Pure & Appl. Chem., Vol. 60, No. 1 pp. 57-64, 1988.
Printed in Great Britain.
© 1988 IUPAC

Organocuprate addition to o, 3-unsaturated
compounds: synthetic and mechanistic aspects

Christina Ullenius and Beritte Christenson

Department of Organic Chemistry, Chalmers University of Technology,
S-412 96 Goteborg, Sweden

Abstract - A mechanistic model for the addition of lithium dimethylcuprate to
enoates and enones is proposed on the basis of chemical and NMR-spectroscopic
studies. The first step of the reaction is the reversible formation of a copper(l)-
alkene m-complex by coordination of the C=C group to one of the copper atoms
in the dimeric cluster structure (Me,Culi),. The following steps lead to the irre-
versible formation of the new carbofn-carbon bond. With chiral substrates two
diastereomeric m-complexes are postulated, the stereoselectivity being determined
by the relative rates for their irreversible decay. In the reaction between methyl
S-ortho-dimethylaminoethylcinnamate, 10, and lithium dimethyl- and lithium
diphenylcuprate the diastereomeric product ratios are ca 5:l.

INTRODUCTION

Conjugate addition of lithium diorganocuprates, R,Culi, to Michael type acceptors, eg. enones and
enoates, is a valuable tool in organic synthesis, a"particularly useful feature of the reaction being
the high stereoselectivity which often can be obtained. The vast area of organocopper compounds

in organic synthesis has been reviewed (ref. 1) several times since the early 1970s and has been the
subject of a book (ref. 2).

Our attempts at asymmetric synthesis using chiral mixed cuprates in conjugate additions (ref. 3)
have stimulated our interest in the detailed mechanism of these reactions.
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The problem has been addressed by several groups and different mechanistic schemes have been
presented. House (ref. 4) has suggested that after initial coordination to the carbonyl oxygen the
conjugate addition starts by a single electron transfer (SET) from the cuprate to the substrate
enone, followed by copper-carbon bond formation to give copper(lll) intermediate, which after
carbon-carbon bond formation gives the lithium enolate as the observable product of the reaction,
cf. Scheme 1. An alternative route to a copper(lll) intermediate via electron transfer within a
charge transfer complex has been proposed by Smith and Hannah (ref. 5), cf. Scheme 1.
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However, objections have been raised to the single electron transfer as an early step in the con-
jugate addition, and the reaction can also be thought to proceed by a nucleophilic addition mecha-
nism (ref. 6). Both mechanisms are viewed as proceeding via an oxidative addition to give a Cu(lll)
adduct which subsequently undergoes reductive elimination to the observed enolate, cf. Scheme f.
Results obtained by Casey (ref. 7) have been interpreted in terms of a direct nucleophilic attack of
cuprate on the substrate,

Based on studies of the addition of organic cuprates to allenes substituted with electron with-
drawing groups, Berlan (ref. 8) has proposed a mechanism related to the classical organometallic in-
sertion reaction or carbometalation. The cuprate carbon-copper bond adds across the alkene group
forming an a-cuprioketone which is rearranged to the thermodynamically more stable lithium
enolate, Scheme 2. The mechanism proposed in ref. 8a includes a hypothetical copper(l)-alkene m-
complex.
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Based on a kinetic study Krauss and Smith (ref. 9) propose a mechanism in which the reactants are
in equilibrium with an intermediate complex, which may unimolecularly rearrange to form a trialkyl-
copper(Ill) species with copper bonded to the B-carbon of the lithium enolate, followed by reductive
elimination. It was proposed that the initial complex is formed by lithium coordination to the
carbonyl oxygen.

enone + MeqCuzLi2 — intermediate ——— products (2)

In an effort to resolve the above mentioned mechanistic differences, we have studied the conjugate
addition of lithium diorganocuprates to enones and enoates by NMR spectroscopy and have also in-
vestigated the effect of coordination by solvent or coordinating groups in the reactants. Our major
goal has been to improve the prospects for rational design of asymmetric synthesis using organo-
cuprates.

NMR INVESTIGATIONS

The reaction between methyl cinnamate, 1, and lithium dimet%ylcuprate, Me,Culi, was studied by
13C and 'H NMR spectroscopy in the temperature range -110° to +60°C (ref. 10). The notation
Me,CuLi is used for simplicity without any structural implications. Two different solvent systems
were used, diethyl ether/dichloromethane-g_ and tetrahydrofuran/toluene-d,.
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In the IBC NMR spectra at low temperatures, below —SOOC, the olefinic carbon C2 and C3 signals

are found shifted strongly upfield, ¢f Table 1. The signals assigned to C2 and C3 were observed as
doublets, JC—H = 160 Hz.

The observed upfield shifts of carbons C2 and C3 are of the order of magnitude typical for co-
ordination shifts for trigonal alkene - transition metal compiexes. The coordination shifts for some
Ni, Pd, and Pt complexes are reported to be approximately -60 ppm (ref. 11). We have interpreted
the strong upfield shift of C2 and C3 as being due to bond formation between the enoate C=C bond
and copper in Me,CuLi giving a copper-alkene m-complex and thus found experimental evidence for
the intermediate proposed by Berlan (ref. 8a). The stronger coordination shift of the enoate 8-carbon

TABLE 1. '°C NMR chemical shift data (g rel. to TMS) for methyl cinnamate,

1, and Me,CuLi in EtZO/CDZClz.

System cl c2 c2 C3 c3 Ch Temp °C
1 167.6  118.4 145.0 1350  -60

1+Lil - 170.3  117.3 -1 147.7  +2.7 134.7

1+MeCuLi  173.3 62 -55 746 -73.1 139.4  -70

erolafe 2 161.8 73.8 36.5 150.1 0
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probably indicates a change in delocalisation in the cinnamate m-system. When the solvent system is
changed from diethyl ether/methylene chloride to THF/toluene the signals for C2 and C3 are shifted
even further upfield, the coordination shifts being C2 -65.7 ppm and C3 -83.1 ppm respectively. The
larger coordination shifts indicate a higher electron density around copper when THF is present.
When the reaction mixture containing the m-complex was warmed to temperatures above -50°C the
product enolate, 2, was formed irreversibly, Table 1.

The shift changes observed on addition of Me,Culi to methyl cinnamate are less likely to be
caused by lithium coordination to the C=C bonhd or the carbonyl oxygen. Lil was added to methyl
cinnamate in a separate experiment, cf. Table 1, and only minor chemical shift changes were ob-
served.

1H NMR spectra of solutions of Me, CuLi and methyl cinnamate show the olefinic proton signals
shifted strongly upfield, H2 from § .55 to 4.3 and H3 from 7.73 to 4.6 in 1, confirming the form-
ation of a copper-alkene m-complex. Dynamic NMR experiments in the temperature region -110"C
to +60°C show that there is an equilibrium between the reactants and the copper-alkene T-complex.
Signals due to the m-complex, the cuprate and methyl cinnamate can be observed separately at
temperatures below -70°C. Between -50" and -70"C coalescense of the olefinic proton signals
occurs but relowering of the temperature regenerates the original spectrum. Above -50"C the ir-
reversible conjugate addition occurs giving rise to signals due to the product enolate, 2.

On the basis of our NMR data we suggest the formation of a copper-alkene w-complex to be the
first step in the conjugate addition, Scheme 3. We also propose that the reversible formation of a
m-complex and its unimolecular decay to an enolate are the reactions studied by Krauss and Smith
(ref. 9). A lithium-oxygen interaction within the m-complex is likely but can be neither confirmed
nor disproved on the basis of our data.

Previous to the present investigation, few copper-alkene complexes from alkenes with electron with-
drawing substituents had been isolated ¢nd charactarized. Kochi et al (ref. 12) had reported a sleries
of complexes formed between copper triflate and cyclic alkenes with isolated C=C bonds. The 'H
and 13C NMR coordination chemical shifts reported for these alkene-copper cations are substantially
smaller than those we have observed.
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Figure 1.
Part of the CuCl(C4H,0) polymer.
Hydrogen atoms have been omitted.

PREPARATION AND STRUCTURE OF CuCI-ENONE =-COMPLEXES

The synthesis of some coordination compounds from copper(l) chloride and simple enones was under-
taken to verify the formation of unstable m-complexes between coppper(l) and carbonyl substituted
alkenes. Copper(l) chloride was mixed with propenal (ref. 13a), butenone {ref. 13b) and
1-pentene-3-one (ref. 13c) under an inert atmosphere. The corresponding copper-alkene T-complexes,
obtained as highly labile solids which decompose on exposure to air, were investigated by single
crystal X-ray diffraction. The propenal - CuCl complex has a polymeric structure, Fig. 1, with
adjacent copper(l) atoms being bridged by propenal and chloride ligands to form a three-dimensional
network.

Copper is situated 1.967 A distant from the midpoint X of the C=C bond. The copper-carbon co-
ordination distances are Cu-C2: 2.088 A and C3: 2.075 A (ref. 13a) and agree well with values de-
termined previously for m-complexes between copper(l) and isolated alkenes (ref. 13a and references
cited therein). The C=C, C-C and C=0 bond lengths in coordinated propenal do not differ signifi-
cantly from values obtained for s-trans-propenal itseif (ref. 14).
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The propenal coordinates another copper through the carbonyl oxygen, presumably via a lone-pair
donation. However, the connectivity relationships within the bridging propenal molecule suggest that
both the alkene-copper(l) and the oxygen-copper(l) interactions are relatively weak and the copper(l)
alkene bonding is probably mainly an alkene-to-copper donation. Back-donation from copper d-orbitals
to the alkene m*-orbital would be expected to manifest itself in lengthening of the C=C bond.

OBSERVATIONS OF COPPER-ENONE «-COMPLEXES

Corey and Boaz have discussed the initial step of the conjugate addition in terms of d-orbital
stereoelectronic control, i.e. interactions between diffuse filled copper(l) d-orbitals and an enone
¥_*orbital (ref. 15). These workers have been able to isolate a yellow precipitate from the reaction
(031ethyl ether, -780C) between Me_ CuLi and a spiro enone carrying a y-oxygen (ref. 16). The iso-
lated complex afforded stereoismefic conjugate addition products when suspended in diethyl ether or
partially dissolved in THF in the presence of trimethylsilyl chloride. This is thought to be the first
case in which a cuprate-enone T-complex has been isolated and shown to be convertible to con-
jugate addition products (ref. 16).

So far, copper-alkene coordination has been discussed without considering the cuprate structure. We
use the dimeric structure proposed for Me,CuLi in diethyl ether on the basis of molecular weight
determinations (ref. 17) although it is not tlear whether this is also the reacting species.

EFFECTS OF LIGAND COORDINATION ON CONJUGATE ADDITION

Diethyl ether and tetrahydrofuran, THF, are the most commonly used solvents for conjugate
additions of cuprates to enones and enoates. Previous observations suggest that the presence of
good donor solvents or donor ligands may be deleterious (ref. 18 and work cited therein). We have
studied the efficiency of the conjugate addition of MepCuLi to E-4-phenyl-3-buten-2-one, 3, in
different solvents (ref. 19). Our results are summarized in Table 2.

O
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The high reactivity observed for the reactions performed in hexane, toluene and dichloromethane is
remarkable considering that the cuprate is only moderately soluble in these solvents. A large part
of Me,CuLi is present as a suspension. A few equivalents of coordinated diethyl ether remain in
the cdprate from its preparation and can not be removed even after extensive pumping (ref. 20).
The amount of diethyl ether present can be monitored by NMR spectroscopy and is found to cor-
relate with coordination of one or two diethyl ether molecules per MeZCuLi unit.

Our chemical data in Table 2 together with NMR data imply that in diethyl ether, hydrocarbon sol-
vents and in dichloromethane the same reactive species is taking part in conjugate addition while in
good donor solvents like THF, acetonitrile or pyridine different species may be active. We propose
that the reactive species in the fast reactions is Me,Culi coordinated by one or two diethylether
molecules to each lithium, assuming that lithium is the electrophilic part of the cuprate.

Lipshutz and coworkers have compared the 7L'1 and IH NMR spectra of Me,CuLi in diethyl ether,
diethyl ether/THF and THF solutions, respectively (ref. 21). They found ‘chat2 the choice of solvent
for the preparation of the cuprate has a strong influence on what kind of species are formed. In
diethyl ether a single species is obtained, (Me CuLi)z, while preparation in THF gives a mixture of
three species; (Me,Culi), in equilibrium with” MeLi “and MeBCu Li. Addition of THF to a solution of
Me_CuLi in diethyl“ether "does not give rise to the equilibridm gharacteristic of the cuprate that
has“been prepared in THF. Instead, a single species with a slight change in chemical shift is ob-
tained after addition of THF. These observations corroborate our suggestion that dimeric
Me,CuLi(ether), Is the reacting species in hydrocarbon solvents or dichloromethane while good
dorior solvents induce a change in structure. However, the formation of highly reactive species in
very low concentrations (and thus not observable by NMR) can not be ruled out.

To gain some further insight into the role of the solvent and the effect of coordination to the
cuprate during the conjugate addition we have studied the reaction of Me,CuLi with methyl cinna-
mates, 5a-f, having built-in ligands in the ortho-position of the benzene rihg. The methylthiomethyl,
5d, dimethylaminomethyl, 5e, and the methoxymethyl, 5f, groups were chosen to test S, N and O as
coordinating atoms isolated from the delocalized T-electron system by a methylene group. A
methoxy group, 3¢, was included as a probe for "purely" electronic effects while the iso-propyl
group, 5b, was studied to get a measure of the steric effect of an ortho-substituent on the rate of
the conjugate addition. The reactions were quenched after 5 min in order to use the yield of the
products, 6a-f, as a fair measure of the relative reactivities of the substrates 5a-f, (ref. 22, 3a).
The results are summarized in Table 3.
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TABLE 2. Yield of 4-phenyl-2-pentanone, &, from the addition of TABLE 3. Yield of prodcuts 6a-f after 5 min
MeZCuLi to E-4-phenyl-3-buten-2-one at 0°C, Reactant ratio 2:1, of reaction between Me_CuLi and ortho-
substituted methyl cinnamates 5a-f.
Solvent Yield of & Chemical shift for MeZCuLi
s IH s IBC Yield of 6’.
5 % after min E, V
0°  -20 z
Hexane >98%*
Toluene >98% a, -H 18 2 -1.81 (ref. 4b)
Diethyl ether >98% -1.11 -9.6 b, -CH(CH.,,) 10
Dichloromethane >98% -0.96 8.7 ¢, -OCH, > 2 10 -1.83
----------- d, —CH2 CH 15
Tetrahydrofuran 90%** e, -CH N(Cﬁ ) 27
Acetonitrile 54% f, CH2OCH2 2  >98 20  -1.79
Pyridine 28% 0.13 8.5 2773
* within 1 min at 0° ** after 60 min at 0°
/COOCH; H,C
— H~CH,COOCH,
. +*
X ¢ LiMe,cu Jmin H, X (5)

6

Comparison of 5a and 5b shows that the introduction of a bulky ortho-substituent has only a limited
effect on the reactivity of the product. The higher reactivity exhibited by the dimethylaminomethyl,
5e, and the methoxymethyl, 5f, cinnamates is attributed to the ability to coordinate the built-in
ligand to lithium in the cuprate. The difference in E, values is small and assumed to be insignifi-
cant since 5a, 5b, 5e and 5f should be electrochemically similar.

We suggest that the rate enhancement observed for 5f is the result of coordination of the methoxy-
methyl oxygen to the cuprate in the transition state thus lowering the activation energy. The
methoxymethylcinnamate 5f can be considered as a tridentate ligand for a dimeric Me,CuLi species;
in addition to bonding of copper(l) to the enoate C=C bond, coordination of the carboriy! oxygen and
the methoxymethyl oxygen to two lithium atoms in the cuprate results in a three point-interaction.
Structurally and electronically the methoxymethyl group resembles diethyl ether and can thus dis-
place diethyl ether from coordination sites on (Me,CuLi), without causing structural changes in the
cuprate. We propose that the dimeric cluster struc%ure of the cuprate is essential for fast conjugate
addition to take place.

The planar dimeric cluster structure proposed for Me,CuLi in solution (ref. 17) has been corro-
borated by the first determination of the crystal structure of a cuprate by van Koten et al. (ref.
23), ci. Fig. 2.

The cuprate seems to be made up of two near-linear R,Cu units held together by two lithium
atoms to give an almost planar Cu,Li, arrangement. The dimethylaminomethyl groups serve as
"intramolecular solvent molecules” gretz. 23) coordinating lithium. The Li-C bond is substantially
longer than the Cu-C bond.

A theoretical treatment of Me,CuLi by Whangbo (ref. 24) using molecular orbital calculations gives
a square-planar configuration fér (Me,CuLi), as depicted in Fig. 3. The major structural feature is
the linear arrangement of methyl grotips at copper.

Oy
\/
\ Me — Cu—Me
Cu Cu / \
Li\ Li Li
/
NN N/
e ~.
Me —Cu—Me
Fig. 2 Schematic structure of Fig. 3. Calculated structure
(C6H4CH2NM62—2)4CUZL12. for Me, Cu,Li,.
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On the basis of our results, together with the structural information above, we suggest that the ob-
served effect of donor solvents and ligands is due to coordination to lithium in the dimeric cuprate
obtained in diethyl ether. Better Lewis bases increase the electron density on lithium and weaken
the attraction to the MeZCu' group, thus increasing the Li-C distance, cf. the chemical shift

CH;—Cu—CH, CHs—Cu—cH,
ks D .

L U gt Ny LiL),  CH~—Ci—CH,

CHy—Cu—=CH, C'H:,—Cu-—C'H:,

changes observed when exchanging diethyl ether for THF as a solvent for NMR experiments (ref.
10). Strongly coordinating ligands will cause the disruption of the cluster structure by formation of
ligand-separated ion pairs.

Such an event can be observed by addition of 12-crown-4 to Me,CulLi in diethyl ether, affording a
white precipitate of the ion pair (ref. 25) which is unreactive towards enones. The crystal structure
of this ion pair has been determined and shown to consist of well-separated cations,
(Li(12-crown—l+)2)+ and linear anions Me,Cu- (ref. 26.).

The coordination of built-in ligands to the cuprate is further demonstrated by the result obtained
from attempts to add lithium dimethylcuprate (free from lithium iodide) to a methyl cinnamate
carrying a polyether side chain in the ortho-position, 7. After 2 hours at 0°C the conjugate addition
product 8 was obtained in only 20% yield. Remaining 7 precipitated as an ion pair 9 and was thus
withdrawn from further reaction (ref. 22).

L

o] - LiMe,C
[ \—_0 * Hieu ether, 0¢° ¢ (6)
(o] O
7

Intramolecular assistance from built-in ligands has also been observed by Normant, Alexakis et al.
(ref. 27). They have shown that the regioselectivity of the syn-addition of alkylcopper compounds to
alkynes carrying heteroatoms along the carbon chain is dependant on the nature of the coordinating
group and on the solvent.

COPPER-ALKENE =»-COMPLEX AS A TRANSITION STATE MODEL

The copper(l)-alkene m-complex observed by NMR in the reactions of methyl cinnamate with
Me,CuLi now can be discussed in more detail, adopting the square-planar dimeric structure for the
cuprate. The enoate should be oriented to allow efficient bonding of the C=C bond to copper while
the carbonyl oxygen is oriented towards lithium displacing one diethyl ether molecule from the co-
ordination sphere. Enoates with built-in ligands, 5c-f, can direct the heteroatom towards the second
lithium atom.

The next step of the reaction can be either the carbocupriation step suggested by Berlan (ref. 8) or
the formation of the B-carbon-copper(lll) intermediate (ref. %, 5, 7, 9). The configuration at the
B-carbon after carbon-carbon bond formation will be determined by the geometry of the m-complex.
With chiral starting materials two diastereomeric m-complexes should thus be formed. The stereo-
selectivity of the reaction will then depend on the relative rates of the reaction of these 7-
complexes in the irreversible formation of the new carbon-carbon bond.

The feasability of the copper(l)-alkene m-complex as a reasonable transition-state model can also be
investigated by molecular orbital calculations. Extended Hickel calculations on a model system
suggest an interesting structure for the m-complex (ref. 28). Cinnamaldehyde was used as a model
enone system and was allowed to approach a dimeric square-planar cuprate structure from "above"
starting from a distance of 3.3 A between one copper and the midpoint X of the C=C bond. An
optimized structure is obtained with a copper-X distance of ca 2.1 A. Geometrical changes within
the enone as well as within the cuprate are worthy of notice (Fig. 4).
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A significant lengthening of the C=C and C=0 bonds occurs together with a shortening of the C-C
bond in the enone. The cuprate is no longer symmetrical as the Cu-C bonds of the coordinated
copper atorn are unequal in lenth, 2.1 and 4.6 A respectively. The other copper atom is bent out
of the plane towards the carbonyl oxygen, allowing for coordination of the carbonyl oxygen to both
copper and lithium! —_—

The connectivity changes in the cinnamaldehyde suggest some ¥.* character in the delocalized
electron system. This observation together with the large '“C coordination shifts observed by NMR
indicate that the bonding interaction in the m-complex is not only an alkene-to-copper donation
(filled enone ¥, to vacant copper 4s and 4p) but also some back donation from a filled copper d-
orbital to the %’ * enone LUMO. The effect of the back donation is probably relatively small but
decidedly more efficient from a Me,Cu unit with high electron density on copper relative to copper
in copper{l) chloride (ref. 13) or copper cations in copper(l) triflate (ref. 12).

Fig. 4 Schematic structure for a
hypothetical m-complex from
cinnamaldehyde and lithium
dimethylcuprate, according to
EHT calculations.

DIASTEREOSELECTIVE CONJUGATE ADDITIONS

Several examples of good stereoselectivity in cuprate additions to enones possessing y-oxygen or
amide nitrogen substituents have been reported (ref. 29). Some of these have been interpreted as
occuring in an anti sense relative to the heteroatom at C,. However, Fuchs et al. (ref. 30) have
demonstrated high stereoselectivity in the amine-directed cis-addition of cuprates to dimethylamino-
substituted cyclopentenyl sulfones.

We are presently trying to utilize the effect of built-in ligands on diastereoselective synthesis
starting with chiral substituents in the methyl cinnamate. Methyl S-ortho-dimethyl-
aminoethylcinnamate, 10, has been reacted with lithium dimethylcuprate, lithium diethylcuprate and
lithium diphenylcuprate, respectively in diethyl ether. The addition products are formed in good
yield. The diastereoselectivity varies slightly with the size of the R group of the cuprate, and with
Me,CuLi the diastereomers are formed in the relative ratio &.5:1 (ref. 31). The selectivity can be
improved by changing to dichloromethane as solvent for the reaction.

The diastereoisomers, 11, obtained from reaction of 10 with lithium diphenylcuprate have been se-
parated by HPLC and the major isomer has been assigned the S,S configuration based on compari-
sons of 'H NMR spectra of 11a and 11b with the spectrum of
S,S-4-(2-(1-dimethylaminoethyl))phenyl-4-phenyl-2-butanone, 12, (ref. 3b). The crystal structure of 12
has been determined by X-ray diffraction (ref. 32).

The formation of the S,5-diastereomer in cuprate additions to 10 is in good agreement with the
proposed intramolecular coordination of the dimethylamino group to lithium within the copper(I)-
alkene m-complex. Inspection of CPK molecular models gives support to this interpretation since in
the least hindered conformation of the substrate 10 the dimethylamino group is best accomeodated
in a position favouring coordination to the cuprate.

The magnitude of the diastereoselectivity indicates that other factors are also important, eg steric
hindrance. With as bulky side-chains on the enoate as in 5e, 5f and 10 we also observe side re-
actions unless the reaction conditions are carefully controlled.

CONCLUSION

The formation of a copper(])-alkene complex as an initial step of the conjugate addition of lithium
diorganocuprates to enones and enoates has been demonstrated. The complex is stable at tempera-
tures around -100°9C. On raising the temperature the T-complex irreversibly forms the expected
enolate product from a conjugate addition reaction which may occur either via a carbocupriation
(ref. 8) or via the formation of a transient copper(lll) intermediate (ref. 4-7, 9). The coordination
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within the m-complex can be used to rationalize the effect of built-in ligands on the stereo-
selectivity in the addition of cuprates to chiral substrates. A rationale for the effectiveness of
diethyl ether and/or hydrocarbons as solvents for the reaction has also been obtained.
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