium exchange using i-PrMgBr in THF
and then treated with THF soluble CuCNžLiCl (20 mol%) at −20 ◦C to effect cuprate for-
mation. Addition of allyl bromide or ethyl-2-(bromomethyl)prop-2-enoate afforded good
chemical yields of the coupled products (73 and 65%, respectively, Scheme 20). This
same protocol was employed with 3-iodo-2-methylcyclohex-2-en-1-one in the presence
of trimethylphosphite to give the vinylation product in excellent yield (87%, Scheme 20).

Knochel and coworkers later extended this methodology to include reactions between
functionalized, primary alkyl iodides and β-N-substituted arylcuprates. It was demon-
strated that the formamidine moiety was not crucial to the success of the reaction and so it
was replaced with either simple alkyl groups (e.g. N ,N-dimethyl), or more easily removed
allyl groups (equation 46)153. The cuprate reagents RCu(CN)MgI from CuCNž2LiCl, 1.0
equivalents) were again prepared from the corresponding Grignard reagents that were
obtained by magnesium–halogen exchange from the iodoaniline derivatives. The chemi-
cal yields were uniformly good with ethyl 4-iodobutanoate ranging from 65% (N ,N-bis
allyl) to 73% (N ,N-dimethyl). Likewise, reaction with ethyl-2-(bromomethyl)acrylate
afforded the coupled product in good chemical yield (81%) demonstrating the broad
utility of these cyanocuprate reagents (equation 46)154. The use of primary anilines was
also explored155. Iodoanilines were treated with two equivalents of i-PrMgCl to effect
metal–halogen exchange as well as deprotonation of the aniline nitrogen. Conversion to
the corresponding cuprate was accomplished using one equivalent of CuCNž2LiCl in THF
at −30 ◦C for one hour. Subsequent coupling reactions afforded good to excellent yields
with allylic bromides (70–91%), propargyl bromides (82–89%) as well as α,β-alkynyl
esters (69–71%). Interestingly, reactions with propargyl bromide show a preference for
SN 2 rather than SN 2′ substitution (i.e. no allenes formed).

After the initial success of this protocol, the emphasis was redirected toward sequen-
tial allylic substitutions on polyfunctional aniline derivatives156,157. This work showed
that diiodoanilines, protected as formamidines, will tolerate the sequence of reactions
involving halogen–magnesium exchange with i-PrMgBr to prepare the Grignard reagent,
transmetallation to copper with THF soluble CuCNž2LiCl and subsequent coupling to
allylic halides, while leaving the second iodine available for a second alkyl or allylic
substitution. Isolated yields for the first reaction were good ranging from 68–75%. Like-
wise, subsequent reactions with primary alkyl halides (e.g. ethyl 4-iodobutanoate) afforded
good results (53%). The results for allylic substitutions were even more impressive (88%,
Scheme 21). This work showcases the power of α-N-substituted arylcuprate reagents as
efficient synthetic tools for constructing carbon–carbon bonds in aromatic compounds
with diverse and sensitive functional groups. It also underscores the importance of these
reagents to organic synthesis in general as is illustrated by the preparation of polyfunctional
indoles123,152,156, quinolines156,157 and quinazolinones156.
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Z

N

Cu(CN)MgI

R R

Z

N

E

R R

E-X

P(OMe)3, 1.9 equiv

−25 to 25 °C, THF, 12 h

R % Yield153,154

73

Z E X

69

81

65

I

Br

I

H

CO2Et

I

CO2Et

CO2Et

CH3

CH2(CH2)3Cl

CH2(CH2)2CO2Et

CH2(CH2)2CO2Et

CH2CH CH2

CH2CH CH2

CH2CH CH2

CH2C(CO2Et) CH2

(46)

CO2Et

N

Cu(CN)MgBr

NMe2

I

CO2Et

N

NMe2

I

OMe

Br

OMe

1.  i-PrMgBr, THF, −20 °C, 5 min

2.  CuCN•2LiCl, −20 °C, 30 min

CO2Et

N

NMe2

IMg(CN)Cu

OMe

CO2Et

N

NMe2

R

OMe

R

R  =  CH2CH

R  =  (CH2)3CO2Et, −20 °C to rt, 16 h

88%

53%

Ι

CH2, −20 °C to rt, 30 min

SCHEME 21. Sequential coupling reactions of β-N-formamidinylarylcuprates156
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TABLE 2. Reactions of β-nitroarylcuprates with allylic and acyl halides158

MgI

NO2

FG

Cu(CN)MgI

NO2

FG

E

NO2

FG

(1.0 equiv)
THF

E+
CuCN•2LiCl

E FG % Yield

Br

NO2

Cl
CO2Et

NO2

MeO
CO2Et

Br

O NO2

Ph

EtO2C

O

Cl
CO2Et

NO2

I
CO2Et

H

OMe

CO2Et

I

75

72

76

74

Product

The effects of a nitro group on the arylcuprates have also been explored158,159.
Sapountzis and Knochel158 exploited the magnesium–halogen exchange protocol
(PhMgCl) to prepare β-nitroaryl Grignard reagents from the corresponding functionalized
iodonitrobenzenes. Transmetallation to copper was accomplished with stoichiometric
amounts of CuCNž2LiCl in THF and the resulting cuprate reagents were treated with
allylic halides or acyl bromides. Isolated yields ranged from 72–76% (4 examples)
indicating that no reduction of the nitro group by PhMgCl takes place. Reduction of
nitro groups by Grignard reagents has been previously reported158,160,161. Presumably,
with allylic substrates a preference for SN 2′ would be predicted; however, this issue
is not addressed and remains ambiguous with the choice of allylic halides (Table 2).
This work was later extended to include reactions with vinyl halides (e.g. 3-iodo-2-
methylcyclopentenone) as well as acyl halides162. Reaction with benzoyl chloride afforded
the acylation product in modest yield (45%), while the more reactive benzoyl bromide
and aliphatic propionyl chloride gave better results (76% and 61%, respectively).

2. β-N-Heteroarylcuprates

While exploring the reactions of metallated heteroaromatic compounds, Knochel and
coworkers employed β-N-heteroarylcuprate reagents as tools for constructing substituted
quinolines and uracils through allylic substitution reactions121. Organozinc precursors were
used rather than Grignard reagents for cuprate preparation and were obtained by insertion
of zinc metal into the carbon–iodine bond of 3-iodoquinoline (N ,N-dimethylacetamide,
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70 C, 1 hour) or 5-iodo-1,3-dimethyl-1,3,5,6-tetrahydropyrimidine-2,4-dione (THF,
70 ◦C, 3 hours). Upon generation of the organozinc species, 5–10 mol% of CuCNž2LiCl
in THF was employed for cuprate formation before treatment with ethyl (2-bromomethyl)
acrylate resulting in good yields (equations 47 and 48, 71–74%). The cuprate species in
these reactions is presumably of the type R2CuZnI.

N

ZnI

N

CO2Et
1.  CuCN•2LiCl (5–10 mol%)

−30 °C, then 0 °C, 5 min

2.

−60 °C, 1 h

Br

CO2Et 74%

(47)

Knochel and coworkers later extended this work to include reactions with allyl and
propargyl bromide, and also in conjugate addition reactions to α,β-alkynyl esters123,157.
Cuprate reagents were prepared from the corresponding Grignard reagents. Yields of
allylic substitutions are good (70–77%), while the yields for conjugate additions are more
modest (41%). Reaction with propargyl bromide results in formation of a small quantity
(10%) of allene, indicating a strong but incomplete preference for an SN 2-reaction pathway
that leads to the acetylene as the major product (Table 3).

N

N

ZnI

O

O

N

N

O

O

CO2Et1.  CuCN•2LiCl (5–10 mol%)

−30 °C, then 0 °C, 5 min

2.

−60 °C, 1 h

Br

CO2Et

71%

(48)

TABLE 3. Reactions of β-N-heteroarylcuprates with allyl bromides, propar-
gyl bromides and tert-butyl prop-2-ynoate121

70

77

41

70

1.

E+

CuCN•2LiCl
−20 °C, 1 h, THF

2.
N

R

MgCl

OTf N

R

E

OTf

R E+ E % Yield

Br

Br

CO2Bu-t
CO2Bu-t

CH2Br

CO2Et

CF3

CO2Et

CO2Et
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β-N-Heteroarylcuprate reagents have also been used in allylic substitution reactions to
prepare polyfunctionalized pyridine derivatives154. Chelate-directed halogen–magnesium
exchange allows selective metallation at the 3-position by coordination of the formamidine
nitrogen, giving rise to the Grignard reagent. This is then converted to the corresponding
cuprate reagent (R2CuMgBr) by treatment with catalytic amounts of CuCNž2LiCl in
THF. Subsequent reaction with allyl bromide affords the 3-allylated pyridine in good
yield (equation 49, 78%).

1. CuCN•2LiCl

0 °C, 5 min

2.

−60 °C, 1 h

(5–10 mol%)

Br

N

Br

Br

N

NMe2

N

Br

MgBr

N

NMe2

N

Br

N

NMe2

i-PrMgBr

−10 °C, 1.5 h

−30 °C, then

78%

(49)

Iron-catalyzed aryl cross-coupling with magnesium-derived cuprates has also been used
to prepare substituted pyridines and indoles163. β-Iodoindoles or β-bromopyridines are
converted to the corresponding Grignard reagents, which are then transmetallated to copper
(CuCNž2LiCl, 1.0 equivalents). These cuprate reagents undergo smooth coupling with aryl
iodides in the presence of an iron catalyst [Fe(acac)3]. Yields of substituted indoles are
good (85%), while the pyridine variants are more modest (equations 50 and 51, 57%).

N

Ph

Cu(CN)MgCl

N

Ph

CN

85%

CNI

[Fe(acac)3], (10 mol%)

DME/ THF (3:2), 80 °C

(50)
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[Fe(acac)3], (10 mol%)

DME/ THF (3:2), 25 °CN

Cu(CN)MgClBr
I

Bu-tO

N

Br

Bu-tO

57%

(51)

D. Cuprates of Nitrogen Enolates

In contrast to carbonyl compounds, enolates generated from compounds containing a
nitrogen–carbon double or triple bond form cuprate reagents upon treatment with a Cu(I)
salt. Cuprate reagents can be generated from nitriles, oxazolidines, hydrazones, oximes
and imines.

1. α-Cuprionitriles

α-Metallated nitriles are powerful nucleophiles, which possess a range of reactivity
depending on what metal is chosen. α-Cuprionitriles have emerged as useful tools for
carbon–carbon bond formation in allylic, propargylic and acyl substitution reactions164.
The preparation of these reagents is perhaps as interesting as their synthetic utility. In
contrast to most organocopper species, which are prepared by transmetallation from the
corresponding alkyllithium, alkylzinc or Grignard reagents, α-cuprionitriles can be pre-
pared by addition of the α-bromo- or α-chloronitriles directly to a solution of the Gilman
reagent, lithium dimethylcuprate (Me2CuLi). This leads initially to formation of an ate
complex (84, equation 52) which fragments to give the α-cuprionitrile 85165. Access to
these α-cuprionitriles can also be gained by conventional transmetallation from lithium
nitrile enolates. Once formed, these reagents undergo substitution reactions with allylic
and propargylic halides in moderate to good yields (54–85%, equation 53). Likewise,
acylations with cyanoformates afford excellent yields of the corresponding α-cyanoesters
(87%).

Br

CN

Br

CN
CH3

+     MeCu

Li+

(84)

Me2CuLi

CuMe

CN

Li+

(85)

− −

(52)

Another interesting observation made by Fleming and coworkers in this outstand-
ing work is that high diastereoselectivities can be achieved by internal 1,2-asymmetric
induction166. Thus, when bromonitrile (88) was treated with Me2CuLi followed by methyl-
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cyanoformate, a single diastereomer is formed as a result of conformational bias (59%,
equation 54).

R CN Br CN

(86)

or Br

CN

5 R

CN

5

(87)

1.  Me2CuLi

1.0 equiv, THF

0 °C, 1 h

2.  RBr, 0 ˚C, 2 h

1.  Me2CuLi

1.0 equiv, THF

0 °C, 1 h

2.  RBr, 0 ˚C, 2 h

α-Bromonitrile R % Yield164

86

87
87

87

86
86

86
54

77
85

78

73
70

69

CH2C(CO2Et)
CH
CH2CH
CH
CH2C(CO2Et)

CH2CH CH2

CH2CH CH(Ph)
CH2

C CH2

CH2

C CH2

CH2

(53)

Ph
CN

Br

H
CuMe

NC

H
CuMe

CN()

Me2CuLi

0 °C, 2 h

MeO CN

O

Ph
CN

MeO2C

59%
(88)

(54)

Some α-metallated nitriles also display a clear preference for SN 2 vs. SN 2′ pathways
in reactions with propargylic halides167. When cyclohexanecarbonitrile is deprotonated
(LDA, THF) and the resulting α-lithionitrile treated with propargyl bromide, exclusive
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formation of the acetylene by an SN 2 pathway results (72%, equation 55). However, the
preference shifts to an SN 2′ pathway affording allenes when the α-lithionitrile is treated
with methylcopper (MeCu) before addition of the propargyl bromide (equation 55, 70%).

CN

72%

CN
C

70%

CN
1.  LDA

2.  propargyl
     bromide
     0 °C, 2 h

1.  LDA

2.  MeCu

3.  propargyl
     bromide
     0 °C, 2 h (55)

2. α-Cupriooxazolidines

α-Metallated oxazolidines are nucleophilic carboxymethyl synthons which can be used
to construct new carbon–carbon bonds while simultaneously adding useful functional-
ity to the product molecule. Not surprisingly, α-cupriooxazolidines have been employed
in reactions that are traditional mainstays of organocuprate chemistry (e.g. conjugate
additions, allylic and vinyl substitutions). Simonelli and coworkers explored the utility of
these α-cupriooxazolidines in conjugate addition reactions to nitroalkenes168. The cuprates
were prepared by transmetallation from the corresponding alkyllithium reagents, which
were in turn generated by direct deprotonation of 2,2,4-trimethyl-2-oxazoline with n-
butyllithium at −78 ◦C. The stoichiometrically prepared dialkylcuprates (R2CuLi) were
then reacted with a series of nitroalkenes. Reactions were run at −78 ◦C for two hours
before quenching, and no additives such as chlorotrimethylsilane, HMPA or BF3žEt2O
were used. The results are promising with yields ranging from moderate to excellent
(67–96%, Scheme 22), allowing quaternary centers to be generated.

Reactions of these α-cupriooxazolidines in 1,4-conjugate additions to α,β-unsaturated
ketones have also been reported by Simonelli and coworkers169. The cuprates were again
prepared (stoichiometrically) from the corresponding alkyllithiums to give, presumably,
the lithium dialkylcuprate species (R2CuLi). The results, which are summarized in Table 4,
illustrate the capricious nature of these reagents and their sensitivity to the reaction con-
ditions. In some examples, yield of the 1,4-adduct is good (71%, cyclopentenone). With
other substrates, the conjugate adduct is not formed at all, while 1,2-addition prevails
(e.g. 3,5,5-trimethylcyclohexenone). Additives such as chlorotrimethylsilane/HMPA or
BF3žEt2O were investigated but were found to be ineffective in assisting the conjugate
addition. In several cases, the addition of such additives favored formation of the 1,2-
adduct.

3. α-Cuprioazaenolates

α-Cuprioazaenolates were first prepared by Corey and Enders for the preparation of 1,5-
dicarbonyl compounds from α,β-unsaturated ketones and esters170. The sequence begins
with deprotonation (LDA) of N ,N-dimethylhydrazones derived from acetone or acetalde-
hyde in THF. Subsequent transmetallation to copper is achieved using half an equivalent of
copper cyanide complexed with isopropyl sulfide (CuCNžS(Pr-n)2) that presumably leads
to the lithium dialkylcuprate (R2CuLi). Upon cuprate formation, the enones or enoates
are added and the reactions are allowed to warm to 0 ◦C over 12 hours. Good yields
ranging from 75–90% (Scheme 23) of the 1,5-dicarbonyl compounds are obtained after
hydrolysis of the hydrazone moiety. An important feature of this work is that α-lithiated
N ,N-dimethylhydrazones circumvent some of the limitations encountered with lithium
enolates.
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TABLE 4. Conjugate addition reactions of α-cupriooxazolidine169

O

1,4 adduct 1,2 adduct

RCu(CN)Li•LiCN

O

R

HO R
N

O
R  =+

Enone % Yield ; 1,4 adduct % Yield ; 1,2 adduct

Cyclohex-2-en-1-one

Cyclopent-2-en-1-one

5,5-Dimethylcyclohex-2-en-1-one

2,6-Dimethylhepta-2,5-dien-4-one

(5R)-2-Methyl-5-(1-methylvinyl)cyclohex-2-en-1-one

3-Methylcyclopent-2-en-1-one

4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one

3,5,5-Trimethylcyclohex-2-en-1-one

6-Methylcyclohex-2-en-1-one

3-Ethoxy-5,5-dimethylcyclohex-2-en-1-one

(2E)-1,3-Diphenylprop-2-en-1-one

70

71

63

0

26

62

21

0

45

0

0

22

17

40

49

30

40

75

40

93

84

7

Gawley and coworkers later expanded the work of Corey and Enders by including the
reactions of oxime ethers and by trapping the resulting enolates with various electrophiles
such as TMSCl, acetyl chloride or acetic anhydride171. Lithium dialkylcuprates (R2CuLi)
were prepared from the organolithium precursors using half an equivalent of copper bro-
mide complexed with dimethyl sulfide (CuBržMe2S in THF). The isolated yields for the
trapped enolates were good to excellent (equation 56, 78–98%).

Conjugate addition to prochiral α,β-unsaturated ketones and esters leads to formation
of a new stereogenic center and, as such, development of an enantiofacial-discriminating
reaction is of significant synthetic importance. Previous attempts have been made to
effect conjugate addition of simple alkyl groups in an enantioselective fashion with the
aid of chiral ligands on copper11 – 22,24 – 27,172. Yamamoto and coworkers prepared several
enantioenriched ketimines that afford scalemic α-cuprioazaenolates after deprotonation
(n-BuLi) and transmetallation to copper (R2CuLi, CuI, 0.5 equivalents, THF)173. Sub-
sequent reaction with 2-cyclohexenone or 2-cyclopentenone followed by removal of the
chiral amine gives the corresponding optically active 1,5-dicarbonyl compounds. Chem-
ical yields were moderate to good (41–89%), while enantiomeric excesses ranged from
modest to good (17–85% ee, Scheme 24). This work was later employed in an asymmetric
approach to trans-dihydrindandione174.

Seeking to boost enantioselectivities, Yamamoto and coworkers prepared another set of
chiral ketimines containing two chiral centers (Scheme 25)175. After deprotonation with
n-BuLi, treatment with a copper acetylide gives a mixed cuprate employing the acetylide
as a non-transferable ligand. After reaction with 2-cyclohexenone or 2-cyclopentenone and
subsequent hydrolysis of the imine, the scalemic 1,5-dicarbonyl compounds are obtained
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in moderate to good yields approximating earlier work173, but with dramatically improved
enantioselectivity (71–82% ee).

O

N
X

OR

CuLi

N
X

−30 °C, THF

2. E+

1.

2

X E+ R % Yield  (89)

NMe2

NMe2

NMe2

OMe

OMe

OMe

Me3Si

Me3Si

95

88

92

98

78

95

NH4Cl

AcCl

Me3SiCl

NH4Cl

AcCl

Me3SiCl

H

Ac

H

Ac

N
X

O

R  =  H

(89)

(56)

α-Cuprioazaenolates were also used in conjugate addition reactions by Movassaghi
and Chen to prepare tricyclic imino and amino alcohols from α,β-enones176. The readily
available cyclic iminium chlorides were treated with n-butyllithium in the presence of
CuBržSMe2 (5–10 mol% at −78 ◦C in THF), and the enone was added. The 1,4-adducts
of the five-membered-ring iminium chlorides were isolated in good yield (equation 57,
67–88%). The procedure is also successful for six-membered iminium ring analogues;
however, the 1,4-adducts undergo spontaneous tautomerization and addition to the car-
bonyl to give the tricyclic imino alcohol. Diastereoselectivity in imino alcohol formation is
excellent for both five- and six-membered-ring iminium chlorides as all reactions resulted
in formation of a single diastereomer.

N+
HCl−

O

R
n

O

n-BuLi, THF

CuBr•SMe2

−78 to −10 °C

R

N

n  =  1, R  =  H

n  =  1, R  =  Me

n  =  2, R  =  H

(88%)
(67%)
(70%)

n (57)

V. SUMMARY
Lithiated amines were first employed as non-transferable ligands in mixed amido(alkyl)
cuprates to improve the efficient utilization of the transferable ligand and to afford cuprate
reagents of increased stability. Subsequent utilization of chiral amines afforded enantioen-
riched amidocuprates that effected transfer of alkyl and aryl ligands to cyclic enones with
modest to good enantioselectivities that could be enhanced by the use of silylated amine
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N-Functionalized organocuprates

ligands. These procedures employed stoichiometric amounts of enantioenriched amines
and have been supplanted by methodologies catalytic in copper. Zinc cuprates derived
from β-iodo serine derivatives provide useful synthetic routes to non-natural α-amino
acids. The development of α-(N-carbamoyl)alkylcuprates provides versatile synthetic
routes to a rich variety of heterocyclic compounds, and enantioselective synthetic routes to
N-heterocycles containing a simple or fused pyrrolidine ring. More recent developments
revolve around the use of N-heterocyclic carbene ligands (NHC) in copper-catalyzed reac-
tions as well as the generation of cuprate reagents from N-heterocyclic Grignard reagents
prepared via halogen–magnesium exchange reactions. Application and development of
NHC–Cu complexes in cuprate-mediated reactions is a promising area of research. These
developments in N-functionalized organocuprate chemistry provide useful modifications
of cuprate reactivity and selectivity profiles, and synthetic methodologies for the prepa-
ration of N-functionalized compounds and N-heterocycles. Much work remains to be
done in the development of enantioselective methodologies and of procedures catalytic in
copper.
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I. INTRODUCTION

Organocopper compounds are among the most important organometallic reagents used
in contemporary organic synthesis1 – 3. They are used in key carbon–carbon bond for-
mations such as conjugate additions to α,β-unsaturated carbonyl compounds, additions
to Michael acceptors, nucleophilic displacement of activated and non-activated leaving
groups, epoxide openings, additions to acetylenes and a range of cross-coupling reac-
tions. More recently, the development of copper-catalyzed enantioselective conjugate
addition and allylic displacement reactions has greatly enhanced the utility of organocop-
per reagents in the synthesis of complex molecules. The general method for the preparation
of organocopper compounds has been the transmetalation from the corresponding lithium
or magnesium organometallics; however, due to the lack of functional group compatibility,
this method of preparation is often unable to generate highly functionalized organocopper
compounds. Alternatively, transmetalation reactions can be used to generate organocopper
intermediates from a variety of organometallic compounds, including organoaluminum,
-boron, -chromium, -manganese, -mercury, -samarium, -silicon, -tin, -tellurium, -titanium,
-zinc and -zirconium reagents. In general, the transmetalation route provides access to a
wide range of functionalized organocopper compounds, which inherit reactivity character-
istics from the residual metal salts often closely associated with the organocopper reagent
or the substrate. To a first approximation, the relative electonegativity of an organometal-
lic precursor can be used to predict the equilibrium of the ligand transfer process, which
generally is shifted toward the more electronegative metal complex.

The scope of this chapter covers transmetalation reactions producing organocopper
compounds from various organometallic precursors as well as their subsequent reactions
with electrophiles. The preparation of organocopper compounds via transmetalation has
previously been reviewed4,5, and this chapter therefore focuses on more recent develop-
ments where appropriate.

II. TRANSMETALATIONS IN THE FIRST TRANSITION METAL SERIES

A. Transmetalation from Organotitanium Compounds

Organotitanium compounds were first transmetalated to form organocopper compounds
over 15 years ago. Despite ongoing use and investigation of titanium in organic synthe-
sis6 – 9, new methodologies utilizing transmetalation to organocopper compounds remain
rare. Nakamura and coworkers developed the first titanium to copper transmetalation
methodology utilizing an organotitanium ate complex to perform alkylation of allylic
chlorides and phosphates under copper catalysis (Scheme 1)10,11.

Alkyl titanates are prepared by the addition of 2 equivalents of an alkyllithium to a
solution of chlorotriisopropoxytitanium (1) in THF at −70 ◦C. The reaction with butylti-
tanate 2 and allylic phosphate 3 under catalytic copper(I) conditions gives the carvone
derivative 4 in 92% yield with excellent SN 2′ regioselectivity and stereoselectivity (inver-
sion with respect to the phosphate). The copper-catalyzed alkylation of the chlorinated
cyclohexenone derivative 5 shows exclusive chemoselectivity toward SN2′-addition to the
allylic chloride over the conjugate addition to the α,β-unsaturated ketone to give 6 in
excellent yield. It should be noted that by adding TMSCl, the chemoselectivity could be
changed to favor 1,4-addition. The exact mechanism of these additions remains unknown;
however, based on the lack of reactivity of the organotitanium reagents alone and the lack
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THF, −70 °C, 6 h

(EtO)2OPO
Bu-n

(4) 92%(3)

(5)

O

Cl

O

Bu-n

(6) 96%

THF, −70 °C, 6 h

THF, −70 °C
ClTi(OPr-i)3 n-Bu2Ti(OPr-i)3Li

(1) (2)

D
D

n-BuLi (2 equiv)

n-Bu2Ti(OPr-i)3Li (2)
6–7.5% CuI•2LiCl

n-Bu2Ti(OPr-i)3Li (2)
6–7.5% CuI•2LiCl

SCHEME 1. Alkylation of allylic chlorides and phosphates

of regioselectivity of alkylcopper, lithium dialkyl cuprate and copper(I)-catalyzed organo-
lithium additions to enones, it was argued that both titanium and copper are necessary
for these reactions to proceed in high yields and selectivities. One explanation for the
regioselectivity favoring the SN 2′ pathway could be due to the presence of an organocop-
per–titanium Lewis acid complex (similar to a Yamamoto-type RCužBF3 complex) formed
by a transmetalation process4,12 – 14.

More recently, Sato and Urabe have used a copper(I)-mediated reaction to perform
selective mono-allylation of titanacycles (Scheme 2)15. Enyne 7 reacts with (η2-propene)
Ti(OPr-i)2 (8), generated in situ from i-PrMgCl and Ti(OPr-i)4, to yield the intermedi-
ate titanacyclopentene 9, which upon treatment with stoichiometric Li2Cu(CN)Cl2 and
allyl bromide gives the mono-allylation product 10 in good yield (95%) and regioselec-
tivity (>95:<5; with respect to the other allylation regioisomer). Enyne 11 and diyne
13 can also be mono-allylated to give diene 12 and triene regioisomers 14 and 15,
respectively. This reaction is analogous to that of Cp2-zirconacyclopentenes and Cp2-
zirconacyclopentadienes discussed later (see Section III.A.2).

Furthermore, Sato and coworkers have performed a one-pot, two-step hydrotitanation
of 1-trimethylsilyl-1-octyne 16 (Scheme 3) to give a (β-silylalkenyl)titanium species 17
by selective C-protonation of the intermediate titanocyclopropene 18 with sec-butanol16.
It should be noted that other hydrometalation reactions of 1-trimethylsilyl-1-octyne pro-
duce the regioisomeric α-silylalkenyl-metal species17 – 23. The alkenyltitanium species 17
underwent a copper(I)-mediated addition to alkylidene malonic ester 19, cyclohexenone
and allylic bromide 22 to provide alkenylsilanes 20, 21 and 23, respectively (Scheme 4).
The hydrotitanation of 1-tributylstannyl-1-octyne 24 gives the β-titanated alkenylstannane
lynchpin 25 that can be selectively functionalized across the olefin. For example, the β-
titanated alkenylstannane 25 can be added in a conjugate fashion under copper catalysis
to alkylidene malonic ester 19, yielding a vinylstannane that is then iodinated to give
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(7)

(8)

(9)

Li2Cu(CN)Cl2

−50 °C, 3 h;
then H3O+

TMSBnOCH2

BnOCH2

BnOCH2

BnOCH2

Ti(OPr-i)2

TMS

BnOCH2

BnOCH2

TMS

TMS

then H3O+

TMS

TMS

C5H11

TMS

C5H11

TMS

C5H11

then H3O+

(11)

(13)

+

(14)
91% (14:15 = 9:1)

(15)

(12)
70% (>95:<5)

(10)
 82% (>95:<5)

1.  (8), −78 °C, 30 min
     to −50 °C, 2 h

2.  Li2Cu(CN)Cl2
     −50 °C, 3 h

1.  (8), −78 °C, 30 min
     to −50 °C, 2 h

2.  Li2Cu(CN)Cl2
     −50 °C, 3 h

Ti(OPr-i)2

Br

Br

Br

SCHEME 2. Copper-mediated allylation of titanacycles derived from enynes and diynes

TMS

Hex-n

2.  s-BuOH (1.1 equiv)
     −50 °C, 1 h

Ti(OPr-i)2

TMS

n-Hex

TMS H

Ti(OPr-i)3n-Hex

(16) (17) (18)

1.  Ti(OPr-i)4 (1.25 equiv)
     i-PrMgCl (2.5 equiv)
     −50 °C, 2 h

SCHEME 3. Hydrotitanation of 1-trimethylsilyl-1-octyne

4



Transmetalation reactions producing organocopper compounds

TMS H

Ti(OPr-i)3n-Hex

(17)

Li2Cu(CN)Cl2 (0.1 equiv)

Li2Cu(CN)Cl2 (0.1 equiv)

Li2Cu(CN)Cl2 (1 equiv) O

t-Bu O

TMS

n-Hex

(1.1 equiv)

(1.1 equiv)

(0.8 equiv)

O

n-Hex TMS

CO2Et

CO2Et

TMS

n-Hex

(19)

(22)
(23) 82%

(21) 53%

(20) 84%

CO2Et

CO2Et

O

Br

O

t-Bu O

SCHEME 4. Hydrotitanation and copper-mediated reactions with electrophiles

vinyl iodide 26. The vinyl iodide 26 can be subjected to a Sonogashira coupling to give
the ene-yne 27 (Scheme 5).

B. Transmetalation from Organomanganese Compounds

The chemistry of organomanganese reagents has recently been reviewed24 – 26. Organo-
manganese reagents can be prepared by a transmetalation reaction of manganese halides
and lithium/magnesium organometallics. Alternatively, organomanganese compounds can
be prepared by the insertion of activated manganese into organic halides25,26. Acti-
vated manganese can be prepared by reducing manganese halides with lithium alu-
minum hydride27, potassium/graphite28, lithium and naphthalene29,30, or lithium and 2-
phenylpyridine31. Preparation of organomanganese reagents from activated manganese
is attractive because the preparation of these reagents from lithium/magnesium organo-
metallics can be limited by functional group compatibilities. The transmetalation of
organomanganese to organocopper compounds is appealing as it can lead to improved
yields and chemoselectivity, usually favoring 1,4- instead of 1,2-addition, which is pre-
ferred in standard organomanganese chemistry.

Cahiez and coworkers have investigated the coupling of organomanganese reagents to
acid chlorides with and without catalytic copper(I) salts32 – 34. In the presence of catalytic
amounts of CuCl, improvements in yield were observed for the additions of methyl-,
aryl-, alkenyl-, and secondary and tertiary alkylmanganese chlorides to acid chloride 28
(Table 1). In many cases, the addition of 1% CuCl provided a substantial increase in
yield. Addition of t-BuMnCl to acid chloride 28 in the absence of CuCl failed to form
the desired product; however, upon the addition of 1% CuCl, the reaction proceeded
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TABLE 1. Copper-catalyzed addition to acid chloride

RMnCl + C7H15COCl
1–2 h

O

C7H15R(28)

THF, −10 °C to 20 °C

R no CuCl (% yield) 1% CuCl (% yield)

Ph 75 92
i-Pr 69 93
t-Bu 0 96 a

Me 40 91
(CH3)2C=CH 80 87

a −50 ◦C.

in excellent 96% yield at −50 ◦C. Addition of the MeMnCl to 28 proceeded in much
higher yields under the CuCl-catalyzed conditions. Acid chlorides can also be alkylated
by Grignard reagents in the presence of catalytic amounts of MnCl4Li2 and CuCl, albeit
in slightly lower yields33.

Cahiez and Alami have also developed copper-catalyzed conditions for the addition of
organomanganese reagents to enones and vinylogous esters35. In the presence of 0.1 mol%
of CuCl, butylmanganese chloride was added to cyclohexenone to afford the β-substituted
ketone 29 in excellent yield. Copper-catalyzed conditions achieved higher yields than the
more conventional conjugate addition of the butyl Grignard reagent, organocopper and
higher order cuprate, possibly due to the cooperative effects in the active organometallic
composite of copper and manganese salts (Table 2). Addition of butylmanganese chloride
to cyclohexeneone gave yields of less than 10% in the absence of copper, illustrating the
advantage of the transmetalation process to achieve high yields in conjugate additions to
reactive enones. Cahiez and coworkers have also developed conditions for the conjugate
addition of organomagnesium chloride reagents in the presence of catalytic MnCl2 and
CuCl to achieve similar yields and selectivity compared to the CuCl-catalyzed conjugate
addition of organomanganese reagents to enones36. Presumably, both processes involve a
very similar alkyl-Mn/Cu intermediate. Conjugate additions to vinylogous ester 30 were
performed by the addition of methylmanganese chloride in the presence of 5% CuCl and
TMSCl to give enone 32 after quenching of the silyl enol ether 31 (Scheme 6)35. It should
be noted that for this substrate other organometallic reagents, such as methylcopper or

TABLE 2. Conditions for conjugate addition to cyclohexenone

O O

Bu
(29)

Conditions

Conditions Yield

BuMnCl, 0.1% CuCl, THF, 0 ◦C, 30 min 95%
BuMgCl, 5% CuCl, THF, 0 ◦C 54%
BuCu, Bu3P (2.2 equiv), Et2O, −78 to −40 ◦C 82%
Bu2Cu(CN)Li2, Et2O, −78 ◦C, 5 h 86%
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EtO

O

0 °C, 1 h

OTMS

EtO

H+/H2O

O

(30) (31) (32) 80%

MeMnCl, 5% CuCl
TMSCl, THF

SCHEME 6. Copper-mediated conjugate addition of methylmanganese chloride to vinylogous ester
30

lithium dimethyl cuprate, fail to react, while lithium dimethyl cuprate in the presence of
TMSCl results in a mixture of 1,4- and 1,2-addition, favoring the 1,2-addition product37.

Conjugate addition to α,β-unsaturated esters and alkylidene malonic esters were accom-
plished using organomanganese reagents under CuCl catalysis (Scheme 7). Copper(I)
chloride-catalyzed addition of i-PrMnCl to the α,β-unsaturated ester 33 gave ester 34
in excellent yield38. The corresponding conjugate addition of alkyl Grignard reagents to
33 under identical conditions proceeded in a slightly decreased yield of 86%39. The ben-
eficial effect of CuCl is remarkable in the conjugate addition of vinylmanganese chloride
36 to alkylidene malonic ester 35, which gave the alkylated product 37 in 46% yield
without CuCl and in 92% yield in the presence of 5% CuCl40.

CO2Et

i-Pr

CO2Et

0 to 20 °C, 0.5 to 1.5 h

(33)
(34) 96%

CO2Et

CO2Et

THF, 0 to 20 °C, 1 h
CO2Et

CO2Et

(37)
no CuCl 46%
5% CuCl 92%

(35)

(36)

i-PrMnCl, 3% CuCl
TMSCl, THF

MnCl

SCHEME 7. Conjugate addition to α,β-unsaturated ester and alkylidene malonic ester substrates

Catalytic quantities of CuCl in the addition of organomanganese chlorides to α,β-
unsaturated aldehydes provided a dramatic change in the chemoselectivity (Scheme 8)41.
Addition of butylmanganese chloride to aldehyde 38 resulted in the selective formation
of the 1,2-addition product 39 in good yield; however, upon the addition of 5% CuCl,
the 1,4-addition product 40 predominates in a comparable yield. The conjugate addition
products from alkyl organomanganese compounds (R = Ph and n-Bu) and aldehyde 41
were trapped by TMSCl to provide the corresponding silyl enol ethers 42a and 42b in
good yields (Scheme 9).

C. Transmetalation of Chromium Fischer Carbene Complexes

Catalytic transmetalation reactions of chromium carbene complexes have recently been
reviewed and shown to be useful in expanding the synthetic utility of Fischer carbenes42.
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20 °C, 30 min

THF, −30 °C, 30 min

(38)

(39) 76%

(40) 78%

OHC

OH

n-Bu

OHC

n-Bu

n-BuMnCl, THF

n-BuMnCl, 5% CuCl

SCHEME 8. Controlling chemoselectivity of organomanganese compounds with copper(I) chloride

CHO
THF, −30 °C, 30 min OTMSR

R = Ph (42a) 82%
R = n-Bu (42b) 76%

(41)

RMnCl, 5% CuCl
TMSCl (1.2 equiv)

SCHEME 9. Trapping of conjugate addition products gives silyl enol ethers

The first observation of a copper(I) centered carbene formed by carbene ligand transfer
from a Fischer carbene complex was recently reported by Aumann and coworkers43.
After this initial report, Barluenga and coworkers showed that Fischer chromium carbene
complexes 43a–d could be coupled with ethyl diazoacetate (44) under copper(I) catalysis
to form the vinylogous carbonates 45a–d in high yield (Scheme 10)44. Apparently, a
copper(I)-bis-carbene species led to the observed products, regenerating the active catalyst.

Cr(CO)5

R1 OR2

O

OEt

N2

+
O

EtO

R1

R2O

25 °C

(43a–d) (44) (45a–d) 85–95%
R2 = Me; E:Z = 1:1
R2 = menthyl; E:Z = >30:<1

(a) R1 = Bu; R2 = Me
(b) R1 = Ph; R2 = Me
(c) R1 = (E)-CH=CH-2-furyl; R2 = Me
(d) R1 = (E)-CH=CH-2-furyl; R2 = menthyl

15% CuBr, THF

SCHEME 10. Copper(I)-catalyzed coupling of diazoester 44 and Fischer carbene 43a–d

While investigating the dimerization of Fischer chromium carbene complexes, Barlu-
enga and coworkers observed an increase in the E:Z selectivity and yield when changing
the copper(I) source from CuBr to [Cu(MeCN)4]BF4

45. This advancement led to the abil-
ity to generate a number of dienes and trienes in good stereoselectivity. For example,
dimerization of Fischer chromium carbene 43c provided conjugated triene 46 in excellent
yield and high selectivity (Scheme 11). Trienes were subsequently cyclized under Nazarov

9
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Cr(CO)5

OMe
O

[Cu(MeCN)4]BF4 (1 equiv)
CH2Cl2, 25 °C

(43c)

OMe

O
O

O (47) 57%

O

OMe

OMe

O

(46) 
95% (E:Z = 9:1)

CH2Cl2, 25 °C, 12–18 h

10% [Cu(MeCN)4]BF4

SCHEME 11. Dimerization of Fischer carbene 43c and one-pot dimerization/Nazarov cyclization
producing 47

conditions to generate α-ether-cyclopentenones. Interestingly, Fischer chromium carbene
43c was chemo- and stereoselectively dimerized and cyclized in one-pot by treatment
with stoichiometric [Cu(MeCN)4]BF4 to give α-ether-cyclopentenone 47.

III. TRANSMETALATIONS IN THE SECOND TRANSITION METAL SERIES

According to the Pauling electronegativity scale, zirconium (1.33), niobium (1.60), cad-
mium (1.69), hafnium (1.30) and tantalum (1.50) are prone to spontaneous transmetalation
reactions with copper (1.90). However, synthetically relevant examples for transmetala-
tions to copper(I) salts from the second and third transition metal series are currently still
limited to zirconium.

A. Transmetalation from Organozirconium Compounds

1. From alkyl and alkenyl organozirconium compounds

Organozirconium reagents6,46 can be easily prepared by hydrozirconation47 – 51 of
alkenes and alkynes using Schwartz reagent (Cp2ZrHCl)52. However, the lack of reac-
tivity of the resulting sterically shielded alkyl53,54 and alkenyl55 zirconium species with
organic electrophiles necessitates transmetalation in order to gain utility for organic synthe-
sis. Hydrozirconation has considerable functional group compatibility, greatly exceeding
that of lithium and magnesium, and can therefore provide access to various functionalized
organocopper compounds. After the pioneering work of Wailes and coworkers56, Schwartz
and coworkers were the first to recognize the potential gained by transmetalation reactions
of organozirconium compounds to form organocopper compounds57. Thermal decompo-
sition of the alkenyl copper(I) complex 49 derived from alkenyl zirconocene 48 resulted
in formation of a copper mirror (Cu0) and diene 50 with retention of olefin configuration
(Scheme 12). The transmetalation of alkenyl zirconocene 48 to the alkenyl copper(I) inter-
mediate and subsequent conversion to the corresponding ate complexes in the presence
of lithium iodide allowed for the 1,4-addition to an α,β-unsaturated ketone to give 51.
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t-Bu

ZrCp2Cl
0 °C, 6 h

t-Bu

Cu

t-Bu

Bu-t

−Cu0

(48) (49)
(50) 90%

2.  CuOTf, −78 to −35 °C
     14 h
3.  H3O+

t-Bu O

(51) 73%

CuCl, THF

1.  LiI,

O

SCHEME 12. The first transmetalation reaction of organozirconium compounds to form products
derived from transient organocopper compounds

However, this particular method is limited by the use of stoichiometric copper and the
very slow rate at which alkyl groups transmetalate from zirconium to copper58.

Lipshutz and Ellsworth59 and Wipf and Smitrovich60 reported modifications that
expanded the scope and utility of Schwartz’s original process. In the work performed
by Lipshutz and Ellsworth, treatment of alkenyl zirconocene 53, obtained by hydrozir-
conation of alkyne 52, with one equivalent of methyl lithium followed by addition of a
higher order cyanocuprate, led to transmetalation and formation of organocopper com-
pound 54. The resulting alkenyl cyanocuprate 54 was added in a conjugate fashion to
enone 55 to afford ketone 56 (Scheme 13).

R1 H
Cp2ZrHCl R1

ZrCp2Cl

MeLi R1

ZrCp2Me

Me2Cu(CN)Li2 R1

Cu(CN)MeLi2

O

R4R3R2

R1

(52)
(53)

(54) (56)

(55)

R2 O

R4R3

SCHEME 13. General method of transmetalation developed by Lipshutz and Ellsworth

During the transmetalation sequence, the addition of MeLi/Me2Cu(CN)Li2 is analogous
to adding three equivalents of MeLi and one equivalent of LiCl-solubilized CuCN. Thus,
the hydrozirconation of alkyne 57 and treatment with MeLi (3 equiv) and CuCNž2LiCl
provided intermediate cyanocuprate 58. Subsequent 1,4-conjugate addition to sterically
hindered enone 59 works well (Scheme 14)59.

The methodology developed by Lipshutz and Ellsworth has also been successfully
applied to the large-scale synthesis of the protected prostaglandin misoprostol (63)61.
Alkyne 60 was hydrozirconated and transmetalated to form cyanocuprate 61, which was
added to enone 62 to give the protected prostaglandin misoprostol (63) in good yield
(Scheme 15).
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Congruently, Wipf and Smitrovich expanded upon Schwartz’s original zirconium/
copper transmetalation methodology by utilizing copper(I) salts catalytically60. Hydrozir-
conation of 1-hexene generated the alkylzirconium species 64, which was added to
cyclohexenone in the presence of 5–10% CuBržMe2S to give ketone 65 in good yield
(Scheme 16). This methodology was the first to generate alkyl cuprates in situ from
alkenes.

ZrCp2Cl

40 °C, 10 min

1.

O

Hex

(65) 79%

(64)

2.  CuBr•Me2S (cat.)
     rt, 1 h

Cp2ZrHCl, THF

O

SCHEME 16. Transmetalation of alkylzirconium compound 64 and 1,4-addition to cyclohexenone
in the presence of catalytic copper(I) salt

Independently, Lipshutz and coworkers utilized catalytic copper(I) conditions to trans-
metalate from zirconium to copper and investigated the regioselectivity of alkyl cuprate
addition to allylic halides and phosphates62. Reactions of alkyl cuprates and allylic halides
proceeded in good yields and selectivity for the SN 2′-addition, illustrating a remarkable
reactivity similarity to Yamamoto-type Lewis acid complexes (RCužBF3)63,64. The com-
parison to the regioselectivity of addition of dialkyl cuprates to allylic halides is also
interesting (Table 3)65. The chemoselectivity of SN 2′-displacement vs. 1,4-conjugate addi-
tion would most likely favor SN 2′ based on the work done by Nakamura and coworkers
with titanium/copper complexes (see Section II.A)11.

Another feature of utilizing the hydrozirconation process is the tendency for alkyl
zirconium species to migrate to a less sterically hindered position through an oxidative
addition–reductive elimination cycle66 – 68. This property can be used to obtain primary
alkyl zirconocenes from internal olefins, but it also detracts from the opportunity to use
internal and secondary chiral organozirconocenes. The hydrozirconation of internal olefin
66 and subsequent conjugate addition to enone 67 in the presence of a catalytic amount of
copper yields the straight-chain ketone 68 (Scheme 17)60. Interestingly, the hydrozircona-
tion of 3,4-dihydro-2H -pyran (69) with two equivalents of Schwartz reagent, subsequent
transmetalation with copper(I) and addition to cyclohexenone provided a straight-chain
alcohol in the product 72. The mechanistic hypothesis involves a tandem hydrozircona-
tion–β-elimination–hydrozirconation sequence to give an acyclic bis-zirconocene 70
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TABLE 3. Ratio of α- and γ -substitution of allylic halides using
various cuprates

Cl

Br

a
g

96
4

22
78

100
0

6
94

4
96

10
90

0
100

<2
>98

11
89

a
g

a
g

Substrate n-Bu2CuLi n-BuCu•BF3
Ph(CH2)4ZrCp2Cl

CuCN (yield)

(90%)

(98%)

(89%)

Cl
a g

1.  Cp2ZrHCl, THF
     40 °C, 15 min

2.

(68) 51%

O

Ph

Ph
(66)

(67)

CuBr•SMe2 (cat.)
40 °C, 10 min

Ph Ph

O

SCHEME 17. Hydrozirconation followed by spontaneous migration of the alkylzirconocene, trans-
metalation and 1,4-conjugate addition to enone 67

(path a) or cyclic zirconocene oxide 71 (path b) (Scheme 18)4,60. This approach represents
a strategy for a protective group-free Michael addition of unsaturated alcohol chains.

The scope of the methodology using hydrozirconation of alkenes and alkynes and fur-
ther transmetalation to alkyl and alkenyl cuprates was further expanded to the synthesis
of ketones from acid chlorides69. Alkyl zirconium compounds will add to acid chlorides,
albeit slowly; however, alkenyl zirconium compounds do not70. Alkene 73 was hydrozir-
conated and added to a sterically demanding trimethyl acetyl chloride to give ketone 74
in good yield. Hydrozirconation of alkyne 75 and addition to benzoyl chloride furnished
the ketone 76, while showing tolerance to the homopropargylic iodide (Scheme 19). This
methodology is attractive, considering the alternative of using Grignard reagents, which
notoriously gives alcohol side products and are limited in their tolerance to other functional
groups71 – 73.

Mixed cuprates containing methyl or other alkyl groups, such as 54 and 61, are not
generally useful for substitution reactions, because alkyl group transfer to the electrophile
competes with vinyl group transfer. However, the use of a non-transferable ligand in the
mixed cuprate solves this problem and allows for a significant increase in the substrate
scope74. The ligand exchange reaction of mixed cyanocuprate 78 and alkenyl zirconocene
77 provides the mixed cyanocuprate 79, which efficiently added to epoxide 80, allylic
chloride 82 and enol triflate 84 to afford homoallylic alcohol 81, skipped diene 83 and
unsaturated ester 85, respectively (Scheme 20).

Lipshutz and Wood modified their zirconium/copper transmetalation methodology and
applied it to the three-component coupling protocol75. Vinylzirconocene 86, obtained via
hydrozirconation of the corresponding alkyne, was treated with methyl lithium, methyl
zincate and a catalytic quantity of dimethyl cyanocuprate, leading to the vinylcyanocuprate
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O

40 °C, 20 min

O

ClCp2Zr

OZrCp2Cl
path b

Cp2ZrHCl
path a

OZrCp2H

OZrCp2ClClCp2ZrOZr
Cp Cp

CuI

O

OH

(72) 85%

(69)

(71) (70)

Cp2ZrHCl, THF

Cp2ZrHCl

O

SCHEME 18. Mechanism of ring opening of pyran 69 and subsequent conjugate addition to give
hydroxy ketone 72

via transmetalation. Subsequent 1,4-addition to cyclopentenone provided the intermediate
copper enolate, which was transmetalated by the organozincate, leading to regeneration
of the cyanocuprate catalyst. The resulting zinc enolate 87 was trapped with aldehyde 88
to provide the three-component coupling, prostaglandin-like product 89 (Scheme 21).

Wipf and Takahashi were able to apply their hydrozirconation/copper-catalyzed con-
jugate addition sequence to N-acyl oxazolidinones76. The hydrozirconation of 1-hexene
followed by copper-catalyzed conjugate addition to N-acyl oxazolidinone 90 in the pres-
ence of Lewis acid provided the β-substituted addition product 91 in good yield and
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2.  (CH3)3CCOCl
     CuBr•Me2S (cat.)

(74) 77%

O
O

O
O

Bu-t

O
(73)

2.  PhCOCl
     CuBr•Me2S (cat.) I Ph

O

(76) 79%(75)

I

1.  Cp2ZrHCl, THF
     40 °C, 20 min

1.  Cp2ZrHCl, THF
     rt, 20 min

SCHEME 19. Hydrozirconation of alkenes or alkynes followed by transmetalation to alkyl or alkenyl
cuprates and addition to acid chlorides to generate ketones

diastereoselectivity (Scheme 22). Interestingly, the intermediate enolate was trapped using
benzaldehyde to give the α,β-substituted syn-aldol product 92 in good yield and excellent
diastereoselectivty. In the latter one-pot reaction, three contiguous stereocenters are set.
The exact role of BF3žEt2O is not known, but it was hypothesized that it assists in the
formation of chelated cationic zirconium species 93 via reversible chloride abstraction.
The facial selectivity of the enolate addition to the aldehyde was rationalized using the
6-membered Zimmerman–Traxler transition state model 94.

Furthermore, Wipf and coworkers closely investigated the hydrozirconation/trans-
metalation to copper and addition to a variety of enones, with the goal of gaining
more insight into the reaction77. They observed that the mode of preparation of Schwartz
reagent52 had dramatic effects on the rate of 1,4-addition. In situ generation by reduction
of zirconocene dichloride with LiEt3BH78 and t-BuMgCl79,80 resulted in the formation of
LiCl or MgCl2 as byproducts, which significantly reduced the rate of conjugate addition
and the chemical yield. Schwartz reagent prepared by reduction of zirconocene dichlo-
ride using LiAlH(OBu-t)3

81 or LiAlH4
82,83 and purified by precipitation works well to

obtain the 1,4-addition product. Wipf and coworkers also postulated a mechanism for
the hydrozirconation and subsequent copper-catalyzed transmetalation–conjugate addition
reaction (Scheme 23). Direct decomposition of the alkyl zirconocene 95 to give alkane 97
in the absence of Cu(I) salts is extremely slow. It is likely that copper forms a complex
with the alkyl zirconocene 95, resulting in the short-lived alkylcopper-zirconium species
96, which upon decomposition provides a copper mirror and alkane 97. The presence of
an enone facilitates chelation from the carbonyl to the alkylzirconium species and subse-
quently Cu(I) complexation followed by transmetalation of the alkyl group, giving Cu(III)
intermediate 98. Reductive elimination leads to zirconium enolate 99 and regeneration of
Cu(I). It is unclear if the transmetalation proceeds through the formation of a Cu(III)84 – 88

intermediate or if a SET mechanism is involved.
More recently, Bergdahl and coworkers performed conjugate additions of alkenyl zir-

conium compounds to α,β-unsaturated ketones and aldehydes in the presence of catalytic
CuIž0.75 Me2S89,90. The latter complex was prepared from CuIžMe2S which, under vac-
uum, loses Me2S to form the more stable stoichiometry of CuIž0.75 Me2S91 – 93. The use
of 10% CuIž0.75 Me2S gave significantly improved yields compared to other Cu(I) salts
(i.e. CuBržMe2S and CuCN). The formation of diene and a copper mirror, as seen in the
initial work done by Schwartz and coworkers (Scheme 12)57, was less effective using
the CuIž0.75 Me2S complex. Conjugate addition of vinylzirconium species 100 in the
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OTIPS
ClCp2Zr 2.

O
ZnMe2Li

OTIPS

O
OH

CO2Me

OTIPS
(89) 75%

(86)

(87)

(88)

1.  Me2Cu(CN)Li2 (cat.)
     MeLi, Me3ZnLi
     THF, −78 °C

O

O

H CO2Me

SCHEME 21. Three-component coupling methodology

presence of catalytic CuIž0.75 Me2S to enone 101 and, more remarkably, crotonalde-
hyde, gave products 102 and 103, respectively, in excellent yield (Scheme 24). It should
also be noted that performing the addition of alkyl zirconocene to cyclohexenone, as in
Scheme 1677, with catalytic CuIž0.75 Me2S, did not yield the conjugate addition product.

In an interesting extension to heterocylic chemistry, Hanzawa and coworkers utilized
zirconium/copper transmetalation to perform asymmetric 1,2-additions to 3,4-dihydroiso-
quinoline (104)94. Treatment of 104 with vinylzirconocene 105 in the presence of an
acylating agent (Boc2O), copper(I) salt and chiral amine 106 yielded the alkylated product
107 in good yield and enantioselectivity (Scheme 25). The yield was increased to 80% in
the non-asymmetric version by utilizing ethyl chloroformate as the electrophile.

The acylzirconocene95 species is isoelectronic to an acyl anion and can be prepared by
the hydrozirconation of alkenes or alkynes and subsequent insertion into CO. In the pres-
ence of a catalytic amount of copper iodide, acylzirconocenes 108 and 109 were added
to allylic bromide to provide β,γ -unsaturated ketones 110 and 111, which presumably
occurred through an intermediate acyl copper compound (Scheme 26)96. Hanzawa and
coworkers further expanded the use of the acylzirconocene 112 and performed a con-
jugate addition to α,β-unsaturated ketone 113 to provide 1,4-dicarbonyl compound 114
(Scheme 27)97. The reaction was sluggish in the absence of BF3žEt2O, and would not
proceed without Cu(I).

Sato and coworkers were able to generate dialkoxy allylic zirconium species 115 by
treatment of triethyl orthoacrylate with the Negishi reagent98,99, and upon addition of
CuCN they observed SN 2′-additions to allylic and propargylic phosphates100 and 1,2-
additions to imines101. The dialkoxy allylic zirconium species functions as a homoenolate
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2.  CuBr•Me2S (3 × 5%)
     BF3•Et2O, (90)

N

O

O

O

Ph
(90)

Hex N

O

O

O

Ph
(91) 64%, 90% de

     40 °C, 10 min
3.  PhCHO, 2 h, −78 °C

Hex N

O

O

O

(92) 64%, >97% de

Ph OH
Ph

H

N

OO

O

Ph

Zr BF3Cl H
Ph

OH

N O
O

O

Ph

H

Hex

Zr Cp2

BF3Cl

(93) (94)

Cp
Hex Cp

1.  Cp2ZrHCl, THF

1.  Cp2ZrHCl, THF
2.  CuBr•Me2S (3 × 5%)
     BF3•Et2O, (90)

SCHEME 22. Hydrozirconation/copper-catalyzed conjugate addition to N -acyl oxazolidinones

equivalent. Sato and coworkers proposed that a dialkoxy allylic copper intermediate was
formed via transmetalation. Zirconium species 115 was added in SN 2′ fashion to allylic
phosphate 116 to give ester 117, which was deprotected and cyclized to form lactone 118.
Alternatively, 115 was added to imine 119, to give ketal 120, which was subsequently
deprotected to give α-amino ketone 121 (Scheme 28).

2. From zirconacycles

Takahashi and coworkers reported the first example of a copper transmetalation using
zirconacyclopentadienes102; in the presence of catalytic copper chloride and allyl chloride,
zirconacyclopentadiene 122 was di-allylated103. Treatment of the resulting tetraene 123
with the Negishi reagent and carbon monoxide led to tricycle 124 (Scheme 29). This zirco-
nium/copper allylation methodology was further applied to functionalized allylic chlorides
to generate six- and seven-membered carbocycles104. Six-membered rings were formed by
treating trimethylsilyl-substituted zirconacyclopentadiene 125 with two equivalents of cop-
per chloride and allylic chloride 126 to give the acyclic triene intermediate 127, formed via
transmetalation from zirconium to copper and subsequent SN 2′-substitution. Presumably,
a second transmetalation from zirconium to copper occurred to give an alkenyl copper(I)
complex followed by an intramolecular SN 2′-displacement of the allylic chloride to pro-
vide cyclohexadiene 128. Alternatively, the seven-membered 131 was obtained from the
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n-Bu
ZrCp2

THF, 40 °C, 12 h

THF, 40 °C, 2 h

OPh

n-Bu

n-Bu H

O

(100)

(101)

(102) 97%

(103) 90%

Cl

10 % CuI•0.75 Me2S

10% CuI•0.75 Me2S

Ph

O

H

O

SCHEME 24. CuIž0.75 Me2S-catalyzed conjugate addition reaction of alkenyl zirconocene to α,β-
unsaturated ketone 101 and crotonaldehyde

N

N
CO2Bu-t

Ph

CH2Cl2, −23 °C to rt, 6 h

(104)

(105)

(107) 65%, 75% ee

N

O

N

O

t-Bu

t-Bu

(106)

(Boc)2O, (106)
10% [Cu(CH3CN)4]PF6

Ph
ZrCp2

Cl

SCHEME 25. Copper(I)-catalyzed asymmetric addition of vinylzirconocene 105 to dihydroisoquino-
line 104

R ZrCp2

O

Cl

10% CuI, DMF
0 °C, 1 h R

O

R = Ph(CH2)4 (108)
R = (E)-Ph(CH2)2CH=CH (109)

(110) 91%
(111) 78%

Br

SCHEME 26. Addition of acyl zirconium compounds to allyl bromide

(112) (114) 57%

n-C8H17 ZrCp2

O

Cl

BF3•Et2O, 0 °C

O

Ph

+ Ph

O

O

n-C8H17

(113)

10% CuCl•2LiCl

SCHEME 27. Conjugate addition of acyl zirconium compound 112 to α,β-unsaturated ketone 113
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Cp2Zr
CuCl (cat.)

LiCl (2 equiv)

(122) (123) 82%

O

(124) 69%

Cp2ZrBu2
CO

(2 equiv)

Cl

SCHEME 29. Copper-catalyzed transmetalation/allylation of zirconacyclopentadiene 122 and sub-
sequent CO insertion and cyclization

Cp2Zr

TMS

TMS TMS

TMS

(128) 60%(125)

CuCl (2 equiv)
rt, 6 h

TMS

Cl

TMS

M

(127)
M = Cp2ZrCl- or Cu

10% CuCl
rt, 1 h

Cl
TMS

M

TMS

(130)
M = Cp2ZrCl- or Cu

TMS

TMS

(131) 51%

(126)

(129)

Cl

Cl

Cl

Cl

SCHEME 30. Further application of the zirconacyclopentadiene allylation methodology to form 6-
and 7-membered carbocycles
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zirconacyclopentadiene 125 in the presence of catalytic copper chloride and bis-allylic
chloride 129. The formation of 131 occurred through intermediate 130, via transmetala-
tion from zirconium to copper and either SN 2- or SN 2′-substitution (Scheme 30). Other
substituted zirconacyclopentadienes can be used; however, the relationship between yield
and the amount of copper used would need to be optimized experimentally on an individual
basis.

Zirconacyclopentadienes have also been coupled with benzylic halides, alkynyl halides
and aryl halides in the presence of copper(I) salts105 – 107. Zirconacyclopentadiene 132,
in the presence of two equivalents of copper(I) chloride and DMPU, forms 8- and 9-
membered rings, 134 and 136, by coupling with bis(halomethyl) arenes 133 and 135,
respectively (Scheme 31)106. These reactions proceeded in the presence of catalytic
amounts of CuCl (10 mol%); however, the yields of the polycyclic products were typically
lower. Under similar conditions, 137 was coupled with tetraiodobenzene 138 to afford
anthracene derivative 139105. Zirconacyclopentadienes also reacted with diiodobenzenes
in the presence of copper to give naphthalene derivatives. Iodobenzene was efficiently
coupled with 137, and the intermediate alkenyl copper 140 was quenched with alkynyl
iodide 141 to give dienyne 142107.

Takahashi and coworkers also used the transmetalation reaction between copper and
zirconacyclopentadienes to synthesize substituted arene 144 from three different alkynes
in a one-pot annulation (Scheme 32)108. An intermediate zirconacyclopentadiene 143 was
synthesized using the Negishi reagent and sequential treatment with two alkynes. The
substituted arene was formed by the addition of a third alkyne in the presence of two
equivalents of copper chloride. This method was used to synthesize a variety of aromatic
esters, including 145, 146 and 147, in acceptable yields.

R2 R2

R1 R1

(145) 70%

Cp2ZrCl2
3.                         , rt

R1

R1

R2

R3

R3

R2

TMS

TMS

CO2Me

CO2Me Ph

Ph

CO2Me

CO2Me

TMS

(146) 56%

Et

Et

CO2Et

Et

Et

(147) 58%

(144)

5.  CuCl (2 equiv)
Cp2Zr

R1

R2

R1

R2

(143)

1.  n-BuLi (2 equiv), −78 °C
2.  ethylene, rt

4.                         , 50 °C
rt, 1 h
R3 R3

SCHEME 32. One-pot synthesis of highly substituted arenes via transmetalation of zirconacyclopen-
tadienes

The mechanism of this reaction was postulated to proceed by one of three possible
pathways from zirconacyclopentadiene 143 (Scheme 33). After the initial transmetalation
of 143 to form the bimetallic species 148, a second transmetalation occurs to form 150,
which can undergo alkyne insertion to form bis(vinylcopper) species 151. Alternatively,
148 can perform the alkyne insertion first, providing 149, and subsequent transmetalation
gives 151. Takahashi and coworkers proposed that 144 originated from 151 by either a
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ring-closing coupling reaction of the two alkenyl copper moieties or an intramolecular
Michael addition and subsequent reductive elimination. They based this hypothesis on
the isolation of quenched triene products from the hydrolysis of 149 or 151. A concerted
Diels–Alder-type cyclization of 150 was also not ruled out; however, it does not appear
to be favored based on the isolation of quenched triene intermediates108.

Cu

ClCp2Zr

R1

R2

R2

R1

(148)

Diels-Alder type
cycloaddition

Cu

ClCp2Zr

R3 R3

R1

R1

R2 R2

CuCl

Cu

Cu

R1

R2

R2

R1

Cu

Cu

R3 R3

R1

R1

R2 R2

(149)

(150)

(151)

(144)

(144)

ring closure
coupling

intramolecular Michael 
addition and reductive 

elimination or

CuCl

CuCl

Cp2Zr

R1

R2

R1

R2

(143)

R3 R3

R3 R3

R3 R3

SCHEME 33. Possible mechanisms of substituted arene formation from zirconacyclopentadienes

Transmetalation reactions of zirconacyclopentanes and subsequent carbometalations
with unactivated alkynes have been shown to provide carbocycles109. Zirconacyclopentane
152 reacted with phenylacetylene in the presence of two equivalents of copper(I) chloride
to give carbocycle 153. Olefin 155 was obtained from 152 via transmetalation, cross-
coupling with an alkynyl bromide 154 and carbometalation (Scheme 34). In a noteworthy
attempt to support the occurrence of the transmetalated copper species, the intermediate
alkenyl metal was successfully quenched with an allylic halide and an acid chloride to
give a functionalized carbocycle.
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Cp2Zr

CuCl (2 equiv)
50 °C, 3 h

CuCl (2 equiv)
50 °C, 3 h

Ph

n-Bu

(152)

(155) 58%

(153) 50%

(154)

Brn-Bu

Ph

SCHEME 34. Copper-mediated carbometalation of alkynes to achieve carbocycles

Takahashi and coworkers further expanded the transmetalation of zirconacycles to
the synthesis of spirocycles110. Spirocycles 158, 161 and 163 were obtained by treat-
ment of zirconacyclopentene 156, zirconacyclopentane 159 and zirconacyclopentadiene
162, respectively, with two equivalents of copper(I) chloride and 3-iodocycloenones 157
or 160 (Scheme 35). It was hypothesized that the initial event in the reaction was the
cross-coupling of an organocopper species, obtained by transmetalation from zirconium,
followed by a 1,4-conjugate addition of a second organocopper species.

Cp2Zr

Et
Et

CuCl (2 equiv)
20 °C, 1 h

CuCl (2 equiv)
20 °C, 1 h

O
Et

Et

O

(156) (157)

(160)

(158) 40%

(161) 56%

Cp2Zr

Ph

Ph
(159)

Ph

Ph

Cp2
Zr

Et

Et

(160), 20 °C, 1 h

O

Et
Et

(162)
(163) 56%

CuCl (2 equiv)

O

I

O

I

SCHEME 35. Copper-mediated conjugate addition of zirconacycles to cyclic 3-iodoenones
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IV. TRANSMETALATIONS IN THE LANTHANIDE SERIES

Although electronegativities suggest that transmetalation of organolanthanide compounds
to copper occurs readily, investigations in this area are limited. Presumably, the lan-
thanide–copper transmetalation appears of low synthetic utility since most organolan-
thanide compounds are prepared from the corresponding organomagnesium or organo-
lithium species. However, the reactivity of the resulting cuprate will be strongly influenced
by the presence of an oxophilic lanthanide salt, thus providing mixed organometallic
species with inherently different reactivity. The relatively tolerant nature of both of these
derivatives toward various functional groups is also attractive.

A. Transmetalation from Organosamarium Compounds

Wipf and coworkers were first to investigate the samarium–copper transmetalation
of organosamarium compounds prepared by the reduction of alkyl iodides with samar-
ium(II) iodide111,112. Initial investigations used a solution-stable organosamarium species
(i.e. 166), and subsequent transmetalation to a copper(I) iodide–triethyl phosphite com-
plex (CuIžP(OEt)3). Organosamarium species 166 was prepared by the reduction of alkyl
iodide 165, or alternatively, aryl iodide 164, via an intramolecular 5-exo-trig cyclization.
Transmetalation using CuIžP(OEt)3 to form the bisalkyl Gilman-type copper complex 167
followed by a 1,4-conjugate addition to cyclohexenone provided ketone 168 (Scheme 36).
In general, the use of 2 equivalents of halide, 4 equivalents of SmI2 and 1 equivalent of
both CuIžP(OEt)3 and enone are necessary to obtain the conjugate addition product for a
variety of halides and enones.

The initial methodology developed by Wipf and coworkers was later improved upon
by adding a slight excess of halide to the enone in the presence of TMSCl and catalytic
amounts of copper(I) salts112. Reduction of alkyl iodide 169, followed by transmetalation
with a catalytic amount of CuBržMe2S and addition to functionalized enone 170 activated
with TMSCl gave silyl enol ether 171 (Scheme 37). The corresponding ketone 172 was
obtained in good overall yield by silyl deprotection of 171. This improved methodology
resulted in higher yields compared to the alternative approach using stoichiometric copper.

Berkowitz and Wu employed similar conditions to perform the sp3 –sp3 cross-coupling
reaction of simple alkyl iodides and bromides113. This cross-coupling methodology mini-
mized homo-coupling and was applied to the synthesis of an archaebacterial lipid114. For
the synthesis of a fragment of this archaebacterial lipid, alkyl iodide 173 was reduced
with SmI2 and coupled to iodo ester 174 in the presence of catalytic copper(I) bromide in
good yield (Scheme 38). Berkowitz and Wu proposed a dialkylsamarium copper complex
as an intermediate, as suggested by Wipf and coworkers.

V. TRANSMETALATIONS IN GROUP IIB

A. Transmetalation from Organozinc Compounds

The chemistry of organozinc compounds, including transmetalation reactions to organo-
copper compounds, has been covered extensively5,115 – 117. As early as 1859, the first
experiments involving the preparation of alkylcopper species from copper halides and
organozinc derivatives were performed. These initial findings paved the way for significant
advances, which have been reviewed previously by Wipf4 and Knochel5,117.

The ease of preparation, versatility of application and functional group compatibil-
ity contribute to the frequent use of organozinc compounds in organometallic chem-
istry. Organozinc reagents are classified into three groups: organozinc halides (RZnX),
diorganozincs (R2Zn) and triorganozincates (R3ZnLi). Among these, triorganozincates
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Transmetalation reactions producing organocopper compounds

I

1.  SmI2, THF, HMPA  
2.  10% CuBr•Me2S, −78 °C
3.  TMSCl (4 equiv), −78 °C

N

OMe

O
O

TMSO
(169)

(170)
(171)

Hex

TBAF, Et2O

N

OMe

O
O

O

Hex

(172) 59%

N

OMe

O
O

O

SCHEME 37. Copper-catalyzed conjugate addition of alkyl samarium to 170

I
I

SmI2, HMPA, THF;
then CuBr (cat.), (174)

(173) (174)

81%OTBDPS CO2Me

OTBDPS CO2Me

+

SCHEME 38. Copper-catalyzed cross-coupling of alkyl iodides

exhibit the highest reactivity, followed by diorganozincs and organozinc halides. The lat-
ter are usually prepared by direct insertion of zinc dust into organohalides. Rieke zinc,
prepared by the reduction of zinc halides, is more active than zinc metal and can insert
more easily into organohalides118,119. Alternatively, a palladium(0)- or nickel(0)-catalyzed
halogen–zinc exchange can be used to synthesize organozinc halides through a radical
mechanism120,121. Although less general, organozinc halides can also be prepared by the
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transmetalation of organometallic compounds with zinc halides (e.g. transmetalation from
organolithium compounds)122,123. The preparation of diorganozinc reagents can generally
be accomplished through an iodine–zinc124,125 or boron–zinc exchange126,127. It is not
possible to prepare enantiomerically pure diorganozinc reagents by iodine–zinc exchange
due to the radical nature of the reaction; however, the boron–zinc exchange has been
shown to occur with retention of stereochemical configuration126,127.

Tanner and Hjelmgaard studied the convergent synthesis of ketones similar to 178 and
181 using the copper-mediated cross-coupling of an alkyl iodide and an acid chloride128.
Insertion of zinc into alkyl iodide 175, readily synthesized from L-pyroglutamic acid,
provided alkyl zinc iodide 176. Transmetalation to copper led to the corresponding cop-
per–zinc species 177, which was added to benzoyl chloride. Addition to aliphatic acid
chlorides did not result in the desired products. Additionally, the methodology was applied
to alkyl iodide 179, synthesized from L-glutamic acid, to afford ketone 181 in good
yield (Scheme 39), bypassing the usual β-elimination problem. Functionalized alkylz-
inc–copper species 180 was efficiently added to a wide range of acid chlorides, including
those with aryl and alkyl substituents. This methodology complements the Pd(0)-catalyzed
addition of organozinc halides to acid chlorides, and in cases where low or no yields are
obtained, the zinc to copper transmetalation methodology may be useful in gaining access
to the desired product129.

In an interesting study, the relative abilities of n-butyl and phenyl groups in a mixed
diorganozinc reagent 182 to transfer selectively in copper(I)-catalyzed benzoylations were
investigated130. Benzophenone (184) or aryl alkyl ketone 183 were obtained selectively,
depending on the solvent mixture used in the reaction (Scheme 40). Erdik and Pekel
speculate that the coordinating ligands (n-Bu3P or TMEDA) favor the formation of the
reactive intermediate 185 to provide 183, or of 186 to provide 184. The exact cause of
the selectivity remains under investigation.

Enantioselective 1,4-conjugate additions to Michael acceptors catalyzed by copper and
other metals have recently been an area of intense investigation and several reviews have
been published131 – 135. Herein, we limit the discussion to the enantioselective addition of
organozinc compounds via transmetalation to copper.

During the investigation of palladium-catalyzed conjugate additions of diorganozinc
reagents to enals, Marshall and coworkers performed comparison studies using copper-
catalyzed conditions136. Generally, conjugate additions of lithium cyanocuprates and mag-
nesium cuprates to enals provide mixtures of 1,2- and 1,4-addition products as well as
various side products137. Marshall and coworkers expanded upon the conditions devel-
oped by Lipshutz and coworkers138 for copper-catalyzed addition of diorganozinc reagents
to enones, and successfully achieved the conjugate addition of diorganozincs to enals.
Copper-catalyzed conjugate addition of diethylzinc to aldehyde 187 in the presence of
TMSCl and subsequent deprotection of the silyl enol ether provided 188 (Scheme 41).
Interestingly, when the reaction was performed in the presence of both enone 189 and
187, the selective conjugate addition to the enal proceeded in identical yield, and unre-
acted 189 was isolated from the reaction mixture. Conjugate addition to the chiral enal
190 proceeded to give a β,γ -substituted aldehyde 191 in quantitative yield with excel-
lent diastereoselectivity. The copper-catalyzed reaction is an excellent complement to the
palladium-catalyzed addition of diorganozincs previously investigated by Marshall and
coworkers.

Recently, Feringa and coworkers have expanded their work on enantioselective Michael
additions to enones to include stereoselective conjugate additions to α,β-unsaturated
lactams139. The conjugate addition of diethylzinc to unsaturated lactam 192 proceeded
smoothly in the presence of catalytic quantities of copper(II) triflate and BINOL-based
phosphoramidite (R,S,S)-193 to provide the alkylated lactam 195 in high enantioselec-
tivity. In a multi-component reaction application, zinc enolate 194 was quenched with
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n-BuZnPh
2.  PhCOCl, 20 °C, 20 min

Solvent Ph Ph

O

Ph Bu-n

O
+

THF:n-Bu3P (1 equiv)
THF:TMEDA (2:1)

82%
67%

(182)

(184)(183)

100:0
8:92

n-BuCuIZnPh PhCuIZn(Bu-n)

L L
(185) (186)

1.  10% CuI, −20 °C, 15 min

Solvent Yield 183:184

SCHEME 40. Solvent-dependent selective benzoylation of mixed diorganozinc reagents

O

H

O

H

     THF, −78 °C, 3–4 h
2.  TBAF, THF

(187) (188) 82%

O

H

     (3 equiv), THF, −78 °C
2.  TBAF, THF

OTBDPS

O

HTBDPSO

(190) (191) 100%, >20:<1 dr

O

(189)

1.  10% Me2Cu(CN)Li2
     Et2Zn, TMSCl

1.  10% Me2Cu(CN)Li2
     Me2Zn (2 equiv), TMSCl

SCHEME 41. Copper-catalyzed conjugate addition of diorganozincs to enals 187 and 190

acetaldehyde to produce alcohol 196 as a mixture of alcohol epimers (Scheme 42). In
this reaction sequence, it was observed that an electron-withdrawing group was necessary
on nitrogen; otherwise, the reactivity of the enone is too low for the conjugate addition
to take place. The conjugate addition of organozinc reagents to pyridone 197 was also
successful140. The copper-catalyzed 1,4-addition of n-Bu3ZnLi in the presence of TMSCl
provided 198; similarly, the treatment of 197 with diethylzinc, Cu(I) salt and TMSCl
resulted in an analogous alkylation to give pyridone 199. The corresponding enantios-
elective conjugate addition to 197 was accomplished using the chiral phosphoramidite
(S,R,R)-193 and copper(I) thiophenecarboxylate (CuTC) to deliver 200 (Scheme 43).

Feringa and coworkers also applied their copper phosphoramidite-catalyzed enantios-
elective conjugate addition methodology toward the formation of synthetically useful
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N

O

CO2Bu-t

Et2Zn (2 equiv), CuCN•2LiCl
TMSCl, −78 °C to rt N

O

CO2Bu-t

N

O

CO2Bu-t

Bu-n

(197) (198) 83% (199) 77%

or

O

O
P N

Ph

Ph

S,R,R-(193)

10% S,R,R-(193)
TMSCl N

O

CO2Bu-t

(200)
77%, 83% ee

n-Bu3ZnLi, 10% CuCN
or

Et2Zn, −40 °C, 12 h
rt, 12 h, 5% CuTC

SCHEME 43. Conjugate addition of organozinc reagents to pyridone 197

vinyl triflates141. A Michael addition to cyclohexenone provided the intermediate zinc
enolate 201 and, upon treatment of the zinc alkoxide with triflic anhydride, vinyl tri-
flate 202 was obtained in excellent enantioselectivity. Subsequently, the enol triflate was
subjected to palladium cross-coupling conditions (Negishi reaction), and chiral styrene
203 was isolated. Interestingly, they also applied this reaction sequence to a one-pot pro-
tocol to provide 203 in a lower yield but with retention of configuration (Scheme 44).
Cycloheptenones could also be used as substrates.

Further investigations into the enantioselective copper-catalyzed conjugate addition
reaction to enones have led to the development of other chiral ligands that control the
stereochemical outcome of the initial C−C bond formation. Nakamura and coworkers
developed the aminohydroxyphosphine ligand 205, and investigated its efficacy as a chi-
ral ligand for the conjugate addition of dialkylzincs142. They found that diethylzinc in the
presence of catalytic quantities of copper(II) triflate can be added in high enantioselec-
tivity to acyclic enones 204 and 206 with this ligand (Scheme 45). Based on theoretical
calculations and previous work in nickel-catalyzed cross-coupling reactions, the authors
propose that the phosphine ligand has the ability to bridge the bimetallic transition state
207143,144. This results in virtually complete control of the facial selectivity during the
addition of the alkyl group.

The synthesis of all-carbon quaternary stereocenters is an important and challenging
process that remains the subject of intense interest in organic chemistry145. Several copper-
catalyzed methodologies have been developed that perform enantioselective 1,4-conjugate
additions to β-disubstituted enones resulting in the desired quaternary center146 – 148. In
the presence of catalytic amounts of the dipeptide-based aniline ligand 209 and cop-
per(I) cyanide, conjugate additions of dialkylzincs to β-disubstituted enone 208 occur
in high yields and enantioselectivites147. This methodology was also suitable for conju-
gate additions to similarly substituted cyclopentenones to form quaternary stereocenters in
5-membered carbocycles. Elaboration of the resulting ketones 210 and 211 was demon-
strated to provide access to the chiral ketone 212 and the α,β-unsaturated ester 213
(Scheme 46).
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O OZnEt

Et

OTf

Et

Et2Zn (1.5 equiv)
1% Cu(OTf)2

(201) (202)
83%, 97% ee

Et

Ph

PhZnCl (1.5 equiv)
4% Pd(PPh3)4, THF 

50 °C

(203)
86%, 97% ee

Tf2O, 0 °C to rt

2% S,R,R-(193)
toluene

−30 to 0 °C

SCHEME 44. Enantioselective conjugate addition to cyclohexenone followed by enol triflate for-
mation and Pd-catalyzed cross-coupling

O

O Et2Zn (1.5 equiv)
CH2Cl2, 0 °C

O

O

EtH

Et2Zn (1.5 equiv)
CH2Cl2, 0 °C

(204) 89%, 99% ee

(206) 81%, 98% ee

PPh2

NBn2

OH

(205)

O OEtH

O

CuIII

Ph2P
NBn2

Zn

O
EtEt

R

R

(207)

3% Cu(OTf)2
3.6% (205)

3% Cu(OTf)2
3.6% (205)

SCHEME 45. Copper-catalyzed conjugate addition of diethylzinc using aminohydroxyphosphine
ligand 205
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O

CO2Bu-t
2–5% (209), 2–5% CuCN

R1
2Zn (1.5 equiv)

O

CO2Bu-t

R1 rt, 24 h

O

Pr-i

1.  NaBH4, MeOH, 0 to 22 °C
2.  POCl3, pyr, 0 to 22 °C

CO2Bu-t

(208) (210) R1 = i-Pr, 90%, >98% ee
(211) R1 = Et, 90%, 89% ee

(212) 89%

(213) 71%

NHMe

N
H

O
H
N

O

NH2

O
Pr-i

NH

(209)

toluene
0 °C, 22–27 h

TFA, CH2Cl2

SCHEME 46. Enantioselective conjugate additions to tetrasubstituted enone 208 and further trans-
formations to access 212 and 213

Subsequent investigation in the enantioselective conjugate addition of dialkylzincs led
Hoveyda and coworkers to use air-stable chiral bidentate Ag(I) N-heterocyclic carbenes
(NHC)146,148. At the same time, similar results were obtained for the enantioselective con-
jugate addition of Grignard reagents utilizing monodentate NHC complexes149. Diaryl-
and dialkylzincs were successfully added to enone 214 in high yield and enantioselectiv-
ity in the presence of catalytic quantities of NHC–Ag(I) complex 215 and a copper(I)
triflate–benzene complex provides β-disubstituted ketones 217 and 219 (Scheme 47).
The active catalyst (Cu(I)-NHC) is generated in situ during the reaction150,151. It should
be noted that the facial selectivity changes for diarylzinc and dialkylzinc additions. The
authors propose transitions states 216 and 218, which illustrate the change in orientation
of the enone to minimize steric interactions. The substrate scope is limited to relatively
small diorganozinc reagents (i-Pr2Zn results in low conversion) and small substituents at
the β-position; however, the reaction can be applied similarly to β-substituted cyclohep-
tenones in good yields and enantioselectivites. The conjugate additions of dialkylzincs
to γ -keto ester 220 using NHC–Ag(I) complex 221 gave products in good yield and
enantiomeric excess146; the addition of a methyl group provides keto-ester 223. Selective
reduction of the ester functionality is accomplished by treatment of the intermediate zinc
enolate 222 with lithium aluminum hydride to give the chiral alcohol 224 (Scheme 47).

Copper-catalyzed asymmetric allylic substitution reactions are well precedent-
ed117,152,153, and a review by Oshima and Yorimitsu in 2005 summarizes the progress
in this area154. At the time protocols by Hoveyda and coworkers utilizing bidentate NHC
complexes 226150 and Alexakis and coworkers using chiral phosphoramidites 228155

emerged as the most promising methods to accomplish the enantioselctive substitution
reactions on allylic phosphates 225 and allylic bromides 227 (Scheme 48). More recently,
methodologies have been developed to achieve higher enantioselectivites with a broader
range in substrate scope that allows access to a variety of useful organic synthons.

38



+
+

O

Ph

Ph

O

O

Ph

O

E
t

Ph
2Z

n 
(3

 e
qu

iv
),

 E
t 2

O
−3

0 
°C

, 6
 h

E
t 2

Z
n 

(3
 e

qu
iv

),
 E

t 2
O

−3
0 

°C
, 6

 h

(2
14

)

(2
17

)
95

%
, 9

7%
 e

e

(2
19

)
92

%
, 9

3%
 e

e

N

NA
g

O

N
N

A
g

O (2
15

)

Ph
Ph

N
N

Ph
Ph

C
u

O

O

N
N

Ph
Ph

C
u

O

E
t

Z
nX

Z
nX

(2
16

)
(2

18
)

2.
5%

 (
21

5)
2.

5%
 (

C
uO

T
f)

2•
C

6H
6

2.
5%

 (
21

5)
2.

5%
 (

C
uO

T
f)

2•
C

6H
6

SC
H

E
M

E
47

.
C

op
pe

r-
ca

ta
ly

ze
d

en
an

tio
se

le
ct

iv
e

co
nj

ug
at

e
ad

di
tio

ns
of

di
or

ga
no

zi
nc

to
en

on
es

21
4

an
d

22
0

us
in

g
N

H
C

co
m

pl
ex

es
21

5
an

d
22

1

39



O

O
M

e

O

M
e 2

Z
n,

 t-
B

uO
M

e
−3

0 
°C

, 1
5 

h

(2
20

)

O

(2
22

)

O
M

e

O

Z
nM

e

L
A

H
, T

H
F,

 0
 °C

, 6
 h

O

O
H

(2
24

)
76

%
, 8

9%
 e

e

S
O

O

O

A
g

N
N

A
g

O

S
O

OPh
Ph

N
N

Ph

Ph

(2
21

)

O

O
M

e

O

(2
23

)
89

%
, 8

9%
 e

e
(i

f 
qu

en
ch

ed
)

2.
5%

 (
22

1)
2.

5%
 (

C
uO

T
f)

2•
C

6H
6

SC
H

E
M

E
47

.
(c

on
ti

nu
ed

)

40



Ph
O

PO
(O

E
t)

2

2.
5%

 (
22

6)
, E

t 2
Z

n
2.

5%
 (

C
uO

T
f)

2•
C

6H
6

PhE
t

N
N

M
es

A
g

O
2

(2
25

)

(2
26

)

88
%

, 9
1%

 e
e

Ph
B

r
2%

 (
22

8)
, 1

%
 C

uT
C

Ph

E
t

(2
27

)
83

%
 c

on
v,

 9
1%

 e
e

O O
P

N

(2
28

)

O
M

e

O
M

e

H

T
H

F,
 −

15
 °C

, 4
8 

h

E
t 2

Z
n,

 T
H

F,
 −

40
 °C

SC
H

E
M

E
48

.
C

op
pe

r-
ca

ta
ly

ze
d

as
ym

m
et

ri
c

al
ly

lic
su

bs
tit

ut
io

n
re

ac
tio

ns
us

in
g

ch
ir

al
lig

an
ds

22
6

an
d

22
8

41



Christopher J. Rosenker and Peter Wipf

Knochel and coworkers have taken advantage of the high level of chirality trans-
fer in SN 2′-additions of diorganozincs to enantiomerically pure allylic pentafluorobenzo-
ates156 – 158. Using this methodology, enantiomerically pure tertiary alcohols, amines and
isocyanates were synthesized157. Chiral allylic pentafluorobenzoates 229 were obtained
as virtually single enantiomers, and upon SN 2′-addition of a dialkylzinc in the presence
of copper, chiral olefin 231 was obtained in good yield with almost complete transfer of
chirality in generating the all-carbon quaternary center. The chirality transfer is due to
the minimization of the allylic 1,3-strain in transition state 230. The olefin 231 was then
converted to the tertiary alcohol 232 by oxidative olefin cleavage and Baeyer–Villiger
rearrangment with retention of configuration. Alternatively, olefin 231 was subjected to
oxidative olefin cleavage and Curtius rearrangement to provide the corresponding amine
233 or isonitrile 234 with no loss in enantiopurity (Scheme 49). The same methodology
was applied to enantioenriched allylic pentafluorobenzoate 235 to produce chiral alkenyl-
silanes that were used for the synthesis of chiral α,β-unsaturated ketones 237 or chiral
styrene derivatives 239158. Dialkyl- and diarylzincs were added to 235 in good yield with
excellent transfer of chirality to give alkenylsilane 236, which was transmetalated to alu-
minum and added to various acid chlorides to deliver α,β-unsaturated ketones 237 with a
γ -stereocenter. Alternatively, alkenylsilane 236 was transformed into pinacol borane 238
and in turn engaged in a Suzuki coupling to provide the enantioenriched styrene derivative
239 (Scheme 50).

Breit and coworkers have investigated a similar approach for generating quaternary
stereocenters in a stereospecific manner by using a directed/non-directing leaving group
strategy to control the absolute stereochemistry159 – 161. Treatment of enantiomerically pure
allylic ortho-diphenylphosphanylbenzoate (o-DPPB) 240 with alkyl Grignard reagents in
the presence of a catalytic quantity of copper resulted in a neighboring group directed
SN 2′-addition. The reaction proceeded through the chelated transition state 241 to give
(−)-242 with nearly complete chirality transfer. Interestingly, treatment of allylic phos-
phine oxide 243, obtained from the oxidation of 240, with a dialkylzinc reagent and a
copper(I) salt proceeded to give the opposite SN 2′ product (+)-242 with no erosion of
enantiomeric excess. Presumably, nucleophilic addition to oxidized 243 occurred through
the non-chelated transition state 244. Thus, as an interesting caveat to this methodology,
either enantiomer of 242 can be accessed from a single enantiomer of the starting material
240 by controlling the oxidation state of the phosphine (Scheme 51).

In an interesting application for the synthesis of (E)-alkene dipeptide isosteres
(EADIs)162 – 164, Fujii and coworkers incorporated unnatural side chains at the α-position of
EADIs using organozinc–copper reagents165. Selective SN 2′-addition of naphthylmethylz-
inc bromide 246 to aziridine 245 furnished EADI 247. The opposite naphthylmethyl
diastereomer could be accessed by treatment of aziridine 245 with methanesulfonic acid
to form mesylate 248, which was eliminated via an anti-selective SN 2′-addition of 246
in the presence of copper(I) and BF3žEt2O to give EADI 249 in good yield over the two
steps. Thus, they were able to obtain the desired compounds 247 and 249, epimeric at the
α-position, from the common intermediate 245 (Scheme 52).

Expanding on their previous work using chiral bidentate NHC–copper complexes,
Hoveyda and coworkers were able to synthesize allylic silanes 251 containing tertiary and
quaternary carbon stereocenters in high enantioselectivies166. Dialkylzincs were efficiently
added to di- and tri-substituted alkenylsilanes 250 in the presence of NHC complex 226
to obtain allylic silanes 251 with high enantiomeric excess. Alternatively, diarylzincs
were added to 250 in slightly reduced yield and enantioselectivity. Di- and tri-substituted
alkenes required the use of NHC complexes 215 and 221, respectively. The resulting
allylic silane 252 was coupled to the unsaturated ester 253 under metathesis conditions
using the Hoveyda–Grubbs catalyst to provide ester 254 with excellent E-olefin selectivity
and no loss in enantiomeric excess at the γ -carbon. Diol 256 was obtained with no
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Transmetalation reactions producing organocopper compounds

CO2Et

OO

PPh2

TBDPSO

Et2O, rt, 15–20 min CO2Et

R

TBDPSO

H2O2 100%

CO2Et

OO

PPh2

TBDPSO

O CO2Et
TBDPSO

R

THF, −30 to 0 °C, 2.5 h

R = Et, n-Bu, i-Pr

(−)-(242)
84–87%, 97–98% ee

(+)-(242)
85–94%, ≥99% ee

CH2OTBDPSH

O O

Ph2P

EtO2C

[LRCu]

CH2OTBDPSH

O
EtO2C

O

Ph2P

O

[LRCu]

(241)
directed syn-addition

(244)
nondirected anti-addition

(240)
>99% ee

(243)
>99% ee

RMgX (1.2 equiv)
CuBr•SMe2 (0.5 equiv)

R2Zn (2.4 equiv)
CuCN•2LiCl (1.2 equiv)

SCHEME 51. Directed and non-directed SN 2′-displacement of organocopper reagents on a tunable
allylic ortho-diphenylphosphanylbenzoate (o-DPPB)

deterioration of enantiopurity by a hydroboration–oxidation/Fleming–Tamao oxidation
sequence from silane 255 (Scheme 53).

In a useful application of the copper-catalyzed enantioselective conjugate addition of
dialkylzincs to nitro olefins 257 and 261, alkyl-substituted β-amino acids were synthe-
sized167 – 169. Sewald and Rimkus performed a copper-catalyzed conjugate addition of
diethylzinc to nitro olefin 257 in the presence of chiral phosphoramidite 258 to prepare
ester 259 in high yield and enantioselectivity168. Reduction of the nitro group, protection
of the amine and hydrolysis of the ester afforded the β-amino acid 260 in 71% yield
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Transmetalation reactions producing organocopper compounds

PhMe2Si

R1

OPO(OEt)2
THF, −15 °C, 24–48 h SiMe2PhR1

R2

(251)
R2 = alkyl or aryl

(250)
R1 = H or Me

CH3 or H
H

CH3

alkyl
aryl
aryl

226
215
221

72–94%, 91–98% ee
82–88%, 90–91% ee
72–80%, 76–85% ee

Et

SiMe2Ph

+
OMe

O

CH2Cl2, 40 °C, 12 h OMe

O

R3

SiMe2Ph

(254)
84%, >98% E, 98% ee

(252)
98% ee

(253)

Et

SiMe2Ph
H2O2, NaOH, 0.5 h

Et

SiMe2Ph

OH

(255)
91% ee

NMP, n-Bu4NF, 2 h

Et

OH

OH

(256)
80%, 91% ee

1–2.5% NHC cat, R2
2Zn

1–2.5% (CuOTf)2•C6H6

10% Hoveyda–Grubbs

9-BBN, THF, 1 h cumene•H2O2, KH

R1 R2 NHC cat Result

SCHEME 53. Copper-catalyzed asymmetric allylic SN 2′-substitution reaction to yield chiral allylic
silanes 251 and subsequent transformations to provide 254 and 256

from 257. Alternatively, Feringa and coworkers performed enantioselective conjugate
additions of several dialkylzincs to nitro olefin 261 to obtain ketals 263 in high yield
and enantiopurity167. Hydrogenolysis of the nitro group, Boc-protection and subsequent
hydrolysis and oxidation of the ketal 264 provided β-amino acid 265 with no deterioration
of enantiomeric excess. Ojima and coworkers achieved slightly higher enantioselectivites
using the chiral phosphoramidite 262 in the conjugate addition of diethylzinc to nitro
olefins (Scheme 54)169.

Organozinc reagents in the presence of copper salts have been added enantioselectively
to aldimines and ketimines to generate amines. Several recent reviews have been published
covering this topic170,171, and only some pertinent examples will be covered here. Previous
studies on the enantioselective addition of diorganozincs to N-diphenylphosphinoylimines
of type 266 have been performed by Charette and coworkers, providing amides 268 in
high yield and enantioselctivities172,173. Charette and Lauzon also exploited the similar
reactivities of aldimine 266 and trifluoromethyl ketimine 271, and were able to perform
copper-catalyzed enantioselective additions of diethyl- and dimethylzinc174. Synthesiz-
ing 271 directly proceeded in very low yields; however, treatment of ketone 269 with
titanium(IV) ethoxide and diphenylphosphinamide provided hemiaminal 270 as a col-
orless, air-stable solid. The corresponding imine 271 could be generated in situ upon
addition of dialkylzinc. In the presence of catalytic copper(II) triflate and (R,R)-BozPHOS
(267), the desired addition products 272 could be isolated in very high enantiopuri-
ties. The diphenylphosphinoyl protecting group required slightly harsher conditions for
removal; nonetheless, the amine hydrochloride 273 could be accessed in a reasonable
yield (Scheme 55).
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Christopher J. Rosenker and Peter Wipf

The copper-catalyzed addition of alkylzinc halides to N-(heteroarylsulfonyl)aldimines
was investigated by Carretero and coworkers175. In the presence of 5% copper(II) tri-
flate, various alkylzinc halides were added efficiently to aldimine 274, providing var-
ious pyridylsulfonyl amines 275. Presumably, the Lewis base donor ability of the N-
pyridylsulfonyl group localizes the less nucleophilic alkylzinc–copper species in close
proximity to the aldimine to facilitate addition. The resulting pyridylsulfonyl amines 275
were deprotected in the presence of Mg0. In an application to the synthesis of pyridones,
alkylzinc halide 277 was added to pyridylsulfonyl imine 276 and subsequently depro-
tected, affording the cyclized pyridone 278 (Scheme 56). The broader functional group
tolerance of alkylzinc halides compared to more reactive organometallics could be useful
if this methodology were to be expanded to an asymmetric variant.

Ar

N

H

S

O O

N

5% Cu(OTf)2
RZnBr, CH2Cl2 HN

S

O O

N
R

(274) (275)
77–95%
R = alkyl

Ph

N

H

S

O O

N

(276)

5% Cu(OTf)2, CH2Cl2

(277)

Ph

HN
SO2(2-Pyr)

CO2Et

88%

Mg0 (10 equiv)
MeOH, rt, 2 h

HN

O

Ph

(278) 94%

Ar

H

rt, 5–10 min

rt, 5–10 min

BrZn CO2Et

SCHEME 56. Addition of alkylzinc halides to N -pyridylsulfonyl imines 274 under copper catalysis

Expanding again on their use of BINOL-derived phosphoramidites, Feringa and cowork-
ers have successfully used chiral phosphoramidites to control the stereochemical outcome
of the copper-catalyzed diorganozinc imine addition176. Treatment of imine precursor 279
with catalytic copper(II) triflate, 4% phosphoramidite ligand (S,R,R)-193 and diethyl-,
diisopropyl- or dibutylzinc resulted in the formation of amide 280 in high enantiomeric
excess. Alternatively, the addition of dimethylzinc under identical conditions proceeded
with very low enantioselectivity. However, treatment of 279 with a copper source, phos-
phoramidite ligand and trimethylaluminum resulted in the formation of the opposite
enantiomer 281 in good enantioselectivity (Scheme 57). The stereochemical outcome was
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Transmetalation reactions producing organocopper compounds

TolO2S

Ph

N
H

H

O

2% Cu(OTf)2
4% S,R,R-(193)

R

Ph

N
H

H

O

Ph

N
H

H

O

2% Cu(acac)2
10% S,R,R-(193)

(279)

(280)
92–99%, 88–96% ee

R = Et, i-Pr, n-Bu

(281)
70%, 86% ee

R2Zn (2.5 equiv)
THF, 16 h

Me3Al (2.5 equiv)
i-Pr2O, 16 h

SCHEME 57. Copper-catalyzed enantioselective addition to in situ generated imines from 279 using
chiral phosphoramidite ligand (S,R,R)-193

rationalized by the presence of two active catalysts in the aluminum/copper system, as
demonstrated earlier by Feringa and coworkers177.

Johnson and Berman have investigated the synthesis of secondary and tertiary amines by
a copper-catalyzed electrophilic amination of diaryl- and dialkylzinc reagents178,179. Treat-
ment of various primary and secondary amines 282 with benzoyl peroxide (283) resulted in
the formation of electrophilic amination reagents 284. In the presence of catalytic quanti-
ties of copper reagent (CuCl2 or (CuOTf)2žC6H6) and diorganozinc reagents, the secondary
and tertiary amines 285 were formed in moderate to excellent yields with tolerance to
aryl triflates, nitriles and acetates. Several examples (286–289) of the product scope
can be seen (Scheme 58). The formation of the very hindered amine 286 is particularly
noteworthy. The mechanism of the reaction was investigated by the endocyclic restriction
test180, and it was proposed that the diorganozinc reagent transmetalates to an intermediate
copper–zinc species and performs an SN 2-reaction on the electrophilic amine181.

B. Transmetalation from Organomercury Compounds

The toxicity of organomercury compounds prohibits their widespread use in organic
synthesis; however, these reagents have been used in transmetalation reactions with
copper to achieve some interesting results. The electronegativity of mercury (2.00) is
similar to copper, leading to a sluggish transmetalation and an equilibrium favoring
the organomercury reagent. Initial investigations by Bergbreiter and Whitesides showed
that alkylmercury reagents could be transmetalated to copper and quenched with an
electrophile182. The process occurred through a reactive ate complex containing copper(I),
mercury(II) and lithium(I). Several years later, Šrogl and Kočovský utilized the transmet-
alation of an alkylmercury reagent to copper in the formation of a cyclobutane-containing
steroid derivative183,184. Treatment of cyclopropane 290 with mercury(II) resulted in
the rearranged alkylmercury 291. Subsequent transmetalation from mercury to copper
and intramolecular 1,2-addition to the pendant aldehyde provided cyclobutanol 292 in
high yield. The authors also performed an intramolecular 1,4-conjugate addition to the
α,β-unsaturated ester 293, formed by Horner–Emmons olefination of aldehyde 291, by
transmetalation to copper to provide cyclobutane 294 (Scheme 59). The nature of the
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copper species in these reactions remains to be elucidated; however, previous work sug-
gested the presence of a bimetallic organomercury–copper reagent.

VI. TRANSMETALATIONS IN GROUP IIIA
A. Transmetalation from Organoboron Compounds

Boron (2.04) is more electronegative than copper(I) (1.90) and almost equal to cop-
per(II) (2.00), which points toward an unfavorable equilibrium in a transmetalation from
boron to copper(I). However, formation of boron ate complexes can facilitate ligand trans-
fer from boron to less electron-rich copper salts185 – 189. Formation of the boron ate complex
occurs by treatment with alkyl lithium or sodium methoxide, thus limiting the methodol-
ogy to the preparation of unfunctionalized alkenyl or alkyl copper reagents. It should be
noted that although the transmetalation reactions from boron to copper are not general,
a transmetalation scheme from boron to copper through an intermediate organozinc has
been used to generate highly functionalized organocopper reagents126,127,190.

Treatment of dialkenylchloroborane 295 with three equivalents of methyl copper re-
sulted in the formation of the alkenyl copper species 296, which afforded the homo-
coupled product 297. Alternatively, in the presence of crotyl chloride, alkenyl copper
296 reacted to yield a 73:27 mixture of the SN 2′- (298) and the SN 2-products (299) in
a combined 50% yield, as well as the homo-coupled product 297 (Scheme 60)188,191,192.
A higher ratio of SN 2′- to SN 2-products was achieved by using alkenyl-9-BBN 300,
proceeding through boron ate complex 301 to result in a 88:12 mixture of SN 2′- (302)
and SN 2-products (303) (Scheme 60)188.

The preparation of alkyl aryl ketone 307 was accomplished by treatment of organob-
orane 304 with methyl lithium, to form lithium alkylboron ate complex 305, followed
by addition of copper(I) chloride–cyclooctadiene complex to generate the copper alkyl-
boron complex 306 and benzoyl chloride (Scheme 61)192. In an application of this ketone
formation methodology, Ichikawa and coworkers used a unique one-pot fluoride-induced
selective transmetalation. Tosylate 308 was treated with two equivalents of n-BuLi fol-
lowed by tributylborane to provide difluorovinylborane 309. In the presence of lithium
fluoride, the boron ate complex 310 is formed and upon transmetalation to generate vinyl-
copper 311, cross-coupling with benzoyl chloride affords ketone 312 (Scheme 62)193,194.
More recently, Ichikawa has used this methodology to perform cross-coupling reactions
of intermediate vinylcopper 311 with various electrophiles195.

Furthermore, ligand transfer reactions can be achieved by exposing the requisite alkenyl-
borane to sodium methoxide, forming an active boron ate complex. The homo-coupling
product 297 was obtained by the reaction of borane 313 with sodium methoxide, fol-
lowed by transmetalation from boron to copper, forming vinylcopper 296 (Scheme 63)189.
Transmetalation of the activated boron ate complex 314 and addition of allyl bromide pro-
vided the skipped diene 315196. Brown and Molander applied this methodology toward
the synthesis of 1,3-enyne 316197, whereas Suzuki and coworkers have used a similar
methodology to form 1,5-enynes198.

Miyaura and coworkers199,200 and Hosomi and coworkers201 concurrently reported
copper-mediated borylation of Michael acceptors. Miyaura and coworkers have per-
formed the borylation reaction on α,β-unsaturated ester 317 and acrylonitrile (321) to
obtain alkyl boranes 320 and 322, respectively. Hosomi and coworkers utilized condi-
tions catalytic in copper to achieve the borylation of (E)-chalcone in high yield followed
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(i-Bu)3B
MeLi, THF

[(i-Bu)3BMe]Li
CuCl•COD, Et2O

[(i-Bu)3BMe]Cu

O

(305) (306)(304)

(307) 92%

0 °C, 5 min

PhCOCl, rt, 2 h

SCHEME 61. Synthesis of aryl alkyl ketones from organoboranes by coupling of copper alkylboron
ate complex 306

F3C OTs
n-BuLi (2 equiv)

F2C Li

OTs

LiF

B(Bu-n)3, −78 °C to rt

F2C B(Bu-n)2

Bu-n

LiF

F2C B(Bu-n)2

Bu-n

F

Li

F2C Cu

Bu-n

Bu-n

O

Ph

1. CuI, HMPA
    THF, 0 °C, 
    30 min

2. PhCOCl, rt
    30 min

(308) (309)

(310)

(312) 78%

(311)

THF, −78 °C
30 min

+

4 h

+

F2C

SCHEME 62. One-pot ketone synthesis featuring a fluoride-induced transmetalation from boron to
copper
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n-Bu

(313)

B
n-Bu

B

MeO

(314)

NaOMe

CuBr•DMS
0 °C

n-Bu
Bu-n

(297) 95%

1.  CuBr•DMS
     −15 °C
2.

    −15 °C to rt

n-Bu

(315) 92%

1.  CuI, −15 °C
2.
     −15 °C to rt

n-Bu

Bu-n

(316) 93%

Cu
n-Bu

(296)

Na+

Br
Brn-Bu

SCHEME 63. Activation of borane 313 using sodium methoxide followed by copper-mediated for-
mation of dienes and enyne

by an oxidation of the borate 323 to obtain the β-hydroxy ketone 324, quantitatively
(Scheme 64). The transmetalation between diboron 318 and copper(I) salt is believed to
generated boron–copper complex 319, a key intermediate in conjugate addition reactions.
Ramachandran and coworkers utilized their vinylalumination methodology to synthesize
the typical Baylis–Hillman product 325, which upon treatment with 318 under Miyaura’s
conditions produced allylboronate 326 in high yield202. Subsequent crotylboration reac-
tions catalyzed by Lewis acids have been performed to obtain γ -lactones203.

Recently, Ito and coworkers have studied the copper-catalyzed addition of diboron 318
to allylic and propargylic carbonates204 – 207. Addition of 318, via boron–copper species
319, to racemic allylic carbonate 327 in the presence of catalytic quantities of copper(I)
alkoxide and Xantphos ligand provided alkyl boronate 328. Extending these conditions
for the addition of 318 to enantiomerically pure allylic carbonates 329 and 331 resulted in
the desired allylic boronates 330 and 332, respectively, in high regio- and stereoselectivity
(Scheme 65)204. In an analogous reaction, Ito and coworkers successfully added diboron
compound 318 to propargylic carbonates, affording allenes. Diboron 318 was added to
the enantioenriched propargylic carbonate 333, yielding allenylboronate 334; subsequent
treatment with Lewis acid and i-PrCHO provided a mixture of homopropargylic alcohols
335 and 336 with little or no erosion of enantiopurity (Scheme 66)207.

Ito and coworkers have applied their methodology to the enantioselective synthesis
of cyclopropanes. The addition of diboron reagent 318 to α-silyl allylic carbonate 337
in the presence of the (R)-segphos complex provided the optically active B-Si bifunc-
tionalized cyclopropane 338 (Scheme 67). Successive stereoselective Suzuki–Miyaura
coupling and Tamao–Fleming oxidation provided cyclopropanol 339 with no loss in
enantiopurity206.
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O

B

O

B

O

O

OEt

O
CuCl, AcOK

OEt

O

(317) (320) 59%
O

B

O

[Cu]

(319)

CN (318), CuCl CN

(pin)B

(318)
(pin)B-B(pin)

(pin)B

(321) (322) 57%

O

PhPh

(318), 10% CuOTf
11% Bu3P, DMF,

O

Ph(pin)B

Ph

(323) 96%

H2O2 (30% aq.)
NaOH, EtOH

O

HO

Ph

(324) 100%

Ph

OAc O

OBn

(318), CuCl

Ph

O

OBn

B(pin)

(325) (326) 97%
E:Z = >95:<5

LiCl, DMF, rt
16 h

AcOK, LiCl
DMF, rt, 16 h

rt, 10 h 30 min Ph

AcOK, LiCl
DMF

+

SCHEME 64. Transmetalation from boron to copper and subsequent Michael addition

OCO2Me 5% Cu(OBu-t)-Xantphos
B(pin)

(327)
(328) 87%

Bu-n

OCO2Me

MeO2CO Bu-n

10% Cu(OBu-t)-Xantphos

10% Cu(OBu-t)-Xantphos

B(pin)

Bu-n

B(pin)

Bu-n

(329) 98% ee (330) 95%, 96% ee
g:a = 98:2, E:Z = 98:2

(331) 97% ee (332) 88%, 97% ee
g:a = >99:<1, E:Z = >99:<1

O

PPh2

Xantphos

(318) (2 equiv), THF, rt

(318) (2.2 equiv)
THF, 0 °C, 23 h

(318) (2.4 equiv)
THF, 0 °C,  40 h

PPh2

SCHEME 65. Copper-catalyzed SN 2′-addition of diboron species 318 to allylic carbonates
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OCO2Me

Bu-n

10% Cu(OBu-t)-Xantphos

H

Bu-n

B(pin)H

(333) 97% ee
(334) 60%

Bu-n

BF3•Et2O, i-PrCHO
−70 °C, 17 h; 0 °C, 3 h

i-Pr

OH
(335) 96% ee

Bu-n

i-Pr

OH
(336) 97% ee

89%
(335):(336) = 87:13

(318) (2 equiv)
THF, 50 °C, 5 h

+

SCHEME 66. Copper-catalyzed substitution of enantiomerically pure propargylic carbonate with
diboron reagent 318 and subsequent Lewis acid-mediated addition to an aldehyde

SiBnMe2

OCO2Me

5% Cu(O-t-Bu)
5.5% (R)-segphos

Me2BnSi

B(pin)

(337) (338) 83%, 94% ee
trans:cis = 99:1

5% [Pd(dba)2]
10% SPhos, PhI

Me2BnSi

Ph

83%, 94% ee
trans:cis = 99:1

1.  TBAF, THF
2.  H2O2 (aq),
     KHCO3 MeOH

HO

Ph

(339) 73%,
94% ee

trans:cis = 99:1

O

O

O

O PPh2

PPh2

(R)-segphos

PCy2

OMeMeO

SPhos

(318) (2.2 equiv)
THF, 30 °C

t-BuOK, t-BuOH
DME, 60 °C, 24 h

SCHEME 67. Enantioselective addition of diboron reagent 318 to α-silyl allylic carbonate to form
cyclopropanol
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B. Transmetalation from Organoaluminum Compounds
Compared to boron, the electronegativity of aluminum (1.61) facilitates transmetalation

reactions with copper more readily. Early reports of copper(I)-mediated cross-coupling
of vinylalanes208,209 and the coupling between acid chlorides and organoaluminates in
the presence of copper(I)73,210 and copper(II)211 salts alluded to the viability of an
aluminum–copper exchange, although these reactions may proceed through a radical
mechanism73.

Ireland and Wipf212 and Wipf and coworkers213 investigated conditions to perform car-
boalumination of terminal alkynes followed by transmetalation to copper and conjugate
addition to enones. Initially, transmetalation from aluminum to copper was achieved by a
stepwise process214,215 involving iodination, lithium–halogen exchange and transmetala-
tion to copper. Subsequently, Ireland and Wipf were able to perform the transmetalation
of vinylalanes directly. Vinylalane 341 was obtained by the carboalumination of termi-
nal alkyne 340. In situ transmetalation to higher order cyanocuprate or dimethyl cuprate
followed by addition of cyclohexenone resulted primarily in methyl addition; however,
using the bisalkynyl cyanocuprate 342, with two non-transferable ligands, the desired
olefin 343 was obtained in high yield (Scheme 68). Control experiments with the viny-
lalane 341 and the corresponding aluminum ate complex in both the presence or absence
of Ni(acac)2 resulted in only trace amounts of product. Carbocupration of the alkyne using
MeCuMgBr216, to arrive at the analogous vinylcopper species, failed to show signs of the
product, even after 5 days. The control experiments clearly demonstrated the utility of the
carboalumination/transmetalation/conjugate addition methodology. The carboalumination

OTBS

Me3Al
20% Cp2ZrCl2

DCE, rt

OTBSMe2Al
2.

O

1.
     THF, −23 °C, 5 min
2.                       20 min

2

(340)

(341)

(343) 92%

O

OTBS

(342)

1.  Me2Cu(CN)Li2
     or Me2CuLi, THF
     −23 to 0 °C

O

Cu(CN) Li2n-Bu

O

SCHEME 68. Carboalumination of alkyne 340, transmetalation to copper and conjugate addition to
cyclohexenone
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of an internal alkyne resulted in the vinylalane 344, which was transmetalated to copper
and added to an enone, providing the tetrasubstituted olefin 345 in modest yield. The
addition of vinylalane 341 to the functionalized enone 346 provided the FK-506 segment
347 (Scheme 69)212,213.

DCE, rt

AlMe2

2.  −23 °C, 20 min

O

O

(345) 48%

(344)

(341)
2.  −23 °C, 20 min

O
OO

O

BnO

TBSO

(347) 72%

(346)

O
OO

O

BnO

Me3Al
20% Cp2ZrCl2

1.  (342), THF
     −23 °C, 5 min

1.  (342), THF
     −23 °C, 5 min

SCHEME 69. Conjugate addition of internal vinylalane 344 and conjugate addition to functionalized
enone 346

Wipf and coworkers proposed that the reaction mechanism proceeded through an ini-
tial ligand transfer from the copper ate complex 342 to the vinylalane 348, followed by
a second ligand transfer between aluminum ate complex 349 and copper salt 350. The
ligand exchange processes established an equilibrium that led to the formation of vinylic
cyanocuprate 351 and/or mixed cuprate 352, which irreversibly adds to enone 353 to
provide ketone 354. The open coordination site on vinylalane 348 was essential in estab-
lishing the equilibrium with copper ate complex 342, and thus the addition of strongly
coordinating additives or Lewis acids significantly reduced the yield and rate of the pro-
cess. If the rate of conjugate addition is fast compared to that of various side reactions, the
ligand transfer reactions do not need to be thermodynamically favorable (Scheme 70)213.

Lipshutz and Dimock investigated a copper-catalyzed approach for the conjugate addi-
tion of vinylalanes and found that the use of 10% CuCNž2LiCl was sufficient to produce
the 1,4-addition product217. They applied the copper-catalyzed methodology toward the
synthesis of the prostaglandin derivative 355 by carboalumination of 60 and copper-
catalyzed conjugate addition to enone 62 (Scheme 71).

In 1993, a group from Schering AG explored the copper-catalyzed 1,4-addition reaction
of trialkylalane reagents to enones218 – 221 and enals221,222. Addition of trialkylanes to
enones 356a or 356b in the presence of copper(I) bromide proceeded in high yields to give
the desired 1,4-addition products220. The methyl addition to enals 356c and 356d resulted
in a mixture of 1,2- and 1,4-addition products; although a high yield and preference for
conjugate addition was observed (Scheme 72)222.
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Bu-n

OTMS
1.  Me3Al, Cp2ZrCl2 (cat.)
     CH2Cl2, rt

O

(CH2)6CO2Me

TESO (62)

O

(CH2)6CO2Me

TESO

OTMS

Bu-n(60)

(355) 67%

2.  10% CuCN•2LiCl

SCHEME 71. Application of the copper-catalyzed addition of vinylalane to form prostaglandin
derivative 355

O

5% CuBr, R3Al

O

R

(356a) R = Me, 92%
R = Et, 94%

Mixture of stereoisomers

O

5% CuBr, R3Al

OR

R = Me, 96%
R = Et, 86%

(356b)

CHO CHO

5% CuBr, Me3Al

5% CuBr, Me3Al

CHO CHO

(356c) 97%
1,4-:1,2-addition = 81:19

98%
1,4-:1,2-addition = 91:9

(356d)

THF, rt, 0.5–2.5 h

THF, rt, 0.5–2.5 h

THF, rt, 1.5 h

THF, rt, 2 h

SCHEME 72. Copper-catalyzed conjugate addition of trialkylalanes reagents to enones and enals
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More recently, Alexakis and coworkers223 and Hoveyda and coworkers224 have expand-
ed their methodologies of copper-catalyzed asymmetric conjugate additions of organozinc
reagents (see Section V.A) to the asymmetric conjugate addition of alanes in the presence
of copper salts135. Alexakis and coworkers were able to perform an asymmetric conju-
gate addition of trimethylalane to the β-substituted enone 357 in the presence of 10%
CuTC and chiral phosphoramidite 358 to achieve the β-disubstituted ketone 359 in high
enantioselectivity. Treatment of 359 with acid resulted in a hydrolysis of the acetal and
cyclization to provide bicyclic ketone 360225. Alexakis and Vuagnoux-d’Augustin were
able to apply this methodology to the asymmetric conjugate addition of vinylalane 362,
obtained by hydroalumination of the corresponding alkyne 361, in the presence of phos-
phoramidite 358 and 30% [Cu(MeCN)4]BF4 to yield ketone 363 in moderate yield and
enantioselectivity. The use of CuTC to catalyze the conjugate addition of 362 led to the
1,2-addition/dehydration product (Scheme 73)226.

O
5% CuTC
10% (358)OO

(357)

O

OO

O

(359)
81% 95% ee

(360) 68%

O

O
P N

Ph

Ph

(358)

Pr-n heptane, 50 °C, 2 h

(361)
(2 equiv)

(i-Bu)2Al
Pr-n

(362)

30% [Cu(MeCN)4]BF4
30% (358), THF

−30 °C, 18 h

O

Pr-n

(363) 68%, 73% ee

Me3Al (2 equiv)
Et2O, −30 °C, 18 h

THF, H2O

HCl

DIBAl-H (2 equiv)

O

SCHEME 73. Copper-catalyzed enantioselective conjugate additions of trimethylalane and viny-
lalane 362 to β-substituted enones

The asymmetric addition of aryl groups to α,β-unsaturated ketones is a challenging syn-
thetic task; however, the copper-catalyzed enantioselective addition of dialkylarylalanes
has been accomplished by Alexakis and coworkers227. Dialkylarylalanes can be generated

64



O O
P

N
P

N

O

10
%

 C
uT

C
11

%
 (

36
8)

O

Ph
Pr

-i

Pr
-i

(3
67

)
(3

69
)

77
%

, 9
5%

 e
e

13
%

 E
t t

ra
ns

fe
r

(3
68

)
(3

65
)

O

10
%

 C
uT

C
11

%
 (

36
8)

(3
70

)

O

Ph
(3

71
)

62
%

, 9
7%

 e
e

3%
 E

t t
ra

ns
fe

r

10
%

 C
uT

C
11

%
 (

36
5)

(3
64

)
R

-(
36

6)
67

%
, 7

8%
 e

e
7%

 E
t t

ra
ns

fe
r

O
O Ph

Ph
A

lE
t 2

 (
3 

eq
ui

v)
E

t 2
O

, −
10

 °C

Ph
A

lE
t 2

 (
3 

eq
ui

v)
E

t 2
O

, −
10

 °C

Ph
A

lE
t 2

 (
3  

eq
ui

v)
E

t 2
O

, −
10

 °C

SC
H

E
M

E
74

.
A

sy
m

m
et

ri
c

co
nj

ug
at

e
ad

di
tio

n
of

ar
yl

al
an

es
in

th
e

pr
es

en
ce

of
ca

ta
ly

tic
qu

an
tit

ie
s

of
co

pp
er

(I
)

an
d

ph
os

ph
or

am
id

ite
lig

an
ds

65



Christopher J. Rosenker and Peter Wipf

from their corresponding aryl iodides by lithium–halogen exchange followed by quench-
ing with diethylaluminum chloride. The 1,4-addition of dialkylarylalanes was performed
on 5-, 6- and 7-membered-β-substituted enones (364, 367 and 370, respectively), using
catalytic amounts of copper(I) and chiral phosphoramidite ligands 365 and 368 to access
enantioenriched ketones R-366, 369 and 371 (Scheme 74)227.

Hoveyda and coworkers applied their chiral bidentate silver N-heterocyclic carbene
(NHC) complexes in the presence of catalytic amounts of copper(II) salts, generating
their active copper(I)–NHC complex in situ150,151, to perform enantioselective conjugate
addition reactions of trialkylalanes to form all-carbon quaternary centers224. Triethylalane
addition to β-phenyl enone 372 upon treatment with 2.5% of Ag(I)–NHC complex 373
and 5% copper(II) triflate provided 374 in high yield and enantioselectivity. Alternatively,
the diethylarylalane can be applied analogously in the addition to enone 364 to give ketone
S-366 in decreased enantioselectivity (Scheme 75). The methodology can be applied to a
variety of enones and generally results in good enantioselectivities224.

2.5% (373)
5% Cu(OTf)2

(372) (374)
87%, 96% ee

O

Ph

O

Ph

Et

S
O O

O

Ag

N N

Ag

O

S
O O

Ph

N
N

Ph

Et

Et

Et

Et

(373)

O

(364) S-(366)
66%, 72% ee

O

Ph

Et3Al (3 equiv)
THF, −78 °C, 15 h

2.5% (215)
5% Cu(OTf)2

PhMe2Al (3 equiv)
THF, −50 °C, 48 h

SCHEME 75. Enantioselective 1,4-conjugate addition of aryl- and alkylalanes to cyclopentenones
using Ag–NHC complexes

Hoveyda and coworkers also utilized the in situ generated copper(I)–NHC complexes
to perform enantioselective SN 2′-additions to allylic phosphates228. Hydroalumination of
alkyne 375 followed by addition of the vinylalane to allylic phosphonate 376 in the

n-Hex

 1.  DIBAl-H, hexanes, 55 °C, 5 h
2.  0.5% (221), 1% CuCl2•2H2O

     THF, −15 °C, 6 h

Ph

Hex-n

(375)
10 mmol

(377)
94% (1.14 g scale)
>98% E, 92% ee

Ph

OPO(OEt)2

(376)
5 mmol

SCHEME 76. Enantioselective SN 2′-addition of vinylalane to allylic phosphate 376 catalyzed by an
in situ generated copper–NHC complex
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presence of 0.5% NHC complex 221 and copper(II) chloride dihydrate resulted in clean
SN 2′-addition, providing diene 377 in high yield and enantioselectivity (Scheme 76).
Additionally, this methodology has been proven to be scalable up to 10 mmol without a
decrease in yield or enantioselectivity228.

VII. TRANSMETALATIONS IN GROUP IVA
Silicon (1.90), tin [Sn(II): 1.80; Sn(IV): 1.96], and lead [Pb(II): 1.87; Pb(IV): 2.33] have
similar electronegativities compared to copper(I) and have been used in ligand exchange
reactions with copper(I). The transmetalation chemistry from lead to copper is limited
and has been previously addressed4.

A. Transmetalation from Organotin Compounds

Corey and Wollenberg synthesized vinylcuprates in situ from the corresponding vinyl-
stannane by sequential transmetalation from tin to lithium to copper229,230. The direct
transmetalation from vinylstannanes to copper ate complexes was first achieved by Camp-
bell, Lipshutz and coworkers231,232. Treatment of vinylstannane 378 with a mixed cyano-
cuprate led to the formation of vinylcuprate 379, which upon exposure to enone 380
yielded the conjugate addition product 381. Bis-stannane 382 was transmetalated to the
vinylcuprate 383 and provided vinylstannane 385 in a conjugate addition reaction with
enone 384 (Scheme 77). Further application of their methodology led to the synthesis of
highly reactive allylic organocuprates233. Allylic cuprate 387 was obtained by treating the

Sn(Bu-n)3 CuMe(CN)Li2

−64 to −35 °C

O

(378) (379)

(380)

(381) 92%

(n-Bu)3Sn
Sn(Bu-n)3

(n-Bu)3Sn
CuMe(CN)Li2

−64 to −35 °C

(384)

O

O(n-Bu)3Sn

(382) (383)

(385) 92%

O

Me2Cu(CN)Li2

THF, 22 °C, 1.5 h

Me2Cu(CN)Li2

THF, 22 °C, 1.5 h

SCHEME 77. Transmetalation of vinylstannanes to vinylcuprates and subsequent conjugate addition
reactions with α,β-unsaturated ketones
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corresponding allylstannane 386 with 0.5 equivalents of dimethylcyanocuprate. Cuprate
387 was reactive enough to perform a substitution on the non-activated primary alkyl chlo-
ride 388, resulting in 389, and to open epoxide 390, providing alcohol 391 (Scheme 78).

Sn(Bu-n)3 Cu(CN)Li22

Cl

OO

THF, −78 °C, 15 min

OO

(389) 83%

(386) (387)

(388)
O

O
O

O OMe

Ph

THF, 0 to 22 °C, 12 h

O
O

O

OMe

Ph

OH

(390)

(391) 98%

Me2Cu(CN)Li2 (0.5 equiv)

THF, 0 °C, 30 min

SCHEME 78. Substitution reactions of highly reactive diallylcuprate 387

The transmetalation reaction of mixed silylstannanes upon exposure to higher order
cuprates resulted in the formation of either a tin–copper species or a silicon–copper
species; however, the outcome is strongly dependent on the bulk of the substituents on the
silylstannane234,235. Mixed silylstannane 392 resulted in a transmetalation to form stannyl-
cuprate 393, while mixed silylstannane 396 provided silyl-cuprate 397. The intermediate
cuprates were added to enone 394 to give β-stannylketone 395 and β-silylketone 398
(Scheme 79).

Piers and Wong have demonstrated the use of an intramolecular copper(I)-mediated
cross-coupling reaction to construct diene-carbocycles containing 4-, 5- and 6-membered
rings236. Treatment of vinylstannanes 399 and 401 with copper(I) chloride in DMF at
elevated temperatures resulted in the cyclized products 400 and 402, presumably through
a vinylcopper intermediate obtained by transmetalation of the vinylstannane (Scheme 80).
The yield of the cross-coupling reaction decreases with the use of other copper(I) sources
and/or different solvents. This methodology was applied further to the intramolecular con-
jugate addition of vinylstannanes to enones237,238. Addition of vinylstannane 403 to 2.5
equivalents of copper(I) chloride in DMF at room temperature resulted in the formation of
an intermediate vinylcopper species leading to the bicyclic ketone 404 via an intramolec-
ular Michael addition. Analogously, the 5-membered ring enone 405 was treated with
CuCl to give ketone 406 (Scheme 81).

In an application to heterocyclic chemistry, Bennasar and coworkers were able to syn-
thesize the functionalized indole 409 by exposing indole 407 to a higher order cuprate,
effecting a transmetalation followed by a 1,4-addition to the unsaturated lactam 408
(Scheme 82)239
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Me3Sn

I

CO2Me
CuCl (2.5 equiv)

CO2Me

(400) 75%
(399)

Br

CO2Me

Me3Sn

CuCl (2.4 equiv)

MeO2C

(401) (402) 78%

DMF, 90 °C,  5 min

DMF, 60 °C,  5 min

SCHEME 80. Intramolecular copper-mediated cross-coupling reaction of vinylstannanes and vinyl-
halides

O

SnMe3

CuCl (2.5 equiv)

O

(403)

(404) 85%

O

Me3Sn

(405)

O

H

H

(406) 76%

DMF, rt, 1 h

CuCl (2.5 equiv)

DMF, rt, 3 h

SCHEME 81. Copper-mediated intramolecular conjugate addition reactions of vinylstannanes and
enones

N SnMe3

1.  Me2Cu(CN)Li2, THF
     rt, 1.5 h

N

N

O

CO2Me

CO2Bn

(407)

(409) 55%

N

CO2Bn

O

CO2Me

(408)

−78 °C to rt, 1h

2.

SCHEME 82. Conjugate addition of functionalized vinylstannane 407 to the α,β-unsaturated lactam
408
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B. Transmetalation from Organosilicon Compounds

Hosomi and coworkers were first to isolate an organocopper species after the transmet-
alation from an organosilicon compound240. Transmetalation was achieved by exposing
silyl alkyne 410 to 20% CuCl in 1,3-dimethyl-2-imidazolidinone (DMI), and the alkynyl
copper 411 could be isolated in 81% yield. Alternatively, in the presence of benzoyl
chloride, a coupling occurred to give ketone 412 (Scheme 83)240,241.

Ph SiMe3

PhCOCl, DMI
Ph

O

Ph
(410) (412) 86% (from 410)

20% CuCl, DMI

(411) 81%

80 °C, 6 h 80 °C
Ph Cu

SCHEME 83. Transmetalation from silicon to copper and subsequent acid chloride coupling

Similar to diboron compounds (see Section VI.A), disilane 413 has been transmetalated
in the presence of copper to generate a silyl-copper species 415 that was added to Michael
acceptors242. Disilane 413 was added to cyclohexenone and enal 416 by treatment of
catalytic amounts of copper(I) triflate-benzene complex and tributylphosphine in DMF to
provide β-silyl-carbonyl compounds 414 and 417, respectively, in high yield (Scheme 84).
The authors propose that tributylphosphine plays an important role in the stabilization of
the intermediate silyl-copper species 415.

PhMe2SiSiMe2Ph

O
10% (CuOTf)2•C6H6
11% n-Bu3P, DMF

O

SiMe2Ph
(413)

(414) 91%

Ph

O

H

(413)
10% (CuOTf)2•C6H6

Ph

O

H

PhMe2Si

(416) (417) 91%

+
100 °C, 4 h

11% n-Bu3P, DMF 
80 °C, 19 h

PhMe2Si–Cu

(415)

SCHEME 84. Copper-catalyzed conjugate addition of disilane 413 to cyclohexenone and enal 416

Very recently, Hoveyda and Lee have used the chiral NHC ligand 418 in the pres-
ence of catalytic quantities of copper(I) bromide to achieve the enantioselective conjugate
addition of alkenyl- and aryl-trifluorosilanes to enones243. The copper–NHC complex 419
was generated in situ from NHC ligand 418, copper(I) bromide and NaOBu-t . The alkyl-
and/or alkenyl-trifluorsilanes react with the fluoride source, TASF, generating a hyper-
valent silicate, which subsequently undergoes a ligand exchange reaction from silicon
to copper, forming an organocuprate intermediate. The alkyl or alkenyl group is added
in a conjugate fashion to cyclohexenone to provide the corresponding enantioenriched
β-substituted ketones 420 and 421 (Scheme 85).
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N N

Ph Ph

Et

EtPh

t-Bu

BF4

(418)

O
1.  5% (418), 5% CuBr
     5% NaOBu-t, THF, 22 °C, 3 h

(420) R = Ph, 91%, 90% ee

O

R

Ph

N N

Ph Ph

Et

EtPh

t-Bu Cu

Br

(419)

2.  RSiF3 (1.5 equiv), TASF (1.5 equiv)
     CH2Cl2, 40 °C, 20 h

(421) R =                       93%, 74% ee

−
BF4

−

+

SCHEME 85. Copper-catalyzed enantioselective conjugate addition of aryl- and alkenyl-trifluoro-
silanes

VIII. TRANSMETALATIONS IN GROUP VIA

A. Transmetalation from Organotellurium Compounds

Transmetalation from the relatively electropositive tellurides (2.10) presumably occurs
through a tellurium ate complex. Vinyltelluride 423 was obtained by syn-reduction of
alkynyltelluride 422. Subsequent transmetalation with a higher order cuprate resulted in
the Z-vinylcuprate 424 and a conjugate addition to enone 384 provided ketone 425 with
retention of olefin configuration (Scheme 86)244.

TeBu-nPh
80 °C Ph TeBu-n

Me2Cu(CN)Li2
THF, 22 °C, 15 h

Ph CuMe(CN)Li2 −78 to 22 °C
20 min

O

Ph

(422) (423)

(425) 83%
(424)

(384)

NaBH4, EtOH

O

SCHEME 86. Transmetalation of vinyltelluride 423 to copper and conjugate addition to enone 384

Further applications of this methodology were investigated by Marino and cowork-
ers, who demonstrated the ability of vinylcuprates obtained from vinyltellurides to add
to epoxides245,246. Vinyltelluride 426 was transmetalated using a higher order cuprate,
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generating E-vinylcuprate 427, which was added into allylic epoxide 428 to give a mix-
ture of allylic alcohol 429 and homoallylic alcohol 430. The vinylcuprate 427 could also
be added into epoxide 431 in the presence of BF3žEt2O to give the homoallylic alcohol
432 (Scheme 87). The obvious utility of organotelluride transmetalation chemistry is the
ability to easily access Z-vinylcuprates.

IX. APPLICATIONS TO NATURAL PRODUCT SYNTHESIS

As a result of the high chemoselectivity, functional group tolerance and stereospecific or
enantioselective nature of some of the organocopper methodologies mentioned previously,
these methods have been useful tools in the construction of various natural products247.
Examples of natural product syntheses that utilize transmetalation reactions to form
organocopper compounds are bongkrekic acid248, cortisone249,250, adrenosterone250, FK-
506251 – 253, methyl epijasmonate254, β-cedrene255, (−)-mesembrine256, iso[7]-levuglandin
D2

257, kendomycin258 and baconipyrone C259.

Sn(Bu-n)3
O

O

O

OTIPS

OTIPS
H

O

Me2Cu(CN)Li2, 0 °C;

(433)

O

OTIPS

OTIPS

H

HO

HO

O

(435) 70%

O

O

HO
O

OH

Cl OH

H

H

HO

O

O
O

OAc

O

O

O

OH

H H

HO

OMe

H

OH

AcO

H

altohyrtin A
(436)

51

38

38

(434)
−43 to −15 °C

SCHEME 88. Application of a Sn–Cu transmetalation to achieve the C31–C58 sequence of alto-
hyrtin A
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During the total synthesis of altohyrtin A (436)260,261, Kishi and coworkers applied
the tin to copper transmetalation methodology developed by Lipshutz and coworkers233.
Allylic stannane 433 was transmetalated to the corresponding allylic cuprate, which was
used to open epoxide 434 to provide alcohol 435261. It should be noted that an excess of
the stannane was required to achieve a good yield; however, the excess reagent could be
completely recovered. Fragment 435 was further functionalized to form the C38 to C51
sequence of altohyrtin A (436) (Scheme 88).

Hoveyda and Brown have recently applied transmetalations from zinc and aluminum to
copper in the total synthesis of clavirolide C (444)262. The copper-catalyzed enantioselec-
tive conjugate addition of dimethylzinc to the α,β-unsaturated ester 437 in the presence
of 438 proceeded in high yield and enantioselectivity; however, it was necessary to trap

(441)

O

2.5% (442), 5% Cu(OTf)2

TESO

(443)
72%, 84% ee

O

O

     toluene, −15 °C, 24 h
2.  K2CO3, Tol, 120 °C, 2 h

O

O

(437) (439)
89%, 98% ee

H

O OTES

(440)

PPh2

N

i-Pr
H
N

O
Ph

NEt2

O

(438)

(440)
+

(443)

O

O

H

O

clavirolide C
(444)

1

8

S
OO

O

Ag

NN

Ag

O

S
OO

Ph

N
N

Ph

Et

Et

Et

Et

(442)

1

8

8

1.  2.5% (438), 1% (CuOTf)2•toluene
     Me2Zn (3.0 equiv), PhCHO

Me3Al (3 equiv), −78 °C, 36 h;
then TESOTf (4 equiv)

SCHEME 89. Application of the copper-catalyzed enantioselective conjugate addition of dimethylz-
inc and trimethylalane in the total synthesis of clavirolide C
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out the intermediate zinc enolate with benzaldehyde to achieve the high yield. Treatment
with base provided ester 439 with the requisite stereocenter at C8. The absolute stereo-
chemistry at C1 was set by a copper–NHC-catalyzed enantioselective conjugate addition
to enone 441 using 442 and subsequent trapping with TESOTf provided the desired silyl
enol ether 443. Fragments 440 and 443 were joined and further functionalized to arrive
at clavirolide C (444) (Scheme 89).

Charette and Barbe completed the total synthesis of (+)-lepadin B, using a trans-
metalation of zirconium to copper to install a pendant diene moiety in a late stage
transformation263. Alkyne 446 was hydrozirconated, transmetalated to copper(I) and added
to enone 445 in a conjugate fashion, from the less hindered face, leading to diene 44759,89.
Subsequent reduction of the ketone and deprotection steps provided (+)-lepadin B (448)
(Scheme 90).

Bz
NO

H

H

OAc

Cp2ZrHCl
CuI•Me2S, THF

Bz
NO

H

H

OAc

(445)

(447) 76%

(446)

1.  TsNHNH2, NaBH3CN
     ZnCl, MeOH, reflux, 2 h
2.  Me3OBF4, Na2HPO4, MeCN;
     NaHCO3 (aq); K2CO3, MeOH

Bu-n

H
N

H

H

OH

Bu-n

(+)-lepadin B
(448)

40 °C, 2 h

Bu-n

SCHEME 90. Transmetalation from zirconium to copper in the total synthesis of (+)-lepadin B

X. CONCLUSION
The functional group compatibility of the organometallic reagents shown to transmeta-
late to copper salts provides access to a wide range of organocopper intermediates. This
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strategy successfully integrates reactivity patterns characteristic for copper as well as the
original organometallic precursor species, while oftentimes enhancing overall chemoselec-
tivity. The transmetalation scheme therefore considerably widens the scope of traditional
organocopper chemistry, not only as a consequence of the presence of the residual metal
salts but also due to the nature of precursor processes that are accessible through a
different metal manifold. The emergence of copper-catalyzed enantioselective and stere-
ospecific reactions to generate chiral building blocks further enhances the utility of this
strategy in synthetic organic chemistry. The computational and experimental investigation
of mechanistic features and/or the identification of active metallic species is complicated
by the various species present in solution, but further investigations are likely to deepen
our understanding of organometallic processes and enhance the rational design of novel
transformations.
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134. F. López, A. J. Minnaard and B. L. Feringa, Acc. Chem. Res., 40, 179 (2007).
135. T. Thaler and P. Knochel, Angew. Chem., Int. Ed., 48, 645 (2009).
136. J. A. Marshall, M. Herold, H. S. Eidam and P. Eidam, Org. Lett., 8, 5505 (2006).
137. R. J. Linderman and J. R. McKenzie, J. Organomet. Chem., 361, 31 (1989).
138. B. H. Lipshutz, M. R. Wood and R. Tirado, J. Am. Chem. Soc., 117, 6126 (1995).
139. M. Pineschi, F. Del Moro, F. Gini, A. J. Minnaard and B. L. Feringa, Chem. Commun., 1244

(2004).
140. R. K. Dieter and F. Guo, J. Org. Chem., 74, 3843 (2009).
141. R. M. Suárez, D. Peña, A. J. Minnaard and B. L. Feringa, Org. Biomol. Chem., 3, 729 (2005).
142. A. Hajra, N. Yoshikai and E. Nakamura, Org. Lett., 8, 4153 (2006).
143. E. Nakamura and S. Mori, Angew. Chem., Int. Ed., 39, 3751 (2000).
144. N. Yoshikai, H. Mashima and E. Nakamura, J. Am. Chem. Soc., 127, 17978 (2005).
145. C. J. Douglas and L. E. Overman, Proc. Natl. Acad. Sci. U. S. A., 101, 5363 (2004).
146. M. K. Brown, T. L. May, C. A. Baxter and A. H. Hoveyda, Angew. Chem., Int. Ed., 46, 1097

(2007).
147. A. W. Hird and A. H. Hoveyda, J. Am. Chem. Soc., 127, 14988 (2005).
148. K.-S. Lee, M. K. Brown, A. W. Hird and A. H. Hoveyda, J. Am. Chem. Soc., 128, 7182

(2006).
149. D. Martin, S. Kehrli, M. d’Augustin, H. Clavier, M. Mauduit and A. Alexakis, J. Am. Chem.

Soc., 128, 8416 (2006).
150. A. O. Larsen, W. Leu, C. N. Oberhuber, J. E. Campbell and A. H. Hoveyda, J. Am. Chem.

Soc., 126, 11130 (2004).
151. J. J. Van Veldhuizen, J. E. Campbell, R. E. Giudici and A. H. Hoveyda, J. Am. Chem. Soc.,

127, 6877 (2005).
152. B. Breit and P. Demel, in Modern Organocopper Chemistry (Ed. N. Krause), Chap. 6, Wiley-

VCH, Weinheim, 2002, pp. 188–223.
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I. GENERAL INTRODUCTION
The addition of organocopper reagents to alkynes (i.e. ‘carbocupration’) is one of the most
useful carbometallation reactions, as it allows the straightforward synthesis of stereode-
fined alkenyl copper reagents. Therefore, it represents a powerful tool for the stereoselec-
tive preparation of di-, tri- and tetra-substituted olefins. The reaction can be conducted with
various organocopper reagents, including organocopper species from Grignard reagents
RCužMgBr2, Gilman-type cuprates R2CuLižLiX and organocopper–zinc mixed species
RCu(CN)ZnX. The carbocupration reaction occurs in most cases in a strict syn-addition
pathway (Scheme 1). Throughout this review, the [Cu] notation will be used when no
information concerning the reactive copper(I)-based species is available.

R1
R2[Cu]

R1

R2 [Cu]

R1 = H, alkyl

R1
R2[Cu]

R1

R2 [Cu]

R1 = EWG, EDG

or
R1

[Cu] R2

SCHEME 1

The regioselectivity is related to the substitution pattern of the alkyne partner. With
acetylene and simple monosubstituted alkylalkynes, the addition occurs to lead to the
less substituted (or branched) alkenyl copper species. However, the presence of a donor
or acceptor group on the acetylenic moiety or close to it can interfere with this general
pattern and can lead to a different regioselectivity.

The case of the acetylene carbocupration will be examined first, including the large
applications of this reaction in the field of total synthesis. The carbocupration reaction of
alkyl-substituted acetylenes will then be summarized. Reactions involving alkynes substi-
tuted with a heteroatom and intramolecular carbocuprations will be examined separately.
The special case of the copper-catalyzed carbomagnesiation of propargyl alcohols will
also be examined, although this reaction is not strictly a carbocupration reaction.

The carbocupration reaction of acetylenes has been reviewed one time specifically1, and
the most important features of this reaction have appeared as a part of an important review
concerning the reactivity of the organocopper species2. An overview of this reaction,
amongst other carbometallation reactions, has appeared several times3,4 and some aspects
of this approach have also been overviewed in more specific reviews5 – 7.

2
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II. CARBOCUPRATION OF ACETYLENE
The addition of organocopper reagents onto acetylene is one of the most efficient ways to
prepare (Z)-alkenyl organometallic species and has thus found a widespread audience in the
field of organic synthesis. Early works have shown that organocopper reagents RCužLiI8,
prepared from organolithiums, or RCužMgBr2

9,10, prepared from Grignard reagents, add
to acetylene in low polarity solvents (in THF or HMPA, deprotonation of acetylene is
observed9). However, the best reagents to achieve the carbocupration reaction of acetylene11

are Gilman organocuprates R2CuLi derived from transmetallation reaction of two equiv-
alents of organolithium reagents with one equivalent of CuI in Et2O (Scheme 2). The
carbometallation reaction occurs smoothly at low temperature and both alkyl (or R) groups
are transferred to give the corresponding alkenyl cuprate reagents 1a. More recently, it
was found12 that some mixed zinc–copper organometallic species can also undergo the
carbometallation reaction of acetylene to give the corresponding alkenyl mixed species 1b.

Et2O
R2CuLi • LiI

−50 °C to −20 °C
CuI H H

CuLiR
2

(1a)

RCu(CN)Li•ZnMe2 −50 °C, THF

H H

R Cu(CN)Li•ZnMe2

(1b)

2 RLi

SCHEME 2

Mixed organocuprate reagents (obtained from transmetallation of organolithium reagents
with PhSCu or copper acetylides) could also be used8.

A large array of alkyl groups (mainly primary) can be introduced by this reaction.
Several functionalized organolithium reagents such as 2 can be successfully used in this
carbocupration reaction, thus providing a general access to functionalized alkenyl copper
reagents (Scheme 3)13,14.

2. H H, −30 °C

RO Li 1. CuBr•Me2S (0.5 equiv.), Et2O

3. H3O+

RO

n = 3, 4, 8
R = THP, (1-ethoxy)ethyl, t-Bu

33–85%(2)

n n

SCHEME 3

Methyl-, phenyl-, allyl- and alkynyl-organocopper reagents fail to react with acetylene.
2-Substituted alkenyl copper reagents 1a (Scheme 4) react slowly15, allowing the car-
bocupration of acetylene to stop after the first addition. The same behavior is observed
starting from alkyl copper reagents RCu10. However, the double addition can be achieved
in good yields by warming the reaction mixture to 0 ◦C and by adding acetylene in
excess16,17. Using these modified conditions, the corresponding (Z,Z)-dienyl cuprate 3
can be obtained and further functionalized (Scheme 4). 1-Substituted alkenyl cuprates and
1,2-disubstituted alkenyl cuprates 4 have also been shown to react with acetylene, thus
providing an excellent and stereospecific preparation of conjugated dienes.

3
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CuLiR 2

(1a)

R2CuLi

H H

R1

CuLi

R3

R2
2

(4) R1 or R2 = H

H H

Et2O, 0 °C

R1

CuLi

R3

R2
2

−50 °C 0 °C 2

(3)

R
CuLi(2 equiv.)

H H
(4 equiv.)

SCHEME 4

The alkenyl organocopper species resulting from the carbocupration of acetylene can
be further functionalized with various electrophiles1. Iodolysis leads to the correspond-
ing alkenyl iodides with complete retention of the configuration, affording a totally
stereocontrolled access to monosubstituted (Z)-alkenyl iodides 5 (Scheme 5)11. Func-
tionalized organolithiums such as 6a can be used14, as well as some functionalized
organocopper–zinc mixed species such as 6b12. In the same way, bromination and chlo-
rination can be achieved using NBS and NCS, respectively18,19.

−50 °C, THF

2. H

R2CuLi•LiI

H, –30 °C

−50 °C to −20 °C

1. CuBr•Me2S (0.5 equiv.), Et2O

3. I2

1. H H

R

(5) 60–90%

I

O

O

Li O

O
I

(6a) 71%

2. I2

Cu(CN)Li•ZnMe2MeO

n-PenO
1. H H

2. I2
MeO

n-PenO

I

66%(6b)

9 9

SCHEME 5

2-Substituted alkenyl cuprates derived from carbocupration of acetylene can also be
functionalized through aminomethylation20, thiomethylation21, carboxylation13,22,23 or Pd-
catalyzed acylation24 reactions. Several representative examples are listed in Scheme 6.

Alkenyl cuprate species derived from the carbocupration of acetylene have also been
shown to react with epoxides. However, under standard conditions, only one alkenyl group
is transferred, due to the lower reactivity of the heteroalkenyl cuprate species resulting
from the first reaction (Scheme 7). The addition of hex-1-ynyl lithium (7) results in the
formation of a new and more reactive cuprate species, allowing better yields in this
alkylation reaction.

The same type of moderate reactivity is found in the reaction with aldehydes. Reaction
of alkenyl organocuprates with formaldehyde results in the formation of the corresponding
allylic alcohol 8 (Scheme 8)22. However, in the case of primary aliphatic aldehyde 10,
the addition reaction occurs in good yield only by using the mixed organocuprate 9 in the
presence of BF3žEt2O25.

4
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n-Hept2CuLi
H H

n-Hept
1.

2. PhS NEt2

NEt2

95%

n-Bu2CuLi
H H1.

2. Cl SMe
THF,  P(OEt)3

n-Bu SMe

78%

n-Hept2CuLi
H H n-Hept

1.

2. MeCOCl, THF
O

80%
Pd(PPh3)4 (3 mol%)

n-Bu2CuLi
H H1.

2. CO2, −50 °C n-Bu CO2H

>99%

CuLi2

H H1.

2. CO2

CO2H

57%

SCHEME 6

CuLiEt
2

Et2CuLi

O
(2 equiv.)

Et

50%

82%
n-Bu Li (7)

H H

−50 °C

(2 equiv.)

−30 °C to rt

O
(2 equiv.)

−30 °C to rt

OH

Et

OH

SCHEME 7

CuLin-Bu
2

n-Bu2CuLi
−50 °C to rt n-Bu OH

(8) 75%

n-BuCu(C
1. H H, (1 equiv.), −50 °C

55%

H H

O

(9) 3. OHC COMe

(10)

2. BF3•Et2O

OH

n-Bu

H H

−50 °C

(2 equiv.) (2 equiv.)

CPr-n)Li

O

SCHEME 8
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The reactivity in alkylation reactions of alkenyl cuprates derived from the carbocupration
of acetylene reaction has also been studied. Lithium di-alkenyl cuprates can react twice, but
the second alkylation reaction is much slower than the first one26. To obtain good yields
for the second alkylation step, the addition of HMPA and P(OEt)3 is necessary for simple
alkyl bromides and iodides. Alkyl chlorides do not react at all (Scheme 9). Dienyl cuprates
can also react16, as well as functionalized alkenyl cuprates14.

n-Pen2CuLi
H H, (2 equiv.), −50 °C

81%

1.

2. MeI, HMPA, P(OEt)3

n-Hept2CuLi
Cl I, HMPA, P(OEt)32.

77%

n-Bu2CuLi

3. MeI (1 equiv.), HMPA

n-Bu

71%
(based on MeI)

OO
CuLi

2

2. n-BuI, HMPA, P(OEt)3

3. H3O+

4. AcCl, AcOH

AcO

71%

H H, (2 equiv.), −50 °C1.

H H, (2 equiv.), −50 °C1.

H H, (4 equiv.), 0 °C2.

5 5 3

H H, (2 equiv.), −50 °C1.

n-Pen

n-Hept
Cl

SCHEME 9

In the case of more reactive halides (allyl halides, benzyl halides), the addition of phos-
phite is not necessary to obtain high yields for the alkylation products (Scheme 10)16,17,26.

n-Hept2CuLi
I, HMPA2. 98%

n-Bu2CuLi

3. BnBr (1 equiv.), HMPA 59%
(based on BnBr)

1. t-BuLi, Et2O, −78 °C

2. CuBr•Me2S, −78 °C

5.
Br

Br, HMPA

I OTHP

55%

H H, (2 equiv.), −50 °C1.

H H, (2 equiv.), −50 °C1.

H H, (4 equiv.), 0 °C2.

H H, (6 equiv.), −15 °C3.
H H, (7 equiv.), −5 °C4.

OTHP
Br

n-Bu
Ph

n-Hept

SCHEME 10

Another synthetically interesting reaction of vinyl copper species with electrophiles
is the coupling reaction with alkenyl iodides. The reaction has been shown to occur
smoothly and stereospecifically under Pd(0) catalysis, after the addition of zinc salts
(Scheme 11)13,14. The coupling reaction with alkynyl halides occurs in moderate yields,

6
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due to competitive halogen–metal exchange, especially in the case of lithium dialkenyl
cuprates27,28. If the carbocupration of acetylene is run from the Grignard reagent, the
corresponding (Z)-enyne is obtained in fair yield.

Partly due to the lack of information concerning the real structure of organocopper clus-
ters and the difficulty to illustrate any intermediate, the mechanism of the carbocupration
of acetylene is still under debate. However, a number of theoretical ab initio calculations
have been conducted by Nakamura and coworkers29 – 33.

Carbocupration of acetylene has been studied systematically through calculations for
five model species: MeCu, [Me2Cu], Me2CuLi, Me2CuLižLiCl and (Me2CuLi)2. All these
complexes have been invoked in the discussions concerning organocuprate mechanisms.
Some general conclusions have been obtained for the reactivity of these reagents with
π-acceptors. MeCu can only undergo addition by a four-centered mechanism, but this path
requires high energy as the covalent Me−Cu bond (13.16 kJ mol−1) must be cleaved. The
neutral RCu species is therefore not a reactive nucleophile. Lithium organocuprates such as
(R2CuLi)2 bind tightly to acetylene through two-electron donation from the copper atom.
The proposed mechanism involves the intermediacy of such a Cu(III) cluster 11 formed
from the reaction between lithium organocuprate and acetylene. After reductive elimina-
tion, the alkenyl lithium–Cu(I) complex 12 is obtained and undergoes transmetallation to
the carbocupration product 13 (Scheme 12).

R CuI R

LiLi
X

Oxidative Addition

H H

Li

R
CuI

R

Li
X

HH

Li

R
CuIII

R

Li
X

HH

(11)

CuIII

HH

Li

X
Li R R

Reductive Elimination

H

CuIII

R

RLi
X

Li

H H H

RLi CuI

RLi

X
R

HH

CuI
R

Li

LiX
Transmetallation

(12) (13)

SCHEME 12

The overall pathway can be viewed as a Cu(I)-assisted carbolithiation followed by an
intracluster transmetallation reaction. These calculations have been corroborated by the
spectroscopic observation of related ynoates–Cu(I)34,35 and enone–Cu(I) complexes36 as
well as by the recent isolation and spectroscopic characterization of organocopper(III)
complexes37 – 40.

The synthetic applications of the carbocupration reaction of acetylene have taken advan-
tage of its high stereoselectivity in forming (Z)-alkenyl metals and of the good reactivity
of the resulting alkenyl copper species with various electrophiles. Not surprisingly, the
main field of application is related to the insect pheromone total synthesis41, as numerous
pheromones present one or more disubstitued alkene functionalities with a specific (E)-
or (Z)-configuration.

8
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The easy stereoselective formation of 1,2-disubstituted (z)-alkenes was applied early
in the total synthesis of pheromone of Cossus Cossus 14 (Scheme 13)42,43, Eupoecilia
Ambiguella 15 and of the Douglas-fir tussock moth Orgyia Pseudotsugata 16, as well as
in an advanced intermediate towards exo-brevicomin. In all these syntheses, a carbocupra-
tion–alkylation sequence is applied, leading in a few steps to the pheromones. One main
advantage of the carbocupration reaction is its ability to be performed on a large scale
(180 mmol).

H H

−30 °C, Et2O

1. THF, HMPA (2 equiv.)

2.

3. P(OEt)3 (1.5 equiv.)

4. H3O+

I
OAc

(14) 77%

(15)

(16)

CuLi

2
CuLi2

OAc

OAc

O

SCHEME 13

The acetylene carbocupration–1,4-addition sequence has been applied to the pheromone
of peach fruit moth Carposia Niponensis 17 in high overall yield (Scheme 14)44.

1.

2. KF, MeOH

(17) 98%

O

Oct-n

O

TMS

H H

−30 °C, Et2O

CuLi

2 CuLi2

SCHEME 14

A stereoselective access to the sex pheromone of Phtorimaea Operculella 18, presenting
a (Z,E)-1,4-diene functionality, has been disclosed following an acetylene carbocupration-
epoxide opening (Scheme 15)45.

The Pd(0)-catalyzed coupling reaction of alkenyl cuprates prepared through the car-
bocupration of acetylene with (E)-alkenyl halides is a highly efficient method to prepare
stereospecifically (Z,E)-1,3-dienes. This approach has been also applied several times for
the synthesis of insect pheromones. For example, the pheromone from Lobesia Botrana

9
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n-Pen2CuLi
2.

3. NH4OH
O

OH

3. NCS • Me2S, CH2Cl2
4. CuCH2CO2Et, THF

5. LiAlH4, THF

6. AcCl, HMPA (18) 60%

OAc

H H, −30 °C, Et2O1.

SCHEME 15

19, as well as those from Bombyx Mori 20, Malascoma Disstria 21 and the sex pheromone
22 from the egyptian cotton leafworm Spodoptera Littoralis and from Stenoma Cecropia,
have been prepared following this approach (Scheme 16)46.

2. ZnBr2, THF

(19) 78%

Et2CuLi
I

OAc
3.

Pd(PPh3)4 (3 mol%)

(20)

OAc

(22)

OH

(21)

OAc

OH

H H, −30 °C, Et2O1.

SCHEME 16

The same approach using Ni catalysis has been used to prepare (1,3E,5Z)-undecatriene
23, which is the main odoriferant component of the essential oils of Galbanum (Scheme
17)47.

n-PenMgBr
1. CuCN, LiCl, THF

2. n-Pen [Cu]
ClNiBr2(PPh3)2 (3 mol%)

(23)

H H, THF

SCHEME 17

Alternative approaches to the (E,Z)-1,3-diene system involve the reduction of the
enynol 24 prepared through a carbocupration reaction of acetylene followed by a coupling
reaction with an alkynyl bromide. This was used in an alternate approach to bombykol
20 (Scheme 18)27,28.
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Carbocupration of alkynes

H H

(20) 75%

OH

n-PrMgBr

1. CuBr
2.

3.

4. H3O+
OHBr

OTMS
(24) 66%

1. LiAlH4

2. AcCl, HMPA

OAc

93%
BrMg O O

THF, CuI, −30 °C

1.

2. H3O+

8

SCHEME 18

Another efficient possibility is to perform the addition of the alkenyl copper reagents,
derived from the carbocupration reaction of acetylene, onto phenylthioacetylene to obtain
the corresponding (Z,E)-dienyl phenyl sulfide. This approach has been applied to the
synthesis of pheromones 19–2248. An example of this methodology is depicted in the
case of the synthesis of pheromone 19 (Scheme 19).

H H, Et2O
Et2CuLi

1.

2. , −50 °C to rtPhS SPh

85%

1.

NiCl2(dppe)

2. p-TSA, MeOH
3. Ac2O, Pyridine

19,  78%

BrMg O O
6

SCHEME 19

Although (Z,Z)-1,3-dienes can also be prepared through coupling of (Z)-alkenyl cuprates
with (Z)-alkenyl halides, partial isomerization reactions or low yields limit the synthetic
utility of this approach46. Better results are obtained through double carbocupration of
acetylene, as described above. This methodology has been applied to the synthesis of navel
orangeworm pheromone 2516,25 and of the thermally unstable sex pheromone 26 from the
stink bug Thyanta Pallidovirens (Scheme 20)49. It has also been applied to a synthetic
approach of Ajudazol A17.

Et2CuLi
1. H H (2 equiv.), −50 °C

2. H H (4 equiv.), −10 °C

CuLi

2

1. I(CH2)9CH(OEt)2

2. H3O+

H

O(25) 33%

n-Pr2CuLi
1. H H (excess), −50 to −10 °C

2.

OMe

O OMe

O

(26) 13%

SCHEME 20

11



t-
B

uO
L

i

1.
 C

uI
 (

0.
5 

eq
ui

v.
),

 E
t 2

O
2. 3.

 I
2

I

4.
 A

c 2
O

, F
eC

l 3
(2

7)
 4

9%

(2
7)

(2
2)

 7
0%

(2
8)

 8
8%

(2
9)

 8
3%

Z
nB

r

Z
nB

r

Z
nB

r

Pd
(P

Ph
3)

4 
(3

 m
ol

%
)

Pd
(P

Ph
3)

4 
(3

 m
ol

%
)

Pd
(P

Ph
3)

4 
(3

 m
ol

%
)

H
H

A
cO

A
cO

A
cO

A
cO

SC
H

E
M

E
21

12



Carbocupration of alkynes

Finally, it should be noted that alkenyl cuprates derived from the carbocupration of
acetylene can be easily quenched with I2 to give the corresponding (Z)-alkenyl iodides.
These compounds can serve as stereodefined building blocks in many coupling reactions.
For example, this approach has been used to prepare the versatile alkenyl iodide 27
(Scheme 21)50.

This methodology has been applied to the preparation of pheromone 22, which is a
common intermediate to the egyptian cotton leafworm Spodoptera Littoralis and to the
oil palm tree defoliator Lepidotere Stenoma Cecropia. The analogues 28 and 29 have also
been prepared from 27 using this methodology.

The same stereoselective coupling step has been used in the total synthesis of the sex
pheromone 30 from both Zeuzera Pyrina and Vitacea Polistiformis (Scheme 22)51.

OBu-t 
n-Bu2CuLi

OAc
(30)

1. CuI (0.5 equiv.), Et2O
2.

3. I2

H H

4. t-BuO(CH2)9ZnBr
Pd(PPh3)4 (3 mol%)

SCHEME 22

III. CARBOCUPRATION OF SUBSTITUTED ALKYNES
A. Alkyl-substituted Alkynes

1. Non-functionalized alkynes

The carbocupration of non-functionalized terminal alkynes is known to be highly regio-
and stereoselective leading to branched alkenyl coppers as major isomers through a
syn-addition (Scheme 23)1. This regioselectivity is accurately explained by the induc-
tive donation of the alkyl substituent, which polarizes the carbon–carbon triple bond. By
contrast, internal alkynes generally undergo poorly regioselective carbocupration due to
the opposite inductive influence of the two alkyl substituents, leading to mixtures of the
two isomeric branched and linear alkenyl coppers (Scheme 23).

R2

R2

R1 [Cu]

R2 = alkyl

R2

R2

R1 [Cu]

R2, R3 = alkyl

+
R2

[Cu] R1

R3

branched

R3 R3

R1[Cu]

R1[Cu]

SCHEME 23

Primary alkyl organocopper species R2CuMgX or R2CuLi can readily deliver their pri-
mary alkyl R group to terminal alkynes giving the corresponding alkenes52 – 54 whereas,
in the case of secondary or tertiary alkyl groups, only acetylenic proton abstraction is

13
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observed9,55. Moreover, the addition of secondary or tertiary alkyl groups from Grignard-
derived organocopper reagents RCužMgX2 to terminal alkynes is not successful8,10,55.
Interestingly, MgBr2 has been demonstrated to play a crucial role in the latter reaction
(Scheme 24)56. Indeed, when using a stoichiometric amount of MgBr2 in THF, secondary
(i-butyl and i-propyl) as well as tertiary (t-butyl and t-amyl) alkyl groups can be trans-
ferred regio- and stereoselectively from RCužMgX2 to terminal alkynes with modest to
good conversion. Under these conditions, the corresponding branched alkenes are obtained
as single isomers in good isolated yields upon acidic hydrolysis.

R2

R1

R2

1. R1Cu•MgX2, MgBr2 (1 equiv.), THF, rt

2. HCl, H2O

40–65%
R1 = i-Bu, i-Pr, t-Bu, t-AmylR2 = alkyl

X = Cl, Br
50–70% Conv.

SCHEME 24

A related reaction is reported for the carbocupration of propargyltrimethylsilane with
n-BuCužMgBr2 in the presence of either LiI or P(OEt)3

63. Both ligands play a crucial
role by stabilizing the unstable starting organocopper species and have a pronounced
accelerating effect. Under these conditions, the regioselectivity is total, giving the branched
adduct in good yields (Scheme 25).

56% (LiI) and 50% (P(OEt)3)

1. n-BuCu•MgBr2, Et2O
TMS

2. H2O n-Bu

TMS
LiI (1 equiv.) or P(OEt)3 (1.3 equiv.)

SCHEME 25

In the presence of a stoichiometric amount of LiBr, known to suppress proton abstrac-
tion from terminal alkynes57,58, the carbocupration of terminal alkynes 31 in THF with
cuprate Et2CuMgBr is reported to lead regioselectively to the corresponding branched
(Z)-alkenes with high conversions (>95%) and good isolated yields along with variable
amounts of dimers, presumably derived from oxidative dimerization of the intermediary
alkenyl copper derivative (Scheme 26)59.

On the other hand, when using hindered cuprate t-Bu2CuMgBr under the same con-
ditions, 89% of conversion is attained. The desired branched (Z)-isomer is obtained in
good yield accompanied by a significant amount of the linear (Z)-alkene (Scheme 26).
Here, the partial loss of regioselectivity is assumed to be due to steric hindrance exerted
by the bulky t-butyl group. In addition, while strict syn-addition applies for Et2CuMgBr,
for the more basic and reactive t-Bu2CuMgBr some anti-adduct is also observed (ca 5%),
certainly as the consequence of steric effects.

It is noteworthy that all attempts to transfer a methyl group from various cuprates
(Me2CuMgClžLiBr, Me2CuLi2, Me3Cu2MgClž(LiBr)2 or MeCužMgBrCl) to 31 has failed
and only resulted in the abstraction of the acetylenic hydrogen atom.

The tandem carbocupration–oxygenation of terminal alkynes has been reported to give
access to α-branched aldehydes or stereodefined trisubstituted enol esters or silyl ethers
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(Scheme 27)60. The overall transformation consists in the carbocupration of terminal
alkynes, subsequent oxygenation of the branched alkenyl copper intermediates with
LiOOBu-t and then reaction with various electrophiles. This tandem sequence tolerates
alkyl- and silyl-ethers, esters and tertiary amines and affords the corresponding oxidized
adducts in good yields. Under the best conditions, the carbocupration step is performed
with RMgX or RLi species in the presence of CuBržMe2S in variable relative amounts.

R2

R1

R2

[Cu]R1MgX or R1Li (1 to 2 equiv.)

THF or Et2O:Me2S (1:03 to 1:08)

 LiOOBu-t, TMEDACuBr•Me2S (1 to 1.5 equiv.)

R2 =  n-Dec, BnO(CH2)4, TBSO(CH2)4, BzO(CH2)4, Ph, Bn2N(CH2)4, PhCH2,

−78 °C then E+

R1

R2

OE

 50–71%

R1MgX or R1Li: EtMgBr, n-BuMgCl, i-PrMgCl, t-BuMgCl, o-TolylMgCl, n-BuLi
O

N
4

E = Ac, Bz, TMS

O

H
R1

E
R2

or

43–53%
E = H, Br, Cl

SCHEME 27

Diversely functionalized organocopper reagents can be utilized in the carbocupration
of terminal alkynes. Thus, the organocopper reagent derived from zirconacyclopentane
32 has recently been shown to add regio- and syn-stereoselectively on hex-1-yne61. Upon
warming the reaction mixture, the formed linear alkenyl copper 33 undergoes reductive
coupling into bicyclic compound 34 in good yield (Scheme 28).

CuCl

THF,  0 °C

Cp2Zr

Cu

n-Bu

CuCl

20 °C

SiCp2Zr

Ph

Ph

Si

Ph

Ph

n-Bu

(32)

(33)

Si

Ph

PhCp2Zr

Cu

Si
Ph

Ph

Cl

(34) 52%

n-Bu

THF,  0 °C

Cl

SCHEME 28

α-Silylated organocopper reagents can also react with hex-1-yne. The best results are
obtained with organocopper TMSCH2CužMgBr2 in Et2O in the presence of LiI or P(OEt)3
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Carbocupration of alkynes

which speed up the reaction. Under these conditions, the branched alkene is isolated in
good yield and total regioselectivity (Scheme 29)62 – 64. By contrast, addition of LiBr leads
to the corresponding symmetrical 1,4-diene, presumably by destabilizing the alkenyl cop-
per, whereas Me2S slows down the reaction rate. In all cases, magnesium salts are required
for the reaction to occur, while cuprates (TMSCH2)2CuMgX and (TMSCH2)2CuLi both
fail to react.

78%

LiI (1 equiv.) or P(OEt)3 (1.3 equiv.)

n-Bu

n-Bu

TMSCH2Cu•MgBr2, Et2O TMS
H2O

THF, 20 °C, LiBr (1 equiv.)
n-Bu

TMSCH2Cu•MgBr2, THF, 20 °C

Bu-n

n-Bu

TMS [Cu]

TMS
TMS

SCHEME 29

Internal non-functionalized alkynes are recognized to be poor substrates for the addition
of organometallic species, and thus the carbocupration reaction involving such substrates is
generally sluggish. However, a recent arylmagnesiation of 4-octyne catalyzed by Fe(acac)3
(5 mol%) together with CuBr (10 mol%) has been disclosed. This allows the corre-
sponding trisubstituted alkenes to be obtained in high yields and E:Z selectivities as
the consequence of a clean syn-addition (Scheme 30)65.

Pr-nn-Pr
P(Bu-n)3 (40 mol%), THF, 60 °C

CuBr (10 mol%), Fe(acac)3 (5 mol%)

n-Pr

Ar

Pr-n

MgBrArMgBr (2 equiv.)

H2O

n-Pr

Ar

Pr-n

74–91%, >95:5 E:Z

SCHEME 30

2. Functionalized alkynes

a. Propargyl amines, ethers and thioethers. Propargyl halides and acetates are known to
undergo facile decomposition to yield allene derivatives when treated with organocopper
reagents R1CužMgBr2 in THF or Et2O at −20 ◦C (Scheme 31)66. Simultaneous formation
of alkane R1 –R1 suggests that these allene derivatives are not formed through branched
alkenyl copper intermediates, so that the reaction certainly does not proceed through
carbometallation of the alkynes.

X

 R1Cu•MgBr2
•

R1

THF or Et2O, −20 °C
Decomposition

X = Br, OAc

R2

R3 R2

R3

X

R1[Cu]

R2

R3

not through

SCHEME 31
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X

1. n-BuCu•MgBr2, solvent, T (°C)

X

Bu-n

+
X

n-Bu

X Branched Yield (%)

SEt 97 32

OMe 42

OTMS 85 53

OBu-t not determined

47

40 65

Solvent

THF

NMe2

NEt2

2. H2O

Et2O

THF

Et2O

THF

Et2O

Et2O

Et2O

THF

Et2O

0

Linear

3

97 3

86 14

3 97

15

100

86 14

3 97

10 90

60

T (°C)

−25

−15

−25

−55

−55

−50

−55

−25

−15

−15

44

65

72

82

linearbranched

SCHEME 32

By contrast, propargyl amines, ethers and thioethers undergo facile carbocupration with
organocopper reagent n-BuCužMgBr2, in a highly syn-stereoselective fashion, to afford
functionalized regioisomeric branched and/or linear alkenes upon hydrolysis (Scheme 32)66.

The regioselectivity of the addition reaction is highly dependent upon the solvent. In
THF, the expected branched isomer is formed regioselectively. The regioselectivity is
controlled by the polarization of the acetylene moiety as a consequence of the inductive
effect of the alkyl subtituent (Scheme 33).

X

[Cu]

X

[Cu]

Bu-n

n-Bu

 branched

X = NR2, OR

n-Bu

X

[Cu]

[Cu]

X

Bu-n

linear

X = NR2, OR, SEt

THF

Et2O

SCHEME 33

By contrast, in Et2O, which is a less polar and less basic solvent than THF, the
regioselectivity is interpreted by the formation of both π(C=C)–Cu and heteroatom–Cu
complexes favoring the transfer of the n-butyl group to the acetylenic carbon distal to
the alkyl substituent. The linear isomer is then formed as the major product in Et2O
(Scheme 33). One should note that virtually no linear isomer is observed from reaction
involving propargyl thioether, since in this case sulfur–copper interaction would result in
the formation of a highly strained ring. As evidence of this heteroatom-directed addition,
steric crowding on the heteroatom hinders its complexation with the copper species and
thus enhances the amount of the branched isomer.
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Carbocupration of alkynes

In all cases, significant amounts of symmetrical 1,4-dienes 35 and trisubstituted alkenes
36 are obtained. The former are formed through the self-coupling reaction of alkenyl
copper 34, while the latter are formed through the cross-coupling reaction of 34 with
unreacted copper reagent (Scheme 34).

 n-BuCu•MgBr2

X

n-Bu

(34)
X

n-Bu

Bu-n

X

X

n-Bu Bu-n

X = NR2, OR, SEt

[Cu]
self-coupling

(35) 2–27% (36) 2–15%

SCHEME 34

b. Alkynyl epoxides. The reaction of alkynyl epoxides with organocopper reagents has
been recently reviewed67. The reaction occurs in a neat SN 2′ overall process to give the
corresponding allenyl alcohols. The observed stereoselectivity68 is in most cases consis-
tent with an overall anti-substitution reaction. However, some variations are observed69

depending on the nature of the organocopper reagent. The reaction can also be conducted70

with Grignard reagents under Cu(I) catalysis. However, the intermediacy of an alkenyl
copper species could not be ascertained, and both a carbometallation–β-elimination pro-
cess or copper(III)-mediated substitution process can be considered (Scheme 35).

c. Alkynyl acetals. The carbocupration of alkynyl acetals can give access to regioiso-
meric branched and linear alkenyl copper derivatives provided the temperature is main-
tained below −20 ◦C to prevent the decomposition of the latter (Scheme 36)71,72. The
level of regioselectivity of the reaction is mainly dependent on both the nature of the
copper reagent and the solvent.

As a general rule, mono-organocoppers RCužLiX and RCužMgX2 afford mixtures of
both linear and branched isomers with slight variation according to the solvent73. On the
other hand, either branched or linear isomers can be prepared selectively with cuprates.
Using R2CuMgX in THF leads to the linear isomer as the major adduct, whereas using
R2CuLi in Et2O leads almost exclusively to the branched isomer.

In THF, the carbocupration leads to mixtures of major branched alkenyl copper and
minor allenes arising from β-elimination on the linear alkenyl copper leading to copper-
alkoxide. In this solvent, the regioselectivity is controlled by the polarization of the
acetylene moiety due to the inductive effect of the substituent (Scheme 36).

On the other hand, the regioselectivity observed in Et2O, giving almost exclusively
the linear isomer, is explained by the complexation of the copper salt by the oxygen
atoms of the acetal. Generally, in Et2O the reaction temperature must be maintained low
enough to prevent the β-elimination on the formed linear alkenyl copper, typically below
−20 ◦C and −50 ◦C for dialkoxy acetals and dioxolanes, respectively. In some cases,
these organocopper intermediates exhibit a remarkable thermal stability, as for 37, which
does not β-eliminate into allene derivatives even in refluxed Et2O (Scheme 37)74.

Thus, various primary and secondary dialkyl-, dialkenyl- and diphenyl-lithium cuprates
can be added to terminal alkynyl acetals (two equivalents) in Et2O62,71. Upon hydrolysis or
iodolysis, the corresponding branched alkenes are isolated in good to excellent yields with
high regioselectivity (>90:10) and total syn-stereoselectivity (Scheme 38). It is noteworthy
that in the case of t-Bu2CuLi, the reaction is non-regioselective and non-stereoselective,
since the branched isomer is obtained as well as both the (E)- and (Z)-linear isomers
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Carbocupration of alkynes

R2O

R2O

Li
Cu

R2O

R2O

Mg X Cu R1
R1X

R1
O R1

OR2

R2O

R1

R2O

linear, ~98%branched, ~80%

R3

R1

R3
R3

R3

OR2

[Cu] [Cu]

Et2O

+ •
R1

R3R2O

~20%
(from b-elimination on linear isomer)

THF
below −20 °C below −20 °C

SCHEME 36

O

O

Me2CuLi
O

O

[Cu]

(37)

O

+35 °C

Et2O

•

Me
Me

O[M]

SCHEME 37

even at −50 ◦C in Et2O. This result is attributed to the steric bulkiness of the t-butyl
group. In addition, lithium dimethyl cuprate Me2CuLi does not give reproducible results.

The carbocupration can also occur starting from the less reactive internal alkynyl acetals
(two equivalents) bearing diverse substituents at the acetylenic carbon atom, such as alkyl,
aryl, alkenyl and phenyl groups71. It should be noted that even t-Bu2CuLi can be used,
although a lower yield is observed in this case. On the other hand, the trimethylsilyl
group impedes the addition, either by its bulkiness or by its inductive effect, which is
opposite to that of the alkyl substituent. Except in the latter case, the corresponding trisub-
stituted alkenes are obtained in good to high yields with total regio- and stereoselectivity
(Scheme 38).

Similarly, both terminal and internal alkynyl ketals can be efficiently reacted with
n-Bu2CuLi in Et2O in good yields (Scheme 38).

d. Alkynyl orthoesters. The carbocupration of 1,1,1-triethoxypropyne with the deuterium-
labeled mono-organocopper reagent CD3CužMgI2 is reported to lead to the corresponding
branched adduct in modest yield with the same regiocontrol as that observed with acetals
(Scheme 39)75.

This reaction has been used in the synthesis of deuterium-labeled methacrylates, tiglates
and senecioates for biosynthetic studies of carboxylic acids in carabid beetles.

21



Fabrice Chemla and Franck Ferreira

R2O

R2O 1. R1
2CuLi, Et2O

2. E+

OR2

R2O

R1 = n-Bu, n-Pen, s-Bu, Ph, alkenyl, TMSCH2; E = H, I

(2 equiv.)

R1

R2 = Et, −(CH2)2−
56–94% (>90:10 regioselectivity)

OR2

R2O

(2 equiv.)

R1

R2O

R2O
R3

R3

R1 = Et, n-Bu, s-Bu, t-Bu, alkenyl
 43–92%

R2 = Me, Et, −(CH2)2−
R3 = Me, Et, Ph, 1-cyclohexenyl

O

O

R2

1. n-Bu2CuLi, Et2O

O

O

Bu-n

R2R3 R3

(2 equiv.)

R2 = Me, Et
R3 = H, Me

56–71%

E

E

2. E+

E = H, I

1. R1
2CuLi, Et2O

2. E+

SCHEME 38

2. H2O

D3C

39%

EtO

EtO

EtO

1. CD3Cu•MgI2, THF, −15 °C

OEt

EtO

EtO

SCHEME 39

e. Fluoroalkylated alkynes. As described previously, internal alkynes are generally
poorly reactive towards organocopper species. However, polyfluoroaryl copper reagents
are described to undergo facile addition to highly reactive bis(trifluoromethyl)acetylene in
DMF, giving fluoroalkylated trisubstituted alkenes 38 in good yields with a high preference
for the (E)-isomers (>90:10 E:Z ratio) (Scheme 40)76.

In this reaction, it is important that the stoichiometry is reasonably accurate and that
only a slight excess of bis(trifluoromethyl)acetylene is added. Indeed, if two or more
equivalents of the alkyne are used, the alkenyl copper initially produced may undergo
a second addition to the alkyne to afford the conjugated dienyl copper 39. Moreover,
other copper reagents such as C6F5Cu, C6F5Cu(CN)CdX, (C6F5)2Cu(CN)(CdX)2 and
C6F5Cu(CN)Li2, only lead to complex mixtures. This methodology has been successfully
applied to the total synthesis of antiestrogenic drug panomifene78.

A similar reaction is possible with (dialkoxyphosphinyl)difluoromethyl copper reagent
(RO)2P(O)CF2Cu, which allows the preparation of fluoroalkylated tetrasubstituted alkenes
40 in variable yields upon addition of alkyl-, allyl- or aryl- iodides to the reaction mixture
(Scheme 40)77.
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(38) 46–69%, >90:10 E:Z

CF3F3C

p-XC6F4Cu p-XC6F4

F3C CF3

DMF, rt

p-XC6H4

F3C

[Cu]

CF3

p-XC6F4

F3C CF3

[Cu]

F3C CF3

H2O, HCl

DMF, rt

X = Br or C6F5

CF3F3C

CF3F3C
1. (RO)2P(O)CF2Cu, DMF, 0 °C

(RO)2P(O)CF2

F3C

E

CF3

E = H, I, alkyl, allyl, aryl

(39)

(40) 15–62%

2. E+

SCHEME 40

Organocopper reagents can also add to fluorine-containing internal aryl alkynes. Under
the optimized conditions, i.e. with Grignard-derived cuprates R2CuMgBr and Lipshutz
cuprates R2Cu(CN)Li2, internal aryl alkynes bearing a trifluoromethyl substituent afford
trisubstituted fluorinated alkenes in high yields and with high regio- and stereoselectiv-
ity (Scheme 41)78,79. By contrast, performing the reaction with HCF2- or HCF2(CF2)2-
substituted internal alkynes results in the formation of alkenes in fair to good yields, albeit
with high regio- and stereoselectivity.

Ar
1. R2CuMgBr or R2Cu(CN)Li2, THF, −40 °C

R = alkyl, Bn, Ph, Ar

Rf

2. H2O RfAr
33–99%

R

Rf = CF3, HCF2, HCF2(CF2)2

Ar Rf Ar Rf

CuIII

RR

(42)

CuI
R

(41)

RfAr

R CuI

R

R

SCHEME 41

In every case, the high regioselective syn-carbocupration can be explained through the
coordination of the Cu(I) reagent to the carbon–carbon triple bond followed by oxidative
addition of the alkyne to Cu(I) to form the intermediate Cu(III) species 41. At this stage,
due to the strong electron-withdrawing effect exerted by the fluoroalkyl group Rf, the
RfC−Cu(III) bond may be stronger than Ar−Cu(III). Accordingly, alkyl substituent R on
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Cu(III) is transferred to the olefinic carbon distal to the fluoroalkyl group, alkenyl copper
42 being produced preferentially (Scheme 41).

The carbocupration reaction of internal trifluoromethylated alkynyl phosphonates has
also been reported and is discussed in detail in Section III.D.4.b.

B. Carbocupration and Copper-catalyzed Carbomagnesiation Reaction
of Propargyl Alcohols

Normant and coworkers have examined the addition of organocopper reagents onto
propargyl alcohols66,80. On propargyl alcohol itself (used as its Li or Na salt), the regios-
electivity is found to be dependent on the solvent polarity, although the branched allylic
alcohol is always formed as the major isomer (Scheme 42). However, in the case of inter-
nal propargyl alcohols, this regioselectivity is variable depending upon the substitution
degree of the starting material.

1. n-BuCu•MgBr2, Solvent, −10 °C

MO

M = Li, Na

HO

n-Bu

HO

Bu-n
+

2. H2O

branched linear

Branched

87

Solvent

HMPA
DME

Et2O
THF

Linear

91 9

60 40
79 21

13

SCHEME 42

In the case of 3-phenylprop-2-yn-1-ol, the regioselectivity of the carbocupration is
this time excellent81. More surprising is the observed stereoselectivity, as the trans-
trisubstituted allylic alcohol is obtained upon addition, which has been attributed to an
anti-addition pathway (Scheme 43). Further isomerization of the resulting alkenyl metal
species is also conceivable.

Ph

HO

1. R2CuMgBr•MgBr2

2. H2O

PhR

HO

96–98%
R = n-Bu, Et

SCHEME 43

The observed regioselectivities are very variable and precluded the application of the
carbocupration of propargyl alcohols in synthesis. However, some years later, Jousseaume
and Duboudin found that Cu(I) salts catalyze the carbomagnesiation of propargyl alcohols.
The regioselectivity is excellent in the case of primary propargyl alcohols, and the reaction
can be applied to a wide range of substrates and reagents (Scheme 44)63,82.

This reaction is not strictly within the scope of this review, as it has not been proved
that this reaction is a ‘true’ carbocupration process. Indeed the fact that the observed
regioselectivity of the addition is not the same as that previously observed in the case of
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HO HO

R1

R2 1. R1MgBr, CuI (10 mol%), Et2O, −10 to 20 °C
R2

2. H2O

40– 80%

R2 = H, Me, n-Bu, Bn, Ph, methallyl, TMS, C5H11C C, PhC

R1 = Me, Et, i-Pr, t-Bu, Ph, allyl, crotyl, Bn, TMSCH2

C

SCHEME 44

the addition of organocopper reagents to propargyl alcoholates seems to indicate a different
mechanism or species. Moreover, the resulting organometallic species 44 derived from
propargyl alcohol 43 can be functionalized by iodolysis, or by reaction with allyl bromide
(Scheme 45)83. The observed stereoselectivity proves that the addition process occurs in a
trans-fashion, which is totally unusual for the carbocupration reaction. The intermediacy
of the cyclic organometallic species 45 is also proposed84.

HO Et2O, −10 to 20 °C

RMgBr, CuI (10 mol%)

Br I2

HO

R

HO

R

I

(44)

MgBr

R

BrMgO

49–71%
R = Et, allyl, Ph

38–40%
R= Me, Et, allyl, Ph

Mg

O

R

(45)

(43)

SCHEME 45

Interestingly, it was shown later that the same reaction can occur without the need of
copper salt85 – 92. However, the conditions needed in this case (refluxing THF, di(isopropyl)
ether or cyclohexane) are largely different from those involved in the presence of CuI
catalyst (Et2O or THF at −10 ◦C). Nevertheless, the extensive use of this reaction in
synthesis justifies an overview here.

It should be noted that under the reaction conditions, no metallation of the acetylenic
position of the propargyl alcohol occurs. Actually, a different course is followed when
bimetallated propargyl alcohol 46 is used93. The alkenyl bimetallic species 47 is obtained
and can be illustrated through deuteriation (Scheme 46). A surprising 4-endo-trig cycliza-
tion to bimetallic 48 occurs when the initial Grignard nucleophile is AllylMgBr. Here
again, the cyclic bimetallic species 48 can be illustrated through deuteriation or reaction
with allyl bromide.

The Cu(I)-catalyzed carbomagnesiation of propargyl alcohol 43 has been used as an
excellent source of branched allylic alcohols; the reaction of the alkenyl Grignard reagent
resulting from the reaction of 43 with electrophiles includes deuteriation94, iodolysis95,
addition to aldehydes96 and to borates97 (Scheme 47).

25



B
rM

gO
E

t 2
O

, −
10

 to
 2

0 
°C

R
M

gB
r,

 C
uI

 (
10

 m
ol

%
)

(4
7)

M
gB

r

R

B
rM

gO

M
gB

r

(4
6)

M
gB

r
D

2O

D

R

H
O

D

43
–5

1%
R

 =
 E

t, 
Ph

, a
lly

l

B
rM

gO

M
gB

r

R
M

gB
r

C
uI

 (
10

 m
ol

%
)

E
t 2

O
, −

10
 to

 2
0 

°C
M

gB
r

O
M

gB
r

M
gB

r

R
rt

 (
R

 =
 M

e)

or
 r

ef
lu

x 
(R

 =
 H

)

M
gB

r

O
M

gB
r

R

M
gB

r

(4
8)

D
O

H

R

D

O
H

R

D
2O

48
–5

2%

51
%

A
lly

l b
ro

m
id

e

SC
H

E
M

E
46

26



Carbocupration of alkynes

(43)
HO

1. MeMgBr, CuI, THF

2. D2O

Me

HO D
74%

RXMg

, CuI (20 mol%)

1.

2.

CHO

Pr-iMe

Pr-i

Me

OH

R

OH

54–69%
R = H, OMe

1. RMgX, CuI (10 mol%), THF

2. B(OPr-i)3
3. H3O+

B

O

R

OH

40–73%
R = Me, Et, n-Pr, n-Bu, i-Pr, i-Bu, Ph(CH2)2, Ph

SCHEME 47

The Cu(I)-catalyzed carbomagnesiation of propargyl alcohols bearing a substituent on
the acetylenic position represents also a valuable tool for the stereoselective synthesis of
trisubstituted allylic alcohols. Some representative examples are listed in Scheme 48. The
substituent can be a TMS group96, an alkenyl moiety98 or an alkyl chain99.

TMS

HO

1. MeMgCl, cat. CuI

2. TBSCl, imidazole
TMS

TBSO

Me
93%

HO

1. i-PrMgBr, cat. CuI
HO

64%

HO

1. AllylMgBr, cat. CuI

HO

67%

3. H2O

2. H2O

2. H2O

SCHEME 48

The resulting alkenyl Grignard reagent can react through iodolysis, leading stereose-
lectively to tetrasubstituted (Z)-iodo alkenols (Scheme 49)95,100.

The case of secondary propargyl alcohols was examined earlier by Jousseaume and
Duboudin82. They found that the regioselectivity is variable under their standard condi-
tions (Et2O as the solvent), depending on the substrate and the nucleophile (Scheme 50).
Regardless of the regioselectivity, yields are low and the reaction sluggish.
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R2

HO

1. R1MgBr, CuI (10 mol%)

2. I2

R2R1

IHO

17– 64%
R1 = Ph, Me, Et

OPMB

HO

1. MeMgCl, cat. CuI
OPMBHO

I

Me

71%

R2 = Me, Ph

2. I2

SCHEME 49

HO

1. PhMgBr, CuI (10 mol%)

2. H2O

Ph

HO

2. H2O

Me

Me

PhMe

OH

35%

1. EtMgBr, CuI (10 mol%)

1. PhMgBr, CuI (10 mol%)

•

Ph

Me

PhMe

OH

Ph

28%

22%

Et2O, −10 °C to rt

2. H2O

Et2O, −10 °C to rt

Et2O, −10 °C to rt

SCHEME 50

Very recently, this methodology was applied to the reaction of propargyl alcohol 49
(Scheme 51)101. A systematic study of the influence of solvent, amount of copper salt,
nature and amount of Grignard reagent and counterion on both the regioselectivity and
conversion of the reaction was conducted. The best reaction conditions allow the prepa-
ration of the allylic alcohol 50 in high isolated yield.

OH
1. MeMgCl (4 equiv.), CuI (2 equiv.)

OH

Me

THF, −20 °C to rt

(49) (50) 81%

2. H2O

SCHEME 51

This reaction was recently re-examined by Lu and Ma. They found that the regios-
electivity is actually dependent on the solvent and obtained excellent results in THF at
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low temperature, favoring the ‘classical’ trans-addition102. The cyclic Grignard reagent
resulting from propargylic alcohol 51 can be functionalized with I2 or engaged in a
Pd(0)-catalyzed coupling reaction (Scheme 52).

R2

HO

R1MgBr (3.5 equiv.)
CuI (50 mol%)

THF, −78 °C to rt Mg
O

R2

R1

H2O
R2

R1

OH

Me

Pen-n

OH I

17–77%
R1 = alkyl, Ph

Me

HO

n-PenMgBr (3.5 equiv.)
CuI (50 mol%)

Mg
O

Me

n-Pen

I2

Pd(PPh3)4 (1 mol%)
Me

Pen-n

OH Ph

66%

62%

(51)

R2 = Me, Et, n-Pr, n-Pen

THF, −78 °C to rt

PhI

 +

<15%

linear regioisomer

SCHEME 52

By contrast, using toluene as solvent, the regio- and stereoselectivity of the reaction
are reversed, the linear product being formed as the major product in a syn-addition, as
shown by iodolysis (Scheme 53)103.

The intermediate alkenyl metal obtained from 51, regardless of its nature, can also be
functionalized with allyl bromide or engaged in a coupling reaction under Pd(0) catalysis.

Both reactions can be applied to enantiopure propargylic alcohol 51 to afford, depending
upon the conditions, the corresponding branched or linear enantiopure alkenyl iodides
(Scheme 54).

C. Enynes and Arylacetylenes

The carbocupration of enynes represents a valuable method for the preparation of 1,3-
dienyl patterns. For instance, cuprate EtCu adds efficiently to isoprenylacetylene in the
presence of two equivalents of LiBr in THF. The reaction is highly regio- and stere-
oselective, only the linear dienyl copper intermediate being produced as a consequence
of the mesomeric electron donation from the vinyl moiety (Scheme 55)104. Subsequent
addition of (trimethylsilyl)ethynyl iodide then leads to the corresponding (E)-dienyne in
high yield.

The same regioselectivity has been observed by Knochel and coworkers during the car-
bocupration of phenylacetylene with functionalized copper–zinc reagents12. This reaction
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R2

HO

1. R1MgBr (3.5 equiv.)
CuI (1.0 equiv.)
Toluene, −40 °C to rt

R2
I

OH

48–67%

Me

HO

n-PenMgBr (3.5 equiv.)
CuI (1.0 equiv.)

2. I2

Pd(PPh3)4 (1 mol%)

55%

56%

R3
R1R3

Pen-n[M]O

Me

[M]

Pen-nHO

Me

Pen-nHO

Me

Ph

(51)

R2 = Me, Et, n-Pr, n-Pen, Ph, p-Tol, 2-Thienyl
R3 = H, Me R1 = n-Pen, n-Hept, Ph

Toluene, −40 °C to rt

PhI

+

< 5%

Allyl bromide

branched regioisomer

SCHEME 53

Me

Pen-n

OH I

Me

HO

1. n-PenMgBr (3.5 equiv.)
CuI (50 mol%)
THF, −78 °C to rt

2. I2(51)

1. n-PenMgBr (3.5 equiv.)
CuI (1.0 equiv.)

Me

I

OH

Pen-n

2. I2

61%

Toluene, −40 °C to rt

59%

SCHEME 54

thus allows 1,5-dienes to be formed in good isolated yields and high syn-stereoselectivity
upon treatment of the reaction mixture with allyl bromide (Scheme 56).

On the other hand, the reaction of enynes with secondary and tertiary alkyl Grignard
reagents in the presence of a catalytic amount of Li2CuCl4 (1 mol%) affords allenyl-
propargyl copper species as a consequence of the addition of the initially produced
organocopper reagent to the vinyl moiety105.
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THF, −20 °C

EtCu, LiBr (2 equiv.)

Et

TMS

ITMS

80%

Et [Cu]

SCHEME 55

Ph

Ph

R2. Allyl bromide

1. EtCu(CN)ZnEt • nLiCl or  c-HexCu(CN)Li • ZnMe2 • LiI

R = Et (67%), c-Hex 69%)

THF, −20 °C

SCHEME 56

The carbocupration of alkynes bearing alkenyl or aryl groups has been applied to
the synthesis of bicyclic compounds 55. In this synthesis, both phenylacetylene and
(1-cyclohexenyl)acetylene undergo a carbocupration reaction with 53, derived from zir-
conacyclopentane 5261. The reaction then affords regio- and stereoselectively the branched
alkenyl coppers 54 which, upon warming the reaction mixture to room temperature,
undergo reductive coupling to give bicyclic compounds 55 in good yields (Scheme 57).

The reversal of the regioselectivity is observed during the carbocupration of 5-ethynyl-
2′-deoxyuridine. Indeed, the reaction carried out with an excess of organocopper reagent
EtCuMgBr affords the corresponding linear adduct in good yield as the result of a
clean regioselective syn-carbocupration reaction (Scheme 58)106. The high regiocontrol, as
opposed to that ‘normally’ observed with enynes, is rationalized through a chelated inter-
mediate (with the oxygen of the uracil ring). However, the major product is contaminated
by a small amount of the tetrasubstituted alkene resulting from the alkenyl–alkyl coupling
side reaction between the initially formed alkenyl copper and unreacted EtCuMgBr.

D. Heteroatom-substituted Alkynes

1. Alkynyl ethers and O-alkynyl carbamates

a. Alkynyl ethers. The carbocupration of terminal alkynyl ethers (ynol ethers) allows
a straightforward access to alkenyl ethers (enol ethers). Seminal works by Normant and
coworkers have shown that the carbocupration of ethoxyacetylene occurs with organocop-
per reagent RCužMgBr2 in THF or Et2O in a syn-fashion preferentially at the carbon β
to the oxygen to afford branched (E)-2-alkoxyalkenyl coppers 56. These organometallic
species can further be trapped with various electrophiles to give the corresponding alkenyl
ethers in high yields (Scheme 59)107. Alkenyl coppers 56 are generally unstable above
−20 ◦C, at which temperature they undergo trans-β-elimination with the copper alkoxide
to afford the corresponding terminal alkynes.

The observed regioselectivity, leading to the branched adduct as single isomer, is in
accordance with ab initio theoretical calculations conducted by Nakamura’s group on the
carbocupration of ethynol with MeCu30. As shown by this study, the carbocupration of
ethynol proceeds through a transition state 57 leading to the branched isomer. This was
accurately rationalized by the polarization of the acetylene moiety due to the mesomeric
donation from the oxygen.
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Cl
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On the other hand, the carbocupration of internal alkynyl ethers usually gives mixtures
of regioisomers, as illustrated by the reaction of 1-ethoxyhex-1-yne with the organocopper
reagent EtCužMgBr2 (Scheme 60)30.

In this case, the low regioselectivity is the consequence of the inductive influence of the
n-butyl substituent, which is opposite to the mesomeric effect from the oxygen. Similarly,
isomeric alkenyl ethers 58 are obtained in substantial amounts in the Cu(I)-induced 1,3-
substitution of 1-iodo-1-methoxypropadiene through the carbocupration of the initially
formed alkenyl ethers 57 with unreacted copper reagent108.

The carbocupration of terminal alkynyl ethers has been applied in synthesis. For
instance, secondary α-silylated copper reagents have been added onto ethoxyacetylene
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(56)

THF or Et2O, –30 ˚C

R = Et, n-Hept
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to give selectively the corresponding branched α-silylated alkenyl ethers in good iso-
lated yields62,64. Recently, the syn-carbocupration of ethoxyacetylene with in situ prepared
phenylcopper PhCužMgBr2 in THF followed by Pd-catalyzed cross-coupling reaction with
iodo arenes has been used in the preparation of trisubstituted alkenyl ethers in high yields
(Scheme 61)109.
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Similarly, two consecutive high-yielding regioselective syn-carbocuprations of alkynyl
ethers involving functionalized organocopper reagents have been applied to the synthesis
of the F–J fragment of the gambieric acids (Scheme 61)110.

b. O-Alkynyl carbamates. The stereoselective carbocupration of O-alkynyl carbamates
with various copper reagents RCužMgBr2 has been recently described as a straightforward
method for the preparation of linear O-alkenyl carbamates. In Et2O as the solvent, single
linear (E)-isomers are isolated in good to excellent yields (40–86%) (Scheme 62)111,112.
The introduction of the copper atom in the α position of the oxygen with a high level of
regioselectivity results from the coordination of the copper atom to the carbamoyl group.
The Cu(I)-catalyzed carbomagnesiation of O-alkynyl carbamates is also reported in Et2O.

Interestingly, reversal of the regioselectivity is observed when the reaction is performed
in THF. This solvent, which is a stronger Lewis base than Et2O, impedes the coordination
of the copper species to the carbamoyl group, so that the regioselectivity is now mainly
controlled by the polarization of the acetylene moiety. This polarization is induced by the
mesomeric donation from the oxygen atom, which overrides the inductive influence of
the alkyl substituent R2. Under these conditions, carbocupration of O-alkynyl carbamates
then affords branched (E)-O-alkenyl carbamates as the major adducts, albeit in decreased
regioselectivity (ca 80% regioselectivity) (Scheme 62).

2. Alkynyl thioethers, sulfoxides, sulfones and sulfoximines

a. Alkynyl thioethers. The carbocupration of alkynyl thioethers was studied earlier by
Normant and coworkers107. For instance, the carbocupration of ethyl(ethynyl)sulfane with
copper reagents RCužMgBr2 in THF has been demonstrated to take place in a syn-fashion
preferentially at the carbon α to the oxygen. This affords the linear (E)-alkynyl thioethers
as single isomers upon hydrolysis (Scheme 63). The observed regioselectivity is in accor-
dance with theoretical ab initio calculations conducted by Nakamura and coworkers30 on
the carbocupration of ethynethiol with MeCu. Indeed, they have shown that this reac-
tion proceeds through transition state 59 as a consequence of the electron-withdrawing
inductive effect of the sulfur atom, which polarizes the acetylene moiety. One should
note that performing the reaction in Et2O instead of THF results in a slight decrease in
regioselectivity, since small amounts of the branched isomers are observed.
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Unlike alkynyl ethers, a high level of regioselectivity is also observed with internal
alkynyl thioethers 60 wherein both the alkyl substituent R3 and the thioether moiety
polarize the acetylene moiety in the same sense through their inductive effect. Thus, the
corresponding alkenyl thioethers are isolated in high yields as single isomers (Scheme 63).
In all cases, intermediate thioalkenyl coppers exhibit a remarkable thermal stability even
in refluxed THF.
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Since this early work by Normant and coworkers, the carbocupration of alkynyl thioethers
has been applied to the preparation of diversely substituted alkenyl thioethers. As an
example, the syn-carbocupration of thiophenylacetylene has been used as a key step in the
synthesis of insect pheromone by giving a regio- and stereoselective access to linear (E,Z)-
dienes (Scheme 64, see also Scheme 19)48. Similarly, Knochel’s group has prepared tetra-
substituted alkynyl thioethers through the carbocupration of (hex-1-ynyl)(methyl)sulfane
with polyfunctional copper–zinc reagents (Scheme 64)12.

PhS

1.

Et2O, −50 °C to rt

2. H2O

PhS

73–90%

R CuLi

2
R

(51)

R = alkyl

MeS

1. RCu(CN)ZnEt, nLiCl or RCu(CN)Li, ZnMe2, LiI

THF, 0 °C or 25 °C
Bu-n

MeS

E R

Bu-n

60–92%

R = (functional) alkyl

E = H, allyl, I, Me3Sn, H2C C(COOBu-t)CH2

2. E+

SCHEME 64

b. Alkynyl sulfoxides, sulfones and sulfoximines. Early works on the carbocupration
of alkynyl sulfoxides have shown that the addition of organocopper reagents R1Cu to
such substrates allows the corresponding sulfur-substituted alkenes to be formed as single
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isomers (Scheme 65)113 – 115. By contrast, cuprates R1
2CuM are reported to lead to the

formation of sulfoxides arising from the nucleophilic attack of the organometallic species
to the sulfur atom rather than the carbometallation reaction. The regioselectivity of the
carbocupration reaction may be explained by the chelating character of the sulfoxide
moiety which forces the copper atom to add in the α position to the sulfur atom. On the
other hand, from alkynyl sulfones mixtures of syn- and anti-stereomers in variable ratios
are generally obtained116,117.

R2

R3SO R2

[Cu] R1

R3SO

R1Cu

R1R3SO
R1

2CuM

R2

R3SO2 R2

[Cu] R1

R3SO2
R1Cu

R3SO2 R1

[Cu] R2

+

40:60 to 99:1 dr

SCHEME 65

More recently, the carbocupration of p-tolyl alkynyl sulfoxide 61 with copper reagents
RCuMgBr in THF gives a regio- and stereoselective access to the corresponding polysub-
stituted alkenyl sulfoxides in good to high yields after subsequent reactions of the alkenyl
copper species with various electrophiles (Scheme 66)118.

Bu-n

(61)

p-TolOS
1. RCuMgBr, THF, −78 °C

39–99%

p-TolOS Bu-n

E R

R = Et, n-Bu, Ph E = I, TePh, SePh, allyl, PhC C, MeOCH2C C

R1

(62)

ArSO2

1. PhMgBr, CuCN (10 mol%), THF–CH2Cl2, –20 °C

56–82%

ArSO2 R1

E Ph

Ar = Ph, p-Tol
R1 = alkyl, Ph E = allyl, PhC C, R2CH(OH)

2. E+

2. E+

3. H2O

3. H2O

SCHEME 66

The Cu(I)-catalyzed carbomagnesiation of alkynyl sulfones 62 has also been described.
Conducted with a stoichiometric amount of Grignard reagent PhMgBr in the presence of a
catalytic amount of CuCN (10 mol%), the reaction allows tetrasubstituted alkenyl sulfones
to be obtained in good yields as single isomers (Scheme 66). This methodology has been
successfully applied to the preparation of arylsulfonyl allylic alcohols when employing
aldehydes as electrophiles119.
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This reaction has been extended to the asymmetric preparation of polysubstituted
propadienes by Marek, Knochel and coworkers120,121. The overall process involves the
carbocupration of p-tolyl alkynyl sulfoxides and sulfones with organocopper reagents
RCuMgBr followed by the zinc carbenoid homologation and subsequent β-elimination
of the resulting organometallic species. Depending on the conditions, from the common
alkenyl copper intermediates 63 either di- or trisubstituted allenes are isolated in good
yields (Scheme 67).

R2

p-Tol(O)nS R2

(63)

[Cu] R1

p-Tol(O)nS
R1Cu•MgBr2

Zn(CH2I)2 •

R1

R2
50–95%

R1 = H, n-Bu, n-Hex
R = Me, n-Bu, n-Oct, i-Pr, t-Bu, Ph

THF, –70 °C

•

R1

R2
80–90%

R3ZnBu-n

IR3

R2 = n-Bu, Bn

n = 1, 2

p-Tol(O)2S R2

R1ZnI
b-Elimination

p-Tol(O)nS R2

R1n-BuZn

R3

b-Elimination

(63)

(63)

n = 2

n = 1, 2

S

O

p-Tol

1. n-BuCu•MgBr2, THF, −70 °C

2. n-BuCHI2

3. (n-Bu)2Zn, MgBr2, 0 °C

•

Bu-n

(65) 75%, 65% ee

n-Bu

H
(64)

S

O

p-Tol (66)

R2

1. R1Cu•MgBr2, THF

2. R3CHO or R3CH=NTs

3. Zn(CH2I)2, MgBr2, 0 °C

R2 = alkyl

R3S
p-Tol

XH

R2
R1O

R3 = n-Bu, Ph
R1 = alkyl

XH = OH, NHTs

58–88%, >20:1 dr

SCHEME 67

Interestingly, the enantiopure chiral alkynyl sulfoxide 64 allows the preparation of the
enantioenriched allene 65. A related reaction has been described for the highly diastere-
oselective synthesis of quaternary centers from internal p-tolyl alkynyl sulfoxides 66
(Scheme 67)122 – 125.

The carbocupration reaction has been extended to alkynyl sulfoximine 67, which can
react with ethylcopper reagents to give trisubstituted alkenyl sulfoximines. In all cases, the
yields are good with a total regioselectivity (Scheme 68)126. On the other hand, the stere-
oselectivity is variable, the best being attained in THF at −40 ◦C with EtCu as the copper
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reagent. Interestingly, although the Cu(I)-catalyzed carbomagnesiation of 67 gives an
equimolar mixture of (Z)- and (E)-isomers, the Cu(I)-catalyzed carbozincation of alkynyl
sulfoximines 68 results in the clean formation of tetrasubstituted alkenyl sulfoximines in
good yields as single isomers. Under the best conditions, the reaction is performed with
a stoichiometric amount of R2Zn or RZnX in the presence of a catalytic amount of CuI
or CuCN (10 mol%) in THF (Scheme 68).

3. Alkynyl amines, amides and N-alkynyl carbamates

a. Alkynyl amines. Pioneering studies on the carbocupration of alkynyl amines (ynamines)
undertaken by Normant’s group have demonstrated that N-diphenyl-N-ethynylamine can
react regio- and stereoselectively with ethylcopper reagent EtCužMgBr2 in THF or Et2O
to give only the corresponding branched alkenyl amine (enamine) in high yields (Scheme
69)107. In this reaction, the sense of the addition is driven by the electron donation from the
nitrogen polarizing the acetylene moiety.

(R2)2N

(69)

(R2)2N

54–92%

Me

Me

Ph2N

Ph2N

 80% (THF) or 71% (Et2O)

1. EtCu•MgBr2, THF or Et2O, 0 °C

2. H2O

1. R1Cu•MgBr2, THF, 0 °C

2. H2O

Et

R1

R2 = Et, Ph
R1 = Et, n-Bu

branched

(R2)2N

MeR1

fast

SCHEME 69

Interestingly, the same level of regiocontrol is observed with internal alkenyl amines
69, which undergo a total regioselective syn-carbocupration with various organocoppers
RCužMgBr2 giving trisubstituted alkenyl amines as single isomers in good to high yields
(Scheme 69). With these substrates, and unlike alkynyl ethers, the strong electron donation
from the nitrogen completely overrides the inductive effect of the methyl group.

Although the intermediate amino alkenyl copper does not decompose at 20 ◦C in THF,
the rapid double-bond isomerization of the formed alkenyl amines precludes the synthetic
utility of this reaction.

b. Alkynyl amides and N -alkynyl carbamates. Both the carbocupration and Cu(I)-
catalyzed carbomagnesiation reactions on diversely substituted N-alkynyl carbamates are
described127. Thus, N-alkynyl carbamate 70 can react regio- and stereoselectively with
various organocoppers RCužMgBr2 in Et2O. In all cases, upon addition of electrophiles
to the reaction mixture, the corresponding N-alkenyl carbamates are produced as single
isomers in good to excellent isolated yields (Scheme 70). Here again, the coordination of
the copper reagent by the amide moiety is assumed to be responsible for the observed
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regioselectivity. Similar results are obtained during the carbomagnesiation of 70 with
stoichiometric amounts of Grignard reagents RMgBr in the presence of a catalytic amount
of CuBržMe2S (10 mol%).

The methodology has been successfully applied to sulfonyl-substituted alkynyl amides
71 to prepare the corresponding sulfonyl alkynyl amides in variable yields (Scheme 70)127.

4. Alkynyl phosphines, phosphonates and phosphine oxides

a. Alkynyl phosphines. Since the late 1970s, the carbocupration of alkynyl phosphines
is recognized to be highly regio- and stereoselective. For instance, the addition of ethyl-
copper reagent EtCužMgBr2 onto (ethynyl)diphenylphosphine is reported by Normant
and coworkers to occur in THF or Et2O at the carbon α to the phosphorus atom to give
the corresponding linear (E)-2-phosphinyl-1-alkene in high yields (Scheme 71)107. The
total observed regioselectivity is due to the electron-withdrawing inductive influence of
the phosphorous atom polarizing the acetylene moiety. A high level of regioselectivity is
also observed with internal alkynyl phosphines as diphenyl(prop-1-ynyl)phosphine, which
leads to adduct 72 as a single isomer in high yield. In this latter case, the regiocontrol
is a consequence of the methyl substituent and the phosphorous atom which polarize the
acetylene moiety in the same sense, through their inductive effects (Scheme 71).

1. EtCu•MgBr2, THF or Et2O

Et
80% (THF) or 71% (Et2O)

Ph2P
Ph2P

Et
(72) 92%

Ph2P Me
Ph2P Me

R2

(73)

R1
2CuMgBr

Et2O, 25 °C
[Cu] R1

(74)

Ph2P R2

(75), 53–80%

Ph2P
1. Allyl bromide

2. S8

R1

Ph2P R2

S

R2 = H, n-Hex, i-Pr, Ph

R1 = n-Bu, i-Pr, t-Bu, Bn, allyl

2. H2O

1. EtCu•MgBr2, THF

2.H2O

SCHEME 71

Recently, the reaction of various alkynyl phosphines 73 with diverse Grignard-derived
cuprates R2CuMgBr has been used in the stereoselective synthesis of phosphorous-
substituted alkenes 75 upon treatment of copper intermediates 74 with allyl bromide
followed by the reaction of the phosphorus atom with S8. Except in the case of the hin-
dered internal alkynyl phosphine substituted by the t-butyl group for which no reaction
occurs, adducts 75 are isolated in good yields as single isomers (Scheme 71)128. Other
electrophiles such as H2O, acyl chlorides and Ph2PCl have also been utilized for the
synthesis of diversely functionalized alkene derivatives.

b. Alkynyl phosphonates and phosphine oxides. Both alkynyl phosphonates and phos-
phine oxides are good substrates towards the carbocupration reaction. Thus, diethyl alkenyl
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phosphonates can be obtained through the addition of organocuprates R2CuLi and R2CuMg
Br to the parent alkynyl phosphonates (Scheme 72)129. In all cases, the latter undergo a
smooth regioselective carbocupration in THF. The observed regioselectivity may be the
consequence of both the mesomeric electron-withdrawing influence from the phosphonate
group and the inductive influence of the alkyl substituent R2, which polarize the car-
bon–carbon triple bond in the same sense. A phosphonate-directed carbocupration could
also be invoked.

When the alkyne is substituted by a hydrogen, a primary alkyl or a phenyl group,
only isomers 76a are obtained in good isolated yields as the result of a complete syn-
carbocupration. Surprisingly, with the alkynyl phosphonate bearing a t-butyl substituent,
only isomers 76b are obtained in high isolated yields as the consequence of a clean
anti-carbocupration.

Alkynyl phosphine oxides can also react with Grignard-derived cuprates R2CuMgBr
in the same highly regio- and syn-stereoselective manner to produce the corresponding
alkenyl phosphine oxides 77 in high yields (Scheme 72)130.

Recently, the carbocupration of trifluoromethylated alkynyl phosphonate 78 has been
reported. Various organolithium species and Grignard reagents in the presence of a sto-
ichiometric amount of CuCN allow trifluoromethylated (Z)-alkenyl phosphonates to be
prepared as the major isomers in good yields and generally high regioselectivities (Scheme
73)131.

CF3(EtO)2(O)P

1. RLi or RMgBr or Me2Zn or Ph2Zn (4 equiv.)

(EtO)2(O)P CF3

R

(Z), 54–99%, (>79:21 Z:E)

(78)

R = alkyl, Ph, aryl

2. H2O 

CuCN (4 equiv.), THF, −60 °C 

SCHEME 73

Under the same conditions, only dimethyl- and diphenylzinc reagents Me2Zn and Ph2Zn
in the presence of CuCN lead to high regio- and stereoselectivity.

5. Alkynyl silanes

Terminal alkynyl silanes can react with various copper reagents. Both triphenylsilyl- and
trimethylsilylacetylenes can react regio- and stereoselectively with primary, secondary or
tertiary alkyl organocopper reagents. Except in the case of MeCu for which no reaction
occurs, the corresponding linear alkenyl silanes are isolated in excellent yields upon
hydrolysis (Scheme 74)132.

1. R1[Cu], THF, between −30 °C and 25 °C

high yields

R2
3Si

R1

R2
3Si

R2 = Ph, Me
2. H2O

R1Cu: R1 = Et, i-Pr, t-Bu, c-Hex

R1
2CuMgCl or R1

3Cu2MgCl: R1 = Me, Et, i-Pr, t-Bu, c-Hex

SCHEME 74
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In this reaction, the sense of the regioselectivity is only driven by the inductive effect of
the silicon atom. This is in accordance with Nakamura’s ab initio theoretical calculations
on the carbocupration of ethynyltrimethylsilane with MeCu30. Similar results are obtained
with Grignard-derived cuprates R2CuMgCl and higher-order cuprates R3Cu2MgCl which
can transfer, at an acceptable rate, one R group, even in the case where R is a methyl
group (Scheme 74). In all the above reactions, only little dimerization of the intermedi-
ate silylated alkenyl copper is observed as a consequence of steric hindrance from the
silyl group.

The carbocupration of alkynyl silanes has recently been applied to the synthesis of
tetrasubstituted alkenylsilanes. Thus, the Cu(I)-catalyzed carbomagnesiation of alkynyl
2-pyridylsilane 79, performed with a stoichiometric amount of Grignard reagents Ar1MgI
in the presence of a catalytic amount of CuI (30 mol%), allows alkenyl coppers 80 to
be produced with a high regio- and stereocontrol. A Kumada–Tamao–Corriu-type cross-
coupling run on 80 then affords the desired products in good to high yields (Scheme
75)133,134. The high level of regiocontrol in this carbocupration is the consequence of the
strong directing effect of the 2-pyridyl group on the silicon. As evidence of this complex-
induced effect, the reaction does not take place at all with the corresponding 3-pyridyl-,
4-pyridyl- and phenylsilanes.

Et

(79)

Ar1MgI

Et2O, 0 °C

Si

Ar2I

THF, 40 °C

[Cu] Ar1

(80)

Si Et

N

through

N

EtSi

N [Cu] Ar1

Ar2 Ar1

55–80%

Si Et

N

Pd[P(Bu-t)3]2 (5 mol%)

CuI (30 mol%)

SCHEME 75

E. Intramolecular Carbocupration Reactions

1. Synthesis of carbocycles

a. Non-stabilized organocopper reagents. The intramolecular carbocupration reac-
tion of internal alkynes with various functional non-stabilized copper–zinc reagents has
been described by Knochel and coworkers. This reaction leads to functionalized five-
membered carbocycles through a clean syn-addition, upon trapping the initially formed
cyclic organocoppers 81 with electrophiles (Scheme 76)12.
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R2 = H, –(OCH2CH2O)–

Cu(CN)Li•ZnMe2

Bu-n

R1
R1

Bu-n

E

R1

Bu-n

[Cu]
THF

25 °C

(81) 55–76%

R1 = H, n-Pr

Cu(CN)Li•ZnMe2

TMS

n-Pr

Pr-n

TMS

SnMe3

Pr-n

TMS

[Cu]
THF

25 °C

Me3SnCl

(82)

63%, 74:26 dr

Pr-n

[Cu]

TMS

R2 R2
R2

R2 R2
R2

 E+

E = H, H2C C(CO2Bu-t)CH2

SCHEME 76

Here, the regioselectivity is controlled by the 5-exo-dig cyclization being more favor-
able than the 6-endo-dig cyclization. All attemps to extend this methodology to the
synthesis of six-membered carbocycles failed.

When the acetylene moiety is substituted by the trimethylsilyl group, the reaction
affords the copper intermediate 82 through a clean syn-addition12. However, the latter
is not configurationally stable and thus is in equilibrium with its isomeric form. Upon
treatment with Me3SnCl, the corresponding five-membered carbocycle is then isolated in
good yield as a mixture of two isomers (Scheme 76).

An analogous reaction is reported using organocopper reagents derived from zircona-
cyclopentanes 52 (Scheme 77)61.

Upon successive treatments with CuCl and substituted alkynyl bromides, zirconacy-
clopentanes 52 give the intermediate copper species 83. The latter then undergo an
intramolecular highly regio- and stereoselective syn-carbocupration to lead to the for-
mation of bicyclic compounds 84 in good isolated yields via a 5-exo-dig cyclization.

From zirconacyclopentane 85 and diyne 86, tricyclic product 87 is formed in good
isolated yield. Its formation is explained by two consecutive highly regio- and syn-
stereoselective intramolecular carbocuprations: a syn-5-exo-dig cyclization followed by
a syn-6-exo-dig cyclization (Scheme 78)61.
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CuCl

THF,  20 °C

Cp2Zr

SiCp2Zr
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Cp2Zr
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Si
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n-Bu

Ph

Yield (%)
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(52) (53)

Br

Cu

R

(84)

R

Cp2Zr

Ph

Ph

TMS 63

n-Bu

Ph

Ph

Ph

TMS

1. Carbocupration

2. H2O

(83)
Cl

SCHEME 77

b. Stabilized organocopper reagents. Stabilized enolates 88, generated by the depro-
tonation of the corresponding precursors with KH, are able to undergo intramolecular
addition onto terminal alkynes in the presence of a catalytic amount of CuI (10 mol%)135.
This allows (Z)-alkenyl coppers 89 to be formed through a 5-exo-dig carbocyclization
in a highly regio- and anti-stereoselective fashion (Scheme 79). The ‘unusual’ anti-
stereoselectivity of the addition has been illustrated through the Pd(0) cross-coupling
reaction of copper species 89 with aryl halides giving (Z)-exo-methylene cyclopentanes
90 in good yields and thus supporting a clean anti-addition of stabilized enolates onto the
terminal alkyne.

The observed anti-stereoselectivity supports a reaction mechanism involving an attack
of the enolate nucleophile onto the alkyne activated by CuI (Scheme 79). Indeed, the
formation of a copper enolate would lead to the opposite selectivity through a syn-addition.

The presence of Cu(I) salt in this transformation is crucial to prevent polymerization
side-reactions observed if only Pd(0) is used. Variations on this methodology have further
been developed, such as the use of a catalytic amount of KOBu-t (15 mol%)136,137 for the
deprotonation step or multi-component Cu(I)-mediated Michael addition–cyclizations138

(Scheme 80).
Very recently, this reaction was successfully applied to the stereoselective synthesis of

7,7-dialkynyl-5-hydroxymethyl-6-oxabicyclo[3.2.1]octane-1-carboxylic acids on a gram
scale without erosion of the yield139.
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Z1, Z2 = CO2Me, PhSO2, CN

Z1

Z2

Z1

Z2

(88)

K+

CuI (6 mol%)

THF, rt

Z1

Z2

(90) 40–71%

Z1

Z2

Cu
K+

KH (1 equiv.)

I
through

Pd(PPh3)4 (3 mol%)

R X

R

Z1

Z2
[Cu]
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A related reaction involving Michael addition of potassium enolate derived from mal-
onic enolate to α,β-ethylenic ester 91 has been described. Proton transfer followed by the
addition of CuI (10 mol%) to the reaction mixture allows the annulation process to take
place. Subsequent hydrolysis results in the formation of the desired highly functionalized
exo-methylene cyclopentane in good isolated yield (Scheme 81).

Cu(I)-mediated 5-exo-dig cyclization onto internal alkynes is generally sluggish. How-
ever, the cyclization of stabilized enolate 92 can be achieved within 2 h when refluxing
THF in the presence of a stoichiometric amount of CuI (Scheme 82)137.

In the case of enolate 93, the reaction needs a longer reaction time than with 92, which
results in the isomerization of the (Z)-alkenyl copper intermediate into its more stable
(E)-isomer. In this case, a moderate selectivity in favor of the (Z)-adduct is then obtained.

Cu(I)-mediated 5-endo-dig carbocyclization of stabilized enolates derived from 94 onto
internal aryl alkynes has been reported140. Treated with a catalytic amount of KOBu-t
(5 mol%) and CuI (2 mol%), the desired cyclized indenes are isolated in moderate to
excellent yields (Scheme 83). The annulation reaction tolerates a wide range of func-
tionalities on the acetylene moiety. However, in the case of the sterically demanding
trimethylsilylethynyl group, no reaction occurs even using stoichiometric amounts of
KOBu-t and CuI. A mechanistic rationale involving an anti 5-endo-dig carbocupra-
tion analogous to the one presented for the Cu(I)-mediated 5-exo-dig cyclizations (see
Scheme 79) has been proposed.

2. Synthesis of heterocycles

Cu(I)-promoted cyclizations of stabilized enolates give access to pyrrolidines. Addition
of lithium propargylamides, generated by the deprotonation of amines with a catalytic
amount of n-BuLi (10 mol%), to activated benzylidene derivatives 95 followed by the
cyclization of the resulting anion in the presence of a catalytic amount of CuI (3 mol%)
leads to exo-methylene pyrrolidines in high yields (73–89%) upon hydrolysis141.

Under the same conditions, alkylidene derivatives 96 give lower yields due to the unde-
sired deprotonation of the substrates. As in the case of the synthesis of carbocycles, the
carbocupration reaction has been demonstrated to proceed in an anti-fashion. The mech-
anism involves an attack of the enolate nucleophile onto the acetylene moiety activated
by the in situ generated propargylamine copper salt (Scheme 84).
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Z1, Z2 = CO2Et, CN, SO2Ph

R = (functional) alkyl, alkenyl, aryl
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The reaction has been extended to other electron-deficient olefins 97 to give the cor-
responding exo-methylene pyrrolidines in good yields and selectivities in the presence
of a catalytic amount of CuI or of the more soluble CuIž[P(Ph3)]3 complex (3 mol%)
(Scheme 85)141,142.

A one-pot coupling of nitroalkenes 98 and vinylsulfones 99 with NaOAr is also
described142. When treated with a catalytic amount of Pd(PPh3)4 (4 mol%), the initially
formed alkenyl coppers undergo an allylic substitution giving pyrrolidine derivatives
(Scheme 85). From nitroalkenes 98, the corresponding functionalized pyrrolidines are
obtained in modest to good yields as single isomers. On the other hand, from vinylsulfones
99 inseparable mixtures of adducts are obtained with variable selectivities.

Similarly, in the presence of catalytic amounts of NaH (50 mol%) and CuIž[P(Ph3)]3
complex (30 mol%), propargyl alcohol 43 adds to ethyl 2-phenylsulfonylcinnamate to
give the corresponding exo-methylene tetrahydrofuran in good yield as a single isomer
(Scheme 86)143. The methodology has been applied to the reaction of a variety of sec-
ondary as well as tertiary alcohols 100 with benzylidene- and alkylidenemalonates144. In
the presence of catalytic amounts of n-BuLi (25 mol%) and CuI (20 mol%), polysubsti-
tuted exo-methylene tetrahydrofurans are then obtained in moderate to high yields and
high purity. Best results are obtained with a mono- or disubstitution at the propargyl
position (Scheme 86).

IV. CONCLUSION
Since its discovery at the beginning of the 1970s, the carbocupration of alkynes is a
reaction that has proven its utility and versatility in the stereoselective synthesis of di-,
tri- and tetrasubstituted alkenes. This reaction has been applied to a number of differently
substituted alkynes, and a good understanding of the mechanistic background of this
reaction has been acquired over the last thirty years. All these results and studies, as well
as all its successful applications to total synthesis of important natural fragments, have
made the carbocupration reaction one of the most important ‘classical’ examples in the
field of carbometallation-type reactions.
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29. E. Nakamura and S. Mori, Angew. Chem., Int. Ed., 39, 3750 (2000).
30. E. Nakamura, Y. Miyachi, N. Koga and K. Morokuma, J. Am. Chem. Soc., 114, 6686 (1992).
31. E. Nakamura, S. Mori, M. Nakamura and K. Morokuma, J. Am. Chem. Soc., 119, 4887 (1997).
32. S. Mori and E. Nakamura, Tetrahedron Lett., 40, 5319 (1999).

55



Fabrice Chemla and Franck Ferreira

33. S. Mori and E. Nakamura, J. Mol. Struct. (Theochem), 461–462, 167 (1999).
34. K. Nilsson, T. Andersson and C. Ullenius, J. Organomet. Chem., 545–546, 591 (1997).
35. K. Nilsson, T. Andersson, C. Ullenius, A. Gerold and N. Krause, Chem. Eur. J., 4, 2051

(1998).
36. S. H. Bertz, C. M. Carlin, D. A. Deadwyler, M. D. Murphy, C. A. Ogle and P. H. Seagle, J.

Am. Chem. Soc., 124, 13650 (2002).
37. S. H. Bertz, S. Cope, D. C. Dorton, M. D. Murphy and C. A. Ogle, Angew. Chem., Int. Ed.,

46, 7082 (2007).
38. S. H. Bertz, S. Cope, M. D. Murphy, C. A. Ogle and B. J. Taylor, J. Am. Chem. Soc., 129,

7208 (2007).
39. E. R. Bartholomew, S. H. Bertz, S. Cope, M. D. Murphy and C. A. Ogle, J. Am. Chem. Soc.,

130, 11244 (2008).
40. E. R. Bartholomew, S. H. Bertz, S. Cope, D. C. Dorton, M. D. Murphy and C. A. Ogle, Chem.

Commun., 1176 (2008).
41. V. N. Odinokov, Chem. Nat. Compounds, 36, 11 (2000); Chem. Abstr., 134, 310998 (2001).
42. G. Cahiez, A. Alexakis and J. F. Normant, Tetrahedron Lett., 21, 1433 (1980).
43. J. B. Ousset, C. Mioskowski, Y.-L. Yang and J. R. Falck, Tetrahedron Lett., 25, 5903 (1984).
44. A. F. Sviridov, M. S. Ermolenko, D. V. Yashunsky and N. K. Kotchetkov, Tetrahedron Lett.,

24, 4359 (1983).
45. A. Alexakis, G. Cahiez and J. F. Normant, Tetrahedron Lett., 2027 (1978).
46. M. Gardette, N. Jabri, A. Alexakis and J. F. Normant, Tetrahedron, 40, 2741 (1984).
47. A. Alexakis, A.-M. Barthel, J. F. Normant, C. Fugier and M. Leroux, Synth. Commun., 22,

1839 (1992).
48. V. Fiandanese, G. Marchese, F. Naso, L. Ronzini and D. Rotunno, Tetrahedron Lett., 30, 243

(1989).
49. J. G. Millar, Tetrahedron Lett., 38, 7971 (1997).
50. F. Ramiandrasoa and F. Tellier, Synth. Commun., 20, 333 (1990).
51. F. Ramiandrasoa and C. Descoins, Synth. Commun., 19, 2703 (1989).
52. J. F. Normant and A. Alexakis, Synthesis, 841 (1981).
53. C. Germon, A. Alexakis and J. F. Normant, Synthesis, 40 (1984).
54. C. Germon, A. Alexakis and J. F. Normant, Synthesis, 43 (1984).
55. H. Westmije, H. Kleijn and P. Vermeer, Tetrahedron Lett., 2023 (1977).
56. S. A. A. Rao and M. Periasamy, Tetrahedron Lett., 29, 4313 (1988).
57. H. Westmijze, J. Meijer, H. J. T. Bos and P. Vermeer, Recl. Trav. Chim. Pays-Bas, 95, 299

(1976).
58. H. Westmijze, J. Meijer, H. J. T. Bos and P. Vermeer, Recl. Trav. Chim. Pays-Bas, 95, 304

(1976).
59. W. Adam, C. Sahin and M. Schneider, J. Am. Chem. Soc., 117, 1695 (1995).
60. D. Zhang and J. M. Ready, Org. Lett., 7, 5681 (2005).
61. Y. Liu, B. Shen, M. Kotora and T. Takahashi, Angew. Chem., Int. Ed., 38, 949 (1999).
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I. INTRODUCTION

Although organocopper reagents have been synthesized since the 1800’s1, it is only with
the advent of Gilman cuprates in 19522 that their synthetic utility has been realized.
This trend is also reflected in the oxidation chemistry of organocopper reagents, as wide-
ranging procedures for the oxidative coupling of mono-organocopper reagents have been
in place for over one hundred years3 (the Glaser alkyne coupling4 for example) whereas
organocuprate oxidations have only begun to be fully exploited in the last couple of
decades5.

Theoretical studies by Nakamura and coworkers6 have shown that the 3d orbitals on
copper are around 7 eV higher in dimethyl cuprate than in methylcopper. As these orbitals
constitute the HOMO, the oxidation of organocuprates is an attractive reaction as the

1
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high-lying nature of the orbitals means that the oxidation can be performed with relative
ease, avoiding the harsher reaction conditions of classical methods. Numerous reagents
can be used to effect the oxidation, including dinitroarenes, inorganic salts, oxygen and
quinones.

This chemistry is beginning to find its niche in biaryl synthesis, where steric considera-
tions may make other methods difficult, and electrophilic amination7 where the oxidation
of amidocuprates provides a complementary reaction to palladium-catalysed methods.

II. FORMATION OF C−C BONDS

A. Initial Studies

The oxidation of organocuprates was first explored systematically by Whitesides and
coworkers, who examined the dimerization of a number of cuprates formed from read-
ily accessible Grignard reagents and organolithiums8. The organocuprate (2) was formed
by transmetallation of the organometallic (1) with copper(I) iodide/tri-n-butylphosphine
complex and then oxidized (equation 1). Nitrobenzene, benzophenone and copper(II) chlo-
ride–TMEDA complex were all reported to be effective oxidants, but use of molecular
oxygen led to the best overall yields.

RM R2CuM
O2

R R

(2)(1)

CuI.PBu3

(1)

Primary and secondary alkyl, vinyl, alkynyl and aryl centres could be coupled in good
yields (67–88%) but tertiary alkyl species proved challenging. The counterion present
was also shown to have an effect on the reaction, as in the case of the n-butyl derivative
the lithium reagent gave higher yields of dimer than the Grignard reagent.

Analysis of the product mixture obtained upon oxidation of lithium di-n-butylcuprate
showed the formation of but-1-ene (14%) and n-butanol (5%) as well as the desired
n-octane (84%) and from this a tentative mechanism was proposed. Butylcopper(I) was
found to be present in incompletely oxidized reaction mixtures and it is oxidation of this
species which could explain the formation of both but-1-ene and n-butanol.

A radical mechanism was ruled out on the basis that formation of butyl radicals in a
solution saturated with oxygen would lead to the formation of much larger amounts of n-
butanol and thus it was proposed that lithium di-n-butylcuprate (3) is initially oxidized to
di-n-butylcopper(II) (4), which can disproportionate to octane (6) and n-butylcopper(I) (7).
The presence of a short-lived Cu(III) species 5 which can undergo reductive elimination
to form the products is also a possibility (equation 2)5.

[O]
2 Bu2CuII [Bu3CuIII]

Reductive
elimination

Bu Bu BuCuI+

BuCuI(3) (4) (5)
(7)

(6) (7)
2 Bu2CuLi

(2)

B. Cross-coupling

In order to perform a cross-coupling procedure via organocuprate oxidation, one must
first form a mixed organocuprate (i.e. the two ligands on copper are different organic
species). Research in this area has concentrated on the formation of the desired cross-
coupled product and the avoidance of homo-coupled products, which lead to deleterious
yields.

2
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It was Mandeville and Whitesides who first looked at this issue as part of a wider
study of selectivity of organic group transfer in mixed organocuprates9. They found that
upon oxidation the expected 1:2:1 statistical mixture of homo-coupled and cross-coupled
products did not form; instead it was found that some groups had a higher propensity to
couple than others. Alkynyl groups were found to be reluctant to participate in any form
of coupling, whether it be homo- or cross-, despite the precedent of the Glaser reaction.
The sterically hindered t-butyl group did not undergo homo-coupling, and so its use as
one of the ligands in the mixed cuprate allowed moderate yields of cross-coupled product
with less sterically demanding groups (equation 3).

n-BuLi

i) CuI.PBu3
ii) t-BuLi

iii) PhNO2
n-Bu Bu-n n-Bu Bu-t t-Bu Bu-t

36% 60% <1%
++ (3)

The copper salt used to form the mixed cuprate was also shown to have an influence on
the amount of cross-coupling by Bertz and Gibson10. Electronically and sterically similar
alkyl groups were used so that the dependence on the copper salt could be investigated.
While lower-order cuprates (i.e. those of the form R2CuLi) prepared from CuI were found
to give statistical mixtures of homo- and cross-coupled products on oxidation with ortho-
dinitrobenzene, the higher-order cuprates (i.e. those which have more than two organic
ligands present in the cuprate structure, in this case R2Cu(CN)Li2) prepared from CuCN
gave a ratio of homo- to cross-coupled products closer to 1:4:1. These contrasting results
were taken to imply a difference in the ligand exchange rate (although the oxidation of
a mixture of the two preformed higher-order homocuprates gave mainly homo-coupling,
suggesting that ligand exchange does not occur) or differences in the solution structure
of the two cuprates.

The use of α-functionalized alkyl cuprates allowed higher yields of cross-coupled prod-
uct to be prepared provided that both ligands contained a heteroatom11. The functionaliza-
tion of the cuprate also allowed iodine to be used as the oxidant which had previously been
shown to be ineffective for unfunctionalized substrates. N-Boc-2-lithiopyrrolidone (8)
could be coupled with N-Boc-N-methyl-1-lithiomethylamine (9) in 70% yield (equation
4); similar yields were obtained on coupling with n-BuLi. They fell off rapidly with
increasing steric hindrance on the alkyl substrate, with t-BuLi giving poor yields. Inter-
estingly, attempted cross-coupling of 8 with ligands containing an α-oxygen rather than
nitrogen only took place with a large excess of oxidant.

N

Boc

i) CuI.2LiCl
ii)

iii) I2

70%

N

Boc

s-BuLi, TMEDA N

Boc

(8)

Li
N
Boc

N
Boc

Li

(9) (4)

High yields of cross-coupled biaryls were achieved by the oxidation of ‘kinetic’ mixed
organocuprates by molecular oxygen12. These ‘kinetic’ conditions developed by Lipshutz
and coworkers involve the formation of a lower-order cyanocuprate (solubilized CuI was
found to be ineffective) and then addition of the second aryl lithium reagent at −125 ◦C,
with the oxidation also carried out at this low temperature. In a comparative study these
conditions gave a ratio of 1:26:1 of products (equation 5) as opposed to the statistical
mixture of 1:2:1 when the oxidation was carried out at −78 ◦C.
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LiMeO

i) CuCN
ii)

MeO Li

−125 °C

iii) TMEDA, −125 °C
iv) O2, −125 °C

MeO

OMe

MeO

OMe

MeO OMe

3.5%

93%

3.5%

+

+

(5)

TMEDA was found to be a necessary additive to achieve high yields, and it was
suggested that it activated the cuprate cluster towards decomposition.

If the cuprate was warmed to −78 ◦C and then re-cooled before oxidation, a statistical
mixture of products was produced suggesting that a kinetically controlled species was
formed initially. However, when the cuprate was studied spectroscopically, the spectra of
the re-cooled cuprate was identical to that of the initial cluster rather than that of the one
at −78 ◦C, suggesting that these are not truly kinetically formed species.

Use of the Lipshutz protocol has been undertaken by Coleman and coworkers for the
formation of biaryls, most recently in the elegant synthesis of eupomatilones 4 and 6
(equation 6)13.

MeO

O
O

Br OTBS

i) t-BuLi
ii) CuCN

iii)

Li

OMe

OMe

OMe
iv) O2

51%

MeO

O
O

OTBS

OMe

OMe

MeO

(6)

An exciting development in cross-coupling has been the advent of directed ortho-
cupration methodology14. Here, a Lipshutz amidocuprate is used first as a base to effect
deprotonation and secondly as a copper source to complete the metallation reaction. It
was found that in order for the reaction to be high yielding and chemoselective, the
amine ligand on copper must be 2,2,6,6-tetramethylpiperidine (TMP). However, a range
of organic groups could be tolerated as the second group on copper.

4
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Oxidations were carried out as part of the studies into the reactivity of the synthesized
ortho-cuprates, and it was found that the organic ligand of the intermediate cuprate could
be coupled to the aryl unit by the action of nitrobenzene (equation 7). If both groups on
the cuprate used to perform the metallation were TMP, then the homo-coupled biaryl 10
resulted in quantitative yield upon oxidation (equation 8).

N(Pr-i)2

O

RCu(TMP)(CN)Li2

(11)

N(Pr-i)2

O

Cu(R)(CN)Li2

PhNO2

N(Pr-i)2

O

93% R = Me
91% R = Ph

R
(7)

N(Pr-i)2

O

(11)

i) Cu(TMP)2(CN)Li2

ii) PhNO2

N(Pr-i)2

O

(i-Pr)2N

O
(10) 100%

(8)

It should be noted that this reaction was only carried out on substrate 11 and so the
generality of this reaction is not known, however these results point towards another
solution to the cross-coupling problem.

An alterative approach to forming cross-coupled products has been to use one of the
coupling partners in a large excess, thus avoiding the production of statistical mixtures.
Whitesides and coworkers showed that this approach could be successfully used with
hindered alkyl groups (equation 9)15.

73% (based on t-BuLi)

Li

i) 0.625 eq. CuBr
ii) 0.25 eq. t-BuLi

iii) O2 (9)

Recently, Knochel and coworkers have developed a procedure for the preparation of
polyfunctional alkynes via oxidation of an aryl(alkynyl)organocuprate16. This uses only
2 equivalents of the lithiated alkyne to form the cuprate and allows the use of sterically
hindered arenes and selective mono-coupling of dihaloarenes, the latter of which can be
difficult to obtain via a Sonogashira coupling.

The mixed organocuprate is formed by reacting the lithiated alkyne with an aryl cop-
per species formed by transmetallation from the Grignard reagent. The organocuprate is
then oxidized with the quinone chloranil (12) to give the cross-coupled product. Use of
the group’s directed magnesiation methodology17 allowed the coupling of doubly ortho-
substituted arenes in good yields. Also, 3,5-dibromopyridine (13) could be selectively
mono-coupled with alkynes bearing a range of substituents in 68–83% yield (equation
10).

5
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N

BrBr

(13)
N

Cu.LiClBri) i-PrMgCl.LiCl
ii) CuCl.2LiCl

Li R

O

O

Cl

Cl

Cl

Cl

(12)

R = haloalkyl, alkenyl, heteroaryl

N

CuBr

R

O

O

Cl

Cl

Cl

Cl

N

Br

68–83%

R

Li
+

−

−

−

(10)

After selective mono-coupling, the remaining halogen of the dihaloarene substrates
could be used in further reactions; in this case annulated pyridine formations were under-
taken. Lithiation of the bromoalkyne 14 and reaction with p-tolylnitrile gave lithiated
intermediate 15, which cyclized on addition of iodine to give the iodinated pyridine.
Removal of the iodine by n-BuLi gave the annulated pyridine 16 in 44% overall yield
(equation 11).

Br

C6H13

(14)

i) t-BuLi

ii) p-TolCN

C6H13

(15)

N

p-Tol

Li

i) I2

ii) n-BuLi N

p-Tol

H

C6H13

(16) 44% from 14

(11)

C. Biaryl Formation

The formation of sterically hindered biaryls is one area where organocuprate oxidations
have proved useful as palladium- and nickel-catalysed transformations can perform poorly
in this context. Work by Spring and coworkers has focussed around the development of
methodology to forge biaryl bonds in substrates with multiple ortho substituents, using
transmetallation protocols that are compatible with a wide range of functional groups.
This was part of a wider study into medium ring synthesis (vide infra).

Starting with transmetallation from aryl lithium reagents, it was recognized that the
usual protocol of lithium–halogen exchange requires the presence of a halogen moiety
which can add extra synthetic steps to install. Use was therefore made of an ortho-
lithiation strategy to form the aryl lithium species prior to transmetallation. Methoxy,
alkoxy ether, sulfonamide and carboxylate groups all proved to be effective directing

6
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groups and heterocycles were also compatible (equation 12)18. Use of a chiral oxazoline
as a directing group allowed the formation of 17 as a single diastereoisomer (equation 13).

OMOM OMOM

MOMO

O2N

NO2

O

N

N

i) -BuLi
ii) CuBr.SMe2

iii)

79%

(18)

t

(12)

OMe

OMeMeO

O

N

i) i-PrLi, TMEDA
ii) CuBr.SMe2

iii) Oxidant 18

OMe

MeO

MeO

OMe

OMe

OMe

R*

*R

R*

R* =

(17) 38%

(13)

Dinitroarene oxidant 18 was also developed, as it was recognized that dinitrobenzenes
were the best oxidants in this context. However, the post-oxidation by-products were
difficult to remove from the product formed. The inclusion of the piperazine unit in 18
allows by-products to be easily removed via an acid wash or filtration through silica on
work-up.

Use of Knochel’s Mg/I exchange methodology19 to form aryl Grignards allowed the
formation of iodinated biaryls and as the exchange could be performed regioselectively
oligomerization could be avoided (equation 14). Biaryls with four ortho substituents could
also be synthesized by this methodology (equation 15)20.

II

CO2Et
i) i-PrMgBr
ii) CuBr.SMe2

iii) Oxidant 18
I

CO2Et

I

EtO2C
75%

(14)

I

CO2Et
i) i-PrMgBr
ii) CuBr.SMe2

iii) Oxidant 18

EtO2C

CO2Et
75%

(15)
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In order to further improve functional group tolerance, transmetallation from zinc
was also investigated. This is notable as it is the first example of the oxidation of zinc
organocuprates. (Oxidation of zinc amidocuprates is also known—see Section III.B). Use
of aryl zinc reagents was advantageous as it allowed the use of more readily available aryl
bromides and the aryl metals could be synthesized under milder conditions, thus allowing
functional groups such as ketones to be present21. Use of highly active Rieke zinc (Zn*)
proved useful in synthesizing the required organozinc reagents.

Studies showed that it was possible to perform the coupling using a catalytic amount
of copper salt and oxidant 18 in conjunction with molecular oxygen. This proved to be
useful not only in biaryl formation, as various vinyl and benzyl bromides could also be
used as starting materials (equations 16 and 17).

Br

i) Zn*
ii) 0.1 eq. CuBr.SMe2

iii) 0.5 eq. oxidant 18, O2

87%

O O

O

(16)

CN

95%

Br CN

CN

i) Zn*
ii) 0.1 eq. CuBr.SMe2

iii) 0.5 eq. oxidant 18, O2
(17)

Other recent work in this area includes studies by Iyoda and coworkers on the oxidation
of Lipshutz cuprates, utilizing quinone oxidants, in order to develop methodology to form
macrocyclic cyclophanes22. The coupling reactions were in general high yielding, although
the use of t-BuLi to form the aryl lithium for transmetallation necessarily reduces the
functional group compatibility (equation 18). Methyl-, methoxy- and halogen-substituted
aromatics are given as examples along with thienyl.

BrBr

i) t-BuLi
ii) CuCN

iii)
Br Br

95%OO

(18)

D. Intramolecular Bond Formation

The idea of intramolecular biaryl bond formation using a tether was first introduced by
Lipshutz and coworkers as a way of aiding troublesome heteroaromatic cross-couplings23.
This was quickly extended to the use of chiral tethers as a means of forming non-racemic
biaryls24. Compound 19 was used in the synthesis of (+)-O-permethyltellimagrandin II
on removal of the tether (equation 19).

8
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OPh

Ph O

Br

Br

OMe

OMe

OMe

OMe

OMe

OMe

i) t-BuLi
ii) CuCN

iii) O2
O

OPh

Ph

OMe

OMe

OMe

OMe

OMe

OMe

( ) 77%19

(19)

Intramolecular biaryl formation was developed further by Schreiber and coworkers as
a means of accessing medium-ring biaryl compounds. The strained structure of a medium
ring due to the combination of transannular, torsional and large angle strain means that
these compounds can be difficult to access via palladium- or nickel-mediated processes; it
was found that the use of copper allowed the formation of the desired biaryl compounds
with good atropdiastereoselectivity by utilizing a chiral amino alcohol tether.

Use of polymer-supported synthesis allowed a library to be built of nine-, ten- and
eleven-membered rings with a variety of biaryl substituents. Since lithium/halogen ex-
change was not compatible with the polymer beads, the initial aryl metal species was
generated via exchange with i-PrBu2MgLi25. A later study26 generated a further library
of nine-membered ring containing compounds via solid-phase synthesis and also an inter-
esting dimeric biaryl 20 in the solution phase (equations 20 and 21).

O

N

N

OH

Ph

91%
dr >20:1 M:P

O

N

Ph

N

Br

Br

O

i) i-Pr(n-Bu)2MgLi
ii) CuCN.2LiBr

iii) m-dinitrobenzene
iv) HF.pyr
v) TMSOMe

(20)

The transmetallation strategies for forming biaryls (vide supra) have also been used
by Spring and coworkers for the formation of medium rings. Ortho-lithiation and Mg/I
exchange both allowed the formation of examples of 10- and 11-membered rings after
transmetallation to copper (equation 22)18,20. Cross-coupling of biaryls could be per-
formed using a tethering strategy, and most importantly use of the magnesium organo-
cuprate allowed the formation of 21, a model for the highly strained core of the natural
product sanguiin H-5, with complete diastereoselectivity (equation 23).

9
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O

N

Ph

ON

Ph

TIPSO

(20) 59%
dr >20:1 M,M:P,P

O

N

Ph

O

N
Ph

TIPSO

Br

Br

Br Br

i) t-BuLi
ii) CuCN.2LiBr
iii) m-dinitrobenzene

(21)

O
O

OO

57%

i) i-PrLi, TMEDA
ii) CuBr.SMe2

iii) Oxidant 18 (22)

O
O

O

O

O
OMe

O
O

Ph

I

I
O

O
O

O

O
OMe

O
O

Ph

i) i-PrMgCl
ii) CuBr.SMe2

iii) Oxidant 18

(21) 67%, dr >50:1

(23)

10
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Insertion of Rieke zinc into aryl bromides allowed zinc organocuprate oxidation method-
ology to be used in the synthesis of buflavine (22) (equation 24)21. This represented the
first synthesis of the natural product where the medium ring and the biaryl bond are
formed simultaneously.

MeO

MeO

N

Br

Br i) Zn*
ii) 0.1 eq. CuBr.SMe2

iii) Oxidant 18

N

OMe

OMe

(22) 80%

(24)

With proof of the utility of these methods in medium-ring formation in hand, attention
was turned to completing the synthesis of sanguiin H-5. While the aryl bromide/Zn*
route from 23 was slightly higher yielding, both this and the use of I/Mg exchange on
24 provided the key medium-ring compound 25 in good yields. Global deprotection via
hydrogenation provided the natural product (26) in quantitative yield (equation 25)27.

E. Dimerizations of Heteroaromatics, Alkenyl and Alkyl Groups and
Macrocycle Formation

Organocuprate oxidation to form C−C bonds has also seen use outside of biaryl cou-
plings and medium-ring formation. Iyoda has performed oxidations of Lipshutz cuprates
in order to synthesize thiophene-fused cyclophanes and nona- and dodecaphenylenes;
the optioelectronic and nanostructural properties of the latter were investigated22,28. The
ten-membered cyclophane structure was not accessible via palladium couplings and it is
suggested that the linear C−Cu−C bond in the organocuprate intermediate favours the
intermolecular over intramolecular coupling (equation 26).

In the second study, the ratio of nona- to dodecaphenylene (27:28) formed upon oxi-
dation was dependent on the substituents present on the vertex aryl group, although
the nona-system 27 could be formed exclusively in 46% yield when this was hydrogen
(equation 27).

Sherburn and coworkers’ desire to investigate the chemistry of [4]dendralene (29) led to
the development of a synthesis using oxidation of an alkenyl cuprate. The reaction could
be performed on multi-gram scale to provide a usable yield of the desired compound
(equation 28)29.

Other recent examples of the coupling of alkenyl copper species include Xi and cowork-
ers’ developments in the synthesis of cyclooctatetraene derivatives. Transmetallation from
a dilithio or zirconaindene species provides the alkenyl copper intermediate for oxidation
with a quinone30. This intramolecular coupling forms a cyclobutadiene (30), which then
dimerizes to form the tricycle 31. A retro-[2 + 2] reaction furnishes the cyclooctatetraene
32 (equation 29). This methodology also provides an approach to benzocyclobutadiene
derivatives31.
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i) t-BuLi
ii) CuCN, NEt3

iii)

OO

S

Si

S

BrBr
Si

Si

S

SS

S

50%

(26)

R

R

X

X

i) t-BuLi
ii) CuCN

iii)

OO

R

R

R

R

R

R

R

RR

R

R

R

R

R

(27)

(28)

+

R = H, alkyl, alkoxy

(27)
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Cl

(29) 26%

i) Mg, ZnCl2
ii) CuCl

iii) CuCl2.2LiCl (28)

ZrCp2

Bu

Bu

i) CuCl

ii)
OO

Bu

Bu

[2+2]

Bu

Bu

Bu

Bu

Bu Bu

BuBu

(30)

(31)(32) 43%

[2+2]

(29)

Organocuprate oxidation provides a solution to the formation of bonds at bridgehead
positions where nucleophilic substitution reactions are impracticable. When Michl and
coworkers attempted to couple bicyclo[1.1.1]pentanes using Pd- or Ni-mediated processes,
products were formed in low yields (20–40%). However, the use of copper chemistry
allowed the coupling to take place in reproducibly good yields (50–70%), and the method-
ology was used to synthesize a variety of staffane derivatives (equation 30)32.

Ph I

i) t-BuLi
ii) CuI.2PPh3

iii) p-dinitrobenzene
Ph Ph

50–70%

(30)

III. FORMATION OF C−N BONDS

The oxidation of amidocuprates allows the formation of a new carbon–nitrogen bond
between the ligands on copper.

A. Initial Studies

The first work in this area was carried out by Yamamoto and Maruoka33, who used the
oxidation reaction to alkylate a variety of primary and secondary amines and anilines. An
excess of primary, tertiary or aryl organocuprate was added to the amine and the reaction
mixture was oxidized with molecular oxygen (equation 31).
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H
NPh Ph

i) (n-Bu)2CuLi
NPh Ph

n-Bu

62%
ii) O2

(31)

The resulting yield of amine was variable, with the lowest resulting from the transfer
of tertiary alkyl groups. Interestingly, the yields of N-methylation products were higher
when methyl magnesium chloride rather than methyl lithium was used to form dimethyl
cuprate, showing that the other atoms present in the solution aggregation structure of the
cuprate can also affect reactivity in amidocuprates as well as organocuprates.

Snieckus and coworkers further developed the methodology to synthesize anthranil-
amides as precursors to acridones34. Here, an excess of anilidocuprate was added to
lithiobenzamides (prepared by a directed ortho-lithiation) and the oxidation performed
by molecular oxygen (equation 32). The use of copper(I) cyanide was reported to give
cleaner, higher-yielding reactions than that of copper(I) chloride; however, stated yields
remained moderate despite the use of excess cuprate.

50%

NEt2

O

i) s-BuLi, TMEDA
ii) OMe

N
H

CuCN

iii) O2

NEt2

O

NH

OMe
(32)

B. Further Developments

While the above two procedures involve adding an excess of cuprate to an organo-
lithium, further work by Dembech, Ricci and coworkers showed that a 1:1 ratio of
cuprioamide and organolithium could produce coupled products in useful yields35. Molec-
ular oxygen was once again used as the oxidant, as other oxidizing agents were found
to give lower yields. This study is noteworthy as heteroaromatics were coupled for the
first time. The methodology also allows the functionalization of hydrazines, albeit in low
yields due to the formation of azo compounds as a by-product. Further studies36 showed
that yields of N-arylation products and hydrazines could be improved by the addition of
zinc chloride to the cyanocuprates before amidocuprate formation, coupled with the use of
catalytic ortho-dinitrobenzene as a co-oxidant alongside molecular oxygen (equations 33
and 34).

Li

i) CuCN
ii) ZnCl2

iii) (i-Pr)2NLi
iv) 0.2 eq. o-dinitrobenzene, O2

N(Pr-i)2

85%

(33)
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Li

iv) 0.2 eq. o-dinitrobenzene, O2

NH

62%

iii) Me2NNHLi

NMe2i) CuCN
ii) ZnCl2

(34)

More recently, the Knochel group have used cuprate oxidation methodology to prepare
primary, secondary and tertiary aromatic and heteroaromatic amines with the use of the
quinone chloranil (12) as an oxidant37,38. Here, an organocopper reagent is prepared
from a functionalized Grignard reagent formed by an Mg/halogen exchange19,39 or a
directed magnesiation17 and combined with a lithiated amine to form the amidocuprate
for oxidation. Various electron withdrawing and donating groups on the aromatic moieties
can be tolerated, including esters and halogens.

IEtO2C

i) i-PrMgCl.LiCl
ii) CuCl.2LiCl, (Et2NCH2CH2)2O

iii) LiHMDS
iv) chloranil (12)

N(TMS)2EtO2C

HCl

NH2EtO2C

84% over 2 steps

(35)

Primary amines are accessed via the use of lithium hexamethyldisilazide and subsequent
desilylation with TBAF or HCl to reveal the amine (equation 35). The methodology also
allows the formation of tertiary aryl and sterically hindered amines, which can be difficult
to form by other methods, in yields of 55% and above (equation 36).

I

i) i-PrMgCl.LiCl
ii) CuCl.2LiCl, (Et2NCH2CH2)2O
iii)

iv) chloranil (12)
N

69%

Cl

F3C

O N Li

O

F3C

Cl

(36)

This methodology has been further extended to the amination of purine and pyrimi-
dine derivatives40. Again, the starting material could be cuprated regioselectively by the
appropriate choice of magnesiation method (vide supra). This allowed access to uracil,
thymine and adenine derivatives in good yields under mild conditions, and the CDK
inhibitor purvalanol A (33) could be synthesized in 46% overall yield (equation 37).
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N

N N

N

I

Cl

i) i-PrMgCl.LiCl
ii) CuCl.2LiCl, (Et2NCH2CH2)2O

iii)

ClN
TBS

Li

iv) chloranil (12)

N

N N

N

N

Cl

TBS
Cl

TBAF

N

N N

N

HN

Cl

71% over 2 steps

Cl

N

N N

N

HN

N
H

(33) 65%

Cl

HO
D-valinol
(i-Pr)2EtN

(37)

IV. CONCLUSION
Organocuprate oxidation has proved itself to be a useful reaction in the forty years since
its development. However, it is only recently that the full potential of the reaction has
begun to be exploited, with new transmetallation procedures allowing milder reaction
conditions and greater functional group tolerance. Hopefully these new advances, such as
directed cuprations and the catalytic use of copper, will push forward the development of
oxidation methodologies especially in the cross-coupling and C−N bond-forming arenas
where the reaction remains underexplored.
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I. INTRODUCTION
A. Preamble and a Brief History

The copper-catalyzed or copper-promoted allylic substitution, also called allylic alky-
lation, is arguably one of the best methods to bond an electrophilic allylic group 1 with
an aryl or alkyl unit in such nucleophiles as organolithium, organomagnesium, organoz-
inc or organotitanium reagents (‘hard nucleophiles’) as shown in equation 1. Leaving
groups (X) include esters, carbamates, sulfonates, oxiranes, phosphates, alcohols, ethers,
acetals and halides. The term ‘allylic alkylation’, in this chapter, will always mean that
the nucleophile is being ‘alkylated’ by the allylic electrophile.

There are two substitution pathways available to the organocopper reagent, namely the
SN 2′ pathway, or γ -allylic alkylation, to give product 2, and the SN 2 pathway, or α-allylic
alkylation, to give product 3. The issues of chemo-, regio- and stereoselectivity can be
challenging and few methods can boast to control them all. A number of reviews have
been published on various aspects of the asymmetric allylic alkylation of organocopper
reagents1,2. This chapter will provide an overview of what has been achieved to date
in the realm of copper-promoted asymmetric allylic substitution, focusing on the most

2
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recent developments. The chapter is divided into sections treating the various aspects of
stereochemical control in copper-promoted allylic substitution and is ordered according
to the source of the chiral element or its position on the allylic electrophile. Questions of
chemo- and regioselectivity will be discussed wherever necessary.

X RCuM R

R
+

R = alkyl, aryl, allyl...
M = Li, MgX, ZnX, TiX3...

(1) (2) (3)

a
b

g

d

g-product a-product

(1)

The first report of an allylic substitution using organocopper reagents was that of
Rona and Crabbé who, surprisingly, performed the reaction using propargylic acetates
(as opposed to allylic acetates) to afford allenes3. The following year, they described
the γ -substitution (SN 2′) of steroidal allylic acetate 4 to give exocyclic alkene 5 using
Gilman-type cuprate reagents (equation 2)4. It was recognized early on as a method to
prepare geometrically pure alkenes4,5 and has been used for that purpose ever since6.
Rickborn and Staroscik noticed that the opening of 1,3-cyclohexadiene monoepoxide by
lithium dimethylcuprate proceeded with anti stereospecificity7. Goering and Singleton
later reported on the stereospecificity of the reaction wherein they demonstrated experi-
mentally that lithium dimethylcuprate displaced cyclic allylic acetate 6 exclusively anti
with respect to the leaving group to give products 7 and 8 (equation 3)8.

OAc
Me

MeO

Me

MeO

CH2R

R2CuLi

R = Me, n-Bu, Ph

(4) (5)

(2)

Me

OAc

Me2CuLi

Me

Me

Me

Me

+

(6) (7) (8)

(3)

Further experimentation and high level calculations were subsequently performed by
the research groups of Goering8,9, Bäckvall10, Nakamura11 and others12, in order to elu-
cidate the mechanism and elements of stereo- and regiocontrol of the reaction. Soon, it
became clear that, given certain reaction conditions, the copper-mediated allylic alky-
lation proceeds preferentially through a stereospecific anti addition pathway. Although
there cannot be a single mechanistic model to explain all the observations detailed in
the literature, there is a growing consensus around the mechanistic interpretation shown
in Scheme 110a. A Cu(I) π-complex I undergoes a stereospecific anti and regiospecific
oxidative γ -addition of copper onto the allylic system to give a Cu(III) σ -complex II.
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Depending on the rate of reductive coupling of II to 2 vs the equilibration of the σ -
complexes II and IV via the π-allyl complex III, the overall reaction can be more or less
regiospecific. Electron-withdrawing ligands Z, such as cyano, usually lead to a fast reduc-
tive coupling (-ZCu) while with Z = alkyl, equilibration becomes competitive. Nakamura
and coworkers have proposed, based on a theoretical analysis, that the asymmetry of
alkylcopper cyanides (as compared to dialkyl cuprates) leads to the preferential formation
of a σ -complex at the γ -position of the allyl electrophile11d.

However, collapse of the π-allyl complex III directly to products 2 or 3 can be regios-
elective and is influenced primarily by the electronics and, to a lesser extent, the sterics
of the substituents. Nakamura and coworkers have proposed, based on DFT calculations,
that the copper π-complex III undergoes reductive coupling much faster than the corre-
sponding σ -complexes II or IV and they have proposed that the product forms from the
π-complex11b.

Cu

X

Cu

R Z R Z

Cu

R R

− ZCu −ZCu

product of
SN2 (a)

Cu

R Z

g-addition

(I) (II) (III)

(2) (3)

(IV)

R Z

product of
SN2′ (g)

SN2′

SCHEME 1

The first example of diastereoselection (induction from nearby chiral centers when the
leaving group is on an achiral carbon) in allylic substitution of organocopper reagents was
reported in 198913 and the first example of enantioselection with a chiral organocopper
complex was published in 199514. Since then, a large body of work and new advances
have been reported.

B. General Considerations on the Structure of the Product

Before discussing in some detail the different methods and reagents that have been used
or developed to effect asymmetric allylic alkylation of hard nucleophiles, it is worthwhile
to describe some generalities and trends regarding the structural features of the product
as a direct consequence of the reaction conditions.

1. Chemoselectivity

a. SN versus other reactions. The reaction of organocuprates on an allylic elec-
trophile will tolerate the presence of several spectator functional groups on the sub-
strate: these include ketones (for cuprate reagents made from dialkylzinc)15a, esters15b,
lactones15b, ethers15c, acetals15c,h, alcohols15d,i, amides15e, nitriles15a,f, nitros15g, azides15h
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and dithianes15i. Of course, attack at the carbonyl carbon of the leaving group itself may
occur with some esters and lactones and the pivalate or mesitoate esters are sometimes
used to prevent this occurrence9a,h,i.

Allylic substitutions can be faster than 1,4-addition reactions. For example, E- or Z-γ -
mesyloxy-α,β-enoate 9 gave exclusively the products of allylic substitution 11a–d when
mono- or dialkylcyanocuprate reagents (R2 = Me, Et, n-Pr, n-Bu) were used (equation
4)16. The nature of the leaving group in 9 influenced the reactivity of the cuprate reagent;
when allylic acetates were used, for instance, much reduction side products were obtained
(R2 = H in 11 or 12). Nonetheless, the chemoselectivity remained highly in favor of the
allylic substitution (vs 1,4-addition) regardless of the leaving group, of the stereochemistry
of the allylic and homoallylic carbons, or of any steric hindrance α to the ester group.
The latter is exemplified by the reaction of Z-γ -mesyloxy-α,β-enoates 10 to create a
quaternary chiral carbon center in 12b–d. However, the chemoselectivity was found to
be dependent upon the reaction conditions and the solvent used, THF being the preferred
solvent17.

OMe

OTBS

OMs

O

OMe

OTBS O

R2

(R2)2Cu(CN)Li2•BF3 (LiX)

R1
R1

(9) R1 = H
(10) R1 = Me

(11) R1 = H
(12) R1 = Me

(a) R2 = Me
(b) R2 = Et
(c) R2 = n-Pr
(d) R2 = n-Bu

or R2Cu(CN)Li•BF3

92–96%, >98%de

(4)

The addition of TMSCl may reverse this tendency and favor the 1,4-addition process,
as shown eloquently by the experiment depicted in equation 518. Without the additive,
the alkyltitanium-derived copper species reacts principally with the phosphate18,19b 13a
(76% 15a, 9% cyclohexanone 16, and 79% recovered 14) whereas when 1 equivalent
of TMSCl was present, the phosphate 13a was recovered in 96% yield (2% of 15a was
detected) and 47% of the silyl enol ether of 16 was isolated.

Ph OP(O)(OEt)2

O

Ph

Bu
O

Bu

BuTi(OPr-i)4Li
5 mol% Cul•2LiCl

++

(13a) (14) (15a) (16)

THF, −70 to −40 °C
with or without TMSCl

(5)

b. Two leaving groups on the allylic moiety. There are few examples of allylic systems
flanked by one leaving group on each side. In such cases, chemoselectivity usually depends
on the leaving ability of each group. For example, a chloride (17a) reacted faster than an
acetate to give a mixture of 18a and 19a (equation 6)10d,19. An acetate reacted faster than
a phenol (17b) to give a 96:4 mixture of 18b and 19b and it reacted also faster than a
thiophenol (17c) giving a 75:25 mixture of 18c and 19c (equation 7)10d. However, leaving
groups capable of coordination with the cuprate reagent, such as a S-benzothiazolyl (20),
seem to acquire a reactivity advantage over leaving groups that do not coordinate the metal,
such as a pivalate ester, as shown in the exclusive formation of product 21 (equation 8)20.
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None of regioisomeric product 22 was observed, undoubtedly due to coordination and
delivery of the cuprate reagents to the γ -position by the S-benzothiazole moiety.

Cl
RMgX, CuBr

(17a)

AcO

(19a)

R
AcO

R
AcO +

(18a)
(6)

Y

(17b) Y = OPh
(17c) Y = SPh

Y

R
AcO

R
Y +

(18b) Y = SPh
(18c) Y = OPh

(19b) Y = SPh
(19c) Y = OPh

Li2CuCl4

RMgX

(7)

(20)

PivO

R

PivO

(21)
S

N

PivO

(22)

R

+S
CuBr

RMgX

(8)

2. Regioselectivity

The question of SN 2 vs SN 2′ displacement (also called α- and γ -substitution, respec-
tively) is perhaps the most challenging to answer when considering a copper-promoted
allylic alkylation. Everything from substrate structure, solvent, additives, up to the nature
of the organocopper reagent itself may affect the regiochemical outcome of the reaction.
However, some generalities may be drawn.

a. Effect of substrate structure. Before the advent of organocyanocuprate reagents,
perhaps the strongest influence on the regioselectivity was exercised by the substrate
itself. This was observed very early on, using Gilman-type reagents (R2CuLi), where
it was found that the degree of substitution at the γ - and α-positions of the allylic
electrophile greatly affects the regioselectivity of the substitution. For example, trans-
methyl styryl acetate 23 and phenyl E-crotyl acetate 25 both gave the same major product
24 from a regioselective but not regiospecific reaction (Scheme 2)21b. This means that
the organocopper does not force a mechanism-based regiospecificity on the reaction but
rather that the substrate 23 favors the reductive coupling to one of its two reactive sites.
Other substrates tend to give predominantly the more substituted double bond, which was
sometimes interpreted as an attack of the organocopper onto the least substituted end of
the allylic system21a,c. Preservation of double bond geometry in the starting material and
the possible loss of double bond configuration during the reaction was also probed9a. No
general trend could be drawn but reaction conditions, including the solvent, could affect
the outcome.

Me

(23)

Ph

OAc

Me

(24)

Ph

R

(25)

Ph Me

OAc

Et2O, 0 ˚C

R2CuLi

Et2O, 0 °C

R2CuLi

SCHEME 2
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b. Nature of the cuprate reagent. The influence of the substrate structure on the regio-
chemical outcome of the allylic alkylation can be superseded by the influence of the
cuprate reagent. Two types of organocopper reagents are most frequently used in allylic
alkylation and they have been described as ‘Gilman-type’ organocuprates of general
formula R2CuM or RCuXM (also referred to as ‘lower-order’ organocuprates) and ‘higher-
order’ organocuprates of general formula RnCuMn−1 (n > 2) or RnCuXMn (n > 2)1. In
addition, monoalkylcopper reagents are sometimes used, often in conjuction with a Lewis
acid. The nature of the organocopper reagent has a great influence on the chemo-, regio-
and stereochemical outcome of the allylic substitution. The nature of the species in solu-
tion, in turn, depends on the source of Cu(I) salt, the starting organometallic species
and the solvent. Traditional sources of Cu(I) are: CuI, CuBržSMe2, CuCN. Also, Kochi’s
salt22, Li2CuCl4, has been used many times as a practical replacement for more traditional
sources. Often the copper reagent exists as aggregates with other copper(I) complex as
well as with metal salts (e.g. R2CuLižLiI).

Due to these numerous factors, the proper choice of organocopper reagent for any
particular substrate may have to be determined by trial and error. Maruyama, Yamamoto
and coworkers first reported that monoalkylcopper complexed with BF3 (RCužBF3) gave
very high γ -regioselectivity with simple allylic halides23,24. As stated in the preceding
Section I.B.2.a, Gilman-type cuprates tend to give mixture of regioisomers with most
allyl electrophiles, especially those reagents made from organolithiums. However, alkyl-
cyanocuprate reagents25 have earned a special place in the realm of allylic substitution,
mostly because of their highly γ -regiospecific reaction, especially when prepared from
organomagnesiums9e,21a,26. Yamamoto and coworkers developed a higher-order cuprate
made from alkyllithium reagents, ZnCl2 and CuCN of general formula R2CuCN(ZnCl)2
that undergo highly regiospecific allylic alkylation27. Organocopper species made from
alkyltrialkoxytitanium18 and organozinc19a,28 have a tendency to give γ -alkylated prod-
ucts. Lithium dialkylcupratežSMe2 complexes are, on the other hand, α-selective in their
allylic alkylation with acyclic halides29. Since its inception30, the copper-catalyzed allylic
substitution of Grignard reagents has been widely used. These reaction conditions lead
mostly to a regioselective α-attack of the allylic electrophile presumably involving higher-
order organocopper species.

c. Effect of solvent and reaction conditions. The regioselectivity may be controlled
by a change in reaction conditions. For example, adding tetrahydrofuran to a reaction
done in diethyl ether results in a vastly different outcome in the product, as shown in a
dramatic reversal of regiochemistry involving the conversion of allylic thiobenzothiazole
13b into mixtures of 26 and 15a (equation 9)31. In addition to the solvent, the temperature,
the speed of addition of the organometallic precursor and the amount of catalyst may
each affect the regioisomeric ratio of product obtained32. The rate of addition of the
organometallic precursor presumably affects the nature of the copper species present in
solution. Apart from the fact that the solvent and reaction conditions do affect the nature
of the copper species and its aggregation state, there is no other satisfactory explanation
for the high sensitivity of the regiochemistry of allylic alkylation to a solvent change. The
conditions usually have to be optimized by trial and error.

d. Effect of the leaving group. The nature of the leaving group may have a profound
effect on the regiochemistry of the allylic alkylation process. In general, coordinating
leaving groups such as Gallina’s carbamate (cf. Section II.A.2) and Caló’s benzothiazole31

compel the nucleophile to add with high γ -regioselectivity. Such leaving groups have a
strong stereodirecting effect as well and are thus discussed in more detail in the following
sections. Non-coordinating groups have much less influence on the regiochemistry of
allylic alkylation.
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S

N

SPh
+

ether: 3 : 97
THF–ether (2:1): 95 : 5

(13b) (26)
Ph

n-Bu

(15a)

Bu-nPh
n-Bu2CuMgBr

(9)

3. Stereochemistry

The subject of stereochemistry in the products of asymmetric allylic alkylation is cen-
tral to this chapter and will be discussed where appropriate throughout the following
sections. The different stereochemical aspects of the reaction to be considered are: a)
the diastereospecificity of the reaction, which will dictate, along with conformational
biases in acyclic cases, the stereochemistry of the newly created chiral center with respect
to the original stereochemistry at the carbon bearing the leaving group (when that car-
bon is chiral); b) chiral induction exerted by chiral centers or appendages elsewhere on
the substrate (diastereoselection); c) chiral induction from asymmetric ligands on copper
(enantioselection); d) the geometry of the final alkene.

II. DIASTEREOSPECIFIC METHODS
A. General Considerations

1. Substrate features and stereospecificity

This section covers what is, without a doubt, the most frequently utilized type of
asymmetric allylic alkylation. Cuprate reagents generally react stereospecifically anti to
the leaving group. Staroscik and Rickborn first noticed the stereospecificity in the opening
of cyclic allylic epoxides7. Goering and coworkers demonstrated this same stereospeci-
ficity for cyclic allylic acetates (cf. equation 3). Lithium dimethylcuprate added almost
exclusively anti to the leaving acetate, though there was no regioselectivity in this case8.

Corey and Boaz proposed a model engaging the copper’s d orbitals with the substrate’s
π* and C−X σ* orbitals (Figure 1)33. Taken together with conformational considerations,
the stereospecificity allows the stereochemistry at the newly formed chiral center in acyclic
products to be predicted with confidence. For example, Ibuka, Yamamoto and coworkers
have used allylic strain to attain a high level of control on the transfer of chirality at
the distal SN 2′ position on γ -mesyloxy-α,β-enoates (4S,5R)-(E)-9 and (4S,5R)-(Z)-9

Cl

Cu

FIGURE 1. Corey–Boaz’ molecular orbital model explaining the preferred antidisplacement of
cuprate reagents to allylic systems
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H
CO2Me

H

OMs

HTBSO

H
CO2MeH

MsO

H

TBSO

OMe

OTBS O

Me

Me2Cu

CO2Me
HH

OMs

HTBSO

OMe

OTBS O

Me

OMe

TBSO

O

Me

(4S,5R)-(E)-(9-A)

OMe

TBSO

O

Me

(4S,5R)-(E)-(9-B)

(2S,5R)-(E)-(11a) (2R,5R)-(Z)-(11a)

(2S,5R)-(Z)-(11a) (2R,5R)-(E)-(11a)

(4S,5R)-(Z)-(9-B) (4S,5R)-(Z)-(9-A)

CO2Me
HH

MsO

H

TBSO

Li

Me2Cu Li
MeCu(CN)Li•BF3

MeCu(CN)Li•BF3

_ +

_ +

SCHEME 3

(each shown in two conformations A and B, see Scheme 3)17b. Allylic strain is a strong
stereocontrolling element in that one conformer (A), where A1,3-strain is minimized, is
usually much lower in energy than the other conformer (B), especially for starting allylic
substrates possessing a double bond of Z geometry. It is important to note, however,
that the minor diastereomeric products (2S,5R)-(Z)-11a and (2R,5R)-(Z)-11a originating
from the higher-energy conformers (4S,5R)-(E)-9-B and (4S,5R)-(Z)-9-B, respectively,
possess double bonds of Z geometry. Thus, allylic strain in the transition state also
controls the geometry of the double bond in the final product. Importantly, if the transfer
of chirality is not complete, it becomes possible to uncover the source of the problem
by determining the geometry of the alkene in the final product. Failure to detect allylic
alkylation products possessing a Z alkene necessarily vindicates the occurrence of low
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stereoselectivity (A1,3-strain) as a possible source of the other stereoisomer and leaves
a loss in stereospecificity as the sole culprit34. A loss in stereospecificity may occur by
way of radical or ionic intermediates and would not necessarily lead to products with a Z
alkene. The reader will note that both major diastereomers (2S,5R)-(E)-11a and (2R,5R)-
(E)-11a can be prepared starting from compounds with the same stereochemistry at the
carbon bearing the leaving group but with different double bond geometries in the starting
material.

If allylic strain controls the stereochemical outcome of the newly formed chiral center,
it also controls the predominant formation of the E double bond in the product. One rare
exception to this rule has been reported by Smitrovich and Woerpel35a,b. They described
the selective formation of Z-alkenes 28a–c from the reaction of allylic carbamates 27a or
27b with Grignard reagents using CuClž2LiCl as promoter (Scheme 4). The fact that the
corresponding organocuprates made from alkyllithium reagents gave the expected products
with a E alkene, commensurate with the minimization of allylic strain, led the author to
propose a different mechanism whereby a copper-bound carbamate 27-I would not bring
about the expected syn addition of the cuprate reagent but instead a regioselective anti
addition of the free Grignard reagent to give intermediate 27-II. This step would then be
followed by a stereospecific anti elimination of the metallocarbamate, thereby forcing the
formation of (Z)-28. Allylsilanes are useful synthons and were used in [3 + 2]-annulations
and for the total synthesis of (+)-blastmycinone35c,d.

R1 R1

R2

(27a) R1 = SiMe2Ph
(27b) R1 = Et

OC(O)NLiPh

Me

Me

R1

MgCl

O

H
Me

R2

OLi
N

Ph

ICu
R1

O

HMe
R2

LiO
N Ph

CuI

(Z)-(28)

(Z)-(28)

H

R1

R2

Me

+

(E)-(28)

(a) R1 = SiMe2Ph, R2= i-Pr (Z:E = 87:13)
(b) R1 = SiMe2Ph, R2 = i-Bu (Z:E = 94:6)
(c) R1 = Et, R2 = CH2SiMe2Ph (Z:E = 91:9)

(27-I) (27-II)

CuI•2LiCl

R2MgCl

SCHEME 4

2. Effect of the leaving group on the stereospecificity

Certain leaving groups have the ability to coordinate to the copper reagent such that
the stereospecificity of the allylic substitution is reversed in favor of syn addition prod-
ucts. One such group is the carbamate first introduced by Gallina and Ciattini36. It was
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shown that carbamate syn-29, under treatment with Gilman’s lithium dimethylcuprate,
gave exclusively the adduct syn-30 (equation 10), while carbamate anti-29 afforded solely
the adduct anti-30 (equation 11). The deuterium atom was installed to also demonstrate
the regiospecificity of the process. It seems that the coordination of the cuprate reagent
by the carbamate prevents its delivery to the α position.

O

D

Ph
O

NHPh

Ph

Me D
3 equiv.
RT

syn-(29) syn-(30)

Me2CuLi
(10)

O

D

Ph
O

NHPh

Ph

Me D

3 equiv.
RT

anti-(29) anti-(30)

Me2CuLi

(11)

Caló’s benzothiazoles (cf. equation 9) also effect syn allylations31 while Yamamoto’s
monoalkylcopper BF3 complexes can displace free hydroxyl groups by coordinating to
them and delivering the alkyl syn to the hydroxyl moiety (not shown)23b. Both provide
highly regioselective allylations and monoalkylcopper BF3 complexes react with allylic
acetate with the usual anti stereoselectivity. It is thus obvious that the stereochemical
complementarity of coordinating and non-coordinating leaving groups offer the chance
for stereochemical convergence (i.e. making one and the same product stereoisomer (or
mixture of stereoisomers) starting from two enantiomeric or epimeric alcohols, so long
as the alcohols are separable or are made separately)37.

Breit and coworkers have designed a leaving group consisting of an aromatic ester
carrying a phosphine in the ortho position (Scheme 5). The phosphine in 31a may coor-
dinate to the copper reagent in Et2O and deliver the alkyl syn to the leaving group, via
the A1,3-strain minimized conformation of 32, to give allylic alkylation product 33. Phos-
phine oxide 31b does not, however, coordinate to the cuprate reagent in THF. Thus, a
dialkylzinc-derived cuprate reagent now attacks compound 31b anti to the leaving group
to give ent-3338.

B. Acyclic Allylic Systems

In this section, the different methods and strategies used to obtain a new tertiary or
quaternary chiral center from an acyclic allylic system will be discussed, with an empha-
sis on more recent literature. The sub-sections were categorized according to substrate
structure, but all substrates in this section have in common the fact that the bond between
the carbon bearing the leaving group and the alkene can rotate freely. Otherwise, they are
covered in Section II.C. Everywhere possible and appropriate, the source of chirality and
applications or the intended end-use of the product will be stated.
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R1 R3

R2OO

PPh2

O

R1

H
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R2

O Ph2P CuR4

R1 R3

R2

R4

R1 R3

R2OO

P
Ph2

R1 R3

R2

R4

O

H2O2

CuCN•2LiCl
THF

(31a) (32) (33)

(31b) ent-(33)

(R4)2CuMgX

Et2O

(R4)2Zn

O

R1

H
R3
R2

O Ph2P

CuR4

O

(31b)

SCHEME 5

1. Diastereomerically pure precursors prepared from chiral non-racemic acyclic
allylic alcohols

a. Substrates taken from the chiral pool or obtained by resolution or asymmetric reduc-
tion of ketones. A number of research groups have used pre-made chiral allylic alcohols,
converting the hydroxyl group into a leaving group, and transferred chirality to the γ -
position by effecting a regioselective SN 2′ displacement with a cuprate reagent. Trost and
Klun opened racemic 5- and 6-membered lactones, substituted with a vinyl group, via a
regio- and stereoselective allylic alkylation of monoalkylcyano cuprates (not shown)39.
Ibuka, Yamamoto and coworkers prepared chiral non-racemic δ-mesyloxy-α,β-enoates
such as 9 starting from L-threonine 34, and other δ-mesyloxy-α,β-enoates from sorbic
acid or D-xylose, and then effected their regio- and stereoselective displacement with
R2CuLi, R2CuLižBF3 or R2Cu(CN)Li2žBF3 and other cuprate reagents (Scheme 6)17b,40.
They obtained γ -allylation products like 11a but the regioselectivity was high even for
starting esters possessing a trisubstituted double bond, which provided access to the for-
mation of all-carbon quaternary stereocenters (not shown)17a. Surprisingly, the method
gave rise to reduction of the allylic electrophile, instead of its alkylation, when the struc-
turally similar δ-acetoxy-α,β-enoates (as opposed to δ-mesyloxy-α,β-enoates) were used
as substrates. The absence of BF3 or the use of divinylcuprate reagents increased the
occurrence of reduction16b,41. They then extended the chemo-, regio- and stereoselectivity
of their methodology to access peptide isosteres in the form of δ-hetero-β,γ -enoates like
37 (Scheme 6)16b. The starting mesylate 36 was synthesized from amino acid 35 while
the other mesylates 38–41 were made from other amino acids or carbohydrates. As stated
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before (see Section I.B.1.a), the chemoselectivity (alkylation vs 1,4-addition) is dependent
on reaction conditions. All substrates (36, 38–41), including cyclopentene derivative 4042,
displayed excellent chirality transfer16b,27b,40,42,43.

Belelie and Chong have found that allylic phosphates are efficiently displaced, prin-
cipally in an SN 2′ fashion, using R2Cu(CN)Li2 reagents44. They used a kinetic reso-
lution through a Sharpless asymmetric epoxidation45 (SAE-KR) to efficiently separate
the enantiomers of various allylic alcohols (±)-42, from which they prepared the allylic
phosphates and submitted them to displacement with higher-order cyanocuprate reagents
(equation 12). Some loss of stereochemical integrity was observed in the products (R)-44
and this was attributed to a syn addition to the more stable A1,3-strain-minimized confor-
mation of (R)-43. The regioselectivity was good (usually >90:<10) but dependent upon
the steric volume of the allylic substitutent R1. The alkene was cleaved oxidatively to
obtain a chiral non-racemic α-substituted acid or aldehyde (not shown).

R1 Me

OH

2. (EtO)2P(O)Cl

(±)-(42) (R)-(43)

R1 Me

(R)-(44)

R2
(R2)2Cu(CN)Li2

OP(O)(OEt)2

HR1 Me
H

H

‘RCu’

1. SAE-KR

(12)

Pentafluorobenzoates like (Z)-(R)-45 and (E)-(S)-45 were effectively used to enable the
allylic alkylation of the less reactive dialkylzinc reagents with excellent regio- and stere-
oselectivity (Scheme 7). Functionalized diorganozinc reagent 46 or (n-Pen)2Zn reacted
well to give 47 and 49, respectively, both possessing a quaternary stereogenic carbon46.
The non-racemic alcohols, precursors of 45, were prepared by kinetic resolution or asym-
metric reduction of the ketone, as shown for ketone 48. The method was used as a general
strategy to prepare chiral alcohols and amines like 50 and 51, respectively46b, as well as
α-chiral (E)-vinylsilanes (not shown)6d. A short synthesis of (+)-ibuprofen® using this
methodology was also realized (not shown)46a.

The picolinic ester proved to be a useful leaving group, enabling highly anti and
SN 2′ selective allylic alkylations when installed on substrates possessing a Z-alkene (52)
(equation 13). Only arylmagnesium bromide-derived copper species were investigated as
nucleophiles with this system to give aryl-substituted products 53. It was suggested that
MgBr2, formed in situ in the solution, actually activates the leaving group. Chirality
transfer was dependent upon temperature but was generally good47.

Finally, a chiral non-racemic quaternary carbon containing a CF3 unit was prepared
from the copper-catalyzed allylic alkylation of ethyl Grignard with a trifluoromethyl-
substituted allylic acetate (not shown)48. The chirality in the starting acetate originated in
a stereoselective reduction of the corresponding ketone with (R)-Binal-H.

b. Use of a chiral auxiliary. Optically pure alcohols are efficiently prepared by the
addition of nucleophiles (H− or 59) onto prochiral carbonyls such as 54 or 58 (Scheme 8).
In that regard, a number of chiral auxiliaries (Aux*) can be used to generate the chiral
alcohol (55, R′ = H) precursor to the corresponding allylic electrophile (55, R′ = LG).
Most of the time, the auxiliary’s role ends with the generation of the carbinol’s stereo-
chemistry though it may affect the regiochemical outcome of the allylic alkylation reaction
to give 56 or its regioisomer. The difference between the various methods thus centers
around how the auxiliary is later cleaved or somehow used to convert the final allylated
product into a useful synthetic intermediate such as 57 or 60.
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R
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Y= CH2OH, CHO, CO2H...

R′ = H or LG

SCHEME 8

Chiral allylic alcohols can be accessed via an aldol-type process with chiral sulfoxides
61 acting as chiral auxiliaries (Scheme 9). The diastereoselectivity of this process is low,
giving mixtures of alcohols 62a and 65a that were easily separated by normal silica gel
chromatography and derivatized into the corresponding mesylates 62b and 65b. Then,
displacement of each mesylate by organocopper reagents afforded (Z)-63 and (Z)-64 as
the major product, respectively, resulting from an anti addition onto A1,3-strain-minimized
conformers 62b-A and 65b-B (Figure 2). Diastereoselectivity from 62b was high (>91:<9
(Z)-63:(E)-64), but the level of diastereoselectivity from 65b varied depending on the
copper species. In that case, products (Z)-64 and (E)-63 were formed in ratios ranging
from 70:30 up to 94:6. The reason behind the difference between 62b and 65b is likely due
to the chiral sulfoxide’s own configuration, one of them somewhat destabilizing conformer
65b-B. We could say that 62b represents a ‘matched’ pair between the chirality at the
carbon bearing the mesylate and the chirality at sulfur. The chiral sulfoxide auxiliary in
63 or 64 was removed by reduction and was thus not recoverable49.

When the starting sulfoxides were reduced to the corresponding sulfides, the subsequent
allylic substitution followed more or less the same course as per the sulfoxides. However,
if the sulfoxides were oxidized to the corresponding sulfone, the reaction favored the
formation of the E-product 64, possibly because of the added bulk around the sulfur
atom favoring conformer 62b-B.

Menthone (67) and its derivative p-menthane-3-carboxaldehyde 70 are two recyclable
chiral auxiliaries that can be cleaved by oxidation or ring-closing metathesis (RCM)
after the sequence of reactions involving an asymmetric allylic substitution. The addition
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of various vinylmetal nucleophiles 66 to menthone (67) always gives a single alcohol
68a (Scheme 10). The addition of vinylalanes or vinyllithiums to 70, in the presence
of trimethylaluminum, is highly diastereoselective and affords diastereomerically pure
alcohols 71a after separation by normal silica gel chromatography50. Activation and stere-
ospecific allylic alkylation proceeds with high regioselectivity, probably aided by the bulk
of either chiral auxiliaries. Reaction of carbonate 68b is insensitive to the nature of the
cuprate reagents51 but pivalate 71b, on the other hand, gave good regioselectivity only
with monoalkylcyanocuprates made from alkylmagnesium halides52. Strong allylic strain
in either case ensures that only one conformer reacts and that the transfer of chirality is
generally complete. Only aryl substituents (R1 = Ar) caused noticeably lower diastereos-
electivities when bulky cuprate reagents were used. Auxiliary 70 may be used to effect
the synthesis of quaternary stereocenters (72, R1, R2, R3 = alkyl, aryl).

Oxidative cleavage of 69 or 72 with ozone affords α-chiral carboxylic acids, aldehydes
or hydroxymethylenes, depending upon the work-up conditions51,52. An iterative approach
(66 → 73 → 74, Schemes 10 and 11) allows for the rapid synthesis of polypropionate
units such as the fragment A (75) of ionomycin (Scheme 11)51d. Both enantiomers of
amino acids, including α,α-dialkylated amino acids like 76 and 78 (ent-76), are avail-
able from 77 by a stereodivergent strategy by way of a Curtius rearrangement53. The
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Claude Spino

p-menthane-3-carboxaldehyde auxiliary can also be cleaved by RCM, as shown for inter-
mediate 79, to effect the direct synthesis of chiral carbocyclic compounds such as 8054.
The recovered chiral fragment 81 is very volatile and is easily removed by evaporation
from the crude products mixture. It can be subsequently converted back to aldehyde 70
by ozonolysis.

A resin-bound version of this auxiliary achieves overall yields of 4–18% for the 4-step
sequence. Ozonolysis releases the final products, which have a purity >80% for alcohols
and aldehydes and >70% for carboxylic acids. The resin-bound auxiliary is regenerated
in the process and is ready for a second iteration of the reaction sequence55.

Couty and coworkers used a similar strategy to obtain chiral allenyl or vinyl- oxa-
zolidines 84 or 86 (Scheme 12). The α-keto oxazoline 82 was reduced selectively to
the corresponding alcohol with zinc borohydride and mesylation supplied 83. Reaction
with lithium dimethylcuprate gave the desired allenyl compound 84 with complete trans-
fer of chirality. Alternatively, the hydroxy-alkyne can be reduced with Red-Al and the
allylic alcohol mesylated to give, for example, (E)-85, or hydrogenated and mesylated
to give (Z)-85. After stereospecific allylic alkylation with lithium dimethylcuprate, α,β-
unsaturated oxazolidine 86a or 86b, respectively, are obtained56. The chiral auxiliary was
removed in three steps by N-deprotection, hydrolysis and reduction to give 87a and 87b.

c. Applications of diastereospecific methodologies in synthesis. Using their recently
developed tunable leaving group, Breit and coworkers synthesized the C3−C11 fragment
of the natural CDK and angiogenesis inhibitor borrelidin (94)38,57. They resolved racemic
allylic alcohol (±)-42a by enzymatic methods and derived (R)-42a into ester 88. Grignard
reagent 90, made from the corresponding known bromide 89, in the presence of Cu(I),
reacted with 88 in a highly regioselective and stereospecific fashion to give compound
92 (Scheme 13). In three iterations, one iteration being the transformation of bromide 89
via 9e into the iodide 91, they arrived at the desired C3−C11 fragment 93.

A series of vitamin D analogs 97 were synthesized thanks to the high regioselec-
tivity and stereospecificity of Yamamoto’s cuprate reagent (Scheme 14). Phosphate 95
was displaced with nearly complete transposition of the double bond despite an obvious
steric impediment to the reaction site to give 96 in >99% de58. However, with aryl or
vinylcopper reagents, a loss in regioselectivity was observed.

Controlling the C-15 carbinol stereochemistry of prostaglandins has been a daunting
challenge59. A stereoconvergent approach takes advantage of the possibility of achieving
syn or anti stereochemistry in asymmetric allylic alkylation by converting each diastere-
omeric alcohol to either a coordinating or a non-coordinating leaving group. Indeed,
α-alcohol 98a was converted to its benzoate ester 99 while the β-alcohol 98b was con-
verted to carbamate 100 (Scheme 15). Each were separately converted to the same β-silane
101 using a silacuprate reagent and the allylsilane 101 was then oxidized to the corre-
sponding allyl alcohol 102. There was, therefore, no need to prepare stereoselectively
alcohol 98a or 98b60.

In their approach to cladiell-11-ene-3,6,7-triol 106a, a member of a family of cem-
branoid diterpenes that includes the potent anti-leukemic sclerophytin A 106b, McIntosh
and coworkers utilized the strong bias offered by A1,3-strain to effect a highly stereos-
elective (103B more stable than 103A) and stereospecific (anti addition) displacement
of cyclic lactone 103 to give adduct 104 (Scheme 16)61. The latter was converted to
cladiell-11-ene-3,6,7-triol 106a by way of the synthetic intermediate 105.

2. Opening of allylic epoxides and aziridines

Allylic epoxides and aziridines are somewhat different than other allylic electrophiles, if
only that they are usually prepared in enantiomerically enriched form by distinct synthetic
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Copper-mediated asymmetric allylic alkylations
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H
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O
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(97)

R

OHHO
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(b) R = n-Bu
(c) R = c-Pr
(d) R =

RMgX
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SCHEME 14

means and that the leaving oxygen or nitrogen resides, by definition, on a secondary or
tertiary chiral carbon. In addition, the alkylation reaction creates an allylic alcohol or
amine that may, in principle, allow a second allylic alkylation to take place.

The first example of the opening of an allylic epoxide by a cuprate reagent was reported
simultaneously by Anderson5, and by Herr and Johnson62a. Initial studies showed that
regio- and stereoselection was normally good, with RCu(CN)Li2 giving overall the best
results63,64. Marshall and coworkers undertook an in-depth study of how the substrate’s
structure and double bond geometry, as well as the nature of the copper reagent, affected
the stereochemistry64a,65. A detailed discussion of possible reaction pathways is included
in Marshall’s 1989 review63. The predicted anti and SN 2′ selectivity is indeed the norm,
though the double bond geometry in the starting material and the nature of the organocop-
per may affect the outcome16b. A copper-catalyzed version was developed in 1997 by
Lipshutz and coworkers. The catalyst used was MeCu(CN)Li, which undergoes ligand
exchange with lithium trialkylzincates66.

The strategy is a good starting point towards the synthesis of homochiral natural
products containing polypropionate units because the starting epoxide can be made non-
racemic by a number of methods, including the Sharpless asymmetric epoxidation45 (SAE)
(for example 107 to 108, Scheme 17). The addition lithium methylcyanocuprate to allylic
epoxide 109 sets up a synthetically useful allylic alcohol, like the one found in 110,
that can be used to further elaborate the polypropionate fragment into 111 as shown in
Scheme 1767.

Aziridines like 112, 114 or 116, as allylic electrophiles, lead to the formation of useful
amino esters that can be incorporated into peptide isosteres40b,42b,68. The aziridines were
prepared from L-threonine or D-allothreonine in enantiomerically pure form or they were
acquired through enzymatic resolution. The addition of MeCu(CN)Li or the addition of
Me2Zn or Me3ZnLi, catalyzed by 3–30 mol% CuCN, to aziridine 112 gave excellent
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Copper-mediated asymmetric allylic alkylations

yields of the β,γ -enoates 113 (equation 14). Other copper reagents derived from organo-
magnesium compounds gave similar results starting with aziridines 114 or 116 and yielded
products 115 and 117, respectively (equations 15 and 16, respectively). The usual allylic
strain and anti-selective addition arguments explain the observed results. As in the case
of the δ-acetate-α,β-enoates (see Section II.B.1.a), the use of Gilman’s type or higher-
order cuprates led mostly to reduced products rather than the substitution product. In
addition, the analogous 4- and 5-membered N-heterocycles do not undergo this ring-
opening reaction68b. N-Acyl allylic aziridines, prepared from homochiral epoxides, were
also converted by addition of cuprates to peptide isosteres69.

(112) (113)

Me

CO2Me
N Me

CO2Me

NHTs

Me
Ts

THF–hexane
81–94% SN2', 3–6% SN2

MeCu(CN)Li or
Me2Zn, 20 mol% CuCN
or Me3ZnLi, 3 mol% CuCN

(14)

(114) (115)

CO2Me
N

CO2Me

NHTs

i-Pr
Ts

THF
90% SN2', 8% SN2

i-PrCu(CN)MgCl•2LiCl

(15)

Me
CO2Me

N

(116)

Ts

THF
83% SN2', 0% SN2

Me
CO2Me

NHTs
(117)

Me2
Si

OPr-i
(i-PrO)Me2SiCH2Cu(CN)MgCl•2LiCl

(16)

As was the case with the displacement of chiral α-mesyloxy vinyl sulfoxides (see
Section II.B.1.b), the reaction of chiral α-epoxy vinyl sulfoxides gave a regioselective
and stereospecific reaction with monoalkylcyanocuprates70. The epoxides were prepared
by cyclization of the corresponding 1,2-dihydroxy mesylates, themselves prepared via an
aldol-type condensation of the deprotonated vinyl sulfoxide onto the appropriate chiral
α-alkoxy aldehyde. The aldol proceeded, again, with modest diastereoselectivity.

3. Displacement of propargylic leaving groups

Although not an allylic alkylation per se, the displacement of propargylic leaving groups
is a directely related reaction71. In fact, Rona and Crabbé’s original reports dealt with
the reaction of lithium dimethylcuprate with propargyl acetates3, before the report on the
allylic alkylation of the same reagent4a.

When the reaction is γ -selective, it can provide access to chiral non-racemic allenes72,73.
Enantioenriched propargyl alcohols are accessible by a number of methods74,75, which
renders the preparation of chiral non-racemic allenes using a cuprate-mediated asym-
metric allylic alkylation very efficient. Schemes 18 and 19 display two recent examples
taken from the literature. Mesylate 120 was prepared via Carreira’s asymmetric alkyny-
lation using alkyne 118 and aldehyde 119 (Scheme 18)76a. The reaction of mesylate 120
with lithium methylcyanocuprate led to the formation of allene 121 as a single diastere-
omer. The chiral allene was then cyclized using silver nitrate to afford dihydrofuran 122,
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Copper-mediated asymmetric allylic alkylations

which is the C21−C28 fragment of the natural macrolide pectenotoxin-4 (123). Isolated
from dinoflagellates residing inside shellfish, it possesses a range of interesting biological
activities, including depolymerization and tumor cell repression properties76a.

Alternatively, the related mesylate 125 was prepared using Noyori’s asymmetric hydro-
genation of ketone 124 (Scheme 19). The allene 126, resulting from the diastereospecific
propargylic alkylation, was oxidized to the unusual spiro diepoxide 12776b,c,d. Several
other substrates underwent the same sequence successfully and the spiro diepoxides could
be transformed into a number of useful structural motifs. This strategy was used to prepare
a C1−C15 fragment of pectenotoxin-4 (123, Scheme 18)76b,e and a formal synthesis of
the anti-cancer psymberin was also reported76f.

OTBS

Me

H

Et2O, −78°C
95–98%, >97% de

OMs

OTBS

(125)

2. MsCl, Et3N

O

OTBS

(124) Ru(II) = {[(1S,2S)-TsDPEN]RuCl(p-cymene)}

(126)

OTBS

Me

H

O

O

(127)

DMDO

OTBS

Me

OTBS

Me

TBSO

Me

TBSO

Me

1. 5 mol% Ru(II), i-PrOH
    87%, >97% de

MeCu(CN)Li
(5 equiv.)

SCHEME 19

α-Hydroxyallenes have become extremely valuable synthetic intermediates, in par-
ticular since it was demonstrated that they can be smoothly converted to dihydrofuran
derivatives77,78. Dihydrofurans are invaluable building blocks for myriad polyether natural
products. Propargylic epoxides are ideal precursors because their reactions with cuprate
reagents lead directly to α-hydroxyallenes. Enynes like 127a and 130 can be epoxi-
dized chemoselectively, as shown in equations 17 and 1878, as well as stereoselectively
by Shi and coworkers’79 or Sharpless and coworkers’ asymmetric epoxidation45 (SAE)
protocols as shown for example in equation 1880. The attack of alkylcopper reagents
is usually highly regio- and anti-selective with propargyl epoxides81 and this is what
was observed for propargylic epoxide rac-128b and enantiomerically enriched epoxide
131. α-Hydroxyallenes rac-129 was cyclized to a dihydrofuran fragment of the myco-
toxin verrucosidine78 while 132 was converted to a vinylallene to be used as diene in a
stereoselective Diels–Alder reaction for the synthesis of anti-cancer quassinoids80.

Me

O
Me

Me

Me

THF
91%, 99% de

rac-(128)

HO

Me HO
rac-(129)

OH

Me

(127a)

HO

Me

m-CPBA Me2CuLi

(17)
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R

OH 2. TBSCl

R

OTBS
O

R

OTBS

OH

Me

THF, 72%

(131) 54% ee

(132) 54% ee

(130)

MeMgBr
CuI, LiBr

1. SAE or
    Shi's

(18)

This method was used to generate a chiral non-racemic trisubstituted allene 135, which
was cyclized with a gold catalyst to dihydrofuran 136 (Scheme 20). The product 136
was then taken to natural alkaloid (−)-isochrysotricine 137, which was isolated from
the Rubiaceae plant Hedyotis capitellata82. The starting racemic alcohol rac-133 was
kinetically resolved to >98% ee using a Sharpless asymmetric epoxidation45 (SAE-KR)
and then epoxidized to give 134.

Homochiral carbonate 138, as well as other analogous carbonates and sulfites, under-
went a regio- and stereoselective ring opening with complete transposition of the double
bond to give chiral allene 139 (equation 19)83. It is not unusual, however, to see a good
deal of racemization (or epimerization) of the allenes, apparently caused by single elec-
tron transfer by copper(0) or other copper species84. Phosphine or phosphite ligands often
solve this problem84. In addition, fast exchange between copper and magnesium may
provoke a syn-elimination, at least when propargyl ethers, including epoxides, are the
leaving groups85. Complexation between the Mg−X (especially with X = Cl) and the
leaving group would be at the origin of this behavior. The addition of phosphines favors
anti-elimination. Using this protocol, arylcopper species, prepared by a metal–halogen
exchange of aryl iodides like 140, were added to a series of propargyl epoxides rac-141
to give regioselectively and stereospecifically α-hydroxyallenes rac-142 (equation 20)86.

Krause and coworkers have shown that α-hydroxyallenes rac-144 and rac-147 are
accessible from the copper hydride reduction of propargyl acetates rac-143 and rac-
146, respectively (equations 21 and 22). The copper hydride species was generated from
copper chloride and polymethylhydridosiloxane (PMHS) in the presence of the NHC
ligand generated from 148 as stabilizing agent. The presence of alcohols, halides and
several other functional groups on the substrate is tolerated87. α-Hydroxyallenes are useful
synthetic intermediates being, for instance, precursors for gold-catalyzed cyclizations to
dihydrofurans such as rac-145 (equation 21).
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n-Bu

HH
BF3•Et2O
79%, >99% de

(138)

BnO O

O
O

OH
BnO

(139)

n-BuMgCl
Cul (10 mol%)

(19)

Me

O

OR1

rac-(141)

>95:<5 dr
59–71%

R3

Me

OH

rac-(142)

I

R2

+

R2

(140)

R3

R2 = F, Br, CO2Me, OMe, CN, NO2

R3 = H, Me

OR1

i-PrMgBr, THF
CuCN, n-Bu3P

(20)

t-Bu

HH

t-BuONa
PMHS, PhMe
76%, 93:7

rac-(143)

OH
BnO

t-Bu

OBn
O

THF, RT, 70%

Ot-Bu

rac-(144)

rac-(145)

OBn

AuCl3 (1 mol%)

CuCl (3 mol%)
148 (3 mol%)

(21)

MeH
t-BuONa
PMHS, PhMe
61%, 85:15

rac-(146)
OH

BnO
OBn

O

Me

OH

Br

OH

Ar

N N

OO

(148)

TfO

rac-(147)

CuCl (3 mol%)
148 (3 mol%)

−

+

Ar = p-BrC6H4 (22)
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Copper-mediated asymmetric allylic alkylations

Akin to α-hydroxyallenes, it is possible to form α-aminoallenes 150 from the copper-
mediated opening of propargylic aziridine 149 or analogs thereof (equation 23)88. The
former are equally important synthetic intermediates, being precursors to dihydropyrroles
such as 151a and other N-heterocycles77c including pyrrolines and pyrroles89, as well as
allylic aziridines and azetidines90.

N

(149)

MtsHN

(150)

Mts

THF, −78 °C
90–99%, single diast.

i-Pr
i-Pr

H

R
H

H

H

(a) R = Me
(b) R = i-Pr
(c) R = n-Bu
(d) R = Bu3Sn

Ni-Pr Me

Mts

Ph

Base, Pd(0)
63%

(151a)

RCu(CN)MgCl•2LiCl or
RCu(CN)LiCl•2LiCl

PhI, DMF

Mts = 2,4,6-trimethylbenzenesulfonyl

(23)

Terminal alkynes such as 152 are good electrophiles for the allylic alkylation of the
cyanocopper reagent derived from benzhydrylidene(methyl)amine (equation 24). A single
stereo- and regioisomer 153 was isolated after hydrolysis of the imine product in the
reaction work-up. The alcohol precursor to mesylate 152 was prepared in five steps from
(+)-diethyl tartrate91.

OBn

H

H

LiCl, CuCN
then H2O
>99% ee

OMs

(152) (153)

H2NH

OBn

Ph2C   NMe
t-BuLi, THF

(24)

Similarly, α-aminoallene 159 was prepared by regio- and stereoselective addition of
the cyanocuprate reagent made from N-Boc dimethylamine onto propargyl mesylate 158
in good yield (Scheme 21). The alcohol 157, precursor to mesylate 158, was obtained by
enantioselective alkynylation of isobutyraldehyde (155) with alkyne 154 in the presence of
a catalytic amount (22 mol%) of ligand 15689,92. Like their α-hydroxyallene homologues,
α-aminoallenes can be cyclized, using Lewis acids, to useful chiral heterocycles such as
dihydropyrrole 160.
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4. Displacement of allenic bromides

In an infrequently used methodology, which is nonetheless closely related to the allylic
alkylation, it is possible to effect a ‘propargylic alkylation’ of alkylcopper reagents.
For this purpose, one uses an allenic bromide like 162 or other allenic leaving groups
(Scheme 22). After the report by Corey and Boaz93, additional methods were described94.
In the first example, the ratio of 163:164 was dependent upon the nature of the cuprate
reagent used, the choice of which was based on the alkyl group that was being transferred.
With the right reagent, good yields and ratios of alkynes 163 were obtained (Scheme 22,
Table 1)94a. The method was utilized to achieve the stereocontrolled synthesis of unnatu-
ral amino acids94. With bromoallene 166, made from the SN 2′ displacement of mesylate
165 with copper bromide, the ratio of SN 2′:SN 2-products was also satisfactory when
monoalkylcyano cuprate reagents were used, giving nearly exclusively adduct 167. Mesy-
lated alcohols like 161 are relatively easy to obtain in enantiomerically pure form, and this
type of ‘relay’ strategy to make α-chiral alkynes amounts to a SN with net retention of
stereochemistry at the carbon bearing the original departing sulfonate. It is of note that the
opposite stereochemical result could be obtained from an α-selective (SN 2) displacement
of the propargylic mesylate by a nucleophilic alkyl95.

With silylated bromoallene 169, the course of the reaction was quite different. A
SN 2′ displacement by the copper atom occurred with inversion of configuration with
respect to the leaving bromide to give organocopper intermediate 170 (Scheme 23).
A syn-stereospecific and thermodynamically-driven rearrangement then transforms the
propargylic cuprate 170 into allenic cuprate 173. 1,2-Reductive coupling finally gives the
product 172, resulting from a net SN 2 displacement of the bromide in 169. It is possi-
ble, however, that a direct 1,4-reductive coupling from 170 occurs to give 172 directly.
Direct SN 2′ displacement of the mesylate 168 by RCuMgX2žLiBr gave the diastereomeric
allenylsilane product 171 of opposite configuration at the allene carbon96.

C. Cyclic Systems

1. Common cyclic systems

This section encompasses all substrates incapable of rotation about their allylic bond
(the one bearing the leaving group). It was on such cyclic systems that the stereospecificity
of copper-mediated allylic alkylation was first observed and studied7,8,9f,63. Because there
is no possible rotation around the allylic bond, the stereoselectivity aspect of the addition,
through changes in conformations, vanishes and only the stereospecificity aspect of the
reaction remains. Another difference between acyclic and cyclic substrates is that the
leaving group in the latter is necessarily on a secondary carbon.

The regioselectivity of the addition can be influenced by steric factors. For example,
acetates 174 and 176 gave the same product 175 with the use of lithium dimethylcuprate

TABLE 1. Copper-mediated propargylation of allenic bromide 162

Entry ‘RCu’ Yield (%) SN 2′:SN 2
(163:164)

%de 163

1 MeCuMgBr2žLiBr 90 90:10 >98
2 Bu2Cu(CN)Li2 76 95:5 >98
3 Ph2Cu(I)Li2 72 95:5 >98
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(Scheme 24). Of course, this reagent is known to be poorly regioselective and thus more
prone to steric influence from the substrate. Other reagents may be more γ -selective, but
the use of a coordinating leaving group usually ensures complete SN 2′ selectivity despite
severe steric impediment. This is clearly demonstrated with carbamates 177 and 180,
which gave regioisomers 178 and 179, respectively, as the sole observable products36b,97.

i-Pr

Me

(175)

(3 equiv.)

(174)

i-Pr i-Pr

(178)

PhNH(O)CO

Me

(177)

i-Pr

Me

(179)

i-Pr

OC(O)NHPh

(180)

i-Pr

OAc

i-Pr

OAc

(176)

Me2CuLi

(3 equiv.)

Me2CuLi

(3 equiv.)

Me2CuLi

(3 equiv.)

Me2CuLi

SCHEME 24

As stated above, some copper reagents are quite γ -selective, even with non-coordinating
leaving groups. This is the case for monoalkylcopper reagents made from copper cyanide
and alkyllithiums. Scheme 25 exemplifies this selectivity using cycloheptadiene monoe-
poxide 18198. Gilman-type reagents gave a 70:30 mixture of SN 2′:SN 2 products 182
and 183, respectively. It reacted with similarly low regioselectivity with cyclohexadi-
ene monoepoxide 186. The lower-order alkylcyanocuprates gave good-to-nearly perfect
γ -selectivity with 181.

In absence of copper, silyllithium reagent 185 reacted with racemic cyclohexadiene
monoepoxide 186 to give solely the product of SN 2 attack (not shown). However, with
a stoichiometric amount of copper cyanide, the SN 2′ displacement product 184 was the
only one observed (Scheme 25, bottom left)99. By contrast, lithium dimethylcuprate gave
a near-equal mixture of 187a and 188a. Cyclohexadiene oxide 186 was the subject of more
allylic alkylation studies100 and its enantiomerically pure form was the starting material
for a short synthesis of the sesquiterpenoid (4S)-β-elemenone101.

With polycyclic compounds of greater complexity, the situation is not so easily pre-
dictable. While allylic epoxide 189 gave exclusively the SN 2′ product 191, despite the
presence of the axial C13 methyl group, the analogous epoxide 192 underwent the SN 2
attack of the cuprate reagent to give ultimately 195 (Scheme 26). The authors propose that
initial attack of the copper atom occurs at the allylic position but, because of steric and
conformational effects, the intermediate adduct 193 rearranges to 194 prior to reductive
coupling to 195, while the organocopper 190 does not102.
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rac-(187a)rac-(186)

OH

SiPh2(NEt2)

rac-(184)

1.2:1

O
OH

Me

O

rac-(181)

RCu(CN)Li

rac-(182)

OH

rac-(183)

+ R

(a) Me2CuLi
(b) MeCu(CN)Li
(c) n-BuCu(CN)Li
(d) s-BuCu(CN)Li

70:30
90:10
>99:<1
>99:<1

OH

Me

rac-(188a)

+

OHR
R2CuLi or

(Et2N)Ph2SiLi (185)
CuCN

THF, −78 °C, (92:8)

Me2CuLi

SCHEME 25

More recently, cycloalkenol-derived phosphonates like 196a and 196b were shown to
undergo a highly regioselective and stereospecific copper-promoted addition of organoz-
inc reagents, some of which were functionalized (R = CH2CO2Me, CN, CH2OR), to
adducts 197a and 197b as shown in equation 25103. The alcohols, from which the phos-
phonates 196a and 196b were made, were prepared by asymmetric reduction of the
corresponding ketones103c,104. Compound 200, an intermediate in the formal synthesis
of the female sex hormone (+)-estrone, was prepared using this reaction as a key step.
The iodide 198 was used to allylate the dialkylzinc reagent 199 in excellent diastere-
ospecificity and regioselectivity for the creation of the quaternary chiral carbon in 200
(equation 26)104.

Diketopiperazine 201 is a cyclic dipeptide unit often encountered in biologically active
compounds. Diketopiperazine mimetics such as 203a–f were formed regioselectively
and stereospecifically from the SN 2′ addition of organocopper reagents to allylic phos-
phates 202 (Scheme 27)105. The regioselectivity was very sensitive to the nature of the
organocopper species and to the presence or absence of salts. Several organocopper
species were tested including Me3CuLi2žLiIž3LiBr, MeCužLiIžLiBr, MeCuIžMgClž2LiCl,
MeCu(CN)žMgClž2LiClžBF3 among many others. Magnesium salts led to a mixture of
SN 2 and SN 2′ adducts but lithium salts directed the reagent to the γ -position presum-
ably due to their propensity, as proposed, to form clusters with the cuprate reagent. This
led the authors to propose a mechanism in which a bridging of the amide carbonyl and
the organocopper(III) species by LiCl molecules occurs, as seen in 204. This bridging
would explain the observed regioselectivity. High-level DFT calculations support this
working hypothesis and suggest that the transfer of the methyl group occurs via a cop-
per(II) intermediate 205 to give complex 206. The method was used to synthesize a potent
CXCR4-chemokine receptor antagonist 207105a.
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Copper-mediated asymmetric allylic alkylations

OP(O)(OEt)2

I

n

(196a) n = 0
(196b) n = 1

2 equiv. CuCN•2LiCl
THF:NMP 3:1

R
ZnI

I

n

R

(197a) n = 0
(197b) n = 1

(25)

I

Me
TBSO

C6F5OCO

MeO

Zn

THF, 25 °C
66%, 97% ee

+

MeO

2

I

Me OTBS

(198) (199)

(200)

CuCN•2LiCl (26)

2. Cyclic systems of particular synthetic interest

a. Diastereospecific ring-opening of cyclopentenediol derivatives. meso-Cyclopent-2-
ene-1,4-diol is one cyclic allylic system that has been studied extensively. Its monoacetate
can be obtained enantiomerically pure by enzymatic resolution, among other methods,
and is even available from commercial sources106. Achieving high regioselectivity in the
copper-mediated displacement of such systems with organometallics has been a challenge,
but now a number of reaction conditions and reagents allow for a high SN 2 or SN 2′
regioselectivity.

Kobayashi and his coworkers have made a number of contributions to this area107. They
surveyed a large number of reaction conditions, and in particular examined the effect the
ratio of copper cyanide to organomagnesium had on the regioselectivity. They were able
to control the regioselectivity of the displacements of cyclopentenediol monoacetate and
obtain either the SN 2′ or SN 2 product. They later found that the α-methoxyacetate leaving
group, as shown in 208, is among the best to effect the allylic alkylation of aryl- and
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MeN

OP(O)(OEt)2

(202)

>80% SN2'

(203)

O

Bn

MeN

O

Bn

R

(a) R = Me
(b) R = i-Bu
(c) R = i-Pr
(d) R = Bn
(e) R = (CH2)4OTBS
(f)  R = (CH2)2CO2Et

MeN

Bn

O

CuLi

Cl
Li

Cl

Me

MeN

Bn

O

CuLi

Cl
Li

Cl

Me

MeN

Bn

O
CuLi

Cl Li
Cl

Me

(207)

N

O

2-Naph

N
H

NH

H2N

N
H

NH2

NH •2CF3CO2H

(204) (205) (206)

IIIII
I

(201)

HN

NH

O

R

R

O

‘RCu’ (see text)

+ ++

SCHEME 27

alkenylzinc reagents (equation 27)107g. High ratios of SN 2′:SN 2 products 209:210 were
obtained systematically.

O

HO

O

OMe

cat. CuCl
>99:<1 g,a

HO
Ar

HO

Ar

+

(208) (209) (210)

ArBr, n-BuLi
ZnBr2, LiBr

(27)

b. Diastereospecific opening of cyclopentadiene monoepoxides. The reader will note
that cyclic alcohols like 209 and 210, or the analogs possessing alkyl groups 212 and
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O
Et2O, −78 °C

HO

R

+

(211) (212) (213)

Et3SiO

R

(214)

O

>99:<1 SN2':SN2

for R1= alkylEt3SiO

R
OH

R1

(216)

EtOH

O

R

OH

R1

(4,5-cis)-(217)
(4,5-trans)-(217)

3

4
5

(a) R = Me
(b) R = n-Bu
(c) R = t-Bu
(d) R = CH=CH2
(e) R = Ph

>99:<1, 78%
>99:<1, 95%
>99:<1, 88%
    1:1, 75%
    2:1, 50%

Et3SiO

R

(215)

OH

I

HO

R

RCu(CN)Li

KF

R1CuCNLi

Et2O, −78 °C

SCHEME 28

213, can also be obtained by the regioselective opening of cyclopentadiene oxide 211
(Scheme 28). In an approach to prostaglandins, cyclopentadiene oxide 211 was reacted
with several cyanocopper reagents to give predominantly the SN 2′ product 213a–c. Aryl-
and vinylcopper species gave, however, a mixture of the two adducts 212d–e and 213d–e.
Then, allylic substitution products 213 were converted to their silyl enol ethers 214 in
preparation for a second allylic substitution. The same copper reagents as before, under
identical reaction conditions, gave prostaglandin-like adducts 217, after hydrolysis of the
intermediate silyl enol ether 216. Again, reaction with alkylcyanocuprates afforded only
the product of SN 2′ attack while the use of sp2-hybridized carbon nucleophiles resulted in
a poorly regioselective reaction. This time, though, mixtures of stereoisomers 4,5-cis and
4,5-trans cyclopentanones 217 were obtained and it was suggested that the mechanism
of addition may differ depending on steric encumbrance on the substrate and whether a
commercial alkyllithium or one made from a metal–iodide exchange was used. When
a commercial alkyllithium was used, a direct anti displacement gave mostly the cis-
cyclopentenone (4,5-cis)-217, after hydrolysis of the silyl enol ether. In the case of a
freshly prepared alkyllithium, the SN 2 opening of the epoxide at the allylic position by
the iodide present in the solution afforded compound 215, which preceded the iodide’s
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own SN 2′ displacement by the cuprate reagent, giving predominantly, after hydrolysis of
the silyl enol ether, (4,5-trans)-217. The latter is the product of a double stereochemical
inversion108.

c. Diastereospecific opening of cyclopenta[b]furanones. The bicyclic cyclopenta[b]
furanones 218a–c are reactive towards various copper reagents to give 3,5-substituted
cyclopentenes 219 and 220 (equation 28). It was found that lithium dialkylcuprate gave
predominantly the product resulting from attack on the least hindered carbon (Table 2,
entries 1–3), while copper species of general formula ‘RCuM’ led mostly to product 219
via a SN 2′ attack (Table 2, entries 4–7)109. Such SN 2′-selective ring-opening of this type
of bicyclic lactones has been used extensively as a key transformation for a number of
natural product syntheses, in particular the triquinane sesquiterpenes110.

O
R1

R2

O

H

CO2H
R1

R2
R3

R1

R2

+

CO2H

R3

(218a) R1 = R2 = H
(218b) R1 = H, R2 = Me
(218c) R1 = Me, R2 = H

(219)

(220)

‘R3Cu’
THF, −20 °C

see Table 2

(28)

More recently, alkylated enantiomerically enriched bicyclic lactones such as (S,S)-
221 have become available from the palladium-catalyzed nucleophilic opening of the
cyclopentadiene oxide 211 (cf. Scheme 28). The copper-promoted addition of Grignard

TABLE 2. Copper-mediated SN 2′ opening of bicyclic lactones 218a–c

Entry Lactone ‘RCu’ Ratio of 219/220

1 218a Me2CuLi 62:38
2 218b Me2CuLi 98:2
3 218c Me2CuLi 7:93
4 218a MeCu(CN)Li 75:25
5 218a H2C=CHCH2MgBr,

CuBržSMe2 (1 equiv.)
>98:<2

6 218b (O(CH2)3O)CH(CH2)2MgBr,
CuBržSMe2 (1 equiv.)

>98:<2

7 218c MeMgBr, 95:5
CuBržSMe2 (1 equiv.)
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reagent (R)-222 to (S,S)-221 (giving 223) has been applied to the total synthesis of
cyclopentane-containing membrane lipids of archea bacteria (equation 29)111.

O
H

O

H

2. CuBr•SMe2
    80%, 5:1 g:a

(S,S)-(221)

(223)

Me

MeBnO
+

(R)-(222)

MeBnO
CO2H

Me

HH

Br

1. Mg/THF (29)

d. Pot-pourri of applications in total synthesis. There are numerous applications of
SN 2′ displacements with cyclic systems in the literature. As early as 1984, Rickards and
Rönnenberg used a Lewis acid to promote the reaction between diarylcuprate (225) and
acetate 224 (Scheme 29). The acetate leaving group sits on a quaternary carbon, which
helped in securing a good regioselectivity. The isoprenyl group, on the other hand, assisted
the stereospecificity of the reaction112. Adduct 226 was then taken to (−)-�9-6a,10a-
trans-tetrahydrocannabinol 227. A total synthesis of cytotoxic bakkenolide-A (230) made
use of the regio- and stereodirecting ability of the carbamate group on the chiral cyclo-
hexene derivative 228 to give adduct 229113.

Steroidal side chains were introduced by the action of lithium alkylcyanocuprates onto a
trisubstituted alkene positioned exo to cyclopentene oxides 231a and 231b (equation 30).
The anti diastereoselectivity was complete in both cases, but the regioselectivity was
higher when lithium isohexanylcyanocuprate added onto 231a (100:0, 232a:233a) than
when lithium methylcyanocuprate added onto 231b (1:1, 232b:233b)114. Bulkier cuprates
generally afford higher stereoselectivity than smaller ones, though rarely as drastically
as in the example shown in equation 3063. The side chain of vitamin D analogs was
introduced in an analogous manner from the allylic pivalate, phosphate or carbamate115.

In constrast to the usual γ -selectivity of the cyanocuprates, the higher-order cyanocu-
prate 235 reacted exclusively in a SN 2 fashion on cyclic tosylaziridine 234 to give
tosylamine 236 (Scheme 30)116. The product was used to complete the synthesis of (+)-
pancratistatin (239). Surprisingly, the Gilman-type cuprate 237 gave 75% yield of the
SN 2′ product 238, a product of syn-addition116c. This unusual stereoselectivity may be
the consequence of the type of organocuprate chosen as Gilman-type cuprates are known
to sometimes give rise to lower levels of regio- and stereospecificity9a,21a,c. The oxirane
analog of 234 (NTs = O) gave mostly SN 2 displacement products with various cuprate
reagents116c.
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Me

H

H

TBSO

R1

O

Me

Me

H

H

TBSO

R1

OH

Me
R2

ether, −78 °C

(231a) R1 = Me
(231b) R1 = i-C6H13 =

(232a) R1 = Me, R2 = i-C6H13 
(232b) R1 = i-C6H13, R2 = Me

R1

OH

Me

R2

(233a)
(233b)

+

R2Cu(CN)Li

(30)

The SN 2 selectivity of aziridine 234 could be the result of steric hindrance by the
acetonide group since, in a related approach to (+)-pancratistatin (239), the allylic acetate
240 reacted with arylcyanocuprate 241 to give a single product 242 resulting from an
anti-selective SN 2′ reaction (equation 31)117.

Ernst and Helmchen took advantage of the great tolerance of organozinc reagents for
many functional groups to introduce the ester side chain of 12-oxophytodienoic acid (244),
the biosynthetic precursor of many natural jasmonoids (Scheme 31). Coupled with CuCN,
the often-favored source of copper(I) for highly γ -selective reactions, the organozinc 246
reacted with allylic bromide 245 to afford a single diastereomer 247 in 97% yield118a. The
asymmetry in 245 was created by a palladium-catalyzed enantioselective allylic alkylation
of malonate by 2-cyclopentenyl chloride to give 243 in 95% ee. The same approach led
to the synthesis of the iridoids isoiridomyrmecin and α-skytanthine118b.

D. Miscellaneous Allylic Systems

The stereospecificity of allylations with enyne acetates 248 was astonishingly high
considering the distance between the departing group and the reaction site (Scheme 32).
Initial experiments did not include additives like phosphines or phosphates and gave mixed
results: compound E-249a being isolated in only 20% ee, whereas Z-249a was isolated
in 74% ee, though the sense of asymmetric induction was not specified (Table 3, entry
1)119. The observed low stereospecificity was apparently the result of racemization of the
product allene by the cuprate reagent85a. The authors were therefore able to suppress this
racemization by the addition of n-Bu3P or (EtO)3P85a and demonstrate that the actual
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allylic substitution took place in a highly stereospecific manner (Table 3, entries 2–5)120.
The stereoselectivity (i.e. 248-A vs 248-B), however, remained low with most substrates
giving from 40:60 to 30:70 mixtures of E and Z vinylallenes 249. The sense of asymmetric
induction has not yet been established and it is premature at this stage to assume the
more common anti stereoselectivity. Nonetheless, the predominant formation of the Z
alkene, with the exception of 248e (entry 5), is surprising as one would have predicted a
predominance of attack onto conformer 248-A from A1,3-strain consideration. However,
it appears that conformer 248-B is either more reactive or predominant in solution.

O

O

N3

0 °C

O

O

MeO

Cu(CN)MgBr

+

O

O

N3

O

O

MeO

(241)

(242)

(240)

OAc

THF (31)

O

H

O

H

THF, −78 °C, 97%

(245) (247)

Br

O

H

O

H
t-BuO2C 7

H

(243) 95% ee

CO2Me

CO2Me

(244)

O

H
HO2C 7

4 steps

t-BuO2C(CH2)7ZnBr (246)
CuCN

4 steps

SCHEME 31
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Copper-mediated asymmetric allylic alkylations

TABLE 3. Long-range stereospecificity of allenylation of cuprate reagents by 248

Entry 248 R1 Additive 249 R2 E:Z % ee of
(E)-249a

% ee of
(Z)-249a

1 a Me None a t-Bu 25:75 20 74
2 b Me Bu3P b t-Bu 25:75 92 93
3 c n-Bu Bu3P c t-Bu 33:67 94 96
4 d Ph Bu3P d t-Bu 40:60 92 95
5 e SiMe3 Bu3P e n-Bu 60:40 99 99

aThe sense of asymmetric induction was not specified.

Macrocycles often have several conformations of similar energies that may hamper
stereoselectivity in some reactions. The 9- and 10-membered endocyclic allenes 251 and
253 were obtained from the stereospecific γ -selective displacement of the corresponding
macrocyclic propargyl acetates 250 (equation 32) and 252 (equation 33)121. The transfer
of chirality from the stereocenter (250 and 252) to the axis of chirality (251 and 253)
was complete, though the stereochemistry of the 9-membered macrocyclic allenes was
inferred from the results obtained with the 10-membered allenes. Both propargyl acetates
were prepared enantiomerically pure by enzymatic resolution of the racemate.

LiBr, THF
−70 °C, 49–80%OAc

(250) 91% ee (251) 91% ee

R
HH

RMgX, CuBr

(32)

LiBr, THF
−70 °C, 50–60%OAc

(252) 60% ee (253) 60% ee

R

H
RMgX, CuBr

(33)

III. DIASTEREOSELECTIVE METHODS

A. General Considerations

Asymmetric induction from a nearby chiral center only applies to substrates that bear
the leaving group on an achiral carbon. That is because the stereospecificity of the
copper-mediated allylic alkylation reaction is rarely, if ever, supplanted by the asym-
metric induction of spectator chiral centers. So when the carbon bearing the leaving
group is chiral, stereospecific anti-addition on a A1,3-strain-minimized conformation of
the substrate will take place, whether there are nearby chiral centers or not. For example,
the substituant R in 214 (cf. Scheme 28, Section II.C.2.b) does not force the organocopper
reagent to attack anti to it, but rather the reagent will attack anti to the leaving group,
regardless of the stereochemistry of the carbon bearing the substituent R. In the same
vein, if the alkyl in the copper species is chiral, its stereochemistry will not influence the
outcome of the asymmetric allylic alkylation. For example, the chiral cuprate reagents
obtained from 90 by the reaction sequence shown in Scheme 13 (Section II.B.1.b) could
not undo the stereospecificity of the allylic alkylation reaction that afforded 92.

Diastereoselective allylic alkylations, as defined above, are far less numerous than
diastereospecific ones, probably because the stereochemical outcome is less certain and not
always easily predictable. However, because the carbon bearing the leaving group is, by
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definition, achiral in these cases, it so happens that there are no issues of stereospecificity
or product’s alkene geometry.

B. Chirality δ to the Leaving Group

1. Chiral center bearing no heteroatom

a. Acyclic substrates. Nakamura and coworkers studied extensively the 1,2-asymmetric
induction in copper-mediated SN 2′ displacement of primary chlorides13,122. The mixing
of ZnCl2 or TiCl(Pr-i)3 together with Gilman-type cuprate reagents led to highly SN 2′-
selective reactions (Scheme 33, top). The diastereoselection was excellent (approx. 95:5)
across substrates 254a–c (Scheme 33, center). In the case of trisubstituted (Z)-allylic
chloride 257, the diastereoselectivity was complete but the regioselectivity suffered from
the added steric volume around the γ -position such that mixtures of 258 and 259 were
obtained (Scheme 33, bottom).

The sense of stereoinduction for substrates like 254 may be analyzed in terms of the
Felkin–Ahn model of addition (Figure 3), which predicts the predominance of adducts 255
or 256123. Therefore, the preferred conformations I or II do not have a minimized allylic
strain, but rather a minimized energy for the interaction between the substrate and the large
metal complex. In that sense, transition states I or II are both conceivable. In accordance
with this analysis is the fact that Z allylic chloride (Z)-254a, which should experience
increased allylic strain in the transition states I or II, gave a lower stereoselectivity
compared to (E)-254a (Scheme 33).

Impressive results were obtained from the copper-catalyzed allylic substitution of
alkyltitanium reagents onto allylic chloride 254a (equation 34)18,124. These reaction con-
ditions consistently gave highly γ -selective allylic alkylation on various substrates and
the diastereoselectivity was very high indeed for the case shown in equation 34.

A dramatic case of high stereo- and regioselectivity was recently reported using the
reaction conditions reported in Scheme 33. Compound 260, possessing an all-carbon qua-
ternary chiral center at the δ-position, underwent a complete stereo- and regioselective
copper-mediated addition in the presence of zinc chloride (equation 35)125. Contrary to
the author’s statement, product 261 was formed from the addition of the cuprate reagent
onto a A1,3-minimized conformation 260-TS, which affords the anti-Felkin product 261.
The latter was transformed to analogs of vitamin D3.

As part of a mechanistic study aimed at rationalizing the chiral induction of a series of
ligands, allylic phosphate 262 was reacted with copper triflate and dimethylzinc to give
product 263 in 80% de (equation 36)126. No rationale was offered for the diastereoselec-
tivity, but the attack of the copper reagent occurred on the face of the allylic phosphate
262 as predicted from the Felkin–Ahn model (262-TS)123.

b. Cyclic substrates. There are scant reports of cases of diastereoselective allylic
alkylation with cyclic substrates, mostly because few cyclic substrates bear the leaving
group on an achiral carbon. Allylic phosphate 264, made from pyrraldehyde, reacted with
trialkylaluminums in the presence of 10% CuCN to give 91% of a 6:1 mixture of anti
and syn products 265a and 265b (equation 37)127. Also, bicyclo[3.3.0] systems bearing
chiral sulfoximines were shown to add organocopper reagents on the expected convex
face of the ring system (not shown)128.
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Bu2Ti(OPr-i)3Li (1.2 equiv.)
CuI•2LiCl (6–7 mol%)

Cl

(254a)
Me

Ph

(256a)
Me

Ph

n-Bu

THF, −78 °C
91%, 99% SN2′, 97.5% de

(34)

CuBr•SMe2
MeLi, ZnCl2

(260)

Me
Me

Me Br

TBDPSO

Me
Me

Me

TBDPSO

Me

(261)

MeMe
Me

RO

CH2Br

H CuMeLn

(260-TS)

THF, −78 °C
79%

(35)

OP(O)(OEt)2

H

5 mol% Cu(OTf)•C6H6

(262)

(263)

Me

EtNO2

EtNO2

HAr

Et
CH2OP(O)(OEt)2

H

CuMeLn

(262-TS)

6 equiv. Me2Zn, THF
−15 °C, 80% de

Ar = p-O2NC6H4
(36)
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OP(O)(OEt)2
Al(Pr-i)3

CuCN (10 mol%)

(264) (265a)

i-Pr

(265b)

i-Pr

+
THF, −15 °C

6:1 (265a:265b)
(37)

2. Chiral center bearing a heteroatom

a. Oxygen atom. Alkoxy groups were very effective at transferring chirality over to
the adjacent carbon in the regioselective displacement of allylic chloride 266 using a
Gilman-type cuprate reagent in the presence of zinc chloride. The anti-adducts 267a and
267b were obtained predominantly and with less than 2% of the regioisomers 268a and
268b being formed (equation 38)13,122. Several other substrates were investigated with
similar results. Trisubstituted allylic chloride 269 underwent a less regioselective but
more diastereoselective alkylation to give products 270a and 270b, and 271a and 271b,
the former bearing an all-carbon quaternary stereogenic center (equation 39). The sense
of asymmetric induction for δ-alkoxy allylic chlorides like 266 is as predicted from the
‘inside alkoxy’ effect model 272 (Figure 4)123.

Cl

(266)

OBn

i-Pr R2CuLi•ZnCl2

OBn

i-Pr

R

OBn

i-Pr
+ R

(267a) R = Me
(267b) R = n-Bu

(268a) R = Me
(268b) R = n-Bu

267:268 >98:<2
>97% de 267 (38)

Cl

(269)
OMOM

Ph
R2CuLi•ZnCl2

OMOM

Ph

REt Et

R

OMOM

Ph

Et

+

(270a) R = Me
(270b) R = n-Bu

(271a) R = Me
(271b) R = n-Bu

270:271 2–6:1
>99% de 270

(39)

As was the case for allylic chloride 254a (Scheme 33), allylic alkylation of alkyltita-
nium reagents with allylic chloride 266 worked equally well to give 267b with complete

BnO

i-Pr

H
H

Cl

‘inside alkoxy’

(272)

CuR

FIGURE 4
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control over the regio- and stereochemistry (equation 40)18,124.

Bu2Ti(OPr-i)3Li (1.2 equiv.)
Cul•2LiCl (6–7 mol%)Cl

(266)
OBn

i-Pr

(267b)

OBn

i-Pr

Bu

THF, −78 °C
92%, 99% SN2′, 100% de

(40)

Belelie and Chong reported a follow-up on the study by Nakamura concerning the
chiral induction exerted by an adjacent alkoxy group129. The allylic structure was rigged
with a tertiary acetate designed to sterically bias the allylic system toward SN 2′ attack of
the cuprate reagent. They were able to exercise control over the anti or syn selectivity
by choosing to protect or not the hydroxyl group at the δ-position. An example in given
in equation 41. A free hydroxyl as in 273a gave good-to-excellent diastereoselectivity
in favor of syn-274a. Protected hydroxyls 273b–d gave predominantly the anti-products
275b–d, regardless of the nature of the protecting group. In either case, substrates with
groups larger than n-Bu gave a better selectivity while larger alkylcuprate reagents led
to a lower selectivity. Oxidative cleavage of the isopropylidene 275a–d gave aldol-type
products 276a–d.

OR

n-Bu
Me

Men-Bu

OR

n-Bu

OAc

Me
Me

OR

n-Bu
Me

Men-Bu

(273a) R = H
(273b) R = MOM
(273c) R = Bn
(273d) R = TBS

(274a)
(274b)
(274c)
(274d)

O3

+

(275a)
(275b)
(275c)
(275d)

O

OR

n-Bu

n-Bu

(276a)
(276b)
(276c)
(276d)

93 : 7
17 : 83
10 : 90
20 : 80

CuCN

n-BuMgX

(41)

γ ,γ -Dialkoxyzirconocene 277a was obtained from orthoester 277 and transmetallated
to the corresponding copper species with copper cyanide. It was then added to δ-alkoxy
allylic phosphates 278a and 278b with modest stereoselectivity (Scheme 34)130. The stere-
ochemistry assigned to each product 279a and 279b corresponds to an anti addition on
conformer 278-TS, in line with the ‘inside alkoxy effect’122,123.

b. Other heteroatoms. Breit, Mann and coworkers have recently disclosed a method to
make β-branched α-amino acids. They started from Garner’s aldehyde that were converted
into esters 280, which is affixed with their special tunable leaving group: the o-diphenyl-
phosphanyl benzoate (equation 42)131. Then Grignard reagents in the presence of various
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OP(O)(OEt)2

H

(278a) R = Me
(278b) R = Ph

R

OTBS

R

OTBS

CO2Et

CuCN

OEt

OEt

(EtO)Cp2Zr

(277a)

OEt

EtO

(277)

OEt

Cp2ZrCl2
OTBS

R

H
H

OP(O)(OEt)2

(279a) R = Me
(279b) R = Ph

(278-TS)

n-BuLi (2 equiv.)

R = Me, 89% anti:syn 3:1
R = Ph, 70% anti:syn 5:1

SCHEME 34

copper(I) sources were reacted with 280. The geometry of the double bond in the starting
ester 280 controlled the relative stereochemistry in the final adduct 281 as (E)-280 led to
281a and (Z)-280 led to 281b, both in a highly diastereoselective fashion.

O
NHBoc

(E)-(280)
(Z)-(280)

(281a) b-R (from (E)-280)
(281b) a-R (from (Z)-280)

O

O

Ph2P

O
NHBoc

R

Cu(I)

RMgBr

(42)

3. Use of a chiral auxiliary

A chiral sultam was used as a chiral auxiliary to induce asymmetry α to the carbonyl
carbon with excellent diastereoselectivity (equation 43)132. This asymmetric allylic alky-
lation gave the same products 283a–d that one would expect from the alkylation of the
metal dienolate of 282. The allylic alkylation’s nucleophile, however, would be an elec-
trophile in the classical enolate alkylation reaction. Note that no 1,4-addition product was
detected.

N

O

Br
SO2

N

O

SO2 R

(282) (283a) R = Me (98% de)
(283b) R = n-Bu (98% de)
(283c) R = CH=CH2 (96% de)
(283d) R = Ph (95% de)

Solvent not indicated

R2Cu(CN)Li2•BF3

(43)

C. Chirality at the Homoallylic Position
A unique and interesting example of asymmetric allylic alkylation with a chiral car-

bon at the homoallylic position was reported by Taguchi and coworkers. Trialkylalanes
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could be made to displace allylic fluorides in the presence of Cu(I)133. It was found that
copper(I) and a free alcohol at C5 in 284 were both necessary for the reaction to proceed
(Scheme 35). The authors suggest activation of the departing fluoride by an alkoxydi-
alkylaluminum on the more stable complex 287 (vs 286), where the R1 group and the
allylic moiety are trans to one another. Internal delivery of the monoalkylcopper (made
by transmetallation between (R2)3Al and Cu(I)) accounts for the observed stereochemistry
in the product 285. The geometric analog, Z-284, underwent the reaction with a lower
selectivity than E-284.

R1

OH
(R2)3Al, Cul•2LiCl

R1

OH

F

(E)-(284) (285)

OH

F F

OH

R2

O

Al
FR2

R2

R1

FO

Al
FR2

R2

R1

F

OH

Cu

R2

OH

(286)

(287)

15

THF, 0 °C

_
_

SCHEME 35

D. Chirality on the Leaving Group

In order to be classified as ‘diastereoselective’ (Section III), a copper-promoted dis-
placement reaction must favor one of two diastereomeric products, not enantiomeric
products. The latter cases are dealt with in Section IV (enantioselective methods). Chiral
acetals produce diastereomeric products upon reaction with organocopper species, though
they are subsequently hydrolyzed to enantiomeric ketones in the reaction work-up. Ethers
and acetals are not usually good enough leaving groups to participate in a copper-promoted
allylic alkylation reaction. However, when the cuprate reagent is associated with a Lewis
acid such as BF3, ethers do react134a. The first example, involving chiral ketal 288, was
reported by Alexakis, Normant and coworkers but did not seem promising as ketone
290 was isolated in only 26% ee after hydrolysis of the intermediate enol ether 289
(equation 44)134b.

OO

Me Me
O

Me

(288) (290)

OHO

Me Me

(289)
Me

H3O+

71%, 26% ee

Me2CuLi•BF3

(44)
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While cyclic ketals gave γ -selective allylic alkylation, acyclic acetals such as 291 gave
mixtures of SN 2′ (292) and SN 2 (293) products when alkylcopper (R2Cu) were used. Aryl-
and vinylcopper proved to be highly γ -selective reagents for such acyclic acetals, giving
addition products 292a–d with diastereomeric excesses in the 80% range (Scheme 36)134.
It was found that the addition of tributylphosphine or dimethyl sulfide improved the
diastereoselectivity up to 95:5134. Other chiral acetals (294–297) were investigated but
none was better than the one derived from 2,3-butanediol (as in 291)134d. Chiral diene-
acetals (291, replace R1 by R1−HC=CH2) also partake in allylic substitution to give
mixtures of SN 2′- and SN 2′′-displacement products135.

Propargylic acetals proved to be good substrates as well and a series of chiral non-
racemic allenes was prepared in this way with enantiomeric excesses ranging from 40–
100% (not shown)85c,136.

IV. ENANTIOSELECTIVE METHODS
Enantioselective methods are defined here as those that leave only the newly created
chiral center as the source of asymmetry in the product. However, if other chiral centers
present in the starting material are too far from the reacting site or otherwise incapable
of influencing the course of the allylic alkylation, then these cases too will be discussed
in this section. Enantioselective methods using a catalytic amount of a chiral source are
of course more desirable and it is safe to say that much progress has been made in this
particular area in the last decade. We start this section, however, by describing methods
using stoichiometric chirality located on the leaving group.

A. Chirality on the Leaving Group

Chiral leaving groups have been used with moderate success to effect the regio- and
enantioselective allylic substitution of alkylcopper species. One of the main challenges
with this strategy rests with the distance between the γ -position of the allylic moiety
(usually the preferred position of attack) and the chirality source on the leaving group.
Denmark and Marble were the first to report a case of 1,7-asymmetric induction in the
asymmetric allylic alkylation of monoalkylcuprate reagents with chiral carbamate 298
affording γ -products 299a–c (equation 45)137. Although only one substrate was tested,
this is a rare case of long-distance asymmetric induction and the rationale for such a
phenomenon is not straightforward.

a. MeLi or BuLi
b. RCu (1 equiv.)

O

O

N
H

OMe

R

(299)(298) (a) R = Me
(b) R = n-Bu
(c) R = Ph

42–70%, 82–95% ee (45)

After trying out allylic alkylations with camphor-derived benzimidazole 300 but getting
products 301 with low %ee20, Caló and coworkers explored the copper-mediated γ -
displacement of a series of chiral dihydroxazole and dihydrothiazoles (302a–d) with
success (Scheme 37)138. It was crucial to put an excess of copper(I) salt with respect to
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the Grignard reagent to get products 303 with high regioselectivity and enantioselectivity.
This ratio of copper(I) salt to Grignard reagent favors the formation of RCu, which is
less basic and may form complex 304 for exclusive γ -delivery of the alkyl group. The
alkene would wrap on the face of the oxazoline ring opposite the isopropyl group. These
reactions are also examples of long-range asymmetric induction.

(Diphenylphosphanyl)ferrocene carboxylate 305, a chiral version of Breit’s o-DPPB
leaving group (see Scheme 5, Section II.A.2), was used to effect the copper-mediated
enantioselective allylic alkylation of Grignard reagents to give adducts 307 (equation
46)139. Delivery of the alkylcopper species by the chiral leaving group onto a lower-energy
conformation of intermediate 306, as shown in equation 46, was proposed to account for
the sense of enantioselection. The reaction parameters, including temperature, solvent and
reagent addition times, were thoroughly investigated. All but phenylmagnesium bromide
gave good results (Table 4, entries 1–4) but the presence of an aromatic substituent on
the double bond somewhat lowered the selectivity (entries 5 and 6). It was possible to
generate a quaternary stereocenter starting from geraniol or nerol using this method, albeit
in modest enantioselectivity (49 and 59% ee, respectively) but excellent regioselectivity.

Fe

R1

R2

(307)

(305)

R1 O

O

Fe
PPh2

R1 H
H

OO

Ph2P

CuR2

(306)

CuBr•SMe

R2MgX

(46)

TABLE 4. Copper-mediated allylic substitution of Grignard reagents with 0.5 equiv of CuBržSMe2
and substrates 305

Entry R1 R2MgX SN 2: SN 2′ % ee (307) Yield (%)

1 c-Hex MeMgI 93:7 82 56
2 c-Hex n-BuMgBr 97:3 95 77
3 c-Hex i-PrMgBr 98:2 81 82
4 c-Hex PhMgBr 75:25 28 nd
5 Ph n-BuMgBr 87:13 78 86
6 p-MeOC6H4 MeMgI 84:16 65 60
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TABLE 5. Copper-mediated allylic substitution of Grignard reagents with 0.5
equiv of CuBržSMe2 and substrate 308

Entry n in 308 R SN 2: SN 2′ % ee (309) Yield (%)

1 0 a 98:2 27 40
2 1 a 99:1 72 89
3 1 b 2:98 — 95
4 1 c 95:5 76 93
5 1 d 85:15 66 60
6 1 e 98:2 71 90
7 2 a 99:1 60 83
8 2 b 5:95 — 93
9 2 c 97:3 61 91
10 2 e 91:9 60 91
11 3 a 98:2 60 90

A chiral sulfoximine appendage induced moderate levels of asymmetry in the allylic
alkylation of monoalkylcopper species in the presence of LiI and BF3, as shown in the
conversion of 308 (n = 0–3) into 309a–e and 310a–e (equation 47 and Table 5). The
solvent THF was crucial as regioselectivity dropped dramatically or even reversed in
Et2O as the solvent. The case of the benzylcopper reagent is an exception and neither
solvents nor additives much affected the ratio in favor of the α-product (entries 3 and 8).
Otherwise, the level of asymmetric induction, though unexceptional, seemed consistent
across a range of substrates, including a seven-membered ring sulfoximine (entry 11).
Modifying the N-substitution had an effect on the reactivity of the electrophile, but no
improvement on the selectivity was found128,140.

S

Ph
O

NMe

R

R

RCu/LiI/BF3
+

(308) (309)
n n n

EtO O (CH2)3

Me

Me3Si

(310)

(a) R = n-Bu, (b) R = Bn, (c) R =

(e) R =

(d) R =

THF

Ph
(47)

1,4-Additions followed by elimination constitute a formal SN 2′ displacement. For
example, α,β-unsaturated ketones 311a–c underwent such a sequence to give enan-
tiomerically enriched exo-methylene cyclohexenones 313a–c via the Michael addition
intermediates 312a–c (Scheme 38). The enantiomeric excess of the products was very
sensitive to the temperature. A transition state 314 for the conjugate addition was proposed
to explain the selectivity141.

B. Chiral Ligands on Copper

Since the first report of an asymmetric allylic substitution using chiral copper arylth-
iolate (315) in 199514, several research groups have described their own chiral ligands
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S

Me

NMe2

Cu

(315)

SLi

Me

NMe2

Fe

(324) (R,Sp)

O

O
P N

Me

Me

Me

Me

O

O
P

(+)-(318)

(320a) Ar = Ph (S,S,S)
(320b) Ar = Ph (S,R,R)
(320c) Ar = o-MeOC6H4 (S,R,R)

Bäckvall

Feringa

PPh2

NMe2

Fe

(322)

Ph2P

PPh2

Me

P(Hex-c)2

Fe

(321)

N
H

i-Pr

S
N
H

O O

Gennari

PPh3

R

NH2

Fe

(323a) R = 2-naphthyl
(323b) R = 3,5-di-t-butylphenyl

Knochel

Feringa–Alexakis

(316)
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OO

O
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Ph Ph
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to effect this transformation. Figure 5 lists several ligands that were successfully used as
chiral appendages to promote the copper-catalyzed asymmetric allylic alkylation of var-
ious organometallics, mostly organomagnesium and organozinc. The following sections
are placed according to the structural features of the allylic substrates.

1. Prochiral substrates

a. Di- and trisubstituted substrates. The arenethiolate 315, first developed by van
Koten and coworkers14,142, and several other arenethiolates were used as chiral ligands
on copper to allylate Grignard reagents with allylic acetates 325 to give a single product
326 in modest enantioselectivity (10-53% ee) (equation 48 and Table 6, entry 1). The
authors proposed that a complexation between the alkene and copper gave 328, in which
the dimethylamino group and sulfur atom are coordinated to magnesium, and accounted
for the observed stereochemistry (Figure 6)143.

R1 X
R1

R2

(325) (326)

Cu(I), ligand
R1 R2

(327)

+
R2M

(48)

A later design of copper complexes of Cp-ferrocene-arenethiolate ligands, like 324,
gave somewhat improved results (Table 6, entry 2). A whole series of ligands analogous
to 324, including a ruthenocene analog, were prepared but with no improvement over
the original ligand 324. Thiolate 324 is neither easily purified nor stored, so a method
was developed by which 324 is stored as its disulfide. The magnesium thiolate analog of
324 (with MgI instead of Li) was thus generated in situ by the Grignard reagent itself.
However, this led to the formation of 1 equivalent of the alkyl sulfide corresponding to
the O-alkylation of 324 that unfortunately lessens the enantioselectivity of the reaction144.

The displacement of a substituted primary allylic halide was tackled successfully by
each of the research groups of Knochel, Feringa and Alexakis. Knochel and coworkers

TABLE 6. Typical copper-catalyzed allylic substitution of primary substrates (see equation 48)
with various ligands and organometallic nucleophiles

Entry Ligand
(mol%)

Cu(I) or Cu(II) R1 R2M X 326:327 %ee 326
(%Yield)

1 315 (14) CuI c-Hex n-BuMgBr OAc 100:0 42 (100)
2 324 (30) CuI c-Hex n-BuMgBr OAc 97:3 64 (98)
3 323b (10) CuBržSMe2 Ph n-Pen2Zn Cl 98:2 96 (82)
4 323b (10) CuBržSMe2 Ph R2Zna Cl 100:0 50 (75)
5 320b (2) CuBržSMe2 Ph Et2Zn Br 84:16 77 (54)
6 316 (10) Cu(OTf)2žC6H6 Ph Et2Zn OPb 90:10 40 (93)
7 317 (1) CuTcc Ph EtMgBr Cl 96:4 82 (97)
8 320c (1) CuTcc c-Hex EtMgBr Cl 99:1 91 (82)
9 320c (1) CuTcc Ph Et2Zn Br 96:4 91 (83)
10 321 (6) CuBržSMe2 Ph MeMgBr Br 85:15 85 (98)
11 322 (1) CuBržSMe2 BnOCH2 n-BuMgBr Br 100:0 94 (93)
12 331b (10) CuCN o-O2NC6H4 Et2Zn OPb — 87 (85)
13 330a (10) Cu(OTf)2žC6H6 C5H11C≡C Et2Zn OPb 82:18 96 (76)

aR2Zn = [EtO2C(CH2)4]2Zn.
bOP = OP(O)(OEt)2.
cTC = thiophene-2-carboxylate.
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utilized allylic chlorides, dialkylzincs, copper bromide and ligand 323a to effect a highly
regioselective but moderately enantioselective (42–83% ee) allylic alkylation. Only bulky
dialkylzinc reagents gave satisfactory results145a. However, ligand 323b gave much bet-
ter results (80–98% ee) and with a larger spectrum of dialkylzinc reagents, including
functionalized ones (Table 6, entries 3 and 4)145b.

Dialkylzinc reagents underwent moderately regioselective and enantioselective (up to
77% ee) copper-catalyzed allylic substitution of cinnamyl bromide when ligand 320b was
used (Table 6, entry 5)146. Cinnamyl phosphate was used in conjunction with a copper
complex made with ligand 316 to produce 326 in low enantiomeric excess (up to 40%)
along with 10–30% of the SN 2 displacement product 327 (Table 6, entry 6)147. The more
readily available Grignard reagents were added, with good selectivity, to primary chlorides
using ligand 320a, or several analogs, as well as ligand 317 (Table 6, entry 7)148. Of all
the ligands surveyed, ligand 320c was superior for the asymmetric allylic alkylation of
either Grignard-type nucleophiles or dialkylzinc reagents (Table 6, entries 8 and 9)149.
Other phosphoramidite and phosphate ligands, containing spirocyclic moieties, met with
moderate success on the same kind of allylic halides150.

The research group of Feringa, who had achieved the copper-catalyzed enantioselective
conjugate addition of Grignard reagents onto α,β-unsaturated systems with bis-phosphine
ligands 321 and 322, successfully applied the same ligands to effect the copper-catalyzed
enantioselective allylic substitution of Grignard reagents (Table 6, entries 10 and 11)151.
Taniaphos ligand (322) was particularly effective when the solvent was changed to
dichloromethane. Its copper complex effected the allylic substitution of Grignard reagents
onto a series of allylic bromides (entry 11). The regioselectivity and the enantiomeric
excesses were excellent. A detailed mechanistic picture for this system is still not available
for the allylic substitution but it is for the 1,4-addition to α,β-unsaturated systems152.

Hoveyda and coworkers have developed several ligands 330a, 330b and 331a–c for
the copper-catalyzed asymmetric allylic alkylation of different organometallics with 325
(Figure 7). Ligands 331a–c, out of a series of similar ligands, were used to prepare tertiary
and quaternary allylic chiral centers from allylic phosphates with good enantioselectivity
(Table 6, entry 12)153. Surprisingly, while ligands 331b and 331c gave products 335a–e
of S configuration from the allylic alkylation of diethylzinc with phosphonates 334a–e
(equation 49), the same ligand 331c gave adduct 337 of R configuration with phosphonate
334d and dialkylzinc 336 (equation 50). Hydrolysis of the adduct resulted in the synthesis
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of (R)-(−)-sporochnol (337), a fish deterrent. The saturated analog of 336 added also with
the same sense of asymmetry (R) as did 336 itself on other allylic substrates.

Ar OP(O)(OEt)2 Ar

Et
3 equiv. CuCN

10 mol% 331a–c

(334a–e) (335a–e)

Me Me

Ar = XC6H4 where X = (a) Ph, (b) o-OMe, (c) p-NO2, (d) p-OTs, (e) p-CF3

Et2Zn, THF
−78 °C, 78–90% ee

(49)

Ligands 330a proved superior for a host of di- and trisubstituted phosphates with %ee
values in the 78–96% range. The example shown in entry 13 of Table 6 contrasts with
the work of Krause and coworkers, who could obtain high SN 2′′ selectivity (1,6-addition)
with enyne acetates to give ene-allenes (see Section II.D). After a structure–activity rela-
tionship study on the ligand, a working hypothesis was put forth to explain the sense
and level of asymmetric induction in the reaction. A coordination between the leaving
phosphate and an amide carbonyl oxygen as in 329 was implicated and the larger group
RL points away from the naphthyl moiety (Figure 6)126.

Other members of this series of peptidic ligands, especially ligand 330b, were capa-
ble of inducing enantioselectivity in a copper-catalyzed allylic substitution of dialkylzinc
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reagents on a γ -phosphonyloxy-α,β-unsaturated ester 338 (Scheme 39). Compound 339
was synthesized by this method using dimethylzinc and, after a cross metathesis of 339
with 340 to give 341, hydrolysis completed the synthesis of natural (−)-elenic acid
(342)154.

OP(O)(OEt)2

Me

1. 10 mol% CuCN
    10 mol% 331c

(334d)

(337)

Me

TsO
Me

Me

Zn
2

Me

Me

HO

+

(336)

    THF, −78 °C
    82% ee
2. KOH/EtOH, 82%

(50)

A series of NHC ligands 332 were used to effect the same transformations of di-
and trisubstituted allylic phosphates with %ee values ranging from 71–98 (Figure 7)155.
Other NHC ligands were reported to effect high SN 2′-selective allylic alkylation of one
particular substrate156. Silver complexes 333a and 333b later allowed extension of the
methodology to include 3,3-diaryl-1-phosphonyloxy-2-propenes157.

b. Substrates possessing a β-substituent. A β-substituent should be detrimental to the
diastereoselectivity of any allylic alkylation based on minimization of A1,3-strain, i.e. for
substrates where the leaving group sits on a secondary carbon (see Section II). That’s
because the β-substituent’s volume approaches that of the vinyl fragment thereby dimin-
ishing the energy gap between the two reactive conformations. However, in substrates
where the leaving group resides on a primary carbon, this is no longer the case as the
stereoselectivity no longer depends on minimization of the allylic strain. β-Substitution
allows for the formation of 1,1-disubstituted terminal olefins that should complement, in
a synthetic sense, the other products so far discussed.

Enol esters, such as 343, are compatible substrates with Feringa’s reaction conditions
(involving ligands 321 and 322). His research group applied this methodology for the
synthesis of chiral non-racemic allylic esters 344 (equation 51)158. Regioisomer 345 was
only seen in traces in some cases and its formation was generally not problematic. Chiral
allylic alcohols and their derivatives such as 344 are very useful building blocks. They
can also be made from the enantioselective reduction of the corresponding ketone as well
as by a number of different methods159.
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O Br
R2MgBr, CuBr•SMe2

O

R2

R2

+

(345)

(344)(343)

O

R1

R3 R3

R1

O

OR1

O

R3

b
a

5 mol% 322, CH2Cl2, −75 ºC

(51)

Only two examples in Feringa’s study involved 343 where R3 �= H. A study of wider
scope on substrates that bear a β-substituent, such as 346a–c, was reported by Alexakis
and coworkers using ligands 319 and 320160. After optimization, it was found that 3 mol%
of ligand 320a gave the best results. In equation 52, the ratios of γ :α attack (347:348)
varied from 83:17 to 92:8 and the enantioselectivity from 96:4 to 98:2. Endocyclic
cyclopentenyl- and cyclohexenylmethyl chloride 349 (n = 1,2) also gave satisfactory
results, the two regioisomeric adducts 350 and 351 being obtained with regioselectivities
and enantioselectivities similar to the acyclic cases (equation 53).

Ar Cl
EtMgBr, CuTC (3 mol%)

Ar

Et

Et+

(348)(347)
R R

Ar

R

b
a

(346a) Ar = p-ClC6H4, R = Me
(346b) Ar = p-MeC6H4, R = Me
(346c) Ar = Ph, R = Et

g

3 mol% 320a, CH2Cl2, −78 °C
(52)

Cl

n RMgBr, CuTC (3 mol%)

(349)

n

(350)

+

R

R

n

(351)

3 mol% 320a, CH2Cl2, −78 ºC
(53)

Very recently, the copper-catalyzed asymmetric allylic substitution involving a vinyl-
metal, in the presence of a vinylaluminum, was disclosed161. A series of di- or trisub-
stituted primary allylic phosphates 352 were efficiently converted to the correspond-
ing 1,4-dienes 353 with vinylaluminum reagents made from the hydroalumination of
alkynes (equation 54, Table 7). Best results were achieved using a copper complex 333c
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TABLE 7. Copper-catalyzed asymmetric allylic substitution of vinylalu-
minum reagents using 352

Entry R1 R2 R3 Yield (%) % ee

1 Ph Me n-Hex 84 92
2 Ph Me PhCH2 85 91
3 Ph(CH2)2 Me n-Hex 88 77
4 c-Hex H n-Hex 92 86
5 PhMe2Si H n-Hex 91 93

(Figure 7). Noteworthy is the high enantioselectivity despite the presence of a 2-substituent
(R2) (entries 1–3)

R1 OP(O)(OEt)2

R1b. 1–2 mol% CuCl2•H2O
    0.5–1 mol% 333c
    −15 °C, 78–90% ee

(352) (353)

R2

R3

R2

R3
a. DIBAL-H, Hexanes
     55 ºC

ee 77–99%
(54)

Allylic substrates possessing an electron-withdrawing group at the β-position undergo
exclusively SN 2′ displacement because of their electronic bias. In that way, diethylz-
inc was successfully added to methyl 3-aryl-2-(chloromethyl)acrylates 354 to give 355
(equation 55). Ligand 356 was found to be more effective than several other secondary
amines162. The formation of EtZnCl was shown to dramatically lower the enantioselec-
tivity of the reaction. Therefore, the use of methylaluminoxane as a scavenger led to a
substantial increase in the enantiomeric excess of the products. Earlier experiments used
a less effective chiral ligand, a methylthiol derivative of binaphthol162b.

Ar

Cl Ar

Et
5 mol% CuI

10 mol% 356

(354) (355)

H

CO2Me CO2Me

H
N

Me Me

MeO OMe

(356)

Et2Zn, THF
−20 °C, 76−90% ee

(55)

c. Miscellaneous substrates. Notably, bisfunctionalized alkene 357 was made to partic-
ipate in the copper-catalyzed asymmetric allylic alkylation with phosphoramidate ligand
320a and its analogs (equation 56)163. The corresponding dichloride gave comparable
results. Remarkably, the SN 2′-selectivity was complete in every alkylation forming 358
from 357 and the stereoselectivity was generally good. The advantage of using such a
difunctionalized substrate is obvious in that the allylic alkylation product is itself a useful
electrophilic building block that can be used for further elaboration.

Br Br
RMgBr, CuTC (1–3 mol%)

R

(358)

b
ag

Br

(357)
2–6 mol% 320a, CH2Cl2, −78 °C

(56)
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2. Resolutions and desymmetrizations

a. Allylic and propargylic epoxides. Phosphoramidites (+)-318 and (+)-320a (cf.
Figure 5) were used by Feringa and coworkers to effect the kinetic resolution of racemic
cyclic allylic epoxides (±)-181, (±)-186 and (±)-211 with dialkylzinc reagents (equation
57)164a,b. Regioselectivity was excellent in most cases, favoring the SN 2′ products 213a,f,
187a,b and 182a,d over their SN 2 counterparts 212a,f, 188a,b and 183a,d. Moderate-to-
high enantioselectivity was achieved (measured for the SN 2′ products), the magnitude of
which depended on the ring size of the starting epoxide and on the ligand used (Table 8).
Ligand 320a (entries 2, 3, 6 and 7) gave superior results than ligand 318 (entries 1, 4,
5 and 8). Ligand 320a, as well as a close derivative, showed limited ability to resolve a
propargylic epoxide164c.

(−)-(213a)
(−)-(213f)
(−)-(187a)
(−)-(187b)
(−)-(182a)
(−)-(182d)

O

OH

R6 mol% (+)-318 or
6 mol% (+)-320a
3 mol% Cu(OTf)2 +

n n

(±)-(211) (n = 1)
(±)-(186) (n = 2)
(±)-(181) (n = 3)

(n = 1, R = Me)
(n = 1, R = Et)
(n = 2, R = Me)
(n = 2, R = Me)
(n = 3, R = Me)
(n = 3, R = Et)

(−)-(212a)
(−)-(212f)
(−)-(188a)
(−)-(188b)
(−)-(183a)
(−)-(183d)

OH
nR

Me2Zn or Et2Zn
PhMe, −70 °C

50–96% ee (57)

Equey and Alexakis showed that trialkylaluminums were effective in resolving epoxide
186 using copper triflate and ligand 320a (equation 58)165. Cyclopentadiene oxide (211)
and cyclooctadiene oxide (not shown) were resolved with excellent enantioselectivities (87
and 93%, respectively) but poor SN 2′:SN 2 selectivity. Later, racemic 1,3-cyclohexadiene
monoepoxide 186 was resolved using Grignard reagents and a whole slew of ligands,
including 319, 320c, 321 and 322, and many of their derivatives. The regioselectivity was
excellent and the enantioselectivity was moderate-to-good166.

Better enantiomeric excesses were obtained for the kinetic resolution of exo-methylene
cyclohexene oxides (±)-359 using ligands (S,S,S)-320a or (S,R,R)-320b (equation 59)167.
Good enantioselectivities (88% ee of 360a) was obtained for 50% (±5%) conversions of
(±)-359. Since only 50% of the desired products (−)-360a could be acquired from a

TABLE 8. Resolution of cycloalkadiene monoepoxides 181, 186, 211 by copper-catalyzed
asymmetric allylic alkylation of dialkyl zinc reagents

Entry Epoxide R2Zn
(0.5 equiv.)

Cat Yield (%)a ,
SN 2′:SN 2

% ee of SN 2′
(182, 187, 213)

1 211 Me 318 10, 4:1 46
2 211 Me 320a 12, 3:1 50
3 211 Et 320a 8, 12:1 54
4 186 Me 318 30, 13:1 62
5 186 Et 318 18, >20:<1 86
6 186 Me 320a 33, 13:1 92
7 186 Et 320a 32, 59:1 91
8 181 Me 318 32, 10:1 60
9 181 Me 320a 38, 16:1 96

aMaximum yield = 50%.
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kinetic resolution, the desymmetrization of bis-exo-methylene cycloalkene oxides 362
was also explored using the same ligands (S,S,S)-320a or (S,R,R)-320b (equation 60)
with good success, giving the desired adduct (−)-363 in 97% ee and only 2% of the
regioisomer (−)-364167.

2 mol% (+)-320a
1 mol% CuTC

O

(±)-(186)

OH

(−)-(187a)

OH

(−)-(188a)

+

Me

Me

Me3Al ,THF, −40 °C
82% ee, (94% SN2′)

(58)

O
OH

3 mol% (+)-320a
1.5 mol% Cu(OTf)2

(−)-(360a) R = Et
(−)-(360b) R = Me

(±)-(359)

R

OH

+

R

97:388% ee (−)-(361a) R = Et
(−)-(361b) R = Me

PhMe, −70 °CR2Zn + (59)

O
OH

3 mol% (+)-320a
1.5 mol% Cu(OTf)2

Et2Zn  +

(−)-(363)
97% ee

(±)-(362)

Et

OH

(−)-(364)

+

Et

98:2

PhMe, −70 °C (60)

Later, it was found that one enantiomer of epoxide 359 reacted faster to give the major
SN 2′ displacement product (−)-360 while the other enantiomer of the same epoxide
reacted faster to give the SN 2 product (−)-361 with the same copper–ligand complex168.
For example, (±)-359 reacted with 1.5 equivalent of Me2Zn under the same reaction
conditions as shown in equation 59 (except that ent-320a was used) to give a 55:45 ratio
of ent-360b (96% ee) and ent-361b (92% ee). So, an excess of reagent converted 100% of
the starting epoxide into two different and useful enantiomerically pure products. Epoxide
(±)-362 suffered the same regiodivergent kinetic resolution with slightly less success.

This is an interesting phenomenon, mechanistically speaking. That the chiral recogni-
tion process dictated the regiochemical outcome was demonstrated by reacting (±)-359
in the presence of the racemic catalyst made of (±)-320a. Under these conditions the
SN 2′ product was predominant (98:2 ratio of 360:361). The authors propose that the ini-
tially generated π-complexes 365 and 366 transform into the corresponding σ -complexes
368 and 369 (Scheme 40). In the case of a matched pair between epoxide and ligand
enantiomers (e.g. 368), reductive coupling to give 371, and then 360, would be faster
than the equilibrium between 368 and 367 while for the other mismatched pair (e.g.
369), reductive coupling to 372 would be slower than the equilibrium between 369 and
370. Reductive coupling of 370 would lead to the SN 2 product 361. However, another
possibility is that the enantiodifferentiating step be the formation of the σ -complex 368
from the π-complex 365 and σ -complex 370 from π-complex 366. In other words, that
k1 > k3 > k2 (Scheme 40).
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b. Miscellaneous substrates. The phosphoramidite ligand 320b, and one other ana-
log, were useful in desymmetrizing oxabicyclo compounds like 373 (equation 61)169.
The ligand was responsible for the enantioselective production of (−)-374 and also for
the diastereoselectivity (374 vs 375) as the copper-catalyzed reaction of Et2Zn (R = Et)
without the ligand led predominantly to racemic syn product 375. Also, the more reactive
(i-Pr)2Zn led to a higher proportion of (±)-375 (R = i-Pr) than Et2Zn, presumably from
the Cu(OTf)2- or Zn(OTf)2-catalyzed reaction.

7 mol% (+)-(320b)
3 mol% Cu(OTf)2

(−)-(374)

(±)-(373)

(±)-(375)

O

R1

R1R2

R3

R3

R2

OHR1

R1R2

R3

R3

R2

R

OHR1

R1R2

R3

R3

R2

R

+
PhMe, Zn(OTf)2

up to 99% ee
up to 91% anti/syn

R2Zn +
(61)

Gennari and coworkers screened a number of chiral ligands of the type 316 to achieve
the copper-catalyzed desymmetrization of cyclic bis-phosphates 376 (equation 62, n =
1–3) with diethylzinc with some success (up to 88% ee)170. A joint effort by the research
groups of Gennari and Feringa culminated in a highly selective method to desymmetrize
cyclic bis-phosphates 376 using the previously described ligand 320b as well as a series
of analogous ligands. The loading of the ligand 320b was significant, being at 20%, but
the enantiomeric excesses and diastereomeric purity of the products 377a–c were high
(up to 99% ee) while the diastereoselectivity (377a–c vs 378a–c) was complete for 376a
and 376c but moderate in the case of 376b171.

Symmetrical diazines and other hetero-norbornene derivatives 379 are readily available
from the cycloaddition of cyclopentadiene with various dienophiles. They were desym-
metrized using phosphoramidate ent-320a172a,b, trialkylaluminums and a catalytic amount
of copper triflate (equation 63). However, the mechanistic picture is complicated by the
fact that the ligand was shown to react with the trialkylaluminum reagent to give a differ-
ent complex172c. This casts doubt as to the exact nature of the catalyst and, in addition,
it causes the loss of some of the ligand. The cyclic amines 380 were nonetheless isolated
in good yield if only in moderate enantiomeric purity (equation 63).

77



Claude Spino

Et

20 mol% (+)-316
5 mol% Cu(OTf)2•C6H6

(376a) n = 1
(376b) n = 2
(376c) n = 3

OP(O)(OEt)2

OP(O)(OEt)2

n

OP(O)(OEt)2

Et

n

OP(O)(OEt)2

+

n

(377a) n = 1
(377b) n = 2
(377c) n = 3

(378a) n = 1
(378b) n = 2
(378c) n = 3

PhMe, −60 °C
n = 1–3, 87–99% ee

Et2Zn +

(62)

N

N

O

O
R3Al (1.5–4 equiv.)
Cu(OTf)2 (3 mol%) N

H
N

O

O

R
H

(379) (380)

ent-320a (6 mol%)
CH2Cl2, 54–78 % ee

(63)

C. Dynamic Kinetic Asymmetric Transformation
Bäckvall and coworkers laid down the ground work for the possibility of performing

dynamic kinetic asymmetric transformation (DYKAT) of racemic allylic acetates. Start-
ing from enantiomerically pure allylic acetates 381 (X = OAc), they were able to slow
the reductive coupling of the initially formed σ copper complex 384-A by lowering the
temperature, choosing the right solvent and copper catalyst, and adding DMAP or LiOAc
(Scheme 41). An equilibrium between the two π-complexes 383-A and 383-B (presum-
ably via the two σ -complexes 384-A and 384-B) was thus established and they collapsed
to a racemic mixture of product (±)-382. An electron-deficient substrate (Ar = p-FC6H4)
was more prone to lose chiral information this way than electron-rich substrates (Ar = p-
MeOC6H4 or Ar = Me). Demonstrating the loss of chiral information from substrates
like 381 is an essential step before a complete DYKAT with a chiral ligand can be
performed173. DYKATs are more useful than kinetic resolutions to prepare enantiomeri-
cally pure compounds because, in principle, 100% of the racemic starting material can be
transformed into the desired product.

As an interesting alternative, Bäckvall and coworkers performed an enzyme-catalyzed
DYKAT of racemic allylic alcohols ((±)-381, X = OH) to non-racemic allylic acetates
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(+)-381 or (−)-381 (X = OAc). Once the allylic acetates were obtained, a copper-
catalyzed allylic substitution afforded the desired enantioenriched product 382 under
reaction conditions that did not favor equilibration of the σ - and π-complexes174.

V. CONCLUSIONS AND OUTLOOK

The asymmetric allylic alkylation is a valuable transformation in synthetic chemistry
because it combines a good degree of flexibility in the number of different structures
obtainable by it (SN 2, SN 2′, E,Z etc.) with a high degree of predictability of its regio- and
stereochemical outcome. As a result of the discovery of ever more selective organocopper
reagents and reaction conditions, its appeal has increased dramatically in the last decade.
Moreover, the alkylation with hard nucleophiles is not a trivial undertaking as many side
reactions are possible and frequently occur, such as elimination reactions and competing
additions to other reactive sites. Yet, the copper-mediated allylic alkylation is remarkably
chemoselective and there are many examples of its use on fairly complex substrates.

The diastereospecific allylic alkylation is better understood and continues to be used
elegantly in total syntheses. The survey of other leaving groups, copper reagents and addi-
tives may yet lead to even higher regio- and stereocontrol of the reaction. The development
of reaction conditions allowing for the preparation of enantiomerically pure quaternary
stereocenters is a more recent and worthwhile development. While several reactions have
been used in tandem with an allylic alkylation, we have not seen as yet the use of two or
more allylic alkylations from a single substrate.

Large strides have been made in the realm of enantioselective allylic alkylation in
the last decade. Nonetheless, the substrate scope still needs to be widened and more
catalytic systems need to be developed that combine high enantioselectivity with high
regioselectivity on a wide range of substrates. To achieve this, a clearer picture of the
reaction mechanism (or mechanisms) is required, especially as they relate to the existence
and interrelation between σ - and π-complexes. What’s more, not enough information
is known on the chiral ligands themselves and their mode of action. Nonetheless, the
copper-catalyzed asymmetric allylic alkylation is well on its way to becoming a leading
reaction for the stereoselective formation of carbon–carbon bonds.
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10. (a) A. S. E. Karlström and J.-E. Bäckvall, Chem. Eur. J., 7, 1981 (2001).
(b) E. S. M. Persson, M. van Klaveren, D. M. Grove, J.-E. Bäckvall and G. van Koten, Chem.
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(1990).
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89



Copper-catalyzed enantioselective
conjugate addition

DAMIEN POLET and ALEXANDRE ALEXAKIS

University of Geneva, Department of Organic Chemistry, 30, quai Ernest Ansermet
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I. INTRODUCTION

The search for new synthetic methods for constructing chiral centers is driven by the
needs in exciting fields, especially those on the borderline of chemistry. Indeed, the
development of new active pharmaceutical ingredients, the diversity-oriented synthesis of
the library of molecules and the discovery of new materials place synthetic methodology
as a central discipline in science. Great emphasis has been put on the development of
catalytic tools, and the last 30 years of research have witnessed a tremendous amount of
effort from organic chemistry groups around the world. From this perspective, copper-
catalyzed asymmetric conjugate addition1 (Scheme 1) has evolved to a mature synthetic
tool, allowing high yields and enantioselectivities on a general scope of substrates and
a broad range of organometallic nucleophiles. Highly efficient and easy-to-use catalytic
systems have been developed, so that the organic chemist can now select a suitable
ligand for its substrate in the toolbox. Besides, it has also found numerous applications in
tandem and cascade reactions, and was successfully used in the total synthesis of natural
or non-natural products.

1
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NuM
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Cu Cu

Cu
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SCHEME 1. General scheme of the copper-catalyzed conjugate addition (the hand represents a chiral
ligand for copper, M = metal such as MgX, EWG = electron-withdrawing)

In this chapter, we will focus our attention on the most recent developments of the
copper-catalyzed conjugate addition of alkyl and aryl nucleophiles and its application in
synthesis.

Copper-catalyzed conjugate addition traces back to its roots, in 1941, when Kharasch
and Tawney observed that the addition of MeMgBr to isophorone preferentially occurs in
a 1,4-manner in the presence of a catalytic amount of copper(I) salt2. Since then and for
a long time, all the developments towards an enantioselective version were done using
Grignard reagents, organolithium being much more reactive towards the carbonyl group.

The introduction of diorganozincs as primary organometallics by our laboratory in
1993 (Scheme 2) represents a major breakthrough in the field of asymmetric conjugate
addition (ACA)3. Thanks to L1, a promising enantioselectivity of 32% was obtained
in 2, the addition product of diethylzinc to cyclohexenone 1. The intrinsic tolerance of
organozinc compounds towards a broad spectrum of synthetic groups opened the way to a
multitude of possibilities in terms of substrate types or even functionalized nucleophiles.
Associated to a rate-accelerating phosphorus ligand4, a copper salt serves as an efficient
catalyst for the transfer of organozinc nucleophiles.

Et2Zn
CuI, L1

(2), 32% ee

N

P

OPh

Me

NMe2

(L1)

O O

Et

(1)

SCHEME 2. First example of copper-catalyzed ACA of organozinc

In 1997, Feringa and coworkers described the synthesis and use of the new phospho-
ramidite ligand L2 that was particularly efficient (98% ee) in the conjugate addition of
diorganozinc compounds to a wide range of substrates (Scheme 3)5. A few years later, our

2
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CuX
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O O

Et
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P N

Ph

Ph

(L3)

L
98%

96%

eeL

L2

L3

SCHEME 3. Feringa and Alexakis ligand systems

group proposed L3, a simplified version of L2, in which the atropoisomerically flexible
biphenyl replaces the binaphthyl moiety as in L26. Providing almost as good enantioselec-
tivity as with L2 (96% vs 98%)7, L3 would later give birth to a large family of modular
ligands, whose members are suitably adapted to any given substrate.

There now exist a huge number of chiral ligands and among them the trivalent phos-
phorus type is over-represented. They provide very high enantiomeric excesses for the
addition of ZnR2 to all types of α,β-unsaturated compounds including ketones, lactones,
lactams, nitroalkenes, amides, malonates or imines. In Scheme 4 the most used ligands
(L2–L7) are represented as well as classical types of substrates in copper-catalyzed ACA8.

A large number of ligands provide high enantioselectivites in the 1,4-addition of Et2Zn,
as extensively reviewed elsewhere1. The present chapter intentionally avoids duplicating
the content of existing reviews and focuses on recent (after 2002) and synthetically useful
developments in the field. Particular emphasis will be placed on new substrates and
organometallic reagents, on the construction of all-carbon quaternary centers, on trapping
and cascade reactions as well as on applications in total synthesis of natural and non-
natural products.

II. NEW SUBSTRATES AND NUCLEOPHILES
N-Containing Michael acceptors represent an interesting new class of substrates (Scheme
5), as their adducts can provide useful homochiral building blocks for the synthesis of
alkaloids. α,β-Unsaturated lactams (3) were found to give high ee values with diethylzinc
and dibutylzinc but were not alkylated by the less reactive Me2Zn9. The use of trimethy-
laluminum fully converted 3 to the desired adduct 4 (R = Me), but a much lower ee was
obtained (68%).

N-Substituted-2,3-dehydro-4-piperidones 5 were slightly more reactive than lactam 3,
as even dimethylzinc gave rise to the adduct (6), although in lower yield10.
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R2Zn, L2
Cu(OTf)2
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O
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R

(4) ee 95%

PhO2C PhO2C

R2Zn, ent-L2
Cu(OTf)2

N

O

N

O

R

96%
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eeR

Me

Et

i-Pr
CO2Bn CO2Bn
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(5) (6)

95%

>90%

eeR

Et

n-Bu

SCHEME 5. Development of ACA on N -containing Michael acceptors

The group of Carretero designed a new type of electrophile: sulfonyl imines 7 derived
from chalcones (Scheme 6)11. Interestingly, an ortho-pyridyl group was attached to the
sulfonyl moiety and was found to be essential to the reactivity, probably through metal
coordination. Resulting product 8 was obtained with high E:Z ratio (95:5) and good
enantiomeric excess. Hydrolysis of 8 under acidic conditions yielded the corresponding
chalcone, while an aldehyde was obtained by ozone cleavage.

Me2Zn, CuTC
L2

NH
S

N

O

O

R1 R2

Me

(8) 70–80% ee(7)

N
S

N

O

O

R1 R2

CuTC = S
O

O

Cu

SCHEME 6. ACA of dimethylzinc to α,β-unsaturated ketimines

During the development of the asymmetric conjugate addition of diethylzinc to α-
haloenones 9, Li and Alexakis unraveled a parasitic radical pathway that could be sup-
pressed by the use of styrene as a stoichiometric additive. Thanks to L8, high enantios-
electivities could then be achieved as in 10 (Scheme 7)12, together with modest to good
diastereomeric ratios (up to 3:1 in favor of the trans adduct for X = Cl and Br, as opposed
to 98:2 in favor of the cis adduct for X = I).

A large amount of recent literature has focused on the use of diorganozinc compounds
as nucleophiles. However, other organometallic species represent interesting alternatives,
either for their enhanced reactivity or their ready availability. After an early example
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Et2Zn, CuTC
L8, styrene
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0
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eeX
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I

Br
(10)

O

O
P N

(L8)

X

n n

(9)

SCHEME 7. α-haloenones as substrates

from Iwata and coworkers13 as well as other pioneering work from several groups14,
there is now a general system that provides enantioenriched adducts (Scheme 8) based on
ligand L215. More than 90% ee is obtained for cyclohexen-1-one 1 and cyclohepten-1-
one 11, either with Me3Al or Et3Al as the nucleophile (formation of 2 and 12). Although
considered as more challenging substrates, acyclic enones 13 work just as well: up to 96%
ee was reached as in 14. Of particular interest is the use of either Me or Et as transferable
groups without any reactivity difference.

Great efforts have culminated in the development of a general and reliable catalytic
system for the ACA of Grignard reagents on disubstituted Michael acceptors. The first
example of such a reaction implied cyclic enones, but consecutive reports made use of
acyclic enones, α,β-unsaturated esters and thioesters.

Combination of copper(I) chloride and Taniaphos L9 was the key for achieving high
regio- (1,4- versus 1,2-addition) and enantioselectivity in the reaction of 1 (Scheme 9)16.
The great advantage of using organomagnesium over diorganozinc compounds is the
possibility of selecting the desired alkyl nucleophile among the enormous variety of com-
mercially available Grignard reagents. However, the ee drops significantly when branched
organometallics are transferred. The ligand has to be changed when dealing with more
challenging substrates like cyclopentenone. In this case, Josiphos L10 (vide infra) gives
92% ee.

Using Josiphos ligand L10, acyclic enones 13 give excellent results with a broad
spectrum of Grignard reagents (Scheme 10)17. Both aliphatic and aromatic enones react
well, allowing different alkyl chains to be transferred with high enantioselectivities.

Copper complex 16 containing Josiphos L10 was prepared and used in the ACA of
Grignard reagents to α,β-unsaturated esters (Scheme 11)18. Under these conditions, a
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SCHEME 8. General system for the ACA of alanes to enones
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Ph2P

R

n-Bu 96%

SCHEME 9. General methodology for the conjugate addition of Grignard reagents

broad range of substrates and nucleophiles can be used, giving 17 with high ee values.
However, substrates of type 15 have to deal with low conversion when MeMgBr is used.
The Feringa group has then developed a system in which the substrate is more reactive.
α,β-Unsaturated thioesters 18 allow high yields and ee values of 19 and a wider range
of substrates and nucleophiles. In this case, the catalyst is formed in situ19.
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CuBr•SMe2

L10, R2MgBr

(L10)

(13) (14)

ee

90%

R2

Me

Et

n-Pr

Fe PPh2

PCy2

Me
i-Bu 86%

R1 Me

O

R1 Me

OR2

Me

Ph

Me

98%

90%

76%

94%

97%

R1

n-Bu

n-Bu

n-Pen

n-Bu

i-Pr

n-Pr

Ph

SCHEME 10. 1,4-Addition of Grignard reagents to α,β-unsaturated acyclic ketones

16, R2MgBr

(16)

(15) (17)

ee

95%

R2

n-Bu

Me

Et

Fe P
Ph2

PCy2

Me

Et 86%

R1 OMe

O

R1 OMe

OR2

n-Bu

98%

93%

92%

R1

Me

n-Pr

n-Pr

BnOCH2

i-BuCu
Br

2

CuBr•SMe2

L10, R2MgBr

(18) (19)

R1 SEt

O

R1 SEt

OR2

ee

96%

R2

Et

Me

Et

Et 95%

Et

96%

96%

95%

R1

n-Pen

n-Pen

n-Pr

BnO(CH2)3

Ph

SCHEME 11. ACA of Grignard reagents to α,β-unsaturated esters and thioesters

An alternative system to the methodology described above makes use of Tol-BINAP
ligand L11 and copper(I) iodide (Scheme 12)20. Here again a wide range of substrates
and nucleophiles are allowed, although MeMgBr suffers from low yields, due to the
formation of β-methyl-substituted methylketone. The authors later managed to improve
these conditions, successfully suppressing this competitive reaction21.

III. CONSTRUCTION OF QUATERNARY STEREOCENTERS
Although diorganozinc reagents gained an incredible success and are now the most used
nucleophiles, the construction of quaternary centers with these organometallic reagents
represented an enormous challenge and was not possible until very recently.
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CuI, L11
R2MgBr

(15) (17)

R1 OMe

O

R1 OMe

OR2

(L11)

P(Tol-p)2

P(Tol-p)2

ee

>98%

R2

Et

Me

i-Pr

Et 93%

Ph

93%

91%

74%

R1

Ph(CH2)2

Ph(CH2)2

Ph(CH2)2

Ph

Et

Et 95%i-Pr

SCHEME 12. Alternative system for the ACA of Grignard compounds to α,β-unsaturated esters

When used in the presence of β-disubstituted enones, the reactivity of diorganozincs
in copper-catalyzed ACA drops dramatically. This phenomenon forced researchers to find
alternative methods for the elaboration of optically active all-carbon quaternary stereo-
centers. Enhancing the reactivity of the Michael acceptor represents an early successful
solution. Focusing on more reactive nitroalkenes 20, Hoveyda and coworkers described
the formation of quaternary carbons by ACA using L12 (Scheme 13)22. The generality
of this method is noteworthy, as it allows the use of several diorganozinc reagents, even
the less reactive Me2Zn. However, the latter needs to be used under forcing conditions
and, as a consequence, the ee drops significantly.

Cu(OTf)2•C6H6

L12, R2
2Zn

PPh2

N

H
N

O

NEt2

O

(L12) OBn

R1

NO2

R1

NO2

R2

CO2H

R1 R2

NaNO2, AcOH
DMSO(20) (21)

(22)

ee

93%

R2
2Zn

n-Bu2Zn

Et2Zn

Me2Zn

R1

Me

i-Pr

Me

73%

94%

SCHEME 13. Nitroalkenes as efficient substrates for the construction of quaternary centers
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A subsequent Nef reaction allows the transformation of 21 into α-quaternary carboxylic
acids 22, which are not trivial to obtain otherwise.

Another way to increase the substrate reactivity is the introduction of an additional
electron-withdrawing group. β-Ketoesters 23 were designed for this purpose. The authors
found specific conditions for this particular process, and the required non-phosphorus-
based ligand L13 was successfully discovered after a screening of around 90 congeners
(Scheme 14)23. The ester functionality as in 24 was easily removed by decarboxylation
under thermal conditions to give 25.

CuCN, L13,
R2Zn

NHMe

N
H

H
N

O

NMe2

O
Pr-i

(L13)

NaCl, H2O

O

NH

O

CO2Me

Me

O

CO2Me

Me

R

O

Me

R

(23) (24) (25)

ee

82%

R2Zn

n-Bu2Zn

Et2Zn

i-Pr2Zn 86%

92%

SCHEME 14. ACA on ketoesters 23

This reactivity-enhancement strategy was similarly used by Fillion and Wilsily (Scheme
15)24. This research group showed that the combination of the general conditions and
ent-L2 as ligand could be applied to substrates of type 26, affording adducts 27 with
impressive ee values. But once again, dimethylzinc could not be used, as it gave rise to
a much lower conversion.

Cu(OTf)2

ent-L2
R2

2Zn

O O

OO

R1Ar

O O

OO

R1
Ar

R2

eeR2
2Zn R1Ar

Ph Et2Zn Me 84%

Et2Zn Me 95%

p-ClC6H4 Et2Zn n-Bu 94%

p-ClC6H4 n-Bu2Zn Me 87%
(26) (27)

p-ClC6H4

SCHEME 15. Meldrum’s acid derivatives 26 as substrates in ACA

Another communication by Wilsily and Fillion demonstrated the value of Meldrum’s
acid derivatives as substrates in ACA (Scheme 16)25. Using the extremely activated tetra-
substituted alkenes 28, this group was able to achieve respectable enantioselectivities on
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Cu(OTf)2
ent-L2
R2Zn

O O

OO

Ar

O O

OO

eeR2ZnAr

Ph Et2Zn 88%

p-ClC6H4 Et2Zn 94%

p-MeOC6H4 Et2Zn 92%

o-ClC6H4 Et2Zn 80%

(28) (29)

BnNH2
TsOH

NBn

O

OEt
ArOMe

O

R

Ar

(30)

OMe

O

(R = Et,
Ar = 2-naphthyl)

p-MeOC6H4 n-Bu2Zn 90%

p-MeOC6H4 i-Pr2Zn 84%

2-naphthyl Me2Zn 62%

SCHEME 16. Other Meldrum’s acid derivatives, and their use in ACA

a broad range of substrates and nucleophiles. As an application, chiral succinimides 30
bearing the constructed stereocenter were prepared by treating 29 with benzylamine under
acid catalysis.

Playing with the electronic and steric nature of the chiral ligand was also successfully
explored. Indeed, chiral N-heterocyclic carbene (NHC) as in complex 32 enhances the
feasibility to achieve higher reactivities in ACA (Scheme 17)26. By premixing 32 and the
copper salt, the Hoveyda group was able to deliver alkyl or aryl groups to 31. Reaction
of dimethylzinc with successful outcome (91% ee measured on 33) illustrates this ligand-
triggered shift in reactivity.

Thanks to this family of NHC ligands such as in 35, it is now possible to employ non-
activated β-disubstituted enones 34 (Scheme 18)27. Alkyl- and arylzinc reagents react to
give excellent yields of the ketones 36 bearing an all-carbon quaternary center. Of particu-
lar interest is the trapping of the zinc enolate intermediate, which can give the enol triflate
or enol silane, as shown previously28. Although dimethylzinc does not give acceptable
conversion, diphenylzinc is efficiently transferred with high enantioface selectivity. This
protocol represents therefore a significant advantage over the rhodium-catalyzed conjugate
addition of boronic acids or esters29.

Along with the enhancement of the reactivity of either the substrate or the catalyst
resides the use of more Lewis-acidic organometallic sources. Noteworthy is the use of
triorganoaluminum, which can transfer alkyl, alkenyl or aryl nucleophiles in ACA. Our
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CuOTf2•C6H6
32, R2Zn

n

O

CO2Me n

O

CO2Me
R

eeR2Zn

Me2Zn 91%

Et2Zn 88%

Ph2Zn 81%

Me2Zn 89%

n

1

1

1

2

2 Ph2Zn 93%

(32)

NN

Ag

PhPh

S

O

O

O

NN

Ag

PhPh

S

O
O

O

(31) (33)

SCHEME 17. Carbene ligand-based catalyst and ketoesters as substrates

CuOTf2•C6H6

35, R2
2Zn

(35)

R1

O

R1

O

R2

eeR2
2ZnR1

Me Et2Zn 93%

Ph Et2Zn 90%

Et2Zn 84%

Ph2Zn 97%Me

N N

Ag

Ph

O

Ph

N N

Ag

Ph

O

Ph

(34) (36)

SCHEME 18. Non-activated β-substituted cyclohexen-1-ones as substrates
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CuTC, L14

R2
3Al

O O

R1

O

O
P N

R1

(36)

ee

97%

R2
3Al

Et3Al

Me3Al

Me3Al

R1

Me

Et

2

3

95%

95%

Me3Al

Me3Al

2

O

O

R2

95%Me3Al

(L14)

(34)

93%

96%

SCHEME 19. Successful combination of substrates 34 and organoaluminum reagents

laboratory recognized the potential of such reagents and developed a very general and
reliable method for the construction of quaternary stereocenters (Scheme 19)30.

Easily accessible substrates like 34 react smoothly to give the desired ketone adduct
36 in high yields and enantioselectivities. It is therefore possible to transfer a methyl
group onto a non-activated enone. An interesting application is the straightforward access
to quaternary carbon-containing natural products (vide infra) starting from functionalized
substrates.

One should note that the methodology can be extended to more challenging substrates
and different ring sizes (Scheme 20), such as 37 (n = 1, 3). The results achieved on 38
are comparable to the stereoselectivity obtained with 3-methylcyclohexen-2-one 34 (R1 =
Me)31. Alternatively, the aluminum enolate 39 can be trapped by various electrophiles,
generating an enol acetate, a silyl enol ether or an enol carbonate31a. Enol acetate as in
40 can be used to generate the versatile lithium enolate.

Aryl aluminum reagents, which can be prepared in situ through a halogen/Li exchange–
Li/Al transmetalation sequence, are now used under the same conditions to yield adducts
36 (Scheme 21)32. Either electron-donating or electron-withdrawing groups on the aryl
nucleophile generate full conversion and very good ee. Of particular synthetic interest,
vinyl alanes (generated through hydroalumination or a I/Li exchange reaction) can be
used successfully as well.

Similar results were obtained by Hoveyda and coworkers33.
Grignard reagents have been studied and used in conjugate addition, but until recently

no general method was described using this organometallic reagent in catalytic ACA.
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Et

OAlEt2

Me

O

(37) (38)

Et3Al, L14

O O

Me

Et

ee

93%

n

1

2

3

CuTC or
(CuOTf)2•C6H6

n n

CuTC,
Et3Al, L14 electrophile

Et

OR

(40) R = Ac
              TMS
              CO2Allyl

(39)

86%

97%

SCHEME 20. Variation of the ring size of 37 and trapping reactions

CuTC, L14

O O

MeMe
R

eeR

97%

96%

95%

98%

(34) (36)

n-Bu
84%

p-MeC6H4

p-MeOC6H4

Ph

p-CF3C6H4

RAlEt2

99%

SCHEME 21. Aryl and vinyl alanes as nucleophiles in the ACA
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CuOTf2, L15 
RMgBr

(L15)

O

Me

O

Me

R

NN +t-Bu

OH

eeR

80%

77%

90%

96%

66%

n-Bu

Et

77%

(34) (36)

i-Bu

i-Pr

85%c-Pen

Ph

SCHEME 22. Enantioselective construction of quaternary centers by ACA of RMgBr

Diaminocarbenes emerged as amazing ligands for copper in this reaction, giving impres-
sive regioselectivity (1,2 versus 1,4 addition) and high enantioselectivity using enone
34 (Scheme 22)34. This represents a powerful implementation of the ACA reaction, as
Grignards are one of the most nucleophilic, versatile and easy-to-prepare organometallics.

An extensive screening led to L15 as the most optimal ligand, yielding 36 with up to
96% ee.

Another similar system using NHC ligands has been described by Tomioka and co-
workers35.

IV. TANDEM REACTIONS

Using only a catalytic amount of copper represents a great advantage over selecting
stoichiometric organocopper or organocuprate reagents. For instance, one can employ the
reaction intermediate—the zinc enolate—as shown in Scheme 23. In addition to saving
steps and time, tandem reactions contribute to rapidly build complexity36.

Despite their low reactivity, zinc enolates 41 (or 42, as they should be seen as dimers37)
have been reported to react with various electrophiles such as aldehydes to give 4338,39 or
acetals (using BF3žEt2O as additive)40 to yield 44 and ultimately 45. Alkyl electrophiles
were also used, such as allylic acetates (with Pd catalysis)38,41, homopropargylic iodide42,
methyl iodide43 or benzyl iodide44 (46 would then be obtained using a tenfold excess of
PhCH2I and 10 equivalents HMPA as additive). Yus and coworkers recently disclosed

15



O

RO
H

R
1

R
1

OO

O

RO

R
1

O
H

O

RO
H

R
1

O

O

R

O

R

Z
nR

R
Z

nca
t. 

C
uX

, L
*

R
2Z

n

a.
 P

D
C

b.
 Z

n,
 A

cO
H

O

R

R
1 X

B
F 3

•E
t 2

O

R
1

O
Z

nR

R

R
'

N
SO

B
u-

t

O

R

H

R
'

N
H

SO

B
u-

t

(1
)

(4
1)

(4
2)

(4
3)

(4
4)

(4
5)

(4
6)

(4
7)

R
1 C

H
O

SC
H

E
M

E
23

.
T

ra
pp

in
g

re
ac

tio
ns

16



Copper-catalyzed enantioselective conjugate addition

access to enantiopure aminoketones: as in the case of acetals, trapping with chiral tert-
butylsulfonimines creates three contiguous stereocenters as in 47, each of them perfectly
controlled45.

One may also use oxophilic electrophiles, whose products lead to enol acetates46, enol
triflates27 or silyl enol ether 4828,47. The latter—arising from the zinc enolate obtained
with the aid of L16—give rise to useful synthetic intermediates such as the ones shown
in Scheme 24. It should be noted that enol acetates, silylenol ethers and enol carbonates
were also obtained from the trapping of aluminum enolates31a,46.

O

H2C N+
1.

2. m-CPBA

OTMS

O

OTMS

OHOOC

OTf2. PhN(Tf)2

1. MeLi

O3, Me2S

m-CPBA

OZnEtO

 72%, >99% ee

 74%, >99% ee
91%, >99% ee

82%, >99% ee

Et2Zn, Cu(OTf)2
L16 H2O

O

(48) 97%, >99% ee

O

O
P N

(L16)

Et

TMSO

 95%, 98% ee

CH2I2

TMSOTf

(1) (41) (2)

I−

SCHEME 24. Use of the TMS enolether intermediate
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One pot enol triflate formation was used by Hoveyda and coworkers on silane-
containing enones 49 (simple peptide-based ligand L17 as chiral information) in order to
prepare synthetically useful building blocks (Scheme 25)48. Coupling of the triflate prod-
uct 50 led to allylic silanes 51, which could then be used in known processes to construct
a diversity of skeletons 52–54.

1. Cu(OTf)2•C6H6
    L17, Et2Zn
b. Tf2O

PhMe2Si

O

PhMe2Si OTf

MeEt

coupling

PhMe2Si R

MeEt
R = Ph or n-Bu

Et Ph

HO Me

m-CPBA
Bu4NF

Et

Me Bu-n

Ph

OH

PhCHO
TiCl4 N C O

ClO2S

N
H

O

PhMe2Si
Me

Et

Bu-n

PPh2

N
NHBu-n

O

(L17)

(49) (50)

(51)

(52) (53) (54)

SCHEME 25. Silane-containing enones leading to useful chiral allylic silanes 51

A three-component system, which represents an extremely efficient and general protocol
for the ACA/aldehyde trapping reaction, has been disclosed (Scheme 26)49. Indeed, the
presence of an aldehyde avoids any undesired intermolecular reaction from the zinc enolate
intermediate. This system works on several diorganozinc reagents and different types of
substrates 55 or 58. After oxidation of product 56, the ee of diketone 57 was found to be
more than 98%.

Another example of intermolecular trapping makes use of several types of halogen
donors as electrophiles (Scheme 27)50. Hence, the zinc enolate intermediate is trapped as
ketone 10 with up to 74:26 of diastereoisomeric ratio. Similarly, halogenation of the zinc
enolate arising from enone 59 provides 60, which can then cyclize in a radical manner to
give product 61 as a mixture of diastereoisomers (Scheme 28).

Following the same trend, a catalytic tandem 1,4-addition/N-nitroso-aldol reaction of
organozinc reagents and acyclic enones 62 was described (Scheme 29)51. Although the
diastereocontrol was poor, desired α-hydroxyamino ketone 63 was obtained with a high
ee, thanks to ligand L19.
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L4, Cu(OTf)2•C6H6
Me2Zn, PhCHO

(56)

oxidation

(57) >98% ee
>98% de

O

O

n

O

O

(55)

O

O

n

(55) (58)

O

O

Me

Ph

OH

O

O

Me

Ph

O

SCHEME 26. Three-component ACA/aldehyde trapping reaction

1. Et2Zn, Cu(OTf)2,
L18

O

O
P N

97%

ElectrophileO

2. electrophile

O

X

Et

eeX

Cl

(10)
d r up to 74:26

(L18)

(1)

NBS Br 98%

NCS

I2 I 98%

SCHEME 27. ACA/halogenation sequence

(61) ee = 80%

O

Ph

O
Ph

O
Br AIBN

Bu3SnH
1. Et2Zn, Cu(OTf)2

L2

2. Br2

Ph

(59) (60)

SCHEME 28. Halogenation of the zinc enolate intermediate and subsequent radical cyclization
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O

R1 R2

1. Cu(OTf)2, L19
Et2Zn

2. PhNO

O

O
P N

(L19)

(63) up to 92% ee
        up to 3:2 dr

O

R1 R2

Et

N
PhHO

(62)

SCHEME 29. Tandem 1,4-addition/N -nitroso-aldol reaction

As seen above, some electrophiles such as allylic acetate need the use of palladium
catalysis. On the other hand, activated allylic electrophiles 64 were shown to react by
themselves (Scheme 30)52. Using L20 as ligand, high trans selectivity and excellent
enantioselectivities could be attained as in 65. In addition to introducing an alkene moi-
ety, the functionalized nature of the electrophiles represents a great potential for further
elaboration.

1. Me2Zn, CuTC,
L20

O

O
P N

(L20)

EWG

O O

Me

drX

(65)

X

EWG

2.

EWG

ee

P(O)(OEt)2

SO2Tol-p

NO2

CO2Et

OPiv 90:10 98.5%

Br 94:6 98.9%

Br 89:11 99.1%

Br n.d. >98%

(1)
(64)

SCHEME 30. Use of activated allylic electrophiles in the trapping process
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Intramolecular trapping of the zinc enolate intermediate is also possible. An early
example makes use of sulfonate enones 66, which were prepared by a cross-metathesis
reaction (Scheme 31)44. Ligand L21 was especially designed for general ACA onto acyclic
enones with high enantioselectivities (up to 95% ee measured on 67). Copper-catalyzed
conjugate addition of the alkyl group was followed by the desired cyclization in a very
selective trans fashion (>98% de).

R2Zn
Cu(OTf)2•C6H6, L21

PPh2

N

H
N

O

NHBu-n

O

(L21)
OBu-t

(67)

TsO

O
R O

n

(66)

n

SCHEME 31. Intramolecular trapping of the zinc enolate intermediate

Tandem ACA/intramolecular aldol has been performed on substrates like 68 (Scheme
32)53, thus forming four stereocenters (as in 69 and 70) in a single step. Good to high
enantioselectivities were obtained using ent-L2 as the chiral information, although with
modest diastereoselectivities.

O

O

Ph O

Et
OH

Me O

OPh

Et
OH

Me O

OPh

(2.3:1 dr)
(69) 80% ee (70) 98% ee

Et2Zn, Cu(OTf)2
ent-L2 +

Me

(68)

SCHEME 32. Tandem ACA/intramolecular aldol

Substrate type 71 was designed to undergo a tandem ACA/intramolecular conjugate
addition reaction (Scheme 33)54. No double ACA could be observed, therefore 72 was
obtained in high yield and high enantio- and diastereopurity.
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R R1

O O O

R

Et

Et2Zn, CuX,
L8 or L20

ee

R = R1 = Me

dr

79%

88%

81%

92%

80:20

>99:<1

81:19

93:7

Substituents

R1

O

(71) (72)

R = R1 = Ph

R = Me, R1 = OMe

R = Ph, R1 = OMe

SCHEME 33. ACA/intramolecular conjugate addition

V. APPLICATIONS IN SYNTHESIS

In the last few years, an impressive amount of the ACA literature has been focused on
the total synthesis of natural products. An early synthetic example of 1,4-addition/tandem
alkylation reaction is the short total synthesis of clavularin B (74, Scheme 34)42. Using
peptide-based phosphane L4, Hoveyda and coworkers were able to add dimethylzinc
to 11 with high stereocontrol. Trapping the zinc enolate intermediate with the required
iodoalkene gave trans-73 as the major product. Only two additional steps were necessary
to render the anticancer compound 74.

Me

OO a. Cu(OTf)2•C6H6
    L4, Me2Zn
b. 4-iodo-1-butene,
    HMPA

(73) >15:< 1 trans/cis
97% ee

Me

O O

(74) clavularin B(11)

steps

SCHEME 34. Total synthesis of clavularin B

The total synthesis of (−)-Prostaglandin E1 methyl ester 78 (Scheme 35)55 represents
one of the most impressive applications of ACA. By designing the rightly functionalized
diorganozinc compound and an extremely elaborated electrophile (76), the Feringa group
was able to assemble three components (including 75) in the same pot into 77 as the
major diastereomer. An ee of 94% was measured at a later stage of the synthesis.

As seen above, conservation of the regiochemistry of the enolate allows the creation
of a second stereocenter in a stereocontrolled fashion. One could also trap the zinc
enolate 79 and isolate the TMS enol ether as in 80 in order to incorporate an extra car-
bon through a cyclopropanation/opening sequence 80 → 81 → 82 (Scheme 36)47. Prepa-
ration of homologated 82 was key in the first catalytic and asymmetric synthesis of
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O
O

O

Ph
Ph

H C5H11

O SiMe2Ph

O
O

O

Ph
Ph

CO2Me

HO SiMe2Ph

HO

CO2Me

OH

O

(78) PGE1 methyl ester

Cu(OTf)2, ent-L2
R = C6H12CO2Me

R2Zn

(75) (77) major diastereomer (94% ee)

(76)

H

steps

SCHEME 35. Trapping strategy developed for the total synthesis of (−)-Prostaglandin E1 methyl
ester

O

Me2Zn
Cu(OTf)2, L20

Me

TMSO
O

MeMe
H

a. FeCl3
b. NaOAc

(83) (−)-clavukerin A

Me

OZnMe

TMSOTf

CH2I2

Me

OTMS

(1) (79) (80)

(81) 97% ee
71% de

(82)

steps

SCHEME 36. Formal synthesis of (−)-clavukerin A
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(−)-clavukerin A 83, a sesquiterpene isolated from the Okinawan soft coral Clavularia
koellikeri.

A dienone strategy, starting from 84 and 85, was employed in order to introduce
two stereocenters through consecutive ACA (Scheme 37). The second zinc enolate was
trapped as a TMS enol ether (86) and isolated with a high trans-stereochemistry. This
compound was then reacted further to provide apple leafminer pheromones 88 and 8956

from a common intermediate 87.

C4H9

C4H9

O O OTMS

MeO
OH

O

Cu(OTf)2, L2
Me2Zn

a. Cu(OTf)2, L2
    Me2Zn
b. TMSOTf

O3, then NaBH4

(84) (85) >99% ee (86) >98% de

(87)

steps

(88)

(89)

SCHEME 37. Total syntheses of two apple leafminer pheromones

Although there already exist a number of preparations of the musk odorant (R)-muscone
92 by conjugate addition, the Pfaltz group took advantage of such an above-mentioned
dienone strategy as in 90 (Scheme 38)57. A conformational rigidity as well as a greater
reactivity of this substrate allowed a much higher enantioselectivity than the correspond-
ing mono-unsaturated ketone. Using Hoveyda’s very modulable peptide-based phosphine
ligand L22, they were able to obtain enantiopure 91, which yielded (R)-muscone 92 after
a hydrogenation step.

Starting from 93, a short synthesis of erogorgiaene, an inhibitor of Mycobacterium
tuberculosis, takes advantage of two asymmetric conjugate additions onto acyclic enones
(Scheme 39)58. The first ACA afforded ketone 94, which could be elaborated further to
95. One should note that the transformation of dienoate derivative 95 into 96 with the
aid of another ligand (L23) provides not only an excellent diastereocontrol, but also an
impressive regiochemistry.
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Me2Zn
Cu(OTf)2, L22

OO

PPh2

N

H
N

O

O

(92) (R)-muscone

H2, Pd/C

(91) 98% ee

(L22)

(90)

SCHEME 38. Total synthesis of (R)-muscone by Pfaltz

Me

Me

Me Br

O

Me
Me2Zn, L21

Cu(OTf)2•C6H6

Me Br

O

Me

Me

Me2Zn
Cu(OTf)2•C6H6

L23

Me

Me

Me

O

Me

Me

Me

Me

Me Me

H

erogorgiaene

PPh2

N
NHBu-n

O

(L23)

(94) >98% ee

(96) 94% de
(1,4/1,6 = 9:1)

(93)

COMe

(95)

steps

steps

SCHEME 39. Total synthesis of erogorgiaene
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NHTs

H
N

(99) (−)-pumiliotoxin C

O a. Cu(OTf)2, L2
 Me2Zn

O

(1) (97) 96% ee
de 8:1

(98)

b. Pd(PPh3)4

OAc

steps

steps

SCHEME 40. Total synthesis of (−)-pumiliotoxin C

n-Pr SEt

O MeMgBr
CuBr•SMe2, L10

a. Pd/C, Et3SiH
b. Ph3P=CHCOSEt

n-Pr SEt

O

n-Pr SEt

O

n-Pr

n-Pr O

(104) (−)-lardolure

SEt

O

H

O

(100) (101)

(102)(103)

iteration

steps

SCHEME 41. Total synthesis of (−)-lardolure following an iteration strategy
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The zinc enolate intermediate formed by conjugate addition to 1 was treated with allyl
acetate under palladium catalysis (Scheme 40)59. The resulting α-allylated product 97 was
transformed into 98 and used further in the straightforward synthesis of (−)-pumiliotoxin
C (99), a potent neurotoxin isolated from Dendrobates pumilio (poison dart frogs) that
acts as a non-competitive blocker for acetylcholine receptor channels.

Using (R,S)-Josiphos, the Feringa group achieved the development of an efficient
method for the conjugate addition of methyl Grignard reagents to α,β-unsaturated thio-
esters such as 100 (Scheme 41)60. Adduct 101 was submitted to a practical reduction/
olefination procedure, which gave the elaborated Michael acceptor 102. Iteration of this
three-step procedure allowed the construction of the desired skeleton as in 103, which
ultimately led to 104.

This highly efficient and enantioselective iterative catalytic protocol was used for the
synthesis of other deoxypropionate skeletons, such as Phthioceranic acid 109 (Scheme
42)61. The desired skeleton 108 was prepared using as low as 1% of the complex (R,S)-
JosiphosžCuBr and a 7-time sequence of conjugate addition/reduction/olefination as shown
in 105 → 106 → 107.

TBDPSO
SEt

O

a. DIBAL-H
b. Ph3P=CHCOSEt

TBDPSO
SEt

O

TBDPSO
SEt

O

SEt

O

TBDPSO

7

HO2C C14H29
7

CuBr•L10

MeMgBr

(109) Phthioceranic acid

(105) (106)

(107)(108)

HOOC
C19H39

(110) mycocerosic acid

HOOC

(111) fatty acid from Anser anser

steps

iteration

SCHEME 42. First total synthesis of Phthioceranic acid and total syntheses of mycocerosic acid and
a fatty acid from Anser anser
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Two fatty acids (110 and 111, Scheme 42), namely mycocerosic acid and a preen-gland
wax of the graylag goose Anser anser, were prepared following this strategy62.

Combining the methodologies developed for the conjugate addition of dimethylzinc63

and methyl Grignard reagents64, it was possible to achieve the first asymmetric total
synthesis of phthiocerol dimycocerosate A, PDIM A (115, Scheme 43)65. The latter is
a constituent of the cell wall of Mycobacterium tuberculosis and contains two units of
the above tetramethyl-substituted saturated acid (mycocerosic acid42 110) esterified with
phthiocerol (114). The synthesis owes its efficiency to the expedient construction of two
stereocenters in the same pot: conjugate addition of the methyl group is followed by
ethylation to give 112 with a remarkable diastereoselectivity. Synthesis of 114 requires
the introduction of an oxygen atom, which is done by a Baeyer–Villiger reaction to give
intermediate 113.

OO
a. Cu(OTf)2,
    ent-L2, Me2Zn
b. HMPA, C2H5I

(112) >20:<1 trans/cis
95% ee

O

O

m-CPBA

OH OH O

22

O O O

22

O O

C19H39H39C19

(115) PDIM A

(11) (113)

(114)

2 equiv. 110
DCC, DMAP

steps

SCHEME 43. Total synthesis of PDIM A

Another utilization of the α,β-unsaturated thioesters like 116 was described by the
Feringa group (Scheme 44)66. These authors developed a tandem 1,4-addition-aldol reac-
tion using aromatic or aliphatic aldehydes to trap magnesium enolate 117. One should
note the high syn-aldol selectivity as well as the formation of the three contiguous stere-
ocenters as in 119 in high diastereo- and enantioselectivity. Transition state 118 was
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Ph SMe

O

MeMgBr
CuBr•SMe2

Ph OMgBr

SMeMe

Ph

Me

Pen-n

O

MgBr
O

SMe
H

R

H
H

Ph
Me

syn-pentane interaction
minimized

K2CO3, MeOH

CO2Me

OH

O

HR

(120) phaseolinic acid

O

O

Me

CO2H

Pen-n

R = n-Pen

(119) 95% ee
single diastereomer

(118)(117) Z-enolate

(116)

L10

steps

SCHEME 44. Concise route to phaseolinic acid

postulated to explain the stereochemical origin, probably triggered by the minimization
of the syn-pentane interaction. This methodology was demonstrated by the total synthesis
of phaseolinic acid 120 with a 54% overall yield.

By combining the asymmetric addition of diorganozinc63 and Grignard reagents64, the
Feringa group was able to achieve the total synthesis of a β-D-Mannosyl phosphomy-
coketides 131 isolated from Mycobacterium tuberculosis (Scheme 45 and Scheme 46),
thereby solving the stereochemistry of the lipid part67.

Intermediate 85 was prepared using the well-established 1,4-addition of dimethylzinc
onto dienone 84 with L2 and Cu(OTf)2 as catalyst56. The second stereocenter was created
with the aid of ent-L2. Trapping with a silylating agent allowed for the preservation of
the chiral information as in 121. Further elaboration afforded 122, which was then used
in a divergent manner for the preparation of both 123 and 124. Coupling of these partners
led to precursor 125, and ultimately 126.

The last stereocenter of the lipid moiety 130 was installed by the 1,4-addition of
MeMgBr on 127. The reaction was directed by CuBržSMe2 and (R,S)-Josiphos L10 as a
catalyst and allowed to isolate 128 with a 93% ee. Assembly of the two fragments 126
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O
Me2Zn,

Cu(OTf)2
L2

O

(85) >99% ee

OTMS
a. Me2Zn,
    Cu(OTf)2
    ent-L2

O2
S

N N

N
N

Ph

C7H15

C7H15

C4H9

(121) >99% ee
 >98% de

HO
OTBDPS

(122)

O

OTBDPS

(123)

(124)

OTBDPS

123 + 124
LiHMDS

(125)

O

4

(126)

(84)

b. TMSOTf

steps

steps

steps

SCHEME 45. Towards the total synthesis of 131: preparation of intermediate 126
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SMe

O

MeMgBr
CuBr•SMe2

O2
S

N N

N
N

Ph

O
AcO

OAc

O

OAc

AcO

P

O

OH

OC6H13

5

(128) 93% ee

SMe

O

(127)

(129)

OBn OBn

OBna. LiHMDS

b. 126

L10

(130)

(131)

C4H9

4

OBn

steps

steps

SCHEME 46. Total synthesis of β-D-Mannosyl Phosphomycoketides from Mycobacterium tubercu-
losis 131

and 129 led to 130, and ultimately to 131 after further elaboration and attachment to the
β-mannopyranosyl phosphate moiety.

A mating hormone of plant pathogen Phytophthora has 16 possible stereoisomers, two
of which were synthesized according to Scheme 47 (only the two synthesized diastereoiso-
mers are drawn)68. Conjugate addition of MeMgBr on α,β-unsaturated thioester deriva-
tives catalyzed by L10žCuBr (or ent-L10 in the case of C7) was used to selectively control
three of the stereocenters as in 132.

A highly regio- and enantioselective 1,6-conjugate addition of Grignard reagent 134 to
diene ester 133 has been developed. A very high degree of regioselectivity was observed
in favor of 1,6-adduct 135. This allowed the total synthesis of a sulfated alkene (136)
isolated from the Echinus Temnopleurus hardwickii (Scheme 48)69. One should note the
use of reversed Josiphos L24 for this particular application.
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HO

O

OH

OH

Fe PPh2

PCy2

Me

(L10•CuBr)

• CuBr

3 7 11 15

(132)

SCHEME 47. Mating hormone 132 (MH-α1) of a species of Phytophthora. Arrows designate the
stereocenters created by the aid of conjugate addition

FeCy2P

Ph2P

Me

OEt

O

MgBr

L24, CuBr•Me2S

OEt

O

(135) regio 94%
86% ee

OSO3
− NHMe3

+

(134)

(133)

(136)

(L24)

steps

SCHEME 48. Total synthesis of sulfated alkene 136
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Loh’s group developed its own iterative strategy, which was exemplified by the total
syntheses of two marine natural products (Scheme 49)70. Starting this time from α,β-
unsaturated esters such as 137, the authors used the conjugate addition of methyl Grignard
catalyzed by the combination of CuI and (S)-Tol-BINAP (ent-L11). Very efficiently, they
were able to control the stereochemistry of 138 (96% ee) and transform it into the homolo-
gated Michael acceptor 139 in a reduction/olefination process. Repetition of this whole
procedure gave ester 140, which was then used in a Michael addition/trapping reaction
step to yield 141. The latter was subsequently transformed into both siphonarienal 142
and siphonarienone 143.

n-Pr OMe

O

a. DIBAL-H
b. MeO2CCH=PPh3

n-Pr OMe

O

n-Pr OMe

O
iteration

n-Pr OMe

O

(138) 96% ee

(139)

n-Pr OMe

O

Br

a. S-Tol-BINAP
    MeMgBr, CuI
b. Br2

n-Pr CHO

(142) siphonarienal

n-Pr

(143) siphonarienone

O

(137)

(140)

(141)

CuI, ent-L11

MeMgBr

steps

steps

SCHEME 49. Total syntheses of siphonarienal and siphonarienone by an iterative strategy

The construction of all-carbon quaternary stereocenters with organoaluminum found
an illustration in the preparation of 145—a precursor of the Axane derivative 146—via
the formation of enantioenriched 144 (Scheme 50). The Axane family of natural products
was isolated from the marine sponge Axinella cannabia31a.

Our group developed a specific ligand for the 1,4-addition of trimethylaluminum to
nitroalkenes (Scheme 51)71. The application to the total synthesis of the antiinflammatory
agent (+)-ibuprofen illustrates this appealing methodology. Starting from compound 147,
adduct 148 was obtained in 82% ee thanks to L25. Transformation of the nitromethylene
group to the carboxylic acid went smoothly using a modified Kornblum reaction. This
process afforded ibuprofen 149 without any racemization.
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steps

(144) 95% ee

OO

O

HCl

O
O NHR

OO

O
Me3Al, CuTC

ent-L16

(34)

(145)(146)

SCHEME 50. Enantioselective construction of an Axane precursor (145)

O

O
P N

Ph

Ph

(L25)

COOH

NO2 NO2

(148)

(149) 82% ee

Me3Al
CuTC, L25

NaNO2, AcOH

(147)

SCHEME 51. Total synthesis of (+)-ibuprofen 149

Brown and Hoveyda designed an efficient and convergent strategy for the first enantios-
elective total synthesis of clavirolide C 156 (Scheme 52)72. This tricyclic natural product
from the dolabellane family of diterpenes was isolated from the soft coral Clavularia
viridis. In order to elaborate aldehyde 151, the authors relied on the three-component
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steps
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O

O
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Et
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SCHEME 52. Total synthesis of clavirolide C

reaction described in Scheme 26, which generates keto alcohol 56 as the product. Desired
lactone 150 was obtained after a retro-aldol step.

NHC-sulfonate ligand contained in 153 and a copper source efficiently catalyzed the
conjugate addition to trimethylaluminum to β-alkyl-substituted cyclopentenone 152. The
adduct was trapped as a silyl enol ether (154), and an ee of 84% was obtained, which rep-
resents a great achievement for this extremely challenging substrate. The overall strategy
owes its convergence to the aldol step, which uses aldehyde 151 as coupling partner. The
anti-aldol reaction between 151 and 154 provided 155, although the stereochemistry of
the α-center was not controlled. Ring-closing metathesis and further elaboration finished
the synthesis of clavirolide C.
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Finally, asymmetric copper-catalyzed conjugate addition of organozinc reagents allowed
an original entry to the hetisine familiy of alkaloids (Scheme 53)73. The first asymmetric
synthesis of nominine 158 was developed by Peese and Gin using Hoveyda’s NHC-
sulfonate catalyst for the installation of the all-carbon quaternary stereocenter as in 157
(84% ee).

1. (CuOTf)2•C6H6
32, Me2Zn

O

CO2Me

OTf

CO2Me
Me

2. Tf2O

steps

OH

H H

H

H

H

N

H
Me

H

H

(158) nominine

(31) (157)

SCHEME 53. Total synthesis of nominine by Peese and Gin. Highlighted is the carbon structure
constructed from 157

VI. CONCLUSIONS AND PERSPECTIVE
The last few years have been a rich and exciting period in the field of copper-catalyzed
asymmetric conjugate addition. From the over-used organozinc reagents, the interest has
progressively moved to organoaluminum and Grignard reagents. Particularly, the devel-
opment of the enantioselective addition of MeMgBr on acyclic substrates has opened the
way to numerous syntheses of deoxypropionate skeletons.

The most impressive achievement was probably the conjugate addition to β-
disubstituted substrates, which allowed the construction of all-carbon quaternary stere-
ocenters using a catalytic amount of chiral information74.

However, there remain some challenges and limitations. Among them, the use of an
organolithium is still not possible, due to its reactivity. Other limitations are also due to
the nature of the organocopper intermediate. For instance, alkyne groups are difficult to
transfer by copper and have been mostly used as spectator ligands for this metal75.

More than a viable methodology, the copper-catalyzed ACA is now becoming an
essential tool one might use when designing the synthesis of a new molecule, efficiently
constructing building blocks for active pharmaceutical ingredients or improving an exist-
ing synthetic route.

A large number of challenges still exist and we are convinced that they will continue
to fuel the excitement and the stimulation in this field.
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P. Zarotti, T. Ichikawa, D. Boyall and E. M. Carreira, Bull. Chem. Soc. Jpn., 80, 1635 (2007).

38



Copper(I) hydride reagents
and catalysts

OLIVIER RIANT
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I. INTRODUCTION
Since the first report on the synthesis and characterization of a copper(I) hydride complex
in 1971 by the group of Churchill and Osborn, the application of such soft hydride for
the reduction of electrophilic double bonds has known a growing success due to the work
of Stryker. It was also rapidly shown that such complexes could also be used in catalytic

1

PATAI'S Chemistry of Functional Groups; Organocopper Compounds (2009)
Edited by Zvi Rappoport, Online © 2011 John Wiley & Sons, Ltd; DOI: 10.1002/9780470682531.pat0448



Olivier Riant

reduction reactions using various sources of hydrides such as molecular hydrogen, silanes
and boranes. Despite its soft character, the copper(I) hydride complex has also exhibited
an excellent ability to reduce harder electrophiles such as aldehydes and ketones, and
gave rise to some of the most active families of reduction catalysts for these functional
groups. More recent development in this field showed that the addition of a copper hydride
complex to an electrophilic double bond leads to the formation of a copper enolate that
can be used in domino transformation and leads to the formation of carbon–carbon bonds.
The aim of this review1 is to illustrate the principle for the preparation of such reagents
and catalytic systems and their use in reduction and domino processes.

II. PREPARATION AND CHARACTERIZATION OF COPPER HYDRIDE
COMPLEXES AND CATALYSTS

The first example of a fully characterized phosphine copper(I) hydride complex was rep-
orted in 1971 by Churchill, Osborn and coworkers2. The hydrogenation of the tetrameric
copper(I) tert-butoxide 1 in the presence of triphenylphosphine gave an orange crystalline
solid identified as the hexameric triphenylphosphine copper(I) hydride 2 (equation 1). This
crystalline complex is air-sensitive, but it can be easily stored under inert atmosphere and
was later commercialized as a chemoselective reducing agent.

1/4 [CuOBu-t]4   +    PPh3    +   H2 1/6 [CuH(PPh3)]6   +   t-BuOH

(1) (2)

THF

(1)

The structure of this new complex was proved by X-ray crystallography, which shows
the six copper atoms at each position of a regular octahedron with an average Cu–Cu
distance of 2.599 Å and one phosphine linked to each copper atom. The structure of
this type of complex was later confirmed by Bau and coworkers3, who analyzed the
(p-Tol)3P analogue by neutron diffraction and confirmed the facial disposition of the
hydride ligands in the cluster. The 1H NMR spectra of cluster 2 in C6D6 shows a broad
singlet at 3.5 ppm, this singlet becoming sharp when the spectra is recorded with phos-
phorus decoupling. Apart from a simple triarylphosphine cluster with structures analogous
to 2, there are still very few examples of fully characterized copper(I) hydride complexes
described in the literature (Chart 1).

There are, indeed, to date only two examples of copper hydride–diphosphine complexes
which have been prepared and characterized. Those examples show that the structure and
stoichiometry P/Cu is dependent on the structure of the ligand used. Caulton and cowork-
ers used dppp (1,3-bis(diphenylphosphino)propane) and showed that the corresponding
cluster 3 incorporated two copper atoms per diphosphine ligand4. However, when they
used triphos (1,1,1-tris(diphenylphosphinomethyl)ethane) as ligand, they isolated a dimeric
hydride 4 in which each copper atom is chelated by two phosphorus atoms from the triphos
ligand5. Two other copper hydride complexes have been recently reported and fully char-
acterized. Sadighi and coworkers used a bulky NHC ligand on copper and isolated the
unstable hydride dimer 5 which could be characterized by X-ray crystallography6. Che
and coworkers used the restricted ligand bis(cyclohexylphosphino)methane and isolated
the air-stable cationic μ3-H hydride 67. However, the reactivity of the hydride was not
reported for this complex.

As will be detailed later, the hexameric cluster 2 (now known as Stryker’s reagent)
was used from 1988 by the group of J. Stryker as an efficient chemoselective reducing
agent of electrophilic double bonds and later as a precatalyst for various hydrogenation
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and hydrosilylation reactions. As the initial procedure involved the use of the strongly air-
sensitive copper(I) tert-butoxide and the manipulation of hydrogen, Stryker first reported
a more convenient procedure for the multi-gram scale preparation of 2 (equation 2)8.

CuCl   +    PPh3    +   NaOBu-t 1/6 [CuH(PPh3)]6  +  t-BuOH + NaCl

(2)

H2

toluene
C6H6

(2)

The copper alkoxide can thus be generated in situ from copper(I) chloride and potas-
sium tert-butoxide and the reduction to the copper hydride occurs under a positive pressure
(1 atm) of hydrogen. This procedure allows the preparation of the complex 2 using
standard Schlenck tube procedures and 2 is isolated in good yields after crystallization
from benzene/acetonitrile. This procedure was later ameliorated by Chiu and cowork-
ers, who used dimethylphenylsilane as reducing agent, thus avoiding the manipulation of
molecular hydrogen (equation 3)9.

CuCl   +    PPh3    +   KOBu-t 1/6 [CuH(PPh3)]6   +   t-BuOH + KCl

(2)

PhMe2SiH

C6H6

(3)

Yun and Lee also showed that copper(II) salts could be directly used for the preparation
of Stryker’s reagent, thus avoiding the preparation of the sensitive copper(I) alkoxide10.
Copper(I) acetate can be directly reduced by diphenylsilane in the presence of triphenyl
phosphine and delivers the cluster 2 in a 82% yield after crystallization.

It was also shown that this complex could be used as a useful precursor for the in
situ generation of diphosphine copper hydride catalysts for hydrogenation and hydrosily-
lation reactions. A chelating ligand such as 7 is expected to depolymerize the cluster 2
and to displace the triphenyl phosphine ligand on the copper atom to give diphosphine
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copper(I) hydride oligomers 8 (equation 4).

1/6 [CuH(PPh3)]6

P

P

+
P

P

Cu H

(7) (8)
n

+  PPh3

(2)
(4)

This procedure was useful in some cases, but the characterization of the species in
solution was far from easy as the equilibrium was not completely shifted toward the
formation of the chelate11. During the examination of a catalytic system optimized for
asymmetric hydrosilylation, Lipshutz and coworkers examined this equilibrium through
the disappearance of the hydride signal of 2 by 1H NMR (when increased amounts of
chiral diphosphine were added to a solution of 2 in C6D6)11. They observed that more than
one equivalent of the diphosphine is required for the full disappearance of the hydride
shift of 2 with the concomitant appearance of a new hydride signal, and that the signal of
2 reappears when triphenylphosphine is added to the NMR tube, thus suggesting a rapid
equilibrium between the PPh3 and diphosphine ligated Cu–H species.

Although there are still very few studies on the observation of those catalytic species
in solution as well as the corresponding equilibrium involved, they show that the protocol
used for the generation might have a strong influence on the catalytic activity as well as
the selectivity targeted for such catalysts.

Various experimental protocols have thus been devised for the generation of ligated
copper hydride catalysts in the literature. The main goal of those protocols was to offer a
straightforward and reliable preparation of the active copper hydride species which would
avoid the prior isolation of the sensitive cluster 2, and that would also give an easy access
to ligand screening for optimization of the catalytic systems. The main protocols used in
the literature are summarized in equations 5–7.

Cu(I)Cl   +   L [LCu(I)]-Cl [LCu(I)]-ORRO− Si-H [LCu(I)]-H
activationligand

exchangecomplexation (9) (10) (11)

(5)

Cu(II)F2   +   L [LCu(I)]-FSi-H Si-H [LCu(I)]-H
reduction

+ complexation
activation

(12) (11)
(6)

Cu(I)F(PPh3)3   +   L [LCu(I)]-F
ligand

exchange

Si-H [LCu(I)]-H
activation

(13) (12) (11)

(7)

These equations describe a general guideline for the in situ preparation of the ligated
copper hydride catalysts without taking into account the exact structure of those complex
species which often exist in various aggregation states. The most widely used method
(equation 5) requires the use of copper(I) chloride and a chelating diphosphine which
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first generated the diphosphine copper(I) chloride complex 9. As the Cu−Cl bond cannot
be efficiently cleaved by a hydride source (such as a silane), it is necessary to activate
the complex by ligand exchange with a hard ligand such as an alkoxide. The sensitive
copper(I) alkoxide 10 is thus generated and can be directly activated by the silane to
give the desired ligated copper(I) hydride catalyst 11. Copper(II) sources bearing hard
ligands such as fluoride can also be used as direct precursors (equation 6). However, as
the diphosphine cannot complex the copper(II) salt, in situ reduction of the copper(II)
salt to a copper(I) species still bearing one fluoride ligand should occur by stoichiometric
reducing agent prior to the complexation by the diphosphine ligand. The intermediate cop-
per(I) fluoride complex 12 is thus directly transformed into the copper(I) hydride catalyst
11 by the silane. This procedure was also used with copper(II) acetate in some hydrosilyla-
tion catalytic procedures. As both procedures require either an exchange with a hard ligand
for activation or an in situ reduction of a copper(II) salt, a third procedure which uses
a precursor that already bears a hard ligand on a copper(I) precursor complex was also
devised and widely used for the generation of copper(I) hydride catalyst (equation 7).
Copper(I) fluoride tris(triphenylphosphine) 13 is an air-stable copper(I) fluoride source
that can be easily prepared by reaction of commercially available copper(II) fluoride and
triphenylphosphine. It is isolated as a methanol or ethanol adduct as a stable crystalline
solid and can be manipulated and kept in the presence of air without any degradation.
Mixing this complex with a chelating diphosphine will lead to ligand exchange, and the
fluoride will be directly eliminated by the reducing agent (silane) to yield the catalytic
active copper(I) hydride 11.

Those procedures as well as the cluster 2 have been used for various chemical trans-
formations using either catalytic or stoichiometric amounts of copper hydride species.

III. STRYKER’S REAGENT AS A CHEMOSELECTIVE REDUCING AGENT
A. Pioneer Work of Stryker with Copper(I) Hydride Cluster 2

The generation of copper(I) hydride ate complexes for the chemoselective reduction of
electrophilic double bond was extensively studied from the early seventies and various
reagents such as copper(I) hydride alkynyl or alkyl ate-complexes12, copper(I) halide alu-
minum hydride combinations13 and methylcopper/DIBAH14 were successfully described
for this type of transformation. However, Stryker and coworkers described for the first
time in 1988 the use of the triphenylphosphine copper(I) hydride cluster 2 as a mild and
efficient reducing agent for various types of α,β-unsaturated carbonyl compounds15. Two
representative examples are described in Scheme 1.

This seminal paper showed that full reduction of electrophilic double bonds activated
by ketone and ester could be carried out with the reagent 2 and that all six hydrides of
the cluster could be delivered to the substrate. They also showed an excellent chemose-
lectivity toward the electrophilic double bond, as this reagent did not reduce unactivated
double bonds and did not carry out 1,2-reduction on ketones (such as in substrate 14).
Complex substrates such as 15 also showed that this reagent displayed an excellent chem-
ical compatibility with various functional groups and could thus be used as a very mild
and chemoselective reducing agent. This reagent was later used with α,β-unsaturated
aldehydes and unactivated alkynes as in the examples described in Scheme 2.

When unsaturated aldehydes were used, a silyl chloride electrophile was usually added
to form the silyl enol ether resulting from the conjugated addition and trapping of the
copper enolate16. This procedure allowed working with base-sensitive substrates. The use
of water as a protonating agent for the generated enolate was efficient for non-sensitive
substrates and the silyl chloride reagents were not necessary in such cases. Stryker and
coworkers showed that the reagent 2 could also reduce unactivated triple bonds17. How-
ever, such substrates proved to be much less reactive, and heating in benzene with water
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0.16 [CuH(PPh3)]6
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O
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82% O
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O
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O
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O
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O

H
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C6H6, < 0.1 h
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93% H

Ph

OH

C6H13

5 equiv. H2O
C6H6, 80 ˚C

1 h, 76%

OH

C6H13
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C
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0.5 [CuH(PPh3)]6
(2)

5% AcOH O

SCHEME 2

as a trapping agent was necessary to achieve good conversion for most substrates. One
interesting example also showed that when a leaving group (acetate) was present next to
the triple bond of the substrate, such as in 16, the conjugated reductive elimination occurs
at room temperature to yield the allene 17 in 81% yield.

Soon after reporting the use of cluster 2 as a chemoselective reagent, Stryker and
coworkers showed that it could also be used as a catalyst in hydrogenation reactions,
and those seminal publications set the bases for the use of copper hydride catalysts in
reduction of various families of substrates (Scheme 3)18.
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They first showed that electrophilic double bonds could be hydrogenated at room tem-
perature with a catalytic amount of the cluster 2 (Scheme 3). The catalytic system usually
required an excess of triphenylphosphine per copper atom (6–12 equivalents) and it was
also observed that some reduction of the carbonyl double bond could also be obtained,
depending on the reaction conditions. The group showed that the reduction occurred in
homogeneous conditions on substrates such as 18 with a preference for the activated
electron-deficient double bond over the non-activated one, yielding the corresponding sat-
urated ketone 19. When the reaction time was increased, reduction of the ketone occurred
and led to the fully reduced alcohol 20.

Later reports from the same group focused on the use of dimethylphenylphosphine for
the chemoselective reduction of aldehydes and ketones and 1,2-selective hydrogenation
of α,β-unsaturated substrates19 (Scheme 4)

0.83 mol% [CuH(PPh3)]6
(2)

C6D6, t-BuOH, rt
6 equiv. PMe2Ph/Cu

500 psi H2

O

(21)

OH

(22)

OH

(23)

+

49 : 1

O

Br

OBn

1.67 mol% [CuH(PPh3)]6
(2)

C6D6, t-BuOH, rt
6 equiv. PMe2Ph/Cu

1 atm H2

(24)

OH

Br

OBn

(25)
89%

SCHEME 4

Although it was not possible to isolate or identify any copper(I) hydride species when
Me2PhP was used as a ligand, this more basic phosphine proved to be well suited for
the chemoselective reduction of ketones, even when an electron-deficient double bond is
conjugated to the ketone (such as 21, which yields the reduction alcohol 22 and a trace
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amount of the reduced alcohol 23). The catalytic system can then be generated by ligand
exchange between the hydride complex 2 and the ligand, or by generation from CuCl/t-
BuONa/PPhMe2 (1:1:6) in anhydrous benzene under H2 atmosphere. Several examples
of polyfunctionalized substrates (such as 24, which gives the corresponding alcohol 25
without any reduction of either double bonds or carbon–bromine bond) were reported,
and showed that only ketone and aldehyde were reduced to the corresponding alcohols,
and various functional groups (such as unactivated double bond, vinylic bromide, aliphatic
tosylate, epoxide, alkyne and ester) were left unchanged, thus leading to a mild and very
selective method for the reduction of ketones. The use of tert-butanol as an additive
(10–20 equivalents/Cu) allowed the use of lower hydrogen pressure and gave prolonged
catalyst lifetimes.

B. Other Stoichiometric Reagents as an Alternative to Stryker’s Reagent

An early report from Ryu, Sonoda and coworkers showed that a stereoselective reduc-
tion of acetylenic sulfones could be mediated by copper(II) salts and diethylmethylsilane
in isopropanol20. The corresponding Z-ethylenic sulfones were isolated in good yield
with 2 equivalents of copper(II) tetrafluoroborates and a cationic copper(II) hydride was
postulated as the active reducing species.

Hosomi and coworkers in 1997 reported an interesting alternative to Stryker’s reagent
without stabilizing phosphine ligands21. The use of very polar solvents such as DMI (1,3-
dimethylimidazolidinone) or DMF allowed them to generate active and phosphine-less
copper hydride species from copper(I) chloride and phenyldimethylsilane. This reagent
was used for the chemoselective reduction of the double bond of α,β-unsaturated ketones
and esters in good yield when two equivalents of copper(I) chloride were used. The forma-
tion of the Cu–H species could not occur when less polar solvents such as dichloromethane
and THF were tested, thus showing the stabilizing effect of the polar solvent on the cop-
per hydride species. This reagent was later used by the same group for the reduction of
ketones and aromatic conjugated olefins22.

Mori and coworkers used the stable fluoride complex CuF(PPh3)3ž2EtOH to gener-
ate copper(I) hydride species after activation with various silanes for the chemoselective
reduction of electrophilic double bonds with good to excellent yields23. They also showed
that the active species could be generated with a CuCl/PPh3/Bu4NF combination. With
this latter system, the amount of copper salt could be decreased to 20 mol% for the most
activated substrates, thus showing one of the first examples of catalytic application of
copper(I) hydride in reduction reactions.

IV. CATALYTIC HYDROSILYLATION OF α,β-UNSATURATED SUBSTRATES

A. Catalytic Conjugated Hydrosilylation with Non-chiral Ligands

A significant breakthrough in the field of copper(I) hydride catalyzed reductions occur-
red when the group of Lipshutz proposed the use of silanes as a stoichiometric reducing
agent in conjugated 1,4-reduction of electrophilic double bonds24. They first reported that
molecular hydrogen could be replaced by either tributyltin hydride or phenylsilane when
the Stryker catalyst 2 was used for the chemoselective reduction of double bonds activated
with aldehydes, ketones and esters (Scheme 5).

Both hydride sources proceed with similar efficiencies under very mild conditions to
afford the reduced products with good to excellent yields. The authors also showed that
the inexpensive silyl hydride source PMHS (polymethylhydrosiloxane) could be used and
gave very high efficiencies for some substrates such as 26, allowing catalyst loading to be
as low as 0.2 mol% for the conjugated reduction to the saturated ketone 27. The primary
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product of the conjugated reduction is the silyl enol ether 28 and the in situ reaction
of this silyl enol ether with aldehyde and a Lewis acid catalyst gave the corresponding
aldol adduct 29 in good yield. Chandler and Phillips later applied this method for the
conjugated reduction of a functionalized cyclopentenone during the course of the total
synthesis of rac-trans-Kumausyne25.

The main problem with tandem methodology is that the aldol adducts were obtained as
mixture of diastereoisomers. Replacing the silane for a borane as reducing agent allowed
Lipshutz and Papa to offer an elegant alternative inspired by the known positive effect of
boron enolates on the stereochemical outcome of aldol reactions (Scheme 6)26.

Cyclic enone 30 (but also acyclic enones) were then efficiently reduced by a catalytic
amount of Stryker’s reagent 2 with diethyl borane as the hydride source. The 1,4-addition
gave a boron enolate intermediate 31 that could be trapped with an aldehyde to give the
corresponding aldol adduct 32 in high yield and complete diastereoselectivity (syn-aldol
adduct for acyclic enone and anti-aldol adduct for cyclic enone). The example of carvone
30 also shows that the use of enone as precursor of the enolate nucleophile is an interesting
equivalent methodology for the regioselective enolate generation.

Recently, Lipshutz and coworkers reported the preparation of a stable catalytic solution
of a diphosphine copper hydride catalyst 33 from copper acetate and the ligand DPB
(1,2-bis(diphenylphosphino)benzene) in toluene27 (Scheme 7).

While the copper loading was kept at 1 mol%, the substrate-to-ligand ratio was usually
modulated from 250:1 to 1000:1. This catalytic solution could be kept for several months
at room temperature under inert atmosphere and could be used directly for the conju-
gated reduction of functionalized electrophilic double bonds bearing electron-withdrawing
groups such as ketone, ester and cyano group.
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PPh2

PPh2

PMHS, PhMe
P
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P
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Ph

Ph Ph

(33)

Cu(OAc)2:H2O

SCHEME 7

Buchwald, Sadighi and coworkers reported for the first time in 2003 that N-heterocyclic
carbene ligands could be used for the preparation of highly efficient copper catalysts for the
conjugated hydrosilylation of various types of electrophilic double bonds28 (Scheme 8).

The NHC copper(I) halide complex 34 is readily prepared by reaction of the corre-
sponding imidazolium salt with copper chloride and sodium tert-butoxide and proved to
be an air-stable and easy-to-handle crystalline solid. The generation of the NHC–copper(I)
hydride active catalyst requires the use of a metal alkoxide as cocatalyst. Sodium chloride
elimination occurs in situ to generate the NHC–copper tert-butoxide that gives the copper
hydride through activation with the silane source. The copper hydride catalyst provided
impressive activity, considering that catalyst loading as low as 0.3–0.1 mol% allowed
the reduction of trisubstituted α,β-unsaturated ester 35 and cyclic enone 36 into the cor-
responding saturated carbonyl compounds in short reactions times. Fast reactions require
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SCHEME 8

the use of a protonation agent such as tert-butanol. It was suggested that this alcohol pro-
tonates the copper enolate generated after the conjugated addition of the copper hydride
catalyst on the electrophilic double bond, generating the saturated ester or ketone and a
copper alkoxide that can then re-enter the catalytic cycle through silane activation. This
method was later used by Madec, Poli and coworkers in one of the late steps of the total
synthesis of kainic acid29.

B. Catalytic Enantioselective Conjugated Hydrosilylation with Chiral Ligands

Following the pioneer work of Stryker in the field of copper hydride catalysts and
Lipshutz in the field of conjugated hydrosilylation, another major breakthrough occurred
in 1999 with the first report of an asymmetric catalytic conjugated hydrosilylation of
α,β-unsaturated esters by Buchwald and coworkers30 (Scheme 9).

(E)-(37)
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Et

OEt

O

5 mol% CuCl
10 mol% (S)-p-Tol-Binap

5 mol% NaOBu-t
4 equiv. PMHS
PhMe, rt, 25 h

(Z)-(37)

Ph

Et

OEtO

Ph

Et

OEt

O

(S)-(38)
98%, 91% ee

Ph

Et

OEt

O

(R)-(38)
98%, 83% ee

SCHEME 9

An efficient method for the in situ generation of chiral diphosphine copper hydride
catalyst was reported by mixing chiral diphosphine, copper(I) chloride and sodium tert-
butoxide as cocatalyst. The generated diphosphine copper(I) alkoxide is then reduced
to the corresponding hydride by a silane (PMHS) and efficiently reduced various β,β-
disubstituted α,β-unsaturated esters with high yields and excellent enantioselectivities
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(up to 92% with p-Tol-Binap as chiral ligand). It was also shown that the enantioselection
was dependent on the stereochemistry of the double bond of the substrate as (Z)-37 and
(E)-37 isomers gave the corresponding reduction products (R) and (S) 38 with similar
enantioselectivities, albeit with opposite absolute configurations. The relationship between
the ee’s of the products and the ee’s of the chiral ligand reveals a linear relationship, and
it was therefore suggested that a monomeric 1:1 ligand:metal complex was involved in
the catalytic cycle.

This first method was later applied to various families of substrates such as cyclic
enones31 and unsaturated lactones and lactams32, yielding the corresponding saturated
products 39–44 with good to high enantioselectivities. Representative examples of the
conjugated reduction adducts are represented in Chart 2 with ee’s >90% when simple
chiral ligands such as p-Tol-Binap were used with PMHS as the reducing agent.

O

OMe

O
(39)

92% ee

O

Ph

(40)
 96% ee

O

O

(41)
92% ee

O

O

Ph

(44)
92% ee

N

O

Bu-n

(42)
 94% ee

PMP O

Cy

O

(43)
94% ee

CHART 2

N-Protected unsaturated lactams also gave excellent results, and this methodology was
applied to the enantioselective synthesis of the antidepressant (−)-paroxetine 45 (Chart 3).

HN O

F

O

O

(45)
(−)-paroxetine

CHART 3

More recently, α,β-unsaturated esters bearing azaheterocycles at the β-position were
also tested33 (Chart 4).
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In order to avoid deactivation of the electrophilic double bond by introduction of a
nitrogen atom at the β-position, the heterocyclic groups such as lactam and pyrrole were
selected and the corresponding conjugated addition adducts were isolated with excel-
lent yield and ee’s in the range of 81–99%. Measurement of the relative rates for the
conjugated addition for various nitrogen-based substituents revealed that pyrrole-based
derivatives (leading to adducts 46 and 47) gave the most active substrates over γ - and
β-lactams (leading to adducts 48 and 49), and confirms that the lone pair of the nitrogen
atom should be involved in maximum conjugation in order to avoid the deactivation of
the double bond.

An elegant application of this method was reported by Movassaghi and Ondrus as a
key step for the total synthesis of tricyclic myrmicarin alkaloids 5234 (Scheme 10).

t-BuO
OMe

O N
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OMe

Me

PMHS, t-BuOH
THF, 25 °C, 3 h

89%, 85% ee

t-BuO
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O N
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OMe

Me

(50) (51)

N

H

Me

Me

(52)

steps

Cu(OAc)2.H2O
(S)-Binap

SCHEME 10

The conjugated reduction of trisubstituted activated ester 50 with the copper(II) acetate/
(S)-Binap catalyst and PMHS proceeds efficiently at room temperature and gives the key
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intermediate 51 in 89% yield and 85% enantiomeric excess on a 2 g scale. The pyrrole
ring can then be used for further cyclizations to give the central core of a series of
myrmicarin alkaloids 52.

Yun and Buchwald also showed that the methodology could lead to the formation of
silyl enol ethers arising from the conjugated addition of the copper hydride catalyst fol-
lowed by the σ -bond metathesis of the copper enolates with diphenylsilane35 (Scheme 11).

This reaction occurred when the protonating agent was omitted and the corresponding
silyl ether could then be trapped with activated alkylating agents. TBAT (tetrabutylam-
monium difluorotriphenylsilicate) was then used to activate the enol ether 53 and the
corresponding trans-2,3-disubstituted cyclopentanone 54 was isolated in good yield. The
cis/trans diastereoselectivity ranged from 76:24 to 94:6 for the crude adduct 54, but could
be improved in all cases by equilibration with a catalytic amount of sodium methoxide.
The same authors later reported that the generated silyl enol ether could be directly used
in a palladium-catalyzed arylation with aryl bromides, using cesium fluoride as activating
agent for the silyl enol ether36. In that case, keeping a 5 mol% of the palladium salt, the
copper/diphosphine ratio should be reduced to 1 mol% in order to avoid the deactivation
of the palladium by the bidentate phosphine ligand (Binap) used in the first step.

Further opportunities for the preparation of functionalized cyclopentanones were repor-
ted by Jurkauskas and Buchwald and involved an elegant example of dynamic kinetic
resolution (DKR) via asymmetric conjugated hydrosilylation of racemic cyclopentenones37

(Scheme 12).

O

Ph

Ph2SiH2
PhMe, 0 °C

O

Ph

(53)

SiPh2

2
O

Ph
(54)

64%, 97:3 dr

Ph5 mol% CuCl/
 (S)-p-Tol-Binap
5 mol% NaOBu-t

CH2Cl2:PhMe

PhCH2Br
TBAT

SCHEME 11

When the chiral copper hydride catalytic system is applied on racemic cyclopentenones
55 with an excess of sodium tert-butoxide, a kinetic resolution occurs and the hydride
catalyst then reacts faster with one enantiomer of the starting ketone. As a very fast
racemization of the starting ketone was promoted by the excess of base, a dynamic
kinetic resolution leads to the full consumption of the substrate and the adduct 56 was
isolated in high yield and enantioselectivity. A similar concept was later applied by the
same group for the dynamic kinetic resolution of a α,β-unsaturated lactone and used as
the key enantioselective step for the total synthesis of eupomatilone 338.

O

Me

OMeMeO

MeO

MeO

O O

O

Me

eupomatilone 3
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Following the first developments of the group of Buchwald on the enantioselective con-
jugated reduction of various families of acyclic and cyclic conjugated substrates, Lipshutz
and coworkers reported the use of different chiral diphosphine ligands that allowed one
to reach high enantioselectivities for a wide range of substrates. The first account was
reported in 2003 and focused on the conjugated reduction of acyclic enones39 (Scheme 13).

O

C6H13-n

n-C6H13

O

2 mol% CuCl
2 mol% NaOBu-t
1 mol% ent-57a

PMHS, PhMe, −78 °C
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O
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(Z)-(58) (S)-(59)
92% ee

(R)-(59)
95% ee Fe

PPh2

Me

P(Bu-t)2

H

Josiphos-(57a)

SCHEME 13

A survey of various chiral ligands showed that high enantioselectivities could be
reached with Togni’s Josiphos ligand 57a (commercialized by Solvias) and that most
enones could be successfully reduced with PMHS and ligand loading as low as 1–2 mol%.
Enantioselectivities over 90% were reached in all reported cases and the influence of the
stereochemistry of the double bond of the starting enone on the enantiodiscrimination
was also studied. Thus, starting from enone E-58, the reduction product 59 was obtained
with a 95% ee with R stereochemistry, while starting with the enone Z-58, a similar
enantioinduction was observed, albeit with the opposite configuration.
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The use of Solvia’s Josiphos ligand as well as Tagasago’s Segphos ligand was later
successfully applied to the conjugated reduction of another family of substrates by the
same group, including α,β-unsaturated esters and lactones40, cycloalkenones40, and β-
silyl-substituted α,β-unsaturated esters41. Representative examples are listed in Chart 5.
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Me

OEtPh
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O
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O

 99% ee
(Segphos)

O

 98.5% ee
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CO2Me
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P(Bu-t)2

H
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(R)-DTBM-Segphos

PAr2

PAr2

O

O

O

O

CHART 5

While Josiphos ligand 57a gave the highest enantioselectivities for acyclic enones
and esters, the chiral atropo-diphosphine DTBM-Segphos gave the best enantioselection
for cyclic substrates. The authors also showed that the copper hydride catalysts gave
impressive reactivity because substrate-to-ligand ratios as high as 275,000:1 could be used
for this transformation, without any decrease in the enantioselectivity of the reaction.
This was exemplified by one experiment conduced on 64.76 g of isophorone with a
substrate:ligand ratio of 275,000:1 and two equivalents of PMHS. The use of 1 mol%
CuCl/NaOBu-t required only 2 mg of the chiral ligand and gave 88% of the saturated
ketone with a 98.5% ee. Since in most cases the loading of the copper salt is always higher
than the chiral ligand, those experiments show a strong ligand acceleration effect for those
conjugated reduction reactions. This strategy was recently applied to the total synthesis of
the C-9 epimer of amphidinoketide I 6042 (Chart 6). The three stereogenic centers were
introduced through enantioselective Josiphos 57a/copper(II) acetate conjugated reductions
of enones with high ee’s.

O

O

O

O

amphidinoketide I (C-9 epimer) (60)

C9

CHART 6

16



Copper(I) hydride reagents and catalysts

The pioneer work of Buchwald in asymmetric conjugated addition of copper hydride
catalyst led other groups to investigate this methodology on various types of electrophilic
double bonds bearing electron-withdrawing groups such as nitro, cyano and sulfonyl
groups.

Carreira and Czekelius investigated the reactivity of nitroolefins and showed that high
enantiomeric excesses could be easily reached for the conjugated reduction into enan-
tiomerically enriched β-substituted nitroalkanes43 – 45 (Scheme 14).

Fe
PPh2

Me

PCy2

H

Josiphos-(57b)

Me

NO2

Me

NO2

initial conditions : 0.1 mol% CuOBu-t/Josiphos 57b
                              0.1 equiv. PMHS, 1.2 equiv. PhSiH3
                              1.2 equiv. water, PhMe, rt, 24 h
                             => 77%, 88% ee
optimized conditions with CuF2:
                             1 mol% CuF2/Josiphos 57b
                             0.1 equiv. PMHS, 1.5 equiv. PhSiH3
                             10 mol% CH3NO2
                             1 equiv. water, PhMe, rt, 16 h
                              => 76%, 92% ee

SCHEME 14

The authors initially chose to work with copper tert-butoxide as the precursor of the
copper hydride catalyst43. A survey of chiral ligands showed that Josiphos disphosphine
57b is the most efficient in terms of enantioselectivity; 66–92% ee’s could be obtained with
catalyst loading of 0.1–1 mol%. The addition of 1.2 equivalent of water to the reaction
mixture avoids over-reduction of the nitro group to the corresponding oximes of aldehy-
des. It was postulated that the addition of water allowed the hydrolysis of the primary
product of the reaction, a silyl nitronate, which gave the corresponding nitroalkane with-
out further reduction to the oxime by-product. A limitation is the use of an air-sensitive
catalyst precursor, since the use of purified copper tert-butoxide was necessary for a
good catalytic reaction. It was noted that the in situ formation of copper alkoxide from
CuCl and NaOBu-t led to the formation of a much less active catalyst with concomitant
formation of by-products. Furthermore, it was shown that various inorganic salts (such as
NaCl) led to diminished reaction rates. The authors initially noted that isomerization of the
nitroalkanes occurred and that diminished yield could result from this phenomenon. The
use of a catalytic amount of tetra-n-butyl ammonium hydroxide as an additive allowed the
in situ equilibration of the nitroalkenes mixture and to drive the reaction to completion44.
As copper(I) tert-butoxide is known to be strongly air- and moisture-sensitive, the same
authors later proposed an optimized protocol that used air-stable and easy-to-handle cop-
per(II) fluoride as metal source for the catalyst preparation. A catalyst loading of 1 mol%
including Josiphos 57b as chiral ligand gave high enantioselectivities (82–96%) for the cor-
responding nitroalkanes45. The addition of a catalytic amount of nitromethane also allowed
the reduction of unreactive substrates bearing electron-rich aryl and heteroaryl groups.

Yun and coworkers focused on the enantioselective reduction of unsaturated nitriles
with copper/Josiphos catalysts with high ee’s46 (Scheme 15).

In a previous report, Yun and coworkers showed that copper(II) acetate could be used
as a copper(I) hydride precursor for the conjugated hydrosilylation of α,β-unsaturated
nitriles such as 61, when rigid diphosphines such as DPEphos and Xantphos were used as
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ligands and PMHS as reducing agent47. It was postulated that a diphosphine Cu(I) hydride
catalyst was formed in situ by reduction of the copper(II) acetate by the silane and
complexation by the diphosphine ligand. They then used Josiphos 57b as chiral ligand to
carry out the enantioselective reduction of β-disubstituted α,β-unsaturated nitriles with the
same catalytic system and observed excellent reactivity and high enantioselectivities for
the resulting saturated β-substituted nitriles 62 (absolute configuration not determined)
(Scheme 15). They later reported that 3,3-diarylacrylonitrile bearing two different aryl
groups on the electrophilic double bond could also be used as substrate and that the
corresponding reduction adduct could be obtained with high enantioselectivities48 (up to
94%). Xu and coworkers reported at the same time a similar catalytic system for the
enantioselective reduction of substituted dicyanovinylene double bond with ee’s up to
93% when Binap was used as chiral ligand and phenylsilane as reducing agent48.

Finally, the enantioselective conjugated reduction of vinylic sulfones was independently
reported in 2007 by Carretero, Charette and coworkers (Scheme 16)49,50.
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Carretero and coworkers showed that the use of a 2-pyridylsulfonyl group on the dou-
ble bond leads to a dramatic increase in the reactivity of the conjugated reduction with the
in situ generated Binap copper(I) hydride and phenylsilane (no reactivity was observed
with a phenylsulfonyl group). This phenomenon was ascribed to a possible coordinat-
ing effect of the 2-pyridyl group on the copper atom which could increase the reaction
rate for the hydride addition to the electrophilic double bond. High enantioselectivities
were obtained for a broad range of disubstituted vinylic sulfones 63 and the saturated
adduct 64 were also transformed using standard chemical group transformations (such
as Julia–Kocienski olefination) into various enantioenriched synthons. Desrosiers and
Charette optimized an original catalytic system for the enantioselective conjugated reduc-
tion of β,β-disubstituted vinyl phenyl sulfones by using methyl-DuPhos monoxide ligand
65 to activate the copper hydride catalyst. Copper(II) fluoride was used as the metal
source and was believed to be reduced and activated by the silane to give the chiral cop-
per(I) hydride catalyst. Most substrates tested gave high yields and enantioselectivities
over 90%, and the utility of the new adducts was also demonstrated though a transforma-
tion using the Julia olefination.

V. CATALYTIC HYDROSILYLATION OF KETONES AND IMINES

A. Catalytic Hydrosilylation with Non-chiral Ligands

Although the use of copper(I) hydride catalysts for the conjugated reduction of an
electrophilic double bond was logical due to the soft character of the hydride, their appli-
cation for the reduction of harder carbonyl electrophiles such as aldehydes and ketones
was less obvious and the first known example was published early 2001 by Lipshutz and
coworkers51. They initially used a catalytic amount of Stryker’s reagent 2 to catalyze
the hydrosilylation of aliphatic and aromatic aldehydes with various silanes, to yield the
reduction adducts as the corresponding silyl ethers (Scheme 17).
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H
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LnCu–H
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H H
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The mechanism should occur through a copper hydride addition to the carbonyl that
led to the formation of the corresponding copper alkoxide. Regeneration of the catalytic
hydride can then proceed through a σ -bond metathesis of the copper alkoxide and the
silane via a 4-centered transition state 66 that releases the silyl ether 67 and the copper
hydride LnCuH. Later on, the same group improved the reaction that could be extended to
poorly activated silanes such as triethylsilane and tert-butyldimethylsilane52 (Scheme 18).

The diphosphine copper hydride catalyst is generated in situ first by formation of the
chelated copper tert-butoxide complex 10. The σ -bond metathesis with the silane 68
releases the silyl alkoxide 69 and the desired copper hydride catalyst 11. When triethylsi-
lane (5 equivalents) was used as the stoichiometric reducing agent with DM-Segphos as
the diphosphine ligand, the reduction of dialkyl ketones occurs at room temperature with
3 mol% copper and 0.05 mol% ligand loading. The corresponding reduced triethylsilyl
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SCHEME 18

ethers are isolated in excellent yields. When the more hindered tert-butyldimethylsilane
is used, a very low reactivity is observed and the authors attributed this disappointing
reactivity to the steric hindrance of the silane which cannot efficiently activate the cop-
per(I) tert-butoxide precatalyst. However, switching from sodium tert-butoxide to sodium
methoxide gave a less hindered copper alkoxide precatalyst which could then be efficiently
activated by the more bulky silane.

N-Heterocyclic carbene displays strong σ -donor properties to the metal center that can
be compared to tertiary alkyl phosphine. It has been shown that such ligands give well-
defined and air-stable monomeric copper halide complexes. It could be expected that the
corresponding copper hydride complex might display a harder character, which might in
turn prove more favorable for the nucleophilic addition on a ketone. Therefore, it may
lead to an increased reactivity for the hydrosilylation of ketones. The reactivity of a wide
range of NHC ligands on copper in the hydrosilylation reaction of cyclohexanone was
examined by Nolan and coworkers, and optimization of the ligand structure led to the
selection of the IPrCuCl complex 70 as the catalytic precursor for the hydrosilylation of
various aryl alkyl and dialkyl ketones 71 (Scheme 19)53.
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The catalytic system requires the use of an excess of sodium tert-butoxide as a cocata-
lyst. It is expected that the ligand exchange leads to the in situ formation of the sensitive
NHC copper alkoxide that can be then activated by the silane to give the NHC copper
hydride catalyst. This procedure was applied with triethylsilane, an inexpensive silane
that led to its triethysilyl ether 72. Further optimizations of the catalytic system lead to
an efficient procedure for the hydrosilylation of hindered ketones with triethylsilane54

(Scheme 20).
A survey of various carbene salts on the reduction of dicyclohexyl ketone showed that

the N ,N ′-dicyclohexyl-substituted carbene ligand gave the best reactivities. A protocol
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using a 3 mol% of ICyCuCl 73, and sodium tert-butoxide as cocatalysts and triethylsi-
lane at 80 ◦C reduces a wide range of aliphatic and aromatic hindered ketones into the
corresponding triethylsilyl ethers (74–77) in excellent yields. It was also shown that the
NHC copper complex could be prepared in situ from copper(I) chloride and ICyžHBF4,
albeit with a reduced reactivity. Various hindered and electron-rich monophosphines were
also tested for comparison with the NHC ligands and displayed lower reactivities.

The same group later reported that air-stable cationic copper complexes bearing two
NHC ligands per copper atom, such as [IPr2Cu]BF4, could be used as hydrosilylation cat-
alysts after activation with sodium tert-butoxide55. Simple aliphatic and aromatic ketones
can be fully reduced with 3 mol% of the cationic precatalyst and only two equivalents of
triethylsilane when the reaction is carried out at room temperature in THF. More hindered
ketones can also be reduced with excellent yield in the same solvent when the reaction is
carried out at 55 ◦C. Mechanistic investigations by 1H and 13C NMR allowed the deter-
mination of the true catalyst precursor, as the reaction of NaOBu-t with [IPr2Cu]BF4
releases the IPrCuOBu-t complex, the direct precursor of the catalytic species IPrCuH56.
The formation of the copper alkoxide and the release of the free carbene IPr was unam-
biguously proved by 1H NMR in [D8]THF and the positive effect of the tetrafluoroborate
counteranion was also investigated.

Two other groups reported the use of NHC copper carbene complexes with their appli-
cation in hydrosilylation of aldehydes, ketones and electrophilic double bonds.

Buchmeiser and coworkers designed the copper(I) complexes 78 and 79 (Chart 7) which
were tested for their performance in carbonyl cyanosilylation, carbonyl hydrosilylation and
atom transfer radical polymerization of methyl methacrylate57. Both precatalysts, when
activated with NaOBu-t , gave very high activities with triethylsilane when the reactions
were carried out in THF at 65 ◦C with a turnover up to 100,000 could be achieved with
some activated substrates (such as benzaldehyde and 4-bromoacetophenone). Yun and
coworkers reported a rare example of a NHC copper(II) complex 80 (Chart 7) which
was prepared by direct complexation of the IPr carbene ligand and copper(II) acetate58.
This air-stable copper complex was characterized by X-ray crystallography and was suc-
cessfully used as a precatalyst for the hydrosilylation of propiophenone and electrophilic
double bonds with PMHS or TMDS (tetramethyldisiloxane). Only 1 mol% of the precat-
alyst is required and it was postulated that the NHC copper(II) acetate 80 is reduced in
situ by the silane to give the NHC copper(I) hydride catalytic species.
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B. Catalytic Hydrosilylation with Chiral Ligands

Although often forgotten in the scientific literature of the field, the true pioneer work in
the field of enantioselective catalysis with chiral copper(I) hydride complex was reported
in 1984 by Brunner and Miehling59. They reported the first generation of chiral diphos-
phine copper(I) hydride catalyst and its application in the asymmetric hydrosilylation of
acetophenone (Scheme 21).

Me

O

Ph2SiH2
then H3O+

Me

OH

(81) (82)
ee's up to 40%

O

O
PPh2

PPh2
L* =

PPh2

PPh2

Diop Norphos

0.04 mol% CuOAc/L*

SCHEME 21

Copper(I) acetate and benzoate were used as metallic precursors and combined with
chiral diphosphines such as Diop and Norphos. The hydrosilylation of acetophenone 81
gave quantitative yield of the corresponding carbinol 82 with catalyst loading as low as
0.04 mol%, thus showing the excellent reactivity of such hydride catalyst for the reduction
of ketones. Although the enantioselectivity remains modest with the chiral ligand available
at that time, the pioneer work of Brunner and Miehling was reported four years before the
first publication of Stryker on the use of the [CuH(PPh3)]6 complex for the chemoselective
reduction of electrophilic double bonds.

It took another 17 years after this publication before significant ameliorations were
reported in this field with simultaneous reports in 2001 by the groups of Lipshutz and Riant
on the asymmetric hydrosilylation of prochiral ketones with chiral copper catalysts60,61

(Scheme 22).
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Lipshutz and coworkers optimized a catalytic procedure in which the chiral catalyst
is generated in situ by combining copper(I) chloride, chiral diphosphines and sodium
tert-butoxide with silane activation60. A survey of various chiral diphosphines showed
that a member of the MeOBiphep family (Biphep = 2,2′-bis(diphenylphosphine)-3,3-
diphenylbiphenyl) bearing hindered xylyl groups on the phosphorus atom allowed one
to reach enantioselectivities over 90% for a range of aryl alkyl ketones. Furthermore,
in the presence of 3 mol% of CuCl, they also discovered a strong ligand acceleration
effect as the amount of the chiral ligand could be decreased to 0.005 mol% without
any decrease in the ee’s of the chiral alcohol, thus showing a substrate-to-ligand ratio
of 20,000. Riant and coworkers used copper(II) fluoride as metal precursor and Binap
as chiral ligand and observed enantioselectivities in the range of 64–92% for a range
of aryl alkyl ketones61. They also observed that the catalytic activity decreased strongly
for dialkyl ketones with low enantioselection. The most striking feature of this catalytic
system resides in the observation that the system is not only compatible with the presence
of air, but that it is actually strongly accelerated by oxygen. This allowed the authors
to build up a practical procedure that used undried standard glassware and undistilled
solvents for this catalytic reaction. It should be noted that both catalytic systems reported
by the two groups involve active species which are probably of the same nature, as both
systems give the same enantioselectivity for acetophenone (75–76%) when Binap is used
as ligand.

Both research groups later optimized their initial catalytic system and studied both
the ligand acceleration effect and the effect of molecular oxygen on the reactivity of the
catalytic system. Riant and coworkers used CuF(PPh3)3ž2MeOH with a chiral diphos-
phine ligand and confirmed their initial observations of the unexpected acceleration effect
of the hydrosilylation reaction by molecular oxygen62. They carried out a survey of
chiral diphosphine ligand and found that 4-MeO-3,5-di-t-Bu-MeOBiphep bearing bulky
groups on the phosphorus atom gave the highest enantioselectivity. An optimized proto-
col using 0.05 mol% of the chiral copper catalyst was then applied to various aryl alkyl
ketones with high enantioselectivities when the reaction was carried out in air. Lipshutz
and coworkers reported further optimization of their initial catalytic system with chiral
ligands from the Biphep and Seghos family63. They found that shorter reaction times and
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higher enantioselectivities could be reached with 4-MeO-3,5-di-t-Bu-Segphos (DTBM-
Segphos), and they showed that the strong ligand acceleration effect allowed one to work
with a substrate/ligand ratio up to 100,000:1 when the copper loading was kept at 3 mol%.

Other research groups reported some variations on the ligand or on the copper sources
in the enantioselective hydrosilylation of aryl alkyl ketones. Yun and Lee used copper(II)
acetate and Binap with phenylsilane (with a 3 mol% catalyst loading) and obtained enan-
tioselectivities in the range of 79–89%64. Dagorne, Bellemin-Laponnaz and coworkers
used phenyldimethylsilane as the hydride source with a CuCl/NaOBu-t /Binap catalyst
(5 mol% loading) and observed enantioselectivities over 90% when the reaction was car-
ried out in toluene at −78 ◦C65. Finally, Chan and coworkers used Xylyl-P-Phos with
copper(II) fluoride (1.2–3 mol% loading) and phenylsilane as the hydride source and
observed enantioselectivities in the range of 72–96% for a wide range of aryl methyl
ketones when the reaction was carried out in air66. They could obtain a substrate-to-ligand
ratio up to 100,000 for the most activated substrates (such as p-nitroacetophenone), and
they also studied their catalytic system for the enantioselective hydrosilylation of dissym-
metric benzophenones 83 (Scheme 23).
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As expected, high enantiomeric excesses could be reached when a good differentiation
was made between the two aryl groups of the starting benzophenones 83. Good to high
enantioselectivities were then obtained for 2-substituted benzophenones with an optimum
of 98% for the 2-CF3 substituent. Low to modest enantioselectivities were also observed
with substitution at 3- and 4-position of the aromatic and the inversion of configura-
tion of the p-substituted benzhydrols 84 was obtained with the ligand bearing the same
configuration compared to the corresponding o-substituted benzhydrols.
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The study of the asymmetric hydrosilylation of diaryl (and heteroaryl) ketones was
later generalized by Lee and Lipshutz, who used the DTBM-Segphos/CuH catalyst for
the enantioselective reduction of a wide variety of benzophenones67. They showed that
high enantioselectivities could be reached with substituents on both aryl groups of the
starting ketones, and they studied the effect of the electronic and steric properties of the
substituents on the two aryl moieties as well as the influence of some heterocycles such
as pyridines, thiophene and furan.

Early studies on the asymmetric hydrosilylation of prochiral ketones showed that high
reactivities and enantioselectivities were limited to the case of aromatic ketones. Lipshutz
and coworkers focused on families of substrates that have the potential to be produced on
a large scale as key intermediates for pharmaceutical industries68,69. Some representative
examples of enantiomerically enriched alcohols are presented in Chart 8.
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They first studied various heteroaryl alkyl ketones for which corresponding alcohols
have found wide applications in medicinal chemistry. The reduction of all the reported
susbstrates occurred with good to high yield with 1–3 mol% loading of CuCl/NaOBu-t
and 0.05 mol% of DTBM-Segphos with PMHS as the hydride source68. They observed
that good to high enantioselectivities for the formation of 85–88 could be obtained regard-
less of the electron-deficient (such as pyridine) or electron-rich (such as furan) nature of
the heterocycle. They later focused on the synthesis of key intermediates of known phys-
iologically active compounds using this methodology69. The copper hydride precursors
were either CuCl/NaOBu-t (1–2 mol%) and DMTB-Segphos or 3,5-Xylyl-MeOBiphep
as chiral ligand. PMHS (1 equiv.) was used as the hydride source with the addition of
1 equivalent of tert-butanol for optimum reactivity of the catalytic system. High enan-
tioselectivities (three representative examples 89–91 are described in Chart 8) ranging
from 86.1 to 99.4% were reported, thus showing the high potential of such methodology
in the production of enantiomerically enriched key intermediates for the pharmaceutical
industry.
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While there are many examples reported for the enantioselective hydrosilylation of
prochiral ketones with copper(I) hydride catalyst, there is only one example in the appli-
cation of such methodology for more challenging imine substrates70 (Scheme 24).
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This system uses a copper(I) hydride catalyst generated from CuCl/NaOMe and TMDS
(tetramethyldisiloxane) as the hydride source with DTBM-Segphos as the chiral ligand.
Imine 92 activated by a bisarylphosphinyl group was also required for a good reactivity
and steric hindrance was increased on the phosphorus atom by introducing xylyl groups.
Three equivalents of TMDS (6 equivalents of Si−H per imino bond) and tert-butanol were
also required for optimum reactivity. Although this system still requires a fairly high cat-
alyst loading (compared to the catalyst loading usually required for simple ketones and
electrophilic olefins), it remains one of the most enantioselective reported to date as all
the enantiomeric excesses reported for various aryl alkyl ketimines were in the range
of 94.2–99.3%. The same authors also later reported that the heterogeneous precatalyst
copper on charcoal (Cu/C) could be used as the metal source for this transformation
with equal efficiency when the reaction was carried out under ultra-sonication71. This
heterogeneous catalytic system was also investigated for the enantioselective hydrosily-
lation of ketones and electrophilic double bonds and compared with the corresponding
homogeneous catalytic system.

The catalytic use of Stryker’s reagent in reduction processes was initially used with
molecular hydrogen as the hydride source and there is only one example of the develop-
ment of an enantioselective version of this method for the reduction of prochiral ketones
to date. Shimizu and coworkers recently reported a new catalytic system, which gen-
erated a chiral copper(I) hydride catalyst for the enantioselective hydrogenation of aryl
alkyl ketones72 (Scheme 25).

O

(93)

2 mol% NaOBu-t
H2 (5.0 MPa), i-PrOH

30 °C, 16 h
R

OH

R

63–91% ee'sPPh2 PPh2

(S,S)-BDPP

0.2 mol% [Cu(NO3)(P(3,5-xylyl)3)2]
0.2 mol% (S,S)-BDPP
1.2 mol% P(3,5-xylyl)3

SCHEME 25

They first found that copper(I) nitro complex [Cu(NO3)(PPh3)2] gave a better reactivity
for the hydrogenation of acetophenone when it was activated with an excess of sodium
tert-butoxide. A survey of various chiral ligands with a 500–3000 substrate to catalyst
ratio showed that (S,S)-BDPP gave the best enantioselectivity (48%). They also studied
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the influence of the monophosphine coligand and found that the enantioselectivity could
be increased from 48% to 56% when triphenylphosphine was replaced by the more bulky
tris(3,5-xylyl) phosphine. Using this optimized catalytic system and a catalyst loading
of 0.2 mol%, they carried out the hydrogenation of various aryl methyl ketones 93 and
observed that optimum enantioselectivities were reached when the aryl group bears an
ortho substituent (81–91% ee).

VI. CATALYTIC DOMINO REACTIONS

A. Catalytic Domino Reactions with Non-chiral Ligands

The conjugated addition of a copper(I) hydride complex on an electrophilic double bond
bearing an electron-withdrawing group leads to the formation of a nucleophilic copper
enolate, which can then be used for further transformations according to the reaction
conditions (Scheme 26).
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As shown before, when no electrophile is added, the copper enolate 96 can then be
trapped by the hydride source (silane or borane) to give the corresponding silyl (or boryl)
enol ethers 97. Those pronucleophiles can react with various electrophiles (aryl and alkyl
halides for arylation and alkylation, aldehydes for aldolization) after a proper activation
(palladium, fluorides, Lewis acids in the case of silyl enol ethers) to yield the correspond-
ing adducts 98 (E = Ar, Alk, RCH(OH)). For this method, two steps are required, although
it is not necessary to isolate 97. When the catalytic addition leading to 96 (the real structure
of the copper enolate intermediates remains still to be established (95 versus 96) as well
as its mode of reaction with electrophiles) is carried out and treated with a proton source
such as tert-butanol, the enolate should be protonated to give the reduction adduct 99 and
a copper alkoxide which will be easily transformed into the copper(I) hydride catalyst.
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This shows that the nucleophilic copper hydride reacts faster with the electrophilic double
bond of 94 than with the proton source (the choice of tert-butanol as a hindered and less
basic proton source is often crucial for good reactivity). This observation led to the idea
that when an electrophilic double bond and a harder electrophile (such as an aldehyde or a
ketone) are subjected together to the action of a copper(I) hydride catalyst, a domino pro-
cess could take place with a preference of the copper hydride for the softer electrophilic
double bond. The resulting copper enolate 96 could then in turn react with the aldehyde or
ketone, to give at the end of the catalytic process an aldol adduct 100 in a one pot domino
process.

Those reductive aldol domino processes have been well described with cobalt, rhodium,
iridium and palladium catalysts and have been now developed for the past ten years with
copper(I) hydride catalysts73.

Although the early publications in this field do not truly rely on catalytic systems, it
should be noted that the pioneer work was reported in 1998 by Chiu and coworkers,
who reported over several years elegant variations of intramolecular versions of reductive
aldol reactions using stoichiometric and catalytic amounts of Stryker’s reagent 2. Chiu and
coworkers reported the first example of this reaction for the construction of a 5,7-bicycle
as model compound in the total synthesis of pseudolaric acid A74 (Scheme 27).
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They initially noted that the intramolecular base-catalyzed condensation of the saturated
diketone analogue of 101 gave a mixture of products. The cyclization precursor 101 was
then subjected to the action of an excess of Stryker’s reagent 2 to yield, after a few
minutes, the corresponding stereoisomeric adducts 102 and 103 in 66% and 16% isolated
yields.

This pioneer idea led Chiu and coworkers to study the scope of this methodology for
the formation of mono- and bicycle derivatives of various sizes and to investigate the
nature of the Michael acceptor part.
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They first reported a meticulous study of the reaction parameters and substrate variations
using a stoichiometric amount of Stryker’s reagent 2 to carry out the domino process75

(Scheme 28).
The influence of the temperature on the reductive cyclization of diketo ester 104 has

a strong influence on the stereochemistry of the bicycle junction of the corresponding
adducts. Indeed, the kinetic cis-adduct 105 was obtained as the sole product when the
reaction was carried out at −40 ◦C. However, when the reaction temperature was raised
to −10 ◦C, the retro-aldol reaction gives rise to the formation of the thermodynamic
trans-adduct 106 as the major product.

Keeping the reaction temperature at −40 ◦C, they then studied the scope of this reac-
tion on various mono- and bicycle precursors. Representative examples are shown in
Scheme 29.
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Most of the reported reactions proceed under the optimized reaction condition in good
to high yields for the corresponding reductive aldol adducts (41–93%). All adducts 107
were isolated as single diastereoisomers when conditions for kinetic control (−40 ◦C)
were used for the reaction and the cyclization gives 5- and 6-membered rings with little
or no formation of the simple reduction of the double bond. When precursors of 4- and 7-
membered rings were tested, the cyclization did not occur and the product arising from the
reduction of the Michael acceptor was the only isolated product. The reaction is tolerant
to various types of electron-withdrawing groups such as ketones, esters and cyano groups
and the stereochemistry of the adduct is also independent of the stereochemistry of the
Michael acceptor, although it was shown that Z-isomers were much less reactive than the
E-electrophilic olefins. This methodology was later used for a short synthesis of lucinone
from (+)-dihydrocarvone76.

The adaptation of this procedure to the case of nitroalkene groups as Michael acceptors
gave the corresponding reductive Henry reaction and was also investigated by Chiu and
Chung77. Although the reaction proved to be less stereoselective in most cases, several
precursors could be cyclized and the corresponding adducts were usually isolated in
good yields along with variable amounts of the product arising from the reduction of the
nitroolefin.

Finally, Chiu and Leung investigated the possibility of using electrophilic triple bonds
as Michael acceptors for the reductive aldol reaction of a series of keto-alkyne precursors
using either stoichiometric or catalytic amounts (using PMHS as the hydride source) of
Stryker’s reagent 278 (Scheme 30).
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The main interest for using such substrates is that they give the equivalent of Baylis–
Hillman adducts through reductive cyclization reactions. Although the desired adduct 108
was isolated in fair yield (50–60% typical isolated yield), the formation of by-products
was also noticed in many cases. The adducts 108 being themselves Michael acceptors,
the formation of the reduction products 109 was also observed as well as of the enones
110, which probably originates from water elimination from the hydroxy ketones 109.
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There is to date only one report of an intermolecular version of the reductive aldol
reaction between Michael acceptors and aldehydes79 (Scheme 31).

It was shown earlier that NHC copper(I) chloride complexes could be used as pre-
catalyst for the hydrosilylation reaction of various types of soft electrophiles such as
conjugated double bonds as well as harder electrophiles such as aldehydes and ketones.
The formation of the copper(I) hydride active species required preactivation with an excess
of a metal alkoxide, and an alternative to the use of the cocatalyst was investigated by
Nolan, Riant and coworkers. They found that dibenzoylmethanato ligand stabilized the
copper(I) oxidation state and could be directly exchanged with a hydride ligand by reac-
tion with a silane. The corresponding NHC copperDBM catalysts such as 111 proved to
be extremely reactive in the intermolecular condensation of methyl acrylate and aldehydes
as a TOF > 15,000 h−1 could be evaluated with a catalyst loading of 0.1 mol% (reac-
tion complete in less than 4 min). The anti/syn selectivity proved to be quite insensitive
to the structure of the diaminocarbene ligand, and low to fair diastereoselectivities were
observed for various Michael acceptors and aromatic and aliphatic aldehydes.

B. Catalytic Domino Reactions with Chiral Ligands

The first enantioselective version of an intermolecular reductive aldol reaction between
methyl acrylate and aryl alkyl ketones as electrophiles was reported simultaneously by
the groups of Shibasaki, Kanai and coworkers and Riant and coworkers in 200680,81

(Scheme 32). They examined the asymmetric reductive aldol reaction between methyl
acrylate and acetophenone catalyzed by a catalytic amount of CuF(PPh3)3ž2EtOH asso-
ciated to 3 different chiral diphosphine ligands80. The best combination in terms of yield,
diastereo- and enantioselectivity was obtained with Tol-Binap, with either triethoxysi-
lane or pinacolborane as the hydride source. This observation suggests that the actual
nucleophile was a copper enolate intermediate rather than a silyl enolate.

Riant and coworkers investigated the use of chiral diphosphine-modified copper fluoride
as catalyst for the stereoselective reductive aldol reaction between methyl acrylate and aro-
matic ketones with phenylsilane as reducing agent81. After optimization of the parameters
of the reaction, a survey of the chiral diphosphine ligands showed that Solvia’s Taniaphos
ligand 112a leads to higher diastereoselectivities in favor of the erythro adducts and with
enantioselectivities up to 95%. A variety of aromatic and heteroaromatic ketones partici-
pate successfully in the tandem reaction with methyl acrylate. For the range of substrates
considered, the diastereo- and enantioselectivity of the reaction were moderate to high
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with dr’s and ee’s for the erythro compound ranging from 80:20 to 96:4 and 82 to 95%,
respectively.

Despite the somewhat limited potential application of such adducts, the results reported
by both groups remain interesting since they show the high nucleophilic character of
copper enolates as there are still few examples of true catalytic reactions of metal enolates
on ketones.

Riant and coworkers also investigated the enantioselective catalytic aldol reaction of
methyl acrylate and aldehydes82. They observed that their catalytic system (CuF(PPh3)3/
diphosphine and phenylsilane) was extremely reactive with aldehydes as TOF up to
40,000 h−1 could be observed with benzaldehyde at room temperature. The competi-
tive reduction of the aldehydes could be avoided when the reaction was carried out at
low temperature and the selectivities of the reaction could be optimized to a 88:12 syn-
to-anti ratio with a 96% ee with Taniaphos chiral diphosphine ligand and cyclohexane
carboxaldehyde. While the enantioselectivities remain quite high for a large range of aro-
matic and aliphatic aldehydes, the syn:anti diastereoselectivities decreased when aromatic
aldehydes were employed for the aldol condensation.

Recently Shibasaki, Kanai and coworkers investigated the reductive Mannich reaction
with N-diphenylphosphinoyl substituted ketimines83 (Scheme 33). The authors first opti-
mized a catalytic procedure without chiral ligand to investigate the influence of the reaction
parameters on the yield and diastereoselectivity of the new adducts. They found that the
best catalytic system was obtained starting from copper(I) acetate and triphenylphosphine
as ligand and pinacolborane as the hydride source. No asymmetric induction was, how-
ever, observed when chiral diphosphine ligands were used and some investigations led
the authors to suspect the fast formation of a boron enolate (which would occur from
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a rapid transmetallation of the copper enolate with the borane), which would directly
condense with the ketimines to deliver the racemic adducts. As silanes react much more
slowly with copper enolates, pinacolborane was replaced by triethoxysilane. Although the
reaction proved to be slower, high yield and enantioselectivities were reached with this
silane when DiFluorPhos was used as chiral ligand.
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An elegant variation of the Michael acceptor was also studied by Shibasaki, Kanai and
coworkers, who investigated the reductive aldol domino reaction between allenoates and
aryl methyl ketones84 (Scheme 34).

In a preliminary account of this work, the authors investigated the reaction between
ethyl allenoate 113, R = Et and acetophenone 114 with a chiral copper(I) hydride
catalyst80. Despite moderate γ :α regioselectivity, excellent enantioselectivity and accept-
able diastereoselectivity were, however, obtained for the γ and α isomers, respectively,
using CuF(PPh3)3ž2EtOH/DTMB-Segphos as catalyst. In a later report, the regioselectivity
was improved for the reductive aldol reaction between allenic ester (R = Et) and acetophe-
none by employing CuOAc as copper source and adding achiral basic phosphine PCy3

84.
Indeed, a γ :α regioselectivity of 25:1 was obtained for the predominant cis isomer 115,
isolated in 96% yield with an enantiomeric excess of 99%. Similar trends were observed
for a variety of aryl, alkenyl and alkyl methyl ketones. During the optimization stage, a
change in the regioselectivity in favor of the α isomer 116 was noted when Taniaphos-
type ligand 112b was employed. This ligand in combination with CuF(PPh3)3ž2EtOH
catalyzed the tandem reaction between acetophenone and allenic ester (R = Me) in high
yield (90%), a good ee value (84%) and moderate diastereoselectivity (dr = 10:1). This
change of regioselectivity, controlled by the ligand, was also observed with other aryl
and cinnamyl methyl ketones. Under this catalytic condition, these substrates gave the
corresponding adducts with excellent stereoinduction.

The first example of a catalytic enantioselective intramolecular reductive aldol reaction
was reported in 2005 by Lam and Joensuu85 (Scheme 35). They started from easily
available substrates 117 containing an α,β-unsaturated ester linked to a ketone through
an ester linkage. The reductive cyclization was first studied with achiral ligands and an
optimized protocol using a 5 mol% loading of copper(II) acetate, and dppf gave good to
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excellent yields of the corresponding 5- and 6-membered ring hydroxyl lactones 118. A
survey of chiral ligands showed that atropophosphines, such as members of the Biphep
and Segphos families, gave enantiomeric excesses up to 82%. A catalytic cycle was
proposed and involves a cyclic transition state in which the oxygen atom of the carbonyl
was complexed to the copper atom of the enolate. This work was soon followed by
the investigation of new substrates in which the oxygen atom linker was replaced by a
protected nitrogen atom86 (Chart 9).
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The chiral β-aminoketones required for the preparation of the cyclization precursors
were easily prepared by an L-proline catalyzed asymmetric Mannich reaction. The cycliza-
tion of the corresponding acrylamide with the copper(II) acetate/dppf catalyst and TMDS
as the hydride source gave the corresponding 4-hydroxypiperidinones in good to high
diastereoselectivities.

Recently, Lipshutz and coworkers reported the enantioselective reductive cyclization
of (E)- and (Z)-β-disubstituted enones 11987 (Scheme 36).

O

R

O

R2

R1
n

(E)-(119)
n = 0,1

3-5 mol% Cu(OAc)2·H2O
1 mol% Josiphos 57a

1.5 equiv. (EtO)2MeSiH
PhMe, −10–20 °C

O
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R1
n

R2 OH

H

75–97% ee's

R1
n

(Z)-(119)
n = 0,1

O

R2

R

O O

R

R1
n

R2 OH

H
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The reductive aldol cyclization occurred in good yields and high enantioselectivities
with both (E)-119 and (Z)-119 enones with copper acetate/Josiphos-57a and diethoxy-
methylsilane as the hydride source at −20 to −10 ◦C. As the enantioselection occurs
during the addition of the chiral copper(I) hydride catalyst on the substituted double
bond, the sense of the stereoinduction occurs similarly to previously studied systems
for the enantioselective reduction of related electrophilic olefins. This method allows
the generation of three contiguous asymmetric stereocenters in a single step, the sense
of induction for the aldol step being dependent on the Z- or E-stereochemistry of the
starting olefin.

Finally, Deschamp and Riant recently reported an efficient method for the preparation of
enantiomerically enriched bicyclic derivatives through an enantioselective
copper(I) hydride catalyzed reductive aldol cyclization88 (Scheme 37).

The reductive cyclization of monocyclic prochiral precursor 120 was optimized with
Taniaphos-type chiral ligand 112c. High diastereoselectivities and enantioselectivities were
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reached when tert-butyl ester was introduced on the Michael acceptor. The formation of
cyclohexane ring occurred with enantioselectivities >94% and only one diastereoisomer
was formed in most cases. The aldol adduct 121 bearing an allyl group on the bicycle junc-
tion could be further transformed and a second Michael acceptor was introduced through
cross-metathesis with tert-butyl acrylate and a catalytic amount of the Grubbs–Hoveyda
catalyst. The second reductive cyclization occurs smoothly at −50 ◦C with 2 mol% of chi-
ral hydride catalyst and the angular tricyclic adduct 122 bearing 5 contiguous asymmetric
centers was isolated in good yield and as a single diastereoisomer.

VII. HYDROCUPRATION OF ALKYNES
Soon after reporting the first examples of the use of copper(I) hydride cluster 2 for the
chemoselective reduction of electrophilic double bonds, Stryker and coworkers investi-
gated the reactivity of this reagent on non-activated triple bonds17 (Scheme 2). Lower
reactivity required higher temperature for the hydrocupration reaction to occur, and no
further investigations were reported until Chiu and coworkers investigated the hydrocupra-
tion reaction of various alkynes activated by a carbonyl group in the presence of tributyltin
hydride89 (Scheme 38).

The reaction of various activated alkynes 123, 124 with a catalytic amount of Stryker’s
reagent 2 and tributyltin hydride in toluene afforded the corresponding α-stannylated
alkenes 125 and 126 in good yields. The proposed mechanism occurs through a hydro-
cupration reaction on the triple bond followed by transmetallation with the tin hydride and
reductive elimination. When alkynoates 123 were used as substrates, the α-E-125 stanny-
lated adducts were isolated, showing that the transmetallation–elimination occurs without
isomerization after the cis-hydrocupration step. On the other hand, when alkynones 124
were used, the intermediate isomerizes (presumably through a copper allenoate interme-
diate) prior to the transmetallation step and α-Z-126 was isolated as the major adduct.

A similar strategy was recently reported by Lipshutz, Aue and coworkers who studied
the reaction on alkynoates 127 with pinacolborane as the hydride source90 (Scheme 38).
The treatment of various alkynoates 127 with pinacolborane and a catalytic amount of
Stryker’s reagent 2 and triphenylphosphine afforded the Z-adducts 128 in good to high
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yields. The authors showed the utility of the resulting adducts through a series of trans-
formations involving the boronic ester group.

The hydrocupration reaction of alkynes 129 bearing an epoxide group at the α-position
of the alkyne was also recently reported by Krause and coworkers for the preparation of
α-(hydroxy-substituted) allene 13191 (Scheme 39). The copper hydride catalyst was gen-
erated in situ by reaction of copper(I) chloride, sodium tert-butoxide and the imidazolium
salt 130. The influence of the structure of the NHC carbene ligand that stabilizes the
copper(I) hydride was shown to be crucial not only for the SN 2′ addition of the hydride
on the triple bond with opening of the oxirane, but also for the chirality transfer that
afforded the corresponding α-(hydroxy-substituted) allene 132 with high diastereoselec-
tivity (93:7). The utility of the resulting α-(hydroxy-substituted) allene was also shown, as
they can easily cyclize into the corresponding disubstituted dihydrofuran 132 by treatment
with a catalytic amount of gold(III) chloride.

Finally, a conceptually elegant method for the kinetic resolution of racemic alco-
hols through copper(I)-catalyzed kinetic resolution with silicon stereogenic silanes was
reported in 2008 by Oestreich and coworkers92 (Scheme 40). Phosphine-stabilized cop-
per(I) hydride complexes catalyze the dehydrogenative Si–O coupling between alcohol
and silane, and the authors used this catalytic reaction to optimize the kinetic resolution
of racemic alcohol 133 with chiral silane 134. A careful examination of the reaction
parameters allowed them to reach selectivity factors >15 for the kinetic resolution with
enantioselectivities >85% for the coupling adducts and remaining alcohol.

This report shows that new reactions involving copper(I) hydride catalyst have yet to
be discovered, and that its high efficiency will hopefully lead to their use in the chemical
industry as an alternative to existing methodologies for the chemical and stereoselective
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reduction of various functional groups. Still, it remains to investigate the structures and
dynamic behavior in solution of such copper(I) hydride catalytic species.

The chiral ligands cited in this review are presented in Chart 10.
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Departamento de Quı́mica Orgánica, Facultad de Ciencias, Universidad de Valladolid,
47011 Valladolid, Spain
Fax: 34-983-423013; e-mail: pulido@qo.uva.es

I. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          2
II. SILYLCUPRATES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          3

A. Preparation of Silylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          3
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          3
2. Homosilylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          3
3. Cyanosilylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          4
4. Mixed silylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          5
5. Other silylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .          6

B. The C−Si to C−OH Conversion . . . . . . . . . . . . . . . . . . . . . . . . . . .          7
C. The Structure of Silylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . .        14
D. Reactions of Silylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        16

1. Conjugate additions to unsaturated carbonyl compounds . . . . . . . . .        16
2. Substitution reactions with allylic acetates, acid chlorides, epoxides and

related systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       23
3. Reaction of silylcuprates with unactivated acetylenes and allenes . . .        29

III. STANNYLCUPRATES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        43
A. Preparation of Stannylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . .        43

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        43
2. Methods of preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        44

B. Reactions of Stannylcuprates . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        47
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .        47
2. Conjugate additions to unsaturated carbonyl compounds . . . . . . . . .        48
3. Substitution reactions with allylic and propargylic electrophiles,

epoxides, vinyl triflates and β-haloenones . . . . . . . . . . . . . . . . . . .       57
4. Reaction of stannylcuprates with acetylenes and allenes . . . . . . . . . .        60

1

PATAI'S Chemistry of Functional Groups; Organocopper Compounds (2009)
Edited by Zvi Rappoport, Online © 2011 John Wiley & Sons, Ltd; DOI: 10.1002/9780470682531.pat0449



Francisco J. Pulido and Asunción Barbero

C. Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       74
IV. REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .       76

I. INTRODUCTION
In the mid-1960s organocuprate chemistry emerged as a fundamental topic in organic
chemistry being, over the last decades and till today, a cornerstone of organic synthesis and
one of the most popular methods for C−C bond formation. Gilman and coworkers’ paper
from 1952, describing the preparation of lithium dimethylcuprate1, is often used to mark
the beginning of cuprate chemistry. This was the first literature report of what we know
as organocuprate reagents. Two posterior fundamental reactions: the conjugate addition
reaction2 reported by House and coworkers in 1966 and Corey’s substitution reaction3

in 1967, consecrate definitively organocopper chemistry as a powerful tool in synthesis.
Half a century later, cuprate chemistry is still one of the leaders in the organometallic
field, and convincingly demonstrates the value of stoichiometric organocopper reagents
in the stereoselective preparation of complex structures.

Nowadays, rapid development is seen in their innumerable uses in total synthesis of nat-
ural products. This assessment is well illustrated by a 1992 Organic Reaction compilation4

which lists 522 natural products synthesized by employing organocopper reagents.
Pioneering studies employed mainly lithium dialkylcuprates or mixed dialkyl versions.

The fact that only the less electronegative of the two ligands is selectively transferred to the
electrophile provides a good strategy to develop lithium heteroatom(alkyl)cuprates with a
non-transferable ligand, usually a heteroatom of Group VA or VIA, and a transferable alkyl
group5. Chiral heteroatom(alkyl)cuprates (RCuX*Li; X = heteroatomic ligand) prepared
from non-tranferable heteroatom ligands induce asymmetric transformations, enabling the
transfer of the alkyl group to the electrophile with high enantiomeric excesses6.

Although conventional organocuprate reagents of type R2CuLi have been used for over
half a century, the analogous silyl and stannyl reagents have been reported only recently.
A great deal of the current knowledge in silyl and stannylcuprate chemistry is due to the
effort and brightness of two excellent chemists (I. Fleming and E. Piers) whose reports7

opened a new field in metallocuprate chemistry which have proved to be extremely useful
in synthetic organic chemistry.

Heteroatomcuprates containing Group IVA ligands (Si, Sn, Ge) readily transfer these
ligands to a wide variety of electrophiles with subsequent formation of C−Si and C−Sn
bonds. The synthetic value of this reaction lay in the posterior transformation of the
resulting C−Si and C−Sn bonds. Thus, compounds carrying silyl or stannyl substituents
may undergo multiple transformations in which these substituents are replaced by other
functional groups or by carbon substituents. This fact has been exploited in the construc-
tion of new C−C bonds. Several reviews covering the late advances in the chemistry and
synthetic application of organosilyl and organostannylcuprates have recently appeared8.

Silyl- and stannylcuprates seem to be thermodynamically more stable than their carbon-
based counterparts, allowing them to be treated with substrates at temperatures near 0 ◦C
and above for several hours8a. At the same time, they show a higher kinetic reactivity than
their carbon analogues. For instance, reaction of these reagents with unactivated allenes9,
styrenes10 and 1,3-dienes11 has no counterpart in alkylcuprate chemistry. In particular, the
rich chemisty of the silylcupration and stannylcupration of allenes offers a high potential
for the development of novel synthetic strategies12.

Other families of metallocuprates bearing metals different from Si and Sn have also
been an object of attention, for example, germylcuprates (with Ge−Cu bond)13, zinc-
cuprates (with Zn−Cu bond)14 etc. Catalytic metallo-metalations mediated by Cu(I) are

2



Silyl and stannyl derivatives of organocopper compounds

also closely related processes15. We do not intend to cover these developments in this
chapter, which is devoted solely to the chemistry of silicon and tin cuprates and their
application to organic synthesis.

II. SILYLCUPRATES
A. Preparation of Silylcuprates

1. Introduction

As their carbocuprate analogues, a silylcuprate reagent can be prepared from the cor-
responding silyllithium reagent by mixing it with an appropriate amount of a copper(I)
salt, in THF solution8a. They possess enhanced nucleophilicity and stability compared
to silylcopper reagents which often lead to more selective and reproducible reactions.
Although other ethereal solutions have been used, THF is the most popularly employed
solvent. The nature of copper(I) salt used, substitution pattern of silyl group and the
ligand/copper ratio results in formation of a wide variety of cuprates with different stoi-
chiometries. Some of the more usual reagents are collected in Table 1 (below in Section
II.C). Their reactivity depends on the nature of the silyl group, stoichiometry and the
presence of non-transferable ligands. As expected from the lower electronegativity of
silicon, silylcuprates transfer selectively the silyl group in mixed alkyl(silyl)cuprates of
type R3SiCu(R′)Li. Singer and Oehlschlager have attributed this preferential transfer to
HOMO/LUMO orbital interactions between copper ligands and the electrophile, the inter-
action between the Cu−Si HOMO and the electrophile LUMO being energetically more
favorable than the intereraction with the Cu−C HOMO16a. The factors which influence
the relative migratory aptitudes of ligands attached to copper in organocuprates have been
reviewed16b.

2. Homosilylcuprates

The most simple reagent, bis(trimethylsilyl)cuprate17, is not the most extensively used.
The disadvantages of the tedious preparation of trimethylsilyllithium clearly reduce their
use in synthesis. Trimethylsilyllithium18 needs to be prepared in neat HMPA by treating
hexamethyldisilane with methyllithium at 0 ◦C for half an hour (Scheme 1). HMPA is not
only an undesirable reagent but also causes interferences in many reactions and separation
problems after the work-up of the mixture. Other reported preparation methods do not
improve this procedure19.

Phenyldimethylsilyllithium20 is much easier to prepare than trimethylsilyllithium, and is
simply obtained by mixing chlorodimethylphenylsilane and lithium shots in THF, and stir-
ring the mixture at 0 ◦C overnight (Scheme 1). Because of its immediacy, phenyldimethyl-
silylcuprates21 are the most commonly used silylcuprates. The only disadvantage of using
a phenyldimethylsilyl group is that the silicon by-products generated in the desilylative
steps or in the silylcupration reaction are relatively involatile. Different reagents bearing
the phenyldimethylsilyl group, e.g. (PhMe2Si)2CuLi.LiX, have been prepared using cop-
per(I) iodide, copper(I) bromide–dimethyl sulfide complex or even copper(I) chloride. All
of them are considered formally lower-order cuprates and their reactivity is quite simi-
lar. The phenyldimethylsilyl group imparts very similar reactivity to that of trimethylsilyl
group: both are replaced by a proton or an electrophilic group in allyl- and vinylsilane
derivatives and undergo desilylative reactions in similar conditions, showing equivalent
reaction rates. However, the phenyldimethylsilyl group has the advantage of being con-
verted into a hydroxyl group, a feature associated with silyl groups bearing at least one
phenyl substituent (see Section II.B).

3



Francisco J. Pulido and Asunción Barbero

2PhMe2SiCl 4Li

THF, 0 °C

CuI

THF, 0 °C
(PhMe2Si)2CuLi  +  LiI

MeLi

HMPA, 0 °C

1/2 CuI

0 °C
(Me3Si)2CuLi  +  LiIMe3SiSiMe3 Me3SiLi

Me4Si
+

PhMe2SiSiMe2Ph
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2PhMe2SiLi

2PhMe2SiLi

SCHEME 1

An alternative preparation of phenyldimethylsilyllithium, which is free of halide ion,
is the cleavage of diphenyltetramethyldisilane with lithium powder (Scheme 1)22. This
method was used for NMR characterization of several copper-containing species22. Cu-
prates made from disilanes behave as usual cuprates when reacting with electrophiles.

Other homosilylcuprates based on the triphenylsilyl, t-butyldimethylsilyl or t-butyl-
diphenylsilyl groups were eventually prepared for specific applications, but their use is
not so extended as that of TMS and PhMe2Si groups8a.

3. Cyanosilylcuprates

Cyanosilylcuprates are extremely versatile synthetic reagents and combine the stability
of heterocuprates and the reactivity of homocuprates. Phenyldimethylsilylcyanocuprates
1, 2 and 3 made from phenyldimethylsilyllithium, copper(I) cyanide and methyllithium
exhibit often higher reactivity and better selectivity than the ordinary halocuprates23. The
use of CuCN is generally more reliable than that of bromo or iodo derivatives24. CuCN
is inexpensive, non-hygroscopic, light insensitive and very stable to change in oxidation
level. Moreover, the cyanide-based reagent is also advantageous because it is easier to
make and it keeps dry, which prevent the problems of diminished yield when using
halocuprates.

Although cyanocuprate (1) and cuprates of type (R3Si)2Cu(CN)Li2 and R3Si(R′)Cu(CN)
Li2 (Scheme 2) are described as higher-order cuprates, and the structures of many of
them have been confirmed by NMR experiments22,25, the true role of the cyano group
in the reactions of higher-order cyanocuprates still remains obscure. In fact, it is known
that the triply coordinated species [Cu(CN)R2]2− is not a stable structure in ethereal
solvents26, however, the Lipshutz reagent27 is still formulated as R2Cu(CN)Li2 and still
remains the best choice in many synthetic transformations. NMR characterization of sev-
eral cyanide-derived silylcopper species clearly shows that different stoichiometric ratios
of copper-to-silicon lead to different species. Thus, the 1:1 reagent (2) and the 2:1 reagent
(1) are distinct organocopper species, and the cyanide-based reagent (1) is also different
from the iodide-based (PhMe2Si)2CuLižLiI22,25. Examination of 13C (SiCH3) chemical
shifts (in ppm) show variations up to 10 ppm, while 29Si signals appear in an interval of
around 8 ppm and the 1H proton NMR spectrum gives differences in value of approx-
imately 0.3 ppm16,22,25. Dynamic NMR experiments on samples of R3Si(R′)Cu(CN)Li2
carried out at low temperatures are consistent with a rapid ligand exchange16. This fact
might lead to controversy concerning the composition and formulation of these silylcopper
species and consequently in the term ‘higher order’ which could be open to revision28.
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2PhMe2SiCl 4Li
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CuCN
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SCHEME 2

(t-Butyldiphenylsilyl)cuprates 4 and 5 are also distinct organocopper species, and show a
reactivity pattern quite similar to the cyanocuprates 1 and 29.

4. Mixed silylcuprates

Mixed alkyl(silyl)cuprates are readily synthesized by mixing a 1:1:1 equimolar amount
of the alkyllithium compound, the silyllithium reagent and the copper(I) salt in THF as the
preferred solvent29. The order is ambiguous but more preferably the silyllithium is added
to the copper salt with a short stirring, and this is followed by adding one equivalent of the
alkyllithium. Equilibration is usually fast between −40 ◦C and 0 ◦C, yielding the mixed
cuprate as a homogeneous colored mixture ready to use. PhMe2Si(Me)Cu(CN)Li222,29a

(3) and PhMe2Si(n-Bu)Cu(CN)Li229 (6) are prepared by this method (Scheme 3), both
are equally effective reagents and their reactivity is similar to that of the bis(silyl)cuprate.
Mixed cuprates have some advantages. Since only one of the silyl groups of homosi-
lylcuprates is used for reaction, mixed alkyl(silyl)cuprates greatly improve the reaction
economy, especially when using expensive30 or difficult to prepare silyl groups. This
is especially true in total synthesis of natural product where convergent key steps that
need the addition of a complex cuprate must proceed with high yield and ligand econ-
omy. In 1972 Corey and coworkers31 introduced mixed cuprates bearing an alkynyl
residual ligand and a transferable ligand, having demonstrated previously that alkynyl
ligands are transferred much more slowly than other organic groups. Corey’s conju-
gated addition–alkylation route to prostaglandins exemplifies well this strategy, where a
mixed cyanoalkylcuprate transfers a rather complex alkyl chain to the conjugated posi-
tion of the pentacarbocycle, whereas the cyano behaves as a residual ligand. Mixed
alkynyl(silyl)cuprates, prepared by stirring an equimolar mixture of hexynyl lithium,
phenyldimethylsilyllithium and copper(I) cyanide in THF at 0 ◦C for 0.5 h, have proved
to show quite the same reactiviy as (Ph2MeSi)2Cu(CN)Li2 when reacting with allenes,
giving only vinylsilanes resulting from selective silicon transfer29b.

Moreover, mixed alkyl(silyl)cuprates highly minimize silicon-containing by-products
(such as R3SiSiR3, R3SiH, R3SiOH, R3SiOSiR3) formed with homosilylcuprates because
the only by-product derived from the silylcupration step is methane or butane. On the other
hand, the markedly higher electronegativity of carbon atom assures the selective transfer
of the silyl group, as mentioned before. In order to get the best yield, mixed cuprates
should be added in slight excess to the electrophile, when the reaction stoichiometry is
1:1.
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An alternative preparation of mixed alkyl(silyl)cuprates that may occasionally be useful
is the cleavage of silylstannanes like R2

3SnSiR1
3 with lithium dialkylcuprates of type

R3
2CuLi32. The resulting mixed cuprate R1

3Si(R3)CuLi is formed by ligand exchange
and an equivalent of tetraalkylstannane R2

3SnR3 is subsequently formed (Scheme 3).
This procedure is restricted to the preparation of hindered mixed silyl cuprates like t-
BuMe2Si(n-Bu)Cu(CN)Li232 (7) or the corresponding thexyldimethylsilyl derivative (8).
Obviously, the mixed silylstannane can afford either silyl or stannylcuprates; the smaller
the silyl group, the higher will be the opportunity for obtaining the stannylcuprate33.
Furthermore, the ligand exchange methodology avoids the preparation of silyllithium
salts, which are sometimes difficult to manipulate in the laboratory.

t-BuMe2SiSnMe3  +  n-Bu2Cu(CN)Li2 t-BuMe2Si(n-Bu)Cu(CN)Li2  +  n-BuSnMe3
–78 to 0 °C

THF

thexylMe2SiSnMe3  +  Me2Cu(CN)Li2 −78 to 0 °C

THF thexylMe2Si(Me)Cu(CN)Li2  +  Me4Sn

 CuCN

THF, 0 °C
PhMe2Si(n-Bu)Cu(CN)Li2

(7)

(6)

(8)

PhMe2SiLi  +  BuLi

SCHEME 3

Mixed hetero(silyl)cuprates of the type R3SiCu(Z)Li, Z = heteroatom from Group VA
and VIA (excluding CN), have been little used8a.

5. Other silylcuprates

Apart from TMS-cuprates and PhMe2Si-cuprates, other silylcuprates that have been
used with some assiduity are triphenylsilyl(cyano)cuprates34, t-butyldiphenylsilylcuprate
430a and 530b, t-butyldimethylsilyl(butyl)cuprate (7)32, bis(2-methylbut-2-en-1-yldiphenyl-
silyl)(cyano)cuprate35 (9), bis[tris(trimethylsilyl)silyl]cuprate36 and diethylaminodiphenyl-
silyl(cyano)cuprate37 (10) prepared as in Scheme 4.

Si)2

Ph

Ph

Li

THF
SiPh2Li

1/2 CuCN

 0 °C
SiPh2)2Cu(CN)Li2

Ph2SiCl2 Et2NPh2SiCl
Et2NH

Et3N

2Li
Et2NPh2SiLi

CuCN

 0 °C
Et2NPh2SiCu(CN)Li

(9)

(10)

SCHEME 4

Except for the steric implications that the TBDMS-cuprate can impart, the TBDMS
(t-BuMe2Si) group is not always appropriate for carrying out the useful standard silicon
chemistry. It cannot be converted into an OH (see Section II.B) group, nor is it suitable for
electrophilic substitutions because the TBDMS group is not as good a leaving group as the
TMS or PhMe2Si groups. The bis(2-methylbut-2-en-1-yldiphenylsilyl)(cyano)cuprate35 (9)
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(Scheme 4), although a rather complex reagent, was developed to facilitate the transfor-
mation of C−Si to C−OH. This conversion is particularly risky in case of allylsilanes
(see Section II.B); however, the use of the 2-methylbut-2-enyldiphenylsilyl group per-
mits this conversion to take place under very mild acidic conditions which are resisted
by the allylic residue of the substrate, giving allyl alcohols in good yield35. The bulky
(t-butyldiphenylsilyl)cyanocuprates 4 and 5 (Scheme 2) were first prepared by Pulido
and coworkers30 and their reactivity was extensively studied by this group (see Section
II.D.3).38 The TBDPS (t-BuPh2Si) group imparts a regio- and stereochemistry differ-
ent from the more usual TMS and PhMe2Si groups and it can also be transformed into a
hydroxyl group38a. Moreover, the TBDPS group is significantly more electronegative than
standard silyl groups. This enhances the acidity of the α-protons and facilitates their base-
catalyzed abstraction to give α-silyl carbanions containing the bulky t-butyldiphenylsilyl
group39. The diethylaminodiphenylsilyl(cyano)cuprate37 (10) (Scheme 4) has gained spe-
cial relevance because of its ability to introduce a silyl group which is extremely easy
to be converted into a hydroxyl group in the presence of many functional groups (see
Section II.B)37,40.

Some procedures, catalytic in copper, have been recently developed for the preparation
of silicon and tincuprates41 and a procedure using disilanes and (CuOTf)2žC6H6 affords
silylcuprates, avoiding the preparation of silyllithium reagents42.

B. The C−Si to C−OH Conversion

The interest of silylcuprates lies in their high reactivity toward electrophiles and the
synthetic versatility of the resulting silanes. These are useful synthons for C−C bond
formation43 and undergo a large number of highly stereocontrolled reactions of much
interest in organic synthesis44. Moreover, the use of appropriate silylcuprates permits the
conversion of the C−Si bond formed into a C−OH bond. While TMS and PhMe2Si
groups show the same reactivity in allyl- and vinylsilane chemistry, only the latter can
be converted to an OH group. The presence of a phenyl group is responsible for this
powerful transformation, where the PhMe2Si group can be formally considered syntheti-
cally equivalent to a hydroxyl group45. Furthermore, the reaction proceeds with retention
of configuration at the migrating carbon. Three main methods45 – 47 have been developed:
(a) protodesilylation, to remove the phenyl group from the silicon atom, followed by oxi-
dation of the resulting functionalized silicon atom using peracids or H2O2; (b) removal
of the phenyl group with mercuric acetate (or a mixture of palladium and mercuric salts)
followed by the oxidative step, which can be done in one pot by addition of peracetic
acid; (c) use of bromine in conjunction with peracetic acid in a one pot reaction. Bromine
removes the phenyl group by electrophilic attack and the peracid completes the oxidation.
Br2 can be added by syringe or generated in situ from potassium bromide, which is oxi-
dized by the peracetic acid. Variations or combinations of these methods have also been
reported to improve the final outcome. Some of the more typical recipes45 are summarized
in Scheme 5.

The scope and limitations of the reaction have been tested with a wide range of struc-
tures carrying many of the most common functional groups (Scheme 6)45. The benzene
ring, alcohols, ethers, esters, amides and nitriles are compatible with the reported proce-
dures. Ketones do not undergo Baeyer–Villiger oxidations under any of the conditions
used; however, they may be brominated when using recipe (c). Amines (Scheme 6) are
oxidized and consequently interfere. When the PhMe2Si group is in the presence of neigh-
boring nucleofugal groups, such as acetoxy, the use of acidic conditions is very risky. In
these cases, the acid-free protocol (c) can be very valuable. The mechanistic pathway of
this useful transformation is depicted in Scheme 7.
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The reaction proceeds by attack of an electrophile (proton, bromine, mercury(II) cation)
on the phenyl group. Electrophilic attack takes place at the carbon attached to silicon,
to take advantage of the formation of a highly stabilized carbocation β to silicon (the
so-called β effect)43. Removal of the phenyl group takes place simultaneously with the
attachment of the nucleofugal group X on the Si atom. This step is followed by treat-
ment with peracid or H2O2 and a base. The subsequent rearrangement resembles the
Baeyer–Villiger oxidation. Finally, hydrolysis renders the alcohol.

Carbon–carbon double bonds are incompatible with the method reported for the
PhMe2Si group because whichever electrophile is used, attack on the double bond occurs
faster than phenyl removal. This problem has been partially overcome using a signif-
icantly more reactive silyl group. The (Z)-2-methylbut-2-en-1-yl(diphenyl)silyl group35

(Scheme 8) is considerably more reactive, with respect to the silyl-to-hydroxy conver-
sion, than the dimethylphenylsilyl group. The C−Si to C−OH conversion is particularly
difficult with allylsilanes, but the development of the lithium bis(2-methylbut-2-en-1-
yldiphenylsilyl)cuprate35 (9) (Scheme 4) for this purpose makes suitable this powerful
transformation. Thus, by using this silyl group, allylsilanes 11 and 12 can be transformed
into allyl alcohols 13 and 14 in acceptable to good yield (Scheme 8). The removal of
the (Z)-2-methylbut-2-en-1-yl(diphenyl)silyl group by protonation (or epoxide formation)
and the easy loss of the silyl group leads to a functionalized diphenylsilyl group which
undergoes the usual silyl-to-hydroxy transformation, thus allowing the (Z)-2-methylbut-
2-en-1-yl(diphenyl)silyl group to be converted into the hydroxyl group without the need
to remove the phenyl group.

The diethylaminodiphenylsilyl group40,48 is even more reactive, toward the silyl-to-
hydroxy conversion, than phenyldimethylsilyl and 2-methylbut-2-en-1-yl(diphenyl)silyl
groups. It can be converted into the OH group even in the presence of a trisubsti-
tuted double bond48. This group is introduced by reaction with Et2NPh2SiCu(CN)Li37

(10) (Scheme 4). The cuprate transfers a heteroatom-substituted silyl group that even in
the presence of an allylic double bond can be converted into an alcohol functionality
(Scheme 9). The silyl group already carries a nucleofugal group, which allows it to be
converted directly into a hydroxyl group without the need to remove a phenyl group by
electrophilic substitution. Conditions are very mild; they normally involve the use of basic
(KHCO3) hydrogen peroxide in THF/MeOH for several hours40. The aminosilane group

9



Si
Ph

2)
2C

u(
C

N
)L

i 2

(9
)

Ph
C

O
2M

e

O
C

O
N

H
Ph

C
5H

11

90
%

78
%

91
%

Ph
C

O
2M

e

Ph
2S

i

Ph
2S

i

C
5H

11

Si Ph
2

Ph
C

O
2M

e

O
H 80

%

K
B

r

A
cO

O
H

K
B

r/
K

F

H
2O

2

C
5H

11

O
H

67
%

n-
C

4H
9

Si
Ph

2O
H

H
3O

+

M
eO

H
46

%

O
A

c

82
%

Si Ph
2

O
H

K
B

r/
K

F

H
2O

2

60
%

(1
1)

(1
2)

(1
3)

(1
4)

SC
H

E
M

E
8

10



Silyl and stannyl derivatives of organocopper compounds

OAc

SiPh2NEt2 OH

Et2NPh2SiCu(CN)Li

THF, _20 °C to 0 °C

H2O2, KF

KHCO3

(15) (17)  63%

OCONHPh

SiPh2OEt

72%(16)

OH

(18)  55%

BF3, AcOH

MCPBA

1. Et2NPh2SiCu(CN)Li
     6 equivalents

THF, 0 °C, 3 days

2. EtOH, NH4Cl

O

80%

Et2NPh2SiLi

THF, 0 °C, 2 h

OH

SiPh2NEt2

74%

H2O2 (30%)

KF/KHCO3, THF/MeOH

OH

OH

74%

Et2NPh2SiCu(CN)Li

OH

SiPh2NEt2

H2O2 (30%)

KF/KHCO3, THF/MeOH

OH

OH

83%

THF, 0 °C

SCHEME 9

is unstable to chromatography and must be handled with care; however, direct oxidation
of the crude in the conditions reported before affords the hydroxy derivatives in good
yield48. In Scheme 9, some examples are collected that illustrate the ability of this group
for converting C−Si to C−OH in the presence of allyllic double bonds. In addition, trans-
formation of allylic acetate 15 and allylic carbamate 16 to allyl alcohols 17 and 18 allows
overall allylic inversion.

As discussed in Schemes 5–9, the reactivity of silyl groups with respect to protodesi-
lylation or silyl-to-hydroxy oxidation depends strongly on the substituents carried on the
silicon atom. We have already shown some silyl groups that are more reactive than the
PhMe2Si group, but in some cases there is a need for one that could be less reactive
or even unreactive to protodesilylation or C−Si oxidation. This is the case of the bulky
t-butyldiphenylsilyl group, a little reactive silyl group which is frequently introduced by
reaction with the t-butyldiphenylsilylcuprates30 4 and 5 or the respective organolithium
precursor (Scheme 2). The disilane 20, prepared from the readily available silyl alcohol
19, smoothly undergoes silyl-to-hydroxy conversion to the t-butyldiphenylsilyl mono-
alcohol 21 (Scheme 10); the t-butyl group evidently hinders the electrophilic attack on
the phenyl ring, since both phenyl groups on the t-butyldiphenylsilyl group were intact38a.
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Due to the lower reactivity of the t-butyldiphenylsilyl group, this may or may not
be the electrofugal group following electrophilic attack. It has been reported that it can
function as an electrofugal group in the epoxidation of an allylsilane or in the formation
of an α,β-unsaturated ketone from a β-silylketone (Scheme 11) and with some limitations
in the oxidation to alcohols30a. Elimination of silicon in the β-silylketone 22 restores the
initial double bond.

O

(4)

THF, _20 °C

1. (t-BuPh2Si)2Cu(CN)Li2

2. MeI, _20 to 0 °C

O

SiPh2Bu-t

(22)   78%

O

1. Br2/CCl4, 0 °C

2. Bu4NF/THF, r.t.

65%

SCHEME 11

This bulky group can also function as a leaving group in the electrophilic substitutions
of vinylsilanes, where it cleanly undergoes normal desilylative acetylation (Scheme 12).
However, the desilylative acetylation of the vinyldisilane 23 is completely regioselec-
tive, where the trimethylsilyl group is exclusively removed to give 24, in which the
remaining t-butyldiphenylsilyl group is ready for an ulterior electrophilic substitution38a.
The desilylative acetylation of divinylsilane 25 is not very selective, thus showing how
similar are trimethylsilyl and phenyldimethylsilyl. Scheme 12 exemplifies well the dif-
ferent reactivity of three common silyl groups: trimethylsilyl, phenyldimethylsilyl and
t-butyldiphenylsilyl, which can be chemoselectively used or removed according to the
different conditions used38a. All three silyl groups can be adequately introduced into a
desired molecule by attack of the corresponding cuprates (Schemes 1–3) on an appropriate
electrophilic center.

A larger silyl group might also have some advantages in the control of the regio-
and stereochemistry of the addition to a carbonyl group in β-silylketones. Comparison
of the reaction of ketones 26 and 27 with complex metal hydrides is very illustrative
(Scheme 13). Whereas ketone 26 unremarkably gives the alcohols 28 in a ratio of 73:27
on reduction with sodium borohydride, the β-silyl group in ketone 27 sufficiently hinders
this reagent so that no reaction takes place, even under reflux in ethanol for several hours.
This ketone is, however, reduced by lithium aluminum hydride to give only the equatorial
alcohol 29. Both ketones undergo methylation exclusively at C-638a.

Although a relatively large number of silicon groups, readily convertible to a hydroxyl
function, have been introduced in the last few years49, it is difficult in certain cases to
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combine both the stability of the silicon group and its ability to be oxidized in mild
conditions.

Recently, Landais and coworkers50,51 have developed some new silyl groups which can
be used as latent OH groups. A silyl group carrying a thienyl fragment attached to the
silicon atom has been devised and has been shown to be oxidized under both electrophilic
and nucleophilic conditions50. They found that thiophene derivatives might be particularly
useful in this context since they are easy to introduce, relatively stable and should be easy
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to displace using both electrophilic (Hg(OAc)2 and AcOOH) and nucleophilic (TBAF and
H2O2) conditions (Scheme 14). Electrophilic conditions may be troublesome when one
has to deal with sensitive functions such as double bonds.

The thienylsilyl group depicted in Scheme 14 is a useful masked OH group that is
more stable to electrophiles than double bonds. It is not as good a leaving group as the
allyl group upon treatment with TBAF but is quite more reactive than a phenyl group.
The mild conditions used for removing the thienyl group are compatible with numerous
functionalities.

The (phenylthio)cyclopropylsilyl group was also used as a masked hydroxyl group51.
Several procedures have been devised to allow oxidation of this group to an OH group, in
the presence of various functionalities. A general behavior involves first oxidation of the
sulfide to give a sulfoxide or sulfone, followed by a sila-Pummerer rearrangement52 to
provide the alkoxysilane required for the Tamao–Kumada oxidation40 to OH (Scheme 15).
Some examples of oxidation of the (phenylthio)cyclopropylsilyl group in the presence of
sensitive groups such as allylic double bonds and hydroxyl groups are summarized in
Scheme 15. As usual, introduction of OH occurs with retention of configuration.

C. The Structure of Silylcuprates

The exact structure of higher-order silylcuprates is not well known. There are not
many reports on structural work carried out with cuprates containing silyl groups. Most
of the current knowledge on silylcuprate structure is inferred by comparison with known
data on the corresponding carbocuprates. Organocopper species containing at least three
anionic groups [R3SiCu(R′)2]−2 attached to the central copper core are termed higher-
order cuprates8,27,53. For purposes of differentiation, conventional cuprate(I) species of
type [R3SiCuR′]− may be referred to as lower-order cuprates. Cyanosilylcuprates of sto-
ichiometry [R3SiCu(CN)]− are formally considered lower-order cuprates, although some
discussion on this subject ascribed it to the formation of clusters in ethereal solutions54.
Bicoordinate species R3Si(R′)CuLi exist as higher aggregates where the copper bicoordi-
nate C−Cu−Si fragment is linear with angles always close to 180◦55.

The structure of higher-order cyanosilylcuprates R3Si(R′)Cu(CN)Li2 bearing a cyanide
anion and two anionic residues has also been the subject of controversy (Scheme 16).
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It has been pointed out that they don’t exist as stable species. This controversy has
been the origin of numerous mechanistic and structural studies. Physical measurements56,
NMR data22,26,57 and theoretical studies58 also contributed to this discussion. Moreover,
crystallographic data59 for higher-order cyanosilylcuprates indicated that the cyanide anion
is coordinated to lithium rather than to copper. In conclusion, there is a general consensus
among theoretical chemists that the triply coordinated species 30 (Scheme 16) is not stable
enough in solution. However, the presence of a triply coordinated cuprate(I) dianion was
claimed by Cabezas and Oehlschlager60 in a recent NMR study of the 13C–13CN carbon
coupling in cyanostannylcuprates using THF/HMPA as solvent.

In summary, silylcuprates prepared by similar methodologies to those developed for
the more common carbocuprates are considerably more reactive than the latter. The
cyanosilycuprates particularly show8a high regio- and stereoselectivity when reacting with
electrophiles (see Section II.D) leading to silicon-containing products in high yield. The
cuprate methodology, consequently, is one of the preferred alternatives for introduc-
ing silicon into a molecule, provided that the molecule carries a reactive electrophilic
center. Silicon-containing synthons are useful intermediates in organic synthesis, partic-
ularly for the total synthesis of natural products61 where they impart a high level of
stereoselectivity44 in many of their intervening reactions. Thus, the chemistry of allyl and
vinylsilanes, two of the more largely and successfully used functions, has been used exten-
sively because both functions undergo a great variety of silicon-assisted transformations
and are excellent building blocks for C−C bond formation12a. In Table 1 are presented
some of the more frequently reported and extensively employed silyl cuprates.

D. Reactions of Silylcuprates

1. Conjugate additions to unsaturated carbonyl compounds

Silylcuprate reagents readily add to the β-position of α,β-enones and α,β-unsaturated
esters. In this respect, their behavior doesn’t seem to differ from that observed for common
carbocuprates. Surprisingly, the silyllithium precursors also add to α,β-unsaturated ketones
exclusively at the conjugated position even at low temperatures (−78 ◦C) (Scheme 17),
thus showing that silicon anions are considerably softer than carbanions. Hindered enones
at the β-position, such as 31, do not react usually with silyllithium compounds; however,
addition of the respective cuprate takes place smoothly7a.

Other functions such as unsaturated aldehydes, esters, amides and nitriles do not
undergo conjugate addition by reaction with silyllithiums and consequently the use of
silylcuprates is necessary (Scheme 18)21,62,63.

The stereochemistry21 of the resulting β-silyl ketone (see conversion of 32 to 33 in
Scheme 18) is that expected for axial attack by the silylcuprate reagent followed by trans-
methylation by methyl iodide, showing that the silylcuprate is similar in this respect to
carbocuprates64.
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TABLE 1. Some frequently used silylcuprate reagents

Silylcuprate reagent Reference

(Me3Si)2CuLi

(Me3Si)2Cu(CN)Li2

(PhMe2Si)2CuLi

PhMe2SiCu(CN)Li

(PhMe2Si)2Cu(CN)Li2

PhMe2Si(Me)Cu(CN)Li2

t-BuMe2Si(n-Bu)Cu(CN)Li2

21

32

29a

23

22

21

29a

(t-BuPh2Si)2CuLi

t-BuPh2SiCu(CN)Li

(t-BuPh2Si)2Cu(CN)Li2

[(MeCH=CMeCH2)Ph2Si]2Cu(CN)Li2

Et2NPh2SiCu(CN)Li

Ph3SiCu

35b

37

34

30b

30a

30a

Silylcuprate reagent Reference

1. Me3SiLi, THF, HMPA

2. MeI
SiMe3

OO

O O

SiMe2Ph

(PhMe2Si)2Cu(CN)Li2, THF

H3O+

(31)

SCHEME 17

Yields are usually high; when low yields are observed, they are attributed to the
high reactivity of the intermediate enolate, which induces oligomerization65. The use
of trimethylchlorosilane (TMSCl) suppresses this side reaction and it is recommended for
improving the final outcome. TMSCl presumably works as an enolate trapper, forming
silyl enol ether intermediates that stabilize the reaction; it has also the effect of accelerating
the reaction facilitating the coordination of the enone to the cuprate cluster66.

β-Silyl ketones obtained in these processes can be converted into the starting enone
by elimination of the silyl group with CuBr2. This silylcuprate conjugate addition has
been used for the protection of an enone double bond that is further retained by bromi-
nation–desilylation (Scheme 19). The process is illustrated with the conversion of ester
33 to carvone (34) (Scheme 19)21.

The enolates resulting from conjugate addition of silylcuprate to the enone can be
captured by a wide variety of electrophiles, thus providing good routes for asymmetric
induction. For instance, conjugate addition to α,β-unsaturated carbonyl compounds having
an α-alkyl group as 35 usually leads, after final work-up, to an excess syn diastereomer
37, whereas the corresponding unsubstituted enone 36 affords almost exclusively the
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anti isomer 38 by alkylation of the intermediate enolate (Scheme 20)67. Carbocuprates,
however, do not easily react with α-substituted enones.

The stereochemistry observed in Scheme 20 is in good agreement with the formation
of a favored transition state 39 (Scheme 20) in which the silyl group occupies an anti-
periplanar position with respect to the enolate moiety, for better orbital interactions. The
larger of the two remaining groups on the stereocenter (Ph in the Scheme) moves away
from the enolate group to avoid steric interactions and then the electrophile approaches
axially from the less hindered side anti to the silyl group67. The lower stereoselectivities
observed with aldehydes and nitriles can be associated to the geometry of the enolate,
where the small size of H (in aldehydes) or the linear structure of nitriles results in
formation of mixtures of diastereomers67. The silylcuprate conjugate addition strategy
combined with the silylcuprate substitution reaction on the allylic acetate 40 has been
recently used in a synthesis of the Prelog–Djerassi lactone (Scheme 21)63.

When the enone is linked to an appropriate chiral auxiliary, the silylcuprate adds
with high level of diastereoselectivity to create a stereogenic center bearing the silyl
group. Oppolzer’s camphorsultam68 has been used for this purpose, leading to homochiral
versions of β-silyl ketones and esters after removing the chiral auxiliary.

Enantiopure β-silyl ketones have been prepared by conjugate addition of TMS-cuprates
to the appropriate enone enantiomer. For example, the enantiomerically pure trimethylsi-
lylcyclohexenones 4169 have been synthesized as described in Scheme 22 and the regio-
and stereocontrol imparted by the silyl group used in synthesis of natural products44.
This methodology intends to exploit the anti -directing effect of the silyl group in ulterior
conjugate additions.

Hindered β-silyl ketones and esters carrying bulky silyl substituents have been pre-
pared from mixed cyanosilylcuprates by conjugate addition to enones (Scheme 23). In
spite of their large size, t-butyldimethylsilylcuprate, thexyldimethylsilylcuprate and t-
butyldiphenylsilylcuprate add to α,β-unsaturated carbonyl compounds in high yield and
with a remarkable regio- and stereoselectivity even in the case of β-substituted enones.
Bulky β-silyl ketones can lead to highly selective carbonyl additions due to the stereo-
electronic effect of the silyl group32,38a.
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Conjugate addition of silylcuprates to unsaturated esters gives β-silyl esters, which
can be reduced with lithium aluminum hydride followed by a Grieco dehydration to give
allylsilanes. The procedure is a powerful strategy for the synthesis of allylsilanes with
different structures and substitution pattern, as illustrated in Scheme 24 and Table 2.70

(PhMe2Si)2Cu(CN)Li2

R2
CO2R

R1

PhMe2Si
CO2R

R2 R1

PhMe2Si

R2 R1

1. LiAlH4

2. ο-NO2C6H4SeCN/PBu3

3. H2O2

SCHEME 24

The selectivity for anti-attack on β-silyl enolates (Scheme 20) extends also to cyclic
enolates. Thus, β-silyl enolates prepared in situ from lactones 42 and 43 are similarly
selective in the anti sense with complete selectivity in the conjugate addition–alkylation
reaction, giving only the lactones 44 and 45 (Scheme 25)71,72. The corresponding β-silyl
enolate generated from carvone (34) undergoes anti protonation.

The enolate anions resulting from silylcuprate conjugate addition to α,β-unsaturated
carbonyl compounds can also be trapped with aldehydes (Scheme 26). Results are sim-
ilar to that of the above-mentioned alkylation process, with syn:anti diastereoselectivity
ratios again favoring the anti product. Thus, silylcuprate addition to enoates (46) affords
solely the E-enolate (47) by direct attack of cuprate on the β-position, whereas proto-
nation, recovery of the silyl ester and regeneration of enolate by reaction with lithium
diisopropylamide (LDA) leads to the Z-enolate (48). The direct formation of the E-
enolate indicates that conjugate addition takes place selectively from the s-cis enolate

TABLE 2. Synthesis of allylsilanes from α,β-unsaturated esters

CO2Me

Ph
CO2Et

PhMe2Si
CO2Me

PhMe2Si

PhMe2Si
CO2Et

Ph

PhMe2Si

Ph

CO2Me CO2Me

SiMe2Ph SiMe2Ph

CO2Me

CO2Me

CO2Me

CO2MePhMe2Si PhMe2Si

1,4-Addition productSubstrate Allylsilane Yield (%)a

54

34

21

45
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1. (PhMe2Si)2CuLi

2. MeI

O

O

O

O

O

1. (PhMe2Si)2CuLi

2. H3O+

1. (Me3Si)2CuLi

2. MeI

(42)

(43)

O

SiMe2Ph

O

O SiMe2Ph

O
O

(44)

SiMe3

(34)

(45)
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conformer, which can be explained by cuprate coordination to the carbonyl group and
intramolecular transfer of the silyl group. The diastereoselectivity observed for both Z-
and E-enolates in the aldol reaction with aldehydes is unexceptional, and can be well
explained in terms of the Zimmeman–Traxler model. The selective formation of aldols
49 and/or 50 has the additional interest to proceed with control of three stereogenic centers
at once (Scheme 26)73.

OMe

O

R1 OMe

OLiPhMe2Si

R1 OLi

OMePhMe2Si
(PhMe2Si)2Cu(CN)Li2

1. (PhMe2Si)2Cu(CN)Li2

2. NH4Cl
3. LDA

Z-enolate

E-enolate

R2CHO

R1

R1

R2

PhMe2Si

CO2Me

OH

syn:syn
major

syn:anti
major

R1 R2

PhMe2Si

CO2Me

OH

73–90%

78–81%

R1, R2 = Me, Ph
(46)

(47)

(48)

(49)

(50)

R2CHO
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Saturated ketones are known to react slowly with carbocuprates, making the reaction
of little synthetic interest. Silylcuprates react faster giving α-hydroxysilanes that can be
used in Brook rearrangements30a, but this alternative has not been extensively used in
synthesis.

In summary, β-silyl carbonyl compounds obtained from silylcuprates and enones or
enoates are powerful synthetic intermediates that can be used in different ways for
further synthetic transformations: (a) the double bond can be recovered by desilyla-
tion–debromination; (b) the silyl group can be converted to a hydroxyl group and (c) they
can be transformed into allylsilanes that are extremely useful synthons for C−C bond
formation.

2. Substitution reactions with allylic acetates, acid chlorides, epoxides and related
systems

Silylcuprates react with allylic acetates to give directly allylsilanes in good yields. The
reaction is not always selective and problems of regio- and stereocontrol have frequently
been reported. Nucleophilic displacement may occur with or without allyllic inversion.
Depending on the reaction pathway (SN 2 or SN 2′) the geometry of the double bond
of the allylsilane may be affected (Scheme 27). Secondary allylic acetates such as 51
give both regioisomers 52 and 53 with low selectivity; however, some improvement of
the regioisomeric ratio can be attained using the cis-alkene 54, which encourages allylic
rearrangement giving 53 and 55 in a 82:18 ratio (Scheme 27)74.

It has been reported that by using mixed cuprates and allylic carbamates 56 a remark-
able control of regioselectivity is observed, usually leading exclusively to 53 with allylic
inversion. Interestingly, the carbamate and acetate reactions depicted in Scheme 27 are
stereochemically complementary, since the former reaction occurs stereospecifically syn
and the latter is stereospecifically anti. This feature has been used to prepare homochiral
allylsilanes with high levels of stereospecificity. Good regioselectivities have also been
found when the allylic system is more substituted at one end than at the other, when the
steric hindrance at one end is very high (neopentyl) or because the silyl group is becoming
attached to the less sterically hindered end of the allylic system75. The carbamate method-
ology has also been used by Tamao and coworkers48 for a high regio- and stereoselective
synthesis of allylsilanes (Scheme 9). Cyclic secondary allylic acetates do not show a great
bias toward SN 2 or SN 2′, the outcome depending on many different factors such as the
cyclic size, the substitution pattern on the ring, the endo- or exocyclic position of the
double bond, etc. Again, the use of carbamates highly increases the allylic inversion due
to intramolecular delivery of the silyl group by way of an amido(silyl)cuprate reagent
generated in situ (Scheme 28)75.

Tertiary allylic acetates are much more predictable in their behavior, leading selectively
to allylsilanes with the silyl group placed at the less substituted end of the allylic system
(Scheme 29)75,76. An SN 2′ process is almost exclusively observed.

The reaction proceeds anti stereospecifically. This stereospecificity has been proved in
the reaction of silylcuprates with allyl and propargyl acetates prepared from cyclohexano-
nes77. Thus, the reaction of acetates 57–59 and 60 with halide-based phenyldimethylsi-
lylcuprates was straightforward and gave a single allylsilane (61 or 62) in each case
with no cross-contamination of other substitution products (Scheme 30). The relative
configurations of the two allylsilanes were confirmed by a series of reactions of known
stereospecificity (osmilation, Peterson elimination and related fluoride-induced elimina-
tions) that gave back the starting allyl alcohol. By analogous reactions of propargyl
acetates 63 and 64 with the same silylcuprate, Fleming prepared allenylsilanes 65 and 66
differing in their cis/trans geometry. X-ray crystal-structure determination of 65 clearly
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R
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R

SiMe2Ph
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R4
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R2

AcO

R3

(PhMe2Si)2CuLi. CuI
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SiMe2Ph

  –(CH2)4−          H          Me

86–93%

R4R1R2 R3

–(CH2)5−          H          H

–(CH2)4−          H          H

–(CH2)4−          Me        H
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shows that the reaction is stereospecifically anti. Silylated allenes78 are useful intermedi-
ates in stereoselective synthesis with a remarkable reactivity toward addition and a silicon
atom directing the regio- and stereochemistry of the reaction.

A consequence of the anti SN 2′ mechanism of the silylcuprate substitution is that
a mixture of allylic substrates differing in the configuration of both the olefin and the
stereogenic center linked to acetate (for example 57 and 58, or 59 and 60) will afford
selectively the same diastereomeric allylsilane. This feature has been exploited in a clever
synthesis of racemic dihydronepetalactone (Scheme 31)79. Similarly, the high regio- and
stereocontrol achieved in rigid bicyclic systems such as fused bicyclopentanes was used
in a synthesis of carbacyclin analogues (Scheme 31)80.

Many other natural product syntheses have taken advantage of the silylcuprate dis-
placement reaction of allylic esters to generate intermediate allylsilanes that were used in
a later transformation81 – 83.

Silylcuprates also participate in substitution of allylic halides and sulfonates84. Label-
ing studies of allylic chlorides found that the pathway is predominantly anti SN 2′84b.
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H
SiMe2Ph

H
Ph84–86%
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H

H
SiMe2Ph
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SS + RR
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OAcPh
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(PhMe2Si)2CuLi

56%

(PhMe2Si)2CuLi

40%

Ph

(65)

SiMe2Ph

Ph

(66)

SiMe2Ph
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Better regiocontrol is usually achieved with halides than with sulfonate esters, whereas
the regioselectivity decreases when increasing solvent polarity. 4-Bromo-2-enoates react
with silylcuprates giving preferentially allylic substitution85.

Although less frequently, alkyl halides have also been used in reactions with silylcu-
prates16a. This methodology has been exploited in a synthesis of silicon-containing ala-
nines with moderate yields (Scheme 32)86.

Silylcuprates also give substitution with acid chlorides30a – 87 or acyl imidazoles88.
The reaction is fast and high yielding, although the high reactivity of the acyl chlo-
ride makes necessary the use of lower-order cuprates. By using zinc silylcuprates instead
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of lithium derivatives, highly functionalized acyl chlorides can be selectively transformed
into acylsilanes87. Treatment of silylcuprates with α-amino acid chlorides or acyl imida-
zoles leads to α-aminoacylsilanes, which have been employed in synthesis of enantiopure
β-amino alcohols (Scheme 33)87,88. Silylcuprates also react with 1,2-azole derivatives
giving substitution and cleavage products89.

(PhMe2Si)2Cu(CN)Li2

N

O

BocNH
N

55%

O

BocNH

SiMe2Ph

(M)Lx

M = In, Sn

BocNH

HO SiMe2Ph Bu4NF

BocNH

HO
60–95% 

(99:1 de)

SCHEME 33

Epoxides are useful substrates to be used in substitution reactions with silylcuprates.
They are highly reactive toward nucleophilic attack, undergoing cleavage of the oxirane
ring to give β-hydroxysilanes that are the required precursors for Peterson olefination43.
The development of selective alternatives for the conversion of β-hydroxysilanes into E-
or Z-alkenes increases the utility of the silylcuprate-epoxide reaction.

Lipshutz and coworkers32 and Oehlschlager and coworkers16a,90 reported early exam-
ples of the reaction of epoxides with cyanosilylcuprates. Similarly, Fleming and co-
workers23 and Pulido and coworkers38b also showed some examples of cleavage of
epoxides, carried out in connection with the silylcuprate-acetylene reaction. As expected,
cuprate attacks the less hindered end of the epoxide moiety. Use of bulky silylcuprates
reinforces this trend. Cleavage of vinyl epoxides is accompanied by allylic shift in a
process that resembles that of allylic acetates. By using mixed alkylsilylcuprates, some
transfer of the carbon ligand is usually observed (Scheme 34).

In a recent example Tamao and coworkers48 and others91 found that treatment of
allylic cyclohexene-epoxides, such as those described in Scheme 9, with silylcuprate 10
carrying the Et2NPh2Si group proceeds with allylic rearrangement, leading to cyclohex-
2-en-1,4-diols, while the corresponding silyllithium derivative (Et2NPh2SiLi) reacts by
direct substitution, leading to cyclohex-3-en-1,2-diols. This route provides complementary
procedures for the preparation of regioisomeric cycloalkenediols (Scheme 9).
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3. Reaction of silylcuprates with unactivated acetylenes and allenes

The silylcupration of unactivated acetylenes and allenes has been recently reviewed12a

on the basis of the work of Fleming and Pulido. Silylcuprates react with acetylenes by
syn stereospecific silyl-copper addition to the triple bond giving vinylsilanes in high
yields23,92. The intermediate vinylcuprate resulting from the initial addition to unsym-
metrical acetylenes might consist of a mixture of regioisomers if the preference for the
orientation of the Si−Cu pair is not favored in any sense. With terminal alkynes, the silyl
group becomes attached to the terminal carbon atom, with a high level of regioselectivity.
This result is the opposite of that which was expected by analogy with the corresponding
carbocupration reaction64, which shows a preference for transferring the carbo-ligand to
the C-2 position of the acetylene. Silylcupration of a propargylsilane was used as a test
for the reversibility of the reaction92c.

The intermediate vinylcuprate 67 reacts with a wide variety of electrophiles, such as
deuteron, iodine, acyl and alkyl halides, allyl halides, enones and epoxides to give vinylsi-
lanes 68–73 (Scheme 35)23. Overall syn-addition of a silyl group and an electrophile to the
acetylene is always observed. Protonation gives cleanly E-vinylsilanes. Cyanocuprate 1
gives better yield and selectivity than halide-based silylcuprates. Lower cyanosilylcuprates
such as PhMe2Cu(CN)Li (2) are reported to give modest regioselectivity25.

An interesting feature is that the silylcuprate reagents do not remove the proton from
the alkyne as alkylcuprates do; this fact shows that silylcopper species are considerably
less basic than carbanions64. When the acetylenic proton is deliberately removed from
the hexyne by treatment with BuLi, the hexynyllithium obtained still reacts well with the
silylcuprate reagent 1, although not quite as regioselectively (10% of the regioisomeric
2-dimethylphenylsilylhex-1-ene is also formed). Quenching the intermediate cuprate 74
with D2O resulted in deuterium incorporation in a 1,2-trans relationship, as is observed
in compound 75. This result accounts for the intervention of a trimetallated species
vinyl–copper–lithium–silane (74) as shown in Scheme 36.

It is interesting to note that cuprate 67, formulated as is shown in Scheme 35, has
the stoichiometry of a mixed silicon–carbon cuprate and consequently we should have
expected selective transfer of silicon to electrophiles as mixed silylalkylcuprates do.
Instead, it transfers the carbon-based group, i.e. the vinylsilane moiety, to all the elec-
trophiles. Since intermediate cuprates 67 were not characterized, it is very possible that the
exact nature of these cuprates is not as simple as represented in this picture. The authors9

were unable to define precisely the structure of the cuprate produced in the silylcupration
and consequently one cannot be dogmatic about the exact constitution or stoichiometry
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of the intermediates. In any case, the reaction is high yielding, remarkably selective and
very reproducible and therefore there is no doubt about its synthetic interest.

Disubstituted alkynes also react with silylcuprates. The regioselectivity depends on how
different in size are the substituents. With a methyl on one side and a branched group on
the other, the regiocontrol is still highly in favor of the silyl group approaching the less
hindered end. Reaction of alkynes with trimethylsilylcuprates was also used in a minor
extension with similar results92.
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Silylcupration of acetylenes with the bulky lithium t-butyldiphenylsilylcyanocuprate (4)
was studied by Pulido and coworkers in order to prepare vinylsilanes 77–82 carrying the
hindered and relatively unreactive t-butyldiphenylsilyl group (Scheme 37)38a. Formation
of intermediate vinylcuprate 76 takes place again by syn-addition of the cuprate to the
triple bond, as can be deduced from the stereochemistry of the resulting vinylsilanes.
Thus, addition to monosubstituted alkynes gives, after protonation, E-vinylsilanes (e.g.
79), whereas addition to acetylene followed by reaction with electrophiles affords the
Z-vinylsilanes 77 and 78. The intermediate vinylcuprate 76 shows a normal reactivity
toward simple electrophiles, leading to a wide variety of functionalized vinylsilanes with
different substitution patterns (Scheme 37).
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       Ph
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Using this strategy38a it has been possible to prepare polysilylated and stannylated
alkenes 83–91 of known configuration (Scheme 38). Since trimethylsilyl or dimethylphen-
ylsilyl groups may be introduced as the electrophile (Me3SiCl or PhMe2SiCl) or may be
the resident group on acetylene, it is possible to make either stereoisomer of differ-
entially disilylated 1,2-disilylethylenes (83, 86) and (88, 91). It is also easy to make the
differentially metallated alkenes 85, 87, 89 and 90 having one silyl and one stannyl group.
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Polymetallated alkene chemistry is a promising area of research due to the differential
reactivity and chemoselectivity that the groups attached to the alkene can impart38c.

In comparative tests, the t-butyldiphenylsilyl group shows some properties that are
similar to those of the PhMe2Si group (protonation, bromine-desilylative elimination,
allyl- and vinylsilane electrophilic substitution) and others that are usefully different from
those of relatively unhindered silyl groups Me3Si and PhMe2Si. Since t-butyldiphenylsilyl
group does leave too easily, it has found some applications in the transformation of silyl
epoxides. Epoxides 92 derived from vinylsilanes, prepared as described in Scheme 37,
undergo acid-catalyzed rearrangement by treatment with a protic acid giving aldehydes
93, which retain the α-silyl group (Scheme 39)93. Contrary to other reported examples
for common silyl groups (Me3Si, PhMe2Si), where the Stork–Colvin reaction occurs
predominantly94, it should be noted that in this case the α-silyl group is not lost, probably
due to the bulky size and low electrofugal properties of the t-butyldiphenylsilyl group.
The silyl aldehydes thus obtained arise from mechanisms involving cleavage of the α
C−O bond followed by alkyl migration. They have been used for a highly stereoselective
alkene synthesis by way of an erythro-β-silyl alcohol 94 and Peterson elimination, where
the nucleophilic attack on the aldehyde is Cram-selective and the t-butyldiphenylsilyl
group is evidently still capable of taking part in the syn-stereospecific elimination step to
give 95 (Scheme 39).
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Vinylsilanes prepared according to the procedures above have many uses as carbon
nucleophiles in synthesis12a. An easy transformation is desilylation with bromine, which
takes place with inversion of configuration of the double bond43. This method was used
to convert a long-chain C13 E-vinylsilane, made from 1-tridecyne, into the corresponding
Z-vinyl bromide, which was transformed into a cis-vinylcuprate needed in a synthesis
of tetrahydrolipstatin95a (Scheme 40). Vinylsilanes have also been used in a synthesis of
ebelactone A95b.

Silylcupration has also been carried out using 1-aminoalkynes96a, 1-phosphinoal-
kynes96b, propargyl sulfides78a and propargyl ethers97 —where it was used in a synthesis
of (+)-crotanecine—and propargyl amines17,98, in this case used for a synthesis of γ -
silyl-α-amino acids 96 (Scheme 41). Most of the work in this area has been reported by
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Ricci and coworkers, who have taken advantage of the silylcupration of highly functional-
ized alkynes for the synthesis of amino acids and related compounds99. The intermediate
cis-trimethylsilylalkenylcuprate obtained from propargyl amines has been trapped with a
wide range of electrophiles such as vinyl, allyl and propargyl halides, 2-halothiophenes,
carbon dioxide, methyl chloroformate and iodine, with yields ranging from 60 to 90%17.
The vinylsilanes obtained in these reactions can also participate in Heck reactions, leading
to stereodefined aryl-substituted olefins100.

R3Si = SiMe2Ph
            SiPh2Bu-t
            SiMe3

(R3Si)2Cu(CN)Li2O

N

Boc

67–80%

O

N

Boc

SiR3

[H]

O

N

Boc

SiR3

88–99%

SiR3HN

O

HO

Boc

1. deprotonation (TFA)
         96–99%

2. [O], HIO4, CrO3
           70–81%

(96)

SiR3HN

O

HO

Boc

1. deprotonation
2. [O]

56%
overall
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E+

CuSiMe2Ph

E+

SiMe2Ph

E

SiMe2Ph

76%

(PhMe2Si)2Cu(CN)Li2 −

SCHEME 42

Intramolecular reaction of intermediate vinylcuprates with electrophilic units contained
within the same molecule provides good chances for ring formation (Scheme 42).

The success of the cyclization depends upon the relative reactivity of the silylcuprate,
the electrophilic function used and the nature of the alkyne. Terminal ω-alkynes are more
reactive and very convenient to get control on the regiochemistry. The silylcupration-
cyclization reaction has been carried out with alkynyl tosylates and mesylates, epoxides
and ketones (Schemes 43 and 44)101,102.

Yields go from acceptable to low, but even if modest yields are obtained, the reaction
is worthwhile to attain exocyclic alkenylsilanes, which are useful synthons not easily
available. Reaction of alkynyl epoxides and ketones with lithium cyanosilylcuprates is
illustrated in Scheme 43101 and the reaction of alkynyl sulfonates with silyl Grignard
reagents in the presence of CuI is depicted in Scheme 44102.

Although the silyl Grignard-copper-catalyzed reaction has been described as involving
attachment of silylmagnesium species to the triple bond, due to the presence of CuI it
is feasible that the actual process is an organocuprate addition. Oshima and coworkers
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have reported more examples of addition of silicon–magnesium, silicon–aluminum and
silicon–zinc bonds to acetylenes, catalyzed by copper(I)103. The species involved in the
catalytic cycle are not clear.

Addition of the cuprate to the acetylene moiety is sometimes a competing reaction lead-
ing to endo- or exocyclic alkenylsilanes; this situation can be seen in the first example
of Scheme 44, where the relative formation of 3- versus 4-membered rings seems to be
balanced by both the ring strain and the so-called Thorpe–Ingold effect, the latter favoring
formation of the smaller ring. Competitive processes leading to alkenylsilane-containing
rings of different size are also observed in the intramolecular cyclization of alkynyl epox-
ides. Attack of the intermediate vinylcuprate can take place at both electrophilic centers of
the epoxide, as seen in the second example shown in Scheme 43, giving mixtures of 5- and
6-membered rings in a ratio that depends mainly on the substitution pattern of the starting
epoxide. An increase of alkyl substitution on the epoxide enhances formation of the larger
ring by intramolecular attack of cuprate to the less hindered end of the epoxide; on the
other hand, the presence of a gem-dimethyl group in the backbone facilitates formation
of the smaller ring due to the Thorpe–Ingold effect. Some transfer of the silicon ligand
instead of the vinylsilane carbon ligand has been sometimes observed in these reactions.
It can be minimized using a less reactive mixed cuprate such as PhMe2Si(Me)Cu(CN)Li2.

Bäckvall has reported that silylcupration of acetylenes with the lower-order cuprate
PhMe2SiCu(CN)Li followed by addition of allyl phosphates gives silylated 1,4-dienes104.

In conclusion, the silylcupration of alkynes is generally faster than the silylcupration
of sulfonates, ketones and epoxides and can be used successfully in cyclization reactions
where the electrophilic partner is one of the former functions. Comparable rates have been
observed for the 1,4-addition to enones and therefore in this case their use in cyclization
is limited to some particular examples. Finally, silylcupration of alkynes is slower than
reaction of the cuprate with allylic esters with which cyclization reaction fails.
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Silylcupration of allenes was first reported9,105 by Fleming’s group and later developed
by Pulido and coworkers30b,38b,106 – 108. Unactivated allenes react with silylcuprates even
at low temperatures, in contrast with the corresponding carbocupration of allenes which is
unknown, except when activating substituents, either carbonyl109 or alkoxy110 are present.
With allene itself and the higher-order cyanocuprate 1, the overall regiochemistry places
the silyl group at the central carbon and copper at the end carbon (Scheme 45).

The intermediate allylcuprate, indefinitely formulated as 97, with the stoichiometry
shown in Scheme 45, is easily captured by a wide variety of electrophiles giving differ-
ently substituted and functionalized vinylsilanes9. Enones give 1,2-addition rather than
conjugate addition. There is a striking exception: iodine, which affords the allylsilane-
vinyl iodide 99, thus suggesting the possibility that regioisomeric intermediates 97 and 98
are in equilibrium. The most obvious explanation for this surprising change in regioselec-
tivity is that silylcupration is a rapid and reversible reaction, with allylcopper-vinylsilane
species 97 being more abundant or reactive than vinylcopper-allylsilane species 98. In any
case, whatever the explanation, the overall regiochemistry in the silylcupration of allene is
easily controlled in either sense because lithiation (by BuLi) of the vinyl iodide followed
by reaction with electrophiles leads to the regioisomeric allylsilanes (Scheme 46).

Substituted allenes give very selective silylcuprate-addition reactions. In fact, the degree
of regio- and stereoselectivity of every kind seen in these reactions is remarkable, in
view of the opportunity the reaction presents for the formation of mixtures of isomers.
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Substituted allenes fall into two groups, one giving vinylsilanes (and allylcopper intermedi-
ates) and the other giving allylsilanes (and vinylcopper intermediates). Phenyl-substituted
allenes give mainly or exclusively vinylsilanes through a phenyl-stabilized allyl-cuprate,
whereas alkyl-substituted allenes afford selectively allylsilanes because alkyl groups desta-
bilize the allyl-cuprate regioisomer9. With unsymmetrically substituted allenes, addition
takes place selectively by attack on the silylcuprate at the less substituted end of the allene,
approaching from the less hindered face (anti to the phenyl group in Scheme 47). Silyl-
cupration of allenes was also achieved with trimethylsilylcuprates leading to comparable
results, with the inconvenience that HMPA must be present in the reaction mixture9,105.
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The metallocupration step is stereoespecifically syn111. This fact has been unequivocally
proven by reaction of stereoisomeric cyclohexanyl(methyl)allenes, such as 100 and 101,
with silylcuprate 1 and identification of the stereochemistry of the resulting allylsilanes
102 and 103. Both examples proceed with a high level of stereoespecifity and high yield
(Scheme 48).
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(100)
(102)

(103)

SCHEME 48

The reaction of t-butyldiphenylsilylcyanocuprate (4) with allene shows a different
regioselectivity from that of (PhMe2Si)2Cu(CN)Li2 (1), giving allylsilanes with all the
electrophiles tested (Scheme 49). It seems likely that the change of regiochemistry may
be a consequence of the steric preference of the bulky t-butyldiphenylsilyl group for the
end of the allenic system. Again, alkyl-substituted allenes react unexceptionally giving
allylsilanes. This route is an easy entry to the synthesis of diversely substituted allylsilanes
carrying the voluminous t-butyldiphenylsilyl group38b.

The intermediate allylsilane-vinylcuprate species 104 is not regiochemically stable.
The results collected in Scheme 49 are those obtained when the reaction is carried out
under kinetic control (−78 ◦C). When the reaction of 4 with allene was performed at
CO2-acetone temperature, and then the mixture was warmed to 0 ◦C before quenching,
the only isolated product was vinylsilane 106, in contrast with the regioisomer allylsilane
105 obtained by protonation of the low-temperature cuprate (Scheme 50). Presumably, the
addition of the silylcuprate 4 is reversible. Thus the overall regiochemistry for the reaction
of allene with 4 is easily controlled in either sense by the temperature. Unfortunately, the
high-temperature cuprate (presumably an allylcopper intermediate regioisomeric of 104)
produced at 0 ◦C does not react with electrophiles apart from proton. As reported above for
phenyldimethylsilylcuprates, the nature of the copper-containing intermediates is a matter
of uncertainty and the copper intermediates cannot be as simple as they are represented
here38d.

Lower-order cyanosilylcuprates (2) and t-BuPh2SiCu(CN)Li (5), prepared by mixing
one equivalent each of silyllithium and copper cyanide, also react with allenes, showing
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some interesting singularities. The allylsilane-vinylcuprate species 107 generated at low
temperature by reaction of allene with 2 (or 5) react with most of the electrophiles tested:
proton, alkyl and allyl halides, halogens, acid chlorides, epoxides and α,β-unsaturated
aldehydes and ketones, giving good yield of allysilanes differently functionalized30b. In
particular, 2-enones undergo selectively 1,4-addition when treated with silylcuprates 2
and 5 (Scheme 51). This contrasts with the result obtained with higher-order cuprates 1
and 4, where products of 1,2-addition are frequently observed (Scheme 45). It should be
noted that the regiochemistry observed with cuprate 2 (Scheme 51) is opposite to that
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found for cuprate 1 (Scheme 45). Alternatively, use of the cyanosilylcuprate reagent 2
under thermodynamic control (warming-up the reaction to 0 ◦C before quenching) affords
the allylcuprate-vinylsilane intermediate, which, once more, cannot be trapped with elec-
trophiles other than proton30b.

The reactions between intermediate 107, formed by reaction of allene itself and (2),
and acid chlorides, enals and enones provide excellent routes for silicon-directed Nazarov
cyclizations or Lewis-acid-promoted intramolecular cyclizations, thus allowing the design
and development of new strategies for cyclopentane annulations. Moreover, these silicon-
assisted cyclizations occur with a high degree of stereocontrol. A simple protocol for
triquinane systems based on the consecutive application of (a) silylcupration of allene,
(b) slicon-directed Nazarov reaction and (c) allylsilane-terminated cyclization has been
outlined for the synthesis of a precursor of β-capnellenol (Scheme 52).
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In recent years, many stereoselective routes for the synthesis of three- to seven-
membered rings from allylsilanes, based on the silylcuprate addition to allene, have been
developed112 – 118.

Silylmetallation of cyclic allenes was reported by Oshima and coworkers some time
ago119. The addition of silylmagnesium, silylaluminum and silylzinc reagents to unac-
tivated cyclic allenes catalyzed by copper(I) salts seems to proceed smoothly, giving
vinylsilanes. Although the authors claim that the reaction takes place with addition of the
Si–Mg, Si–Al and Si–Zn species across the double bond, the presence of the copper salts
seems to be more consistent with the intervention of a silylcuprate. Silylmetallation of
cyclic allenes bearing a good leaving group provides a simple route to bicyclic compounds
having a vinylsilane moiety that can be subsequently transformed (Scheme 53).

More recently Bäckvall and coworkers120 found that silylcupration of terminal allenes
with the cuprate 2 followed by treatment of the intermedite allylsilane-vinylcuprate with
allyl phosphonates provides a facile synthesis of silylated 1,4-dienes containing an allyl-
silane unit. Reaction is highly regioselective (in a SN 2′ manner) and isomerization to
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1,3-dienes was not observed. Nevertheless, there is some Z to E double-bond equilibration
in some of the studied examples (Scheme 54).

The same group has discovered that the scope of silylcupration of multiple bonds is
not solely restricted to acetylenes and allenes but can be also extended to simple double
bonds such as styrenes10 and 1,3-dienes11.

III. STANNYLCUPRATES

A. Preparation of Stannylcuprates

1. Introduction

The demand for organotin compounds in organic chemistry has increased greatly in
the last two decades, due to the large number of transformations that the C−Sn bond
can undergo121. The development of new methodologies that allow the synthesis of these
synthons has attracted the attention of the scientific community. One of the most interesting
ways of forming C−Sn bonds is by stannylmetallation of an electrophilic function. In
particular, stannyllithium derivatives and mainly stannylcopper derivatives have been used
for this purpose. This methodology provides efficient procedures for introducing tin into
organic molecules, giving rise to a wide variety of tin-containing carbon skeletons12b.

Alternatively, the development of new heteroatom copper or cuprate reagents has sig-
nificantly increased the utility of copper(I) chemistry. Among them, metallocuprates from
the group IVA, and in particular stannylcuprates, have gained considerable importance in
synthesis. The availability of cuprate reactivity patterns for the introduction of a stannyl
substituent into an organic substrate has dramatically enhanced the strategic approaches to
these compounds, the rich chemistry of which can be exploited in C−C bond formation
and in chemocontrol, regiocontrol and stereocontrol.

Stannyl anions are even better nucleophilic species than silyl anions; in fact, stan-
nyllithium compounds readily react with carbonyl derivatives giving conjugate addition
to enones122 and enoate123 systems. Therefore, stannylcuprates are rarely used for this
purpose. While stannyllithium reagents have been largely employed in reactions with
saturated and unsaturated carbonyl compounds121, stannylcuprates are most often used
with acetylenic substrates12b. Pioneering work in this area was accomplished by Piers and
Morton7b. Piers has been particularly active in showing how powerful the stannylcupration
of alkynes can be.
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The substituents on copper most often used are the trimethylstannyl group and the
tributylstannyl group. Trimethylstannyl derivatives are easier to manipulate and lead to
simple spectra, but they are highly toxic and therefore not suitable for scaling a regular
lab synthesis into an applied commercial procedure. Thus, even though trimethylstan-
nylorganocuprates frequently give better yields, the most widely used reagents are trib-
utylstannylcuprates. Triphenylstannylcuprates124 have been less frequently used. Halide-
based cuprates or cyanocuprates have been employed indistinctly. The copper(I) bro-
mide–dimethyl sulfide complex is a good choice because complexation on copper usu-
ally results in cleaner reactions. Compounds with different copper-to-tin stoichiometries
leading to lower- or higher-order cuprates can be prepared (Section III.A.2). In gen-
eral, cyanostannylcuprates and higher-order stannylcuprates show a greater reactivity and
sometimes they are the only possible choice to get reaction. This is especially true with
acetylenes, where the nature of the stannylcuprate determines the outcome of the process
(Section III.B.4). Since one stannyl group is not used, reaction with bis(stannyl)cuprates
produces, after quenching the mixture, involatile tin by-products (H−Sn and HO−Sn)
which are difficult to eliminate and need further chromatographic purification. Mixed
stannylalkylcuprates, although less reactive, diminish undesired by-products, usually giv-
ing better overall results. Tributyl- and trimethylstannylcuprates are sometimes noticeably
different in their reactivities.

Structurally different species have been characterized by NMR spectroscopy for var-
ious lower- and higher-order cuprate reagents22,25. Methyl 13C signals at −4.5 ppm of
the lower-order trimethylstannylcyanocuprate Me3SnCu(CN)Li are shifted upfield with
respect to the corresponding methyl 13C signals of the higher-order bis(trimethylstannyl)
cyanocuprate (Me3Sn)2Cu(CN)Li2 at −0.04 ppm. The respective mixed stannyl(alkyl)
cyanocuprate Me3Sn(Me)Cu(CN)Li2 is also different, appearing at −2.0 ppm. Spectro-
scopic studies22 on mixed cyanostannylcuprates reveal a rapid and dynamic ligand ex-
change with the stoichiometric composition R3Sn(R′)Cu(CN)Li2 as the thermodynamic
stabilized species.

2. Methods of preparation
Like silylcuprates, stannylcuprates are usually prepared from the respective stannyl-

lithium compounds (Scheme 55). Trimethyl- and tributylstannyl lithium can easily be
made by reaction of trialkylstannyl halides with lithium shots125, by cleavage of
hexaalkylditin derivatives with methyllithium or butyllithium122,123,126, by cleavage of
the same ditin compounds with lithium metal127 or by reaction of trialkyltin hydride with
lithium diisopropylamide126a – 128 (this method is less convenient and has some limita-
tions due to in situ formation of i-Pr2NH). Reaction of the so-formed stannyllithiums
with a copper(I) salt, using 1:1 or 2:1 stoichiometries, leads to mono- or bis(stannyl)
cuprates22,125b. Homocuprates are not always advantageous; when needed, mixed stannyl
(alkyl)cuprates129 can be easily made by mixing one equivalent of the stannyllithium
reagent with another equivalent of a different organolithium and one equivalent of the
copper(I) salt (Scheme 55). These mixed stannyl(alkyl)cuprates transfer selectively the
stannyl group129, as expected from their relative electronegativity. They usually give
cleaner reactions and one expensive tin group is economized. As reported before for
silylcuprates, cyanostannylcuprates are more reactive than halide-based stannylcuprates,
the former showing frequently a different reactivity pattern125b.

On the other hand, Lipshutz and coworkers have developed methods for preparing
mixed stannyl(alkyl)cuprates without using stannyllithiums reagents, by treating either
tin hydrides130,131 or silylstannanes32,33 with dialkylcuprates (Schemes 56 and 57). When
silylstannanes are used, it is required for the effectiveness of the reaction that the silyl
group is much less hindered than the stannyl group.
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Oehlschlager and coworkers132 have reported a similar procedure using hexaalkylditin
derivatives (Scheme 57), while similar mixed alkylstannylcuprates have been also pre-
pared by ligand exchange between homoalkylcuprates and homostannylcuprates. The abil-
ity of dialkylcuprate reagents to undergo transmetallation with organotin compounds pro-
vides a wide scope of alternatives for the preparation of stannylcuprates (Scheme 57)133.

Me2Cu(CN)Li2

+ Me3Sn(Me)Cu(CN)Li2

Me2Cu(CN)Li2

+

Me3M SnMe3

M = Si or Sn
Me4M

(Me3Sn)2Cu(CN)Li2

SCHEME 57

Mixed cuprates having a silyl and a stannyl group have been recently prepared134. In
particular, phenyldimethylsilyl(tributylstannyl)cuprate (108) made by mixing 1 mol equiv-
alent each of phenyldimethylsilyllithium, tributylstannyllithium and copper(I) cyanide
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reacts with electrophiles (enones, allylic acetates, allenes and acetylenes), transferring
selectively the stannyl group (Scheme 58). Except for the addition to 1-hexyne, where
9% of the vinylsilane is formed, the product mixtures show by GC-MS no trace of the
corresponding products of silyl transfer. This is what should be expected according to the
higher metallic character of the tin atom.

Although in this account formulations such as (R3Sn)2Cu(CN)Li2, or the corresponding
mixed cuprate R3Sn(R′)Cu(CN)Li2, are considered higher-order compositions and formu-
lations R3SnCu(CN)Li and (R3Sn)2CuLi lower-order structures, earlier NMR studies22

reveal multiple species in solution, depending upon the R3Sn/R′Li/CuCN stoichiometry
and the nature of the copper salt (halide or cyanide). Thus, alternative complexation arrays
are possible and ligand exchange, sometimes faster than the NMR timescale, doesn’t help
to clarify structural proposals16a. Therefore, formulas used in this survey reflect more the
stoichiometry used in the original literature than the actual higher- or lower-order nature
of stannylcuprates.

Structures of stannylcuprates are not well known, although probably they reflect those
that were proposed for carbocuprates. A few structures of silyl- and stannylcuprates
have been confirmed by X-ray analysis135, but probably more work is needed before
we can determine more precisely the nature of stannylcuprates in ethereal solution. How-
ever, stannyllithiums are better understood. Me3SnLi is monomeric in ether. If HMPA is
added to a THF solution of Bu3SnLi, NMR spectra show that the first species formed is
Bu3SnLi(HMPA)(THF)2

136. This is an indication that the solvent probably plays a more
important role than we suspected before. The 13C NMR spectrum of Ph3SnLi shows that
the negative charge is built up mainly on the para position, suggesting an inductive polar-
ization of the π-cloud, in contrast to the conjugative polarization in Ph3C−Metal which
places the negative charge particularly on the ortho and para positions137. Many organos-
tannyllithiums don’t contain Sn−Li bonds. Tri(2-furyl)tinlithium has a lithium cation
which is octahedrally coordinated by six oxygen atoms of two pyramidal trifurylstannyl
anions, with a second separate and solvated lithium cation138. The first stannyllithium
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compound with a covalent Sn−Li bond to be identified was the pentamethyldiethylene-
triamine complex of Ph3SnLi. This stucture is preserved in solution139.

As mentioned before, the synthetic power of these stannylcuprates lies in the utility of
the resulting organostannanes for carbon–carbon bond formation and also in the relatively
facile transmetallation of stannyl groups12b.

Stannylcuprates undergo similar transformations to silylcuprates, independently of the
method chosen for their preparation. While allylstannanes are used as allylic nucleo-
philes121b,140, vinyl- and arylstannanes are frequently employed in the Pd(0) catalyzed
Stille coupling with vinyl, aryl and alkynyl halides and sulfonates141. A survey of repre-
sentative transformations of stannylcuprates, which will be extensively discussed in the
next section, is collected in Scheme 5933,130.

Me3Sn(R)Cu(CN)Li2
R = Alkyl

CO2Et

OTf

O

O

OBr
OMe

OMe

Cl

OH

O

CO2Et

SnMe3

Me3Sn
OH

O

OMe3Sn

OMe

OMe

SnMe3

HO

SnMe3

O
SnMe3

SCHEME 59

In conclusion, organotin compounds in which tin is bonded to copper provide an impor-
tant source of nucleophilic tin in synthesis. These tin-nucleophiles compete favorably
in chemo-, regio- and stereoselectivity with the more reactive alkali organotin deriva-
tives, from which they are readily prepared. The different ways to prepare stannnyl-
cuprates via stannyllithiums, or by transmetallation with alkylcuprates, are described in
Schemes 55–57. In addition, Table 3 lists a compendium of the most frequently used
stannylcuprates.

B. Reactions of Stannylcuprates

1. Introduction

Stannyl cuprate chemistry has emerged as a cornerstone of organic synthesis because
of the wide range of copper-assisted transformations on offer, and particularly because
this chemistry is often complementary to palladium chemistry and groups IA and IIA
organometallic chemistry. Most of the early examples of application of stannylcuprates
are stoichiometric reactions; however, the rapid development of new procedures catalytic
in copper should greatly enhance the synthetic utility of this reaction. The presence of
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TABLE 3. Representative stannylcuprate reagents

                                                              
Bu                    Bu3Sn                       (Bu3Sn)2Cu(CN)Li2                       125b

Me                   Me3Sn                       (Me3Sn)2Cu(CN)Li2                      142

Bu                    Bu3Sn                        (Bu3Sn)2CuLi                                   9

Me                   Me3Sn                       (Me3Sn)2CuLi                                143

Bu                    Bu                              Bu3Sn(Bu)Cu(CN)Li2                  130

Bu                    Me                             Bu3Sn(Me)Cu(CN)Li2                  144

Me                   Me                              Me3Sn(Me)Cu(CN)Li2                 132

Me                   Bu                              Me3Sn(Bu)Cu(CN)Li2                  131 

Me                   CN                             Me3SnCu(CN)Li                             22

Me                   SPh                            Me3SnCu(SPh)Li                          145

Ph                     Ph3Sn                        (Ph3Sn)2Cu(CN)Li2                      124

Ph                     Bu                             Ph3Sn(Bu)Cu(CN)Li2                   128

Ph                     Ph3Sn                        (Ph3Sn)2CuLi                                146

Me                                                     Me3SnCu.SMe2                             147

Bu                                                      Bu3SnCu.SMe2                             148

                                                        R3Sn(R′)Cu(CN)Li2
R                         R′                                       and                                  Reference
                                                              R3Sn(R′)CuLi

residual non-transferable ligands is a convenient alternative when looking for outcome
efficiency, moderation of the reactivity or cuprate stability. Non-transferable ligands are
also used in the preparation of chiral cuprates for asymmetric synthesis. On the other
hand, homo bis(stannyl)cuprates show a high reactivity pattern where other cuprates fail
to react. The increased availability of highly functionalized stannylcuprate reagents has
allowed the design of new strategies in synthesis which would not have been possible a
few years ago.

2. Conjugate additions to unsaturated carbonyl compounds

Stannylcuprate reagents are good nucleophilic reagents. They are less basic than their
stannyllithium precursors and may sometimes work better, leading to more selective
processes. The conjugate additions of stannylcopper and stannylcuprate reagents to
enones 109–114 seems to proceed with better yield and chemoselectivity than the
stannyllithium reagent, giving β-stannyl ketones 115–119 and β-stannyl ester 120
(Scheme 60)33,123,131,149,150. Double addition of the trimethylstannyl group, as well as
aldol condensation of intermediate enolates, is observed when using the lithium reagent.
Moreover, stannylcuprates give better stereochemical purity if diastereomers can be
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formed130,145. β-Iodoenones such as 111 lead to β-stannylenones such as 117, in a
process that appears to take place through a conjugate addition–elimination pathway
(see Section III.B.3)123.

A common problem associated with the addition of stannylcuprates to 2-enoates is the
low reactivity showed by β-dialkyl-substituted 2-enoates, which dramatically diminish the
final yield. In these cases, the stannyllithium reagent successfully undergo 1,4-addition
providing good yield of 3,3-dialkyl-substituted β-stannylketones123.

Chiral 2-enoates carrying a 4-heteroatomic substituent provide good opportunities for
diastereoselection, resulting from the conjugate addition of a stannyl group which gen-
erates a new chiral center, and a simultaneous stereoinduction by the adjacent stere-
ogenic center151. The relative reactivity of stannyllithium, stannylcuprate and stannylz-
incate reagents has been compared by reaction of the former reagents with enantiopure
4-heteroatom-substituted 2-enoates (Scheme 61). Z-enoates afford excellent diastereos-
electivities with all the reagents; the cuprate and zincate derivatives show the same
diastereoselection but opposite to that found for the stannyllithium reagent. E-enoates,
however, give poor diastereocontrol, except for the stannylzincate which still shows a
high stereoselectivity in the same sense as for the Z-isomer. From the results observed in
Scheme 61, it is clear that the reaction with stannyllithium reagents follows a somewhat
different pathway from that of stannylcopper and zincate derivatives, but a predictive
model of behavior has not been outlined151.

β-Stannylketones are useful intermediates of much potential in organic synthesis (Sche-
me 62). The carbonyl group can be converted into a tertiary hydroxyl group that has been
used to synthesize cyclopropanes, as in the conversion of 121 to 122152. The Sn−C
bond can be also oxidized to alcohol or ketone (123 to 124), a transformation that for-
mally involves a 1,3-shift of the keto group122. Alternatively, the stannyl group can be
eliminated, after having served to control stereochemistry, by reduction with dissolving
metals (125 to 126)145. It is also used as a leaving group in radical-based cyclizations153.
Halodestannylation and metallation are frequently used reactions121b. In addition, enan-
tiopure β-stannylketones analogous to 41 but stannylated (Scheme 22) have been obtained
as described therein69.

Conjugate addition reactions of stannylcopper and cuprate reagents are most often
employed with ynones and ynoates154 – 156. Acetylenic esters have proved to be so far the
most versatile acetylenic substrates for this type of reaction. The stannyl group adds to the
β-position of the α,β-acetylenic esters and amides to give the product 127, resulting from
syn-addition of the Sn−Cu pair. Protonation under kinetic control (−100 ◦C) occurs with
retention of initial configuration, leading to the E-vinylstannane 128. If the stannylcupra-
tion is carried out at −78 ◦C and then warmed up to −48 ◦C before quenching, the product
obtained is the Z-vinylstannane 130 resulting now from protonation anti to the stannyl
group of the thermodynamically more stable allenic intermediate 129 (Scheme 63)154.

Lower-order cuprates Me3SnCu(SPh)Li and Me3SnCu(CN)Li work well to give both
the kinetic and the thermodynamic vinylstannane, while other stannylcuprates give only
the E-isomer. A serious limitation of this reaction when lower-order cuprates are used
is the difficulty of persuading the intermediate cuprate to react with electrophiles other
than proton, which remarkably limits the synthetic scope of the reaction. In these cases,
the use of a more reactive higher-order cuprate such as Bu3Sn(Me)Cu(CN)Li2 solves the
problem, producing high yields of substituted vinylstannanes (see Section III.B.4).

α,β-Acetylenic N ,N-dimethylamides (131) have been tested with organocopper
Me3SnCužSMe2 (132) and cuprate Me3SnCu(SPh)Li (133). A study of the reaction shows
(a) that the overall process can be controlled so as to produce either (Z)-134 or (E)-3-
trimethylstannyl-2-alkenamides (135), (b) that the initially formed intermediate cuprate
derived from addition of 132 or 133 to ynamides is more stable than that obtained with

50



O

O

C
O

2M
e

O

O
C

O
2M

e

B
u 3

Sn
M

et
al

a)
 B

u 3
Sn

L
i

b)
 B

u 3
Sn

(B
u)

C
u(

C
N

)L
i 2

c)
 B

u 3
Sn

(E
t)

2Z
nL

i

O

O

C
O

2M
e

B
u 3

Sn

O

O

C
O

2M
e

B
u 3

Sn

+

a)
  5

8%
   

   
   

   
   

10
   

   
   

   
 : 

   
   

   
   

0

b)
  3

7%
   

   
   

   
   

  1
   

   
   

   
 : 

   
   

   
   

9

c)
  8

4%
   

   
   

   
   

  0
   

   
   

   
 : 

   
   

   
 1

0

a)
  5

0%
   

   
   

   
   

  3
   

   
   

   
 : 

   
   

   
   

1

b)
  8

4%
   

   
   

   
   

  2
   

   
   

   
 : 

   
   

   
   

3

c)
  7

3%
   

   
   

   
   

  1
   

   
   

   
 : 

   
   

   
   

9

Z E

Z E

SC
H

E
M

E
61

51



Francisco J. Pulido and Asunción Barbero

SnMe3

O

MeLi

SnMe3

OH

SOCl2/Py

O

SnMe3

1. MeLi
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O

OH

O

O

SnMe3

H
OH

SnMe3

Li, NH3

THF

H
OH
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−H2O

SCHEME 62

CO2Et

Me3SnCu(CN)Li

CO2Et

(Cu)Me3Sn

Me3Sn

OEt

O(Cu) H+

H+
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H+

H+

CO2EtMe3Sn
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99%
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ynoates and (c) that the intermediate cuprate produced in the reaction can be trapped with
a few electrophiles other than proton (e.g. methyl iodide, allyl bromide) (Scheme 64)157.

Z/E selectivities have been also achieved using chiral ynoates. Thus, 4-amino-2-
ynoates as 136 react with the higher-order cyanocuprate Bu3Sn(Bu)Cu(CN)Li2 giving,
after protonation with methanol at low temperature, vinylstannanes 137 and 138, largely
favoring the E-isomer. The latter can be converted into 4-tributylstannylpyrrolin-2-ones
(Scheme 65). The resulting lactams are not stable enough and need to be protected for
isolation, usually as t-butoxycarbonyl derivatives. The so-formed vinylstannanes undergo
a palladium-catalyzed coupling reaction with vinyl halides158.

CO2Me

R

Bu3Sn(Bu)Cu(CN)Li2

MeOH, −70 °C

R

MeO

O

SnBu3

NHPG

R
SnBu3

NHPG

O

OMe
+

9   :   120–73%

R = i-Pr, s-Bu, Bn, TBDMS

PG = Boc, CO2Me, BnOCO

1. NaN(TMS)2
2. NaOH
3. (Boc)2O

N
O

Bu3Sn

OBu-tO

R

(136)

(137) (138)

PGNH

SCHEME 65

Diynoates can undergo intramolecular cyclization in two steps. The first involves attack
of the stannylcuprate on one of the acetylenic ester units with stereoselective formation of
an E-vinylstannane. Transmetallation of the vinylstannane to a vinylcuprate by treatment
with a copper(I) salt in DMF and subsequent intramolecular addition to the remaining
ynoate provides a versatile ring-forming procedure (Scheme 66)159.

CO2Me

CO2Me

Me3SnCu(CN)Li

THF,−78 °C to 0 °C
CO2Me

Me3Sn

CO2Me

DMF, 0 °C, 5 min

MeO2C CO2Me

95%

87%

excess CuCl

SCHEME 66

As briefly commented before, the stereoselectivity observed in the stannylcupration of
alkynoates has been interpreted in terms of an α-cuprio ester (127, Scheme 63) generated
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by syn-addition of Sn−Cu at low temperature and trapped by proton quenching to afford
the E-adduct 128154. Stereoselective formation of the Z-diastereomer 130 at higher tem-
peratures requires either direct isomerization of the Z α-cuprio ester to the E α-cuprio
ester followed by selective protonation, or equilibration of 127 with the allenyl enolate
129 and stereoselective protonation from the less hindered side of the allenic system, that
is anti to the bulky stannyl group. Mechanistic studies160 involving alkylcuprates and
alkynoates have found that isomerization between E and Z α-cuprio esters takes place
through the allenyl enolate, with the resulting adduct E:Z diastereomeric ratio reflecting
the alkenyl cuprate E:Z equilibrium ratio. Extrapolation of this argument to the stan-
nylcupration of ynoates requires the E α-cuprio esters to be thermodynamically more
stable than Z α-cuprio esters. This difference in stability should be sufficiently high so
as to account for the high stereoselectivity observed. Stannylcuprate additions, as other
metallo-metallation reactions, have been shown to be reversible and can lead sometimes
to the 2-stannyl regioisomer154. The initial vinylcuprate, formed by conjugate addition
of stannylcuprates to alkynyl esters, cannot generally be trapped with electrophiles other
than proton, although some exceptions have been reported depending on the cuprate used
and the nature of the alkynyl ester used161. As discussed above, 2-alkynyl amides are also
exceptional in the sense that they give good yields of trapping products157. Intramolecular
trapping has been also achieved to give a β-trimethylstannylcyclopentane carboxylate154.

The formation of either 2- or 3-stannyl regioisomer can be attained with a judi-
cious election of reagent and conditions. For example, addition of Bu3Sn(Bu)Cu(CN)Li2
to acetylenic acids affords 3-stannylenoic acids which can be trapped with different
electrophiles, while treatment with a tributylstannyl organoaluminum compound in the
presence of copper(I) cyanide as catalyst gives the opposite regioselectivity, leading to
2-stannylenoic acids (Scheme 67)162.

OHBu3Sn

R

I

O

R

O

OH

1. excess Bu3SnAlEt2, −30 °C
    15% CuCN, THF OHH

Ph

SnBu3

O

56%R = Ph

1. excess Bu3Sn(Bu)Cu(CN)Li2
    THF, –78 °C, 1 h

2. H2O, NH4Cl

2. I2, THF, –78 °C to 0 °C

R = H, Me, Et, n-Pr, n-pentyl
       Ph, TMS, MeOCH2

55–72%

SCHEME 67

The E- and Z-products resulting from reaction of ynoates with stannylcuprates have
been exploited by Piers and coworkers to prepare the chlorides 139 and 140, and other
related compounds, by deconjugative double-bond migration (Scheme 68). They are valu-
able synthons in natural product synthesis because they can be used as bifunctional
donor–acceptor reagents for annelation. This sequence of reactions has the added advan-
tage that exocyclic double bonds can be readily prepared with complete stereocontrol,
due to the remarkable stereoselectivity of the deprotonation with LDA-reprotonation with
AcOH step (Scheme 68). Chlorides 139 and 140, and related compounds, have been
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employed in synthetic routes to dolastane diterpenoids, (±)-amijitrienol and marine ses-
terpenoid (±)-palouolide163.

3. Substitution reactions with allylic and propargylic electrophiles, epoxides, vinyl
triflates and β-haloenones

The reaction of stannylcuprates with alkyl halides and tosylates has been reported by
Lipshutz and coworkers130,131, but in spite of the high yield obtained (Scheme 69) its use
in synthesis is rather limited. Trimethylstannyl groups, as well as tributylstannyl groups,
have been equally efficiently introduced by means of a mixed tincuprate generated in situ
by transmetallation of trialkyltin hydride with Bu2Cu(CN)Li2.

Br

MeO

OMEM

OTs

R3Sn(Bu)Cu(CN)Li2

THF, −78 °C

R = Me, Bu

SnR3

MeO

OMEM

SnBu3

100%

R = Me, 94%
       Bu, 83%

SCHEME 69

The reaction of stannylcuprates with allylic and propargylic halides and acetates is
better known and has found application in synthesis of natural products. Thus, although
the allyl bromide 141 cleanly reacts with stannyllithium reagents giving only the allyl-
stannane 143 (resulting from direct SN 2 substitution), the corresponding cuprate gives
mixtures of regioisomers favoring the allylstannane 142 arising from a SN 2′ allylic inver-
sion (Scheme 70)84a,164.

BnO
Br

A)  Me3SnLi
B)  (Me3Sn)2CuLi

BnO
SnMe3

BnO

SnMe3

+

A)       0  : 100
B)      67 : 33

(141) (142) (143)

SCHEME 70

Allylstannanes prepared by reaction of allylic acetates with stannylcuprates have been
employed in the strategy of synthesis of (+)-10-epi-elemol (Scheme 71).

The mixed dilithium tributylstannyl(butyl)cyanocuprate reacts chemoselectively with
the tertiary allylic acetate 144, affording an intermediate allystannane 145 that was later
cyclized, by a palladium-catalyzed intramolecular cross-coupling reaction with a new unit
(now a primary one) of allyl acetate, to give the 1,2-divinylcyclohexane 146 (Scheme 71).
This was successfully transformed onto the 10-epi-elemol. The remarkable chemoselectiv-
ity of the stannylcuprate for the attack on the tertiary allyl acetate and the regioselectivity
of the cross-coupling step which gives the 6-membered ring should be noted165.

Propargylic electrophiles are even more reactive toward stannylcuprates than the respec-
tive allylic derivative. Propargylic mesylates usually give high yields of the SN 2′ rear-
ranged product leading to allenylstannanes, but the regioselectivity is very sensitive to the
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substitution pattern (Scheme 72)146. Ricci and coworkers78 found that the regiochemistry
of the addition of stannylcuprates to propargylic sulfides depends highly on the reaction
conditions as well as the nature of the cuprate. By choosing these conditions adequately, in
combination with the possibility of a metal-mediated desulfuration, a versatile and flexible
method for the synthesis of a wide range of allenyl- and vinylstannanes has been devel-
oped. The method is also valid in the silicon series78. Allylstannanes and allenylstannanes
are much used as carbon nucleophiles in organic synthesis166.

Stannylcuprates participate in substitution reactions with 3-halo- and 3-sulfonyl-
substituted 2-enones (Scheme 73)167. 2-Enoates having good leaving groups at the β-
position (such as Cl, I, PhS) also undergo substitution reactions with stannylcuprates
(Scheme 74).

O

I

O

SnBu3

O

Bu3Sn(SPh)CuLi

THF, −20 °C

O

SnBu3I

69%

Bu3Sn(SPh)CuLi

THF, −20 °C
69%

SCHEME 73
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These substitution reactions may follow a conjugate addition–elimination reaction
sequence or may proceed through a mechanism involving direct displacement of the
leaving group. Examples of both pathways have been observed. β-Haloacrylates, β-
(phenylthio)acrylates and β-tosylacrylates give dirty reactions and poor yields when
reacting with higher-order cuprates; on the contrary, stannyllithium derivatives, although
more reactive, afford distannyl adducts. The optimal conditions for a good yield and
stereocontrol are attained using tributylstannylcopper at low temperature, which gives 3-
tributylstannylacrylates with retention of the acrylate double-bond configuration (Scheme
73)167a. β-(Phenylthio)acrylates and β-tosylacrylates react slowly at −78 ◦C, and require
higher temperatures to get acceptable yields. Warming-up the reaction of methyl (E)-
β-chloroacrylate from −78 ◦C to 0 ◦C causes an almost complete inversion of config-
uration (E/Z ratio of β-stannylacrylates 1:4). The isomerization observed for the (E)-
β-(phenylthio)acrylates (Scheme 74) is apparently the result of competing equilibration

Substrate                 Bu3SnCu/LiI eq.         Temp (°C)/Time                Product                Yield (%)

H

H

Cl

CO2Me

CO2Me

H

Cl

H

H

H

I

CO2Me

CO2Me

H

I

H

CO2Et

H

TsO

H

H

H

PhS

CO2Me

H

H

Bu3Sn

CO2Me

CO2Me

H

Bu3Sn

H

H

H

Bu3Sn

CO2Me

CO2Me

H

Bu3Sn

H

CO2Et

H

Bu3Sn

H

CO2Me

H

Bu3Sn

H

(Z:E, 4:1)

H

H

X

CO2R

Bu3SnCu/LiI

THF

H

H

Bu3Sn

CO2R

CO2R

H

Bu3Sn

H

+

2.0                       −78 °C/40 m                                                           58

1.3                       −78 °C/2.5 h                                                           62

2.0                       −78 °C/40 m                                                           62

1.5                       −78 °C/3.0 h                                                           47

1.5                       −78 °C/1 h, 0 °C/                                                     59
                             4 h, 25 °C/1 h

1.9                       −78 °C/1 h, 0 °C/                                                     50
                             4 h, 25 °C/1 h

SCHEME 74
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of the copper intermediate in the absence of a suitable proton donor that quenches
the reaction. A similar substitution reaction has been carried out with tributylstannyl(2-
thienyl)cyanocuprates and 3-sulfonyl-2-enoates167b.

The regioselective cleavage of epoxides has been reported by Lipshutz, Oehlschlager
and coworkers130,132. Attack of the stannylcuprate on the less hindered end is usually
observed (Scheme 75). Although stannyllithium and stannylcuprate derivatives show a
similar behavior, the regioselectivity of the latter is frequently better and more selective
processes are obtained. Vinyl epoxides are cleaved with allylic rearrangement. Contrary to
silylcuprates where some alkyl group is transferred, no transfer of alkyl group is observed
when a mixed stannyl(alkyl)cuprate is used.

O

Ph
Me3Sn(Me)Cu(CN)Li2

−78 °C to r.t.

Ph
SnMe3

OH
44%

O
Bu3Sn(Bu)Cu(CN)Li2

−78 °C, 2.5 h
89%

Bu3Sn
OH

91:9 E:Z

O
Ph Bu3Sn(Bu)Cu(CN)Li2

−40 °C, 1 h

81%

Ph SnBu3

OH

SCHEME 75

Higher-order tributylstannyl cuprates react with vinyl triflates, prepared from ketones,
leading to vinylstannanes33,159,168 – 170. The reaction is carried out at low temperature to
avoid formation of mixtures. Work-up of the mixture is usually accompanied by formation
of much hexabutyldistannane. This is a very involatile by-product, but it can be mostly
removed using silver acetate. This route to vinylstannanes is especially useful for preparing
either regioisomers of an unsymmetrical ketone, which are readily available via the kinetic
or thermodynamic enolate (Scheme 76).

Enol triflates have been used in the key step of an annulation method involving cyclic β-
trifluoromethanesulfonyloxy α,β-unsaturated esters such as 147 and Me3Sn(PhS)CuLi168a.
Alkylation of the resulting vinylstannane 148 with α,ω-dihaloalkanes, followed by trans-
metallation-cyclization, leads to bicyclo[4.3.0]non-1-enes 149 with excellent yield. The
5,6-membered fused bicyclic system is a structural unit appearing in many natural prod-
ucts; 5,7-membered ring fusions were also prepared less efficiently (Scheme 77).

Annulation methods based on tincuprate chemistry and enol triflates derived from
cyclic β-keto esters continue to be of great importance in the area of natural product
synthesis. This methodology has been exploited in a cyclization strategy leading to (±)-
chiloscyphone (Scheme 78)169a.

4. Reaction of stannylcuprates with acetylenes and allenes

The addition of stannylcopper and stannylcuprate species to simple alkenes was first
reported by Piers and Chong171 and Westmijze and coworkers124 and widely developed
in later years22,33,130 – 132,147,172 – 176. Stannylcopper and stannylcuprate reagents react with
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OTf

Me3Sn(Bu)Cu(CN)Li2

−78 °C, 0.5 h
66%

SnMe3

OTf

(Bu3Sn)2Cu(CN)Li2

−20 °C, 2 h
69%

SnBu3

CO2Et

OTf

CO2Et

SnMe3

Me3Sn(Me)Cu(CN)Li2

−78 °C, 1 h
78%

SCHEME 76

CO2Me

O

(147)

1. NaH, Et2O, 0 °C

2. (CF3SO2)2O

CO2Me

OTf

Me3Sn(PhS)CuLi

THF/HMPA, −20 °C to 0 °C

CO2Me

SnMe359 % overall two steps

I Cl

1. LDA, THF, −48 °C

2.                          , –48 °C

1. Reduction

2. Protection

78%

CO2Me

Cl

SnMe3

Cl

SnMe3

OPG

(148)

MeLi, THF/HMPA

–20 °C, 30 min.

92%

OPG

(149)

PG = Protecting group

SCHEME 77

1-alkynes 150 with high but not complete regioselectivity, introducing the stannyl group
predominantly at C-2 and the copper unit at C-3. Nevertheless, the ratio 151:152 is
highly affected by the nature of the cuprate. This reaction is easily reversible, as shown in
Scheme 79, and a major limitation of these otherwise powerful processes is that the addi-
tion of an electrophile (E+) does not always give high yields of products 154. Frequently,
it is difficult to persuade the intermediate vinylcopper species to react with anything
more interesting than a proton. This is particularly true when using stannylcopper species
and less drastic when real stannylcuprate species are present. The problem appears to be
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O

CO2Me

1. NaH

2. (CF3SO2)2O

OSO2CF3

CO2Me

Me3Sn(PhS)CuLi
SnMe3

CO2Me

1. Alkylation

2. Reduction

3. Protection

SnMe3

TBDMSO

Cl

O TMS

MeLi

O
TMS

TBDMSO

O

(±)-chiloscyphone
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that the stannylcupration step, although well shifted to the right at equilibrium, is eas-
ily reversible, and the stannylcopper reagent itself is more reactive than the vinylcopper
intermediate 151 toward most electrophiles, leading to the alternative products 153 instead
of the expected compounds 154147,173. Stannylcopper and cuprate reagents are evidently
not very basic, with the result that a proton, usually delivered from methanol included in
the reaction mixture, is relatively selective for the vinylcopper intermediate, making the
formation of the addition product 154 (E = H) high yielding.

In the early studies, the vinylcopper species could only be trapped with a proton171.
Later, Marino and coworkers177 using Bu3SnCu(CN)Li and acetylene, and Fleming
and coworkers144 using Bu3Sn(Me)Cu(CN)Li2 and substituted acetylenes, successfully
achieved the trapping of the resulting intermediate vinylcuprates with a wide variety
of electrophiles (alkyl and allyl halides, halogens, epoxides, acyl chlorides, enones and
enoates). Reaction takes place stereospecifically by syn addition of the tin–copper pair
to the triple bond of the acetylene (Scheme 79). Structural and mechanistic studies
accomplished by Oehlschlager and coworkers173 definitively established the reversibility
of the stannylcupration of alkynes and shed some light on the nature of the intermediate
vinylcuprate species involved.

The procedure for the stannylcupration of acetylene, mono-substituted and disubsti-
tuted acetylenes followed by protonation or reaction with electrophiles has been gen-
eralized by Pulido and coworkers showing that this methodology is synthetically more
powerful than was earlier expected144. Thus, cuprates Bu3Sn(Me)Cu(CN)Li2 (155) and
(Me3Sn)2Cu(CN)Li2 (172) react with acetylenes 156–163 and 173 to give regioselectively
the vinylstannanes 164–171 and 174 without contamination of regioisomers (Scheme 80).

The only exception to this general behavior is 1-hexyne (163), which gives 171 (78%)
along with 18% of the regioisomeric 1-stannylated hex-1-ene. Interestingly, stannylcupra-
tion of the corresponding lithium acetylide 175 produces exclusively vinylstannane 171,
with reaction presumably taking place via the triply differentially metallated alkene 176.
Such poly-metallated alkenes are intermediates of much potential in synthesis due to the
different reactivity pattern that each metal can impart. Furthermore, a surprising tetra-
metallated alkene intermediate having copper, tin, silicon and lithium linked to a double
bond could be devised by stannylcupration of the readily available lithium acetylide of
trimethylsilylacetylene.

More significantly, C−C bond formation can be easily achieved by successive addition
of a stannylcuprate to unactivated acetylenes and further attack on copper of a carbon
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Bu3Sn(Me)Cu(CN)Li2 ,−78 °C

(Me3Sn)2Cu(CN)Li2 , –78 °C

R2R1
NH4Cl, −78 °C to 0 °C

Bu3Sn
R2

R1

(155)

R1 = R2 = H                   99%
R1 = R2 = Ph                  92%
R1 = R2 = Et                   30%
R1 = R2 = CO2Et            81%
R1 = H, R2 = CO2Me     89%
R1 = H, R2 = SiMe3       97%
R1 = H, R2 = Ph             78%
R1 = Bu, R2 = H             78%

(156)
(157)
(158)
(159)
(160)
(161)
(162)
(163)

(164)
(165)
(166)
(167)
(168)
(169)
(170)
(171)

SnBu3

(173)

(172)

(174)

NH4Cl, –78 °C to 0 °C SnBu3

Me3Sn

95%

Bu Li
155

Li
Bu3Sn

Bu

(Cu)

NH4Cl
Bu3Sn

Bu

(175)

(176)
(171)
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electrophile. The intermediate vinylcuprate 177, generated by syn addition of cuprate 155
to acetylene, reacts with methyl iodide, ethylene oxide, cyclohexenone, methyl crotonate,
acetyl chloride, bromine, iodine, trimethylsilyl chloride and tributyltin chloride, giving
cleanly the vinylstannanes 178–186 (Scheme 81). The reaction is not merely limited to
acetylene; likewise, substituted acetylenes also give high yields of vinylstannanes by reac-
tion with cuprate 155 and subsequent trapping with electrophiles. Starting from acetylene
itself, a Z-stereochemistry is cleanly obtained for all the vinylstannanes isolated. It should
be noted that this strategy permits one to design easy methods for preparing both (E)-
and (Z)-2-silylvinylstannanes 169 and 178 and (E)- and (Z)-vinylbisstannanes 174 and
179144.

It is unclear why cuprate 155 overcomes the limitations reported with Piers’ cuprate,
but most probably it is due to the fact that 155 is a higher-order cuprate and the earlier
work had most often been carried out using stannylcopper reagents. Other reports point
in the same direction124,177b,178,179. Whatever the explanation, this route makes available
a wide number of potentially useful small tin-synthons of much interest in synthesis
(Scheme 82).

For instance, Corey’s oxidation180 of vinylstannanes 185 and 186 with lead tetraacetate
makes the overall reaction a conjugate addition of acetylene to an α,β-unsaturated ketone
or ester. Stille reactions on vinylstannane 186 gave 1,3- and 1,4-dienes. (Z)-β-Stannylvinyl
ketones and tosylates such as 185 and 187 undergo tin–lithium exchange when treated
with butyllithium followed by intramolecular addition to carbonyl or displacement of
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tosyl group, thus providing good methodologies for making five- and four-membered
rings, respectively (Scheme 82)144,181.

Although the regioselectivity of the stannylcupration of alkynes is generally excellent,
it proved to be quite sensitive to conditions, cuprate reagent and substrate structure. In
general, by choosing judiciously an appropriate combination of the former factors, a good
regiocontrol of the resulting products can be attained.

Some efforts made to control the regiochemistry of the addition of stannylcuprates
to 3-butynoic acid derivatives clearly show how sensitive to the mentioned factors the
process is. Thus, the usual stannylcupration affords 4-stannyl-3-enolates, which are readily
protonated or trapped with MeI. Ulterior iodo-destannylation gives the vinyl iodide 188
(Scheme 83). However, the regiochemistry is easily reversed using a cuprate reagent made
from a stannylaluminum reagent, leading in this case to vinyl iodide 189162.

O

OH

1. Bu3Sn(Bu)Cu(CN)Li2

2. H+ or MeI
3. I2

OH

(Me) H

I

O

55%

regioisomeric purity 95–98%

1. Bu3SnAlEt2 , CuCN (15%)

2. H+

3. I2

OH
H

O

30%

regioisomeric purity 80%

I

(188)

(189)
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Copper-catalyzed reaction of terminal alkynes with stannylmagnesium reagents pro-
vides excellent regioselectivities of 1-stannylalkenes170.

The regiochemistry of the addition to ethynyl ethers182 depends on the presence or not
of HMPA in the mixture. The stannyl group can be attached to either end of the acetylene.
Under kinetic conditions (THF, −78 ◦C) 1-stannyl-1-alkoxyalkenes are obtained, whereas
at 0 ◦C in the presence of HMPA (E)-2-stannylvinyl ethers are formed (Scheme 84). Com-
plexation effects are responsible for the observed results. The initial (E)-2-alkoxyvinyl-
cuprate intermediate, generated in kinetic conditions, must be trapped with proton, oth-
erwise it decomposes to give stannylacetylenes. However, the presence of HMPA highly
stabilizes the initial intermediate, thus allowing its isomerization, at higher tempera-
tures, into the thermodynamic 1-alkoxyvinylcuprate, which by quenching gives (E)-2-
stannylvinyl ethers. The greater stability of the thermodynamic 1-alkoxyvinylcuprate is
due to intramolecular oxygen–copper complexation.

OEt
Bu3SnCu(CN)Li or (Bu3Sn)2Cu(CN)Li2

Kinetic cotrol: THF, −78 °C  or
Thermodynamic control: THF/HMPA, 0 °C SnBu3

OEt

+

OEt

Bu3Sn

overall yield: 80–95%
major (kinetic)
90:10 to 100:0

major (thermodynamic)
10:90 to 0:100

SCHEME 84

Propargylic systems are also sensitive to cuprate nature, reaction temperature, proton
source and steric factors, but in general excellent regioselectivities are found. Care should
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be taken when strong electron-withdrawing groups are attached to the propargylic system
due to eventual deprotonation of the alkyne by the stannylcuprate. Use of a less basic tin-
cuprate or a stannylcopper reagent is required in these cases. Propargyl acetals have been
employed by Quintard178, Normant179, Carreira183 and their coworkers. Stannylcupra-
tion of 3,3-diethoxy-1-propyne using the higher-order cuprate BuSn(Bu)Cu(CN)Li2

130

(190) occurs with complete stereo- and regiocontrol by syn addition of the tin–copper
species, leading stereoselectively to 2-substituted trans-1-tributylstannyl-3,3-diethoxy-1-
propenes 191–194 after quenching the mixture with deuteriomethanol, iodine, allyl bro-
mide and methyl propiolate. Stannylated 1,3- and 1,4-dienes are easily made in this way
(Scheme 85)179.

Similar results have also been obtained with propargyl amines184. Stannylcupration
of chiral propargylamines has been used in a peptide synthesis; thus, (R)-2,2-dimethyl-
3-(t-butoxycarbonyl)-4-ethynyl oxazolidine (195) reacts with Bu3Sn(Bu)Cu(CN)Li2 to
give an intermediate vinylstannane-oxazolidine 196, which is efficiently converted into
β,γ -unsaturated-α-amino acids 197 by palladium-mediated coupling with vinyl iodides
(Scheme 86)185. The stannylcupration of propargyl ethers has been employed for the
synthesis of the C(14)–C(26) chain segment of macrolide antitumor agent rhizoxin186

and also in the synthesis of a tetrahydrofuran moiety of elfamycin antibiotic aurodox187.

(Bu3Sn)2(Bu)Cu(CN)Li2O

N

O

N

Boc

SnBu3

O

N

Boc

HN

O

HO

Boc

1. deprotection (TFA)

2. [O], HIO4, CrO3

Boc

THF, −78 °C, 0.5 h

O

N

Boc

I

I2(E)-ICH=CHPh
PdCl2(MeCN)2

PhPh

(195)
(196)

(197)

90%

54%

62%

79%
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Propargyl alcohols were also reacted with stannylcuprates. Studies by Oehlschlag-
er175,176, Lipshutz130, Pancrazi188 and their coworkers show that the reaction can be a
rather complex process with regio- and stereoselectivity arising from many different fac-
tors including the nature and order of the stannylcuprate, the kinetic or thermodynamic
conditions used, the substitution pattern on the alkyne and conjugative effects of sub-
stituents. A summary of the most common behaviors of these substrates is given in
Scheme 87.

Stannylcupration of long-chain alkynes carrying a good leaving group (or an elec-
trophilic group such as carbonyl, epoxide etc.) at an appropriate distance from the triple
bond leads to intramolecular trapping of the intermediate vinylcuprate, resulting in ring
formation (Scheme 88)189. Stannylcupration has also been used to add a tributylstannyl
group to the triple bond of butynediol; the resulting product is easily converted into
3-tributylstannylfuran (Scheme 88)148.
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OHHO
Bu3SnCu·SMe2

OHHO

SnBu3
PCC

O

SnBu3

CO2MeX

X = Cl, OTs

Me3Sn(SPh)CuLi
CO2Me

SnMe3
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Stannylcuprates have also been used with diynes190. The addition leads to stannyl
group attachment to both atoms of acetylene. Magriotis and coworkers174 have used the
reaction in a synthetic approach to enediynes. From a strategic point of view, the stan-
nylcupration of acetylenes becomes a powerful tool in organic synthesis. It has been
used in the total synthesis of a number of natural products such as certain mollusk
pheromones191 and retinol derivatives192,193. Stannylcupration of acetylene and reaction
with cyclic enones affords (Z)-β-stannylvinyl ketones, which undergo selective syn-to-tin
addition of organometallic compounds to the carbonyl group. This remarkable remote
stereocontrol, promoted by the vinyltin group, is a consequence of the anchoring of the
organometallic reagent by the tin and the carbonyl groups194.

In summary, the products of stannylcupration of acetylenes are very useful because
the vinylstannanes produced can be converted by transmetallation with MeLi or BuLi
into vinyllithium derivatives; these can be used directly or transformed into vinylcuprates
again. This particular reactivity shown by vinylstannanes, together with their ability for
intervening in Stille coupling reactions, convert these compounds to powerful synthons
for annelation strategies, as shown in Scheme 89195,196.

SnMe3

Xn

1. MeLi
2. CuCN

X = Cl
n = 1

O

LiCuCN

Cl

O

Cl

base

O

X = I
n = 2 CO2Me

O

CO2Me

OTf
/ KH1.

2. LDA
3. PhN(SO2CF3)2

Me3Sn

Pd(0)

CO2Me
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The stannylcupration of allenes was reported in 1989 by Fleming, Pulido and co-
workers9. In the early work, a lower-order cuprate (Bu3Sn)2CuLi (198), prepared from
two equivalents of Bu3SnLi and one equivalent of the copper(I) bromide–dimethyl sulfide
complex, was used for the reactions. Allene affords vinylstannanes 200–202 after quench-
ing the mixture with carbon electrophiles. Addition of the stannyl group and copper atom
takes place respectively on the C-2 and C-1 of the allene to give 199. 1,1-Dimethylallene
shows the opposite regiochemistry leading selectively to allylstannanes resulting from
addition of the copper–tin pair to the unsubstituted double bond with tin occupying the
end of the former allenic system (Scheme 90)9.
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(Cu)

(Bu3Sn)2CuLi
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The higher-order stannylcuprate Bu3Sn(Bu)Cu(CN)Li2 (190) reacts with allene itself
at −100 ◦C under kinetic control, to give the intermediate cuprate 203. If the reaction
mixture is warmed to −78 ◦C, 203 rearranges to the thermodynamically more stable
vinylstannane-allylcuprate 204. Both intermediates react with electrophiles (E+) affording
allylstannanes 205 and 206 and vinylstannanes 207–213 (Scheme 91)125b,129. As shown in
Scheme 91, allylcuprate 204 can be trapped with a wide variety of electrophiles whereas
the vinylcuprate 203 reacts only with strong electrophiles which are reactive enough to
capture 203 before it isomerizes to the more stable 204. This seriously limits the range of
allylstannane products that can be prepared. Equilibration between vinyl- and allylcuprate
species takes place at −78 ◦C. In effect, quenching of the reaction at any temperature
between −78 ◦C and 0 ◦C reveals the presence of only vinylstannanes. Attack of 204 on
enones takes place selectively on the carbonyl group, giving the 1,2-addition product 213.
A similar result was observed in the reaction of 198 and cyclohexenone, leading to the
formation of 202 (Scheme 90). These results are not surprising since allylcuprates are
considerably harder nucleophiles than vinylcuprates, showing a great preference for the
carbonyl addition129.

There are two exceptions to this general behavior. Methyl iodide gives mixtures of
allyl- and vinylstannanes whatever conditions are used, and methyl propiolate always
gives the allylstannane product (a conjugated diene) even under thermodynamic condi-
tions. The stannylcuprate reagent (Bu3Sn)2Cu(CN)Li2 (214) displays the same kinetic and
thermodynamic selectivity with allene leading to results comparable to that of the mixed
cuprate 190.

Substituted allenes also react, giving allyl- or vinylstannanes (215–220) depending
upon the substitution pattern of the allene90,129. In general, the cuprate adds to the less
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substituted double bond of the allene, approaching the system from the less hindered
face of the allenic functionality. As a consequence, the stereochemistry of the resulting
vinylstannane 216 is cleanly E, and that of the allylstannane 220 Z, which supports the
suggested syn-addition mechanism. Phenylallenes give mixtures of regioisomers favoring
largely the vinylstannane. On the other hand, alkyl-substituted allenes afford exclusively
allystannanes with the tin atom attached to the less substituted carbon atom of the allene
(Scheme 92)129.

Allyl- and vinylstannanes are powerful synthons possessing the usual ability provided
by the stannyl group for transmetallation and transition-metal-catalyzed coupling reactions.
A combination of these capacities is shown in Scheme 93, which illustrates the remarkably
rapid lithiation step, thus allowing ring formation without addition of BuLi to the carbonyl
group181a.

The regiochemistry of the stannylcupration of allenes using the lower-order cyano-
cuprate (Bu3Sn)Cu(CN)Li (221) was recently studied197. This cuprate, prepared by mix-
ing one equivalent of tributylstannyllithium and one equivalent of copper(I) cyanide, reacts
with allene at −40 ◦C, showing a regiochemistry opposite to that previously reported for
higher-order cuprates 190 and 214 and Piers’ reagent 198. Capture of the intermediate
allystannane-vinylcuprate species 222 with different electrophiles allows the selective for-
mation of allylstannanes with different substitution pattern (Scheme 94). In this manner
the overall regiochemistry in the stannylcupration of allene can be easily controlled in
either sense just managing adequately the nature of the cuprate reagent. This method pro-
vides an easy entry to functionalized allylstannanes, which are masked allylic nucleophilic
species of wide application in synthesis.The reaction has been extended to acetylenes, but
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in this case the behavior of cuprate 221 is essentially the same as that observed for
higher-order cuprates.

C. Mechanisms

In recent years, numerous investigations have been conducted in order to shed light
on the syn-addition mechanism of cuprates to multiple bonds. Although the four-center
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mechanism has been widely accepted so far, Nakamura and Mori198, based on a detailed
mechanistic study, have proposed that copper(III) species are probably intervening in the
process of carbocupration of acetylenes. Bäckvall and coworkers11,104 have also supported
this proposal for the silylcupration of dienes and acetylenes. According to the Nakamura
hypothesis, the silyl- and stannylcupration of allene might proceed with an initial oxidative
addition of metallocuprate to allene to give an intermediate metallocycle species 223 con-
taining a copper(III) atom. Intermediate 223 evolves, through the equilibrium species 224
and 225, toward the kinetic or thermodynamic cuprates 226 and 227, after the final reduc-
tive elimination step. In this way, working below −40 ◦C under kinetic control, selective
formation of cuprate 226 is achieved, whereas increasing the temperature allows the rapid
equilibration of species 224 into 225, leading to the formation of the thermodynamically
controlled cuprate 227 (Scheme 95).
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Lately, other authors have claimed the intervention of copper(III) species in organo-
cuprate reactions. Thus, Woodward199 suggests two possible pathways for the addition of
organocuprates to enones. The first, based on the sole participation of copper(I) interme-
diates 228, involves carbocupration of the enone and formation of a π-adduct 230 which,
upon elimination of copper cyanide, affords the final addition product. Alternatively, con-
jugate addition of the cuprate to the enone (formally an oxidative addition step) affords
the intermediate copper(III) species 229, which by reductive elimination leads to the π-
adduct and then to the final product (Scheme 96). Analogous silyl- and stannylcupration
processes should proceed similarly.

More recently, an experimental and theoretical study of the mechanism of stannyl-
cupration of ynones and ynoates has been reported and compared to the corresponding
carbocupration reaction, with particular emphasis on stereoselectivity200.

In conclusion, silicon and tincuprates are a particular class of heterocuprates that not
only exhibit the extremely powerful possibilities of organocopper compounds, but also
add the rich chemistry of silicon and tin elements to be exploited in synthesis. Their
chemistry is of wide applicability, very efficient and easy to perform. Frequently, the
problem is the choice of the most convenient reagent to be used. A huge amount of total
synthesis involving the use of organocopper compounds has been published and many
have used silicon and tincuprate reagents. In spite of the great progress achieved in the
area, there is still much lack of knowledge of the mechanistic insights. Organosilicon- and
organotincopper and cuprate compounds are not always stable enough to be easily trapped.
No reactive intermediates have been captured and therefore their reaction pathways are
considered by analogy with other transition metals. Although sometimes we do not know
all the details of the reaction, there is no doubt about the extraordinary usefulness and the
reproducibility of the cuprate chemistry, which has emerged at present as a cornerstone
of organic synthesis. Ongoing developments in this area will bring new advances in the
near future.
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10. V. Liepins and J.-E. Bäckvall, Chem. Commun., 265 (2001).
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107. F. J. Blanco, P. Cuadrado, A. M. González and F. J. Pulido, Tetrahedron Lett., 35, 8881

(1994).
108. A. Barbero, C. Garcı́a and F. J. Pulido, Tetrahedron Lett., 40, 6649 (1999).
109. (a) M. Bertrand, G. Cul and J. Viala, Tetrahedron Lett., 1785 (1977).

(b) S. Ma, Aldrichimica Acta, 40, 91 (2007).
110. A. Alexakis and J. F. Normant, Israel J. Chem., 24, 113 (1984).
111. I. Fleming, Y. Landais and P. Raithby, J. Chem. Soc., Perkin Trans. 1, 715 (1991).
112. A. Barbero, P. Castreño, C. Garcı́a and F. J. Pulido, J. Org. Chem., 66, 7723 (2001).
113. A. Barbero, P. Castreño and F. J. Pulido, Org. Lett., 5, 4045 (2003).
114. A. Barbero and F. J. Pulido, Synthesis, 779 (2004).
115. A. Barbero, Y. Blanco and F. J. Pulido, J. Org. Chem., 70, 6876 (2005).
116. A. Barbero, P. Castreño and F. J. Pulido, J. Am. Chem. Soc., 127, 8022 (2005).
117. A. Barbero, P. Castreño, G. Fernández and F. J. Pulido, J. Org. Chem., 70, 10747 (2005).
118. A. Barbero, F. J. Pulido and M. C. Sañudo, Beilstein J. Org. Chem., 3, 16 (2007).
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hedron Lett., 33, 5841 (1992).
(b) A. Barbero, P. Cuadrado, C. Garcı́a, J. A. Rincón and F. J. Pulido, J. Org. Chem., 63,
7531 (1998).

182. J. A. Cabezas and A. C. Oehlschlager, Synthesis, 432 (1994).
183. Y. Kim, R. A. Singer and E. M. Carreira, Angew. Chem., Int. Ed., 37, 1261 (1998).
184. (a) L. Capella, A. Degl’Innocenti, A. Mordini, G. Reginato, A. Ricci and G. Seconi, Synthe-

sis, 1201 (1991).
(b) G. Reginato, A. Mordini, F. Messina and A. Degl’Innocenti, Tetrahedron, 52, 10985
(1996).
(c) G. Reginato, A. Mordini, M. Valacchi and R. Piccardi, Tetrahedron: Asymmetry, 13, 595
(2002).

185. G. Reginato, A. Mordini and M. Caracciolo, J. Org. Chem., 62, 6187 (1997).
186. J. D. White, M. A. Holoboski and N. J. Green, Tetrahedron Lett., 38, 7333 (1997).
187. D. Craig, A. H. Payne and P. Warner, Synlett, 1264 (1998).
188. (a) J. F. Betzer, F. Delaloge, B. Muller, A. Pancrazi and J. Prunet, J. Org. Chem., 62, 7768

(1997).
(b) J. F. Betzer and A. Pancrazi, Synlett, 1129 (1998).
(c) J. F. Betzer and A. Pancrazi, Synthesis, 629 (1999).

189. P. J. Parson, K. Booker-Milburn, S. H. Brooks, S. Martel and M. Stefinovic, Synth. Commun.,
24, 2159 (1994).

190. G. Zweifel and W. Leong, J. Am. Chem. Soc., 109, 6409 (1987).
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193. J. Thibonnet, G. Prie, M. Abarbri, A. Duchêne and J. L. Parrain, Tetrahedron Lett., 40, 3151

(1999).
194. (a) A. Barbero, F. J. Pulido, J. A. Rincón, P. Cuadrado, D. Galisteo and H. Martinez-Garcı́a,

Angew. Chem., Int. Ed., 40, 1261 (2001).
(b) A. Barbero, F. J. Pulido and J. A. Rincón, J. Am. Chem. Soc., 125, 12049 (2003).

195. E. Piers and J. Renaud, Synthesis, 74 (1992).
196. E. Piers, R. W. Friesen and B. A. Keay, Tetrahedron, 47, 4555 (1991).
197. A. Barbero and F. J. Pulido, Tetrahedron Lett., 45, 3765 (2004).
198. E. Nakamura and S. Mori, Angew. Chem., Int. Ed., 39, 3750 (2000).
199. S. Woodward, Chem. Soc. Rev., 29, 393 (2000).
200. M. Ahlquist, T. E. Nielsen, S. Le Quement, D. Tanner and P.-O. Norrby, Chem. Eur. J., 12,

2866 (2006).

82



Copper-mediated and
copper-catalyzed addition and
substitution reactions of
extended multiple bond systems

NORBERT KRAUSE and ÖZGE AKSIN-ARTOK
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I. INTRODUCTION
Since the pioneering work of Gilman and coworkers, who carried out the first investi-
gations on organocopper compounds RCu1 and lithium diorganocuprates R2CuLi2, the
latter reagents (referred to as Gilman cuprates) have become highly popular for car-
bon–carbon bond formation. Nowadays, organocuprates are the reagents of choice not
only for substitution reactions of many saturated (haloalkanes, acid chlorides, oxiranes)
and unsaturated (allylic and propargylic derivatives) electrophiles, but also for 1,4-addition
reactions of α,β-unsaturated carbonyl compounds and for carbocuprations of non-activated
alkynes3,4. In these processes, the unique reactivity of organocuprates R2CuLi relies on the
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interplay of the ‘soft’, nucleophilic copper and the ‘hard’, electrophilic lithium, offering
control over reactivity and selectivity through ‘fine-tuning’ of the reagent. The tremendous
achievements in various fields of organocopper chemistry over the last decades include
the elucidation of the structure of organocopper compounds5,6 and the mechanism of their
transformations7, new copper-mediated and copper-catalyzed processes8, diastereoselec-
tive reactions9, as well as highly enantioselective substitution10,11 and conjugate addition
reactions10,12. The high standards attained in these fields are documented in numerous
applications of copper-promoted transformations in target-oriented synthesis13.

While 1,4-addition and 1,3-substitution (SN 2′) reactions of simple unsaturated sub-
strates have predominated so far, analogous transformations of ambident substrates with
extended multiple bond systems (i.e. with two or more reactive positions) have gained
importance in the last two decades since they usually proceed with high regio- and stere-
oselectivity, in particular when the substrate contains a triple bond besides one or more
conjugated double bonds. These new reaction types not only open up unprecedented
routes to important target molecules, but also provide insights into the mechanism of
copper-mediated carbon–carbon bond formation14.

II. COPPER-MEDIATED AND COPPER-CATALYZED ADDITION REACTIONS TO
EXTENDED MICHAEL ACCEPTORS

A. Acceptor-substituted Dienes
Thanks to their ambident character, acceptor-substituted dienes can provide several

isomeric products in copper-mediated or copper-catalyzed Michael additions, therefore
making it particularly important to control the regio- and stereoselectivity of these trans-
formations (Scheme 1).

R
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R
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R
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Nu

R
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Acc = Acceptor E+ = electrophile

SCHEME 1. Regioselectivity in conjugate addition reactions to acceptor-substituted dienes
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Besides direct nucleophilic attack at the acceptor group, an activated diene may undergo
a 1,4- or 1,6-addition; in the latter case, capture of the ambident enolate with a soft elec-
trophile can take place at two different positions. Hence, the nucleophilic addition can
result in the formation of three regioisomeric alkenes, which may in addition be formed
as E/Z isomers. Moreover, depending on the nature of the nucleophile and electrophile,
the addition products may contain one or two stereogenic centers and, as a further com-
plication, basic conditions may give rise to the isomerization of the initially formed
β,γ -unsaturated carbonyl compounds (and other acceptor-substituted alkenes of this type)
to the thermodynamically more stable conjugated isomer (equation 1).

R

Nu

E

Acc
R

Nu

E

AccBase
(1)

The first example of a cuprate addition to an acceptor-substituted diene was reported
by Näf and coworkers15, who used lithium di-(Z)-1-heptenylcuprate in a Michael addition
to dienoate 1 (equation 2). The reaction proceeds with high regioselectivity, furnishing
a 1:1 mixture of the two isomeric 1,6-adducts 2, which were converted into the Bartlett
pear constituent ethyl (2E,6Z)-2,6-dodecadienoate (3) by basic isomerization.

CO2Et
CuLi

2

n-H11C5

CO2Et

CO2Et

n-H11C5

n-H11C5

(1)

(3)

(2)

t-BuOK

1.

2. H+

(2)

In analogous reactions, several other groups reported the exclusive formation of 1,6-
addition products, suggesting that the regioselectivity of the transformation is not affected
by the choice of the organocopper reagent16. Whereas the use of organocopper com-
pounds RCu predominantly results in the formation of adducts with E configuration,
the corresponding Gilman cuprates R2CuLi usually afford 1:1 mixtures of the E and Z
isomer16b. Ultimately, Yamamoto and coworkers4f,17 demonstrated that also 1,4-additions
of organocopper reagents to activated dienes are feasible: while the reaction between
methyl sorbate (4) and the reagent formed from n-butylcopper and boron trifluoride mainly
gave the 1,4-adduct 5, the corresponding Gilman cuprate n-Bu2CuLi provided the 1,6-
addition product 6 exclusively (equation 3). The synthetically very useful organocopper
compounds RCužBF3 are commonly referred to as Yamamoto reagents4f.

Michael additions of organocopper reagents to acceptor-substituted dienes have found
widespread application in target-oriented stereoselective synthesis18. For example, the
chiral cuprate 8, containing a Schöllkopf bislactim ether moiety, was used in the total
synthesis of the antimycotic dipeptide chlorotetaine (10; equation 4)18d. Although the
nucleophilic addition to dienone 7 took place only with moderate regioselectivity to furnish
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a 63:37 mixture of the 1,6- and 1,4-adduct, the major product 9 was successfully converted
over several steps into diastereomerically and enantiomerically pure chlorotetaine (10).

1. R–M

Me
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While copper-catalyzed Michael additions to acceptor-substituted dienes using Grignard
reagents as nucleophiles were reported even earlier than the corresponding additions of
stoichiometric organocuprates, the former transformations have largely been restricted to
the diastereoselective synthesis of steroid hormones. Besides tetrahydro-3H -naphthalen-
2-ones, which are used as model substrates for doubly unsaturated steroids19,20, estradiol
derivatives bearing an alkyl chain in the 7α-position are especially interesting target
molecules, due to their high affinity for and specificity towards estrogen receptors which
renders these unsaturated steroids particularly useful for the treatment of mammary tumors
(breast cancer)21,22. Besides the regioselectivity of the nucleophilic addition to doubly
unsaturated �4,6-steroids19,20,21b,22, the diastereoselectivity is particularly important since
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only the 7α-isomers are effective enzyme inhibitors21b. Although the diastereoselectivity
of the copper-catalyzed 1,6-addition of methyl Grignard reagents to �4,6-steroids may
depend on the substitution pattern of the substrate19a, a general preference for attack from
the α-side has been observed frequently19. Wieland and Auner19e, for example, reported
an α:β ratio of 90:10 in the copper-catalyzed 1,6-addition of MeMgBr to dienone 11
(equation 5). The product 12 was converted into 7α-methylestrone (13), a precursor of
several highly active steroidal hormones.

O
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1. MeMgBr

OCOEt

CuCl(cat.)

O

OH

Me

HO

O

Me

90% ds

(11) (12)

(13)

(5)

In contrast to this, the introduction of longer alkyl chains by copper-promoted 1,6-
addition reactions of �4,6-steroids normally proceeds with unsatisfactory α:β ratios21b,22.
In some cases, however, improvement of the diastereoselectivity by ‘fine-tuning’ of the
reaction conditions has been possible. For example, the ratio of the epimeric products 15
and 16 in the copper-catalyzed 1,6-addition of 4-pentenylmagnesium bromide to dienone
14 was increased from 58:42 to 82:18 by variation of the solvent and the excess of
nucleophile (equation 6)22f.

A different behavior was observed for tetrahydro-3H -naphthalen-2-ones (e.g. 17) as
Michael acceptors: the 1,6-addition of cyano-Gilman cuprates or Grignard reagents (cat-
alyzed by copper arene thiolate 18) proceeds with high trans-selectivity to afford adducts
19, irrespective of the transferred group (equation 7)23. NMR spectroscopic investigations
have revealed that formation of π-complexes at the double bond adjacent to the carbonyl
group, similar to those observed in 1,6-cuprate additions to acceptor-substituted enynes
(Section II.C), are involved in these transformations.

More recently, enantioselective conjugate addition reactions to acceptor-substituted
dienes have also been reported. The first example was the 1,6-addition of dialkyl-
zinc reagents to Meldrum’s acid derivatives 20 in the presence of catalytic amounts of
Cu(OTf)2 and Feringa’s phosphoramidite 21 which affords the products 22 with 70–83%
ee (equation 8)24.
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O

Eq. RMgBr

58 : 42
60 : 40
78 : 22
82 : 18

O O

12
12
12
4

1 : 9
1 : 4 
1 : 1
1 : 1

+

OAc OAc

OAc

15 : 16Ratio THF / diethyl ether

(14)

(15) (16)

CuI (cat.)
−30 °C to −40 °C

1.

2. H+

H2C CH(CH2)3MgBr

(6)

O

(17) (cat.)

SCu NMe2

(18)

1. R2CuLi•LiCN

or RMgX /

O

(19)

R

R = Me, n-Bu, Ph
2. H+

(7)

Even better results were obtained by Feringa and coworkers25 with acyclic dienoates
like ethyl sorbate (23) and Grignard reagents as the nucleophile. In this case, the
JOSIPHOS-type ligand 24 provided both high regioselectivities in favor of the 1,6-addition
products 25 and excellent enantioselectivities of 92–97% ee if a primary group R is
transferred (equation 9). In contrast to this, the reaction of 23 with isopropylmagnesium
bromide gave the 1,6-addition product with only 72% ee.
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An intriguing case of ligand control of both the regio- and enantioselectivity in copper-
catalyzed conjugate addition reactions to acceptor-substituted dienes was recently reported
by Alexakis and coworkers26. Whereas the reaction of dienone 26 with organozinc or
organoaluminum reagents in the presence of catalytic amounts of copper(II) triflate and
phosphoramidites such as 27 affords the expected 1,6-addition product 28 with moderate
to high enantioselectivity, the regioselectivty is reversed in favor of the 1,4-adduct 30
when the copper–NHC complex formed in situ from Cu(OTf)2 and 29 is used as cata-
lyst (equation 10). With unbranched groups R, the products 30 are obtained with >95%
regioselectivity and excellent enantioselectivities. The presence of the OH group in the
N-heterocyclic carbene is crucial for regiocontrol since simple Arduengo-type carbenes
afford the 1,6-adduct exclusively.

O O

(20)

OO

Ph

Pr-i

R2Zn

Cu(OTf)2 (5 mol%)

21 (10 mol%)

H+

O O

(22)

OO

Ph

Pr-i

RO

O
P N

Ph

Ph

(21)
R = Me, Et, i-Pr, n-Bu

70–83% ee

(8)

Me
CO2Et

Me
CO2Et

R

(23) (25)

RMgBr

CuBr•SMe2 (5 mol%)

24 (5.25 mol%)

H+

(24)

R = Et, n-Bu, H2C=CH(CH2)2

92–97% eeFeCy2P
Ph2P

(9)

B. Acceptor-substituted Enynes

As for conjugate addition reactions of carbon nucleophiles to activated dienes,
organocopper compounds are the reagents of choice for regio- and stereoselective Michael
additions to acceptor-substituted enynes. While the reaction of substrates bearing an
acceptor-substituted triple bond in conjugation with one or more double bonds (such as
31) with organocuprates affords the 1,4-addition products 32 exclusively (equation 11)27,
the corresponding transformation of enynes bearing an acceptor substituent at the double
bond can result in the formation of several regioisomeric products14.
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(26)

Et2Zn

Cu(OTf)2 (2 mol%)

(27) (4 mol%)

HCl

(28) (89% ee)

O

O
P N

Naph−2

Naph−2

(27)

O

(30)

R = Et, n-Bu, H2C

97−>99% ee

O

Et
then DBU

O

R

RMgBr

Cu(OTf)2 (6 mol%)

(29) (9 mol%)

NH4Cl

(29)

N N+

HO

Bu-t

Cl−

CH(CH2)2

(10)

(31)

1. R2CuLi

R = Et, t-Bu, Me3Si

CO2Me

2. H+

(32)

CO2Me

R

(11)

Analogously to acceptor-substituted dienes (Scheme 1), the outcome of the reaction
depends on the regioselectivity of both the nucleophilic attack of the copper reagent (1,4-
or 1,6-addition) and of the electrophilic trapping of the enolate formed (Scheme 2). Since
the allenyl enolate formed by 1,6-addition can furnish either an allene or a conjugated
diene upon reaction with a soft electrophile and hence offers the possibility of creating
axial chirality, this transformation is of special interest both from the preparative and
mechanistic point of view. Gratifyingly, the regio- and stereoselectivity of both steps
can be controlled by the choice of the reactants, in particular by ‘fine-tuning’ of the
organocopper reagent and the electrophile.

The first copper-mediated addition reactions to enynes with an acceptor group at the
triple bond were reported by Hulce and coworkers28 who found that 3-alkynylcycloalk-
2-enones 33 react with cuprates regioselectively at the triple bond, i.e. in a 1,6-addition
(equation 12). The allenyl enolates thus formed are protonated at C-4 to provide con-
jugated dienones 34 as a mixture of E/Z isomers. Interestingly, substrates of this type
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Acc

Nu

E

R
Acc

Nu

E

•
Acc

E
R R

Nu

1,4-Addition 1,6-Addition

E+

Nu−

E+

Acc

R

Acc−

Nu

R

•
Acc−

Nu

R

SCHEME 2. Regioselectivity in conjugate addition reactions to acceptor-substituted enynes

can also undergo tandem 1,6- and 5,6-additions, indicating that the allenyl enolate is suf-
fciently reactive to undergo a carbometalation of the allenic double bond distal to the
electron-releasing enolate moiety (equation 13)28b. Hence, it is possible to obtain prod-
ucts of the type 36 bearing two different groups, either by successive reaction of Michael
acceptor 35 with two organocopper reagents or by employing a mixed cuprate.

1. R3
2CuLi•LiCN

2. H+

O
R1

R2

O
R1

R3

R2

n
n

(33) (34)

n = 1, 2;   R1 = H, Me;   R2 = H, Ph, Me3Si;   R3 = Me, Et

(12)

1. MePhCuLi•LiCN

2. H+

O
Me

O
Me

Ph

Me

(35) (36)

(13)

With regard to preparative applications, however, shifting the regioselectivity of the
electrophilic quenching reaction towards the formation of allenes is more interesting,
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since the scope of synthetic methods for the preparation of functionalized allenes is
limited29. Moreover, a stereoselective reaction of this type would open up a route to
these axially chiral compounds in enantiomerically enriched or even pure form. Indeed,
the Gilman cuprate Me2CuLižLiI and cyano-Gilman reagents R2CuLižLiCN (R �= Me)
undergo a completely regioselective 1,6-addition with various substituted 2-en-4-ynoates
37 in diethyl ether, and protonation of the allenyl enolate with dilute sulfuric acid affords
the β-allenic esters 38 bearing alkyl, alkenyl, aryl and silyl substituents with good chemical
yield (equation 14)30. Gratifyingly, these 1,6-addition reactions can also be carried out
with catalytic amounts of the cuprate or copper arenethiolate 1831 by simultaneous addition
of the substrate and the organolithium reagent to the copper source.

R1

CO2Et

R1 = Ph, R2 = Me:

R1 = Ph, R2 = t-Bu:

R1 = n-Bu, R2 = Ph:

R2

R1

•
CO2Et

2. H+

R1 = Me3Si, R2 = Me:

1. R2
2CuLi

79%

81%

62%

57%

(37) (38)

(14)

The nature of the acceptor substituent has almost no influence on the regioselectiv-
ity of the cuprate addition to acceptor-substituted enynes. Hence, enynes 39 comprising
thioester, lactone, dioxanone as well as keto, sulfonyl, sulfinyl, cyano or oxazolidino
groups undergo a 1,6-addition with Gilman or cyano-Gilman cuprates to furnish function-
alized allenes 40 (equation 15). In contrast, 1-nitro-l-en-3-ynes are attacked at the C−C
double bond with formation of the corresponding 1,4-adducts30c. The reactivity differences
can be described qualitatively by the following order: Acceptor (Acc) = NO2 > COR,
CO2R, COSR > CN, SO3R, oxazolidino > SO2R > SOR � CONR2. In order to achieve
acceptable chemical yields with less reactive Michael acceptors, e.g. sulfones and sul-
foxides, it is often necessary to use more reactive organocopper reagents (e.g. Me3CuLi2
instead of Me2CuLi) or to activate the substrate by Lewis acid catalysis. Here, mild Lewis
acids like Me3SiI or Me3SiOTf proved to be effective30c. Only enyne amides completely
fail to form 1,6-adducts even under these conditions.

Me

Acc

Acc = CN, R = Me:

Me

t-Bu

•
Acc

Acc = SO2Ph, R = H:

Acc = SO3Et, R = H:

R R

1. t-Bu2CuLi•LiCN

2. H+

79%

91%

49%

(39)
(40) (15)
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Remarkably, the regioselectivity of the cuprate addition to acceptor-substituted enynes
is insensitive to the steric properties of the substrate as well. Thus, enynes with t-butyl
substituents at the triple bond (e.g. 41) undergo a 1,6-addition even if the cuprate itself
is also sterically demanding (equation 16)30b. This fact renders the method highly useful
for the preparation of sterically encumbered allenes of type 42.

t-Bu

t-Bu

t-Bu

•
CO2Et

2. H+

1. t-Bu2CuLi•LiCN

(41) (42) 91%

CO2Et

(16)

Unlike the substrate, the type of organocuprate used for the addition to acceptor-
substituted enynes has a pronounced influence on the regiochemical course. While the
Gilman cuprate Me2CuLižLiI or cyano-Gilman reagents R2CuLižLiCN (R �= Me) readily
undergo 1,6-additions, the Yamamoto reagent RCužBF3, as well as silylcuprates32 and
organocopper compounds RCu activated by Me3SiI33 afford the 1,4-addition products14a.
Interestingly, the use of lithium di-s-butylcyanocuprate in diethyl ether predominantly
leads to the formation of reduced allenes as the major product34; this may be attributed to
the hydrolysis of a rather stable copper intermediate. Lower-order cyanocuprates
RCu(CN)Li again show a different behavior; whereas these usually do not react with
acceptor-substituted enynes, the cyanocuprate t-BuCu(CN)Li affords anti-Michael addi-
tions of the type 43 with 2-en-4-ynoates and nitriles (e.g. 41; equation 17)35. Unfortu-
nately, an adequate interpretation of the abnormal behavior of this particular cuprate is
lacking.

t-Bu

•
CO2EtCO2Et t-Bu

H
t-Bu2. H+

1. t-BuCu(CN)Li

(41) (43) 70%

(17)

As already mentioned at the beginning of this section, allenes can only be obtained
by 1,6-addition to acceptor-substituted enynes if the intermediate allenyl enolate reacts
regioselectively with an electrophile at C-2 (or at the enolate oxygen atom to give an
allenyl ketene acetal; see Scheme 2). Interestingly, the regioselectivity of the simplest
trapping reaction, the protonation, depends on the steric and electronic properties of both
the substrate and the proton source. Whereas the allenyl enolates obtained from alkynyl
enones 33 provide conjugated dienones 34 by protonation at C-4 (possibly via allenyl
enols; see equation 12)28, the corresponding ester enolates are usually protonated at C-
2 (equation 14), especially if sterically demanding groups at C-5 block the attack of a
proton at C-4 (equation 16)14,30. In the presence of a substituent at C-2 of the enolate
(e.g. substrate 44), however, mixtures of allene 45 and conjugated diene 46 are formed
for steric reasons (equation 18). Fortunately, this problem can be solved by using weak
organic acids as the proton source. In particular, pivalic acid (2,2-dimethylpropionic acid)
at low temperatures gives rise to the exclusive formation of allenes30a.
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Ph

•
CO2EtCO2Et Ph

MeMe Me
Ph

Me

CO2Et

Me

X–H = 2N H2SO4, 25 °C:
AcOH, 25 °C:
t-BuCO2H, 25 °C:

t-BuCO2H, −80 °C:

+
2. X–H

1. Me2CuLi

      50 : 50
      64 : 36
      82 : 18
 > 99 : 1

(44) (45) (46)
(18)

In contrast to protonation, the regioselectivity of the reaction of other electrophiles with
allenyl enolates derived from 2-en-4-ynoates is independent of the steric and electronic
properties of the reaction partners (Scheme 3)14,36. As expected according to the HSAB
principle, hard electrophiles such as silyl halides and triflates react at the enolate oxygen
atom to form allenyl ketene acetals, while soft electrophiles such as carbonyl compounds
attack at C-2. Only allylic and propargylic halides afford conjugated dienes bearing an
unsaturated substituent at C-4. Again, cyclic allenyl enolates obtained by 1,6-cuprate
addition to 3-alkynylcycloalk-2-enones 33 show a deviating behavior; treatment with
iodomethane gives product mixtures derived from attack of the electrophile at C-2 and
C-4, whereas the reaction with aldehydes and silyl halides takes place at C-4 exclusively37.

•
Acc− Li+

R2

R1

H2C=CHCH2Br,

t-BuCO2H, RCHO, RCOR,
RCOCl, MeOTf

R3SiX (X = Cl, Br, I, OTf),
Ph2NTf

HC CCH2Br

SCHEME 3. Regioselectivity of trapping reactions of acyclic allenyl enolates with different
electrophiles

In order to control the configuration of the chirality axis of the resulting allenes, the
1,6-addition has to proceed diastereo- or enantioselectively. Among many different chiral
substrates examined, 5-alkynylidene-1,3-dioxan-4-ones of type 47 have proven to be valu-
able synthetic precursors, since these Michael acceptors adopt a very rigid conformation.
Due to the equatorial position of the t-butyl group, the trifluoromethyl residue shields the
top face of the enyne moiety, exposing the underside of the molecule to be preferably
attacked by the nucleophile (equation 19)38. Therefore, reaction with lithium dimethyl-
cuprate and pivalic acid affords the allene 48 with a diastereoselectivity of 98%, and the
stereochemical information generated in this step remains intact during the subsequent
conversion into the chiral vinylallene 49. In contrast to this work, all attempts to establish
an enantioselective 1,6-addition by treatment of acceptor-substituted enynes with various
chirally modified organocopper reagents failed, due to the low reactivity of the latter
compounds towards the Michael acceptors. This problem was recently solved by Hayashi
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and coworkers39 who employed aryltitanates as nucleophiles in rhodium-catalyzed enan-
tioselective 1,6-addition reactions to 2-en-4-ynones.

The 1,6-cuprate addition to acceptor-substituted enynes has found several preparative
applications. In natural product synthesis, the method has been used to generate the insect
pheromone methyl 2,4,5-tetradecatrienoate14a,40 as well as the precursor 51 of the fungal
metabolite (±)-sterpurene (53) and its oxygenated metabolites (equation 20)41. In the lat-
ter case, the reaction sequence started with the 1,6-addition of lithium dimethylcuprate to
enynoate 50 and subsequent regioselective enolate trapping with methyl triflate. The viny-
lallene 51 thus formed underwent an intramolecular [4 + 2]-cycloaddition to the tricyclic
product 52, which was converted into the target molecule 53.

O O

t-Bu

F3C

t-Bu

O

O O

•

F3C

t-Bu

O

H

Me

t-Bu

•

Me

t-Bu

F3C
CO2Et 98% ds

2. t-BuCO2H

1. Me2CuLi

94% ee

(47)
(48)

(49)

(19)

2. MeOTf
1. Me2CuLi

CO2Et
•

CO2Et

CO2Et

H

(±)-Sterpurene

H

(50)
(51)

(52)(53)

Δ (20)
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This Diels–Alder reaction is a typical example for the utilization of axially chiral
allenes, accessible through 1,6-addition, to selectively generate new stereogenic centers.
The chirality transfer is also possible by means of intermolecular Diels–Alder reactions
of vinylallenes42, aldol reactions of allenyl enolates43 and Ireland–Claisen rearrangements
of silyl allenylketene acetals44. Furthermore, it has been utilized recently in the diastere-
oselective oxidation of titanium or zirconium allenyl enolates (formed by deprotonation
of β-allenylcarboxylates of type 54 and transmetalation with Cp2TiCl2 or Cp2ZrCl2) with
dimethyl dioxirane (DMDO) which proceeds regioselectively at C-2 to afford 2-hydroxy-
3,4-dienoates (e.g. 55) with up to 90% ds (equation 21)45. α-Hydroxyallenes of this type
are synthetically valuable precursors for 2,5-dihydrofurans, found not only in several nat-
ural products but also in biologically active compounds. Thus, the cyclization of allene 55
to heterocycle 56 took place with complete axis-to-center chirality transfer, being easily
achieved by treatment with HCl gas in chloroform, acidic ion exchange resins such as
Amberlyst 15 or with catalytic amounts of gold(I) or gold(III) salts45,46. The latter method
is particularly useful for substrates containing acid-sensitive groups and has already found
application in natural product synthesis46.

•
CO2Et

t-Bu

Me
3. DMDO

1. LDA
2. Cp2TiCl2

(54)

•
CO2Et

t-Bu

Me
(55)

OH

90% ds

HCl / CHCl3

or Amberlyst 15
or AuCl3 (cat.)

O CO2Et

Ht-Bu

Me

(56)

90% ds

(21)

In contrast to copper-mediated addition reactions of activated dienes (Section II.A), the
mechanism of 1,6-cuprate additions to acceptor-substituted enynes is quite well under-
stood, largely thanks to kinetic and NMR spectroscopic investigations14. 13C NMR spec-
troscopic studies have revealed that these transformations proceed through π-complexes,
with an interaction between the π-system of the C−C double bond and the nucleophilic
copper atom (a soft–soft interaction in terms of the HSAB principle), together with a sec-
ond interaction between the hard lithium ion of the cuprate and the hard carbonyl oxygen
atom (Scheme 4)47. In particular, the use of 13C-labeled substrates has shed light on the
structure of the metal-containing part of these π-complexes, indicating, for example, that
the cuprate does not interact with the triple bond47b,c. Recently determined 13C kinetic
isotope effects prove that bond formation between C-5 of the acceptor-substituted enyne
and the cuprate occurs in the rate-determining step48. Moreover, with the aid of kinetic
measurements, activation parameters for these transformations have been determined
experimentally49. All these experimental results are in accordance with a mechanistic
model that comprises the formation of a σ -copper(III) species which might be in equilib-
rium with an allenic copper(III) intermediate (Scheme 4). Both intermediates can undergo
reductive elimination of an alkylcopper compound to produce the 1,4- and 1,6-adduct,
respectively. The experimentally observed exclusive formation of the 1,6-addition prod-
uct, however, may indicate that the latter undergoes a much faster reductive elimination
than the first intermediate.
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R1

CO2Et R2
2CuLi

R1

OEt

OLi

OEt

OLi

•R2
2Cu

R1

− R2Cu

OEt

OLi

•R2

R1

R1

Li

OCuR2

R2

OEt

− R2Cu

1,4-Adduct

III

III

1,6-Adduct

fast

R2
2Cu

SCHEME 4. Proposed mechanism for the 1,6-addition of organocuprates to acceptor-substituted
enynes

C. Acceptor-substituted Polyenynes

In view of the high value of the 1,6-cuprate addition to acceptor-substituted enynes for
the synthesis of functionalized allenes, it seemed interesting to explore whether extended
Michael acceptors with further C−C double bonds between the acceptor group and the
triple bond can also be utilized for the formation of extended unsaturated allenic systems.
Of course, the number of possible regioisomeric products rises with increasing length
of the Michael acceptor. The 2,4-dien-6-ynoate 57, for example, can be attacked by an
organocopper reagent at C-3, C-5 or C-7, and the latter possibility leads to a vinylogous
allenyl enolate possessing four reactive positions for the subsequent trapping reaction
(enolate oxygen, C-2, C-4, C-6). Therefore, the high regioselectivity observed experimen-
tally for the reaction of 57 with lithium dimethylcuprate is striking, the cuprate attacking
the triple bond exclusively, and protonation with pivalic acid occurring selectively at C-2
of the enolate to afford the vinylallene 58 (a 1,8-addition product) as the only detectable
regioisomer with 90% yield (equation 22)42.

1. Me2CuLi

2. t-BuCO2H

CO2Et CO2Et

t-Bu

•Me

t-Bu
(57) (58) 90%

(22)
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Analogously, the trienynoate 59 reacts in a 1,10-addition to give the 3,5,7,8-tetraenoate
60, and the even higher unsaturated allene 62 is obtained from the Michael acceptor
61 containing four double bonds between the triple bond and the acceptor substituent
(equation 23)42. The latter case, however, seems to be the limit of the method since the
yield of 62 was only 26%.

1. Me2CuLi

•Me

Me

2. t-BuCO2H

Me

CO2Et

CO2Et

(59) n = 1
(61) n = 2

(60) n = 1: 68%
(62) n = 2: 26%

n

n

(23)

These transformations and those summarized in the previous section indicate that
Michael acceptors containing any combination of double and triple bonds undergo highly
regioselective copper-mediated addition reactions. The following rule holds: Michael
acceptors with any given arrangement of conjugated double and triple bonds react regios-
electively with organocuprates at the triple bond closest to the acceptor substituent. Like
the 1,6-cuprate addition to acceptor-substituted enynes (Scheme 4), these reactions start
with the formation of a cuprate π-complex at the double bond adjacent to the acceptor
group47. Subsequently, an equilibrating mixture of σ -copper(III) intermediates is probably
formed, and the regioselectivity of the reaction may be controlled by different rates of
the reductive elimination of these intermediates.

III. COPPER-MEDIATED AND COPPER-CATALYZED SUBSTITUTION
REACTIONS OF EXTENDED SUBSTRATES

In contrast to the addition reactions discussed so far, the number of examples for copper-
mediated or copper-catalyzed substitutions of extended electrophiles is rather limited.
Investigations of substitution reactions of various dienylic carboxylates with
organocuprates (or Grignard reagents in the presence of catalytic amounts of copper
salts) indicate that the ratio of the three possible regioisomers (α-, γ - and ε-alkylated
products) depends strongly on the substrate and reaction conditions50. For example, treat-
ment of dienyl acetate 63 with n-BuMgBr and stoichiometric quantities of CuI mainly
affords the SN 2′-(1,3)-substitution product 64 (equation 24), whereas the conjugated diene
65 formed by SN 2′′-(1,5)-substitution is obtained exclusively when catalytic quantities of
CuI and THF as solvent are used51. This result gives credence to the postulate that differ-
ent organocopper species are responsible for the formation of the regioisomeric products.
With equimolar amounts of Grignard reagent and copper salt, the active species is prob-
ably the alkylcopper compound n−BuCužMgBrI, which produces 64, whereas an excess
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of the Grignard reagent should produce the magnesium cuprate n-Bu2CuMgBr as the
reactive nucleophile, providing the 1,5-substitution product 65.

n-H15C7

OAc

n-H15C7

+

n-H15C7 Bu-n

(63) (64)

(65)

n-BuMgBr (1.5 eq.), CuI (1.5 eq.), Et2O:
n-BuMgBr (1.5 eq.), CuI (0.3 eq.), THF:

92 : 8
< 1 : 99

n-Bu

(24)

Stereoselective substitution reactions of chiral dienyl electrophiles have also been car-
ried out. In analogy to the copper-promoted SN 2′-reactions of simple allylic
electrophiles3,4, the corresponding SN 2′-(1,3)-substitutions of dienyl carbonates have been
reported to proceed with high anti-selectivity52. Interestingly, treatment of the chiral dienyl
acetal 66 with the Yamamoto reagent PhCužBF3 gives rise to the formation of a mix-
ture of the anti-SN2′-substitution product 67 and the syn-SN 2′′-(1,5)-substitution product
68 (equation 25)53. A mechanistic explanation of this puzzling result has yet to be put
forward.

Et

O

O

Ph

Ph

1. PhCu•BF3

2. Ac2O

Et

Ph

O

AcO Ph

Ph Et O

AcO Ph

Ph

Ph
+

(66)

(67) (68)
25 : 75

(25)

The corresponding copper-mediated SN 2′′-(1,5)-substitution reactions of conjugated
enyne acetates 69 also take place with high regioselectivity to afford vinylallenes 70
with variable substitution patterns (equation 26)54. Although the substitution products are
usually obtained as a mixture of E/Z isomers, complete stereoselection with regard to the
olefinic double bond of the vinylallene is achieved in some cases. Besides enyne acetates,
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the corresponding oxiranes (e.g. 71) also participate in the 1,5-substitution and are trans-
formed into hydroxy-substituted vinylallenes of the type 72 (equation 27)54. Moreover,
these transformations can also be conducted under catalytic conditions by simultaneous
addition of the organolithium compound and the substrate to catalytic amounts of the
cuprate.

R1

R1 = R2 = Me, R3 = n-Bu:

R1 = R2 = Me, R3 = t-Bu:

R1 = Me3Si, R2 = Me, R3 = t-Bu:

R3

R1

•

R1 = n-Bu, R2 = t-Bu, R3 = Me:

R3
2CuLi

90% (E : Z = 67 : 33)

93% (E : Z = 25 : 75)

96% (E : Z = 40 : 60)

92% (E : Z > 99 : 1)

(69) (70)

R2

OAc

R2

(26)

n-Bu

t-Bu

n-Bu

•

(71) (72) 72%

O OH

2. H+

1. t-Bu2CuLi•LiCN

(27)

Highly enantioselective 1,5-substitution reactions of enyne acetates are also possi-
ble under carefully controlled conditions. For example, treatment of enantiomerically
pure substrate 73 with the cyano-Gilman reagent t-Bu2CuLižLiCN at −90 ◦C provides
vinylallene 74 as a 1:3 mixture of E/Z isomers with 20% and 74% ee, respectively
(equation 28)55. This unsatisfactory stereoselection may be attributed to a racemization of
the allene by the cuprate or other reactive copper species formed in the reaction mixture.
Fortunately, the use of phosphines or phosphites as additive can effectively prevent such
racemizations (which probably occur by one-electron transfer steps)56. Thus, vinylallene
74 was obtained with 92% ee for the E isomer and 93% ee for the Z isomer if the
substitution was performed at −80 ◦C in the presence of 4 equivalents of n-Bu3P. This
method enables various substituted vinylallenes to be prepared with >90% ee55.

Me

Without Additive: 20% ee (E) / 74% ee (Z)

With 4 equivalents of n-Bu3P: 92% ee (E) / 
93% ee (Z)

t-Bu

Me

•

E : Z = 25 : 75

(73) (74)

Me

OAc

Met-Bu2CuLi•LiCN

(28)
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IV. CONCLUSION

Over the last four decades, organocopper reagents have been utilized with great success in
organic synthesis. The results presented in this chapter highlight the excellent performance
of these organometallic compounds in regio- and stereoselective transformations of sub-
strates with extended π-systems, in particular in 1,6-addition or 1,5-substitution reactions
of acetylenic electrophiles which profit from the high affinity of organocopper reagents
towards sp-hybridized carbon atoms. In many cases, protocols involving stoichiomet-
ric amounts of organocopper reagents have been complemented by catalytic procedures
with similar efficiency, selectivity and reliability. These transformations not only provide
insights into the mechanism of copper-mediated carbon–carbon bond formation, but they
also open up new opportunities in target-oriented synthesis.
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I. GENERAL INTRODUCTION
Copper-assisted coupling chemistry has very old roots growing from the Ullmann reaction
reported in 1901. For many years, these rather harsh transformations (200–250 ◦C heating
in polar high-boiling solvents or even fusion of the starting materials with stoichiometric
copper bronze or substoichiometric copper salts) have played an exceptionally important
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role in organic synthesis, being a complementary method to the nucleophilic aromatic
substitution at highly activated aromatic rings.

In the mid-1980s, copper was displaced from the leading position by palladium that
was capable of mediating carbon–heteroatom and carbon–carbon bond-forming reactions
in catalytic fashion and under milder reaction conditions. However, paradoxically, the
development of more efficient and general cross-coupling methodologies did not bury
copper but lead to a revival of interest in its chemistry. Moreover, the knowledge gained
from the recent studies on palladium-catalyzed cross-coupling reactions promoted very
much the driving of old Ullmann chemistry into true catalytic rails. Since then, a number
of excellent protocols and new reaction schemes utilizing catalytic copper compounds
have been developed, offering a wide range of synthetic opportunities—alternative or
orthogonal to those offered by palladium catalysis. Even more important, organocopper
chemistry rapidly extends its scope, and the quest for better and new reactivity is not
over.

II. CARBON–HETEROATOM BOND-FORMING REACTIONS
A. Classical Ullmann Chemistry

1. C−O, C−S and C−Se bond-forming reactions

a. Diaryl ethers. Ullmann cross-coupling reaction between aryl halides and phenols
was originally described as a transformation catalytic in copper leading to the formation
of diaryl ethers (equation 1)1 – 4.

Hal HO O

R R′ R R′

+
Cu, base
200 °C (1)

As reported, the reaction comprises heating aryl halides with phenols in the presence
of a base (traditionally, potassium or sodium hydroxide) and substoichiometric copper
powder, cupric oxide or cuprous halides at above 200 ◦C in polar solvents such as DMA,
DMF, DMSO, HMPT or without a solvent. Normally, the reaction of unfunctionalized
substrates results in the formation of diaryl ethers in good yield. However, the yields drop
when substituents at either the phenol or the aryl halide coupling partners are present.
Indeed, while simple electron-releasing groups such as methyl or methoxy slightly slow
the reaction, the presence of hydroxyl, amino, nitro or carboxyl substituents generally leads
to only poor yields of products at the expense of the competitive reductive dehalogenation
or decarboxylation of the starting materials under the harsh reaction conditions5.

Early mechanistic studies performed by Weingarten led to the conclusion that Ullmann
diaryl ether synthesis apparently proceeds through a nucleophilic aromatic substitution
pathway with a rate-limiting carbon–halogen bond cleavage6,7. These assumptions were
made based on kinetic measurements of the reaction between potassium phenolate and
substituted aryl halides that revealed a slightly positive Hammett ρ value of +0.618, but
an unusual reactivity order I ∼ Br > Cl � F for halogen leaving groups7. Additionally,
by comparing rates of diaryl ether formation promoted by cuprous and cupric salts under
similar reaction conditions, Weingarten found essentially equal reactivity of the precata-
lysts in different oxidation states6. This important observation suggested that the reactions
have a common intermediate, apparently a copper(I) species. The latter conclusion relies
on the fact that different reaction rates were observed under air and air-free conditions.
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Summarizing these findings, Weingarten suggested a plausible mechanism for the
Ullmann coupling of phenols and aryl halides that was widely accepted at that time
(Scheme 1). According to his hypothesis, the reaction starts with a formal ligand exchange
between the Cu(I) precatalyst and phenoxide ions (if Cu(II) compounds are employed, a
single electron reduction is required prior to the ligand exchange step) yielding catalyt-
ically active Cu(I) cuprate-like species. At latter stages, the reaction follows the SN Ar
route, but proceeds through the formation of a cuprous–arene π complex, which can
explain both the carbon–halogen bond cleavage as the rate-limiting step, and the catalytic
influence of copper.

CuIX + PhO−                     CuIOPh + X−

CuIOPh + PhO−                CuI(OPh)2
−

CuI
PhO

OPh

Hal

CuI(OPh)2
−  + Hal

CuI
PhO

Hal

OPhCuIOPh  + OPh

_

_

−Hal−

SCHEME 1

Even more spectacularly, during the same studies, a ligand acceleration effect
in Ullmann diaryl ether synthesis was detected for the first time6,7. Careful work
by Weingarten clearly demonstrated that impurities present in the diglyme reaction
medium imparted enhanced catalytic activity. This activity disappeared by purification
of the solvent by LiAlH4 treatment. Subsequently, the impurity was identified as 2-
(formyloxy)ethyl 2-methoxyacetate. A mechanistic rationale for this phenomenon was
not clarified then, but increased catalyst solubility was suspected, and catalyst competence
appeared to be related to the ligating ability of the diester. Indeed, it was found that other
diesters such as 1,2-diacetoxycyclohexane, ethylene carbonate, propylene glycol mono-
and diacetate deliberately added to the reaction mixture also accelerate the Ullmann cross-
coupling.

Remarkably, understanding these mechanistic details greatly promoted the development
of improved reaction protocols. Only three years after the fortunately discovered ligand
acceleration effect, Williams and coworkers reported the CuCl-catalyzed solvent-assisted
Ullmann coupling9. They found that 1,3-diphenoxybenzene, which was obtained with dif-
ficulty under classical Ullmann conditions, was prepared in 70% yield at only 90 ◦C when
pyridine was chosen as a reaction medium. The role of pyridine (and similar coordinating
solvents such as collidine or quinoline) in solubilizing the catalytic species was again
proposed. However, addition of stronger complexing agents such as triarylphosphines or
2,2′-bipyridine was found deleterious.
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Under such milder conditions, copper-catalyzed arylation of phenols with more sophis-
ticated aromatic halides became possible. Thus, ferrocenyl aryl ethers10 and heteroaryl
aryl ethers11 could be prepared in acceptable yields (equations 2 and 3).

Fe
I

Fe
O

Ar

+   ArO−K+ Cu metal

150 °C

12–62%

(2)

S

Br Cu metal

S
Ar

O
150 °C

8–86%

+   ArO−K+

(3)

These improvements made the Ullmann ether synthesis a central tool for the synthesis
of complex organic molecules12 – 15. For example, rac-dauricine16,17 and rac-methylsterig-
matocystin18 were prepared using Ullmann chemistry as a key step (Chart 1).

OMe

OMe
N

OH

O

MeO

MeO

N

(+/−)-dauricine

O O

O

OOMe OMe

(+/−)-methylsterigmatocystin

Ullmann coupling

Ullmann coupling

CHART 1

b. Alkyl aryl ethers. Over the years, the scope of the original Ullmann protocol was
expanded to include aliphatic alcohols (equation 4)19.

Br

Alkyl
HO

R

+
OAlkyl

R

CuCl

120 °C
(4)

Unlike copper-catalyzed diaryl ether synthesis, the coupling of aryl halides and aliphatic
alcohols in the presence of a base (or, alternatively, using presynthesized alkali metal
alkoxides) proceeds under relatively mild conditions (100–150 ◦C) perhaps due to a
higher basicity of the latter. Unfortunately, the reaction also suffers from multiple limita-
tions. First, this reaction is strongly catalyst-dependent—satisfactory results can only be
obtained in the presence of soluble cuprous salts, while reductive dehalogenation of the
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starting halides dominates under the heterogeneous cupric oxide catalysis20. Second, the
reaction is generally high-yielding (80–100%) only when primary alkoxides are employed
as the nucleophiles. Here again, reductive dehalogenation becomes predominant with sec-
ondary and tertiary alcohols20. Third, the extent of the competitive dehalogenation is
greater with ortho-substituted aryl halides21. Finally, the coupling is very sensitive to the
presence of functional groups—the yields remain high with a COOH substituent at the
halide, but the presence of nitro or carbonyl groups is deleterious, presumably owing to
greater vulnerability of these groups to the basic conditions and to their propensity to
redox processes19.

Since copper alkoxides are possible intermediates in the Ullmann ether synthesis, infor-
mation concerning their properties and reactivity is pertinent.

Characterizable copper(I) alkoxides may be prepared either by direct reaction between
CuCl and alkali metal alkoxides (equation 5)22 or by reaction between alcohols and in situ
formed alkyl copper(I) organometallics (equation 6)23.

ROLi     +    CuCl                    ROCu    +    LiCl (5)

CH3Li    +   (Bu2S)2CuI                [CH3Cu]                       ROCu    +     CH4
ROH

0 °C
(6)

The isolated cuprous alkoxides were found active in stoichiometric reactions demon-
strating comparable reactivity with that observed in catalyzed ones, indicating their par-
ticipation in the catalytic turnover23.

Copper(I) alkoxides are generally stable at ambient conditions but decompose at temper-
atures relevant to Ullmann reaction conditions. Therefore, thermal decomposition appears
as a likely cause for the occurrence of certain side-reactions, such as reductive dehalo-
genation, decarboxylation and reduction of nitro and carbonyl functional groups.

The major products from the thermal decomposition of primary, secondary and tertiary
copper(I) alkoxides are copper metal, alcohol and the corresponding ketone or aldehyde
(equation 7).

RCH2OCu              RCH2OH   +   RCHO   +   Cu(0) (7)

Two different decomposition mechanisms can take place and none of them can be
completely ruled out. The first involves disproportionation reaction via vicinal elimination
of copper hydride from one equivalent of the starting alkoxide and subsequent reduction of
the second equivalent of copper alkoxide by the latter. The second mechanism comprises
a homolytic cleavage of the copper–oxygen bond leading to the formation of alkoxy
radicals (Scheme 2)23.

RCH2OCu   +   CuH            Cu(0)   +   RCH2OH

RCH2OCu              RCH2O   +   Cu(0)

2 RCH2O               RCH2OH   +   RCHO

•

•

RCH2OCu              RCHO   +   CuH

SCHEME 2

Both mechanisms have pros and cons; however, the radical pathway represents a more
general case. At least for primary, some secondary and tertiary alkoxides the formation of
radical species seems predominant. For example, the comparison between product distri-
bution obtained from decomposition of copper(I) alkoxides in different solvents revealed

6



Copper-mediated cross-coupling reactions

that the alcohol/carbonyl ratio is solvent-sensitive and higher ratios were to be obtained
in solvents with greater hydrogen atom donor ability. For example, thermal decomposi-
tion of copper(I) n-heptoxide leads to alcohol/aldehyde ratios of 2.9 in pentane and of
10 in THF, indicating that the reaction proceeds through the formation of alkoxy radi-
cals. A similar behavior was observed for some secondary alkoxides such as copper(I)
cyclohexoxide and cyclopentoxide. Interestingly, the decomposition of tertiary alkoxides
was solvent-insensitive, for which the β-hydride elimination pathway obviously does not
exist.

In addition, copper(I) alkoxides and phenoxides are prone to redox processes. For
example, the exposure of Cu(I) alkoxides to molecular oxygen led to the formation of
Cu(II) alkoxide species, whereas the reaction of copper(I) n-butoxide with nitrobenzene
yielded n-butanal23.

c. Sulfides and selenides. Similar copper-mediated coupling reactions between unacti-
vated aryl halides and alkyl or aryl thiolates were reported24 – 30. Using these protocols,
synthesis of diaryl sulfides in high yield was possible starting from aryl iodides or bro-
mides and alkali metal arylthiolates under relatively mild conditions (120–150 ◦C in
HMPT, DMF or pyridine) (equations 8 and 9). It should be noticed that these reactions
require at least a stoichiometric amount of either copper(I) salts or corresponding Cu(I)
thiolates.

I −S

Cl

S

Cl

+

75%

HMPT

CuI
(8)

N

I
+   CuSCF3

N

SNMP
F3C

70%

(9)

Synthesis of diaryl selenides involves heating aryl iodides, alkali metal selenoates and
CuI in HMPT (equation 10). Yields of 40–75% may be obtained. Here again stoichio-
metric use of CuI was reported31,32.

I −Se Se

+

43%

Cl Cl

CuI

HMPT (10)

2. C−N and C−P bond-forming reactions

a. Amination of aryl halides. The Ullmann condensation of aryl halides with amines
was discovered coincidentally in 1903 during an attempted synthesis of diphenic acid
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from 2-chlorobenzoic acid in the presence of stoichiometric copper powder in aniline
as the solvent, which unexpectedly led to the formation of N-phenylanthranilic acid
(equation 11)33.

CO2H

Cl

Cumetal

CO2H

N
H

Ph

CO2H

H2OCmajor
none

PhNH2

(11)

Under optimized conditions, this reaction is carried out in the presence of a substoichio-
metric amount of copper powder (10–30 mol%), sodium carbonate or sodium hydroxide
as a base, in polar solvents such as nitrobenzene, DMSO, DMF, high-boiling alcohols or
neat at 150–200 ◦C.

Further scope and limitation studies demonstrated that the functional group compati-
bility of the method is not high, but substrates bearing NO2, OH, OMe, CN or NMe2
groups can, in principle, be employed34,35. Unfortunately, yields are hardly predictable
in all cases owing to very harsh reactions conditions and may vary at the expense of the
competitive reductive dehalogenation or hydrolysis of the starting halides36,37.

The Ullmann amination is more efficient with electron poor aryl halides36,38 such
as 2-halobenzoic acids; however, further activation by means of an additional electron-
withdrawing group in the para position does not further facilitate the reaction. For
example, the reactivities of 2-chlorobenzoic acid and 5-nitro-2-chlorobenzoic acid toward
anilines are only slightly different, indicating that neighboring group assistance is more
important than the inductive activation36. The reactions of 2,4-dichlorobenzoic acid with
2-pyridylamine leading to exclusive formation of the ortho-substituted isomer is even a
better example (equation 12)39.

CO2H

Cl

Cu metal

H2OC
H
N

+

NH2N

Cl

Cl

N

K2CO3

(12)

On the other hand, it was qualitatively established that the yield of Ullmann conden-
sation of this type increases with an increase in the basicity of the amines40.

The reaction was routinely applied to the synthesis of nonsymmetrical diaryl amines
(after decarboxylation)41 and acridone derivatives (after successive acid-promoted cycliza-
tion) (Scheme 3)38,39,41 – 44.

Amination of substituted 1-haloanthraquinones with aromatic and aliphatic amines was
accomplished using either copper(I) catalysts or Cu(II) catalysts37,45 – 51. It is noteworthy
that amines with a hydroxyl group at the β- or γ -positions were more reactive than simple
alkyl amines (e.g. butylamine)47. The selectivity toward the N-arylated product in such
cases is achieved only in the presence of a large excess (100-fold) of the amino alcohol
(equation 13).
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CO2H

Cl

Cu metal

CO2H

N
H

+

N
H

N
H

O

R

RR

K2CO3

RNH2

SCHEME 3

N-arylated heterocyclic compounds can also be prepared using this transformation. For
example, syntheses of 10-arylphenoxazines (equation 14)52 and 9-arylcarbazoles (equation
15)53,54 were carried out by heating the neat N−H heterocycles with aryl bromides or
iodides in the presence of a catalytic copper bronze and anhydrous potassium carbonate.
As previously described, bromoarenes are less reactive than the analogous iodoarenes.
The use of solvents for these reactions was found to be deleterious.

O

O Br

NH2

H2N

OH

+

O

O HN

NH2

OH

CuI

THF/EtOH
(13)

O

H
N

O

N
Cu metal

K2CO3, 200 °C

I

R

+

R = o-, p-Br, Me, or phenyl

39–100%

R

(14)

H
N

N

I(Br)

R

+
Cu metal

K2CO3, 200 °C

R = o-, p-Cl, alkyl, aryl, CN, NO2 or CN

15–70%

R

(15)
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Reports on copper-catalyzed ammonolysis of aryl halides appeared in the literature
only several years after the fortunate discovery of the Ullmann amination. A variety of
copper catalysts in different oxidation states (copper powder, copper oxides, cuprous and
cupric halides) were found effective in conversion of aryl and heteroaryl chlorides into
anilines. The reaction is traditionally performed in aqueous ammonia in the presence of
stoichiometric or substoichiometric copper at high temperatures. Participation of a base
is not required in these reactions because ammonia is used in large excess55 – 63.

Most primary and secondary amines displace halogen more readily than does ammonia,
and therefore formation of secondary and tertiary amines often accompany the ammonoly-
sis reaction. In addition, reductive dehalogenation and hydrolysis of the starting aryl
halides is a serious problem (equation 16)64.

Cu metal

aq.NH3, 200 °C

Cl NH2

R R

NH3-n

R

OH

Rn

by-products
R = o-, p-Cl, NO2, SO3H, CF3 or NH2

+ +
(16)

Ammonolysis of hydrolytically unstable compounds under nonaqueous conditions was
also reported65.

Later, Cohen, Kondratov and their coworkers found that the use of well-soluble copper
complexes such as CuOTf, Cu(OAc)2 or Cu(II) complexes of 2,2′-bipyridine, 8-quinolinol
or ethylene diamine allow more efficient ammonolysis of electron-deficient aryl halides
under very mild reaction conditions64,66 – 68.

b. Amidation of aryl and vinyl halides. Copper-mediated coupling of aryl halides
with acetamide or benzamide is recognized as the Goldberg reaction69 – 71. The reac-
tion proceeds under reaction conditions quite similar to those developed by Ullmann for
amine–aryl halide coupling: usually, good yields of N-arylated amides are obtained if
the coupling partners are heated together in polar solvents such as nitrobenzene in the
presence of catalytic copper metal or, better, cuprous iodide and anhydrous potassium
carbonate (equation 17). After subsequent hydrolysis of the products, the reaction gives
an access to differently substituted primary and secondary amines.

N CH3(Ph)

O

+
N CH3(Ph)

O
H

R′R R
R′

N
R

R′

H

CuI, K2CO3

nitrobenzene
reflux

hydrolysis

R = alkyl, Cl 
R' = H, alkyl, aryl 50–90%

Br

(17)

Although the Goldberg reaction was somehow overshadowed by the direct copper-
mediated amine synthesis, N-arylation of amides has obvious advantages over the parent
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Ullmann condensation. First, the Goldberg reaction is chemoselective giving no rise to
distribution of polyarylated products. This is particularly important when applied to the
synthesis of primary amines as an alternative to copper-mediated ammonolysis of aryl
halides. Second, the reaction is less sensitive to the electronic and steric properties of
the coupling partners72,73. The following example is illustrative: even o,o′-disubstituted
compounds can be coupled in the presence of 10 mol% CuI in refluxing nitrobenzene
(equation 18)73.

Br N CH3

O

+ N CH3

O
H

CuI, K2CO3

nitrobenzene
reflux

R

R′

R′′ R′′′
R′′

R′′′

R

R′

R = CH3; R′ = R′′= R′′′= H
R = R′ = CH3; R′′ = R′′′ = H
R = R′ = R′′= CH3; R′′′= H
R = R′′ = R′′′= CH3; R′= H
R = R′ = R′′ = R′′′= CH3

69 %
88 %
90 %
84 %
34 %
18 %

(18)

The Goldberg reaction between aryl and vinyl halides and phthalimide, succinimide,
benzenesulfonamide, maleimide74,75 and pyridin-2-one76 under similar conditions was
also reported.

c. Early mechanistic considerations. Several interesting studies were performed in
order to clarify the mechanistic details of the Ullmann and Goldberg condensations.

As was established experimentally, copper in various forms (copper metal prepared
via different ways, cuprous oxide, cuprous halides, cupric salts or even their
combination38,42,44) successfully catalyzes the reaction. Based on the fact that equally
good results can be achieved under heterogeneous and homogeneous conditions, Weston
and Adkins suggested in 1928 that the reaction takes place on soluble copper species77.
A very simple experiment supported the hypothesis: metallic copper was fused with N-
acetyl-p-toluidine, dissolved in alcohol, filtered and evaporated. The resulting alcohol
soluble substance was found to be an active catalyst for the Goldberg arylation of N-
acetyl-p-toluidine with bromobenzene in the presence of anhydrous K2CO3. More recent
studies led to the same conclusion concerning Ullmann amine condensation37,47,48,50,51.

The most comprehensive study on triarylamine formation from aryl halides and lithium
diphenylamide in the presence of various copper catalysts was reported by Paine in 198778.
After a series of experiments, he concluded that a single catalytic species is formed
from three different oxidation states of copper under Ullmann conditions. Moreover, he
established that the actual catalytic species in these reactions are cuprous ions.

As was shown, the reduction of cupric bromide takes place readily in the presence of
lithium diphenylamide, resulting in the formation of a large amount of 1,1,2,2-tetraphenyl-
hydrazine and a mixture of crystalline cuprous and cupric oxides in a molar ratio of 3.3
(equation 19).

Ph2NLi     +      CuBr2                   Ph2N-NPh2       +      Cu2O/CuO (19)

The formation of soluble cuprous species in heterogeneously catalyzed reactions
apparently originates from the oxide layer always covering the metal surface. Indeed,
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quantitative XRPD measurements indicated that the usual amounts of copper catalysts
employed in reactions of this type contain enough cuprous oxide to promote the transfor-
mation78. Of course, Cu2O is insoluble in organic media79, but the dissolution may be
amine-assisted. The fact that crystalline Cu2O was isolated after the workup of runs
employing metallic copper is also illustrative78.

In addition, the kinetic measurements revealed the same trends as have been previously
observed in Ullmann diaryl ether synthesis: an I > Br > Cl � F reactivity order in the
aryl halide and a small substituent effect compared to uncatalyzed SN Ar reactions.

Based on these findings, Paine proposed a plausible mechanism for Ullmann amine con-
densation which is very similar to the mechanism suggested by Weingarten (Scheme 4)6.

CuIX + Ph2N−                   CuINPh2 + X−

CuI
Ph2N

X

CuINPh2  + Hal

CuI

X

NPh2CuIX NPh2+

SCHEME 4

d. Coupling of aryl and vinyl halides with P-nucleophiles. Examples of copper-assisted
carbon–phosphorus bond-forming coupling reactions of aryl halides were known, but
limited. They mainly refer to the reaction of activated (electron-deficient) and unactivated
aryl iodides with tertiary alkyl phosphites in the presence of at least stoichiometric copper
bronze or copper complexes in polar solvents such as DMSO, DMF, NMP, HMPT or
neat at above 150 ◦C (equation 20)80,81.

I

+      P(OAlk)3
Cu metal

P
OAlk

O
OAlk

neat

17–66 %
RR

(20)

Yields in these reactions vary as a function of the steric properties of the starting
materials but rarely exceed 80%82.

It was reported that the presence of chelating groups in ortho position to a leaving halide
facilitates the reaction (which is typical for the classical Ullmann type chemistry)83 – 86.
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Axelrad and coworkers extended the methodology to include vinyl halides as coupling
partners87 – 90. Stoichiometric amounts of copper(I) chloride complexes of the correspond-
ing trialkyl phosphites were employed for this purpose (equation 21).

R′′

Br(Cl)

R

R'

200 °C

neat R′′

P(OP2-i)2

R

R′

O

R, R′, R′′ = H, alkyl, Ar
R′′′ = Et, i-Pr, Ph

+    CuCl[P(OPr-i)3]
(21)

Several points are noteworthy. First, the reaction appears to be sensitive to the degree
of substitution at the vinyl halide. Usually, α-halostyrenes react more sluggishly than the
corresponding β-isomers. Second, vinyl bromides are generally more reactive than the
corresponding chloro derivatives (giving moderate versus poor yields). Third, the reaction
appears to be partially stereoselective. A pure E vinyl halide forms only E product; with
an E/Z mixture there appears to be a preference for E product formation, although it is
not overwhelming.

Yields were not large in these transformation, from 30% (for sterically demanding
vinyl halides) through 95% (for β-bromostyrene), at the expense of a competitive copper-
promoted halide exchange reaction taking place under Axelrad’s conditions. In reactions
with vinyl bromides as starting materials, the formation of the corresponding vinyl chlo-
rides was always observed along with the phosphinated product (equation 22).

H

Br(Cl)

Ph

Et

200 °C

neat H

P(OPr-i)2

Ph

Et

O

H

Cl

Ph

Et
Z/E = 2.8/1

Z/E = 1.7/1 Z/E = 1.1/1
40% 50%

+    CuCl[P(OPr-i)3] +
(22)

Quaternary phosphonium salts can be synthesized by the reaction between unactivated
aryl bromides and tertiary phosphines in the presence of stoichiometric copper bronze or
copper(II) acetate (equation 23)80,81,91. The reaction proceeds under much milder reaction
conditions than its copper-free version and is facilitated by the presence of ortho-chelating
groups.

Br

N
Ph

+    Ph3P

PPh3
+Br−

N
Ph

Cu(OAc)2 (23)

B. Modern Ullmann Chemistry

1. C−O, C−S and C−Se bond-forming reactions

a. Diaryl ethers. The major breakthrough in Ullmann carbon–oxygen cross-coupling
was achieved in 1997 by Buchwald and coworkers, who offered the first really mild and
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efficient protocol for diaryl ether synthesis92. The most striking feature of Buchwald’s
modification was the utilization of Cs2CO3 as a base.

Remarkably, the superiority of cesium over other alkali metal bases has previously been
mentioned in the context of Williamson ether synthesis93,94. The better performance was
attributed to a higher solubility and stability of cesium alkoxides. In addition, cesium has a
low charge/surface area ratio (0.03 Z/A2) and therefore in situ prepared cesium alkoxides
may be regarded as more nucleophilic ‘naked anions’ even in solvents with low dielectric
constants95. Taking advantage of this ‘cesium effect’, Buchwald discovered new reaction
conditions which comprise mild heating (100–110 ◦C) of functionalized unactivated aryl
bromides or iodides with substituted phenols in nonpolar solvents (e.g. toluene) under
air-free atmosphere in the presence of copper catalyst (0.5–2.5 mol%) and ethyl acetate as
an additive (5 mol%) to obtain good to excellent yields of diaryl ethers (Scheme 5). The
role of the additive appears to be related to the solubility of copper intermediates as was
suggested in the early works6. It is worth noting that the nature of the copper precatalyst
was not critical—CuCl, CuBr, CuI, CuBr2, CuSO4 exhibited similar reactivity, although
a perfectly soluble Cu(OTf)2ž(C6H6) was somewhat superior in terms of reaction rate.
The beneficial effect of cesium bases was also well-pronounced in more polar solvents
and the reaction can be successfully performed in pyridine, DMF etc.92,96.

These reaction conditions are compatible with a variety of functional groups such
as ethers, esters, carboxylic acids, ketones, nitriles, nitro or dialkylamines, whereas aryl
halides possessing amide functions appear to be less reactive. The reaction is relatively
insensitive to steric demand of the starting materials, although the coupling of overcrowded
substrates (e.g. 2,6-dimethylphenol) is inefficient.

Interestingly, in some cases the reactivity could be further enhanced upon addition of
carboxylic acids (e.g. 1-naphthoic acid) as a co-additive. The authors explained the benefi-
cial effect of the co-additive based on the mechanism proposed by Weingarten (Scheme 1).
According to their hypothesis the solubility of cuprate-like species ([Cu(I)(OR)2]− Cs+)
increases due to the presence of the carboxylate ligand.

The method was successfully used in the preparation of complex compounds. For
instance, the synthesis of verbenachalcone, a representative of the neurotrophine family,
was accomplished using the Buchwald protocol at the key step (Scheme 6)96.

Several groups reported slightly modified procedures using different copper precursors
under ligandless conditions. For example, Snieckus and coworkers found that very soluble
and air-stable CuPF6(CH3CN)4 without any additives may be used as an efficient catalyst
in phenoxylation of ortho-halogenated benzamides and sulfonamides in refluxing xylene
in the presence of cesium carbonate. Taking into account that the starting halides can be
readily prepared by the directed ortho-lithiation, the Snieckus modification (Scheme 7)
is very valuable97. Primary and secondary carboxamides or sulfonamides can be used as
ortho-directing groups.

Remarkably, under the Snieckus conditions, the usually unreactive aryl chlorides
demonstrated acceptable conversions. However, their reactivity is most likely ascribed
to the neighboring-group assistance rather than to the uniqueness of CuPF6(CH3CN)4

catalyst (Scheme 7).
In addition, copper containing perovskites98 or nanosized copper99 were reported as

efficient catalysts in Ullmann coupling of aryl bromides and iodides with phenols in the
presence of cesium carbonate.

Despite earlier reports on the deleterious effect of strongly complexing agents (phos-
phines or 2,2′-bipyridine) on the rate of Ullmann-type reactions9, further variants of the
Buchwald procedure mainly focused on ligated copper compounds. Amazingly, this fact
reemphasizes the importance of the ‘cesium carbonate effect’ discovered by Buchwald.
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O

OBn OMe

O

OH OMe

O

OHHO

O OH

OH

EtO2CCO2Et

HOBr

OMe

+

CO2Et

OBn

EtO2C

SCHEME 6

R
1. s-BuLi

2. halogen

R

Hal

CuPF6 (5 mol%)
Cs2CO3 (2 eq.)
xylene, reflux

HO
R

O

R = CONHR, CONR2, SO2NHR or SO2NR2; Hal = Cl, Br, I

49–93%

SCHEME 7
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N

N

Cu
PPh3

Br

N

N

Cu
PPh3

Br

CHART 2

Naturally, amines, nitrogen-containing heterocycles and dicarbonyl compounds became
the ligands of choice in copper-catalyzed C−O bond-forming reactions6,9.

Soluble and structurally well-defined copper(I) complexes bearing 1,10-phenanthroline
and neocuproine (Chart 2) were found to serve as efficient promoters for diaryl ether
synthesis from aryl bromides and phenols in the presence of cesium carbonate at 110 ◦C
in toluene100. The scope shown in this study is relatively limited; however, general trends
are clear—the method is compatible with the presence of some functional groups (e.g.
nitro and carbonyl), but is very sensitive to the steric bulk of the starting materials,
particularly of the aryl halides (yield range 31–99%). Curiously, a simple combination
of CuBr and 1,10-phenanthroline in 1:1 ratio was ineffective as reported101.

Ma and Cai employed a very simple but very efficient catalyst derived from a 1:3
ratio of CuI and N ,N-dimethylglycine for the same transformation102. The catalyst oper-
ates under milder than usual reaction conditions (80–90 ◦C in dioxane and in the pres-
ence of Cs2CO3) and was originally developed for arylation of L-tyrosine derivatives
(equation 24)103. However, it did not remain limited to them: the scope of the reac-
tion is very impressive and includes substrates possessing a variety of functional groups.
Remarkably, no racemization of chiral amino acids takes place under the described reac-
tions conditions, making the catalyst applicable even to peptide synthesis. The method
was successfully engaged for the synthesis of compound K-13104.

Another ligand-assisted protocol comprises heating of aryl bromides or iodides with
phenols in the presence of Cs2CO3 and CuCl/2,2,6,6-tetramethylheptane-3,5-dione
(TMHD which is, arguably, a structural descendant of 2-(formyloxy)ethyl 2-methoxy-
acetate6) in NMP at 130 ◦C (equation 25)105. The method is generally efficient; however,
reductive elimination is a major side reaction that becomes more pronounced when
electron-poor phenols are employed.

Likewise, other ligands were reported in the context of the copper-catalyzed diaryl ether
synthesis (Chart 3)106 – 110. However, three structural motifs mentioned previously (phenan-
throline, α-amino acid and β-diketone) represent the three major families of chelates used
for this purpose.

b. Alkyl aryl ethers. Modern copper-catalyzed C−O bond-forming coupling is not lim-
ited to aromatic alcohols. Buchwald and coworkers found that the synthesis of alkyl
aryl ethers can be efficiently accomplished using 10 mol% CuI in combination with
20 mol% of differently substituted 1,10-phenanthrolines as a catalyst in the presence
of Cs2CO3 in toluene at 80–110 ◦C111,112. Although even in the presence of the cata-
lyst, reductive dehalogenation was still a serious competitive process, the scope of the
method became much more impressive in comparison with the classical Ullmann reac-
tion. Thus, under these reaction conditions even deactivated (e.g. o-, m- and p-MeO
substituted) and functionalized (NH2, CN and heterocyclic) aryl iodides and bromides
couple with primary and sometimes secondary (including allylic and benzylic) alcohols
in very good to excellent yield. Remarkably, the general reactivity trend in alcohols is
benzyl > 1◦

> 2◦cyclic > 2◦ acyclic. This difference in reactivity can be exploited in
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Copper-mediated cross-coupling reactions

selective cross-coupling of primary in the presence of secondary alcohols. The catalyst
was also remarkably chemoselective even in the presence of other potential nucleophiles
such as aromatic or aliphatic amines (Scheme 8)113. Advantageously, inexpensive alco-
hols themselves can be used as reaction media. However, the reaction can also be carried
out in toluene, if desired.

Br (I) HO

R R′

+

O

R R′

CuCl/THMD

55–82%
R, R′ = F, Me, OMe, CN, CO2Pr or NMe2

Cs2CO3, NMP

(25)

N

OH

NMe2

H
N

P

O

OH

OPh

NHR

NHRN

N

Ref. 110 Ref. 107

Ref. 106Ref. 108

N

OH

N

N

HO

HO

Ref. 107

Ref. 110

N

N

OH

CHART 3

Remarkably, when chiral enantiopure 1-phenylethanol was used as coupling partner,
no racemization and complete retention of configuration was observed. This result is
particularly important because analogous palladium-catalyzed reactions normally fail114.

The method was successfully applied as a key step (equation 26) to the total synthesis
of Paliurine F115. Alternatively, N ,N-dimethylglycine may be used for this purpose116.

c. Vinyl ethers. Enol ethers are very important structural motifs in organic intermedi-
ates and polymers. These compounds were traditionally synthesized via O-alkylation of
enolates or base-catalyzed addition of alcohols to alkynes.

In 1992, the copper-catalyzed cross-coupling was first adopted to the synthesis of
these valuable compounds. The original procedure employing vinyl bromides and sodium
methoxide in NMP/methanol at 80–120 ◦C along with 10 mol% of CuBr was described
by Keegstra (equation 27)117. The reaction proceeded with complete retention of config-
uration at the double bonds and yielded 40–90% of products.
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Copper-mediated cross-coupling reactions

I

OMe

O

N

Boc

OH

OTBS

CuI(10 mol%)
1,10-phenanthroline (20 mol%)

NBoc

O

OTBS

OMe

O+

75%

OMe

NH
O

HN

O

N

O

O

HN
O

Me2N

Paliurine F

Cs2CO3, toluene, 125 °C

(26)

R′′

Br

R

R'

NaO
Me+ R′′

OMe

R

R′
40–90%

CuBr 10 %

MeOH/NMP (27)

Following this precedent and taking advantage of the progress made in copper-catalyzed
diaryl ether synthesis, several groups reported the phenoxylation of vinyl bromides and
iodides using substituted phenols/Cs2CO3 combination as a nucleophile (equation 28).
Wan and coworkers, for example, performed the reaction in the presence of 10 mol%
of CuCl/N-(2-(4-methoxyphenoxy)ethyl)morpholine catalyst in refluxing toluene (though
simpler ligands such as N-methylmorpholine or dipivaloylmethane are also applicable)118.
Ma and coworkers engaged the previously described CuI/N ,N-dimethylglycine system in
dioxane for the preparation of a wide range of functionalized aryl vinyl ethers. In none
of the cases was double-bond isomerization detected119.

Buchwald and coworkers demonstrated a very interesting extension of this methodol-
ogy. They used 10 mol% of CuI and 20 mol% of 1,10-phenanthroline in the presence
of Cs2CO3 (1.5 equivalents) in toluene at 80 ◦C to prepare allyl vinyl ethers111,120. They
found, however, that the corresponding Claisen rearrangement product was formed in
ca 7% yield along with the expected ether (Scheme 9). The result was improved by
switching the ligand to 3,4,7,8-tetramethyl-1,10-phenanthroline and using harsher reaction
conditions.
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R′′

X

R

R′

CsO

+

R′′ O

RR′

41–95%

Catalyst

R′′′

Me
N

Me

CO2H

CuCl
CuI

Wan and coworkers
Catalyst in toluene

Ma and coworkers
Catalyst in dioxane

X = I or Br
R, R′, R′′ = Alkyl, aryl, CO2R
R′′′ = halogen, alkyl, OMe, NH2, CN, keto

solvent

N
O

OMe

R′′′

(28)

This elegant domino copper-catalyzed C−O coupling/Claisen rearrangement process
proceeds with a high degree of stereospecificity (no double-bond isomerization takes
place during the coupling step and dr of products > 88 : 12 was observed after the rear-
rangement step) and allows for the formation of a collection of γ -enones120.

d. Miscellaneous O-nucleophiles. Very recently, Maitra and coworkers reported that O-
aryloximes can be efficiently prepared via direct CuI/1,10-phenanthroline-catalyzed cou-
pling of aryl halides with oximes in toluene in the presence of Cs2CO3 (equation 29)121.
The procedure is operationally simple but moderately efficient. The functional group
compatibility is not clear so far.

I

N

ArR

CuI(0.1 mol%)
1,10-phenanthroline (0.2 mol%)

N

ArR

+

OOH

Cs2CO3, toluene, 110 °C

(29)

e. Sulfides. There is no much information available regarding the thermal and chemical
stability of structurally well-defined copper(I) thiolates; however, they are believed to be
relatively robust due to the efficient soft acid–soft base (Cu–S) interactions. On the
other hand, these species are widely regarded as polymeric or, more precisely, cluster
compounds122,123. It is thus reasonable to suggest that the rate of Ullmann-type C–S
coupling reactions should be greatly dependent on the cluster (inactive form)–monomer
(active form) equilibrium and that the presence of a complexing agent is essential to keep
the concentration of active species high over the course of a catalytic cycle124,125. Indeed,
most known successful protocols for mild copper-catalyzed cross-coupling of aryl halides
with thiols are ligand-assisted.

The first report appeared in the literature in 2000. Palomo and coworkers described
the synthesis of biaryl thioethers from aryl iodides and thiophenols in the presence of
5 mol% of CuBr and phosphazene bases in toluene at reflux temperature (Scheme 10)126.
The authors found that the use of the phosphazene bases is essential and suspected that the
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I HS S
+

CuBr (5 mol%)
Phosphazene (2 eq)
toluene, reflux

R
N

P

Me2N

NMe2

Me2N NMe2

NMe2

NEt

S

NO2

88%

S

Cl

89%

Ac

S

OH

63%

S

OH

79%

Phosphazene

Typical Products:

SCHEME 10

formation of ‘naked’ anions greatly facilitate the reaction. However, the binding ability
of phosphazene should not be neglected127 – 129.

At any rate, the protocol is efficient and demonstrates good functional group compat-
ibility as well as a remarkable selectivity toward coupling of thiophenols even in the
presence of unprotected hydroxyl groups.

Kwong and Buchwald suggested operationally simpler reaction conditions130. They
found that a wide spectrum of diaryl thioethers and alkyl aryl sulfides can be prepared
selectively using a catalyst derived from CuI (5 mol%) and ethylene glycol (2 equiva-
lents) in the presence of a user-friendly K2CO3 in isopropanol at 80 ◦C (Scheme 11). The
yields reported are generally very high (70–99%) and functional group compatibility is
spectacular.

Venkataraman and coworkers were able to extend the methodology to the synthesis
of vinyl sulfides using the soluble [Cu(phen)(PPh3)2]NO3 catalyst131. The desired vinyl
sulfides were obtained in good to excellent yield with complete retention of stereochem-
istry. It is also remarkable that the method tolerates a variety of functional groups and
heterocycles (Scheme 12).

Additional catalytic systems are also available132 – 139.

f. Selenides. Copper-catalyzed synthesis of diaryl selenides appeared as a natural exten-
sion of the C−S bond-forming methods. These compounds can now be prepared from
aryl iodides and aryl selenols using 10 mol% CuI/neocuproine catalyst and NaOBu-t or
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Typical Products:

I
R

HS S
R

+

CuI (5 mol%)
ethylene glycol (2 eq.)

S

71%

S

92%

S

90%

S

Bu-t

91%

OH

OH

OMe NH2

S

OMe

79%

N

S

NHAc

79%

N
H

i-PrOH, reflux, K2CO3

SCHEME 11

Typical Products:

R
SH +

I

R′

R′′
Cat (5 mol%)
1.5 eq K3PO4

SR

R′

R′′

N N

Cu
PPh3Ph3P

NO3

Ph

S

O Ph

S OBu

O

S
Ph

Ph

CO2Me

SHex

Cy

S

Ph Cy

S

S

N

N

N

98% 99%93%

97% 98% 96%

toluene, 110 ˚C

−

Cat.

SCHEME 12
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K2CO3 in refluxing toluene (equation 30)140. Using this protocol, diaryl selenides were
obtained in 76–90% yield starting from electron-rich, neutral or electron-poor substrates.
The reaction tolerates the presence of some functional groups such as NH2, NO2, CO2R
and COR; however, less basic K2CO3 was recommended for electron-deficient substrates.

I HSe

CuI (10 mol%)
Ligand (10 mol%)

DME, NaOBu-t Se
+

82%
Ligand = 3,4,7,8-tetramethyl-1,10-phenanthroline

(30)

Selenols are prone to oxidation in air yielding the corresponding diselenides141,142. The
latter are stable and easy-to-handle compounds and, fortunately, can be engaged as cou-
pling partners in the above-mentioned transformation. Taniguchi and Onami demonstrated
that the ArSe−SeAr bond could be catalytically cleaved by CuI/bpy or Cu2O/bpy in the
presence of Mg, Zn, Al or Sm reductants (equation 31)143.

I Se

Cu2O (10 mol%)
1,10-phenanthroline 

(20 mol%) Se
+

88%
2

S S

2 eq. 1 eq.

Mg, DMF, 110 °C (31)

They proposed the cleavage mechanism shown in Scheme 13.

Cu(0)

Cu(I)

(PhSe)2Cu(II)

PhSeCu(I)

Mg Mg

(PhSe)2

(PhSe)2Cu(III)(PhSe)2 Mg

SCHEME 13

According to this hypothesis, either Cu(I) or prereduced Cu(0) species add oxidatively
to the starting diselenide, yielding appropriate Cu(III)(SePh)2 or Cu(II)(SePh)2 complexes.
The latter form catalytically active Cu(I)SePh after successive metal-assisted reduction.
The same work demonstrated that the stoichiometric reaction between Cu(I)SePh144 and
aryl iodide provides the corresponding diaryl selenides in comparable yield, indicating
the participation of these intermediates in the catalytic turnover.

Similar procedures were employed in stereoselective synthesis of vinyl selenides under
conventional145 or microwave heating146.

g. Copper-catalyzed coupling in syntheses of O- and S -containing heterocycles. Copper-
catalyzed carbon–oxygen and carbon–sulfur bond-forming reactions represent a practical
approach toward the assembly of various heterocyclic compounds (Scheme 14).
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X
Y Y

X = halogen
Y = O or S

n n

"Cu"

SCHEME 14

Fang and Li successfully applied this strategy to the synthesis of small and medium-
sized heterocycles147. They found that intramolecular 4-exo ring closure by means of
ligand-assisted copper-catalyzed O-vinylation of γ -bromohomoallylic alcohols leads to
the formation of 2-methyleneoxetanes (equation 32). The reaction is most efficient in the
presence of CuI/1,10-phenathroline catalyst and Cs2CO3 as a base in refluxing acetonitrile.
Under either ligandless conditions or in the presence of another ligand/base combination,
undesired dehydrobromination product forms predominantly.

Br

C9H19

OH CuI/Lig O

C9H19
C9H19

OH
+

Lig                                 Base      
No ligand                      Cs2CO3                  0%                             85%
1,10-phenanthroline      Cs2CO3               98%                               0%
1,10-phenanthroline      NaOBu-t               0%                              98%

Base,CH3CN

(32)

Scope and limitations studies revealed that primary, secondary and tertiary alcohols are
equally reactive, although aliphatic alcohols are more reactive than allylic ones. On the
other hand, the substituents at the double bond retard the cyclization and higher reaction
temperatures might be required to drive it to completion (equations 33–38).

Br

C7H15

OH O

C7H15

74%

(33)

Br OH OBr
Br

66%

(34)

Br OH

OC10H21

C10H21

84%

(35)
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Br C6H4OMe

OH
O

C6H4OMe

86%

(36)

Br OH O

Ph
Ph

67%

(37)

OH

Br O

54%

(38)

The method can be extended to the synthesis of 5- and 6-membered cycles. How-
ever, when possible, the 4-exo ring closure is favored over other cyclization modes
(equation 39). The exact reason for this preference is not known.

Br OH
CuI/Lig O

Br

Br

60%

Base, CH3CN (39)

A concise synthesis of dibenzofurans and fused benzofuro heterocycles was demon-
strated (Scheme 15)148 – 152.

OH
X

O

70–100 °C

[Cu]

SCHEME 15

The mildest protocol taking advantage of Liebeskind’s catalyst, copper(I) thiophene-
2-carboxylate (CuTC), was developed by Liu and coworkers150. This protocol advanta-
geously obviates the need in basic conditions and, therefore, is compatible with a variety
of functional groups and heteroaromatic starting materials (Chart 4). For example, cycliza-
tion of pyridyl phenols to form the corresponding benzo[4,5]furo heterocycles proceeds
smoothly, giving significantly higher yields than in the presence of the usual catalysts.

The strategy was also applied to the synthesis of benzoxazoles, benzothiazoles and
their derivatives. The method involves an intramolecular C−O or C−S cross-coupling
of easily accessible ortho-halophenyl(thio)amides153,154 or ortho-halophenyl(thio)ureas
(equations 40 and 41)155,156.
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O

HO2C

O

O2N

Cl

O
N

O

N
Cl

F3C

O

N

N

F

N
O

82% 85% 80%

62%70%83%

Cl

Reaction conditions: CuTC (1 mol%), DMA, 120–140 °C

CHART 4

The protocols are efficient and operationally simple, since they employ standard cop-
per(I) iodide/1,10-phenanthroline catalyst and cesium carbonate in DME as a base.

N

O

X

H
N

S

N

O

R

S

N
CuI (10 mol%)

1,10-phenanthroline
 (20 mol%)

X = Cl, Br, F
R = H, 4-F, 6-Br, 3-CF3, CO2Me

55–94%

DME, Cs2CO3

R

(40)

N

Br

H
NN

S

R

S

N
CuI (5 mol%)

1,10-phenanthroline
 (10 mol%)

R′, R′′= H, alkyl, aryl
R = H, 4-F, 6-Br, 5-CF3, 4-Me

69–100%

R′ R′

R′′ R′′

R

DME, Cs2CO3

(41)

2. C−N and C−P bond-forming reactions

a. Coupling of aliphatic amines with aryl halides. In 1996, Ma and Yao communicated
the development of a copper-assisted modification of the palladium-catalyzed Buch-
wald–Hartwig amination of aryl halides with chiral enantiopure amines that proceeded
without racemization under mild heating (equation 42)157. More careful investigation,
however, revealed that copper alone was responsible for the unusual catalytic activity.
Thus, the same reaction repeated in the presence of CuI (10 mol%) and K2CO3 in DMA
at 90 ◦C yielded 80% of the arylated product158.
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Br
+

[Pd]/CuI/TEBA, 100 °C

N
H

CO2H N

HO2C

95%

K2CO3/aq.DMF/TEA

(42)
Under optimized conditions, both electron-rich (e.g. o-, m- and p-bromoanisole or

o-bromophenol) and electron-deficient aryl bromides or iodides (e.g. o-, m- and p-
bromobenzoic acid, o-iodobenzoic acid or p-bromochlorobenzene) were equally reactive
(64–85%) in the cross-coupling with a model L-valine. Aryl chlorides were generally
inactive with the exception of the chelating 2-chlorobenzoic acid that could be aminated
in comparable yield. In addition, steric hindrance at aryl bromides strongly disfavors the
reaction (for example, 2,6-dimethylbromobenzene and L-valine gave the corresponding
arylated product in only 14%).

Interestingly, the reaction was found to be influenced by the type of α-amino acid
partner (Scheme 16). For instance, amino acids with larger hydrophobic groups (e.g.
valine, proline, phenylalanine or methionine) couple more efficiently than those possessing
smaller hydrophobic groups (e.g. alanine) or hydrophilic groups (e.g. serine or glycine
do not react at all). In all the cases, complete retention of the configuration at the chiral
centers was observed (Scheme 16).

Br

+
CuI, K2CO3

HO2C

R

NH2

H
N

R

HO2C

75–81%

80%

92%

65%

74%

60%

73%

0%

L- or D-valine

L-proline

L-phenylalanine

L-alanine

L-methionine

L-tyrosine

L-tryptophan

glycine

DMA, 90 °C, 48 h

SCHEME 16

In many aspects, the observed reactivity (halide displacement order and well-
pronounced neighboring group effect) and reaction conditions (the need for a polar reaction
medium) resembled a classical Ullmann case. However, the mild heating required in order
to achieve complete conversion of the starting materials implied an accelerating effect
induced by amino acids.

Ma and Yao hypothesized that Cu(I)-α-amino acid chelates are the true catalytic species
which can form a π-complex with the corresponding aryl halide as was suggested earlier
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X

HN

R

O
O

CuH2N

R

O

OCu

X

CuX   +   product

SCHEME 17

(Scheme 17). In this case, intramolecular nucleophilic substitution of the halide by the
amine site should be energetically favorable.

This mild and successful methodology was employed in multistep syntheses of various
complex molecules159,160. For example, Ma and coworkers demonstrated that N-(2′-
hydroxymethylphenyl)-L-valine, a key precursor toward benzolactam-V8 (proteine kinase
C activator)161, can be synthesized in 47% yield (equation 43)158.

N
H

CO2H

OH
N

H
CO2HOH

H

I

+
DMA, 90 °C, 48 h

47%

NH
N

O

OH

Benzolactam-V8

CuI, K2CO3

(43)

Later, Ma and Xia found that β-amino acids exert a similar accelerating effect162. For
example, 3-aminobutanoic acid couples with bromobenzene in the presence of CuI, K2CO3
in DMF at 100 ◦C. The reaction is significantly more sluggish compared with α-amino
acids and more sensitive to the electronic character of the starting aryl halides, i.e. under
optimized conditions, electron-rich substrates show only diminished or no conversion
(4-bromoanisole—0% or 4-iodoanisol—31%). However, functional group compatibil-
ity found for this method is very good—nitro, amino, amido and ester groups had no
pronounced deleterious effect on conversion.

An intramolecular version of this reaction was used as the key step in the synthesis of
SB-214857, a GPIIb/IIIa receptor antagonist (Chart 5)163. The step proceeded in acceptable
yield and without notable racemization162.

Although other chelating (e.g. α-amino-acid-derived aminoalcohols or 4-aminobutanoic
acid) and nonchelating (e.g. benzylamine) amino ligands were found to be
ineffective158,162, the observation of the spectacular chelation assistance described here
along with significant progress achieved by that time in Ullmann ether synthesis initiated
a new phase of interest in copper-catalyzed amination chemistry.
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N
H

N

Me

O

CO2H

N

O

HN

HCl

SB-214857

NH2

N

Me
O CO2HO

I

t-Bu

CHART 5

In 2001, Lang and coworkers reported a facile Cu2O-catalyzed ammonolysis of electron-
poor heteroaromatic bromides that proceeded at very mild heating of 80 ◦C with anhydrous
ammonia in ethylene glycol (Scheme 18)164. A variety of heterocycles have been subjected
to the reaction. The transformation was not completely chemoselective and the desired
product was often contaminated with an O-alkylated by-product, which originated from
the competitive Ullmann C−O coupling between the starting bromide and ethylene gly-
col solvent. However, the ultimate goal of this study, i.e. the multigram preparation of
N-(1-((6-aminopyridin-2-yl)methyl)piperidin-4-yl)acetamide, was achieved.

Typical Products and Chemoselectivity:

Het
Br

Cu2O, NH3,  90 °C

Het
NH2

Het
O

OH+

N NH2 N NH2MeO N NH2

O2N

N

S

NH2

N

NH2

65% (80:20) 75% (92:8) 99% (100:0)

94% (100:0) 84% (91:9)

N NH2
N

AcHN

85% (100:0)
50 gr scale

ethylene glycol

SCHEME 18
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Buchwald and coworkers extended the method to include aryl iodides and primary
and secondary aliphatic amines. In addition, they found that the use of ethylene glycol
as the solvent was not necessary and the reaction could be carried out in nonchelat-
ing 2-propanol in the presence of 5 mol% of CuI, 200 mol% of ethylene glycol as an
additive and 200 mol% of K3PO4 as a base. Interestingly, other diols (propylene gly-
col, butylene glycol, cyclohexene-1,2-diol etc.) were proved inefficient165. The reaction
conditions are very mild and functional groups tolerant (Scheme 19). Under these mild
conditions, a variety of functionalized aryl iodides may be coupled with primary and
secondary alkyl amines in 58–95% yield. No significant electronic effects were observed
for para- and meta-substituted aryl iodides and the yields were comparable. In contrast,
ortho-substituted substrates show somewhat lower yields, but higher catalyst loading (up
to 10 mol%) may improve the situation. Notably, the coupling of enantiopure (R)-α-
methylbenzylamine proceeds without racemization. This is important because a significant
enantiopurity loss often occurs during analogous Pd-catalyzed reactions. It is also note-
worthy that the reaction is chemoselective with K3PO4 but the chemoselectivity drops
if other bases are employed. For example, up to 10% of arylated ethylene glycol was
observed in a Cs2CO3-assisted run.

Likewise, several groups demonstrated that ethylene glycol monoalkyl ether138 and
N ,N-dimethylaminoethanol166 – 168 in combination with CuI or Cu metal efficiently pro-
mote similar coupling reactions even under solvent-free conditions or in aqueous media.
For instance, libraries of differently substituted aminothiophenes have been synthesized
including in multigram scale using these methods (equation 44)166.

The catalytic systems described above are not suitable for the amination of less reac-
tive aryl bromides. However, moderate to excellent conversions were observed when
ethylene glycol was replaced with bulkier phenol ligands (2-hydroxybiphenyl or 2,6-
dimethylphenol). After screening different phenol derivatives, Kwong and Buchwald were

Typical Products:

CuI (5 mol%), 
HOCH2CH2OH (2 eq.)

I

R

+ N
H

R′′R′ N
R′′

R′

N

O

N

NMe

N
C6H11

H

N

H

Ph

76% 71% 72%

76% (99% ee)

N
C6H13

H

76%

O

HN

N
H

NH2

76%

R

K3PO4 (2 eq.)
i-PrOH

SCHEME 19
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N
H

NH

H
N

76%

NHBn

NC

NHBn

MeO2C

NHBn

Cl

NHBn

Ac

NHBn

OMe

NHBn

CH2OH

NHBn

COOH

NHBnO2N

79% 58%

84% 90% 89%

95% 71% 72%

SCHEME 19. (continued)

able to identify structurally simple N ,N-diethylsalicylamide as an efficient ligand in CuI-
catalyzed arylation of primary alkyl amines169.

S
Br

Cu/CuI (10 mol%, 1:1)
N,N-dimethylaminoethanolNH

HO
+

S
N OH

81%

K3PO4*H2O (2 eq.)

(44)

The optimized reaction conditions involve the heating of aryl or heteroaryl bromides
and an appropriate amine in DMF in the presence of 5 mol% of CuI, 5–20 mol% of
N ,N-diethylsalicylamide ligand and 2 equivalents of K3PO4 at 90 ◦C. It was established
that a variety of functional groups are compatible with this protocol: thioether-, hydroxyl-,
cyano-, keto- and nitro-substituted examples are shown in Scheme 20.

Enolizable β-diketones (mimicking the binding site of the previously described N ,N-
diethylsalicylamide) were also found as efficient ligands for copper-catalyzed C−N cou-
pling reactions113,170,171. Within a series of tested catalysts, CuI/2-isobutyrylcyclohexan-
one was chosen as the most efficient combination which catalyzes room temperature
arylation of primary and some secondary aliphatic amines with aryl and heteroaryl iodides
(employment of aryl bromides requires mild heating of 90 ◦C) in the presence of Cs2CO3
in DMF or NMP. The catalyst is highly chemoselective and tolerates a variety of poten-
tially reactive functional groups such as Boc-protected aliphatic amines, ketones, carboxyl
etc. Remarkably, anilines, phenols as well as aliphatic alcohols are not reactive under these
reaction conditions and the coupling can be carried out even with unprotected bifunctional
substrates (Scheme 21)113.
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Typical Products:

CuI (5 mol%), 
Ligand (20 mol%)

Br

R

+ H2N
R′

H
N

R′

N

H

Ph

N

H

81%

O
N
H

91%

OH

Et2N O

Ligand =

H
N

MeS

Bn

H
N

O

OH

Bn
H
NO

O

O

OMe

N

H
N

O

H
N

O

S
N
H

89% 84% 87%

79%

85% 88%71% (98% ee)

R

K3PO4 (2 eq.)
DMF

SCHEME 20

Considering the fact that most catalytic systems described so far in this and the previous
section are capable of promoting both C−N and C−O bond-forming processes (although
under different conditions), high chemoselectivity in such complex cases is rare164,166,172.

Ma and coworkers suggested another operationally simple and general catalytic system
for cross-amination of aryl bromides, iodides and sometimes chlorides. They took advan-
tage of a previously disclosed accelerating effect induced by amino acids. In a series of
papers, they reported spectacularly mild and efficient protocols employing CuI/amino acid
catalysts operating in polar solvents such as DMSO at only 40–100 ◦C173 – 176. In order
to avoid catalyst deactivation via possible ligand arylation158, N-alkylated amino acids
and their derivatives were tested. Although the screening study revealed that most α-
and β-amino acids accelerate the reactions to a different extent173,177,178, two ‘privileged’
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structural motifs were identified: proline (L-proline and 4-hydro-L-proline) and glycine
(N ,N-dimethylglycine and N-methylglycine).

Initial scope and limitation studies showed that N-methylglycine is somewhat more
reactive than N ,N-dimethylglycine and L-proline in coupling of aryl iodides with the
model benzylamine, and good conversions were achieved under 60 ◦C with electron-
deficient substrates. However, incomplete conversion was detected when electron-rich
starting materials were employed. On the other hand, elevated temperatures did not provide
a satisfactory solution to this problem due to the deactivation of the catalyst mentioned
above158. Thus, L-proline and N ,N-dimethylglycine were found superior in more difficult
cases.

The general reactivity trends of these catalytic systems are as follows: more sterically
hindered secondary amines are less reactive than the primary ones and therefore require
elevated reaction temperatures (90 ◦C) to reach full conversion. Similarly, the difference in
reactivity between aryl bromides and iodides is reflected in the reaction temperature only
(<60 ◦C for aryl iodides and >60 ◦C for aryl bromides), but yields are comparable. In addi-
tion, functional group compatibility is excellent, which allows the employment of Ma’s
catalyst in syntheses of heterocyclic and highly functionalized amines (Scheme 22)174,178.

Typical Products:

Br

R

HN
R′′

R′

+
CuI (10 mol%
L-proline (20 mol%)

N

R

R′′

R′

BnHN

N

O
O

HN

O
N

H
N

N
H

O

N

S
H
N O

HNN

O
N

N

O

O

Bn

Bn

N

O

59% 70%

56%65%

K2CO3, DMSO
RT–100 0C

SCHEME 22

The same catalyst was applied to the mild (RT–50 ◦C) two-step one-pot synthesis of
1,2-substituted benzimidazoles (Scheme 23)175.

It is interesting to note that although the catalysts are spectacularly active, the neigh-
boring group assistance remains important and such a mild cross-coupling step is limited
to aryl halides possessing an amide group at the ortho position. The final cyclization
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step proceeds spontaneously or may be acid-promoted. For nonchelating cases (e.g. 2-
halophenylcarbamates), structurally similar trans-4-hydroxy-L-proline as a ligand demon-
strated superior reactivity176. For example, coupling between functionalized amines (e.g.
amino acids, amino amides, allylamine etc.) and 2-bromophenylcarbamates proceeds at
70 ◦C in the presence of CuI (20 mol%), trans-4-hydroxy-L-proline (20 mol%) and K3PO4
in DMSO. The successive heating of the reaction mixture to cyclization temperature
(130 ◦C) without intermediate product isolation represents a straightforward two-stage
one-pot synthesis of 1,3-dihydrobenzimidazol-2-ones (Scheme 24).

Typical Products:

R

NH

Br

O OMe

H2N
R′

CuI (20 mol%)
4-hydro-L-proline (40 mol%)

+

N

H
N

O

R

N
H

N

O

N
H

N

O

N
H

N

C6H13−n

O

MeO2C N
N
H

N

O

Ph

N
H

N

O

CO2Me
Bn

 90% 70% 76%

62%70%

MeO

CO2H

K3PO4, DMSO
70 °C, then 130 °C

R′

SCHEME 24

Likewise, several ligandless catalytic systems179 – 182 and catalytic systems based on
high molecular weight ligands have been offered107,181,183 – 187.

b. Coupling of aromatic amines with aryl halides. Although synthesis of aromatic
amines was possible via classical Ullmann coupling, the development of ligand-assisted
protocols significantly improved the scope of the method.

In 1999, Goodbrand and Hu reported the results of a limited screening study demon-
strating a significant rate acceleration of the coupling between aryl iodides and primary or
secondary aromatic amines catalyzed by 3.5 mol% of CuI in refluxing toluene in the pres-
ence of 1,10-phenanthroline, pyridine, 2,2′-bipyridine, 8-hydroxyquinoline, TMEDA, 1,8-
bis(dimethylamino)naphthalene and racemic sparteine as ligands and KOH as a base188.
Although in all cases a rate acceleration was observed, 1,10-phenanthroline showed unam-
biguous superiority in terms of efficiency and selectivity (equation 45).
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Br

NH2

+
I CuI/1,10-phenathroline

(4 mol%), KOH (8 eq.)

Br

N

83%

2.2 eq.

5 h, toluene (reflux)
(45)

Comparable reactivity was observed using both well-defined copper complexes bearing
1,10-phenanthroline or neocuproine ligands and catalysts prepared in situ100,189,190. It was
also found that the use of harsh bases such as KOH is not necessary, and the latter can
be replaced with more conventional and mild K2CO3, Cs2CO3, K3PO4 etc. The solvent
choice appears not to be critical as well, and DMSO, DMF or NMP were satisfactory.

Very simple ligands such as DMEDA191, 2-ethoxyethanol192,193 or L-proline194 and
more complex ones183,195 can be successfully employed in performing this coupling. Gen-
erally, good efficiency and functional group tolerance are observed in reactions of aromatic
and heteroaromatic amines with aryl bromides and iodides (e.g. Scheme 25)196 – 201.

K3PO4, DMSO 
110 °C

N

N

N

N
O

OH

HO

NH2

+     Ar-X
N

N

N

N
O

OH

HO

NH
Ar

Typical Electrophiles:

I II

O2N

I

MeO

Br Br

MeO

Br

80% 78% 65% 73%

84% 82% 75%

CuI/DMEDA

SCHEME 25
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c. Coupling of NH heterocycles with aryl halides. Arylation of the N−H unsaturated
heterocyclic compounds became possible using essentially similar catalytic systems.

The first ligand-assisted copper-catalyzed arylation of imidazoles by aryl halides was
suggested by Buchwald and coworkers in 1999202. To reach the goal, they engaged the
catalyst derived from a very soluble Cu(OTf)2žbenzene complex (5 mol%) and 1,10-
phenanthroline (100 mol%), trans,trans-dibenzylideneacetone (dba) (5 mol%) as an addi-
tive and Cs2CO3 as a base, in xylenes at 100–125 ◦C (equation 46). Under these con-
ditions, the reactions proceed smoothly with little, if any, formation of dehalogenated
or homocoupled by-products202,203. Sterically nondemanding aryl iodides can be quanti-
tatively coupled with unsubstituted imidazoles independently of their electronic nature.
Lower yields, however, were observed when ortho-substituents were present at either of
the coupling partners.

R

I

NHN
Cs2CO3, xylenes
110–125 °C

R

N

N

+

R = o-, m-, p-alkyl, p-MeO, m-CF3—10 examples

Cu(OTf)2/dba (5 mol%)
1,10-phenanthroline (1 eq.)

62–97%

(46)

Further studies showed that arylation of imidazoles186,187,204 – 213 and analogous ben-
zimidazoles209 – 211, pyrroles210,214,215, indoles210,216 – 218, pyrazoles214,215,217,219,220,
indazoles214, triazoles214,217 and tetrazoles217 can be carried out in the presence of more
user-friendly copper precursors (CuI, CuBr, Cu2O etc.) and in the presence of an array
of substoichiometric ligands such as those shown (Chart 6).

H
N

OH

OH
NN

NN

Ref. 210 Ref. 177

Ref.184Ref. 217

N

OH

Ref. 217

Refs. 214–221

RHN NHR

CO2H
N N

R R

N

O

O

OH

O

R

O

Ref. 212

Refs. 205 and 206

OH

CHART 6

The reaction conditions are relatively typical and comprise heating of the coupling
partners together with the catalyst in polar (DMF, dioxane, NMP etc.) or nonpolar
(toluene) solvents in the presence of Cs2CO3, K2CO3 or K3PO4. The reaction time and
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temperature depend, however, on the type of aryl halides involved. For example, aryl
iodides are normally more reactive than the corresponding bromides but both react at
80–110 ◦C. Coupling of aryl chlorides is limited to activated (electron-poor) substrates
and normally requires higher reaction temperatures of 125–150 ◦C to achieve acceptable
conversions208,210,211. In addition, the yields are generally high with sterically nonde-
manding coupling partners, but drop when substituents are present near the halogen atom
of the aryl halide or the NH nucleophile204.

CuI/N ,N ′-dimethyl-1,2-cyclohexanediamine (DMCyDA)214,216 or Cu2O/4,7-dimeth-
oxy-1,10-phenanthroline205,206 were found to be more effective in coupling of sterically
demanding substrates (naturally, the use of more reactive aryl iodides is advised in these
cases). It is interesting to note that poly(ethylene glycol) (PEG) phase-transfer catalyst
further accelerates the reaction promoted by less soluble cuprous oxide (Scheme 26).

Typical Products:

R

I

NHN
(7.5–15 mol%), Cs2CO3, 
PEG, PrCN or DMSO, 110 °C

R

N

N

+

R′

R′

N

N

44%

N
N

81%

N

N

78%

Ph

Cu2O (2.5–5 mol%)
4,7-dimethoxy-1,10-phenanthroline

SCHEME 26

Copper-catalyzed arylation of asymmetrically substituted azoles may lead to the for-
mation of several regioisomeric products (Scheme 27).

The degree of selectivity in such cases depends mainly on the steric properties of the
starting materials and predominantly leads to the formation of the less substituted isomer
(Scheme 28).

The functional group compatibility of this method is very good and a variety of organic
substituents at both the aryl halides and the heterocycles are tolerated.

d. Coupling of amides and related compounds with aryl halides. A general and efficient
catalyst for Goldberg-type coupling relying on the combination of CuI and racemic trans-
1,2-cyclohexanediamine (CyDA) has been identified after extensive screening of various
diamine ligands. The catalytic system operates in a variety of solvents (e.g. toluene,
dioxane or DMF) in the presence of simple inorganic bases such as K3PO4 or K2CO3
and is applicable to a wide range of substrates221.

As shown, lactams, primary and secondary amides can be coupled with functionalized
aryl and heteroaryl iodides at 110 ◦C in the presence of only 1 mol% of CuI and 10 mol%
of the ligand. Bromides are less reactive but can be successfully employed as coupling
partners under higher catalyst loading (up to 10 mol%) delivering high yields of prod-
ucts in a chemoselective manner even in the presence of unprotected aromatic amines
(Scheme 29).
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N
N

Cu

N

N R

N
N

Cu

N

N

R

SCHEME 28

N

O

O

HN

Bz

N

O

H

H2N N

O

H3C

Ph

NH

O

Ph

NMe2

S

N

O

N

O

N

NH

NO2

Ph

O

O

NH

O

Ph

O

N

N

NH

O

C6H11

95% 81% 96%

93% 97% 98%

69% 86% 86%

Ar +

CuI (1–10 mol%)
CyDA (10–20 mol%)Hal

RHN R′

O

N
R

R′

O

Ar

R = H, alkyl, aryl
R′ = H, Me, Ph
Hal = Br, I 
Solvent = dioxane, DMF, toluene

Typical Products:

K2CO3 or K3PO4
Solvent, 110 °C

SCHEME 29
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Intermolecular arylation of more challenging aryl chlorides having no chelating ortho
groups became possible, but required the employment of the second-generation vicinal
diamine ligands such as N ,N ′-dimethylcyclohexane-1,2-diamine (DMCyDA) (Scheme
30)221. A better performance by DMCyDA is likely due to a slower catalyst deactivation
via self-arylation of the ligand under the harsher reaction conditions required to activate
the less reactive aryl chlorides (110–130 ◦C, 23 h, neat).

Typical Products:

Ar + K2CO3
neat, 110–130 °C

Cl
RHN R′

O

N
R

R′

O

Ar

NH

O

Ph

R′′ N

O

R′′ = Me           95%
R′′ = OMe        51%
R′′ = CO2Me    62%

93%

CuI (6 mol%)
DMCyDA (11 mol%)

SCHEME 30

Nowadays, this second-generation ligand as well as its structurally simpler descen-
dant, N ,N-dimethylethylene diamine (DMEDA), are widely used in the Goldberg reac-
tion to ensure good efficiency in all cases222 – 227. The general features of the reaction
remained similar for all these catalysts: i) 1–10 mol% CuI as a convenient air- and
moisture-stable copper precursor (although other available copper compounds can be used
instead); ii) 10–20 mol% of the corresponding ligand; iii) 90–130 ◦C heating (or lower
for electron-poor or -neutral aryl iodides and primary amides) in toluene, dioxane, NMP
or DMF; iv) K2CO3, K3PO4, Cs2CO3 or rarely NaOBu-t as a base. The latter point is
worth noting: the use of strong bases is normally avoided in order to prevent the formation
of inactive diligated copper(I) amidate species (Scheme 31): optimally, the pKAH value
of the base employed should be below the pKAH value of the amide. The use of a large
excess of the chelating ligand is, apparently, beneficial for the same reason227,228.

−N

R

O

CuN

R

O

inactive

Cu I
N

N

N

R

O

HB

N

N

+ +

−

−

SCHEME 31

In principle, other ligands can also be employed for intermolecular arylation of amides.
For example, ethylene diamine229, 8-hydroxyquinoline230, L-proline231, bipyridine190,232,
polyoles233, β-diketo109,234 and Schiff base compounds217,218 were reported to operate
under the standard conditions.

Besides carboxylic acid amides, other amide-like compounds can be arylated using
copper catalysis. For example, differently substituted oxazolidones efficiently couple with
aryl bromides using CuI/trans-1,2-cyclohexanediamine catalyst (K2CO3 in dioxane)235,236.
The method displays a very good functional group compatibility and was used in the
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synthesis of enantiopure κ-opioid receptor antagonist CJ-15161 precursor (50 gr scale,
97% yield with no racemization at the coupling step) (equation 47).

Br

O

NHPr-i
O

NH

O

Ph

+
K2CO3 (2 eq.)
dioxane, reflux, 12 h

O

NHPr-i

O

N

O

Ph

97%
50 gr scale

O

NHPr-i

N

Ph

N

HO

CJ-15161

CuI (10 mol%)
CyDA (10 mol%)

(47)

Similarly, Boc-protected amines, phosphoramides237, sulfonamides238, sulfoxi-
mines239 – 241 and sulfonimidamides242 became useful coupling partners in intra- and inter-
molecular reactions using CuI in combination with L-proline or N-methylglycine catalyst
(equation 48).

CuI (5 mol%)
N-Me-glycine (20 mol%)

I(Br)

R

H2N S

O

O

R′+

R

H
N S

O

O

R′

R = o−, m−, p−Me, OMe, CO2Et
R′ = Me, Ar

55–99%
35 examples

K3PO4 (2 eq.)
DMF, reflux, 12 h (48)

A combination of CuI and trans-1,2-cyclohexanediamine or 1,10-phenanthroline were
successfully used for arylation of urea243,244, hydrazine221,245 – 247, hydroxylamine248 and
guanidine249 derivatives.

Examples of intramolecular C−N bond-forming reactions demonstrate the utility of the
method in the construction of heterocyclic compounds (equations 49 and 50)237,250.

5 mol% CuI
20 mol% DMEDA

I

H
N

O

N

O I

N
N

I O

O

57 %

2 equiv. K2CO3
DMSO, 110 °C

(49)
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K2CO3 (2 equiv)
toluene, reflux, 12 h N

H
N

O

DIPP
HN

H
N

O

DIPP

Br

62%

DIPP = diisopropylphosphoamine

CuI (5 mol%)
L-proline (20 mol%)

(50)

Domino reactions comprising copper-catalyzed arylation of amides as one of the steps
became a popular strategy toward construction of various heterocyclic compounds. The
following example represents an expeditious route to benzoxazoles via one-pot sequen-
tial C−N and C−O bond-forming reactions251: CuI/DMEDA catalyst efficiently pro-
motes arylation of aromatic or aliphatic amides as well as intramolecular O-arylation of
the intermediate (Scheme 32). Unsubstituted or symmetrically substituted benzoxazoles
can be synthesized starting from the corresponding 1,2-dibromo- and diiodobenzenes
(dichlorobenzenes are inactive under these reaction conditions). The use of 1-bromo-2-
chlorobenzenes is necessary in order to prepare asymmetrically substituted benzoxazoles
in a regioselective manner.

A copper-catalyzed Goldberg reaction/condensation sequence was applied to the syn-
thesis of N-alkylbenzimidazoles from N-substituted o-bromoanilines252. In this case,
however, the N-aryl amide intermediate does not cyclize spontaneously and a different
set of conditions was required in order to accomplish the assembly (Scheme 33).

Similarly, 2-aryl-4-quinolones can be prepared using an amidation/Camps cyclization
sequence (Scheme 34)253.

A useful strategy toward the construction of medium-sized nitrogen heterocycles via
sequential β-lactam arylation and intramolecular ring expansion with a neighboring nitro-
gen nucleophile was suggested based on the same catalytic system (Scheme 35)254. The
first step takes place cleanly in a chemoselective manner under the standard amidation
conditions (CuI/DMEDA catalyst in the presence of K2CO3 in toluene). The sequential
ring-expansion proceeds spontaneously with o-bromobenzylamine derivatives possess-
ing unprotected or sterically nondemanding monoalkylated amine groups, leading to the
formation of the corresponding 8-membered heterocycles. However, mixtures of the N-
arylated β-lactam intermediate and the desired transamidated product were observed with
bulky N-alkyl substituents. The same result was obtained when the protocol was applied
to the synthesis of 7-membered rings. In these cases, acetic acid or Ti(OPr-i)4 were
suggested as efficient promoters for the ring-expansion at a separate step.

The method was also applied to the synthesis of 9- and 10-membered heterocycles
(equation 51). However, in these experiments a facile intramolecular amination reaction
appears as a competitive process in the first step. In addition, the sequential ring-expansion
is slow and acidic catalysis is required to drive the reaction to completion.

e. Coupling of amides and related compounds with vinyl and alkynyl halides. Even early
reports on the copper-catalyzed Ullmann and Goldberg reactions of vinyl halides pointed
out a complete retention of the double-bond configuration74. Therefore, the development
of a ligand-assisted Goldberg amidation allowing facile and stereocontrolled synthesis of
enamides was much desired.

Shen, Porco and coworkers demonstrated that Liebeskind’s copper(I) thiophenecarbox-
ylate (CuTC) in combination with Cs2CO3 or Rb2CO3 in NMP or DMA at only 90 ◦C
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catalyzes cross-coupling of vinyl iodides with primary amides. Although the reaction
conditions comprised high-catalyst loading (30 mol% of CuTC) the result was satisfactory
in terms of both the yield and selectivity (equation 52)255,256.

HN

O
CuI (10 mol%)
DMEDA (10 mol%)

Br

NH +

N

NH
N

O

Ph

Ph

88%
Ph

Ph

Ph
3%

+
K2CO3 (2 eq.)
toluene, reflux, 24 h

THF

AcOH
(51)

N
MeO NH2

O

I

Ph

+
CuTC (30 mol%)
DMA, Cs2CO3 N

MeO N
H

O

Ph

57%

90 °C, 12 h (52)

Very soon, more economic catalytic systems based on DMEDA257,258, N ,N-dimethyl-
glycine259 or phenanthrolines260 became the usual choice for both intermolecular and
intramolecular261,262 transformations of this type. These catalytic systems operate under
very much similar reaction conditions to those developed for Goldberg coupling of aryl
halides, i.e. 5–10 mol% of the copper precursor (usually CuI), 2–3 equivalents of Cs2CO3,
K3PO4 or K2CO3 in dioxane, DMA or THF medium at RT–110 ◦C.

The most comprehensive scope and limitation studies258,259 showed that vinyl iodides
are generally more reactive than the corresponding bromides and usually require lower
reaction temperatures to reach complete conversions. Similarly, the reaction depends on
the steric properties of both coupling partners. Usually, a longer reaction time and a
higher reaction temperature are required when highly substituted aryl halides are employed
and lower yields are obtained with sterically demanding amides (e.g. acyclic secondary
amides are bad coupling partners). On the other hand, primary cyclic and acyclic amides,
4–6-membered lactams as well as substituted carbamates all show comparable reactivity
(equations 53 and 54).

52



Copper-mediated cross-coupling reactions

CuI (5 mol%), 
DMEDA (20 mol%)

Br

OTBSNH

O

+ N

OTBS

O

90%

toluene, K2CO3
110 °C, 14 h

(53)

I

CO2Et

O

NO Ph+
CuI (10 mol%), 
Me2NCH2CO2H (20 mol%)

CO2Et

O

H
NO Ph

76%

dioxane, Cs2CO3
60 °C, 12 h

(54)

Hsung and coworkers demonstrated that the method is applicable to the direct synthesis
of chiral ynamides (Scheme 36)263. In their report, CuCN/DMEDA was used as a catalyst
(whereas more reproducible results were obtained using this particular copper precursor,
more convenient copper sources can be used instead)264,265, in the presence of K3PO4 in
toluene at 110 ◦C. A variety of chiral oxazolidones as well as achiral acyclic carbamates
efficiently couple with differently substituted (1◦-, 2◦-, 3◦-alkyl, aryl or SiAlk3) alkynyl
bromides delivering the corresponding ynamides in moderate to good yield.

Typical products:

Br

R

HN
O

O

R′

+

CuCN (5 mol%), 
DMEDA (10 mol%)

R N O

O

R′

(i-Pr)3Si N O

O

Bz

N O

O

Ph

TBSO

Ph N O

O

65%20%72%

20 examples 
10–85% yield

toluene, K2CO3
110 °C, 18–20 h

SCHEME 36

The same catalyst266, or alternatively, a catalyst based on the CuTC/N ,N ′-dimethylcy-
clohexane-1,2-diamine system267, was applied to the synthesis of chiral allenamides from
allenyl iodides (Scheme 37). The catalysts offer a unique opportunity to access these
valuable building blocks in a stereospecific fashion and under spectacularly mild condi-
tions that might be applied even on highly functionalized chiral starting materials with
only minor loss (if any) of enantiopurity. Amides, carbamates and ureas are subjects for
successful coupling.

Intramolecular versions of the copper-catalyzed vinylation and alkynylation of amides
represent a straightforward route toward the synthesis of lactams and other N-heterocyclic
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Typical products:

+

I

•
H

Me

M HN

NMe
O

CuCN (10 mol%), 
DMEDA (20 mol%)

•
H

Me

M

N

Me
N

O

79% yield
75% ee

75% ee

+

I

•
RHN X

O

toluene, K3PO4
85 °C

•

N
R

O

X

22 examples
20–100%

•

N
O

BnN
O

•

N
O

O
Ph

•

N
O

H
TBSO

H

OAc

•

N

N

O

O

H

100% 99% 36% 63%

CuTC (7 mol%), 
DMEDA (15 mol%)

toluene, Cs2CO3
50 °C

SCHEME 37

compounds (equations 55 and 56 and Scheme 38)261,262,264. Remarkably, even vinyl chlo-
rides can be used as starting materials in these cases.

CuI (20 mol%), 
DMEDA (40 mol%)

I

NHPh

O

NPh

O

73%

dioxane, Cs2CO3
100 °C, 2–20 h

(55)

O

O

NHCBz

O

Br
CuSO4 (10 mol%), 
1,10-phenanthroline

O

O

NCBz

O

70%

(20 mol%), toluene 
K2CO3,110 °C, 2 days

(56)
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Typical products:

CuI (20 mol%), 
DMEDA (40 mol%)

Cl(Br) NHTs

R′′
NTs

R′′R R′

R

R′

11 examples 
86−99%

NTs

Ph

NTs

Me
NTs

NTs

Me

Me

99% 99% 99% 99%

dioxane, Cs2CO3
100 °C, 2–20 h

SCHEME 38

Extension of these fascinating intramolecular transformations to domino reactions
makes the modified Goldberg reactions an extremely useful tool in synthesis of hete-
rocycles. For example, sequential inter-/intramolecular amidation of vinyl halides was
suggested as an expeditious route toward differently substituted pyrroles. This route can
start from either carboxylic acid amides268 or t-butyl carbamate269 and can be performed
using standard conditions (CuI/DMEDA or CuI/DMCyDA catalysts in THF, dioxane or
toluene in the presence of Cs2CO3 or K2CO3 as the base). This transformation allows the
synthesis of di-, tri- and tetrasubstituted pyrroles in 30–99% yield and tolerates a number
of functional groups, including esters, ethers, alkyl halides, alkenes, heterocycles and silyl
groups (Scheme 39).

Another interesting synthetic approach toward highly substituted pyrroles comprises
the stepwise double alkenylation of Boc-hydrazides with vinyl iodides followed by a
thermal [3,3]-rearrangement and acid-catalyzed aromatization (Scheme 40)270. Both ami-
dation steps are catalyzed by CuI/1,10-phenanthroline in the presence of Cs2CO3 in DMF.

Typical products:

X

R

X

R′′′

R′′

R′

H2N

O

R′′′′

CuI (5 mol%), 
Ligand (20 mol%)

+ N

R
R′

R′′
R′′′

O

R′′′′

N

Pr

Bu

O

H2N Pr

54%
X = I, CuI/DMCyDA

dioxane, Cs2CO3

N Bu

O

Ph

73%
X = I, CuI/DMCyDA

dioxane, Cs2CO3

Bu

N

O

92%
X = I, CuI/DMEDA

THF, Cs2CO3

t-BuO

TMS

Cl

Bu-t

solvent, base
80–110 °C

SCHEME 39
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N

O

82%
X = I, CuI/DMEDA

THF, Cs2CO3

t-BuO

TMS
NBoc

NBoc N

O

80%
X = I, CuI/DMEDA

toluene, K2CO3

t-BuO S N

O

80%
X = I, CuI/DMEDA

dioxane, K2CO3

S

Cl

SCHEME 39. (continued)

The second amidation step generally requires longer reaction times and higher catalyst
loading, but delivers the desired pyrroles in acceptable yields (sometimes as a mixture of
Boc-protected and NH products). It was demonstrated that in a limited number of cases
the whole sequence can be carried out in one pot without purification of the intermediates.

Typical products:

CuI (5 mol%), 
1,10-phenanthroline

R

R′

I

Boc

H
N

N
H

Boc+
R

R′

Boc

NHN

Boc
R′′ R′′′

I

R

R′

Boc

NN

Boc

R′′

R′′′

1, xylene, 140 °C N

Boc

R

R′ R′′′

R′′

N

Boc

Et

MEMO
3

H
NPr

Pr O

O

NH

n-Pent

CN
MeO

61% 66% 54%

64–94%

54–66%

CuI (10 mol%), 
1,10-phenanthroline
(20 mol%), DMF
Cs2CO3, 80 °C

(10 mol%), DMF
Cs2CO3, 80 °C

2, TsOH, RT

SCHEME 40

Alternatively, pyrroles can be prepared in good yield using a one-pot copper-catalyzed
C−N coupling/hydroamidation sequence starting from bromo- or iodoenynes and t-butyl
carbamate (equation 57)271. Following the same strategy, coupling of iodoenynes with
Boc-hydrazides selectively delivers the corresponding pyrazoles in good to excellent yield
(equation 58).
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CuI (5 mol%), 
DMEDA (10 mol%)

I

+

Pent-n

NH

Boc

TIPSO

N

OTIPS

Pent-n

83%Pent-n

TIPSO

H2N
Boc

THF, Cs2CO3
80 °C

(57)

Boc

HN
NH

Boc

CuI (5 mol%), 
DMEDA (20 mol%)

I

+

Pent-n

Boc
N

TIPSO

N
HN

OTIPS
78%

Pent-n

TIPSO
NHBoc Hex-n

THF, Cs2CO3
80 °C

(58)

Lautens and coworkers used the CuI/CyDA catalyst for an intramolecular sequence
starting from gem-dibromovinyl compounds to prepare differently substituted imidazindo-
lones (Scheme 41)272. Although the double cyclization proceeds efficiently with a variety
of functionalized and functionless natural amino acid derivatives, a significant loss of
enantiopurity via facile epimerization of the chiral center may take place, apparently, at
the product-forming step.

Syntheses of substituted oxazoles273,274 and tetrahydropyrazines275 using domino reac-
tions with Goldberg-type amidation in the first step were also reported.

f. Miscellaneous N -nucleophiles. Very recently, synthesis of aryl azides from aryl
iodides or bromides was described (equation 59)276 – 278. This transformation is catalyzed
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CuI (2.5 mol%), 
CyDA (5 mol%)Br

Br

NH

O

H
N

R

OR′

O

N
N

O

OR′

O

R

N
N

O

CBz

Me

R′′
R′′

OMe

N
N

O

CBz

Me

F N
N

O

CBz

Me

MeO

N
N

O

CBz

N
N

O

Boc

N
N

O

CBz

CO2Bn NHBoc3

56% (28% ee) 65% (89% ee) 67% (85% ee)

71% (6% ee) 69% (93% ee) 68% (89% ee)

Typical Products:

toluene, K2CO3
120 °C

SCHEME 41

by the CuI/DMCyDA or CuI/L-proline combinations and proceeds in aqueous DMSO or
EtOH in the presence or absence of a base at mild temperatures.

I

+ NaN3

10 mol% CuI
20 mol% L-proline

N3

91%

BocHN

CO2H

BocHN

CO2H

NaOH, DMSO

(59)

Remarkably, stereodefined vinyl azides can also be prepared using this mild method
without notable isomerization278.

g. Coupling of P-nucleophiles with organic halides. Taking advantage of the progress
made over recent years in Ullmann chemistry, two groups independently suggested a
variant of a CuI-catalyzed carbon–phosphorus bond-forming reaction using aryl or vinyl
iodides and secondary phosphines279,280.

Optimization studies led to the conclusion that 5–10% of CuI can promote the coupling
between functionalized aryl iodides and a slight excess of aromatic secondary phosphines
in toluene under ‘ligand-less’ conditions. Apparently, the starting secondary and the result-
ing tertiary phosphines can stabilize and solubilize catalytically active copper species. Note
that although other bases such as K3PO4 and K2CO3 can be applied in the phosphine
synthesis, the selected cesium carbonate showed better performance and reproducibility,
apparently, due to a greater solubility of cesium phosphides281 in toluene (Scheme 42).
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PPh2 PPh2

Br PPh2

91% (Ref. 248)
89% (Ref. 247)

84% (Ref. 247) 71% (Ref. 248)

Typical Products:

I

R

+ HPR′2 Cs2CO3, toluene

PR′2

R

5–10 mol% CuI

SCHEME 42

Although the ‘ligand-less’ protocol provides a satisfactory solution to the synthesis
of asymmetrically substituted aromatic tertiary phosphines, coupling of aryl iodides with
aliphatic secondary phosphines is ineffective at the expense of deiodination of the start-
ing materials. If the target is dialkylaryl phosphines, the use of excessive DMEDA was
proven beneficial (Scheme 43)279. Under the ligand-assisted conditions, the reaction is
more tolerant to the steric bulk of the starting aryl iodides and to the presence of certain
functional groups (cyano, ester, amino, methoxy etc.), but is still sensitive to the electronic
and steric properties of the starting phosphines, i.e. diarylphosphines are more reactive
than their dialkyl analogues. Similarly, bulkier aliphatic coupling partners (e.g. t-Bu2PH)
react slowly, if at all.

Typical Products:

I

R

+ HPR′2

5–10 mol% CuI
20–35 mol% DMEDA

PR′2

R

P(Bu-i)2

P(Bu-i)2

NC

EtO2C PCy2

PCy2

H2N

PCy2

Br

PPh2Oct

73% 85% 79% 72%

72% 83%

Cs2CO3, toluene

SCHEME 43

Although aryl bromides are significantly less reactive in these reactions, a slightly
modified protocol was applied for the synthesis of a limited library of chiral phosphinoxa-
zoline (PHOX) ligands starting from (2-bromophenyl)oxazolines and aromatic or aliphatic
secondary phosphines (Scheme 44)282,283. The products were obtained in 53–93% yield,
including the large-scale reactions.
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Typical Products:

+ HPR′2
N

O

Br

R

N

O

PR′2

R

N

O

PPh2
N

O

PPh2

Cy

N

O

PPh2

N

O

PPh2

N

O

P

Bu-t

N

O

PCy2

Bu-t

CF3

F3C
2

N

O

P

Bu-t

OMe

F3C
2

74% 77% 63%

OTBSPh

64% 68% 84% 71%

Cs2CO3, toluene

5–10 mol% CuI
20–35 mol% DMEDA

SCHEME 44

The method is also suitable for the synthesis of aryl and alkenyl phosphonates. These
valuable substances may be synthesized from hydrolytically stable dibutyl phosphite and
the corresponding aryl or vinyl iodides (vinyl bromides are equally reactive in this case)
using the earlier described CuI/DMEDA catalyst279. It is noteworthy that the reaction pro-
ceeds with complete retention of the double-bond geometry of the precursors (Scheme 45).

Alternatively, construction of a C−P bond may be accomplished using CuI/pyrrolidine-
2-phosphonic acid107 or CuI/L-proline284 combinations. Both catalysts operate under mild
reaction conditions and give products in good yields. Reported examples include coupling
of aryl iodides and bromides with aromatic and aliphatic phosphites, secondary phosphine
oxides, monoalkylated phosphinic acids and even hypophosphites. For the last two cases,
a milder base such as DMAP was employed instead of Cs2CO3 (Scheme 46).

3. Copper-catalyzed halogen exchange reactions

Halogen exchange was observed as a side reaction in several copper-mediated trans-
formations87 – 89. It was found later that bromine–iodine exchange at aromatic285 – 287,
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Typical Products:

+
5 mol% CuI
20 mol% DMEDA

X

P

O

OBu

OBu

P

O

OBu

OBu
PH

O

OBu

OBu

Me

MeO O

64%, X = I

P

O

OBu

OBu

Me

86%, X = I

Oct
P

O

OBu

OBu

Oct

81%, X = I

P

O

OBu

OBu

91%, X = Br

Me

P

O

OBu

OBu

NH2

P

O

OBu

OBu

OMe

86%, X = I 85%, X = I

Cs2CO3, toluene

SCHEME 45

Typical Products:

+ 10–20 mol% CuI
10–40 mol% Ligand

I(Br)
P

O

R′

R″PH

O

R″

R′

H
N

P
O

OH

OPh

H
N

O

OH
orLigand:

P

O

Ph

OEt

P

O

H

OH

P

O

Ph

Ph

P

O

Ph

OH

R
R

75%82% 67% 39%

Br

Cs2CO3, toluene

SCHEME 46

olefinic286 or acetylenic288 carbons can be carried out in the presence of stoichiomet-
ric (or higher) copper(I) iodide in HMPT or neat at 120 ◦C (equations 60 and 61). The
transformation proceeds with complete retention of configuration. However, the yields are
hardly predictable and vary at the expense of the competitive debromination reaction286.
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KI/CuI/HMPT

H

Br

Br H

I

I
Cy

Cy

74%

120 °C
(60)

120 °CBr

H

Br I

H

I
Cy

Cy

16%

KI/CuI/HMPT
(61)

This valuable transformation was significantly improved with the disclosure of ligand-
assisted protocols289. It was demonstrated that in the presence of DMCyDA, the reaction
takes place in the presence of only 5 mol% of CuI in dioxane at 110 ◦C. The scope includes
aryl, heteroaryl and vinyl bromides and the functional group compatibility is spectacu-
lar—heterocycles, esters, amines, carboxylic acids, hydroxyl groups etc. are perfectly
tolerated (Scheme 47).

Typical Products:

KI (2 eq.) 
dioxane, 110 °C

Br I

16 examples 
76-100%

R R

Me2N

N
I

100%

I

S

O

O

H
N

97%

I

95%

CO2H

CuI(5 mol%), 
DMCyDA (10 mol%)

SCHEME 47

4. Mechanistic considerations

The exact mechanism of ligand-assisted copper-catalyzed cross-coupling reactions has
not been established so far. However, the very similar reactivity trends, such as the
reversed uncatalyzed SN Ar reactivity order of aryl halides (Ar-I > Ar-Br � Ar-Cl), and
the slightly positive effect of electron-withdrawing substituents on the reaction rates found
in all carbon–heteroatom bond-forming transformations, imply a common mechanistic
sequence.

Previous works suggested a copper-assisted SN Ar-type mechanism (Schemes 1 and
4)6,78,92,158 to explain the observed reactivity and the catalytic effect of copper. However,
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the Ullmann reactions described in this section can also proceed via an oxidative addi-
tion/reductive elimination mechanism driven by Cu(I)/Cu(III) interconversion.

The involvement of Cu(I) and Cu(III) intermediates in the Ullmann chemistry was first
proposed by Cohen and coworkers290,291 and has been acknowledged217,228,229,231,250,292

after detailed mechanistic studies on cross-coupling reactions catalyzed by palladium(0),
which is isoelectronic to Cu(I), were obtained.

The key steps, according to this mechanism are: i) transmetallation of the Cu(I) pre-
cursor with the nucleophile (ligand exchange); ii) oxidative addition of the catalytically
active Cu(I) species to aryl halide (carbon–halogen bond cleavage); and iii) reductive
elimination (carbon–heteroatom bond formation) (Scheme 48).

Cu(I)X

Cu(I)NucArCu(III)XNuc

ArNuc

Ar-X

Nuc−

X−

SCHEME 48

Whereas structurally characterized Cu(III) complexes are not very common293 – 295, and
thus raise questions concerning their participation in the catalytic cycle, the reactivity order
in the aryl halides series as well as the higher reaction rates of electron-deficient substrates
are in prefect agreement with a rate-limiting carbon–halogen cleavage (oxidative addition)
step296.

According to this mechanism, chelating amine ligands can play an additional pivotal
role besides trivial solubilization of the catalytic species. It is reasonable that hard amine
donors stabilize the hard Cu(III) intermediate and thus facilitate the rate limiting oxidative
addition297,298.

However, since no direct evidence has been reported so far, none of the mechanisms
can be ruled out.

C. Non-Ullmann Substrates in Copper-mediated Carbon–Heteroatom
Coupling Reactions

1. Iodonium salts

a. Coupling of O-nucleophiles with iodonium salts. Diaryliodonium salts have been
known for a long time to participate in SN Ar-type reactions299. Among others, alcoholysis
of diaryliodonium salts is facilitated by the presence of catalytic copper bronze300,301

or even better by cupric acetate302. The nucleophilic displacement usually proceeds at
relatively mild reaction conditions (i.e. milder than the classical Ullmann condensations
but comparable to the ligand-assisted reactions) and produce diaryl or aryl alkyl ethers
in modest yield (equation 62). The need to synthesize the diaryliodonium compounds
obviously limits a wide utilization of the method303.

b. Coupling of N-nucleophiles with iodonium salts. Similarly, diaryliodonium salts react
with N-nucleophiles. For example, Cu(OAc)2-catalyzed reactions of diphenyliodonium-
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2-carboxylate with aniline or sulfonamide result in the formation of aminated or amidated
products in moderate yield (equations 63 and 64)302.

CHO

OBn

I+Br−

2

+

HO

MeO CO2Me

Cu metal
Et3N, MeOH O

MeO CO2Me

CHO

BnO

50%

(62)

CO2
−

I+

+
MeHN Cu(OAc)2  (10 mol%)

80 °C, 2-PrOH

+
TsHN Cl

CO2H

N
Me

CO2H

N
Ts Cl

Cu(OAc)2 (10 mol%)
80 °C, NaH, DME

44%

57%

(63)

(64)

The scope of the reaction includes aromatic and aliphatic amines304, carboxylic acid
amides304 and NH-heterocycles304 – 306. In general, either copper(I) or copper(II) com-
pounds accelerate the coupling in the presence of alkali metal carbonates. The reaction
conditions depend on the nucleophilicity of the coupling partners. For example, amines
and amides can be efficiently arylated at nearly room temperature (equations 65 and 66),
while less reactive indoles react only at 140 ◦C (equation 67).

I+BF4
−

2

+
CuI, K2CO3
CH2Cl2, RT

H
N

N

66 %

(65)
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I+BF4
−

2

+

CuI, K2CO3
DMF, 40 °C

Br

N
H

NH

O

O

Me

N N

O

O

Me

BrBr
55%

(66)

I+BF4
−

2

+
CuI, K2CO3
CH2Cl2, 140 °C

MeO

66 %

HN
N

MeO (67)

c. Coupling of P-nucleophiles with iodonium salts. An example of CuI/TMEDA-
catalyzed coupling of H -phosphonates with vinyliodonium salts was reported (Scheme
49)307. The method allows the synthesis of differently substituted vinylphosphonates in

+

66%

I+
BF4

−

R

RT, DMF/THFH
P(OR)2

O

R

P
O

ORRO

P
O

OMeMeOF

P
O

OMeMeO

P
O

OMeO

MeO

O

OMe
BnO

BnO

76%

64%

Typical Products:

CuI2 (30 mol%)
TMEDA

SCHEME 49
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good yields under very mild conditions (30 mol% of CuI2 in THF/DMF mixture at
room temperature). Here again, the mild nonbasic reaction conditions compensate for
the required laborious synthesis of the starting materials.

2. Organobismuth compounds

a. Coupling of O-nucleophiles with organobismuth compounds. O-phenylation of alco-
hols can be accomplished by reaction with pentavalent triphenylbismuth diacetate in the
presence of simple copper salts308 – 313. Usually, the reaction proceeds under very mild
reaction conditions (ambient temperature or very mild heating) in a variety of common
organic solvents (toluene, CH2Cl2, THF etc.) and can be promoted by different copper
salts, although soluble Cu(OAc)2 was found to be superior in many cases. For example,
addition of copper diacetate or metallic copper in a catalytic amount (10 mol%) to the
mixture of a phenol and triarylbismuth diacetate results in a room-temperature formation
of the corresponding O-phenylated product in poor to good yield depending on the steric
demand of the starting materials (equations 68–70)314 – 317.

O

CHO

HO O

CHO

PhO

Cu metal
CH2Cl2, RT

+    Ph3Bi(OAc)2

61%

(68)

Bu-t

OH Cu metal
CH2Cl2, RT

+    p-Tol3Bi(OAc)2

t-Bu Bu-t

OTol-p

t-Bu
26%

(69)

Arylation of aliphatic alcohols can also be achieved using arylbismuth reagents under
copper-catalyzed conditions. The yields are strongly dependent on the steric properties of
the starting materials. They are 60–90% for secondary and primary, but negligible for
tertiary alcohols308,309.

OH

O

O

OH
Cu metal
benzene

+  Ph3Bi(OAc)2
OPh

O

O

OPh

48%

RT

(70)
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Brunner and coworkers developed an asymmetric version of this method318,319. Mod-
erate ee values (up to 50%) were obtained in attempted desymmetrization of meso-diols
using triphenylbismuth diacetate in the presence of Cu(OAc)2 and chiral pyridineoxazo-
line ligand (equation 71). It is noteworthy that the chemical yield in the reaction was
significantly lower due to the ligand participation.

+    Ph3Bi(OAc)2

43% (32% ee)

OH

OH

OPh

OH

Cu(OAc)2
Ligand

N

O

Ligand =

CH2Cl2, RT

(71)

In principle, the method is not limited to phenyl-containing organobismuth reagents.
The use of more sophisticated reagents is exemplified in the large-scale synthesis of an
ascomycin derivative (Scheme 50)320.

Enols were also found as suitable coupling partners under these conditions314,321.

b. Coupling of N-nucleophiles with organobismuth compounds. Similarly, pentava-
lent triphenylbismuth reagents can be used as effective coupling partners in N-arylation
reactions in the presence of copper catalysts309,322. A variety of aromatic323 – 326, heteroaro-
matic (equation 72)327,328, aliphatic cyclic (equation 73)329 and acyclic amines322,325,326

as well as azole derivatives (equation 74)330 can be arylated in the presence of catalytic
(less than 10 mol%) Cu(OAc)2, Cu(OPiv)2 or metallic copper in CH2Cl2 at room tem-
perature and in a very short time. The yields are generally good and reaction times are
relatively short with all sorts of nucleophiles but, naturally, depend on the steric properties
of the starting materials331.

N

NH2

Cu metal
CH2Cl2, RT

+    Ph3Bi(OAc)2

N

N
H

94%
(72)

OMeMeO O

NH

Cu(OAc)2
CH2Cl2, 50 °C

+   Ph3Bi(OAc)2

OMeMeO O

N

33%

(73)
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N

N

NH
Cu(OAc)2
THF, 50 °C

+    Ph3Bi(OAc)2 N

N

N

60%

(74)

α-Amino acids do not participate directly in arylation reactions with triarylbismuth
reagents, but can be arylated under the standard reaction conditions after being converted
to esters332 – 334. Good selectivity toward monoarylated product is usually observed due to
the sensitivity of the reaction to steric effects (equation 75).

Cu(OAc)2
CH2Cl2, RT

+    Ph3Bi(OAc)2

H2N CO2Me

R

N
H

CO2Me

R

R = (R)-Ph, 92%
R = (S)-t-Bu, 86%

(75)

N-nucleophiles such as imines, oximes, amides, guanidines and semicarbazones are
generally difficult coupling partners and normally do not react under these reaction
conditions322.

3. Organolead compounds

a. Coupling of O-nucleophiles with organolead compounds. Tetraphenyllead335 and
diphenyllead dichloride336 were reported as moderately efficient aryl transfer reagents
for aliphatic alcohols (equation 76) or phenols in the presence of catalytic Cu(OAc)2.
When alcohol is used as the solvent, only one phenyl group is usually transferred. The
overall phenylating activity of the diphenyllead dichloride is significantly lower than that
of tetraphenyllead and, apparently, this explains the low yields of the ethers per mole of
phenylating agent.

Cu(OAc)2
neat, RT

Ph4Pb     +      t-BuOH PhOBu-t
(76)

b. Coupling of N-nucleophiles with organolead compounds. Neither tetraphenyllead
nor diphenyllead dichloride are suitable arylating agents for N-nucleophiles. However, it
was found that phenyllead triacetate reacts smoothly with anilines and simple aliphatic
amines in the presence of 10 mol% of Cu(OAc)2 in CH2Cl2 at room temperature produc-
ing the corresponding arylated products337 – 339. Good yields were obtained with various
substituted anilines. The best yields were observed for anilines substituted with electron-
donating groups, whereas electron-withdrawing substituents such as nitro or ester strongly
inhibited the reaction. The steric hindrance had only moderate influence on the reaction
rate and yield. For example, o,o′-substituted arylamines could be synthesized in acceptable
yields using this method (equations 77 and 78)338,339. The steric effect is more pronounced
in reactions of less reactive aliphatic amines (1◦

> 2◦ and 3◦ alkylamines are essentially
inactive) (equation 79)337,338. Although the method is not limited to phenyllead com-
pounds, the arsenal of functionalized reagents is relatively poor and contains only simple
aryl derivatives340,341.
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+    PhPb(OAc)3
NH2 Cu(OAc)2

CH2Cl2, RT

H
N

94%

(77)

NH2

Cu(OAc)2
CH2Cl2, RT

MeO OMe

OMe

(AcO)3Pb

+
H
N

MeO

OMe

MeO

18%

(78)

NH
+    PhPb(OAc)3

Cu(OAc)2
CH2Cl2, RT N

30%

(79)

In addition, hydrazones337, carboxylic acid amides342,343, imides343 and sulfon-
amides342,343 are suitable candidates for the Cu(OAc)2-catalyzed arylation with aryllead
triacetates. Base assistance (usually, sodium hydride) and mild heating were often required
to achieve the desired conversion (Scheme 51).

N-Arylation of azoles (imidazoles, benzimidazoles, triazoles, benzotriazoles, inda-
zoles, pyrazoles, indoles) can be accomplished at room temperature in good yield and
selectivity344 – 347. Interestingly, arylation of asymmetrically substituted imidazoles pro-
ceeds in excellent regioselectivity toward the formation of the N-1 isomer (equation 80).

OMe

Pb(OAc)3

N
HN+

Cu(OAc)2
CH2Cl2, RT

61%
N-1 only

N
N

OMe

(80)

4. Organoboron compounds

a. Coupling of O- and S-nucleophiles with organoboron compounds. The use of phenyl-
boronic acid as the aryl donor in copper-mediated arylation of amines and phenols started
with independent reports by Chan348 and Evans349 and their coworkers in 1998.

Chan and coworkers348 demonstrated that the method is applicable to a wide range of
nucleophilic reaction partners, including phenols under very mild conditions, i.e. room
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98%
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Reaction conditions: Cu(OAc)2 (10 mol%), CH2Cl2-DMF, NaH (>1 eq.), 50–90 °C.

SCHEME 51

temperature, amine as a base and a stoichiometric amount of Cu(OAc)2 (equation 81).
However, the yields of O-arylated products were moderate at the expense of hydrolysis of
the arylboronic acids, as well as by competition of the by-produced phenol for O-arylation.

I

OH

+
(HO)2B

F

Cl

I

O
F

Cl
78%

Cu(OAc)2
(1 eq.)

CH2Cl2, RT
Et3N

(81)

Further studies performed by Evans and coworkers349 revealed that side reactions took
place even under anhydrous conditions, indicating that water was generated from the
phenylboronic acid upon triarylboroxine formation. Therefore, optimized reaction condi-
tions suggested addition of powdered 4 Å molecular sieves in order to trap the water and
to suppress the undesired processes349. Additionally, it was discovered that exposure of
the reaction to atmospheric oxygen leads to better results (equation 82). Finally, while
methylene chloride proved to be the optimal solvent, the reaction is tolerant of a wide
range of solvents from acetonitrile to toluene, affording acceptable yields of the desired
diaryl ether.

71



Liza Penn and Dmitri Gelman

+

I

OH

I
EtO

NHAc

O

(HO)2B

O

Cu(OAc)2 (1 eq.)

Et3N, CH2Cl2
RT, air, 4A  MS

I
O

I
EtO

NHAc

O

O

84%

(82)

During scope and limitation studies, a number of structurally and electronically diverse
substrates were evaluated349 – 353. While yields were generally good, electron-rich phenols
underwent arylation more efficiently. The reaction is tolerant of proximal substitution,
as ortho-substituted phenols were arylated in good yield. With several exceptions, the
reaction is also general with respect to the arylboronic acid component, although yields
are poor with ortho-heteroatom-substituted boronic acids. In the more sluggish reactions, a
second equivalent of boronic acid was required to achieve reasonable yields. Vinylboronic
acids were also reported as suitable coupling partners351,354.

Formation of symmetrical diaryl ethers was achieved via in situ generation of phenols
and their one-pot O-arylation with aryl boronic acids under the standard conditions355,356.
For example, Prakash, Olah and coworkers reported on the regioselective reaction of
arylboronic acids (1 equivalent) with hydrogen peroxide (0.25 equivalent) to form the
corresponding phenols, followed by reaction with the remaining arylboronic acid in the
presence of Cu(OAc)2 and Et3N in methylene chloride (equation 83)356.

RT, air, 4Å  MS

B(OH)2

O

1. H2O2
2. Cu(OAc)2/NEt3

O O

84%

(83)

A novel route to N-aryloxyphthalimides via the copper-mediated cross-coupling of N-
hydroxyphthalimide and phenylboronic acids was reported by Sharpless and coworkers357.
It was shown that in the presence of pyridine and molecular sieves, different copper
sources (Cu(OAc)2, Cu(OTf)2, CuCl and CuBržSMe2) catalyze the reactions under ambi-
ent air atmosphere in 1,2-dichloroethane (equation 84).

72%

N

O

O

OH

(HO)2B

+ F

F

N

O

O

O
[Cu]/NEt3, Pyridine

RT, air, 4Å  MS

F

F

(84)
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The inter-358,359 and intramolecular360,361 stoichiometric C−O bond-forming reactions
were adopted for the syntheses of naturally occurring compounds. For example, total syn-
thesis of (S,S)-isodityrosine (equation 85)358 and macrocyclic metalloproteinase inhibitors
(equation 86)360 were recently reported.

OBn

OH

BocHN CO2Bn

(HO)2B

NHBoc

CO2Me
+

Cu(OAc)2 (1 eq.)
Pyridine, CH2Cl2
RT, air, 4Å  MS

OBn

O

BocHN CO2Bn

NHBoc
MeO2C

60%

(85)

N
H

O

t-BuO2C

OH

CO2Me

B(OH)2

Cu(OAc)2 (1 eq.)

Et3N, CH2Cl2
RT, air, 4Å  MS

O

CO2Bu-t

HN

O

CO2Me

54%

(86)

More recent publications demonstrated that reactions described in this section can be
performed in a catalytic fashion351,362,363. Under catalytic conditions, the reaction utilizes
only 10–40 mol% of Cu(OAc)2, atmosphere of oxygen or additional co-oxidant such as
TEMPO or pyridinium N-oxide to deliver products in modest yield.

A carbon–sulfur bond-forming version of this transformation was reported by Guy and
coworkers364. They demonstrated that alkyl and aryl thiols couple with differently sub-
stituted arylboronic acids in the presence of an overstoichiometric amount of Cu(OAc)2,
4 Å MS and pyridine as a base in DMF at reflux temperature. Despite the harsh reac-
tion conditions, the functional group compatibility is acceptable and products are usually
obtained in moderate to good yield (Scheme 52).
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b. Coupling of N-nucleophiles with organoboron compounds. The first examples of
copper(II)-mediated N-arylation by arylboronic acids were published by Chan and co-
workers348 and by Lam and coworkers365. They demonstrated a robust and convenient
method to arylate a wide range of NH-containing nucleophiles (e.g. aliphatic amines,
anilines, amides, imides, ureas, sulfonamides, carbamates and heterocycles) by excessive
arylboronic acids in the presence of stoichiometric Cu(OAc)2 and a base (pyridine or
triethylamine) at ambient temperature (Scheme 53). The choice of the amine base plays
a critical role in determining the yield of the reaction, but no clear substrate–base–yield
relationship has emerged from the results.

As a wide variety of electronically diverse boronic acids are available, Cundy and
Forsyth explored the generality of Chan’s procedure by examining the efficiency of the
N-arylation by substrates of varied NH basicity/nucleophilicity366. The results did not
reveal any obvious trends for either electron-rich or electron-poor boronic acids in their
reactivity with the NH substrates.

+

(HO)2B Cu(OAc)2
(1 eq.)

CH2Cl2,RT
base

Nuc-NH

H
N

Nuc

R R

H
N

H
N

Ft-Bu
N

O

93% (Et3N) 77% (Et3N)63% (pyridine)

Typical Products:

SCHEME 53
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Major improvements, however, were introduced after the discovery by Evans and
coworkers that molecular sieves have a pronounced beneficial effect on the copper-
promoted coupling of arylboronic acids349. The new reaction conditions were essentially
identical to those described originally, but suggested addition of 4 Å MS to improve yields
and reproducibility of the reactions. Subsequently, the improved Lam–Chan–Evans con-
ditions were applied to the synthesis of various N-arylated compounds367,368. For example,
Mederski and coworkers showed that a variety of 2-pyridones and some 3-pyridazinones
can be coupled with different arylboronic acids in good yields (equation 87)369.

CNN
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N

N
O

N

O

i-PrMe

NH

N

N

N
O

N

O

i-PrMe

B(OH)2

CN

Cu(OAc)2 (2eq.)
TEA (4 eq.), CH2Cl2

(3 eq.)

4Å MS, RT, 2 days

67%

+

(87)
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Srirangam and coworkers prepared N-arylpyrroles under Chan–Lam conditions from
arylboronic acids and electron-deficient pyrroles370. This coupling reaction showed very
good functional group compatibility (functional groups such as nitro, ether, ester, ketone,
aldehyde, amide, bromo and iodo survived the reaction conditions), but was somewhat
sensitive to the steric bulk of the starting materials. However, a necessary precursor toward
AG3433, a MMP inhibitor, was synthesized in 93% yield using this reaction at the key
step (equation 88).

+

B(OH)2

NC

N

H

CHO
C2H5O2C

O

N

NC

OHC

CO2C2H5

O

N

COOH

O
NH

O
O CN

93%

AG3433

Cu(OAc)2 (2 eq.)
Pyridine, DCM

RT, 3 days (88)

α-Amino acids and their derivatives are important chemical building blocks in organic
and biological chemistry. A reaction involving these building blocks should be mild
enough not to cause epimerization of the chiral centers. Several groups demonstrated that
N-arylation of enantiomerically pure α-amino acid derivatives can be achieved in 17–67%
yield using Lam–Chan–Evans conditions, with little or no racemization (equations 89 and
90)371,372. The reaction may also be applied to solid supported substrates371.

Gothelf and coworkers examined the ability of protected derivatives of nucleobases
(thymine, uracil, cytosine, adenine and guanine) to undergo copper-mediated N-arylation
and N-alkenylation with various boronic acids373. The reaction tolerated various substitu-
tion patterns on the arylboronic acids including ortho-substitution and electron-donating
groups and formed products in good to high yields (Scheme 54). Vinylboronic acids
were found to be acceptable coupling partners in these cases. N-arylation of unprotected
nucleobases mediated by simple copper salts was also demonstrated374.
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Coupling of arylboronic acids with imidazoles in the presence of [Cu(OH)TMEDA]2Cl2
complex was the first catalytic process described in the literature by Collman and co-
workers375 – 377. They found that under oxygen atmosphere a mixture of 2 mmol of phenyl-
boronic acid and 1 mmol of imidazoles react in dry dichloromethane and in the pres-
ence of only 0.1 mmol of [Cu(OH)TMEDA]2Cl2 to give phenylimidazole in 71% yield
(equation 91). The presence of air or oxygen is necessary to obtain satisfactory yields of
products under catalytic reaction conditions.

B(OH)2

N

H
N [Cu(OH)•TMEDA]2Cl2 (10 mol%)

2 eq. 1 eq.

CH2Cl2, RT, overnight, O2
N

N

(91)

Buchwald and Antilla discovered and reported in 2001 that addition of a catalytic
amount of myristic acid to the mixture of 1.0 equivalent of aniline, 1.5 equivalent of p-
tolylboronic acid and 1.0 equivalent of 2,6-lutidine as a base in the presence of 5 mol%
of Cu(OAc)2 at ambient temperature was essential to achieve a complete conversion to
N-arylated product378. This additive may operate by coordination to the copper center,
thereby increasing the solubility of the catalyst. Both electron-poor and electron-rich
anilines were found equally reactive under the reaction conditions. Sterically demanding
anilines required higher catalyst loading (10 mol%) but were also efficiently arylated.

Differently substituted arylboronic acids were also tested and the results showed that
substitution of the para position does not affect the reaction yields, but ortho sub-
stituents dramatically slow down the reaction rate. For example, relatively unhindered
2-methylphenylboronic acid coupled in only 50% yield.

The arylation reaction was also explored with alkylamines. Such reactions resulted in
the formation of the desired products in moderate 50–64% yields (Scheme 55).

Yudin and coworkers applied Buchwald’s protocol to the synthesis of N-arylated
aziridines (equation 92)379.

(HO)2B

HN
t-Bu Ph

O

F

N
t-Bu Ph

O

F

Cu(OAc)2 (10 mol%)
myristic acid (20 mol%)
2,6-lutidine, RT, toluene

40%

(92)

It was also established that the method is not limited to arylboronic acids. Several
groups reported on the successful utilization of vinyl380 and alkyl381 boronic acid as
coupling partners under similar reaction conditions.

Moessner and Bolm described the N-arylation reaction of sulfoximines with aryl-
boronic acid382. Optimization experiments showed that the best results were achieved
with 10 mol% of Cu(OAc)2 and 2.3:1 equivalents of arylboronic acid to sulfoximine in
methanol. To evaluate the substrate scope of this approach toward N-arylated sulfox-
imines, coupling of various arylboronic acids and different sulfoximines was investigated.
Good to excellent (71–93%) yields were achieved with para-substituted boronic acids
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irrespectively of their electronic nature. The same conclusion is reached on reactions with
ortho-substituted boronic acids, although in these cases the yields (62–91%) were slightly
lower. Lower yields in most couplings of ortho-substituted boronic acids indicated the
importance of steric effects and, indeed, whereas boronic acid with one ortho substituent
were suitable substrates, overcrowded 2,4,6-trimethylphenylboronic acid failed to react
(Scheme 56).

5. Organotin compounds

a. Coupling of O-nucleophiles with organotin compounds. Several very interesting
and useful protocols for Cu(OAc)2-promoted coupling of readily available stannanes with
phenols have been described recently. For example, the reaction of tetravinyltin with
differently substituted phenols takes place in acetonitrile under air at RT or with very
mild heating (60 ◦C) in the presence of stoichiometric Cu(OAc)2 and represents a general
route toward aryl vinyl ethers (equation 93)383. Although the transformation requires the
use of stoichiometric copper, the method is useful due to the excellent functional group
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compatibility, mild conditions and generally high yields. Remarkably, tributyl(vinyl)tin
showed incomparably slower reaction under the conditions described.

Cu(OAc)2 (1.1 eq.)
air, CH3CN, RT– 60 °C

OH

R

R = Ph, OAlk, Br, CN, NO2, CO2Et, NHAc

Sn 4
+

O

R

6–96 h

48–96%

(93)

In situ prepared functionalized arylstannanes couple with differently substituted phenols
and benzyl alcohols under essentially similar conditions (equation 94)384. However, this
transformation is capricious and requires the use of excessive phenol or, alternatively,
phenylstannane, in order to obtain reasonable conversions. Otherwise, the results are
unsatisfactory because of the reduction of the arylstannanes to arenes. The use of DMAP
as a base and molecular sieves somewhat improves the situation.

55%

O

SnMe BnO

HO

OTHP

+
Cu(OAc)2 (1.1 eq.)
air, CH3CN, 81 °C

DMAP, 4Å MS, 2 h

O

BnO

O

OTHP

(94)

b. Coupling of N-nucleophiles with organotin compounds. C–N coupling is also pos-
sible using phenylstannanes as the aryl-transfer agents (equation 95)385,386. Arylation of
anilines, carboxylic acid amides, sulfonamides and benzimidazolinones was exemplified
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in the presence of stoichiometric Cu(OAc)2 and TBAF as an additive. The presence of
the fluoride ion apparently accelerates the tin–copper transmetallation step.

69%

+

Cu(OAc)2 (1.1 eq.)
TBAF (2.2 eq.), CH2Cl2

RT, 48 hN

H
N

O
SnMe3

N

N

O
(95)

6. Organosilicon compounds

Lam and coworkers discovered that stoichiometric cupric acetate accelerates the cou-
pling of hypervalent aryl and vinyl siloxanes with various N-nucleophiles387,388. They
demonstrated that anilines, aliphatic amines, amides and benzimidazoles can be arylated
at room temperature in CH2Cl2 or DMF to the N-arylated products in acceptable yield
(equations 96 and 97).
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H

N

Si(OMe)3

N

N (97)

7. Mechanistic considerations

Currently, available information on possible mechanisms that can explain reactivity of
the non-Ullmann substrates described in this section is very fragmental.

In one of the early studies, Lockhart suggested that transformations involving hyper-
valent diaryliodonium salts (see Section II.C.1) apparently follow the same mechanistic
scheme as previously described for Ullmann condensation389. On the basis of comparison
studies of the reactions promoted by copper compounds in different oxidation states, he
concluded that Cu(I) species were actually responsible for the transformation. He hypoth-
esized that further steps include oxidative addition of the active Cu(I) species to the
hypervalent diaryliodonium compounds resulting in the formation of Cu(III) intermediate,
and successive reductive elimination of the products (Scheme 57).

A similar mechanism has been invoked to explain the reactivity of hypervalent organo-
bismuth (see Section II.C.2)390 and organolead (see Section II.C.3)339.

A different mechanism was postulated for C−O and C−N bond-forming reactions of
other organometallic reagents (B, Si and Sn) under stoichiometric copper conditions. These
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reactions apparently benefit from the ‘+2’ oxidation state of the copper promoter. In addi-
tion, the presence of atmospheric oxygen, although not mandatory, improves the reaction
rates. Generalizing these findings, several groups proposed the sequence of elementary
steps shown in Scheme 58349,351,386,387.

According to this hypothesis, sequential transmetallation (ligand exchange) reactions
of Cu(OAc)2 with a deprotonated nucleophile (i.e. alcohol, amine, amide etc.) and an
organoboron, organotin or organosilicon reagent leads to the formation of Cu(II) interme-
diate A (Scheme 58) capable of slow reductive elimination of the product and elemental
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copper. Alternatively, A may be oxidized to Cu(III) intermediate B that will eliminate the
product while being reduced to Cu(I).

To perform such transformations in catalytic fashion, the presence of oxygen (or other
oxidants) is obviously necessary in order to regenerate the catalytically active Cu(II)
species after the reductive elimination step. Therefore, the third mechanism that involves
the reoxidation step was proposed by Collman and coworkers to explain the catalytic
C−N bond-forming reactions of the organoboron reactants (Scheme 59)377.
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However, no strong evidence for these hypotheses has been found so far.

8. Cross-dehydrogenative coupling to form C−N bonds

Selective activation and functionalization of C(sp2)−H bonds appears as an attractive
approach to the development of waste-free cross-coupling methodology.

In 2005, Buchwald and coworkers reported the palladium-catalyzed and copper(II)
acetate-promoted synthesis of carbazoles via C−H activation/C−N coupling (equation
98)391.

NHAc Pd(OAc)2
Cu(OAc)2/O2 NAc

toluene, 120 °C
(98)
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It was found, however, that copper alone can promote a similar transformation. For
example, 2-phenylpyridines react intermolecularly with substituted and unsubstituted ani-
lines in the presence of stoichiometric Cu(OAc)2 in hot mesitylene forming the corre-
sponding amine derivatives in moderate yield (equation 99)392.

N
Cu(OAc)2/O2

NH2N
+ H

N

41%

mesitylene
160 °C

(99)

Very recently, a mild and really catalytic synthesis of benzimidazoles from amidines
was suggested393. The intramolecular transformation proceeds under oxygen atmosphere
in the presence of only 15 mol% of Cu(OAc)2 and 2–5 equivalents of acetic acid additive
in DMSO at 100 ◦C (Scheme 60).
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The mechanism of the reaction is not clear but may include the formation of a cyclomet-
alated Cu(III) species394 that reductively eliminates copper(I) which, upon reoxidation
with oxygen, starts a new turnover (Scheme 61).
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III. CARBON–CARBON BOND FORMING REACTIONS
A. Copper-catalyzed Cross-coupling of C-Nucleophiles with Organic Halides

1. Sonogashira reaction

A traditional method for the synthesis of internal alkynes via stoichiometric reaction
between cuprous acetylides and aryl iodides is known as the Stephens–Castro substitution
reaction (equation 100)395,396.

IO2N

pyridine
Cu

+

O2N

75%

reflux

(100)

In the late 1980s, this rather harsh and synthetically limited transformation was replaced
with a universal palladium-catalyzed and copper-co-catalyzed cross-coupling of aryl (or
vinyl) halide with terminal acetylenes (Sonogashira–Hagihara reaction) which became a
leading methodology toward the synthesis of substituted alkynes397. However, more recent
studies demonstrated that this transformation can be performed using copper catalysts only.
For example, CuI/PPh3 was found capable of promoting coupling of terminal acetylenes
and vinyl or aryl iodides in an intermolecular (equation 101)398,399 and intramolecular
(equation 102)400 fashion in the presence of K2CO3 in DMF or DMSO at 80–120 ◦C.
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(101)
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Although some ligandless protocols were also suggested401,402, real improvement in
the scope of the transformation came together with the progress made in the field of
carbon–heteroatom bond-forming chemistry. For example, the use of Venkataraman’s
catalyst (Cu(phen)(PPh3)Br or Cu(phen)(PPh3)2NO2) allowed the synthesis of substi-
tuted alkynes from aryl iodides in a less polar medium (toluene) under relatively mild
conditions100 and led to the development of a straightforward synthetic route toward
2-substituted indoles (equation 103)403.

I

NH

COCF3

N
+

[Cu(phen)(PPh3)2]NO2 
K3PO4 (2 eq.), toluene

N
H

N

65%

110 °C

(103)

Coupling of less reactive aryl bromides became possible in the presence of CuI/N ,N-
dimethylglycine404 or CuI/DABCO405 catalysts. The catalysts operate in DMF in the
presence of K2CO3 or Cs2CO3 at 80–120 ◦C and show clean reactions even in the presence
of vulnerable functional groups such as carboxyl, methoxy, nitro, cyano, heteroaryl and
other groups. The same conditions can be employed for coupling of stereodefined vinyl
halides. No double isomerization is taking place.

If performed under the atmosphere of carbon monoxide, the transformation leads to
the formation of aryl alkynones in good yield and selectivity (equation 104)398,406.

Cu (TMHD)2
CO (20 atm)

I
H+

73%

O

TEA (2 eq.) 
toluene, 90 °C

(104)

Although no detailed mechanistic studies have been performed, this transformation
indicates that copper-catalyzed Sonogashira-like reactions proceed via the Cu(I)–Cu(III)
catalytic cycle (i.e. Scheme 48) since formation of the carbonylated products via nucle-
ophilic substitution pathway is unlikely.

Another approach toward aromatic or aliphatic alkynones is the copper-catalyzed reac-
tion of terminal alkynes with carboxylic acid chlorides, which proceeds in the presence of
ca 5 mol% of CuI under ligandless conditions in the presence of triethylamine in polar sol-
vents such as THF at room temperature (equation 105)407,408. However, the cross-coupling
nature of these reactions is not proven.

OPr-i
Cl

O

O

TBS

CuI (5 mol%)
TEA, THF, RT OPr-i

O

OTBS

+

65%

(105)

The utilization of aryliodonium salts as electrophiles was also reported (equation
106)409. As usual for this type of substrate, the transformation proceeds under very mild
conditions.
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+
CuI (10 mol%)
NaHCO3,

CO2Et
S

I+PhBF4
−

S
CO2Et

62%

DME/H2O, RT

(106)

2. Rosenmund–von Braun reaction
Reaction of the stoichiometric copper(I) cyanide with aryl halides under extreme reac-

tion conditions (150–250 ◦C), also known as Rosenmund–von Braun reaction, was a
classical method for the preparation of aromatic nitriles410. Recently, this reaction was
performed in catalytic fashion (equation 107). For example, 5 mol% of cuprous salts (CuI,
CuCN, CuBr or CuCl) successfully catalyze the halide–cyanide exchange of aryl iodides
in the presence of excess of NaCN in alkyl imidazolinium halide ionic liquids (bmil) as
the reaction medium411. Aryl bromides showed unsatisfactory conversions under these
conditions.

CuI (5 mol%)
bmiI, 120 °C

I

+    2 NaCN

CN

100%

(107)

To overcome the lack of reactivity of more challenging aryl bromides, an alternative ele-
gant approach relying on the copper-catalyzed aromatic Finkelstein reaction (Scheme 47)
was developed. The straightforward cyanation of aryl bromides is accomplished via sin-
gle copper species-catalyzed domino halide exchange-catalytic Rosenmund–von Braun
reaction412,413. It was found that 10 mol% of CuI in combination with 20 mol% of
DMEDA in the presence of 20 mol% of KI and 120 mol% of NaCN in toluene allows
complete conversion of aryl and heteroaryl bromides into the corresponding nitriles
(Scheme 62). Alternatively, the reaction can be carried out in DMF in the presence of
CuI/1,10-phenanthroline catalyst and acetone cyanohydrin as a cyanide source.

R

Br
CuI/DMEDA

KI, toluene

R

I
CuI/DMEDA

NaCN, toluene

R

CN

CN

MeO

MeO

91%

CN

AcHN

F

90%

CN

98%

CN

85%

N

N

N

CN

80% 87%

N

NC

NH2

95%

NC

N
H

Typical Products:

SCHEME 62
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Due to the spectacular functional group compatibility, this method provides an excellent
opportunity for the preparation of functionalized nitriles.

A more user-friendly version of this transformation was developed by Beller and
coworkers, who utilized nontoxic potassium hexacyanoferrate as a cyanide source414 – 416.
The coupling takes place in the presence of 10 mol% of CuI and 200 mol% of 1-butyl
imidazoles as a ligand in refluxing toluene. Under these conditions, aryl and heteroaryl
bromides couple smoothly almost independently of their steric and electronic properties: a
variety of functional groups are tolerated and even highly substituted aryl bromides show
decent conversion (equations 108 and 109).

NH2N

Br F

+      K4[Fe(CN)6]dry

CuI (10 mol%)
1-Butyl imidazole

NH2N

NC F

93%

(solvent) (108)

Br

+      K4[Fe(CN)6]dry

CuI (10 mol%)
1-Butyl imidazole

CN

85%

(200 mol%), toluene (109)

3. Hurley and related reactions

The original report by Hurtley in 1929 described a substitution of halogen in 2-
bromobenzoic acid with deprotonated acetylacetone, ethyl malonate and ethyl acetoacetate
in the presence of catalytic copper bronze417. The conditions were very mild and the yield
was acceptable; however, the reaction was found to be limited to chelating 2-halobenzoic
acids (equation 110).

Br

COOH

OO
+

Cumetal
EtONa/EtOH

COOH

O

O
reflux

(110)

Modern studies led to the development of better protocols utilizing homogenous cop-
per catalysts such as Cu(OAc)2, CuI or CuBr instead of insoluble copper bronze, and
NaH instead of NaOEt or NaOH418 – 424. Under these conditions the scope of the active
hydrogen compounds was greatly improved to include even sterically hindered enolates.
However, attempts to use aryl halides other than o-halobenzoic acid met with only limited
success425 – 427. Substrates lacking an o-assisting group normally required the utilization
of hard-to-manipulate solvents (DMSO or HMPT), stoichiometric copper in combination
with the presynthesized sodium enolate (or isolated copper enolates) and harsher reaction
conditions to form products in modest to high yield (equations 111–114).
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Br

CO2H

CO2EtEtO2C
+

CuBr
NaH, C6H6

CO2H

CO2Et

CO2Et

83%

70 °C

(111)

Br

CO2H

CNEtO2C
+

70 °C

36%

NH

O

CO2Et

(as solvent)

CuBr (7 mol%)
NaH, N2

(112)

Br CO2EtEtO2C

+
70 °C

NaO
Na+

CO2Et

CO2Et

NaO

97%

−
CuBr (1.2 eq.)
NaH, dioxane

(113)

Br CO2EtEtO2C

+
CuBr (1.2 eq.)
NaH, dioxane

H3CO Na+
CO2Et

CO2Et

H3CO

40%

−
70 °C

(114)

In 1993, Miura and coworkers reported the CuI-catalyzed Hurtley reaction of unacti-
vated (lacking an ortho-assisting group) aryl iodides and bromides with active methylene
compounds (malononitrile, ethyl cyanoacetate and ethyl malonate) that proceeded in the
presence of K2CO3 in DMSO at 120 ◦C and resulted in the formation of arylated products
in acceptable (up to 80%) yield (equation 115)428.

Br
CNNC

+
120 °C

CN

CN

75%

Cl
Cl

CuI (10 mol%)
K2CO3,DMSO

(115)

Although the procedure was more user-friendly due to the utilization of a simple potas-
sium carbonate, the harsh reaction conditions required to obtain reasonable conversions
limited the potential applications of the reaction in organic synthesis.

Under ligand assistance, the reaction proceeds at lower temperature and in a low boil-
ing solvent such as THF429. For example, Hennessy and Buchwald demonstrated that
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5 mol% of CuI and 10 mol% of 2-phenylphenol catalyze the Hurtley reaction between
aryl iodides and diethyl malonate in the presence of Cs2CO3 as a base. High yields of
the products were achieved with aryl iodides of different electronic properties even in the
presence of sterically demanding ortho-substituents. Good functional group compatibility
was observed (Scheme 63).

R

I
CuI (5 mol%)
2-phenylphenol (10 ml%)CO2EtEtO2C

R

CO2Et

CO2Et

+

1 eq. 2 eq.

CO2Et

CO2Et

CO2Et

CO2EtOMe

MeO

CO2Et

CO2Et

HO

CO2Et

CO2Et

N

CO2Et

CO2Et

CO2Et

CO2Et

H2N

O2N

84% 90% 80%

84% 73% 70%

Typical Products:

Cs2CO3, THF, 70 °C

SCHEME 63

Unfortunately, this reaction was limited to dialkyl malonates, and other active methy-
lene compounds such as 1,3-cyclopentandienone, 1,3-cyclohexanedione or Meldrum’s acid
were inactive.

Other catalytic systems were also found suitable for this transformation. For instance,
CuI/DMEDA was used for the intramolecular coupling of aryl bromides with 1,3-
dicarbonyl compounds (Scheme 64)430.

The six-membered ring closure of α-(2-bromobenzyl)-β-keto esters proceeds smoothly
in the presence of a substituent in the aromatic ring or in the β-keto ester chain, but
it changes the cyclization mode when δ-(2-bromophenyl)-β-keto esters are employed as
starting materials. In these cases the O-arylation mode is preferred and benzopyranes are
formed in good yield (equation 116).

A cascade arylation–condensation process was suggested as a straightforward route
toward polysubstituted indoles431,432. The reaction is catalyzed by a CuI/L-proline couple
and proceeds at very mild heating (RT–50 ◦C) due to the presence of an ortho-activator.
The condensation step is acid-promoted and does not require the prior isolation of the
arylated intermediate (Scheme 65).
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Typical Products:

CuI (10 mol%)
DMEDA (20 mol%)

O

CO2Me

Br

CO2Me

O

CO2Me

O
R

Bn

R

CO2Me

O

CO2Me

O

R′

R′

Ac

72% 85% 80%

Cs2CO3, dioxane, 70 °C

SCHEME 64

CuI (10 mol%)
DMEDA (20 mol%)

Br

CO2Me

O O

CO2Me

99%

Cs2CO3, THF, 70 °C (116)

I

NHCOCF3
CuI (10 mol%)
L-proline (20 mol%)

Cl

O O

OEt

+

NHCOCF3

Cl

OEtO

O

NH2

Cl

OEtO

O

HCl

Cl

N
H

CO2Et

44%

Cs2CO3, DMSO, RT

SCHEME 65
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The reaction conditions applicable to aryl bromides require 30–50 ◦C heating to achieve
maximal conversion, differently substituted β-keto esters and β-keto amides, and tolerate
a variety of functional groups at the aromatic ring.

Similarly, 2,3-disubstituted benzofurans were synthesized from 1-bromo-2-iodoben-
zenes and β-keto esters via sequential C−C/C−O bond-forming reactions (Scheme 66)433.

I

Br
CuI (10 mol%)

R′

O O

OEt

+

OEtO

O

R′
R

R

OEtO

OH

R′

RBr Br

O

R′

CO2Et

R

K2CO3, THF, 100 °C

SCHEME 66

Finally, an enantioselective version of this transformation was suggested by Ma and
coworkers434. The reaction of alkyl 2-methylacetoactates with 2-iodotrifluoroacetanilides
proceeds even at very low temperature (−45 ◦C) when catalyzed by CuI/(2S,4R)-4-
hydroxyproline catalyst in aqueous DMF in the presence of NaOH (Scheme 67). It is
worth noting that other ligands showed no activity at such a low temperature.

NHCOCF3

I

CuI (10 mol%), (2S,4R)−4-
hydroxyproline (20 mol%)

O O

OR
+

O

O OR

Me

O

O OBu-t

Me

NHCOCF3

NHCOCF3

R

R = Me             
R = CH2OH     
R = OMe           
R = F                 
R = I                  
R = CO2Me

R′

R′
NaOH, DMF/H2O, −45 °C

79% (93% ee)
77% (91% ee)
78% (87% ee)
81% (83% ee)
79% (81% ee)
29% (60% ee)

SCHEME 67

92



Copper-mediated cross-coupling reactions

The quaternary chiral centers form in moderate to excellent enantioselectivity depending
on several parameters: i) the size of the ester moiety, i.e. the presence of bulkier alkyl
groups dramatically improves the enantioselectivity; ii) the electronic nature of the aryl
bromide, i.e. electron-rich substrates generally show better enantioselectivity.

4. Cross-dehydrogenative coupling

Several examples of the copper-mediated cross-dehydrogenative coupling processes
appeared in the literature very recently. For example, active organocopper(I) intermediates
can be generated by interaction of simple copper salts with in situ formed sp2-carbon
nucleophiles. The latter can, in principle, participate in cross-coupling reactions with
aryl or vinyl halides following the usual Cu(I)–Cu(III) catalytic cycle. This strategy was
applied to the arylation and vinylation of heterocycles such as oxazole, benzoxazole, imi-
dazoles and triazole derivatives that can be easily deprotonated with relatively strong bases
such as LiOBu-t or KOBu−t435,436. Unfortunately, the reaction conditions are rather harsh
and require 100–140 ◦C heating in order to achieve acceptable conversions (Scheme 68).

N

X

H

X = O, S or N

CuI (10 mol%)Br

+
N

X

X = O, S or NR

R

N

O

N

N

N
N

NN

N

O

O

55% 57% 78%

Typical Products:

LiOBu-t, DMF
140 °C

SCHEME 68

The acidity of the aromatic hydrogens in perfluorinated arenes is high enough to
allow a facile deprotonation even with K3PO4 in DMF at 120–140 ◦C437. Therefore, such
compounds can be arylated with aryl iodides and bromides in the presence of CuI/1,10-
phenanthroline catalyst (Scheme 69).

B. Copper-catalyzed Cross-coupling of Organometallic Reagents with Organic
Halides

1. Organoboron reagents

A very reliable palladium-catalyzed Suzuki–Miyaura reaction became a leading method
for the construction of C−C bonds from aryl or vinyl halides and organoboron compounds.
Although the scope of the method is remarkable and limitations are negligible, several
copper-catalyzed palladium-free versions of this reaction were developed.
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Typical Products:

F

H

FF

F

F

CuI (10 mol%)
1,10-phenanthroline

Br

R

+

F

FF

F

F

R

F

FF

F

F F

FF

F

F

F

F

FF

F

F

Ph

87% 92% 77%

K3PO4, DMF
140 °C

SCHEME 69

One of the first examples of the copper-catalyzed Suzuki-type chemistry refers to the
reaction of alkynyl bromides and in situ prepared organoboron compounds which proceeds
in the presence of 5 mol% of Cu(acac)2 and LiOH as a base at very low temperature
(−15 ◦C) (equation 117)438 – 440.

+

Cy2B
C6H13−n

H

H
Cu(acac)2 (5 mol%)

Br

TMS

C6H13−n

H

H

TMS

77%

LiOH, −15 °C

(117)

Later, Rothenberg and coworkers demonstrated that reactions of aryl iodides (bromides
were found inactive under these reaction conditions) and phenylboronic acid take place
in the presence of palladium-free colloidal copper441,442. The same method was extended
to include unactivated aryl bromides and even some activated (electron-poor) aryl chlo-
rides when the reaction was performed in coordinating PEG-400 as a solvent and in
the presence of 20 mol% of molecular iodine (whose role remained unclear) at 110 ◦C
(equation 118)443.

I

Cl

B(OH)2

F

+

Cl

F

84%

Cu metal, I2

PEG-400, K2CO3 (118)
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CuI/DABCO405,444 and CuI/TBAB445 can be employed for the same transformation.
The reactions are carried out in DMSO or DMF in the presence of Cs2CO3 at high
temperature.

The utilization of aryl iodonium salts as electrophiles was also reported (equation
119)446.

B(OH)2

Cl

+
CuI (2 mol%)

Cl

97%

Cl

Ph2I+BF4
−

Cl

NaOH, DME/H2O

(119)

It is worth noting that copper-mediated reactions are not superior to the traditional
palladium-catalyzed ones either in scope or in reaction conditions.

2. Organotin compounds

In 1990, the beneficial effect of copper cocatalyst on palladium-catalyzed Stille cross-
coupling was identified447. Almost immediately, it was found that overstoichiometric
copper chloride is capable of promoting intramolecular Stille reaction under palladium-free
conditions (equation 120)448,449. The reported transformations took place within minutes
and were generally cleaner than their palladium-catalyzed counterparts.

 60 °C, 2 min

85%CO2Et

I

CO2Et

Me3Sn CuI (200 mol%)
DMF

(120)

In 1996, Allred and Liebeskind developed a mild coupling of arylstannanes with vinyl
iodides promoted by stoichiometric (or higher) copper(I) thiophenecarboxylate (CuTC) in
NMP (equation 121)450. The coupling is very useful for thermally unstable substrates since
it proceeds at 0 ◦C to RT451 – 453. They also found that the transformation can be effected
with catalytic copper but in the presence of stoichiometric CsF additive. Unfortunately,
the catalytic version appeared to be less general (equation 122).

O
SnBu3

I

Bu-t

+
CuTC (150 mol%)

DMF Bu-t
O

77%

23 °C, 30 min
(121)
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SnBu3
I

+
CuTC (30 mol%)

DMF, CsF (120 mol%)

91%
Cl

Cl

60 °C, 8 h

(122)

After this precedent, several groups reported the development of CuI-catalyzed proto-
cols for the Stille cross-coupling of aryl454,455, vinyl454, allyl456 and alkynyl iodides457

with organostanannes. The scope of organostanannes includes aryl, heteroaryl, alkenyl,
alkynyl and allyl derivatives (equations 123–125).

+

94%

O

O

I

po
ly

m
er

OBu3Sn

O

O

po
ly

m
er

CuI (10 mol%)
NMP, NaCl (200 mol%)

O

100 °C, 20 h

(123)

+

76%

I
SBu3Sn

CuI (10 mol%) S

Ph

HO

Ph

HO

DMF, NaCl 
RT, 6 h

(124)

CuI (10 mol%)
MnBr2 (10 mol%), NMP

Ph

I
Bu3Sn

Ph+ Ph

Ph

53%

100 °C, 8 h
(125)

Unfortunately, all the suggested catalytic reactions are slow in comparison with the
stoichiometric ones and often require elevated temperatures in order to reach complete
conversions. The possible explanation for this difference is the reversibility of the trans-
metallation of RSnBu3 with the copper species (equation 126)449,450.

RSnBu3   +    CuI                      Cu-R   +   I-SnBu3 (126)

Although the presence of stoichiometric alkali metal chlorides or fluorides can improve
the situation by converting the Bu3SnI into the corresponding chloride or fluoride, which
do not participate in the back-reaction, the performance of these catalytic systems is
relatively weak.

The use of aryl iodonium electrophiles in very mild carbonylative Stille-type coupling
was also demonstrated (equation 127)446,458.
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OBu3Sn CuI (10 mol%)
DME, CO (1 atm)

I+PhBF4
−

+

94%

O

O

RT, 20 min

(127)

3. Organosilicon compounds

Transmetallation from silicon to copper to form active organocopper(I) compounds is
a process that was observed directly or suggested without obvious evidence (Scheme
70)459 – 463. This fact along with indications that copper(I) species are capable of oxidative
addition/reductive elimination reactions make the copper-catalyzed Hiyama-type cross-
coupling theoretically possible.

R SiMe3
CuCl

DMI
R Cu

R = Ph (81%)
R = C6H13 (58%)

Si

Me Me

t-Bu Bu-t
CuI (10 mol%)

MeOD (5 eq.)
CH2Cl2

Me
Cu

Me

Sit-Bu I

Bu-t

Me
D

Me

Sit-Bu OMe

Bu-t

DMI = 1,3-dimethyl-2-imidazolidinone

SCHEME 70

Despite this possibility, examples of this transformation are very rare. For example,
heteroarylsilanes464 (e.g. 2-trimethylsilylthiazole) or alkynylsilanes465 react with aryl or
vinyl iodides in the presence of overstoichiometric cuprous halides in 1,3-dimethyl-2-
imidazolidinone (DMI) at 120–130 ◦C (equations 128 and 129). The reactions of arylsi-
lanes under the same conditions are more satisfactory.

Stoichiometric copper-promoted synthesis of trifluoromethyl-substituted arenes466 and
heteroarenes467 was reported. The method is limited to activated aryl iodides and electron-
deficient heterocycles but delivers products in acceptable yields (equations 130 and 131).
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I

+
CuI (1.5 eq.)

DMI, 130 °C

93%

N

STMS
N

S

(128)

Me

TBSO

OAc

Me

TMS
CuCl (2 eq.)

DMI, 120 °C
Me

TBSO

OAc

Me

I+

64%

(129)

I

Cl

+      CF3SiEt3
CuI (1.5 eq.)

KF, DMF, 60 °C

CF3

Cl
35%

(130)

N I

+      CF3SiMe3

CuI (1.1 eq.)

KF, NMP,RT

N CF3

Br Br

74%

(131)

The only copper-catalyzed cross-coupling of alkynylsilanes with 1-chloroalkynes was
suggested by Mori and coworkers468. They found that unsymmetrical diynes can be pre-
pared in moderate yields using only 10 mol% of copper(I) chloride (equation 132).

SiMe3

CuCl (10 mol%)

DMF, 80 °C

MeO

Cl

+ MeO

65%
(132)

4. Organomagnesium compounds

Back in 1936, Linn and Noller reported that if cuprous bromide is allowed to react
with an excess of ethylmagnesium bromide in diethyl ether, a copper-containing solution
forms that is capable of catalyzing the reaction of ethylmagnesium bromide and ethyl
bromide to give a mixture of ethane and ethylene469. Later studies, however, showed that
not only a disproportionation pathway but also catalytic cross-coupling can be achieved
if the reaction is performed in tetrahydrofuran solution (equation 133)470 – 472.

Et-MgBr    +     EtBr                        Et-Et      +      MgBr2
CuBr

THF
(133)
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The method became synthetically useful after suitable conditions for cross-coupling
of alkyl473, vinyl474 – 476, allyl475,477 and aryl475,478,479 Grignard reagents with organic
halides were found. The reactions are usually catalyzed by 1–10 mol% of either cuprous
halides (CuCl, CuBr or CuI) or more soluble copper complexes such as CuCl2/TMEDA480,
CuBr/HMPA478, Li2CuCl4479 or CuBr/LiBr/PhSLi481 in THF and proceed at ambient tem-
peratures (equation 134).

MgBr

MeO

Br

Li2CuCl4 (10 mol%)
+

MeO

3

3

88%
THF, RT

(134)

Obvious limitation of the organomagnesium chemistry is a low functional group com-
patibility of the highly reactive organometallics. However, at mild reaction temperature
the catalyzed reactions are often faster than possible side reactions associated with the
nucleophilic attack by the Grignard reagent, which allows, in some cases, the synthesis
of functionalized targets (equations 135 and 136).

+ N

Ph

BrMg H

PhBr
CuI (10 mol%)

THF, 0 °C N

Ph

H

Ph

excess

92%

(135)

MgCl

+ Br
CN

CuBr (10 mol%)
THF, 0 °C–RT

CN

98%

(136)

These reactions are usually limited to organic bromides or iodides, but alkyl chlo-
rides were recently reported as suitable coupling partners in the presence of CuCl2
(2 mol%)/1-phenylpropyne (10 mol%) catalyst482. It was suggested that 1-phenylpropyne
is responsible for the stabilization of thermally unstable alkyl copper intermediates which
allows one to carry out the reaction at the elevated temperatures necessary for the activa-
tion of less active alkyl chlorides (equation 137).

Cl
+

BrMg CuCl2 (2 mol%)
1-Phenylpropyne

98%

 (10 mol%), THF
reflux

(137)

Apart from organic halides, alkyl triflates483 – 486, tosylates481,487 – 492 and phosphates493

couple with Grignard reagents in the presence of copper catalysts. These readily accessible
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starting materials greatly extend the scope of the method (equations. 138–140).

MeO2C CO2Me

OTf

CuI (10 mol%)
MeMgI, THF

MeO2C CO2Me

Me

96%

RT
(138)

TBDMSO OTs

Li2CuCl4 (5 mol%)
n-C5H9MgBr (5 equiv)

THF, 48 h, RT
TBDMSO C5H9-n

90%

(139)

OP(OEt)3

O

O

ClMg

CN

DME, RT

+

O NC
88%

CuCl (10 mol%)
P(OEt)3 (20 mol%)

(140)
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I. INTRODUCTION
Fluorinated copper reagents have been utilized as replacements for many of the unstable
fluorinated lithium or magnesium reagents. This chapter details methodology for the prepa-
ration of a wide variety of fluorinated copper reagents and specific applications of these
reagents in functionalization processes. The coverage is designed as a general overview of
each type of fluorinated copper reagent and is not intended to be a comprehensive review
of every application of a fluorinated copper reagent in the chemical literature. Our goal is
to acquaint the reader with the general types of fluorinated copper reagents available, their
preparation and specific examples of their functionalization, so as to inform the reader
of the current state of knowledge of this class of organometallic reagents and how these
types of organometallic reagents can be utilized in their own research. Our emphasis is on
fluorinated copper reagents that have been observed or detected or for which the experi-
mental evidence is in agreement with the formation of a fluorinated copper reagent. There
are numerous examples of copper mediated reactions in the literature, which most likely
proceed via a fluorinated radical intermediate. These types of copper mediated processes
are not covered in this chapter.

II. FLUOROALKENYLCOPPER REAGENTS
A. Introduction: Symmetrical Coupling of Fluoroalkenyl Halides

Attempts at the preparation of fluoroalkenylcopper reagents directly from the corre-
sponding fluoroalkenyl iodides or bromides with various forms of activated copper powder
have not been successful. The corresponding symmetrical diene was obtained as the major
product of this type of reaction, as illustrated in equations 1 and 21 – 6. Similar diene forma-
tion with (E)- or (Z)-substituted fluoroalkenyl iodides were reported by Yagupol’skii and
coworkers7 and Burton and coworkers8 (equations 3 and 4). Riess and coworkers reported
similar couplings of a series of bis(1,2-(perfluoroalkyl)-iodoethenes to afford 1,2,3,4-
tetrakis(perfluoroalkyl)-1,3-butadienes (equation 5)9. Burton, MacNeil and coworkers uti-
lized similar methodology to stereospecifically prepare (2E,4E,6E,8E)-perfluoro-2,4,6,8-
decatetraene (equation 6)8. Cyclic analogs, such as 1-iodo-2-chloroperfluorocyclobutene,
cyclopentene and cyclohexene, yielded the corresponding 2,2′-dichloroperfluoro(bis-1-
cycloalken-1-yl) derivatives on coupling with copper powder (equation 7)10,11. Coupling
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of 1,2-diiodoperfluorocyclobutene and cyclopentene under similar conditions gave good
yields of cyclic trimers and tetramers10 – 12. When only 0.5% wt of DMF was used at
130 ◦C, 50% of the cyclic trimer and 34% of perfluorocyclooctatetraene (tetramer) was
formed from perfluoro-1,2-diiodocyclobutene. X-ray crystal structures of these compounds
showed that the tetramer was planar13, and that the central ring of the trimer14 had
bond lengths and angles essentially identical with those of benzene itself. Haszeldine
and coworkers reported a similar copper mediated self-coupling of hexafluoro-2-iodo-3-
trifluoromethylbut-2-ene. However, it was not possible to assign unequivocally the highly
hindered structure of the final product as 1,6-di(trifluoromethyl)-2,3,4,5-tetra(trifluoro-
methyl)-hexa-2,4-diene or its cyclobutene isomer, formed at the high temperature of the
reaction (equation 8)15.

2  FClC=CFI   +   Cu
24 h

145 °C
FClC=CF–CF=CFCl

mixture of isomers mixture of 3 isomers

(1)

2  F2C=CFI   +   Cu DMF
F2C=CF–CF=CF2

63–67%
(2)

F I

F

+   Cu
DMF

F

F

X = NO2, 95%

X

X X

heat
(3)

F F

I
+ Cu

F F
DMSO/5 h

110–120 °C

Me

FF

Me

98%Me

(4)

RfCH=CIRf′   +   Cu
  24 h

220 °C
RfCH=C(Rf′)-C(Rf′)=CHRf (5)

Cu
DMSO

     RT
overnight

F

F
F CF3

FF

F3C F

F

F

I

F

F3C F

F

F

(6)
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DMF

n = 2, 3, 4 n = 2, 69%
n = 3, 36%
n = 4, 73%

(CF2)n

Cl I

+  Cu
(CF2)

Cl

(CF2)

C=C C=C C=C

Cl

nn

(7)

(CF3)2C=CICF3
Cu bronze

200 °C/24 h
     77%

(CF3)2C=C(CF3)C(CF3)=C(CF3)2

or

F3C CF3

CF3

CF3

F3C CF3

(8)

B. Pre-generation of Perfluoroalkenylcopper Reagents

1. Via metathesis reactions

a. From perfluoroalkenylsilver reagents. The first example of a pre-generated fluo-
roalkenylcopper reagent was reported by Miller and coworkers, who reacted (E)-perfluoro-
2-buten-2-ylsilver with copper bronze and (CH3)2S to afford the corresponding perfluo-
roalkenylcopper reagent (equation 9)16. Similar results were obtained when AgF and Cu
were reacted with perfluoro-2-butyne in dimethyl sulfide at 30 ◦C for three hours. Since it
is not possible to prepare a variety of perfluorovinylsilver precursors from unsymmetrical
perfluoroalkynes in a stereo- and regio-controlled manner, this method is not a general
route to fluoroalkenylcopper reagents.

CF3C
(CH3)2S

30 °C

Cu bronze

 (CH3)2S
3 h/30 °C

+   AgCCF3

F3C Ag

CF3F

F3C Cu

CF3F

AgF

(9)

b. From fluoroalkenylzinc and cadmium reagents. As noted in Section II.A, no direct
observation of a stable fluoroalkenylcopper reagent was observed when fluoroalkenyl
iodides were reacted with Cu(0). Hansen, Burton and coworkers rationalized that the diene
formation most likely occurred in two steps2,3,8: (1) slow formation of the fluoroalkenyl-
copper reagent (equation 10) followed by: (2) rapid reaction of the fluoroalkenylcopper
reagent with a second equivalent of the fluoroalkenyl iodide precursor (equation 11). The
overall reaction is shown in equation 12.

F2C=CFI   +   2Cu
slow

[F2C=CFCu]   +   CuI (10)

[F2C=CFCu]   +   F2C=CFI
fast

F2C=CF-CF=CF2   +   CuI (11)

2 F2C=CFI   +   2 Cu F2C=CF-CF=CF2   +   2 CuI (12)
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In later work, Hansen, Burton and coworkers demonstrated that pre-generated triflu-
orovinylcopper reagent reacted readily with iodotrifluoroethene to afford perfluoro-1,3-
butadiene in 63% yield8. Thus, if the initially formed fluoroalkenylcopper reagent is to
survive, this reagent must be generated in the absence of any alkenyl iodide precursor,
thus preventing the rapid second reaction outlined in equation 11 (similar to the exchange
process employed by Miller and coworkers, equation 9). We had previously reported that
fluoroalkenyl iodides and bromides could be stereospecifically converted into the corre-
sponding fluoroalkenylzinc or cadmium reagents via direct reaction of the fluoroalkenyl
halides with Zn(0) or Cd(0) (equation 13)17,18. With these metals, no diene formation
occurred under the reaction conditions employed.

F2C=CFX  +  M
DMF

RT to 60 °C
[F2C=CFMX]  +   [F2C=CF ] 2M   +  MX2

M = Zn, CdX = I, Br

(13)

We utilized this lack of diene formation to affect the formation of the fluoroalkenyl-
copper reagent via metathesis of the corresponding fluoroalkenylzinc or cadmium reagent
with copper (I) halides (equation 14)19. Since no fluoroalkenyl halide is present in the
fluoroalkenylzinc or cadmium solution, the fluoroalkenylcopper reagent survives and is
readily detected by 19F NMR. The fluoroalkenylcopper reagents exhibit excellent stability
at room temperature in the absence of oxygen and/or moisture. At higher temperatures
(>50 ◦C) they undergo rapid decomposition. With substituted fluoroalkenylzinc or cad-
mium reagents, similar rapid exchange occurs with Cu(I) halides to stereospecifically
afford the corresponding fluoroalkenylcopper reagents in good yield, as summarized
in Table 1. Thus, if the requisite fluoroalkenyl iodide or bromide is available or can
be prepared, the fluoroalkenylzinc or cadmium can be prepared stereospecifically and
exchanged with Cu(I) halides to give the corresponding fluoroalkenylcopper reagent.
Both regiochemistry and stereochemistry can be controlled, thus providing a general
entry to this class of reagents. Subsequent to our initial report19, Choi and coworkers
extended this strategy to the corresponding fluorocycloalkenyl analogs20 – 22. In a series
of papers, they converted 1-iodo-2-chloroperfluorocycloalkenes into the corresponding 2-
chloroperfluorocycloalkenylzinc reagents. Subsequent exchange with Cu(I)Br afforded the
corresponding stable 2-chloroperfluorocycloalkenylcopper reagents (equation 15).

[F2C=CFMX]   +   Cu(I)Y DMF

RT
[F2C=CFCu]

M = Zn, Cd Y = I, Br

X = halide or F2C=CF

(14)

C=C

Cl

n = 2, 3, 4

Zn

DMF
 RT

C=C

Cl ZnI

Cu(I)Br

RT
C=C

Cl

(CF2)

92–98%

CuI

(CF2)n (CF2)
n n

(15)
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TABLE 1. Preparation of fluoroalkenylcopper reagents

RfC(Y)=CFX   +   Metal
1. DMF

    RT to 60 °C
2. Cu(I)Br

[RfC(Y)=CFCu]

Rf Y X M % Rf(Y)=CFCu a

(Z)-CF3 F I Cd 92
(Z)-CF3 F I Zn 76
(E)-CF3 F I Cd 83
(Z)-CF3(CF2)4 F I Cd 87
(Z)-CF3 Cl I Cd 78
(E/Z)-CF3 Ph Br Zn 84 (E/Z)

a Yields determined by 19F NMR.

Internal fluoroalkenyl halides also readily form fluoroalkenylzinc reagents, which read-
ily exchange with Cu(I) halides to afford the internal fluoroalkenylcopper reagents
(equation 16)8,23.

CF3C(Br)=CF2
Zn

DMF
[CF3C(ZnBr)=CF2]

Cu(I)Br
[CF3C(Cu)=CF2] (16)

The internal fluoroalkenylzinc or cadmium reagents can also be prepared from the
corresponding 2-hydroperfluoroalkene via lithiation followed by reaction of the lithium
reagent with zinc or cadmium halides, as illustrated in equation 1723. Functionalized
fluoroalkenylzinc reagents also readily exchange with Cu(I)Br to afford the corresponding
functionalized fluoroalkenylcopper reagents. The configuration is preserved (as expected)
in the exchange process (equation 18)24.

CF3CH=CF2
LDA

−78 °C
[CF3C(Li)=CF2]

ZnI2

 or
CdI2

[CF3C(MI)=CF2]

M = Zn, Cd

(17)

Zn

DMF
 93%

Cu(I)Br

74%
I

F F

CO2Et IZn

F F

CO2Et Cu

F F

CO2Et
(18)

c. From fluoroalkenyltin reagents. Organotin precursors can also be utilized in exchange
processes with Cu(I) halides to produce the corresponding fluoroalkenylcopper reagents
(equation 19)24. Fluoroalkenylcopper species were also detected as intermediates in the
copper (II) mediated homo-coupling of 1,2-difluorovinylstannanes (equation 20)25.

+   Cu(I)I
DMF

+   Bu3SnI

Bu3Sn

F F

CO2Et Cu

F F

CO2Et
(19)

Cu(OAc)2

 DMF
O2/RT

46%

F

Bu F

SnBu3 F

Bu F

F

F

Bu
(20)
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C. Formation of Fluorinated Cumulenes via Decomposition of α-Halo-(X = I,
Br, Cl)-substituted Fluoroalkenylcopper Reagents

In the fluoroalkenylcopper reagent methodology outlined in Section II.A above, the
copper reagents all contained an α-fluorine or an α-perfluoroalkyl substituent. They were
all stable to ca 50 ◦C. When the preparation of a fluoroalkenylcopper reagent that con-
tained an α-halogen other than fluorine was attempted (by a similar strategy to that
obtained in the previous section), no stable fluoroalkenylcopper reagent was detected at
room temperature. Thus, when 1,1-dibromo-2-phenyl-3,3,3-trifluoropropene was reacted
with zinc, a stable monoorganozinc reagent was formed. However, upon exchange of
the α-bromovinylzinc reagent with Cu(I)Br, only the (E)- and (Z)-butatriene isomers
were detected (equation 21)26,27. The E/Z cumulenes were readily separated, and pure
multigram quantities of (E)- and (Z)-cumulenes could be isolated by chromatography.
Other E/Z mixtures of cumulenes prepared by this methodology27 in the yields given are:
CF3CF2C(Ph)C=C=C=C(Ph)CF2CF3, 65%; CF3CF2CF2(Ph)C=C=C=C(Ph)CF2CF2
CF3, 70% and CF3(C6F5)C=C=C=C(C6F5)CF3, 68%. X-ray crystallographic analysis of
one of each of the E/Z isomeric pairs noted above unequivocally confirmed the structural
assignments26,28. Thermal isomerization of the isolated butatrienes was achieved at 110 ◦C
(6 h)27. Note that a β-halo-substituent in the fluoroalkenylcopper reagent does not desta-
bilize the copper reagent (cf. Table 1 and References 20–22). Mechanistic work with the
E/Z isomers of CF3C(Ph)=CClCu indicated that the α-chlorovinylcopper reagent could
be detected at −45 ◦C by 19F NMR. On warming to 0 ◦C, the 19F NMR signals assigned
to the α-chlorovinylcopper reagent disappeared and the integration of the 19F NMR sig-
nals for the dienyl isomers accounted for 99% of the fluorines. Quenching the reaction
mixture with HCl afforded the E/Z isomers of the dienylcopper intermediate. When the
dienylcopper intermediate was warmed to room temperature, only the E/Z-butatrienes
CF3(Ph)C=C=C=C(Ph)CF3 were observed by 19F NMR analysis of the reaction mixture.
The mechanism shown in Scheme 1 for cumulene formation was proposed27.

CF3C(Ph)=CBr2
Zn

DMF
 RT

90%

Cu(I)Br

DMF
−40 °C to RT

72%

E/Z

[CF3C(Ph)=C(Br)ZnBr] CF3(Ph)C=C=C=C(Ph)CF3

(21)

Cl

Ph
PhCu

F3C
CF3

b-elimination

on warming Ph

C C

F3C Ph

CF3

Cl

Ph
PhH

F3C
CF3

Cl

Ph Cu

F3C

Cu

Ph Cl

F3C

HCl

SCHEME 1
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Defluorination of the cumulenes can be easily accomplished under mild conditions and
affords a convenient route to divinylacetylene derivatives (equation 22)29,30. Both the (E)-
and (Z)-cumulenes gave >95% of the (E,E)-divinylacetylene product. X-ray analysis
of (E,E)-CF3C(F)=C(Ph)-C≡C−C(Ph)=CFCF3 confirmed the structural assignment30.
Japanese workers utilized these cumulenes to prepare tetraaryltetrakis(trifluoromethyl)[4]-
radialenes31 – 33.

(E)-or (Z)-Rf(Ph)C=C=C=C(Ph)Rf
Zn

RT/18 h
Rf

PhF
C C

Rf = C2F5, C3F7

C C

F

Rf

Ph
(22)

D. FUNCTIONALIZATION REACTIONS OF FLUOROALKENYLCOPPER
REAGENTS

In this section, representative reactions of fluoroalkenylcopper reagents are summarized.

1. Protonation (equation 23)

Cl

Cu

F +  aq. HCl
92%

20
Cl

H

F (23)

2. Allylation (equation 24)

F3C F

CuF
+   H2C=CHCH2Br DMF

 RT
94%

F3C F

CH2CH=CH2F

19

(24)

3. Acylation (equation 25)

+   CH3C(O)Cl
DMF

 77%

F3C F

C(O)CH3F

19

FF3C

F Cu

(25)

The fluoroalkenylcopper reagent need not be pre-formed to successfully accomplish
acylation. Spawn and Burton developed a useful Cu(I) mediated acylation of the trifluo-
rovinylzinc reagent as a route to trifluorovinyl ketones (equation 26)34.

F2C=CFI
Zn

[F2C=CFZnI]
RC(O)Cl

Cu(I)Br (cat.)
        RT85–95% 50–87%

F2C=CFC(O)R
triglyme or 
 tetraglyme

R = CH3, CH3CH2, CH3CH2CH2, H3C(CH2)4,
(CH3)2CH, (CH3)3C, C(O)OCH2CH3

(26)
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4. Benzylation (equation 27)

Cl

Cu

F +   C6H5CH2Br
48%

Cl

CH2C6H5

F

21

(27)

5. Alkylation (equation 28)

F3C F

CuF

+   CH3I DMF

81%

F3C F

CH3F

19

(28)

6. Alkenylation (equation 29)

F3C F

CuF

+
DMF

54%

F3C F

IPh

19
F3C F

F
Ph

CF3F

(29)

7. Arylation (equation 30)

50%
Cl

Cu

F
+   PhI

Cl

Ph

F

22

(30)

8. Silylation

The preparation of trifluorovinylsilanes has been known for many years. When tri-
fluorovinyllithium or its corresponding Grignard reagent is reacted at low temperature
with chlorotrimethylsilane, 1,2,2-trifluoro-2-trimethylsilane is formed in reasonable yields.
However, the use of (CH3)3SiCl presented serious isolation problems and silanes, such
as (CH3CH2)3SiCl and ClSi(CH3)2Ph, were utilized to permit easy separation of the tri-
fluorovinylsilane from solvent and RLi/F2C=CFX exchange product35. Recently, Jairaj
and Burton have reported a useful, large scale preparation of F2C=CFSiMe3 from tri-
fluorovinylcopper (equation 31)36. This methodology avoids the previously described
problems associated with lithium or magnesium reagents, is easily scaled up and avoids
any low temperature reactions and unstable intermediates.

F2C=CFBr
Zn

DMF
  RT

[F2C=CFZnBr]
Me3SiCl

     DMF
Cu(I)Br (cat.)

F2C=CFSiMe3

65%
(31)
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9. Addition to perfluoroalkynes

Hansen, Burton and coworkers2,5 found that trifluorovinylcopper added to perfluoro-
2-butyne stereospecifically to afford the syn-addition product. Quenching the addition
product with iodine gave only the syn-product. No anti-addition product was detected. The
coupling constant between the trifluoromethyl groups provided evidence for the assign-
ment of the syn-addition mode (equation 32)37. Reaction of the syn-addition product with
iodobenzene afforded the corresponding arylated derivative. Reaction of (Z)-1,1,2,5,5,5-
hexafluoro-4-phenyl-3-trifluoromethyl-1,3-pentadiene with pyridine resulted in the forma-
tion of the diastereomeric 4-quinolizone derivatives (after hydrolysis) (equation 33)37. The
structure of the two diasteromeric products was determined by X-ray crystallography.

[F2C=CFCu]   +   CF3C CCF3

DMF

F3C

Cu

CF3

I2

63%

F2C=CF

76%

F3C

I

CF3

F2C=CF

F3C

C6H5

CF3

F2C=CF

C6H5I
80–90 °C

(32)

N N

+
benzene

RT

O

CF3
H

CF3Ph

F

+
N

O

CF3

CF3Ph

F

54% 21%

Ph

F

CF3

F

F

CF3 H

(33)

When the trifluorovinylcopper addition product to perfluoro-2-butyne reacted with 1,4-
diiodobenzene, and the resultant product photolyzed at 254 nm, two isomers of C18H2F16
were isolated (after purification) (equation 34)38,39. The structure of these two isomers
were determined by X-ray crystallography to be 3,4,5,6-tetrafluoro-1,2,7,8-tetrakis(tri-
fluoromethyl)phenanthrene and 3,4,7,8-tetrafluoro-1,2,5,6-tetrakis(trifluoromethyl)anthra-
cene.

10
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F2C=CF hn

254 mm

+

28%

7%

CF3

F3C

F

F

F
F

CF3

CF3

F3C

F3C

F F F F

CF3

CF3

CF3F3C

F3C CF3

CF=CF2

(34)

The trifluorovinylcopper addition product to perfluoro-2-butyne readily undergoes the
expected acylation reaction. However, the acylated product spontaneously undergoes an
electrocyclization reaction to afford the perfluoropyran derivative (equation 35)2,4. If the
perfluorovinylcopper reagent contains bulky groups at the β-position, cyclization of the
dienyl ketone is not spontaneous, and the dienyl ketone can be isolated (equation 36).
Heating the hindered ketone promotes formation of the pyran product.

F3C

Cu

CF3

F2C=CF
+  RC(O)Cl

F3C

C-R

CF3

F2C=CF

O

spontaneous

O

CF3

CF3

R

F

F

F

(35)

Cl

F3C F

F3C

Cu

CF3

Cl

F3C F

F3C

CCF3

CF3

CF3C(O)Cl

O

stable

70 °C

O

CF3

CF3

CF3

Cl

F3C

F

(36)
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10. Insertion of CF2 units

Trifluoromethylcopper is much less thermally stable than its higher homologs. On
standing at room temperature (in DMF), CF3Cu slowly converts to CF3CF2Cu. Thus,
CF3Cu can act as a CF2 unit transfer agent. When (Z)-pentafluoropropenylcopper reacts
with CF3Cu in DMF at −30 ◦C, and the mixture warmed to room temperature, 19F
NMR analysis of the reaction mixture indicated that a double insertion of CF2 units
had occurred to form a new homoallylic copper reagent with retention of stereochemistry
(equation 37)40,41. The assigned structure of the new homoallylic copper reagent was
confirmed by functionalization with allyl bromide.

F

F3C F

Cu

+   2 CF3Cu
DMF

F

F3C F

CF2CF2Cu

F

F3C F

CF2CF2CH2CH=CH2

H2C=CHCH2Br48% (37)

Trifluorovinylcopper also reacts with CF3Cu in DMF; the only identifiable product
was (E)-CF3CF=CFCF2CF2Cu, insertion of three CF2 units. Although the mechanism of
formation of the triple insertion product is not clear, it was proposed that double insertion
occurs to provide perfluorobutenylcopper, which is isomerized by fluoride ion (formed in
small amounts in the formation of F2C=CFCu) to the perfluoroallylcopper reagent, which
inserts another CF2 unit to give the observed product (equation 38)41.

DMF
[F2C=CFCF2CF2Cu]

F−

F

F3C F

CF2Cu

F

F3C F

CF2CF2Cu

CF3Cu

[F2C=CFCu]  +   2 CF3Cu

(38)

12



Fluorinated organocopper reagents

III. DIFLUOROVINYLCOPPER REAGENTS
Ichikawa and coworkers have developed a facile synthesis of 1,1-difluoro-1-alkenes via
double transmetallation of 2,2-difluorovinylboranes (equation 39)42,43. Although the diflu-
orovinylcopper reagent was not directly observed, the results are consistent with its
formation.

F3CCH2OTs
2 BuLi

THF
−78 °C

Li
F2C=C

BR3 F2C=C

R

BR2

F-

F2C=C
R

BR2F

CuI/THF/HMPAF2C=C

R

Cu

ArI

   Pd(0)
  RT to
  50 °C
   12 h

R

Ar

F2C=C

83–94%

_ 

OTs

(39)

Similar methodology utilizing acyl chlorides in place of aryl iodides provided a one-
flask synthesis of 2,2-difluorovinyl carbonyl compounds (equation 40)44. A chloroformate
analog gave the 3,3-difluoroacrylate in 55% yield.

CF3CH2OTs
1) 2 BuLi/THF

2) BR3

R

BR2

F2C=C
2) R'C(O)Cl

 THF/HMP A

F2C=C(R)CR′
1) Cu(I)I

O

63–84%

(40)

Extension of this methodology to coupling of 1-haloalkynes afforded a one-flask prepa-
ration of conjugated fluoroenynes (equation 41)45. Coupling with iodoethynylsilane, fol-
lowed by cleavage of the eneyne with tetrabutylammonium fluoride at low temperature,
gave the enyne with a terminal alkyne group (equation 42)45.

CF3CH2OTs F2C C

R

Cu

R′C CI

RT/1 h
F2C CH(R)C CR′

60–77%

(41)

CSiMe3

Bu4NF/THF

−78 °C/10 min
F2C=C(CH2Ph)C F2C=C(CH2Ph)C

94%

CH (42)
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Percy and coworkers employed similar methodology to accomplish transmetallation of
an α-lithio-β,β-difluoroenol carbamate with CuX3Li2 to produce a difluorovinylcopper
reagent, which reacted with activated haloalkanes and acid chlorides (equation 43)46.

CF3CH2OC(O)NEt2
NaH

 THF
−78 °C

F2C=C

OC(O)NEt2

Li

1. Bu3SnCl
2. CuI •2 LiCl

F2C=C

Cu

PhC(O)Cl
OC(O)NEt2

C(O)Ph

F2C=C

77%

PhCH2Br
OC(O)NEt2

CH2Ph

F2C=C

53%

OC(O)NEt2

(43)

IV. PERFLUOROALLYLCOPPER REAGENTS
Perfluoroallyl iodide reacts readily with acid washed cadmium powder in DMF to give
the perfluoroallylcadmium reagent. Metathesis of the perfluoroallylcadmium reagent with
Cu(I)Br at −35 ◦C in DMF affords the perfluoroallylcopper reagent (equation 44)47. The
perfluoroallylcopper reagent was significantly less stable than the corresponding perfluo-
roallylcadmium reagent. At −30 ◦C a mixture of decomposition products was detected,
and decomposition was rapid at temperatures > −20 ◦C. Thus, this reagent must be formed
and utilized at temperatures < −30 ◦C. The perfluoroallylcopper reagent could be detected
by 19F NMR analysis of the reaction mixture and captured with iodine and allyl bro-
mide (equations 45 and 46)47. The perfluoroallylzinc reagent could not be utilized here.
When perfluoroallyl iodide reacted with zinc, the main product formed was perfluoro-1,5-
hexadiene. Only 7–14% of the perfluoroallylzinc reagent was detected under a variety of
reaction conditions47.

F2C=CFCF2I  +  Cd
1. DMF/0 °C/1 h

2. RT/1 h
    71%

[F2C=CFCF2CdI]  +    [(F2C=CFCF2)2Cd]

[F2C=CFCF2CdI]  +    [(F2C=CFCF2)2Cd]
−35 °C

61%

Cu(I)Br
[(F2C=CFCF2Cu]

(44)

[F2C=CFCF2Cu]  + I2
DMF

−40 °C
F2C=CFCF2I

40%
(45)

[F2C=CFCF2Cu] + H2C=CHCH2Br
DMF

−40 °C to RT
F2C=CFCF2CH2CH=CH2

86%
(46)
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V. PERFLUOROALKYNYLCOPPER REAGENTS

The first perfluoroalkynylcopper reagent was reported by Haszeldine48 as illustrated in
equation 47. Direct preparation of a perfluoroalkynylcopper reagent via insertion of cop-
per into the carbon–iodine bond of 1-iodoperfluorohexyne was unsuccessful. The diyne
was the major product (equation 48)49. Similar to the preparation of triflurovinylcopper
reagents (see Section II.A), metathesis of perfluoroalkynylzinc reagents with Cu(I) halides
was found by Spawn to be a convenient, practical and general route to the correspond-
ing perfluoroalkynylcopper reagent (equation 49)5,49,50. Burton and Spawn prepared the
precursor to the perfluoroalkynylzinc reagents from the commercially available 1,1,2-
trihydroperfluoro-1-alkenes, illustrated in equation 5050,51.

CF3C CH  +   CuCl
NH4OH

[CF3C CCu] (47)

C4F9C CI  +   Cu
DMF

C-CC4F9C

52%

CC4F9 (48)

[RfC CZnX]  + Cu(I)X [RfC CCu]  + ZnX2 (49)

RfCH=CH2   +  excess Cl2
hn

72–94%
[RfC

Rf = C3F7, C4F9, C6F13,
        C8F17, C10F21

RfCCl2CCl3 3 Zn CZnCl]

(50)

This route was based on the earlier report of Finnegan and Norris52, who first pre-
pared trifluoropropynylzinc from 1,1,2-trichloro-3,3,3-trifluoropropene and excess zinc
(equation 51)52.

CF3CCl=CCl2  +   excess Zn [CF3C CZnCl]  +   [(CF3C C)2Zn] (51)

Metallation of perfluoroalkynyllithium reagents with zinc chloride in THF has also been
utilized as a route to perfluoroalkynylzinc reagents53. Spawn demonstrated that direct
metallation of 1-iodo-1-perfluoroalkynes also provided a route to the requisite perfluo-
roalkynylzinc reagents (equation 52)49.

CI  +  Zn
triglyme

or DMF
[(RfCRfC C)2Zn] (52)

The perfluoroalkynylcopper reagents were generated from the corresponding perflu-
oroalkynylzinc reagents via exchange with Cu(I)Br in DMF (equation 49). The copper
acetylides are soluble in DMF and exhibit excellent thermal stability. The F3CC≡CCu
began to decompose slowly at 100 ◦C, whereas the longer chain analogs, such as
C4F9C≡CCu, showed only 15% decomposition after 19 h at 100 ◦C49. The copper acety-
lides were not affected by water. Addition of water to samples of perfluoroalkynylcopper
reagents caused no change in the 19F NMR spectrum of these compounds, and the water
treated reagents coupled normally with allyl chloride49. The copper acetylides reacted
with aryl iodides at higher temperatures to give good yields of the corresponding perflu-
oroalkylalkynes, as illustrated in equation 5349.

[RfC CZnX]
1. Cu(I)Br/DMF

2. ArI
   130–150 °C

CArRfC (53)
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TABLE 2.
CZnX

Cu(I)Br

DMF/130–150 °C
X

I

RfCH

X

C  RfC

Rf X
RfC

X

C , yield (%)a

C4F9 H 68
C6F13 H 65
C8F17 H 46
C4F9 m-NO2 76
C4F9 m-CF3 73
C6F13 p-OMe 64
C6F13 m-NO2 77
C8F17 p-OMe 55
C8F17 m-CF3 60

a Isolated yield.

Representative examples are tabulated in Table 249. A variety of functionalities is toler-
ated in the aryl iodide, and this preparation of arylperfluoroalkylalkynes is accomplished
in three steps from the corresponding perfluoroalkylethenes.

In situ reaction of the perfluoroalkynylcopper reagent with 1-iodoalkynes affords the
corresponding diynes (equation 54)49.

RfC CI   +   Zn
DMF

[RfC CZnI] RfC C C CR

Rf = C4F9; R = C4F9, 56%
Rf = C6F13; R = C6F13, 67%
Rf = C8F17; R = C3F7, 70%

2. RC

1. Cu(I)Br

CI

(54)

Coupling of the perfluoroalkynylcopper reagent with vinyl iodides stereospecifically
affords the corresponding eneyne derivative (equation 55)49. Allylation of the perfluo-
roalkynylcopper reagents is a facile reaction as illustrated in equations 56 and 5749.

[C4F9C
F

F3C F

I F

C F

CF3

C4F9C

H

H

I

C6H13

H

C H

C6H13

C4F9C

48%

CCu]  +

54%

(55)
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CF3C CCu  +
72%

CF3C CCH2CHH2C CHCH2Cl CH2 (56)

CCu + ClCH2CH
63%

C4F9C CCH2CHC4F9C C(CH3)2 C(CH3)2
(57)

VI. CARBOALKOXYDIFLUOROMETHYLENECOPPER REAGENTS
Kobayashi and coworkers reacted methyl iododifluoroacetate with copper in DMSO
to form CuCF2CO2CH3 (equation 58)54,55. Subsequent addition of (E)-1-iodoheptene
afforded the coupled product. HMPA and DMF were also found to be suitable solvents.
Methyl bromodifluoroacetate was much less useable than the iodoester. The bromoester
did not react with copper at room temperature in either HMPA or DMSO. At 80 ◦C/20 h,
the bromoester did not give a stable copper reagent. The coupling reaction was applicable
to a variety of vinyl iodides, acetylenic halides and alkyl halides, as illustrated in Table 3.
In subsequent work, Kobayashi and coworkers investigated the 19F NMR spectrum of
CuCF2CO2CH3

55. The number of signals (and their chemical shifts) was significantly
solvent-dependent. HMPA was found to be a specific solvent in the coupling reaction
with various halides. Also, the CuCF2CO2CH3 reagent in HMPA exhibited greater stabil-
ity at RT than in DMSO or DMF. No specific structural assignments were made for the

TABLE 3. Coupling reactions of CuCF2CO2CH3

RX RT Time RCF2CO2CH3 Yield (%)

C5H11 I
RT 30 min

C5H11 CF2CO2CH3

84

NH

N

O

O

I

R

RT 30 min

NH

N

O

O

CF2CO2CH3

R

88

N

N N

N
I

NH2

R

RT 25 min

N

N N

N
CF2CO2CH3

NH2

R

60

BnOCH2C≡CI RT 10 min BnOCH2C≡CCF2CO2CH3 21
BnBr RT 20 min BnCF2CO2CH3 79

H

H

CH2Br

MeOOC RT 30 min

H

H

CH2CF2CO2CH3

MeOOC 84

BnO I
70 ◦C 3 h

BnO CF2CO2CH3

38
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three different 19F NMR signals detected for this reagent55.

ICF2CO2CH3 + Cu
DMSO

    RT
30 min

[CuCF2CO2CH3]
H

C5H11 H

I

H

C5H11 H

CF2CO2CH3

81%
(58)

In later work, Kumadaki and coworkers developed a procedure for the synthesis of
alkenyl and aryldifluoroacetates using a ‘copper complex’ from ethyl bromodifluoro-
acetate56. This work complements the Kobayashi work. However, since all the reagents
are mixed immediately, it is not clear whether this reaction involves CuCF2CO2Et or
is a copper mediated free radical process (cf. References 57 and 58 for related copper
mediated work with ethyl bromodifluoroacetate and methyl iododifluoroacetate).

VII. DIALKOXYPHOSPHINYLFLUOROMETHYLCOPPER REAGENT
Only one report has appeared in the chemical literature for the preparation of (EtO)2P(O)
CFHCu. This organometallic reagent was prepared by metathesis of (EtO)2P(O)CFHZnBr
with Cu(I)Br, similar to the strategy employed for the preparation of trifluorovinylcopper
(cf. Section II.A), as illustrated in equation 5959. The diethoxyphosphinylfluoromethyl-
copper reagent is less stable than the corresponding zinc reagent. It undergoes total
decomposition in 48 h at room temperature. However, this stability limit gave no signifi-
cant problem in cross-coupling processes when 1.2 to 1.5 equivalent of (EtO)2P(O)CFHCu
was employed. Typical cross-coupling reactions are illustrated in Table 4.

[(EtO)2P(O)CFHZn]
THF/DMF

0 ° to 5 °C
[(EtO)2P(O)CFHCu]

Cu(I)Br

(59)

VIII. DIALKOXYPHOSPHINYLDIFLUOROMETHYLCOPPER REAGENTS
Dialkoxyphosphinyldifluoromethylcopper has not been prepared via direct insertion of
copper into a carbon–halogen bond. However, it can be readily prepared by transmetalla-
tion of dialkoxyphosphinyldifluoromethylzinc and dialkoxyphosphinyldifluoromethylcad-
mium with Cu(I) halides. When acid washed zinc dust or powder reacts with dialkylbro-
modifluoromethyl phosphonates in ether solvents, such as THF, monoglyme, triglyme or

TABLE 4. Coupling reactions of (EtO)2P(O)CFHCu

(EtO)2P(O)CFHCu  + (EtO)2P(O)CFHRR X

R−X Product Yield (%) a

PhC≡CBr (EtO)2P(O)CFHC≡CPh 74
C6H13C≡CBr (EtO)2P(O)CFHC≡CC6H13 71
(E)-PhCH=CHI (E)-(EtO)2P(O)CFHCH=CHPh 69
(E)-C6H13CH=CHI (E)-(EtO)2P(O)CFHCH=CHC6H13 62
C6H5I (EtO)2P(O)CFHC6H5 34
p-NO2C6H4I (EtO)2P(O)CFHC6H4NO2-p 63

a Isolated yields.

18



Fluorinated organocopper reagents

dioxane, at room temperature to 60 ◦C, the stable dialkoxyphosphinyldifluoromethylz-
inc reagent is formed in good yields (equation 60)60. The dialkoxyphosphinyldifluo-
romethylzinc reagent was readily acylated to afford the corresponding dialkyl-2-oxo-1,1-
difluoroalkylphosphonates (equation 61)60.

(RO)2P(O)CF2Br  +   Zn
RT to 60 °C

1 to 6 h
  DMF

[(RO)2P(O)CF2ZnBr] (60)

[n-BuO)2P(O)CF2ZnBr] + RC(O)X
RT

20–24 h
(n-BuO)2P(O)CF2C(O)R

X = Cl
R = CH3, 77%; R = CH2Cl, 69%;
R = (CH3)2CH, 72%; R = Ph, 62%;
R = CF3, 77%; R = CH3OCOCH2CH2, 67%

(61)

The corresponding stable dialkoxyphosphinyldifluoromethylcadmium reagent was sim-
ilarly prepared by Burton and coworkers in solvents such as triglyme, dioxane, DMF and
HMPA (equation 62)61. The cadmium reagent readily participates in halogenation, acyla-
tion, silylation and allylation and adds to benzaldehyde in the presence of NaI to afford
PhCH=CF2

61.

(EtO)2P(O)CF2Br + Cd
RT/2 h

[(EtO)2P(O)CF2CdBr] + [(EtO)2P(O)CF2]2Cd
 DMF

80%
(62)

Burton, Sprague and coworkers found that the addition of Cu(I)Br to the dialkoxyphos-
phinyldifluoromethylzinc reagent significantly enhanced the reactivity of the zinc reagent,
which does not react with ethyl chloroformate. However, addition of Cu(I)Br to the
zinc reagent affords the dialkoxyphosphinyldifluoromethylcopper reagent, which readily
reacts with ethyl chloroformate, ethyl oxalyl chloride and diethyl carbamoyl chloride
(equation 63)62,63. The product from the ethyl chloroformate reaction was subsequently
converted to difluorophosphonoacetic acid and its derivatives.

(EtO)2P(O)CF2ZnBr  +  ClC(O)R
Cu(I)Br

    1 h/RT
monoglyme

(EtO)2P(O)CF2C(O)R

R = OEt  50%
R = C(O)OEt  62%
R = NEt2  38%

(63)

Subsequent work by Burton and Sprague developed a convenient allylation route to 1,1-
difluoro-3-alkene phosphonates (equation 64)64. Table 5 summarizes some representative
results of this reaction.

(EtO)2P(O)CF2ZnBr   +   H2C=CHCH2Cl
Cu(I)Br

 monoglyme
       87%

(EtO)2P(O)CF2CH2CH=CH2

(64)

Mechanistic studies indicated an SN 2 or SN 2′ type mechanism, rather than involve-
ment of a symmetrical (α-allyl)Cu(III) intermediate and an oxidative addition/reductive
elimination type mechanism.
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TABLE 5. Reaction of (EtO)2P(O)CF2Cu with allylic halides

Allylic halide Product Yield (%)

ClCH2CH=CH2 (EtO)2P(O)CF2CH2CH=CH2 87
BrCH2CBr=CH2 (EtO)2P(O)CF2CH2CBr=CH2 52
BrCH2CH=CHCH3 (EtO)2P(O)CF2CH2CH=CHCH3 49
H2C=CHCHClCH3 (EtO)2P(O)CF2CH2CH=CHCH3 76
(E)-ClCH2CH=CHPh (E)-(EtO)2P(O)CF2CH2CH=CHPh 55
BrCF2CH=CF2 (EtO)2P(O)CF2CH2CH=CF2 55

When (EtO)2P(O)CF2Cu was generated in glyme solvents via metathesis of the cor-
responding zinc reagent with a catalytic amount of Cu(I)Br, the reagent spontaneously
decomposed to yield a mixture of both geometrical isomers of 1,2-difluoroethenediylbis-
phosphonates (equation 65)65.

(EtO)2P(O)CF2ZnBr
Cu(I)Br
 glyme

catalytic
(EtO)2P(O)CF=CFP(O)(OEt)2

50%, E/Z = 7/3

(65)

Treatment of diethoxyphosphinyldifluoromethylcadmium with Cu(I)Br at 0 ◦C in DMF
generated a stable (EtO)2P(O)CF2Cu reagent (equation 66)66.

(EtO)2P(O)CF2CdX
Cu(I)Br

 0 ˚C
DMF

[(EtO)2P(O)CF2Cu]

77%

(66)

This reagent undergoes facile addition to perfluoro-2-butyne to give the syn-alkenyl-
copper reagent illustrated in equation 6766. This syn-alkenylcopper reagent undergoes the
expected alkylation, arylation and coupling reactions (equation 68)66.

CF3C CCF3   +   [(EtO)2P(O)CF2Cu]
DMF

Cu

CF3F3C

(EtO)2P(O)CF2

(67)

Cu

F3C CF3

R-X
R

F3C CF3

R = Me  54%
R = allyl  40%
R = p-NO2C6H4  58%
R = (Z)-CF3CF=CF2  15%

(EtO)2P(O)CF2 (EtO)2P(O)CF2

(68)

Qiu and Burton developed a mild, useful preparation of α,α-difluorobenzylic phos-
phonates via the Cu(I)Cl promoted coupling reaction of the diethoxyphosphinyldiflu-
oromethylcadmium reagent with aryl iodides (equation 69)67. A variety of functional
groups, such as nitro, ether, ester and halides, were tolerated in this reaction. They also
noted that in the presence of Cu(I)Cl, the diethoxyphosphinyldifluoromethylzinc reagent
also coupled with aryl halides to afford the α,α-difluorobenzylic phosphonates67. This
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methodology has been utilized by Park and Standaert in the preparation of a series of
novel, photoregulated phosphoamino acid analogs, based on an azobenzene bearing an
α,α-difluoromethylphosphonate as a hydrolytically stable phosphate isostere68.

Cu(I)Br

ArI/RT
  DMF

(EtO)2P(O)CF2Ar

65–88%

[(EtO)2P(O)CF2CdBr]
(69)

The dialkoxyphosphinyldifluoromethylcopper reagent also undergoes insertion of a CF2
unit (similar to trifluorovinylcopper) to give the next higher homologous copper reagent
(equation 70)69.

[(EtO)2P(O)CF2Cu] + [Ph3PCF2Br]Br
+ _ Na2CO3

DMF
[(EtO)2P(O)CF2CF2Cu]

X2

(EtO2P(O)CF2CF2X

25–30%
X = I, Br

(70)

Shibuya and coworkers further developed the Cu(I)Br/dialkoxyphosphinyldifluoro-
methylzinc reagent in a series of publications. For example, they studied the synthesis of
α,α-difluoroallyl phosphonates from alkenyl halides and acetylenes (equation 71)70. This
methodology was utilized in the preparation of optically active trans-1-(diethoxyphos-
phinyl)difluoromethyl-2-hydroxymethylcyclopropanes71,72. Subsequent extension of this
methodology afforded 1,1-difluoro-5-(1H -9-purinyl)-2-pentenylphosphonic acids and
related analogs73.

[(EtO)2P(O)CF2ZnBr]

Cu(I)Br DMF

[(EtO)2P(O)CF2Cu]

Bu H

H I

81%

(EtO)2P(O)CF2 H

H Bu

Ph H

H

C6H5C CH

25 ˚C/62%

CF2P(O)(OEt)2

 E /Z  = 83/17

(71)

Similar to the report of Qiu and Burton67, Shibuya and coworkers reported Cu(I)Br
mediated cross-coupling reactions of diethoxyphosphinyldifluoromethylzinc with aryl
iodides (equations 72 and 73)74.
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I

+
Cu(I)Br

    DMA
ultrasound

CF2P(O)(EtO)2

85%

[(EtO)2P(O)CF2ZnBr] (72)

+
Cu(I)Br

    DMA
ultrasound

79%

I CF2P(O)(OEt)2

[(EtO)2P(O)CF2ZnBr] (73)

Extension of this aryl coupling methodology afforded (phosphonodifluoromethyl)phen-
ylalanine (F2PmP), hydrolytically stable phosphorylated-Tyr analogs from 2-benzyl-1,3-
propanediols through chemoenzymatic sequences75. The synthesis of benzylphosphonic
acid derivatives as small molecule inhibitors of protein-Tyrosine Phosphatase 1B was
effected by a Stille coupling reaction with halogenated α,α-difluorobenzylphosphonates
(equation 74)76.

I

CF2P(O)(OEt)2

+   H2C=CHSnBu3
Pd(PPh3)2Cl2

  CH3CN
reflux/12 h

H2C=CH

CF2P(O)(OEt)2

62%
(74)

IX. PERFLUOROBENZYLCOPPER REAGENT
Only one report of the perfluorobenzylcopper has appeared in the chemical literature.
Burton and coworkers prepared this reagent via metathesis of the corresponding cadmium
reagent (equation 75)77. Attempts to prepare the perfluorobenzylcopper reagent at room
temperature failed. Only decomposition products were observed. The copper reagent could
be trapped at −35 ◦C with allyl bromide to afford C6F5CF2CH2CH=CH2.

C6F5CF2Br   +   Cd DMF

RT

85–90%

Cu(I)Br

−40 °C to −35 °C
[C6F5CF2Cu][C6F5CF2CdBr]

(75)

X. PERFLUOROALKYLCOPPER REAGENTS
Perfluoroalkylcopper reagents are among the most studied perfluoroorganometallic re-
agents due to their combination of chemical reactivity and thermal stability. They are
prepared by the following primary methods:

(1) Copper metal insertion reactions with perfluoroalkyl halides in a coordinating solvent
at elevated temperatures.

(2) Decarboxylation of perfluoroalkanoic acid salts in the presence of copper(I) halides.
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(3) Metathesis of perfluoroalkylorganometallic reagents with copper metal or copper(I)
salts.

(4) Decomposition of methyl fluorosulfonyldifluoroacetate analogs in presence of cop-
per(I) halide.

(5) Reaction of trialkyl(perfluoroalkyl)silanes with fluoride ion and copper(I) iodide.

These methods will be summarized in the context of general perfluoroalkylation and
separately as they relate to the industrially important process of trifluoromethylation.

A. Perfluoroalkylation

The pioneering work of McLoughlin and Thrower documented the first preparation of
perfluoroalkylcopper reagents by reaction of perfluoroalkyl iodides with excess copper
metal in a coordinating solvent at 110–120 ◦C to give copper reagents in good yields
(equation 76)78.

RfI     +    2 Cu
DMSO

110–120 oC
RfCu    +   CuI (76)

These reactions were typically carried out in situ with aromatic halides to give flu-
oroalkyl arenes in good yields. A range of perfluoroalkyl iodides could be utilized and
one example of trifluoromethylation was reported. Typical examples are outlined below
(equations 77 and 78). α,ω-Diiodoperfluoroalkanes underwent disubstitution with aryl and
heteroaryl iodide substrates.

C7F15I   +   C6H5I
Cu

DMSO
110 °C

C7F15C6H5

70%
(77)

I

CO2Me

CO2Me

MeO2C

MeO2C (CF2)7 CO2Me

CO2Me

Cu

DMSO
110 °C 85%

I(CF2)7I
+

(78)

Preparation of perfluoroalkylated benzenes of interest as precursors of polymeric mate-
rials is a representative application of this method (equation 79)79.

I

CF3

OH

CF3

HO

CF3F3C

RfI, Cu

DMSO
115–120 °C

Rf

CF3

OH

CF3

HO

CF3F3C

Rf = C3F7, C6F13, C7F15, C8F17, (CF3)2CF

78–91%

(79)
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DMSO is the most common solvent in the in situ generation of perfluoroalkylcopper but
Me2S, HMPA, DMF and pyridine have been used. Chen and coworkers have demonstrated
the dependence of the mechanism of copper reagent formation on the donor number (DN)
of the solvent80 in studies carried out with 4-chlorooctafluorobutyl iodide. Initially, the
generalized mechanism (Scheme 2) is proposed to involve SET to form an ion pair within
a solvent cage. In solvents of low DN (MeCN, hexane, dioxane), diffusional control of
a caged ion pair leads to a perfluoroalkyl radical which could be trapped selectively by
1-heptene in competition experiments with iodobenzene. Solvents of larger DN, however,
lead to collapse of the ion pair to give a radical in a solvent cage, adsorbed on the surface
of copper metal, which undergoes electron transfer to form RfCu.

RfI   +  Cu

RfI Cu+RfI
_•

Cu++

Rf +   CuI

RfI +    CuI

RfCu

Cu

solvent

DN < 19 DN >31 •

•

_•

SCHEME 2

Aryl iodides undergo coupling more readily than aryl bromides. However, Chen and
Tamborski demonstrated that aryl bromides81 could be competent substrates in some cases
and bromoheterocycles82 were utilized in the preparation of perfluoroalkylated pyridines,
pyrimidines, furans and thiophenes. Perfluoroalkylation of halothiophene substrates has
also been reported to give isomeric mixtures due to rearrangement (equation 80)83.

S

X

X = Br, I

RfI, Cu

DMSO
115–120 °C S

Rf

S
Rf+

major minor

Rf = C3F7, C4F9, C8F17

(80)

Although coupling of aryl halides has been the most extensively studied reaction of
perfluoroalkylcopper reagents, these reagents couple readily with a range of substrates.
The couplings can be carried out either with pre-generated or in situ generated RfCu84.
Vinyl bromides are capable substrates (equation 81)84 and disubstitution occurs in high
yield when α,ω-perfluoroalkyl diiodides are used (equation 82)85. Mono or bis coupling
could be selectively achieved when 1,2-diiodoethylene was used85 – 87.

PhCH=CHBr  +   C3F7I
Cu

Py, 100 °C
PhCH

82%

CHC3F7 (81)
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I(CF2)3I     +     ClCH=CHI
Cu

Py, 100 °C
ClHC=CH(CF2)3CH=CHCl

96%
(82)

Similarly, RfCu reagents couple with allyl halides (equation 83)88 or thiocyanates89. An
α-diketone was reported via capture of RfCu with α-ketoaryl acyl halide (equation 84)90.
The pre-generated copper reagent route typically gives the best yields with active halides
such as allyl, propargyl and acyl halides.

C7F15Cu  + H2C=CHCH2Br H2C=CHCH2C7F15 (83)

C3F7Cu   +   C6H5C(O)COCl
MeCN

C6H5C(O)COC3F7

49%
(84)

Propargyl bromide was initially reported by Coe and Milner to undergo a highly
exothermic reaction with perfluoroheptylcopper to give low yields of allene (equation
85)91.

C7F15Cu   + HC CCH2Br C7F15CH=C=CH2

< 10%
(85)

The allene synthesis was later achieved in reasonable yields by Burton and coworkers92

utilizing propargyl chlorides or tosylates in DMF or DMSO (equation 86). Related work
by Hung demonstrated preparation of perfluorodiallenes by reacting perfluoroalkylene
dicopper reagents with propargyl bromides (equation 87)93.

RfCu    + HC CCR1R2X
DMF

or DMSO
0 °C–RT

RfCH=C=CR1R2

30–73%

R1, R2 = H, CH3; R1R2 = −(CH2)5−Rf = CF3, C3F7, C6F13, C8F17
X = Cl, OTs

(86)

Cu(CF2)nCu    + HC CCH2Br
DMSO

15–20 °C
H2C=C=CH(CF2)nCH=C=CH2

27–32%n = 6, 8
(87)

Coupling of 1-iodo-2-phenylacetylene with pre-generated RfCu gave the perfluoroalkyl
phenylalkyne (equation 88)49. The procedure required low temperatures to suppress for-
mation of 1,4-diphenylbutadiyne. Similar coupling with a 1-iodoperfluoroalkylacetylene
substrate, however, resulted only in perfluorodiyne.

C6F13Cu      + IC CPh C6F13C CPh (88)

RfCu reagents undergo additions to olefins. Both pre-generation88 (equation 89) and in
situ conditions94 (equation 90) have been employed. The additions are presumed to occur
via perfluoroalkyl radicals formed from decomposition of the RfCu reagent. Reactions
with methyl acrylate, allyl alcohol or 1,2-dihydropyran gave polymerization or complex
mixtures. Perfluoroalkylethylenes gave polyfluorinated dienes94 resulting from addition
followed by a double elimination process.
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C7F15Cu   + H2C=CHC5H11 C7F15CH2CH2C5H11  +  C7F15CH2CH=CHC4H9

1:2

DMSO

110 °C

(89)

RfCF2CH=CH2    +   Cu+
DMF

150 °C

50–73%

RfCF=CHCH=CFRf
1Rf

1CF2I (90)

Chen and Yang utilized copper metal to initiate addition of perfluoroalkyl iodides to
olefins (equation 91)95.

RfI     +    R1CH=CHR2
Cu

Ac2O or diglyme
100 °C 38–70%

R1CHICHR2Rf (91)

B. Trifluoromethylation

Trifluoromethylation remains the most significant perfluoroalkylation reaction as incor-
poration of this moiety into pharmaceutical and agricultural chemicals often leads to
enhanced bioactivity. As a result considerable studies aimed at developing cost-effective,
efficient methods for introduction of the trifluoromethyl group into a variety of substrates
via generation and coupling of trifluoromethylcopper have been undertaken. It is recog-
nized that methods outside the scope of organocopper chemistry have appeared in the
literature including nucleophilic96a,b, electrophilic97a and radical trifluoromethylation97b.
Classical methods include halogen exchange of trichloromethyl groups on exposure to
hydrogen fluoride or antimony trifluoride and the conversion of carboxylic acids with
sulfur tetrafluoride in pressure vessels98 – 100. These classical methods, however, are less
practical and require special equipment.

The pioneering studies for in situ generation of trifluoromethylcopper were carried out
by Kobayashi and coworkers101,102. These workers reacted CF3I or CF3Br with allyl,
vinyl, aryl and heterocyclic halides in presence of copper powder in aprotic solvents at
elevated temperatures or utilized HMPA solutions to facilitate milder conditions. Typical
examples are shown in equations 92 and 93.

CF3I   +  Cu   +  PhCH2Br
RT, 12 h

HMPA
PhCH2CF3

65%
(92)

CF3I   +  Cu   +
n-Bu

n-Bu I

RT, 12 h

HMPA

n-Bu

n-Bu CF3

62%

(93)

The method has been applied in the preparation of pyrimidine and purine nucleo-
sides103,104. In some cases, heterocyclic substrates such as benzofurans105 resulted in
complex mixtures due to rearrangement and formation of pentafluoroethyl substituted
products arising from decomposition of CF3Cu.

The expense of CF3I and the requirement for high temperatures have lead to investiga-
tions utilizing cheaper sources of the trifluoromethyl group. Trifluoromethylalkanoic acid
salts undergo decarboxylation in presence of copper(I) halides. Early work by Matsui
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and coworkers showed that aromatic halides with electron-withdrawing and electron-
releasing groups could be successfully trifluoromethylated using sodium trifluoroacetate
(equation 94)106.

CF3CO2Na +    CuI  +  ArI
NMP

140–160 °C
ArCF3

40–78%
(94)

Chambers and coworkers successfully extended this method to the pentafluoroethyl sys-
tem (equation 95)107. Sodium heptafluoropropylbutyrate, however, gave only low yields
of heptafluoropropyl aryl product under similar conditions.

4 CF3CF2CO2Na + CuI
NMP

170 °C
Cl

CF2CF3

54%
Cl

I

+ (95)

The CF3CO2Na/CuI method does not avoid high temperatures and the cost advantage
of using CF3CO2Na is somewhat offset by the requirement of up to a fourfold excess.

In an improved protocol requiring only 2 equivalents of CF3CO2Na, Frekos employed
a toluene/DMF solvent to azeotropically remove water prior to decarboxylation (equation
96)108.

Br

MeO

CN

 2 CF3CF2CO2Na

CF2CF3

MeO

CN

70%

 CuI
DMF/toluene
145–150 °C

(96)

Recently, this method was applied as a key transformation in the synthesis of bioactive
2-alkoxymethyl-3-trifluoromethyl-1,4-napthoquinones (equation 97)109.

OMe

OMe

Br

OR
2 eq CF3CO2Na

2 eq CuI, DMF
toluene, 170 °C
12 h

OMe

OMe

CF3

OR

R = 4-ClC6H4CH2  89%
R = CH2CH=CH2  96%

(97)

Urata and Fuchikama achieved trifluoromethylation of aryl, vinyl, allyl and benzyl
halides via capture of CF3Cu generated in situ from trifluoromethyltrialkylsilanes
and CuI/KF110. In some cases, pentafluoroethyl-substituted side products were formed
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(equation 98). The scope of this method was extended to pentafluoroethylation utilizing
CF3CF2SiMe3 and one example of perfluoropropylation was reported.

I

OMe

CF3SiEt3    +
KF, CuI

DMF, NMP
80 °C, 24 h

CF3

OMe

CF2CF3

OMe

+

48% 18%

(98)

Cottet and Schlosser recently extended this method to the conversion of 2-iodopyridines
to 2-(trifluoromethyl)pyridines at room temperature in good yields (Scheme 3)111. The
presence of multiple non-exchangeable halogen atoms is well tolerated. However, 3- and
4-iodopyridyl substrates gave only modest yields.

CF3SiMe3

N

I

N

CF3

23%
 CuI/KF

+ N

BrBr

I

N

BrBr

CF3

N

Br

I

N

Br

CF3

69%

59%

SCHEME 3

This procedure was similarly employed in a recent synthesis of bis-(aryl)thiourea
inhibitors of human cytomegalovirus (Scheme 4)112.

Although simple trifluoromethyl(trialkyl)silanes are generally commercially available,
Fuchikama’s approach using higher analogs is dependent on availability or synthesis of
RfSiR3 via the Ruppert reaction113.

Several pre-generative routes to CF3Cu have been reported. Umemoto and Ando
demonstrated a useful and mild route to a CF3Cu complex via reaction of N-trifluoro-
methyl-N-nitrosotrifluoromethanesulfonamide (TNS-Tf) with copper in polar aprotic sol-
vents (equation 99)114. The CF3Cu complex coupled with aryl iodides to give reasonable
yields of trifluoromethyl aromatics. One drawback of this method, however, is the multi-
step preparation and thermal lability of TNS-Tf.

NF3C SO2CF3

N O
Cu

solvent, RT

TMS-Tf

CF3Cu  solvent•
ArI

100 °C
ArCF3

~60%

(99)
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Cl

I

O2N

CF3SiR3 CuI/KF

Cl

CF3

O2N
H
N

O

H
N

N
H

O

N

S Cl

CF3

SCHEME 4

Generation of CF3Cu from reaction of bis(trifluoromethy)mercury and copper has been
reported by Yagupol’skii and coworkers115. Although the CF3Cu solution could be suc-
cessfully utilized for trifluoromethylation of aryl halides (equation 100), the toxicity of
bis(trifluoromethyl)mercury has limited application of this method.

Hg(CF3)2  +   Cu CF3Cu   +   Hg
ArI ArCF3

60–90%
(100)

Burton and Weimers reported a unique and practical metathesis route to CF3Cu extend-
ing from the discovery that dihalodifluoromethanes react with cadmium or zinc in DMF
at room temperature to give zinc and cadmium reagent solutions of high thermal stability
(equation 101)116.

CF2XY  +  M
DMF

M = Cd, Zn

CF3MX  +  (CF3)2M

X = Br, Cl
Y = Br, Cl

80–95%
RT (101)

While the zinc reagent undergoes metathesis only slowly at room temperature, the
cadmium reagent exchanges readily at −40 ◦C, leading to a highly useful pregenerative
route to CF3Cu (equation 102). Two copper species, CF3CužL(L = metal halide) and
CdI+[(CF3)2Cu]−, were assigned depending on CuX and stoichiometry of the metathesis
reaction.

CF3CdX  +  (CF3)2Cd
CuY

Y = I, Br, Cl, CN
[CF3Cu]

90–100%
(102)

The CF3Cu solution generated from metathesis of trifluoromethylcadmium undergoes
slow decomposition to CF3CF2Cu at room temperature. Addition of HMPA to the CF3Cu/
DMF solution, however, inhibits formation of CF3CF2Cu and facilitates utility of CF3Cu
even at high temperatures117,118. The general scope of the trifluoromethylation is illustrated
in typical examples as shown in Scheme 5117,119 – 121. Notably, vinyl, allyl and propargyl
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CF3Cu

DMF/HMPA
70 °C
4–6 h

NO2

I

NO2

CF3

DMF/HMPA
70 °C S

CF3F3C

CF3F3C

H2C=CHCH2Cl

DMF, RT
H2C=CHCH2CF3

(E)-CF3C(Ph)=CFI

(Z)-CF3C(Ph)=CFCF3

ClH2CC CCH2Cl
DMF, RTDMF

−50 °C to RT

H2C=C(CF3)C(CF3)=CH2

S

II

II

SCHEME 5

N

Br

O2N CN

CH3

CF3Cu

N

F3C

O2N CN

CH3

60%

N

F3C

O2N

CH3
N N

S NH2

SCHEME 6

halide substrates do not require stabilization of the CF3Cu solution with HMPA and the
trifluoromethylation occurs readily at or below room temperature.

Recently, Chauviere and coworkers employed this methodology in the trifluoromethy-
lation of a nitroimidazole intermediate enroute to megazol analogs studied as antiparasitic
agents (Scheme 6)122.

CF3Cu has been generated directly from dihalodifluoromethanes at 85–95 ◦C in DMF.
However, under these conditions oligomerization competes with trifluoromethylation to
give an oligomeric product distribution (equation 103)123. The oligomerization could be
effectively suppressed by addition of KF to the reaction mixture123. Clark and cowork-
ers also reported that addition of charcoal to a CF2Br2/Cu/DMAC solution, or use of
CuI-charcoal supported reagent, successfully suppressed oligomerization allowing triflu-
oromethylation of aryl chlorides124.

CF2BrCl    + Cu

DMF
85–95 °C

Ph(CF2)nCF3

n = 1–14

PhI (103)

Formation of CF3M (M = Zn, Cd, Cu) directly from dihalodifluoromethanes occurs via
a unique mechanistic pathway. Remarkably, DMF functions both as solvent and reagent.
Inhibition and trapping experiments support a SET mechanism producing difluorocarbene
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which, on further reaction with fluoride, formed from reaction of difluorocarbene with
DMF, leads to formation of trifluoromethide. The trifluoromethide reacts with in situ
formed metal halide to give the trifluoromethyl organometallic reagent (Scheme 7)116,123.

+CF2XY M(Zn,Cd,Cu)

CF3MX    +   (CF3)2M

+[:CF2] Me2NCHO Me2NCF2H CO

Me2NCF2H

[:CF2]

[Me2N CHF]F−
+

+   MXY

MXY [:CF2]

F−

+

+

+

CF3
−

CF3
−

SCHEME 7

In a process mechanistically related to Scheme 7, Chen and coworkers have used
fluorosulfonyldifluoroacetate, fluorosulfonyldifluoromethyl iodide or methyl perfluoro [2-
(fluorosulfonyl)ethoxy]acetate as difluorocarbene precursors to achieve a similar overall
transformation, forming and capturing trifluoromethylcopper in situ125 – 127. Representative
examples are outlined in equations 104 and 105.

FSO2CF2CO2Me    +

I

O2N

Cu

DMF
60–80 °C

CF3

O2N

80%

(104)

FSO2CF2I      + PhCH2Br
Cu

DMF
80 °C

PhCH2CF3

83%
(105)

In a recent application, olefinic bromides were converted to a class of trifluoromethy-
lated 5-α-reductase inhibitors (equation 106)128. Similarly, Qing and Zhang recently uti-
lized this method in synthesis of (E)-α-trifluoromethyl-α,β-unsaturated esters (equation
107)129. The transformation was generally stereoselective although minor E/Z isomeriza-
tion occurred in some cases.

O
NHC(CH3)3

Br

O

O
NHC(CH3)3

CF3

O

FSO2CF2CO2Me

CuI, DMF

71%

(106)
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R CO2Et

Br

FSO2CF2CO2Me

CuI, DMF

R CO2Et

CF3

46–91%

(107)

A recent modification of Chen’s method was reported by Qing and coworkers in the
trifluoromethylation of 1,1-dibromoalkenes in the presence of palladium catalyst130. 2-
Aryl substrates gave bis trifluoromethylated products whereas 2-alkyl substrates gave
exclusively monotrifluoromethylated products as E/Z mixtures (equations 108 and 109).
The bis trifluoromethylation method is an alternative to reaction of aldehydes with 2,2-
dichlorohexafluoropropane131 or tetrakis(trifluoromethyl)-1,3-dithietane132 in the presence
of PPh3.

Br

Br

O2N

5 FSO2CF2CO2CH3

CuI, DMF/HMPA
Pd(PPh3)4

CF3

CF3

O2N

82%

(108)

Br

BrN

O

O

t-BuO

Br

CF3N

O

O

t-BuO

90% (E:Z  61:39)

5 FSO2CF2CO2CH3

CuI, DMF/HMPA
Pd(PPh3)4

(109)

One drawback of utilizing these CF3Cu precursors stems from the hazards associated
with the use of tetrafluoroethylene and sulfur trioxide to prepare FSO2CF2COF, which is
subsequently converted to both FSO2CF2CO2Me and FSO2CF2I.

C. Difluoromethylation

In a process analogous to formation of CF3Cu via metathesis of the corresponding cad-
mium reagent, difluoromethylcadmium, prepared from insertion reaction of cadmium with
difluoroiodomethane under mild conditions, undergoes rapid methathesis with Cu(I) halide
to give difluoromethylcopper in good yield (equation 110)133,134. The reagent exists in two
forms in DMF as a function of temperature. A later report by Eujen and coworkers135 also
demonstrated the rapid exchange of difluoromethylcadmium in diglyme at low temperature
to form two copper reagents denoted as Cu(CF2H) and Cu(CF2H)2

−.
Although unstable at temperatures greater than −30 ◦C, HF2CCu is a useful diflu-

oromethyl transfer agent which underwent coupling with allyl halides to give α- and
γ -substituted products (equations 111 and 112). The difluoromethylcopper reagent is pre-
sumably aggregated in solution and in some cases exhibits complete selectivity for the
least hindered site.
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HF2CI  +  2 Cd DMF

RT, 1 h
HF2CCdX  +  (HF2C)2Cd

CuX (X = Br, Cl)
−50–60 °C

HF2CCu

(110)

HF2CCu H2C=CHCH(Cl)CH3 HF2CCH2CH=CHCH3

g-substitution

+ DMF

−50 °C to RT

74%

(111)

HF2CCu + DMF

−50 °C to RT
a-substitution

80%

(CH3)2C=CHCH2Cl (CH3)2C=CHCH2CF2H
(112)

With simple propargyl chlorides, complete regioselectivity for the γ -substituted product
was observed in most cases (equation 113) except for 1-bromo-2-butyne, which gave 13%
α-substituted product. However, yields were modest (7–58%) with the exception of 1-
tosyl-2-butyne (78%). The low reactivity of HF2CCu with propargyl derivatives could be
explained by complexation of HF2CCu with the triple bond of the alkyne.

g-substitutiona-substitution

RC CCR1R2X

DMF

−55 °C to RT

RC CCR1R2CF2H HCF2C(R)=C=CR1R2+HF2CCu
(113)

It should be noted that the HF2CCdX precursor reacted with simple propargyl halides
and tosylates in higher yield and also with high regioselectivity for the allene product.
Thus, HF2CCdX may be the reagent of choice in these cases whereas HF2CCu would be
the reagent of choice for more reactive propargyl substrates.

HF2CCu coupled readily with iodoalkynes to give good yields of difluoromethyl-
alkynes. When 1-iodoperfluoropropyne was used, only a trace of the difluoromethyl-
alkyne was observed. However, when longer chain perfluoroalkynes were used, good
yields of difluoromethylalkyne were obtained (Scheme 8).

HF2CC CR
IC CR

DMF, −55 °C
HF2CCu

IC CRf

DMF,  −55 °C
HF2CC CRf

52–66%44–75%

SCHEME 8

XI. PENTAFLUOROPHENYLCOPPER REAGENT
Pentafluorophenylcopper has been prepared by the following methods:

1) Metathesis of pentafluorophenyl magnesium halides136,137 or pentafluorophenyllithi-
um138,139 with copper(I) halides.

2) Reaction of LiCu(Me)2 with C6F5H or C6F5I138,139.
3) Metathesis of C6F5CdX with copper(I) halide in DMF40,140.
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4) Decarboxylation of cuprous pentafluorobenzoate in quinoline at 60 ◦C141.
5) Direct reaction of C6F5I with activated copper142 – 144.

Each method represents a viable entry to C6F5Cu (Scheme 9). However, exchange of
magnesium and lithium reagents requires low temperatures and pre-generation of these
thermally unstable reagents136,137. Similarly, exchange with LiCu(Me)2 is carried out at
low temperatures138,139. Rieke’s method allows for the generation of C6F5Cu directly from
C6F5I, and the mild conditions avoid Ullmann coupling normally expected for reaction
of pentafluorophenyl halide with copper. However, activation of the copper by reduction
of cuprous iodide with potassium in 10% naphthalene is required142 – 144. In the method
of Burton and coworkers, the thermally stable C6F5CdX reagent is conveniently prepared
from C6F5Br and Cd powder in DMF at room temperature; subsequent metathesis of the
cadmium reagent with copper(I) halide proceeds without the need for solvent exchange
at room temperature in DMF in near-quantitative yield40,140.

C6F5Cu

DMF
RT
Cu(I)X

M = Mg, Li
X = Cl, Br, I

C6F5CO2Cu

C6F5I

activated
    Cu

C6F5H or C6F5I

LiCu(Me)2
monoglyme,
 RT

CuX

C6F5CdX

C6F5M
60 °C

SCHEME 9

C6F5Cu is soluble in many organic solvents and exhibits excellent thermal stabil-
ity. The copper reagent has been isolated as dioxane complexes136, decomposes above
200 ◦C to form decafluorobiphenyl, and undergoes slow hydrolysis and oxidation in moist
air. C6F5Cu exhibits excellent reactivity and couples with aryl iodides136,137, fluorinated
vinyl iodides137,145,146, alkynyl halides147,148, allyl halides and methyl iodide136. Longer
chain alkyl halides give only low yields139. Reactions with p-nitrobenzoyl chloride136

and CO2
137 gave the corresponding ketone and carboxylic acid products, respectively.

Representative examples are shown in Scheme 10. C6F5Cu generated by Rieke’s method
exhibited similar reactivity142 – 144.

Coupling of C6F5Cu was recently applied by Suzuki and coworkers in the synthesis of
perfluorinated oligo(p-phenylene)s studied as semiconductors for organic light-emitting
diodes (equation 114)149. Nonafluoronaphthylcopper reagents were also utilized in this
study.

Recently, Do and Daugulis reported a useful, direct copper-catalyzed arylation of
polyfluorinated arenes150. Pentafluorobenzene was arylated in good yield with aryl and
heteroaryl bromides or iodides (equation 115). A variety of functional groups is well tol-
erated and an example of vinyl bromide coupling was included. A mechanism involving
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C6F5Cu

F2C=CFI

PhC CI
PhC CC6F5

82%

CH3I
C6F5CH3

39%

O2N

Cl

O

O2N

C6F5

O

F2C=CFC6F5

55% 72%

PhI

87%

CO2

C6F5CO2H

36%

n-BuI

23%

PhC6F5 n-BuC6F5

SCHEME 10

base-promoted formation of arylcopper reagent followed by coupling with aryl halide
is proposed. Under similar conditions, several isomeric tetrafluorobenzenes as well as
1,3,5-trifluorobenzene underwent arylation. 1,3-Difluorobenzene underwent arylation but
required the stronger base lithium t-butoxide to achieve deprotonation.

F

Cu
+ Br Br

4

F

4

FF F

45%

(114)

F

H 10 mol% CuI
phenanthroline

ArBr, DMF/xylene
K3PO4, 120–140 °C

F
R

68–95%

(115)

C6F5Cu undergoes syn-addition to hexafluorobutyne to form a vinylcopper reagent
solution which could be quenched with substrates such as benzoyl chloride and methyl
iodide to give coupled products (equation 116)140,151.

CF3C CCF3
C6F5Cu

F3C

C6F5 Cu

CF3

CH3I

F3C

C6F5 CH3

CF3

(116)
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In a remarkable transformation, C6F5Cu, generated from C6F5CdX and CuBr, reacted
with CF3Cu to give the double insertion product C6F5CF2CF2Cu (Scheme 11)41. In this
case, CF3Cu was prepared by metathesis of CF3CdX with CuBr. Since CF3CdX and
C6F5CdX exchange rapidly with CuBr, the procedure could be operationally simplified
to in situ generation of the copper reagents.

C6F5Cu
2 CF3Cu

C6F5CF2CF2Cu C6F5CdX  + 2 CF3MX

M = Cd, Zn

CuBr

70–80%

−40 °C to RT

70–80%

RT

SCHEME 11

The mechanism is proposed to involve a copper difluorocarbenoid complex interme-
diate, which inserts into the C−Cu bond of C6F5Cu to give a reactive benzylcopper
intermediate C6F5CF2Cu which undergoes a second insertion to give C6F5CF2CF2Cu.
The insertion process stops cleanly once a primary alkyl copper reagent is formed.
C6F5CF2CF2Cu exhibited good thermal stability and underwent halogenation and coupling
with allyl, vinyl and aryl halides (Scheme 12)41.

C6F5CF2CF2Cu
Br2

C6F5CF2CF2Br

55%

YC6H4I
C6F5CF2CF2C6H4Y

35–72%

PhCH=CHBr

C6F5CF2CF2CH=CHPh

58%

SCHEME 12

Metathesis of cadmium reagents with copper halide has been extended to preparation
of 1,4-dicuprotetrafluorobenzene152. The exchange occurs readily at room temperature
in DMF and the copper reagent undergoes allylation and acylation (equation 117). This
copper reagent had been previously reported from the corresponding 1,4-dilithium reagent
at −70 ◦C153.

F

CdX

CdX

CuBr, RT
F

Cu

Cu

H2C=CHCH2Br
F

CH2CH=CH2

CH2CH=CH2

79%

(117)

Similarly, this approach was used to prepare substituted (4-tetrafluoroaryl)copper re-
agents154. The copper reagents coupled with 2,2-difluoro-1-iodoethene to give 2,2-difluoro-
styrenes in good yield (equation 118).
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FR X
1. Cd, DMF, RT

2. CuBr, RT

3. F2C=CHI, 75 °C

FR

H

F

F

73–89%

X = Br, I

R = F, CF3, (CH3)2N, Br,

O N

,
N

N

CH3

H3C

(118)

XII. 2,3,5,6-TETRAFLUOROPYRIDYLCOPPER REAGENTS

Tamborski and coworkers reported preparation of 2,3,5,6-tetrafluoropyridylcopper via
metathesis of 4-tetrafluoropyridylmagnesium bromide with CuBr (equation 119)146.

N

F

Br

+  EtMgBr
THF, 0–5 °C

5 min
N

F

MgBr

THF, CuCl

0 °C, 20 h
N

F

Cu

96%
(119)

More recently, 2,3,5,6-tetrafluoropyridylcopper has been prepared by Nguyen and Bur-
ton by metathesis of the corresponding cadmium reagent with CuBr155. The thermally
stable cadmium reagent is prepared from 4-iodotetrafluoropyridine, and both the cad-
mium and copper reagents were obtained in quantitative yields under mild conditions
(equation 120). The copper reagent exhibits excellent thermal stability in a degassed
sealed tube at room temperature for at least 48 hours, and no significant decomposition
was observed by 19F NMR after 3 hours at 90 ◦C.

N

F

I

Cd, DMF

N

F

CdX

X = I, C5F4N

CuBr, DMF

N

F

Cu

RTRT (120)

The tetrafluoropyridylcopper reagent is highly reactive with allyl halides, propargyl
tosylate, vinyl iodides, acetylenic iodides and acyl halides to give the coupled products in
good yields. Primary and secondary allyl halides give exclusively α-substitution whereas
propargyl tosylate gave only the allene resulting from γ -substitution. 2-Bromobenzoyl
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chloride gave the ketone in good yield, indicating that coupling with acyl halides is faster
than with aryl bromides. Typical examples are shown in Scheme 13155.

N

F

Cu

Cl

O

Br

O

Br
N

F

PhC

PhC C NF

CO2Et

I

CO2Et

N
F

F

F3C F

IF

F3C F

N

F

Ph

Cl

Ph

NF

86%

OTs

H2C C CHC5F4N

63%

80%

91%85%

85%

CI

SCHEME 13

Direct copper-catalyzed arylation of 2,3,5,6-tetrafluoropyridine with 4-iodotoluene
(equation 121) has been recently described by Do and Daugulis as an extension of the
methodology described above (see equation 115)150.

N
F

H 10 mol% CuI
phenanthroline

4-CH3C6H4I, DMF/xylene
K3PO4, 120–140 °C

N F

91%

CH3 (121)
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