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Density Functional Studies on Conjugate Addition of (Me,CuLi), to
Cyclohexenone: Stereoselectivity and Rate-Determining Step

Seiji Moril® and Eiichi Nakamura*!2!

Abstract: The reaction pathway of the
conjugate addition of a dimeric cuprate
(Me,CuLi), to 2-cyclohexenone has
been studied by means of the B3LYP
hybrid density functional method, and
intermediates and transition structures
(TSs) on the potential surface of the
reaction have been determined. A lith-
ium/carbonyl coordination complex
(CPIi), a copper/olefin complex retain-
ing a closed cuprate structure (CPcl), a
copper/olefin complex with an open
cuprate structure (CPop), and the TS
of C—C bond formation (TScc) have

eoisomeric pathways, and found that the
pathway that results in the axial place-
ment of the nucleophilic methyl group in
the product was favored throughout the
course of the reaction, except in the
product complex. Thus, the stereoselec-
tivity of the conjugate addition to cyclo-
hexenone originates from the stereo-
chemical preference of the final, rate-
limiting C—C bond formation stage that
mainly reflects the steric factors in the
formation of 3-methylcyclohexanone

Keywords: conjugate additions -

enolate in its half-chair form (TSccax).
Comparison of the calculated and ex-
perimental values for *C NMR chem-
ical shift and kinetic isotope effects
strongly suggests that the copper/olefin
complex of the CPop structural type is
the reactive intermediate that directly
forms the product. Thus, the open com-
plex CPop, rather than the closed com-
plex CPecl hitherto considered, is a direct
precursor of the product and crucial for
the stereoselectivity of the conjugate
addition. On the basis of theory and
experiments, transition-state models for

been located along the gas-phase path-
way leading to the conjugate addition
product (PD). We studied two diaster-

cuprates -
lations -

Introduction

Conjugate addition of organocuprate occupies a uniquely
important position in organic synthesis because of its ability to
stereoselectively deliver a carbanionic center to create a new
chiral center. Numerous syntheses of complex natural prod-
uctst! crucially rely on diastereoselectivity of the conjugate
additions, as illustrated by the stereoselective synthetic step in
our cortisone synthesis (Scheme 1).?! Scheme 2 illustrates the
simplest, textbook examples of high diastereoselectivities.l
In spite of the critical importance of stereoselectivity in
synthetic applications, understanding of the origin of the
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the conjugate addition to substituted
cyclohexenones are provided.
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Scheme 1.
Me,CuLi OLiMeCu OLiMeCu
(2 equiv.)
—_— +
R2 Et,0, 0 °C R2 ‘e, R2
R? R? R?
trans cis
(@) R*=Me, R?=H 91 : 9
(b) R*=H, R? = Me 98 : 2
Scheme 2.

selectivity has been very poor, and no consensus has been
achieved.P!

Upon a low-level analysis, the diastereoselectivity in
Schemes 1 and 2a appears to reflect the product stability.
However, the selectivity in Scheme 2b apparently defies this
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hypothesis. On a more advanced level of analysis, the
selectivity in Scheme 2b has been rationalized in two ways.
One interpretation assumes a transition state A which gives
the trans diastereomer (Scheme 3).1 While this interpretation
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Scheme 3.

is accepted in one community, a different opinion may be held
in another, where a boatlike structure (cf. B) is assumed./ ®

While the analysis of the stereoselectivity has remained
speculative, the kinetics and thermodynamics of the reaction
have been studied in considerable depth. The kinetic studies
by Krauss and Smith revealed a mechanism [Scheme 4,
Egs (1) and (2)),) where an intermediate D (or kinetically
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indistinguishable multiple intermediates) formed in equili-
brium with the starting material goes through an irreversible
step (including C—C bond formation) to give the conjugate
adduct FI A lithium/carbonyl complex C forming in
equilibrium with starting materials does not directly give the
product, and instead a copper/olefin complex (conventionally
formulated as) D goes to the product though a Cu™
intermediate or a transition state represented by a general
structure E. This picture was supported by subsequent NMR
studies (cf. Scheme 10)!'"3] including the notable recent
studies by Krause who identified intermediates related to
D."1 Enone/cuprate complexes of closed nature, such as D,
have often been assumed to exist, based on intuition and
computational results.''4 5] The relative magnitude of the
rate constants was also assessed (ki/k_;=1.5, k_;>k,).l8l
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Using their elegant method, Singleton et al. recently deter-
mined the kinetic isotope effects in the conjugate addition to
cyclohexenone and concluded that the rate-limiting step is
C—C bond formation by reductive elimination of a copper(ii1)
intermediate such as E.l'! This step must correspond to the
Krauss/Smith second energy barrier (k,).

Unfortunately, it has so far not been possible to consolidate
the mechanistic studies on simple substrates and the stereo-
chemical questions in larger systems. To do so, quantum-
mechanical calculations of a system close enough to reality
are needed, which combine structural, energetic, and theo-
retical information. Our recent theoretical studies on the
simplest substrate (acrolein) provided the first step toward
this goal.l'’7 We now address a system involving a lithium
cuprate cluster and 2-cyclohexenone, which provides the first
opportunity to study the stereochemistry and the physico-
chemical characteristics of the conjugate addition in reference
to the known experimental data.['$!

In the present studies, we will discuss the origin of the
diastereoselectivity of the conjugate addition of a Me,CuLi
dimer to cyclohexenone in terms of energetics and structures
obtained for the most realistic models studied by high-level
quantum-mechanical calculations (density functional theory,
DFT). The present studies revealed the identity of the
intermediate in solution which goes directly into the product
(as CPop), and provided a concrete molecular picture of the
rate- and stereochemistry-determining step of the conjugate
addition (as TSecc). The transition-state models for the
diastereoselective conjugate addition will be provided based
on theoretical and experimental results.

Chemical Models and Computational Details

We have chosen 2-cyclohexenone as our model substrate. The conjugate
additions to 2-cyclohexenone derivatives have been the most widely
studied experimentally because of the defined conformation of six-
membered rings, as well as the abundance of six-membered rings in natural
products. It is rather unfortunate that the physical organic studies on the
conjugate addition have been undertaken for unreactive,” """l highly
substituted 2-cyclohexenone derivatives. The parent compound is too
reactive to be studied in detail for the mechanism.

As a cuprate model, we mainly studied Me,CuLi dimer, and also briefly
examined a small cluster EtMeCuLi for comparison (which did not affect
the conclusion, hence the data will not be shown). Our previous theoretical
studies!'”) indicated that other cluster models (Me,CuLi and Me,CulLi-
LiCl) will also show reactivities similar to [Me,CuLi],.

There are two olefinic faces available for substituted 2-cyclohexenone to
receive the attack of a cuprate reagent (see Scheme 5): an attack eventually
placing the nucleophilic methyl group at the axial site of the C* carbon atom
in the final products in its stable chair conformation (conventionally called
axial attack), and one placing it at the equatorial site (equatorial attack).

"axial attack”

R
LH o RH
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H "RoCuLi*
)\ E H o H
2 3 O\QRZ \ iRz
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"equatorial attack" T_

Scheme 5.
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We considered the two pathways for the parent cyclohexenone. (Note that
the experimental conformational marker group (R?) is not necessary in the
theoretical studies.)

Computational and theoretical analyses followed the protocol previously
discussed in great detail.l'”! The calculations were performed by the
Gaussian 94 program®! with DFT using the restricted B3LYP method.? 2]
The 321A basis set!'” 224 was used for structure optimization, normal
coordinate analysis for all stationary points, and the 631A basis set[! 2324
was used for single-point energy evaluation and natural population
analysis.® For two important transition structures (TSs), TSecax and
TScceq, the structure optimization and normal coordinate analysis were
also carried out with the 631A basis set to obtain essentially the same
results.’l Note that the energetic error associated with comparison of
conformational isomers, which we will give for axial and equatorial
pathways, is small enough to make the results reliable for comparison with
experimental selectivity.’’] TSccax and TScceq were also examined with
the MP4SDQ single-point calculations with the Ahlrichs SVP all-electron
basis set?!lfor the copper element and 6-31G basis sets!?l for the other
elements.

Kinetic isotope effectsi®®! were computed by the Bigeleisen—Mayer
equation® with Wigner tunnel correction [Eq.(3)], based on the
calculated frequencies scaled by 0.945 at the B3LYP/321A level and by
0.9614 at the B3LYP/631A level ™ respectively. In this equation, u;=hv;/
kT, v,is frequencies in cm ™, v7 is the imaginary frequency for the transition
states in cm~!, T'is absolute temperature in K, /4 is Planck’s constant, and k
stands for the Boatsman constant. The original Bigeleisen—Mayer
equation without tunnel effect consideration [Eq. (4)] was also used to
evaluate the tunneling effect. The largest and the second largest deviations

k 1k, =

2 i

k= VILt 3n-7 u“i e~u,,*/z l—e"’"' 36| iy e—uz,/z 1= et
| e | e @
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of —0.007 (C*) and —0.002 (C?), respectively (for carbon numbering, see
Table 1) were noted for TSccax in reference to CPopax. The scale factor of
0.945 was derived from the product of the scale of 0.9614 for B3LYP/6-
31G(d) frequencies®™ and the ratio of B3LYP/631A frequencies with
B3LYP/321A frequencies for the TS in the addition of (Me,CuLi), to
acrolein.['7)

For NMR chemical shift calculations, we used gauge-including atomic
orbital (GIAO)-B3LYP methodP" combined with the Ahlrichs DZP basis
setl?¥l for the copper atoms and 6-3114+G(d) basis sets?® for the others
(denoted as B3LYP/6311A). The isotropic value of Me,Si was 182.0 ppm.
The maximum deviation of the GIAO BC chemical shift of 2-cyclo-
hexenone from the experimental valuest® was 11.4 ppm, which indicates
that the absolute value of the calculated chemical shift was not exact.

Results and Discussion

Energetics and pathway: Figure 1 shows the B3LYP/631A//
B3LYP/321A energy profile of the reaction for the axial and
equatorial pathways. The stationary points in the axial
pathway will be denoted as ax (e.g. TSccax) and those in the
equatorial pathway as eq (e.g. TScceq). In agreement with the
experiments,['-3 the axial product formation is favored at all
stages of the reaction except in the product complex (PD).
The structures of the stationary points are shown in schematic
representation (Scheme 6), and in 3D pictures (Figure 3 for
the axial attack pathway, and in the Supporting Information
for the equatorial attack pathway). Figure 2 shows geometric
parameters (a and b) and natural charges (c) for the
representative stationary points in the axial pathway at the
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Figure 1. Energy changes in the conjugate addition of 2-cyclohexenone
with (Me,CuLi), (B3LYP/631A//B3LYP/321A). Values given below the
stationary structures are energy relative to reactants (RT14+RT2) in
kcalmol~! and values besides dashed lines are energy changes in kcalmol .
Bars with open circles are for “axial” attack and those with closed circles
are for “equitorial” attack.
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Figure 2. Change of a) C3—C® length in A; b) representative atomic
distances in A; ¢) natural charges of representative atoms and groups in the
axial pathway (B3LYP/631A//B3LYP/321A).

TSisolax TSiso2ax

B3LYP/631A//B3LYP/321A level (and at the B3LYP/631A//
B3LYP/631A level in parentheses). The energetics and
structures of the cyclohexenone reaction are similar to those
of the acrolein reaction reported earlier.['”

As in the case of acrolein,['”) conjugate addition to cyclo-
hexenone (RT2) under gas-phase conditions was found to
take place in four stages, namely: oxygen/lithium complex-
ation (CPli), olefin/copper closed complex formation
(CPclax, eq), open complex formation (CPopax, eq), and
product formation (PDax, eq). It was previously shown that
CPcl having the pentacoordinated C*H; group cannot directly
go to PD without first achieving tetracoordination of the
carbon atom as in CPop. The energy profile indicates that
three energy barriers exist, olefin/copper m-bond formation
(TSisol, where the cuprate sits on one face of the olefin),
cluster reorganization from closed to open complex (TSiso2),
and C—C bond formation (TSce).?’ Note that the extremely
large exothermicity of CPli formation (Figure1 and
Scheme 7) is the artifact of the lack of solvent. The formation

1 Me
. Li N
Mtle —Li—Me -14.2 kcal molt Me CU\Z
o= — o
(I;u (I;u + N Cu’ ALif'Me
Me —Li—Me Me
Scheme 7.

of CPIi is simply a ligand—exchange process in solution.
Indeed, as shown in Scheme 8, the ligand exchange between
Me,O and acrolein is almost thermoneutral. Under such
conditions, CPIi is just as stable as the starting materials. In
solution, Li! must also be coordinated by a solvent mole-
cule.}* 31 Note that the lack of kinetic importance of the
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lithium/carbonyl complexation was also shown experimental-
ly (cf. Scheme 4). It is also notable that solvent coordination
on Li? in CPel will significantly weaken the Li>—oxygen (7-)-
coordination in this intermediate.

The last energy barrier (TSccax) represents the highest
point on the potential energy surface of the reaction. This
energy profile is consistent with experimental kinetics and
kinetic isotope effects as discussed later.’®! The calculated
energy barrier of about 11 kcalmol~"' (B3LYP/631A//B3LYP/
321A) may become a few kcalmol™' higher with a higher
theoretical model (i.e., CCSD(T)!"*-37). The product PD is a
copper-complexed lithium enolate, and this structure prob-
ably reflects only part of the reality. If the cuprate is
specifically Me,CuLi, the MeCu product precipitates quanti-
tatively as polymeric material, leaving pure lithium eno-
late.Ps 3

As seen in the charge data shown in Figure 2c (B3LYP/
631A//B3LYP/321A), two events are involved in the con-
jugate addition with respect to the electron flow between
cuprate and cyclohexenone (also previously found for acro-
lein).l'") At the first stage, electron donation from the copper
atom to the enone generates a Cu'! state, which reverts to a
Cu! state in the second stage (see box in Scheme 6 for a
schematic representation of the Cu' intermediate.) In the
first event from RT1 to CPopax, the electron density at CH,
and carbonyl oxygen increases, and that at Cu' decreases
because of back-donation from Cu! to 2-cyclohexenone. The
negative charge on the oxygen atom increased to —0.95¢
during conversion. In conjunction with this change, CPopax
already shows the enolate character (long C'—O and short
C'-C?) (Figure 3), and the C? enolate carbon acts as a
stabilizing basic ligand to the Cu™ atom.["]

Some details of the stationary points are described below
for the axial attack path (Figure 3). The complex CPclax is a
two-point binding complex, wherein the dimer and the enone
are bound together through Cu! and Li? (front view in
Figure 3). The C*—Cu!-C® bond is bent and the Cu' atom is
tightly bound to the olefin. Thus, the four Cu—-C bonds on Cu!
are of nearly equal length (2.032-2.085 A), and the Cu' atom
has a near square planar geometry, that is, a geometry
conforming to the d® Cu™ formalism.[*" %] These structural
changes coincide with electron donation from copper to
enone (cf. Cu! and CH in Figure 2¢). The olefinic bond
(1.412 A) is elongated halfway from the enone (RT2, 1.340 A)
to the product (PDax, 1.530 A), which is consistent with the
Krause results of the reported *C NMR spin coupling data.['¥

In CPopax, the Li’> atom is totally detached from the C®
methyl group. This bond reorganization frees the C* methyl
group from lithium coordination. Being electrostatic in
nature, the bond between the dicoordinated lithium atom
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much to the diastereomeric en-
ergy difference. This energy
difference can be related con-
ceptually to the difference
(+6.3 kcalmol~!) between an
axially substituted chair cyclo-
hexane I and an equatorially
substituted boat cyclohexane J.
Note that the structural details

pV

such as the elongated C*—C*H,4
bonds in G and I are important
for them to exist as different
entities, since simple structure
optimization from G and I led
to the same 3-methylcyclohex-
anone enolate. It is important

to note also that the axial/equa-

2117 1713/
(2.072) (1.757)
1.342
{1.310)

1.383

(C'eC?

torial difference decreases to
0.08 kcalmol ! (equatorial
preference) if only the cyclo-
hexenone part (i.e. without
C'H,) is extracted from TScc.
The above analysis also ac-
counts for puzzling cases such

J

Figure 3. Reactants, intermediates, and TSs in the conjugate addition of (Me,CuLi), to 2-cyclohexenone. Bond
lengths [A] are at the B3LYP/321A level (those in parentheses are at the BSLYP/631A level). Values of imaginary
frequencies of TSisolax, TSiso2ax, and TSccax are 117.54, 48.9i, and 323.7i cm™!, respectively. Total energies of
RT1 and RT2 at the B3LYP/631A//B3LYP/321A level are —3455.479138 and — 308.665269 hartrees, respectively.

and the pentacoordinated alkyl group in cuprate in solution is
short, but is not a static bond.[*)

The major event in TSccax that directly follows CPopax is
the C3>—C® bond formation (see also Figure 2a). In addition,
the Cu' atom is datively coordinated by the C'=C? &t bond of
the enolate.['>*1 The formation of the product PD is a highly
exothermic process.

The issue of axial/equatorial preference: The calculations
show that the equatorial pathway is consistently 0.5-
1.7 kcalmol~! higher in energy than the axial pathway
throughout the reaction course except in PD (Figure 1). The
origin of the energy difference is examined in this section.

Since the Curtin — Hammett boundary condition is satisfied,
the energy profile indicates that the diastereofacial selectivity
is determined at the last C—C bond-forming step. The axial
preference amounts to 1.61 kcalmol~' (B3LYP/631A//B3LYP/
631A level, translating to a 98:2 ratio at —70°C), which is a
reasonable value (Scheme 1). The axial preference at the
MP2/631A//B3LYP/631A level is 2.47 kcalmol~!, and that at
the MP4SDQ level (see section on Chemical Models and
Computational Details) is 1.81 kcal mol—L.

To see where this energy difference comes from, we
removed the organometallic part from TSce, extracted the
cyclohexenone + C*H; moiety, and generated structures G
and H shown in Figure 4. The axial/equatorial energy differ-
ence for these models was 2.1 kcalmol~'. Thus, most of the
axial preference comes from the cyclohexenone +C*Hj part,
since the cluster moiety is flexible enough not to contribute

1538 ——
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as Scheme 1, wherein the dia-
stereoselectivity appears to re-
flect the product stability.
Clearly, the angular methyl

TSccax TScceq
CH3
HaCun
e\ i
Cu ki TR v =
/ ! H /’ ‘\\/ "CH3 H3C»Li
H™!
H
0.0 l—h +1.6
H H
WM H
o) P ] 0
S & -H
H=T H I
H H Me
H H H
0.0 G +2.1 H

0.0

+6.3

Figure 4. Origin of the energy difference in axial and equatorial attacks
(B3LYP/631A//B3LYP/631A). The energies of the structures on the right
relative to those on the left are in kcalmol~".

group in the steroidal CD ring system in Scheme 1, which is
equivalent to substitution of H* in TSccax (and G), desta-
bilizes the axial TS because of 1,3-diaxial interaction. Details
will be discussed in the Conclusion section.

Comparison of TSs between acrolein and cyclohexenone
reactions: In this section, we will compare the TSs of rate-
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limiting C—C bond formation for acrolein and cyclohexenone
reactions. This comparison of structural parameters revealed
rather remarkable insensitivity of the TS geometry to the
substrate. Since the TS structure is also rather insensitive to
the nature of the cuprate model (i.e. Me,CuLi-Lil and
(Me,CuL.i),),l'l we expect that realistic systems will be easily
modeled by a combined MO/MM method.!

Thus, we compared the partial structures for C!, C%, C* and
the carbonyl oxygen between acrolein and cyclohexenone, as
shown in Figure 5 (both at the B3LYP/631A level). The O -
C!-C?-C angle with acrolein is —165.0°, while it is —167.6°

acrolein H
<0-C'-C2-C* = -165.0°
¢=128.5°6=10.1°

<0-C'-c2-C? = -167.6°

cyclohexenone
(TSccax) ¢=1254°,0=14.4°
c? c? 6
¢ A
"CZ_—[CZ'"'CHQ 3\
- H H T CH,

ot

¢=1285° ;
acetylene

Figure 5. Differences of geometries of TSs in the a) conjugate addition of
acrolein; b) conjugate addition of 2-cyclohexenone with (Me,CuLi),; and
c) addition of acetylene with MeCu (B3LYP/631A).

with cyclohexenone. This constancy of angle must be caused
by the electronic features of Cu! reductive elimination,
namely, dative coordination of the enolate olefin to Cu'! and
the enolate nature of O-C'-C? moiety. In addition, the
trajectory of the C*H; group was similar in the two cases. An
angle 6 was defined as the deviation of the incoming C* from
the normal plane (defined as a plane dividing the two planes
made by the olefinic C>=C? bond, CH,, and H).1*! The angle 6
is 10.1° for acrolein, and 14.4° and 16.8° for TSccax and
TScceq. The incoming angle ¢ is 128.5° or 123.9°. It is
interesting to note that ¢ is also 128.5° in the TS of MeCu
addition to acetylene,' which further illustrates the general
persistence of the Biirgi— Dunitz principle.*”)

Having obtained the structures of intermediates and
transition states, we will next compare their calculated
physical properties with the experimental data.

Chem. Eur. J. 1999, 5, No. 5
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3C NMR chemical shifts: Although experimental NMR
measurements of the intermediates of conjugate addition
provided valuable information on the structures occupied by
the NMR-measurable nuclei, they offered no molecular
pictures of the whole structure. Comparison of computational
and experimental *C NMR chemical shift values offers a
valuable reference point for probing the nature of intermedi-
ates in the reaction pathway.[*"!

Unlike highly reactive 2-cyclohexenone itself (with which
equilibrium concentrations of the intermediates are too
reactive to be detected), 3,6-substituted a,3-enones such as
10-methyl-A'“-2-octalone (Scheme 9)I'2 and 2,2,5-trimethyl-
hex-4-en-3-one (Scheme 10)! are sterically hindered around

CuMez CuMez
+ (Me,CuLi), L M
Scheme 9.
h fast h ji /J\ |rrevers|ble
LiX CuMez
+ MeZCuL|-L|I K M
(relative to enone)
Scheme 10.

the olefinic region, and hence unreactive enough to allow
detection of cuprate complexes. Thus, mixing (Me,CuLi),
with the former enone in [Dyy]diethyl ether at —78°C has
been reported to result in quantitative conversion of the
enone to a mixture of species considered to be lithium/
carbonyl (K), copper/olefin (L), and lithium-coordinated
copper/olefin (M) complexes (Scheme 9), and mixing Me,.
CuLi- Lil with the latter enone quantitatively afforded two
complexes K’ and M’ (Scheme 10). Notably, lithium carbonyl
complex K’ did not produce the product, and only M’ went
directly to the product at —60°C. This is consistent with the
Smith/Krauss picture (Scheme 4). The intermediates such as
K, L, and M probably correspond to CPli, CPcl, and CPop,
respectively.

Spectral comparison of the starting enone with the enone/
cuprate complex was made for two real enones (Figure 6a—d)
and the present theoretical models (Figure 6e, f). The exper-
imental spectra of the complex and the theoretical spectra
calculated for CPop showed good agreement, indicating that
K and K’ are likely to be the CPop species. This assignment
was consistent with the experimental and theoretical con-
clusions (vide infra) that these copper/olefin complexes were
direct precursors to the product. Thus, the spectral character-
istics of K and K’ compared with the starting enones
(Figure 6a, b and 6c, d, respectively) were such that the
carbonyl carbon underwent a small upfield shift (7-9 ppm)
and the olefinic carbon a large upfield shift (75-95 ppm). A
similar upfield shift was calculated for CPop. From the charge
and structure analysis (vide supra), the upfield shift of the
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Figure 6. Experimental C NMR chemical shift values for: a) 22,5-
trimethylhex-4-en-3-one; b) its 1-complex with Me,CuLi-Lil in [D,,]di-
ethyl ether; c¢) 10-methyl-A'®-2-octalone; and d) its m complexes with
(Me,CulLi), in [Dy]diethyl ether, and calculated *C NMR chemical shift
values (B3LYP/6311A//B3LYP/321A) for: e) 2-cyclohexenone (axial path-
way); and f) 1-complexes of 2-cyclohexenone with (Me,CuLi),.

carbonyl carbon was due to charge build-up, and that of the
olefinic carbons was due to sp? to sp® rehybridization. The
magnitude of the upfield shift of the carbonyl carbon in the
experiments was smaller than the calculated data (6b, d vs.
6 f); this may be due to the small equilibrium contribution of
CPcl, which has a downfield shift (owing to electrophilic
coordination of Li?).

Kinetic isotope effects: Experimental KIE investigations
provide valuable information on the nature of the transition
state. Recent experimental studies!'! on the conjugate addi-
tion of Bu,CuLi-Lil and Bu,CuCNLi (Table 1, entries 1
and 2) showed a large KIE for
the two carbon atoms associat-
ed with the o-bond formation,
C? and C* The KIE values for
the latter carbon atom depend
on the cuprate structures (1.014
and 1.020). Other carbon atoms
on the enone showed KIE val-
ues indicative of small changes
of bonding state between the

+ (MeZCuLi)z

Scheme 11.
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Table 1. Experimental KIE and theoretical KIE calculated for TSccax
against CPopax with the Bigeleisen—Mayer equation with Wigner tunnel
correction (B3LYP/321A).

CPH;4
R~ HC
\ 3 Cu---C®H
CU;Ca C/ \I:il N ! o 8
c? Cé’/ u ::: 92:03
Lio=ct’ HiC—p---0=ct’ ¢
R = BusLil or CN cé—cs
experimental system TSccax
Entry C! c? (o3 ct (e} C* Ca
1 1.002 1.005 1.023 0.998 1.005 1.000 1.014 exp Bu,CuLi-Lil
- - - - - - 1.020 exp Bu,CuCNLi
3 0.999 1.006 1.018 0.997 1.000 1.000 1.032 caled

rate-limiting steps and the starting material. The identity of
this starting material was shown, by NMR studies and energy
profile, to be the copper/olefin complex CPop that exists as a
predominant stable intermediate in solution. Calculation of
the KIE of TSccax based on CPopax showed good agreement
with the experimental values, especially for the enone carbon
atoms including C* (Table 1, entry 3). The KIE value for the
incoming methyl group (1.032) was slightly larger than the
experimental value (1.014 —1.020) obtained for butyl cuprates,
and this discrepancy may have arisen from experimental and
theoretical factors (e.g. theoretical method, model, difference
of the cuprate reactants).[*- 3

Conclusion

In the present studies, we have examined two diastereomeric
pathways of the conjugate addition of (Me,CuLi), to 2-cyclo-
hexenone in the gas phase and determined intermediates and
TSs lying on the pathway leading to the conjugate addition
product. The studies have provided the first solid correlation
between the physicochemical data and the concrete molecular
structures.

Among various models suggested thus far in the literature,
the present models are the closest to the experimental
examples, and provide the first molecular picture of the
nature of the diastereoselectivity of the cuprate addition.
Translation of preferred TSccax in Figure 4 into the arche-
typal experimental case of Scheme 2b and Scheme 3 gener-
ates a model for axial attack P (Scheme 11. The 1,2-
diastereoselectivity in Scheme 2a was probably due to the
axial attack Q (Scheme 12) where the 4-methyl group is in the
axial position owing to the presence of the flat sp? carbons in
the ring. When there is steric hindrance disfavoring the axial
attack, as in Scheme 1, the reaction may take place via a boat
TS S (i.e. TScceq) rather than a chair TS R (Scheme 13).

CH3

HsC /\ R
I 4 \Li Cu i \\:
S N
VA 7’
! TR . -0
H

H

P
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Li C
Cu 1 u
(0] i , ! ,I \\\,CHS
T |HC ' N

+ (Me,Culi),
Scheme 12.

The present studies have shown that the intermediate
similar to CPop directly goes to the transition state leading to
the conjugate adduct (the box in Scheme 14). The stereo-
selectivity of the addition reflects the conformation energy of
the TS, having little to do with the starting material
(cyclohexenone), despite the high exothermicity of the
reaction. This was another illustration of the inappropriate-
ness of straightforward application of Hammond’s postu-
late to organometallic reactions.”!] Given the known frac-
tional behavior of lithium cuprate in solution,®* " we can
now draw the following scheme for the pathway of con-
jugate addition (Scheme 14; solvent participation was ne-
glected for clarity). Thus, one can consider an extreme case
of the associative pathway (top left) leading to CPop as

suggested by the gas-phase cal-
culations, as well as a dissocia-
tive process (bottom left) in-
volving prior opening of the
cuprate cluster (N) which goes
directly to CPop without going
through CPli or CPcl. Linear
polymers of lithium cuprates
found in crystals (including the
higher-order  cuprate)¥< 3
will also serve as the source of
the open complex in solution. A copper/olefin one-point
binding complex O may also lie on the pathway. The overall
energetic surface was rather flat, with the highest point at
TSce, which was also the face-selectivity-determining step.
The effect of Me;SiCl in accelerating the conjugate addition
that we first reported in 19843 3 was probably to lower the
energy of this final C—C bond-forming step by reducing the
electron-donating power of the lithium enolate moiety by in-
situ conversion to the corresponding enol silyl ether (bottom
right).

On the basis of this information on the face-selectivity step,
we consider that the role of effective chiral ligands reported
recentlyP is to selectively accelerate reductive elimination of
the CPop intermediate, most likely through complexation of

—
1111 OSiMes
— ||||OSiMe3
favored x— U v 2
+ RCu(X)M* - R - : H
s R
Scheme 13.
Li’R‘
R” CL\IR
Clg A /w
<=
H H
CPIi
| ] R ; R
,CU i Cu L|'
. . . 1
IIQ—LI—}I? —_ R\Li/o Cu \ . R"Li/o \\S:u
o . o A \
R—Li—R H - H H
CPop Ts or related lithium enolate cluster
H H cc and organocopper cluster
o
N 7 MesSix \ . .
R—Li R R—Li R [
| ! ) I ) . ’ "oy R ’
Cu Cu — Cu Cu <: Dissociative path Me3Sio 4 ' — MeﬁlOQ
[ i \ .
R Li—R —Li—
R—LI—R H H H H
N L = X or solvent
Scheme 14.
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the phosphorus moiety of the ligand to the Cu™ atom in TScc.
Note that this view is quite different from the prevailing views
on enantiofacially selective conjugate addition that focus on
the copper/olefin 1-complexation stage (e.g. CPcl) as the
crucial face-selective step (Scheme 15).50

o
t [favored]
N
- R [
i cl
b R

* = chiral phosphorus ligand

Scheme 15.

Supporting information: Supporting information for this article is available
on the WWW under http://www.wiley-vch.de/home/chemistry/ or from the
authors, who can supply a directory; it contains Cartesian coordinates of
the stationary points, representative frequencies of TSs, and 3D structures
on the stationary points on the equatorial attack pathway in the conjugate
addition of 2-cyclohexenone with (Me,CuLi), at the B3LYP/321A level.
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