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Abstract: The reaction pathway of transfer of a methyl group of a cuprate clustexqié), to acrolein (conjugate
addition of the methyl group) has been studied with the hybrid density functional B3LYP method. All intermediates
and transition structures (TSs) on the potential surface of the reaction as well as the structures on the intrinsic reaction
coordinate near the -©C bond forming stage of the reaction have been determined. In addition to two previously
proposed species, a lithium/carbonyl coordination compRli) and a copper/olefin complex retaining a closed
cuprate structureqPcl), a new copper/olefin complex with an open cuprate strucfORof) was characterized and

proven to be an intermediate directly leading to the conjugate addition prdelDctia a TS of C-C bond formation

(TS). The overall pathway of the reaction can be viewed, in one way;&3 kbnd formation via reductive elimination

of a Cu(lll) species and, in another, as a 1,4-addition of MeLi assisted by copper. The present studies revealed that
the large cluster framework of (MEuLi), allows intricate cooperation of two lithium atoms and a copper atom. A
small cluster such as MEuLi cannot achieve such cooperative action of different metal atoms as smoothly as larger
clusters such as (MEuLi), and MeCuLi-LiCl. Mechanistic relationships between conjugate addition, carbocupration,

and alkylation reactions of cuprate are discussed. A close similarity has been found between the conjugate addition
and the carbocupration of acetylene for the cooperative action of metal and the involvement of a Cu(lll) species.

Conjugate addition of organocuprate reagents,fbunsatur- considered to support such an organometallic mechanism rather
ated carbonyl and related compounds (hereafter called enonesjhan an electron transfer mechanism.
has long attracted the great interest of chemists because of its Ample experimental evidence indicated that cuprates in
synthetic importance and its obscure mechariisis early as  solution exist largely as a dimer {uLi),, which is hence often
in the 1960s, House noted that the reactive species is a Gilmannyoked as the reactive species in conjugate addition. Dimeric
reagent (RCuLi) and suggested that the role of the Cu(l) atom  ¢yprate was identified as a major species in ethereal solution
is to transfer an _electron to the_ carbonyl s_ubst?aleowever, by physical measureménand characterized in crystals, for
attempts to physically detect evidence for single electron transferctance. as a solvated clus®r(R = Ph, MeSiCH,) having
failec® and the experimental evidence once considered to be sne ethér molecule on each lithium ato’m as shown in Scheme
proof of a single electron transfer process did not necessarily 18 Recent theoretical calculations indicated that the cyclic
receive support from later studiéthough the reaction with dimer A (R = Me, S = H,0) is much more stable than the
highly electr_ophlhc olefinic acceptor (e.g., 1,1-d|c_yanoolef|ns) monomer MeCuLi which has an open structure (see the
appears to involve an electron transfer mechartisfmong preceding artici®,° and this is consistent with the aggregation

\é?er:?cﬁl mjﬁgzgggc n?ggz'rg'tlg;esélggfroc?]?égﬂgfﬁs;i?;@g o state determined by experimers. The kinetic results were
y L y € b consistent with the participation of the dimer,(RuLi)./enone
carbonyl compounds is now considered to proceed through a lex in the G&-C bond formi ; .
rocess involving a redox process involving Cu(l)/Cu(lll) complex in the C ond forming process of conjugate
P addition® Thus, a complex between cuprate and the enone

interconversion (vide infra). Rate-retardation effects of an enone substrate forms reversibly and affords the conjugate addition
B-substitutent, which was revealed by kinetic studibas been oroduct. Participation of a 1:1 complex in the-C bond

T The University of Tokyo. forming stage was also proposed in kinetic studies g2 S

* Emory University. alkylation reactiond? These kinetic studies indicated that the
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Scheme 1 robust Me-Cu bonding, the bonds between a pentacoordinated
Me Cu Me Me Cu Me methyl group and a dicoordinated lithium atomAnare much
’ o ‘ weaker and susceptible to cleavage by coordination of a Lewis
S—=Li Li=—S L+ 1 Li base to the lithium atom. The weakness of such bonds is also
, | / | known for the oligomeric alkyllithium clusters in ethereal
Me——Cu——Me Me——Cu—Me* solution?
A B The reaction pathway after the formation of a cuprate/
S = solvent or enone substrate complex still remains open to debate. It has long been

considered that a Cu(lll) intermedidté? F forms as an
intermediate and undergoes reductive elimination to give lithium

OJ\/ — OJ\/ [ F J\/ 7] enolateE. MeCu often precipitates in the absence of a suitable
i 0 N solvating ligand?® Recent quantum mechanical studies on
Li* L MeC/“'Me monomeric noncluster model reactions offered support to the
c U intermediacy of BCu(lll) species, which rapidly decomposes
I to give reductive elimination products, R-R and RCédfl).
The body of the previous information thus suggests that
o~ cuprate conjugate addition takes place in two stages: formation
U Cu-Me of a cupriocyclopropane-type compleR®/E) due to donation/
o Me o - back-donation interaction between cuprate and ehéh;16:17.25
followed by bond reorganizatiorD(E — F — G) involving
. — Jv C—C bond formation, G-Li bond formation, G=C bond
N Me | —~ 0O Me - . : ;
o] / i migration, and generation of discrete MeCu. In spite of the
| \ Cu(lin Li - . . . .
L Ve G prevailing view favoring the participation of (MEuLi), in the
F + Cu-Me| reaction, it is not clearly understood either how the dimeric

cluster takes part in the cruciaH bond forming step, or how
essential the dimer structure could be in the conjugate addition
pathway. In the density functional studies described below, we
have determined all intermediates and transition structures (TSs)
on the potential surface of the reaction pathway of transfer of
a methyl group of a cuprate cluster (MRLi), to acrolein
(conjugate addition) by full structure optimization. The intrinsic
reaction coordinate (IRC) analysis was performed in the stage
of the crucial C-C bond formation to obtain information on
the nature of this important process. The work indicates that
the cluster structure allows intricate cooperative action of two
lithium atoms and a copper atom. Although the work largely
focuses on the gas-phase addition of §MeLi), to acrolein,
some considerations have been given to {814.i), solvated

by explicit solvent molecules and to the smaller clusters,
Me,CuLi-LiCl and MeCuLi. Taken together with carbocu-
pration studies on acetylene, the present work demonstrates the
important roles of the cluster structure and cooperation of
different metals therein.

The recent NMR studies have succeeded in identifying what
may well be the kinetically observed cuprate/enone comisiéx.
Namely, relatively unreactive,f-unsaturated ketones, esters,
and nitriles were found to form a complex(es), which was
schematically depicted as a general strucBitgased either on
intuition or on calculations with extend-ldkel and PRDDO
methods'3*15 In addition, the remarkable recent observatfon
of large two-bond'®C/13C spin coupling between th&carbon
of ana,f-unsaturated nitrile and a methyl group on the copper
atom (Me*) indicated not only the 8f—Cu—Me* connectivity
but also the presence of a nonexchanging bond betwegnh C(
and Cu. The®BC/3C spin coupling studies also indicated that
the C)—C(3) double bond inB is significantly weakened.
Therefore, the cuprate/enone compieright be better depicted
as the cupriocyclopropang (i.e., a donation/back-donation
complex®) in Scheme 1.

Coordination of a lithium atom (or atoms) with the carbonyl
group has been implicated by NMR studies (e.g., the general

structureC or A, S = enone)t’” When the lithium atom is (19) Hope, H.. Olmstead, M. M.; Power, P. P, Sandell, J.; XuJX.
removed from a lithium cuprate by solvation with crown ether, Am. Chem. Sod985 107, 4337-4338.
conjugate addition does not take pld@eThe X-ray structure (20) McGarrity, J. F.; Ogle, C. Al. Am. Chem. S0d985 107, 1805~

. . - 1810. McGarrity, J. F.; Ogle, C. A.; Brich, Z.; Loosli, H.-B.Am. Chem.
of a Me;CuLi/crown ether complex contains free, linear Me  g4c 1985 107 1810-1815.

Cu—Me~ and solvent separated™.i® Thus, in contrast to the (21) Appropriateness of the use of Cu(lll) formality has been questioned
on the basis of the calculated electron density, which is far less positive
(12) Whitesides, G. M.; Fischer, W. F., Jr.; San Filippo, J.; Jr.; Bashe, (~+1) than the formal charge of3. As this proposal neccesarily poses

R. W.; House, H. OJ. Am. Chem. S0d.969 91, 4871-4882. Johnson, a general question on the use of such a fundamental terminology as
C. R.; Dutra, G. AJ. Am. Chem. S0d.973 95, 77777782 and 7783 “reductive elimination”, we employ the conventional notation. See: Snyder,
7788. Guo, C.-y.; Brownawell, M. L.; San Filippo, J., Jr.;Am. Chem. J. P.Angew. Chem., Int. Ed. Engl995 34, 80—-81. Kaupp, M.; von
Soc.1985 107, 6028-6030. Schnering, H. GAngew. Chem., Int. Ed. Endl995 34, 986. Snyder, J. P.
(13) (a) Hallnemo, G.; Olsson, T.; Ullenius, @. Organomet. Chem. Angew. Chem., Int. Ed. Endgl995 34, 986—-987.
1984 265 C22-24. (b)Ullenius, C.; Christenson, Bure Appl. Chem. (22) Three examples of crystal structures of Cu(lll) organocopper species
1988 57—64. have reported: Willert-Porada, M. A.; Burton, D. J.; Baenziger, NJC.
(14) Krause, N.; Wagner, R.; Gerold, A. Am. Chem. S0d 994 116 Chem. Soc., Chem. Commur989 1633-1634. Neumann, D.; Roy, T.;
381-382. Tebbe, K.-F.; Crump, WAngew. Chem., Int. Ed. Engl993 32, 1482

(15) The PRDDO calculated-complex of acrolein was carried out for ~ 1483. Eujen, R.; Hoge, B.; Brauer, D.J.Organomet. Cheni996 519,
MesCulip. Snyder, J. P.; Tipsword, G. E.; Splanger, DJJAm. Chem. 7—20.

Soc.1992 114, 1507-1510. (23) For alkyl cuprates other than methylcuprate, or if the copper reagent
(16) Corey, E. J.; Boaz, N. Wletrahedron Lett1984 25, 3063-3066. is adequately solubilized with a ligand, the alkyl copper remains in solution.
Corey, E. J.; Boaz, N. WTetrahedron Lett1985 26, 6015-6018. (24) (a) Dorigo, A. E.; Wanner, J.; Schleyer, P. v. &gew. Chem.,
(17) Bertz, S. H.; Smith, R. A. J. Am. Chem. S0d.989 111, 8276— Int. Ed. Engl.1995 34, 476-478. (b) Snyder, J. RI. Am. Chem. Soc.
8277. 1995 117, 11025-11026.
(18) Ouannes, C.; Dressaire, G.; Langlois, Teetrahedron Lett1977, (25) Vellekoop, A. S.; Smith, R. A. . Am. Chem. Sod 994 1186,

10, 815-818. 2902-2913.
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Models and Computational Methods

The model substrate chosen is acrolein, which is the smallest
o,f-unsaturated carbonyl compound and participates as an
acceptor in conjugate addition reactidfisAs to the cuprate
model, we primarily studied the cuprate dinfi€F1,1°which is
commonly assumed to be the reactive spetiddonomeric
cluster MeCulLi-LiX is often involved in the “higher order
cuprate” controversy (%= CN)?"28 and a model for enone/
Me,CuLi-MeLi complex has been reported previouklyRecent
molecular weight measurement indicated that @ i-Lil
exists in this stoichiometry in THE. Therefore, we also
examined MgCuLi-LiCl to compare its behavior with that of
dimer. A minimal cluster formulation, M€uLi,'° has been
employed routinely to represent reagent stoichiometry. In order
to shed light to the effect of cluster size, we also studied its

behavior to be compared with that of the higher clusters, whereas

this minimal cluster is generally not believed to be the reactive

species of cuprate reactions. The preceding article described

discussions on noncluster species, MeCu andQwWe, which
are experimentally known not to be the reactive species in
cuprate reactions.

Studies on the transition structures of cuprate reactions

mandate the use of a theoretical method which takes dynamical

electron correlation effects into accounts. The work described
in the previous articieled to the following generalization. The
B3LYP/631A method gives qualitatively the same structures
as those obtained at the MP2(FC) level of théband B3LYP
energies are rather close to the CCSD(T) values. In addition,
relativistic effects as to the copper atom were found to be very
small. Therefore, in the present work, geometry optimization
was performed (without symmetry assumption) by the B3LYP
hybrid functiona#! with the basis set denoted as B3LYP/631A,
which consists of the Ahlrichs all-electron SVP basis%kr

Cu and 6-31G(d¥ for the rest. Normal coordinate analysis

(26) Conjugate addition to acrolein itself is not a good synthetic reaction
because of further reactions of the resulting enolate anion, but it proceeds
in excellent yield in the presence of N&CI (Chuit, C.; Foulon, J. P.;
Normant, J. FTetrahedron198Q 36, 2305-2310. See also: Nakamura,
E. In Organocopper Reagent3aylor, R. J. K., Ed.; Oxford University
Press: UK, 1994; Chapter 6, pp 12942.).

(27) Lipshutz, B. H.; Wilhelm, R. S.; Kozlowski, J. Aetrahedron 984
40, 5005-5038. Lipshutz, B. H.; Sharma, S.; Ellsworth, EJAm. Chem.
S0c.199Q 112 4032-4034. Lipshutz, B. H.; James, B. Org. Chem.
1994 59, 7585-7587. Lipshutz, B. H.; Stevens, K. L.; James, B.;
Pavlovich, J. G.; Snyder, J. B. Am. Chem. S0d.996 118 6796-6797.

(28) (a) Bertz, S. HJ. Am. Chem. Sod 990 112 4031-4032. (b)
Bertz, S. HJ. Am. Chem. S0d991 113 5470-5471. (c) Stemmler, T.;
Penner-Hahn, J. E.; Knochel, #.Am. Chem. Sod.993 115 348-350.

(d) Snyder, J. P.; Splangler, D. P.; Behling, J. R.; Rossiter, Bl. Brg.
Chem.1994 59, 2665-2667. (e) Barnhart, T. M.; Huang, H.; Penner-
Hahn, J. EJ. Org. Chem1995 60, 4310-4311. (f) Snyder, J. P.; Bertz,
S. H.J. Org. Chem1995 60, 4312-4313. (g) Stemmler, T. L.; Barnhart,
T. M.; Penner-Hahn, J. E.; Tucker, C. E.; Knochel, PhBe, M.; Frenking,
G.J. Am. Chem. S0d995 117, 12489-12497. (h) Huang, H.; Alvarez,
K.; Cui, Q.; Barnhart, T. M.; Snyder, J. P.; Penner-Hahn J.Bm. Chem.
Soc.1996 118 8808-8816, andl996 118 12252 (correction).

(29) Gerold, A.; Jastrzebski, J. T. B. H.; Kronenburg, C. M. P.; Krause,
N.; van Koten, GAngew. Chem., Int. Ed. Endl997, 36, 755-757.

(30) MP2(FC) (FC= frozen core): Mgller, C.; Plesset, M. Bhys. Re.
1934 46, 618-622. Pople, J. A.; Krishman, R.; Schlegel, H. B.; Binkley,
J. S.Int. J. Quantum. Chem. Symp979 13, 225-241.
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Yang, W.; Parr, R. GPhys. Re. B, 1988 37, 785-789. (b)GAUSSIAN
94, Reision B.2 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M.
W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
G. A,; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.: Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN, Inc.: Pittsburgh, PA,
1995.

(32) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571
2577.

Nakamura et al.

(performed for all TSs) and natural charéfeare calculated at
the same level unless noted otherwise. Unless otherwise noted,
the energies discussed in the text were obtained at the B3LYP/
631A level. In the intrinsic reaction coordinate (IRC) analysis,
we used the B3LYP method using Ahlrichs SVP for Cu and
3-21G for others (B3LYP/321A). As in the previous paper,
the B3LYP/321A structures (obtained for most of the stationary
points in the (MeCulLi), reaction) were found to show reason-
able agreement with the B3LYP/631A structures (data not
shown; a tendency was found with the 321A basis set to
overestimate oxygen-lithium interactiéfs For complexes and
TS of C-C bond formation at the B3LYP/321A geometry, the
RB3LYP/321A wave functions were found to be stable with
respect to becoming UB3LYP functiof%.The Boys localiza-
tion for occupied Koha-Sham molecular orbitals was performed
for the B3LYP/631A TS structures for-@C bond formatior?®

13C NMR chemical shifts were calculated by the gauge invariant
tomic orbitals (GIAO)-B3LYP/631A methot;*® which re-
produces the experimental data RF and acrolein with a 312
ppm error. Chemical shift values are given with reference to
Me,Si (isotropic part of the shielding tenser189.7 ppm). The
GIAO 13C chemical shift of-11.6 ppm for (MeCulLi), agrees
reasonably well with the experimental values-83.25 ppm as
well as with the LORG values ranging betweeri0.8 and
—13.6 ppmt?

Results

Pathways for Reaction of (MeCulLi) , with Acrolein. The
pathway for the carbocupration of acetylene in the preceding
article® revealed the mechanistic significance of electron dona-
tion from a copper atom to the substrate. On the basis of this
knowledge and the previous experimental evidence for cuprate/
enone complexes!316.1%ye started to explore the mechanistic
possibilities of a conjugate addition reaction with special focus
on search for the €C bond forming pathway.

Events in the conjugate addition reaction revealed by the
present studies are summarized in Scheme 2. All stationary
points shown here betwedRTl + RT2 and PD have been
structurally correlated either by the IRC reaction path following
method (near the €C bond forming TS,TS) or the usual
structure optimization procedure, and therefore the pathway
shown in Scheme 2 presents the entire reaction pathway of
transfer of one methyl group of (MEuLi), to acrolein in the
gas phase as studied at the B3LYP theoretical level. Figure 1a
shows the energetics obtained at the B3LYP/631A//B3LYP/
631A (as well as the MP2/631A//B3LYP/631A level). The
energy profiles obtained by the two methods commonly point
out an extremely important character of the reaction in that there
exist two high energy barriers: The first$isol) represents

(33) Hehre, W. J.; Radom, L.; von RagBehleyer, P.; Pople, J. Ab
Initio Molecular Orbital Theory John Wiley: New York, 1986; references
cited therein.

(34) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899-926. NBO Version 3.1 in Gaussian 94 package; implemented by
Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.

(35) Fukui, K. Acc. Chem. Resl98], 14, 363-368. Gonzalez, C.;
Schlegel, H. B.J. Chem. Phys1989 90, 2154-2161. Gonzalez, C.;
Schlegel, H. BJ. Phys. Chem199Q 94, 5523-5527.

(36) Cf. LePage, T. J.; Wiberg, K. Bl. Am. Chem. Sod988 110
6642-6650.

(37) Seeger, R.; Pople, J. B. Chem. Phys1977, 66, 3045-3050.

(38) Kohn, W.; Sham, L. Phys. Re. 1965 140 A1133-A1138. Boys,
S. F.Quantum Theory of Atoms, Molecules, and the Solid Statedin.
P.O., Ed.; Academic Press: New York, USA, 1968, pp2882. Haddon,
R. C.; Williams, G. R. JChem. Phys. Lettl976 42, 453-455.

(39) Ditchfield, R.Mol. Phys.1974 27, 789-807.

(40) Cheeseman, J. R.; Trucks, G. W.; Keith, T. A.; Frisch, MJ.J.
Chem. Phys1996 104, 5497-5509. We thank Dr. M. J. Frisch for a
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Scheme 2
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2 The reaction pathway of the conjugate addition of el i), to acrolein. See Figure 2 for 3D representations. Approximate stereochemistry
is implied by the use of bold lines. Dative bonds are depicted by thick dotted line and forming/cleaving forming bonds by broken line. Note,
however, that this distinction could be oversimplified and may be misleading. The energy changes in kcal/mol at the B3LYP/631A//B3LYP/631A
are given above the arrows. For the summary of energetics, see Figure 1. Inset: TS solvated with two solvent mokecdl€3) (S

the process of olefin/copper-bond formation (face-selection  point binding. It is in equilibrium with the close compl&ecl

process) and the secondS) the process of €C bond via a TS of structural isomerizationSiso2 which lies only

formation. In light of the studies in the previous article, the 1.2 kcal/mol above&Pcl. Itis important to note that, i€Pop,

10.4 kcal/mol B3LYP activation energy of the—C bond the carbonyl group is doubly activated by the two lithium atoms,

formation CPop to TS) may be too small, the 24.4 kcal/mol one nearly on the carbonyl plane and another on the carbonyl

MP2 energy barrier too large and the “real” activation energy n-face. Most importantly, we found thafPop smoothly

may be in betweeff? Figure 2 shows the changes of energies follows the intrinsic reaction pathway vi&S (note that this

(a), geometric parameters (b and c), and natural charges (d) fortC—C bond forming process is totally independent of the face

representative structures on stationary points and variousseletion process) with a 10.4 kcal/mol activation energy to reach

intermediate structures obtained by the IRC analysis in the the product compleXD. On the other hand, we could not

vicinity of the C—C bond forming step at the B3LYP/321A locate a pathway directly connectir@@Pcl with PD (without

level. going throughCPop), because such a process necessarily made
First, we have studied the previously proposed lithium the already pentacoordinated C4 group to take an apparently

carbonyl complex and the “closed” copper-olefin compiéx. unfavorable hexacoordinated geometry in the TS. As shown

The lithium complexCPli is a complex formed by coordination  in Figure 2b, the forming &-C* bond shrinks monotonously

of acrolein RT2) to a lithium atom of the dimeRT1 (Scheme  as the reaction proceeds fra@Pop to PD. This product is a

2). Turning the dimer structure @@Pli around the Li—oxygen copper complexed lithium enolate and may be responsible for

bond makes Cuapproach the olefin (note that the olefinic face the difference in behavior between a pure lithium enolate and

is selected at this stage) and generaBicl via a TS of an equivalent enolate species generated by conjugate addition

isomerization TSiso1, with an activation energy of 10.2 kcal/  reaction. Dissociation oPD into MeCu and ENOLATE (a

mol. These two types of complexes have been discussed inmixed cluster of MgCuLi and a lithium enolate of butanal) is

the literaturet3.14 energetically disfavored by 32.1 kcal/mol in gas phase. In
We have also located a new coppecomplexCPop, which experiments?#*MeCu often precipitates as polymeric material.

has not previously been considered. This complex has its cluster0r more soluble organocopper reagents, the species corre-

“opened”*! so that it can interact with acrolein through three- Sponding toPD may remain in solution as sSUctENOLATE

is potentially capable of undergo further conjugate addition by

(41) Cf.: (a) Bernstein, M. P.; Collum, D. B. Am. Chem. S0d.993 itself (see the results for MEuLi-LiCl below) or after cluster

115 789-790. (b) Willard, P. G.; Liu, Q.-Y.J. Am. Chem. Sod993 it ; ; ot

115 3380-3381. (c) Nakamura, M.; Nakamura, E.: Koga. N.. Morokuma, reorganlza_tlon regeneratin@T1. Differentiation of these _

K. J. Am. Chem. So2993 115 11016-11017. Nakamura, M.: Nakamura, ~ Pathways is, however, out of the scope of the present studies.
E.; Koga, N.; Morokuma, KJ. Chem. Soc., Faraday Trand.994 90, (42) House, H. O.; Wilkins, J. MJ. Org. Chem1976 41, 4031-4032.
1789-1798. (d) Yamakawa, M.; Noyori, R. Am. Chem. So4995 117, (43) House, H. O.; Wilkins, J. MJ. Org. Chem1978 43, 2443-2454.
6327-6335. Cf.: Klein, J.; Levene, RJ. Chem. Soc., Perkin 1973 1971-1978.
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Figure 1. Energetics of conjugate addition. Values in boxes are at the
B3LYP/631A//B3LYP/631A level, and values without boxes are at the
MP2/631A//B3LYP/631A level.

The data in Figure 2c,d (B3LYP/321A//B3LYP/321A) reveal
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explicit solvent molecules was found not to change the structure
of TS to a significant degree.

Details of the Intermediates and Transition States In-
volved. In the following paragraphs are given the details of
each stationary point mentioned above (Figure 3). The complex
CPIi simply consists of the cuprate dimer and acrolein as
connected by a Lioxygen bond. As was reported for the

that two independent events take place in the conjugate additionS°vated dimeA (S= H,0) %!!the LP—C®and L#—C* bonds

reaction. The first event takes place during conversion from
RT to CPop, wherein the electron density aid; and carbonyl
oxygen increases, and that atQlecreases because of back-
donation from Cli to acrolein. The negative charge on the
oxygen atom has increasedt®.86e during conversion from
RT to CPop, and it remains virtually unchanged tiPD
(—0.89¢). This charge profile is reflected in the structure (Figure
2c): the enolate geometry (long€0 and short &-C?) in

PD is already found irCPop.

The second event takes place during the reaction Ti€ar
The magnitude of the charge decrease of the nucleopHilig C
group @-0.16e) is matched by the charge increase at Cu
(—0.15e), and the tetracoordinated Cu(lll) geometnCirop
changes to the Cu(l) geometry RD (vide infra). A similar

are slightly elongated (3-46.4%). The lithium coordination

to carbonyl oxygen occurs in the carbonyl plane, and the acrolein
bond lengths remain virtually unchanged1%6). In the
conversion ofCPli to CPcl via TSisol, the LP? atom moves
from the carbonyl plane (nonbonding) to the plane perpendicular
to it (z-coordination).

The complexCPcl is a two-point binding complex, wherein
the dimer and acrolein are bound together througha®wl LP
(front view in Figure 3). The 13 atom coordinates to the
m-orbital of the carbonyl group. It is a consequence of the
coppetrz-coordination to the olefinic bond and the maintenance
of acrolein conjugation. The“cCul—C>® cuprate moiety has
undergone major geometrical changes. It is now bent and the
Cut atom is tightly bound to the olefin. Thus, the four-€G

electron flow was also observed in the acetylene carbocuprationbonds on Chare of nearly equal length (2.022.089 A), and

reaction®

the Cd atom has a near square planar geometry (top view of

In summary, we have located various intermediates and TSsFigure 3)-a geometry conforming to the® Cu(lll) formal-
on the B3LYP/631A potential surface of the gas-phase reaction ism21?? These structural changes accompany electron donation

that smoothly connects the lithium compléRli to the product
PD. In the first step of the reaction, electron donation from

from copper to acrolein (cf. Guand CGHy,, in Figure 2d). The

olefinic bond (1.410 A) is elongated half way from acrolein

the copper atom to acrolein generates a Cu(lll) state, which goes(RT2, 1.338 A) to the productRD, 1.515 A), which is
back to a Cu(l) state in the second stage of the reaction. Asconsistent with the results of the reportédC NMR spin

described later, solvation of the two lithium atomsTi8 with

coupling data?
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RT1 + RT2 CPli cu? TSiso1
RT1 (Top view) Li2 (Top view)

-14.2 +10.2

CPcl TSiso2
(Top view)

+1.2

(Front view)

CPop TS
(Top view) 1.307

-45.0

Figure 3. Reactants, intermediates, and transition states in the conjugate addition,GfulMe to acrolein. Bond lengths are in A at the B3LYP/
631A level. The energies above the arrows are at the B3LYP/631A//B3LYP/631A level are in parentheses. Values of imaginary frequencies of
TSiso0], TSiso2 andTS are 140.9 39.9, and 338.5cm™2, respectively. Total energies BT1 andRT2 at the B3LYP/631A//B3LYP/631A level

are —3455.476 72 and-191.911 97 hartrees, respectively.
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Careful analysis of the cluster moiety 6fPcl (see the top
view in Figure 3) reveals that the dimer structure Gfcl
represents an intermediate stage in the conversion of the fully
closed structure i€Pli to the completely opened one@Pop.
Thus, both the &-Li! (2.237 A) and the &-Li2 bonds (2.468
A) are elongated (14.5% and 19.2% longer thaR L, 2.070
A), while the Lit—C5 bond is much shortened (2.351 A; 4.148
Ain RT1). As aresult, the L% atom now bridges the Gand
C® methyl groups, and Biis held close to the oxygen atom
(1.914 A). This structural change occurs in parallel with the
decrease and increase of negative charge onthesthyl group
and the carbonyl oxygen, respectively (cf. Figure 2d). The
above structural features relat@Pcl to CPop in its atom
connectivity.

In line with the above analysis, we could locate a low energy

TS connectindCPcl to CPop. This TS of closed/open isomer-
ization (TSiso2 lies 1.2 kcal/mol abov€Pcl. Both the C—
Li® and the G—Li2 bonds are being cleaved, and thé afom
is now bound to the Emethyl group. The 14 atom, which
wass-complexed with the carbonyl group ®Pcl, is moving
onto the carbonyl plane.

In CPop, the Lit atom is now fully bonded to the%Gnethyl
group, from which the 3 atom is totally detached. This bond
reorganization makes the*@nethyl group free from lithium
coordination. It must be also noted that such a cluster

Nakamura et al.
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Figure 4. Contour plots of localized KohnSham MOs (B3LYP/631A)
of TS: (a)LMO1 on the C—C3—C* plane, (b)LMO2 on the C—
C8—Cu! plane, and (c.MO3 on the G—C?—Cu plane. Contour levels
in e-au® are from—0.30 to-+0.30 at intervals of 0.05. Positive contours
are solid, negative are dotted, and nodal lines are long dashes.

LMO3, shown on the &C2—Cu! plane, indicates that the
forming enolater-orbital acts as a donor ligand to the iQu)
atom. This electronic property is reflected structurally in the
a-allylcopper-type geometry for G(C3C2CY) moiety:”-2544with

reorganization process involving cleavage of the bonds betweenthe Cid—C distances of 2.0932.458 A.

a dicoordinated lithium atom and a pentacoordinated alkyl group
is experimentally known to be a very facile process in solution
as found for alkyllithium cluster&i® Our theoretical results

The productPD is a lithium enolate of butanal, complexed
simultaneously with MeCu(l) and with a MeCu/MeLi cluster.
MeCu(l) is weakly bound to the enolate double bond<Cu!

indicate that this reorganization is easy even in the absence of= 2.223 A and @-Cu! = 2.148 A) which precipitates in a

solvation.

The cupriocyclopropane structure @Pop is similar to that
in CPcl except that the Cucuprate moiety is slightly tilted
toward C (see the top view). The carbonyl moiety has
undergone a major change to become a Metmplexed
lithium enolate (as shown in Figure 2c). The oxyget (1.305
A) is longer than acroleinRT2) by 7.3% (8.8% inPD), and
the G—C2 (1.402 A) bond is shorter by 5.0% (6.3%). Thé+i
oxygen bond of 1.767 A is a fully formed bond (D, 1.775
A). Li?2is also attached to the oxygen atom and the-G®
bond is lengthened (2.263 A). The charge change shown in

polymeric state. In the gas phase, the dissociated pair of the
lithium enolate ENOLATE) and MeCu is energetically
disfavored by 32.1 kcal/mol (cf. Figure 1).

The Solvent Effects. The solvation effects were investigated
(B3LYP/321A) for the important €C bond formation stage
of the reaction (Figure 5). One water molecule was put on each
of the two lithium atoms off' S (Figure 3), as such a solvation
state was found in the known crystal structure of the difér
Notably, the gross structure of the solvated TIS-@QH0),
particularly, for the geometry of atoms directly bonded to the
acrolein moiety, is very similar to the unsolvated one in Figure

Figure 2d agrees well with these structural changes, and the3. The major differences reside in the bonds connecting the

acrolein moiety (mainly the carbonyl oxygen) has accepted
significant negative charge, making Cthe most positively
charged among the points on the reaction pathway. The
structure of CPop now resembles the TS of -€C bond
formation, TS.

The IRC analysis indicated that the TS of-C bond
formation (T'S) smoothly connect€Pop andPD. The activa-
tion energy fromCPopto TS is 10.4 kcal/mol. The structural
change in the course of the conversiorGHopto PD via TS
is straightforward as seen from Figure 3. The major event is
the G—C* bond formation, which pushes thé @ethyl group
against the acrolein®&-terminal (see also Figure 2b). Thé€
Lit bond, which was already quite weak @Pop, is further
weakened to make the*€Cu'—C® moiety almost separated
from the remainder of the cluster. This TS consists of one
molecule of the dimer and acrolein and is consistent with the
experimental kinetics (i.e., first order to both cuprate and
acrolein concentration$).

The localized molecular orbitalMO1 of TS (occupied
Kohn—Sham LMOs, Figure 4) shown on the2-eC3—C*
dissection corresponds to the-C bond formation between3C
and C. LMO2 on the C—C3—Cu! plane indicates that a
copper & orbital is responsible in the GaC3 bond. Notably,

two lithium atoms to the Me Cul2—Me moiety and the length
of the LP—C® bond, which is now virtually broken. The energy
of the solvated TS relative to solvated reactamemained
virtually unchanged as compared to the unsolvated cluster
(MexCuLi)y, i.e., it decreased only by 0.1 kcal/mol at the
B3LYP/321A//B3LYP/321A levef®

Reactions of MeCulLi-LiCl and Me ,CuLi with Acrolein.
From what was observed in the dimer calculations in this and
the preceding article, the second cuprate molecule in the dimeric
cluster seems essentially nonfunctional. We therefore also

(44) Gais, H.-J.; Mlier, H.; Bund, J.; Scommoda, M.; Brandt, J.; Raabe,
G. J. Am. Chem. Socd995 117, 2453-2466. Persson, E. S. M.; van
Klaveren, M.; Grove, D. M.; Bekvall, J.-E.; van Koten, GChem. Eur. J.
1995 1, 351-359, references cited therein.

(45) The solvated dimer shown in Figure 4 is an isomer of the previously
reported solvated one (refs 10 and 11). The present isomer is 0.7 kcal/mol
more stable than the previous at the B3LYP/321A//B3LYP/321A level.

(46) Most of the stationary points in this and the preceding article (ref
9) were investigated both at the B3LYP/631A and B3LYP/321A levels (only
some representative data shown in Table 1 in the preceding article). The
geometries were very similar to each other, allowing qualitative comparison
of structural data at different levels. The qualitative energy profiles were
also the same for both levels of theory, though there were considerable
difference in the absolute magnitude of energies (relative to reactants). This
difference is likely due to the deficiency of the 321A basis set in evaluating
lithium—oxygen and copperolefin interactions.
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o Cu + -18.6
2.039 1.93 g

RT1-m

+12.1

TS-m PD-m

1 'b,\

284 1.466° 7

Figure 7. Structures of representative stationary points in the conjugate
addition of MeCulLi to acrolein. Bond lengths are in A at the B3LYP/
631A level. The energy changes on the arrows are at the B3LYP/631A/
/B3LYP/631A level are in parentheses. The value of imaginary
frequency ofTS-m is 356.8 cm™%. Energies oRT1-m andRT2 are

Figure 5. Reactants and TS in the [MeuLi(H.O)], addition to
acrolein. Bond lengths are in A at the B3LYP/321A level. The energy

changes at the B3LYP/63IA//BILYP/S21A level are shown on the _, 757 63718 'and-191.911 97 hartrees at the B3LYP/631A/B3LYP/
arrows. Total energies of solvated reactant and acrolein at the B3LYP/

631AIB3LYP/321A level are-3608.346 14 ane-191.911 27 hartrees, ~ OSLA 1€Vel, respectively. _
respectively. accommodate the linear M&u—Me structure found in the
dimer (hence MgCulLi is less stable than its dimer). Upon
complexation with acrolein, the cluster closes to faZfcl-m.

This process results in large energy gain due to the formation
of the charge-stabilized four-centered structure as well as to the
copper-olefin complexation. In contrast to the situation in the
larger and more flexible clusters, the carbonyl grougRcl-m
does not interact with the lithium atom, as it is placed far away
from the carbonyl oxygen because of structural rigidity of the
four-centered cluster. We also located an open complex
CPop-m and the TS of &C bond formationTS-m. In light

of the “open” nature ofRT1-m, the open complex may be
directly accessible froRT1-m rather than via&CPcl-m. (There
also may exist a Li/carbonyl complex likePli, but we did not
look for this as it is unlikely to be directly related to the reaction.
There also should be a transition state lik8iso2 between
CPcl-m andCPop-m, which we did not search sin€&Pop-m
seems to be accessible directly frd®T1-m.) The activation
Ts-LiC energy of 12.1 kcal/mol fronr€Pop-mto TS-m is comparable
Figure 6. Reactants, open complex, and TS in the conjugate addition {0 those obtained for higher clusters. The stationary points for
of Me;CuLi-LiCl to acrolein. Bond lengths are in A at the B3LYP/ MexCuLi may be viewed as the “core structure” in each of the
631A level. The energies near arrows are at the B3LYP/631A//B3LYP/ corresponding stationary points in the reaction of {GleL i),
631A level are in parentheses. The value of imaginary frequency of and MeCuLi-LiCl. The product structure is a mixed cluster
TS-LIiCl is 334.0 cm™*. Total energy oRT1-LiCl is —2195.576 84 of a lithium enolate and MeCu. We would conclude that once
hartree at the B3LYP/631A//B3LYP/631A level. RT1-m forms in a significant quantity in solution, it would have

examined the monomeric cluster MRILi-LiCl (RT1-LiCl ) to an equal chance to undergo conjugate addition to acrolein.
see if it also reacts smoothly with acrolein. As shown in Figure ~ ~“C NMR Chemical Shifts. Experimental*C NMR chemi-

6, the structures of the open compl€&Rop-LiCl) and the open cal shift values provided valuable experimental data points, to
TS (TS-LiCl) were found to be virtually identical to those for ~Which our calculations can be compared. Among recént
the dimer, except for the difference in the “bridging” LiCl NMR studies, the complex formation between 10-methyf-
moiety. The activation energy (Figure 1b) turned out to be 2-octalone and Mg€uLi-Lil (Figure 8a) presents a case closest

essentially the same (9.8 kcal/mol) as that of the dimer (10.4 to the present on¥. Although the present computational power
kcal/mol). does not allow high-precision calculations of this molecule itself,

For further Comparison of the cluster Structuresl we examined we considered that the difference of the chemical shift values
stationary points for the minimum cluster M@uLi (energies ~ between the complexes and the starting enone will provide a
in Figure 1c and structures in FigureGPcl-m was previously useful standard reference, with which one can compare the data
examined3°240:47 Unlike the dimer cluster, the minimum  calculated for acrolein.
energy structure of this mpnomeric cluster. ha§ been found t0 ™47y Dorigo, A. E.; Morokuma, KJ. Chem. Soc., Chem. Commu@gg
be an open forniRT1-m,1% since the cluster size is too smallto  1884-1886.

-16.5
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of the NMR chemical shift data is, however, not consistent with
the energetics we have obtained above. Nanm@Bgl is less
stable tharCPop by 4.9 kcal/mol, and the barrier for conversion
of CPcl to CPopis only 1.2 kcal/mol affSiso2 Thus, one
would expect thaCPop is dominant in equilibrium. Further
studies are hence required for the more definite assignment of
the experimental NMR shift data for speciésand J.*°
However, at the present stage we can conclude that a lithium/
carbonyl complex such &Pli is a species responsible for the
spectra assigned td and a copper complex such @¥&cl or/
andCPop for | andJ.

Discussion

The above results represent the first computational simulation
of the reaction pathway of large polymetallic cuprate clusters
with an unsaturated carbonyl compound. The energy profile
and structures shown in Figure 1 and Scheme 2 are consistent
with the basic idea of the cuprate reaction mechanism based
on the experimental observations. The present work demon-
strated firstly that there is a rational pathway for a dimer to
undergo conjugate addition and, secondly, that lithium and
copper atoms cooperate to facilitate the reaction. A series of
complexes exist in equilibrium with each other before the TS
of irreversible C-C bond formation is reached. This agrees
with the conventional mechanistic sketch discussed in Scheme
1. Theory supported the formation of cuprate/enone complexes
previously proposed¥ andB) and suggested a new three-point
binding “open” complexCPop. We also noted that these
complexes will readily interconvert with each other and go to
the product only througB@Pop. Interestingly, the energy profile
in Figure la clearly shows that the olefinic face selection and
the C-C bond formation take place as separate steps and may
be indepently affected by reaction conditions.

Charge transfer from the cluster to acrolein through a copper
atom characterizes the present reaction pathway, which hence
possesses some similarity to the electron-transfer mechanism

raw chemical shift data are in parentheses, and the shift changes relativespeculated in earlier mechanistic studié$® Olefinic bond

to the starting carbonyl compound in bold. (a) Representative experi-

isomerization was observed during conjugate addition of

mental data for the enone/cuprate complexes in the conjugate additionMe,CuLi to a cis-enone having bulky substituents, and such

of Me;CulLi-Lil to 10-methylA'°-2-octalone (ref 17). (b) The calculated
(GIAO-B3LYP/631A) 33C NMR chemical shift values (parentheses)
and the shift changes (bold) relative to acrolein. See Figure 2 for 3D
representation of the structures.

Experimentally, a few types of species (each consists of few
signals due to structural isomers) formed (Figure 8a) and
decreased as the conjugate addition proceedétd, andJ are
examples of intermediate species assigned to the observe
signals!’ One immediately finds agreement of the data
calculated for the lithium comple€PIi (Figure 8b) with the
experimental signal ascribed to a lithium/carbonyl comptex
(the nature of the X group has not been speciffédfor copper
complexed andJ, olefinic carbons undergo significant upfield
shift, while the carbonyl carbon remains relatively unchanged.
The observed shifts of the olefinic carbons faandJ can be
qualitatively accounted for by eith€Pcl or CPop. On the
other hand, the carbonyl group @Pcl maintains its carbonyl
character, making the carbonyl carbon signal shifted only by
+4.0 ppm, while the carbonyl group i@Pop assumes much

double bond rotation has often been taken as a sign of single
electron transfer mechanism of conjugate additfonThe
present results studied offer a certain alternative interpretation
of the observed bond rotation. Thus, recognizing that the
process between the reactants &Rbp is reversible and that
the enolate moiety in the intermedi&®opis acting as a donor
ligand to the Cu(lll) center, one can speculate that coordination

Oof a strong ligand to the Cu(lll) center DPop may loosen the

enolate/Cu bonding (i.e., generation of a discrete intermediate
such asF) and result in double bond isomerization (after
reversion to the starting material).

We found close similarity in the structure and energies of
stationary points in the reaction of the dimer and,®eLi-LiCl

(49) There are several possible explanations for this discrepancy. The
experiment is for complex enone systems, while calculations are for acrolein.
The present NMR chemical shift calculation at the B3LYP/631A level at
the B3LYP/631A optimized geometries may not be accurate enough. One
may also require a better optimized geometries with polarization functions
(ref 40 and see, also: Schindler, M.; Kutzelnigg, W.Am. Chem. Soc.
1983 105 1360-1370.) and a better basis set at triflelus polarization
level (ref 40 and Sieber, S.; von RdgBehleyer, P. Gauss, J. Am. Chem.

of an enolate character, making the carbonyl carbon signal Soc. 1993 115 6987-6988; reference cited therein.). One may also

shifted by as much as-30.4 ppm. The observed carbonyl
carbon shifts fot (—5.9 ppm) and (—8.9 ppm) falls between
those ofCPcl andCPop; a CPcl/CPop equilibrium ratio of ca.
2:1 would explain the experimental feature. This interpretation

(48) Experiments did not tell if this is a cuprate/enone complex or simply
a lithium halide/enone complex.

speculate a solvent effec€Pcl (with a weak lithium/carbonyt-coordina-
tion) will receive more solvent molecules on the two lithium atoms than
those inCPop, in which Lit is already heavily coordinated and consequently
that CPcl may become more stable in solution th@Rop.

(50) We found little biradical character in the complexes and the TSs as
shown by the lack of RB3LYP-UB3LYP instability (vide supra).

(51) House, H. O.; Weeks, P. D. Am. Chem. Sod.975 97, 2770~
2777.



Addition of Li Organocuprate Clusters to Acrolein J. Am. Chem. Soc., Vol. 119, No. 21, 1999

b,
Scheme 3 @ pe ® pc
a cuM Me_C " 2.02 \125 1.99\ ;25213
uMe, u-Me 2.07 :
/=( v 134 (pu'" CHg 137 (cuy"y——CHs
X~ 68 5z\0 69
. . 219/ 2.22 216 72 2.09
X = electron withdrawing group 19,7 83 ;
Ho=ZcH OHC-HC=ZCH,
Mo 1.92 2.10
b ‘CuMe. Cu-M
W Me, T2 e B3LYP/631A B3LYP/631A
le— ( CuMe;, Li \=qu-Me Me - "
_ X = leaving group HsG
2.00 \ 111
, ) o f D) 2.03
species. This observation indicates that as long as the cluster Me0,-~{CU" CHs
has a reasonable size and can accommodate the linear Me / 90 —\65
Cu—Me arrangement (as in the dimer), it exists as a thermo- 2.40 203 L4 18
dynamically stable species and provides a framework for smooth y
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electron-flow. In light of the predominance of (MeuLi), in

ethereal solution, dimer participation is certainly not an unrea-
o -

sonable possibilit§:” On the other hand, given the comparable to acrolein, and (c) reductive elimination from M3&1(Me,O) reported

activation erller.gy of the Mé:u"i'l,‘ic" we ,Can also consider _ (ref 24b). Bond distances in A are shown in plain, and angles in deg
that MeCuLi-LiX may be a reactive species under the condi- ¢ in italic.

tions where it exists in high concentrati&h.The predominance
of (Me,CuLi); in an ether solution of Mg&£uLi-Lil has been Scheme 4
attributed to the equilibrium (eq 1§, which favors the right

Figure 9. The transition structures of -€C bond formation in (a)
(Me,CuLi), addition to acetylene, (b) conjugate addition of gaLi),

) ) . - . D _~Li—nR,
side owing to the high stability of a Lil cyclic dimer (or Cl g RoHN
oligomer). Under such conditions, the dimer will be a reactive bi\ H G
species. If the equilibrium is shifted to the left side as for (9=<(:/H2 - a” \o<
MeoCulLi-Lil in THF,2° Me,CuLi-LiX may act as a reactive J \) Ny
species. The same possibility also exists in the carbocupration
reaction, where Mg uLi-LiCl was calculated to exhibit almost R—Li—R
the same reactivity as (MEuLi),.° If monomeric MeCulLi [ ( U R
existed in solutiort! it could undergo GC bond formation L'\c",=< —_ F{/ \o~<
reaction with activation energy comparable to the larger clusters. & Ny
K
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| conjugate addition or carbocupration I et - ~
L M
The products of conjugate addition and carbometalation U
reaction8 are much different from each other (the latter L'/R\C —R c”” R
covalently retains the copper atom in the product, while the ! K \Cu/n
former only very loosely), and their similarity has not been well \‘?/— o v N
appreciated thus far. However, the present theoretical analyses A =
revealed that they share a common important character, as N o
shown in the simplified picture in Scheme 3. In both reactions, ¥
a cuprate moiety donates electrons to one (electrophilic) end of / ? . PN
the olefin (or acetylene) through the fillettorbital, and the L'\ / AN /O—\\
donated electrons flow into an electron sink attached to the other R—L| H R
end of the C-C bond. The electron sink in the conjugate p

addition is the internal carbonyl group (Scheme 3a), and, in
the acetylene carbocupration, it is the lithium atom in the cluster
(Scheme 3b). Similar electron flow (Scheme 3c) has been
considered for cuprate alkylations with MeX (3¢ halogen,

process in that the cluster first traps the substrate by opening
the cluster to tightly bind the substrate with the copper atom
- . and subsequently undergo—C bond formation. In a sense,

12 - . L. . . L . .
tosyloxy):* The transient Cu(lll) species then undergo reduc the conjugate addition reaction is a 1,4-addition of MeLi assisted

tive elimination to form a &C bond. The TS of the reductive N
A by copper, as the acetylene carbocupration involves a copper-
elimination of MgCu was recently reportétl and shows a)s/sistré% 1 2-addition 0¥ MeLi P bp

remarkable similarity to those obtained for carbocupration and
conjugate addition. As illustrated in Figure 9, all three TSs
have a near square planar, tetra-coordinated geometry with
shrinking C-C bond shown by a double-ended arrow. The
geometry difference as to the fourth ligand (a dotted line) may
be the consequence of the difference of intra- and intermolecular
coordination.

As in the carbocupration reaction, the present mechanism of ~(52)cf: jackmann, L. M.; Rakiewicz, E. B. Am. Chem. S0d.991,
conjugate addition can also be viewed as a “trap-and-bite” 113 1202-1210.

The process of a cluster opening path®apr reaction of
nucleophiles and bases is not unique to organocopper reactions
a(Scheme 4). Recent experimental and theoretical studies
suggested that the “open” forms of organolithium clusters play
important roles in other reactioA%41:5253 The crystallographic
studies of lithium amide bast8 suggested the kinetic impor-
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tance of an “open dimer”, such ds2 The TSs of conjugate
addition L, M, andN) reveal open dimer structures, which
tightly hold the carbonyl substrate. In the addition of MeLi
dimer to acetaldehyde, an open dimer K3 @ives the product
with very low activation barrief’¢ One can view the conjugate
addition reactionl(, M, andN) as a stretched form &, which

is the TS of (RLi} addition to a carbonyl compound¥. One

can also note similar “open cluster structures” in the TS of
carbocupration®)® and in the epoxide alkylation with MeLi
dimer (P).>* An apparent merit of such an open pathway resides
in the realization of the pustpull mechanism by allowing a
coordination-free nucleophile to attack an electronic center
which is activated by an intramolecular electrophilic metal.

carbocupration reaction and the conjugate addition, but it will
have a significant impact on the energies and the pathway before
and after this stage. Finally, we expect that the “open” cluster
model and the presence of two discrete rate limiting steps in
the conjugate addition will generate new concepts for designing
asymmetric conjugate additions, which has thus far been based
largely on closed cluster modéfs. The present studies will also
serve as the first step toward elucidation of the dramatic rate
accelerating effects of Lewis acidic additives such ag3iél,

in which we have had a long standing interést’

In light of the extensive theoretical studies, we can draw the
following conclusions as to the viability of theoretical methods
in the analysis of bond forming/breaking processes in organo-
copper chemistry. First, the MP2 and B3LYP methods give
chemically sensible structures and energies, while the calcula-

In this and the preceding papérsye have examined the  tions on the HF levels are totally unreliable. Relativistic effects
reaction pathways of cluster cuprate reagents in two of the mostdo not appear to exert large influence on the chemistry of
important reactions characteristic of organocuprate chemistry, cuprates. In light of its high cost performance, good structures,

carbocupration, and conjugate addition. The essence of cuprateynd reasonable energies, the B3LYP method would be the
addition resides in the electron donation from the electron-rich method of choice at the present time.

cuprate anion to the substrate, which generates a transient Cu(lll)

Conclusion
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