© 2000 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 73, 999 — 1014 (2000) 999

1,4-Addition of Diorganozincs to a,f-Unsaturated Ketones
Catalyzed by a Copper(I)—Sulfonamide Combined System
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A mixture of CuCN and N-benzylbenzenesulfonamide catalyzes the 1,4-addition of dialkylzincs or diarylzincs
(Cu:Zn = 1:200to 1:10000) to &, -unsaturated ketones to give, after aqueous workup, the corresponding -substituted
ketones in nearly quantitative yields. A range of cyclic enones having s-cis or s-trans geometries as well as conformationally
flexible acyclic enones are usable as substrates. The ethyl group migrates more readily than the methyl and phenyl groups.
CuOTf, CuO-1-C4Hy, and mesitylcopper can be used in place of CuCN. The in situ-formed alkylzinc enolate, prior to
aqueous workup, further undergoes an aldol reaction with aldehydes or Pd(0)-assisted coupling with allyl acetate, resulting
in regio-controlled, vicinal carbacondensation products. A catalytic cycle is proposed on the basis of a kinetic study and a
structural analysis of the zinc enolate product by NMR and molecular weight measurements.

1,4-Addition of organometallic reagents to «,f-unsatu-
rated ketones is an essential method for the specific intro-
duction of a hydrocarbon unit to the position S to a carbonyl
function.! Furthermore, the eminent nucleophilicity of the
metal enolate intermediate allows for reactions with various
electrophiles, effecting the a,f-vicinal structural modifica-
tion of enones and providing a powerful tool for the synthesis
of complex organic molecules.” Organometallic compounds,
however, often react with enones in both a 1,2 and 1,4 manner
(Fig. 1). In addition, metal enolates may further react with
a coexisting enones to give 1,2- or 1,4-addition products.
Successive conjugate addition forms oligomers or polymers.
Thus the development of a 1,4-selective reaction without
such side products is highly desirable.

Among various organometallic compounds, homocuprat-
es, heterocuprates, and higher-order cuprates are now the
most widely used as stoichiometric reagents with a high 1,
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Fig. 1. Reaction of organometallic compounds and a,f-
unsaturated ketones.

4 selectivity.’ Their reaction systems are not simple, how-
ever. The presence of two metals in the Li/Cu or Mg/Cu
system causes considerable complexity in the subsequent
reaction of enolates with electrophiles, hampering the syn-
thetic attractiveness. The utility is greatly enhanced if the
1,4-addition sequence is made catalytic in such a way as
to form a well-defined, single-metal enolate. Efforts have
been made along this line by the combination of a Mn,* Co,’
Ni,% Pd,” Cu,**# or Zn catalyst'® with organometallic com-
pounds containing Li, Na, Mg, B, Al, Zn, Sn, Ti, Zr, and
Mn atoms. In most cases, however, these reactions suffer
from low chemical yield, low generality, or the necessity of
using chlorotrimethylsilane and HMPA as additives 6P#/#h#9
We have therefore initiated a study that returns to the starting
point of Kharasch in 1941,"" with the objective of finding
a new method of catalysis to extend the scope of the 1,4-
addition process. This paper describes the current stage of
our investigation.'?

Results and Discussion

General Consideration. Our basic scenariois illustrated
in Fig. 2, which simplifies the actual reaction occurring via
more aggregated clusters. We assume that the 1,4-addition of
an organometallic compound M!R to an enone occurs in the
presence of a small amount of M?X, normally a transition
metal salt. When M'R and M2X are mixed in solution, a
metathetic anion exchange takes place under the control of
the metal redox potentials, giving M'X and M’R. M?R may
act as a catalyst of the 1,4-addition of M'R to the enone.
However, M?R often interacts with M'X to form a mixed-
metal cluster compound, symbolized as M'XM?R, where
M' and M? are linked by an organic or inorganic anion X,
and this complex would then catalyze the 1,4-addition. In
order to accomplish this 1,4-addition with a high turnover
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Fig. 2. 14-Addition of organometallic compound M'R to an
a,fB-unsaturated ketone.

efficiency, inhibition of the catalytic cycle by the substrate,
product, alkylating reagent, or other metallic species must be
avoided. Therefore, M!XM?R should be readily detached
from the initially formed M'M? mixed-metal enolate. The
resulting M! enolate is expected to selfassociate to form a
stable aggregate, thereby preventing product inhibition of the
catalytic cycle. Thus M!, M?, and X must be chosen suitably
so as to satisfy the above requirements for the catalytic 1,4-
addition.

We selected ZnR; as an alkyl or aryl donor and a Cu(l)
compound as a catalyst precursor for the following reasons:"?
(1) diorganozincs are inert toward enones in hydrocarbon
or ethereal solvents, eliminating the possible background
reaction;" (2) the alkylzinc enolate would be stabilized by
forming a dimer or a tetramer;'> (3) empirically, Cu has
taken a prominent role in conjugate addition; the Li/Cu or
Mg/Cu bimetallic system shows excellent 1,4 selectivity in
the stoichiometric reaction with a,f-unsaturated carbonyl
compounds;® and (4) the oxidation potential of Zn is much
higher than that of Cu.'®

Copper-Catalyzed 1,4-Addition.  The reaction of di-
ethylzinc and 2-cyclohexenone (1) was chosen as a model
to investigate the catalytic effects of CuX, including CuCN,
CuOTf, CuO-1-C4Hyg, CuMes (Mes = mesityl), CuCl, CuBr,
and Cul. The reaction was run on a 3.1-mmol scale in
toluene at O °C for 1 h in the presence of a 0.005 molar
amount (mol amt) of CuX. The concentrations of enone,
diethylzinc, and CuX were fixed at 500, 500, and 2.5 mM
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(1 M = 1 moldm™?), respectively. The chemical yields
of 3-ethylcyclohexanone (2b) and 1-ethyl-2-cyclohexen-1-ol
(3b) were determined by GC after aqueous workup (Chart 1).
Unfortunately, the above-described Cu(I) compounds were
ineffective as catalyst precursors. Reaction at 0 °C for 1 h
gave the adduct 2b in < 2% yield in all cases."”

Apparently, initially formed ethylcopper did not catalyze
the reaction of diethylzinc and 2-cyclohexenone. Further-
more, anion X in these Cu compounds did not appear to
act as a suitable bridging anion in the catalytic cycle shown
in Fig. 2 M! = Zn, M? = Cu). This failure led us to test
for a sulfonamide, an entirely different organic anion, which
might serve as a three-atom, charge-alternating spacer bridg-
ing over Zn and Cu."® In fact, the effects of sulfonamides
of type 4 were remarkable, as seen in Fig. 3. Thus, when
enone 1 and diethylzinc were mixed in toluene containing a
0.005 mol amt of CuCN and N-benzylbenzenesulfonamide
(4a) for 1 h at 0 °C, the reaction took place rapidly to give
the 1,4-addition product 2b in > 99% yield. The reaction
was almost complete within 10 min at 0 °C or after 1 h
even at —40 °C. Table 1 summarizes the results obtained
under various reaction conditions. The reaction proceeded
satisfactorily even with a 0.0001 mol amt of CuCN and a
0.001 mol amt of 4a (Entry 7). Thus the turnover number
(TON) defined as moles of product per mol of catalyst was
2600. This reaction was also rapid, with the initial turnover
frequency (TOF) being 1200 h—' (vide infra, kinetic study).
Increasing the electronegativity of the nitrogen substituent
of 4 somewhat decreased the catalytic reactivity (Entries 16
and 17). N-monosubstituted sulfonamides worked much
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Table 1. Catalytic 1,4-Addition of Diethylzinc to 2-Cyclohexenone (1) in the Presence of CuX and 4%
Catalyst system Concentration/mM Temp Time Yield of 2b”
Entry CuX Additive Solvent 1 Zn(CHs), CuX 4 °C h %
1 CuCN — Toluene 500 500 2.5 0 0 1 < 2
2 CuCN CeHsCH,NHSO,C¢Hs (4a)  Toluene 500 500 2.5 2.5 0 1 > 99
3 CuCN 4a Toluene 5007 500 25 25 0 1 90"
4 CuCN 4a Toluene 500 500 25 25 0 0.17 99
5 CuCN 4a Toluene 500 500 2.5 25 —40 1 97
6 CuCN 4a Toluene 500 500 25 25 25 1 98
7 CuCN 4a Toluene 500 500 0.05 0.5 0 48 90
8 CuCN 4a Toluene 500 500 0.05 0.05 0 48 26
9 CuCN 4a Toluene 2000 2000 10 10 0 2 98
10 CuCN 4a Toluene 50 50 0.25 025 0 48 84
11 CuCN 4a Ether 500 500 2.5 2.5 0 1 > 99
12 CuCN 4a THF 500 500 25 25 0 1 8.8
13 CuCN 4a CH3;CN 500 500 25 25 0 1 31
14 CuCN 4a DMF 500 500 2.5 2.5 0 | 7.2
15 CuCN 4a CH,Cl, 500 500 25 25 0 1 43
16 CuCN CsHsCH;NHSO,CH; (4b) Toluene 500 500 25 25 0 1 > 99
17 CuCN CeHsCH,;NHSO,CF; (4¢) Toluene 500 500 2.5 2.5 0 1 42
18 CuCN CH3;NHSO:CsHs (4d) Toluene 500 500 2.5 2.5 0 1 85
19 CuCN i-C3H;NHSO,C¢H; (4e) Toluene 500 500 25 25 0 1 85
20 CuCN i-C4HyNHSO,CoHs (4f) Toluene 500 500 25 25 0 1 26
21 CuCN CeHsNHSO.CeHs (4g) Toluene 500 500 25 25 0 1 85
22 CuCN NH;S0,C¢Hs (4h) Toluene 500 500 2.5 2.5 0 1 67
23 CuCN (CeHsCH>)2:NSO,CcHs (4i) Toluene 500 500 2.5 2.5 0 1 < 2
24 CuOTf — Toluene 500 500 25 0 0 1 < 2
25 CuOTf 4a Toluene 500 500 2.5 2.5 0 1 > 99
26 CuOTf 4a Toluene 500 500 2.5 2.5 0 0.17 81
27 CuO-r-C4Hy — Toluene 500 500 25 0 0 1 < 2
28 CuO--C4Hy  4a Toluene 500 500 25 25 0 1 > 99
29 CuO-+-CsHy 4a Toluene 500 500 2.5 2.5 0 0.17 88
30 CuMes — Toluene 500 500 2.5 0 0 1 < 2
31 CuMes 4a Toluene 500 500 25 25 0 1 > 99
32 CuMes 4a Toluene  500¢ 500 25 25 0 1 90"
33 CuMes 4a Toluene 500 500 25 25 0 0.17 92
34 CuMes 4b Toluene 500 500 2.5 2.5 0 1 98
35 CuMes 4c Toluene 500 500 2.5 2.5 0 1 89
36 CuCl — Toluene 500 500 25 0 0 1 < 2
37 CuCl 4a Toluene 500 500 2.5 2.5 0 1 21
38 CuBr - Toluene 500 500 2.5 0 0 1 < 2
39 CuBr 4a Toluene 500 500 2.5 2.5 0 1 96
40 Cul e Toluene 500 500 25 0 0 1 < 2
41 Cul 4a Toluene 500 500 2.5 2.5 0 1 45

a) Unless otherwise noted, the reaction was carried out on a 3.1 mmol scale.

a4 0.21 mol scale. d) Isolated yield.

better than N-unsubstituted compounds, but a bulky group
on the nitrogen atom considerably lowered the reaction rate
(Entries 18—22). N,N-Dibenzylbenzenesulfonamide was
totally ineffective (Entry 23). Attempted reactions with
other organic acids such as HOSO,C¢Hs, HOCOC¢Hs, and
HOPO(C¢Hs), or amides including CsHsCH;NHCOCH;5
and C¢HsCH,NHPO(CgHs), did not meet with success. The
highest yield of 2b was 11% obtained with HOSO,C¢Hs and
CeHsCH,NHPO(CgHs),. The substrate concentration could
be increased from 0.5 M (Entries 2—7) to 2 M without any
problem (Entry 9). Toluene and ether were the solvents of
choice (Entries 2 and 11), although the initial rate with ether
was ca. 70% of that with toluene. Use of polar solvents such

b) Determined by GC analysis. ¢) Reaction was carried out on

as tetrahydrofuran, acetonitrile, and N,N-dimethylformamide
retarded the reaction (Entries 12—14). The reaction in di-
chloromethane was slow.

Other Cu(I) compounds, such as CuOTf, CuO-t-C4Ho,
and CuMes, also acted efficiently as catalyst precursors in
combination with 4a (Entries 24—35). CuBr could be used,
but CuCl and Cul were much less effective for some reason
(Entries 36—41).

Generality. The reliability of this new catalytic system
was affirmed by the results of large-scale reactions. The
reaction of 20.2 g of enone 1 and 26.0 g of diethylzinc (1: 1
molar ratio) in the presence of 99 mg (0.005 mol amt) of
CuCN and 272 mg (0.005 mol amt) of 4a gave, after aqueous
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Fig. 3. Time/conversion curves in 1,4-addition of Zn(C;Hs),

to 2-cyclohexenone (1) in toluene at 0 °C with [1] = [Zn-
(C;Hs)2] = 500 mM. a: 0.005 mol amt of CuCN and
Ce¢HsCH,NHSO,C¢Hs (4a). b: 0.005 mol amt of CuCN.
c: 0.005 mol amt of 4a. d: no additive.

workup and distillation, 23.8 g (90% yield) of 3-ethylcyclo-
hexanone (2b) (Table 1, Entry 3). The use of CuMes instead
of CuCN led to a similar result (Entry 32).

The catalytic 1,4-addition method has been applied to a
range of organozincs and enone substrates, as illustrated in
Table 2. Dimethyl-, diethyl-, and other simple dialkylzincs as
well as diarylzincs can be used as hydrocarbon donors. In the
presence of CuCN and 4a, the methylation and phenylation
of 1 proceeded ca. 30 times slower than the ethylation. The
migratory aptitude of the phenyl group became greater with
the CuMes/4a combined system, with the relative initial rate
of methylation, phenylation, and ethylation being 1 : 30: 90.
Due to the lower reactivity of dimethylzinc and the facile
exchange of Zn-alkyl groups during reaction, when the al-
kylation was conducted using dimethylzinc, diethylzinc, and
1ina0.5:0.5: 1 molar ratio, 3-ethylcyclohexanone (2b) and
3-methylcyclohexanone (2a) were obtained in 86 and < 10%
yield, respectively.

2-Cyclohexenone (1) and 2-cycloheptenone (7) with an
s-trans C=C—C=0 system were converted to the desired 1,
4-addition products in high yields. However, with 2-cyclo-
pentenone (8), a lower analogue, considerable polymeriza-
tion occurred. (F)-2-Ethylidenecyclohexanone (9) with an
s-cis geometry reacted with diethylzinc to give 2-s-butylcy-
clohexanone. (E)-3-Nonen-2-one (10), a flexible enone, was
also usable. The reactivity in the ethylation increased in the
order of s-cis, flexible, and s-trans enones; the relative initial
rate of the reaction of 9, 10, and 1 catalyzed by a CuCN/4a
system at 0 °C was 1:4:80. This alkylation reaction is sen-
sitive toward the steric environments of enones. The yield of
the 1,4-addition product of 2-methyl-2-cyclohexenone (5), an
a-substituted enone, remained only 50%. §,5-Disubstituted
enones such as isophorone and 3-methyl-2-cyclohexenone
(6) were inactive. «,f-Unsaturated carboxylic esters were
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Table 2. Copper-Catalyzed 1,4-Addition of Organozinc
Compounds to Enones®

1,4-Addition product

Entry  Enone ZnR; Structure  Yield/%"
1 Zn(CHs), <9 o} 90
2 Zn(CHs), & 80
3 Zn(C,Hs), © > 99
4 Zn(n-C4Hg), ¥ R 95
5 Zn(CeHs), © 92

(o]
6 Zn(CrHs)+ é\ 86"
. 1eeh
Zn(CHs), (1: 1) CaHs
[e]
7 Zn(CyHs), & 509

O :
N
I
[

Zn(C,Hs), ©P

o
O
e O o0 Qe O O
o
&
A
b

(o]
9 Zn(C,Hs), © @ 99
CoHg
(o]
10 Zn(CyHs), © & 28
CoHg
O CoHg
11 Zn(C;Hs); 4 é)\ 90"
(o]
12 /KlL Zn(CyHs), ©™ /5\ > 99

D-C5H 11 CzH5
10

n-Can

a) Reaction was carried out in toluene at 0 °C for 1 h using enone
(500 mM) and ZnR; (500 mM). b) Determined by GC analysis.
¢) CuCN and 4a were used in 0.005 mol amt, d) Reaction time
was 6 h. e) CuMes and 4a were used in 0.02 mol amt. ) At
25 °C. g) Reaction time was 3 h. h) [Zn(C;Hs),] and [Zn-
(CH3);1 =250 mM. i) 3-Methyicyclohexanone was obtained in
< 10% yield. j) Reaction time was 120 h. k) Diastereomer
ratiowas 1.4: 1. 1) Diastereomer ratiowas 3.3:1. m) Reaction
time was 20 h.

not alkylated under the standard conditions.
Three-Component Coupling. The reaction of stoichio-
metric amounts of a diorganozinc and enone, promoted by
very small quantities of the Cu and sulfonamide additives, al-
lows for clean generation of alkylzinc enolates. The enolates,
formed by regiospecific 1,4-addition, have a high potential
for further carbon—carbon bond formation by reaction with
appropriate carbon electrophiles (Fig. 1, M = ZnR).*> The
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tandem condensation is directly achievable, without the iso-
lation of any covalent organic derivatives in one pot using ei-
ther a preformed enolate or an in situ-generated species. %101

The aldol reaction of the cyclic enolates, 11 and 12, with
aldehydes forms the f-hydroxy ketones having three con-
secutive stereogenic centers. In the present study, under
kinetic control, only one or two stereoisomers among four
possible diastereomers were formed. Thus when the reaction
of cyclohexanecarbaldehyde and 11, generated from 1 and
diethylzinc in the presence of a 0.02 mol amt of CuMes and
4a, was carried out at —78 °C in toluene, only trans,threo-
13a was obtained in > 95% yield (Chart 2). In a like manner,
benzaldehyde gave an 81 : 19 mixture of trans,threo-13b and
trans,erythro-13b in 83% combined yield. The predominant
formation of the trans,threo isomers can be understood in
terms of a Zimmerman—Traxler transition-state model 14.%
When the aldol reaction was performed at 0 °C, however,
the enolate equilibration occurred to afford ¢’ aldol products
in 45% yield in addition to a ca. 1: 1 mixture of truns,threo-
and trans,erythro-13b in < 10% yield. In addition, 2-benzyl-
idene-5-ethylcyclohexanone and 2,6-dibenzylidene-3-ethyl-
cyclohexanone, dehydration products, were isolated in 15
and 5% yield, respectively.

The cyclopentanone enolate behaves differently from the
cyclohexanone enolate.”’ For instance, the reaction of 2-cy-

o Zn(CHs)o
0.005-0.02 mol amt

CuX and 4a
A |
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clopentenone (8) and diethylzinc aided with CuMes and 4a
under the standard catalytic conditions afforded the desired
1,4-addition product in only 28% yield (Table 2). The 1,4-
addition of diethylzinc occurred efficiently as expected, but
the ethylzinc enolate 12 reacted with coexisting 8 to form
polymeric products. In fact, when the 1,4-addition reac-
tion catalyzed by CuMes and 4a was performed at 0 °C in
the presence of cyclohexanecarbaldehyde, the in situ-gen-
erated enolate 12 was effectively trapped with the aldehyde
to give only trans,threo-15a in > 95% yield. The reaction
in the presence of benzaldehyde gave a 55:45 mixture of
trans,threo-15b and trans,erythro-15b in a 91% combined
yield. No such improvement was observed in the reaction
with a CuCN/4a combined catalyst system;** the yield of
the aldol was at most 53% with cyclohexanecarbaldehyde or
35% with benzaldehyde. Polymeric materials were formed
in considerable amounts.

Furthermore, the alkylzinc enolates can be allylated in a
stereoselective manner.* For example, ethylzinc enolate 11,
preformed by using a 0.02 mol amt of CuMes and 4a, re-
acted with allyl acetate at 0 °C in the presence of a 0.02 mol
amt of Pd[P(C¢Hs)314, giving after 2 h a 90: 10 mixture of
trans- and cis-2,3-disubstituted cyclohexanone 16 in 86%
isolated yield. When all the ingredients were mixed together
at the beginning, 16 was obtained with the same diastereo-

CoHs5Zn0 0

d £* FéiE

CaHs CoHs
1, R = (CHy); 11, R = (CHp)p
8, R =CH, 12, R=CH,
H (o] OH 0 OH
(o} H OH 0] H O H H
selicaliooes
C2Hs CaHs CaHs CzHs
trans, threo-13 trans,erythro-13 cis,erythro-13 cis, threo-13
a: R=0CgHig
b: R= Cef‘?s
d Zn/csz
14, R= O-CsHﬁ, C6H5
0 H OH 0 u OH (0] o]
He U oo O
CoHs CzHs CzHs CaHs
trans,threo-15 trans, erythro-15 trans-16 cis-16
a: R= 0'C6H‘1
b: R= C6H5

Chart 2.
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selectivity in 90% yield. The CuCN/4a combined system
was also usable. The tandem reaction using the preformed
enolate 11 gave trans- and cis-16 in an 88 : 12 ratio and in
90% yield, while a one-pot process using enone 1, diethyl-
zinc, allyl acetate, and Pd catalyst produced 16 as a 91:9
diastereomer mixture in 80% yield. Although the CuCN/4a
catalyst system was more reactive than the CuMes/4a com-
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bination (Table 1), the three-component coupling reaction is
better attained with the latter.?

Structure of the Zn Enolate. The catalytic 1,4-addition
of diorganozincs to «,f-unsaturated ketones generates the
corresponding zinc enolates. 'H-'"H COSY NMR and phase-
sensitive 1*C-'H correlation NMR experiments (Fig. 4) have
revealed that the product obtained from 2-cyclohexenone (1)
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Fig. 4. The 'H-'HCOSY spectrum (a) and the phase-sensitive BC-H correlation spectrum (b) of a 500 mM toluene-dy solution of

ethylzinc enolate 11 at 0 °C.
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O
AN
CoHgZn \0, .ZnCzHs

[¢]
C,Hs CaHs
17 18

Chart 3.

and diethylzinc in toluene-ds is 11 but not 17 (Chart 3).**
The '*C spectrum displayed a single set of ten nonequivalent
signals. The 2D 'H-'HNMR spectrum exhibited two sets
of cross peaks connecting the resonances of C(2)H, C(3)H,
C(4)H, and C(5)H and of C(3)H and the CH, and CHj protons
in the ethyl side chain. The connectivity between C(4), C(5),
and C(6) was identified by the 2D '*C-'"HNMR analysis.
The low chemical shift of the C(2) proton, 6 = 5.27, clearly
shows that the zinc atom is connected to the oxygen atom but
not C(2), since Zn-substituted methine protons are known to
resonate at a higher field, 6 = 1—2."%!

The molecular weight measurement by a cryoscopic
method revealed that the aggregation state of the zinc enolate
in benzene was 2.17—2.26 (MW gpeq 477—496 vs. MW jcd
219.62), indicating the dimeric structure of 18. The NMR
analysis did not define the stereochemistry, meso or dl.

Kinetics.  In order to deduce the rate law and to gain
insight into the catalytic cycle, the reaction rates were mea-
sured at varying temperatures and concentrations of enone
1, diethylzinc, CuOTf or CuCN, and sulfonamide 4a. The
reaction was monitored by the observation of increases in
the signal intensity of the C—O stretching band of the enolate
11 at 1145 cm™"' in the IR spectrum. The kinetic data are
summarized in Table 3 in the Experimental Section.

(a) CuOTHY. Figure 5 shows the time/conversion
curve obtained under the standard conditions, [1]y = [Zn-
(C2Hs)2]0 = 500 mM, [CuOTf] = [4a] = 2.5 mM, 0 °C. An
Eyring analysis of the kinetic data for the reaction at —20,
—10, 0, and 10 °C (Table 3, Entries 1—4) provides the ac-
tivation parameters of AG* = 15.8 kcalmol~!, AH* = 7.94
kcalmol~', and AS* = —28.8 euat 0 °C. Arrhenius plots of
% vs. reciprocal temperature (7~') in a temperature range
from —20 to 0 °C (Fig. 6) suggest the operation of a single
mechanistic catalytic cycle. Note, however, that these are not
true activation parameters but result from the combination
of various kinetic and thermodynamic quantities involved in
the multistep reaction.

The effects of the initial concentrations of 1 and diethyl-
zinc on rates were examined within a range of 300 to 600
mM, and the first-order dependence in both [1]y and [Zn-
(CyHs)2]p was thus established, as shown in Figs. 7a and 7b.
Figure 7¢ shows that the reaction follows first-order kinetics
in CuOTf and sulfonamide (1: 1) in a concentration range
between 2 and 5 mM.

(b) CuCN. When CuCN was used, the time/conversion
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Fig. 5. Time/conversion curve in 1,4-addition of Zn(C,Hs),

to 2-cyclohexenone (1) in toluene at 0 °C. [1] = [Zn-
(C2Hs)2] = 500 mM. [CuOTf] = [4a] = 2.5 mM.

plots showed a sigmoid-type curve (Fig. 8), implying a
gradual increase in the concentration of catalytically ac-
tive species at an early stage of reaction. This may have
been due to the low solubility of CuCN in toluene or to
the high tendency to form clusters. To avoid such a com-
plication, the reaction rates were measured after 50% com-
pletion. Therefore, 3 mmol of enone 1 was reacted under
the conditions of [1] = 530 mM, [Zn(C,Hs5);] = 1060 mM,
[CuCN} = [4a] = 2.6 mM, 0 °C, and 20 min. Then 3 mmol
of 1 was renewed, and the mixture was subjected to the rate
measurement. As illustrated in Fig. 9, the reaction using a
CuCN/4a combined system also obeyed first-order kinetics
in [1]g, [Zn(C,Hs),]o, and [CuCN +4a}. Thus the CuCN/4a
system catalyzes the reaction by the same mechanism as that
for CuOTf and 4a.

On the basis of this kinetic study, the present catalysis
can be simply viewed as a bissubstrate-uniproduct system.
The catalyst reversibly captures Zn(C,Hs); and enone 1 to
form a catalyst/Zn(C,Hs),/1 complex, in which alkyl trans-
fer occurs. The resulting catalyst/product complex releases
the product by regeneration of the catalyst, completing the
catalytic cycle. Because the catalysis proceeds with first-or-
der kinetics in both {Zn(C,Hs), ]y and [1]y, the turnover rate
is limited by the alkyl-transfer step but not by the product-
releasing step.

Defining the equilibrium constant, K., for catalyst+
Zn(C>Hs), + 1 = catalyst/Zn(C,Hs)» /1 and the rate con-
stant, k, the rate equation is expressed by d[product]/dr =
k[catalyst/Zn(C,Hs),/1].  Since the initial concentra-
tion of catalyst, [catalyst]y, is approximated by the
sum of [catalyst] and [catalyst/Zn(C;Hs),/1], [catalyst/Zn-
(CoHs)2 /1] = Kugsoclcatalystlol Zn(CoHs)2 I 111+ Ko [Zn-
(CoHshL 1D ! is led by using the conditional equa-
tion, Koo = [catalyst/Zn(CyHs),/1][catalyst]~'{Zn(C>-
Hs),]~'[1}~}. Thus the rate of the catalysis is represented
by Eq. 1.
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Fig. 6. Arrhenius plot of the initial rate in the 1,4-addition

of Zn(C;Hs); to 2-cyclohexenone (1) in toluene. [1] = [Zn-
(C2Hs)2] = 500 mM. [CuOTf] = [4a] = 2.5 mM.

d[product] _ kKassoc [Zn(C>Hs):][1][catalyst]y

df 1+ KaselZR(CoHs (11 W

The first-order kinetics in [catalyst]g, [Zn(C,Hs);], and
[1] indicate that the denominator of Eq. 1 should
be close to 1. When the equilibrium constants of
catalyst+Zn(C,Hs), 2 catalyst/Zn(C,Hs), and catalyst/1+
Zn(CyHs), 2 catalyst/Zn{C,Hs), /1 as well as catalyst+

S catalyst/1 and catalyst/Zn(CyHs), +1 = catalyst/Zn-
(CyHs),/1 are assumed identical, the Ko value is esti-
mated to range from 0.05 to 0.11 M~2. Thus ca. 2% of
catalyst exists as a catalyst/Zn(C,Hs),/1 complex under the
standard conditions.

Catalytic Cycle. Despite some NMR investigations
on the reaction system, so far no useful information has
been obtained for the structures of the true catalyst and reac-
tive intermediates. Figure 10 presents the minimum mecha-
nism that explains the experimental observations. Structures
A—C represent only the chemical essentials of the actual
species that would constitute more complex clusters. Be-
cause Zn is much more electropositive than Cu,'¢ all hard
anions present in the reaction system are bound to Zn. Pro-
tic 4 reacts with ZnR, to form RZnNR’SO,Ar by elimi-
nation of hydrocarbon RH, while CuX and ZnR; undergo
metathesis to form CuR and RZnX.>® The combination of
RZnNR’SO, Ar, instead of RZnX, and CuR gives the mixed-
metal complex A. Upon the complexation, the Zn center is
endowed with higher Lewis acidity, and the R group on Cu
higher electron density, in comparison to the independent
entities. These effects are realized by the charge-alternating
three-atom spacer, N(0 —)—S(5+)=0( —), that links the Zn
and Cu centers. The R group on Cu, however, is not suffi-
ciently reactive to undergo nucleophilic attack to enones.?
Instead, A acts as a bifunctional catalyst for the reaction
of ZnR; and enones. The Lewis acidic zinc atom captures
carbonyl oxygen in an enone substrate,”’ whereas the CuR
moiety interacts with ZnR;, forming a Cu/Zn cluster.”® The
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Fig. 7. The initial rates vy of reactions of 2-cyclohexenone

(1) and Zn(C;,Hs), in the presence of CuOTf and 4a in tolu-
ene at 0 °C. a: Relation between v and [1] ([Zn(CyHs),) =
500 mM, [CuOTf] = [4a] = 2.5 mM). b: Relation between
w and [Zn(C2Hs)2] ((1] = 500 mM, [CuOTf] = [4a] = 2.5
mM). ¢: Relation between v and [a 1 : 1 mixture of CuOTf
and 4a] ([1] = [Zn(C2Hs)2] = 500 mM).

formation of the catalyst/reagent/substrate complex B is re-
versible and endothermic by ca. 1.2—1.6 kcalmol~!. By
forming B, the enone increases its acceptor ability, while the
alkyl group is endowed, electronically and spatially, with
the capability of undergoing a nucleophilic reaction with the
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Fig. 8. Time/conversion curves in 1,4-addition of Zn(C,Hs),
to 2-cyclohexenone (1) in toluene at 0 °C. a: [1] = 530
mM, [Zn(C;Hs)2] = 1060 mM, and [CuCN] = [4a] = 2.6
mM. b: The curve obtained by addition of 1 (500 mM) to
the mixture in the stage of a.

o
o1 -

enone. This is not achieved by ordinary single-atom spacers
such as halides or alkyls. The alkyl transfer from the metal
to the S-position of the enone gives the mixed-metal enol-
ate C. The turnover rate is limited by this irreversible alkyl-
transfer step, whatever the detailed mechanism. C regener-
ates the catalyst A by releasing the Zn enolate, and this step
is facilitated by the high stability of the dimeric alkylzinc
enolate D. The structural features of organozinc compounds
prevent product inhibition, thereby making possible a very
high catalytic turnover number.?

The 1,4-addition of diorganozincs to a,f-unsaturated ke-
tones containing sulfonamides instead of halides or alkyls as
bridging anions should proceed via a Zn/Cu mixed cluster.
Anion X originally present in the Cu salt is removed by the
formation of RZnX. Although RZnX is probably not always
an innocent spectator in the catalytic cycle, its participation
is likely to be unimportant in this case. The behavior of
CuOTf, CuCN, and other copper() compounds in the 1,4-
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Fig. 9. The initial rates w of reactions of 2-cyclohexenone

(1) and Zn(C,Hs); in the presence of CuCN and 4a in
toluene at 0 °C. a: Relation between ¥ and [1] ([Zn-
(C2Hs),] = (11] = 500 mM, [CuCN] = [4a] = 2.5 mM).
b: Relation between v and [Zn(C,Hs),] ([1] = [11] = 500
mM, [CuCN] = [4a] = 2.5 mM). ¢: Relation between w
and [a 1: 1 mixture of CuCN and 4a} ([1] = [Zn(C2Hs)] =
[11] = 500 mM).

addition is very similar. These results suggest the genera-
tion of a common species, although the structures including
CuCN are more complicated, possibly due to the formation
of cyanide-containing higher-order clusters.**"!
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Fig. 10. Supposed catalytic cycle of the 1,4-addition of di-

alkylzincs to «,f-unsaturated ketones.

Conclusion

The present investigation has revealed that catalytic
amounts of CuX and the sulfonamide 4 efficiently pro-
mote the 1,4-selective addition of organozinc compounds to
enones. The reaction is rapid and productive. Particularly,
in the presence of CuCN and 4a, the addition of diethylzinc
to the enone 1 proceeds quantitatively with a substrate to a
catalyst ratio of as high as 10000. The sulfonamide ancillary
plays a key role in realizing this very high efficiency. A
variety of dialkyl- and diarylzincs and enone substrates can
be used. The intermediary Zn enolate can be trapped re-
giospecifically by aldehydes, as well as by allyl acetate with
the aid of a Pd(0) catalyst, to give the a,f-vicinal conden-
sation products. Thus, the present kinetic experiments and
zinc enolate structural study have afforded further insights
into the catalytic cycle. The present catalytic system could
open a new way to designing the asymmetric version of the
catalyst.

Experimental

Instruments. Melting points were measured on a Yanako
micro melting point apparatus and were uncorrected. Proton and
carbon magnetic resonance ('HNMR and *C NMR) spectra were
measured in chloroform-d, benzene-ds, or toluene-dy on a JEOL
ALPHAA400 (400 MHz for "HNMR and 100 MHz for *C NMR)
instrument. The chemical shifts were reported in ppm downfield
from TMS, and proton signal patterns were indicated as s, sin-
glet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad peak.
Infrared (IR) spectra were recorded on a Shimadzu FTIR-8100M
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spectrophotometer and expressed by wavenumber (cm™'). For
kinetic studies, Perkin—-Elmer FTIR-2000 was used. X-Ray crys-
tallographic analyses were conducted on a Rigaku automated four-
circle diffractometer AFC-7R with graphite-monochromated Cu K«
radiation. Elemental analyses were performed on LECO-CHN900.
HRMS were performed at an ionizing voltage of 70 eV on a JEOL
JMS-LG2000. Chromatographic purification was done with 240-—
400 mesh silica gel (Merck 9385). Gas-liquid phase chromatogra-
phy analyses were performed on a Shimadzu GC-14A instrument.
The signals of GC were detected by FID. All apparatus for 1,4-
addition reactions were used after drying at ca. 400 °C for 5 min
under reduced pressure.

Materials. Solvents for 1,4-addition were distilled from
potassium diphenylketyl (ether and THF), sodium diphenylketyl
(toluene), or CaH; (CH,Cl,, CH3CN, and DMF), and degassed.
The compounds listed below are available commercially: 2-cy-
clohexenone (1) (Wako Chemicals), 3-methyl-2-cyclohexenone (6)
(Tokyo Kasei), 2-cycloheptenone (7) (Aldrich, purified by silica-
gel column chromatography followed by Kugelrohr distillation at
100—102 °C and 18 mmHg, 1 mmHg = 133.322 Pa), 2-cyclo-
pentenone (8), (E)-3-nonen-2-one (10) (Tokyo Kasei), 3-methyl-
cyclohexanone (2a) (Aldrich), 3-ethylcyclopentanone (Wiley Or-
ganics), c-CeH,1CHO, CcHsCHO, and allyl acetate (Nacalai), Zn-
(CH3), and Zn(C;Hs), (Tosoh Akzo), Zn(CgHs)z (Strem), CuCN,
CuCl, CuBr, and Cul (Aldrich), CuOSO,CF3+(C¢Hg)os (Strem),
NH,S0,C¢Hs (Tokyo Kasei), and Pd[P(C¢Hs)3]4 (Aldrich). The
following compounds were prepared according to previously re-
ported methods: 2-methyl-2-cyclohexenone (5),” (E)-2-ethylidene-
cyclohexanone (9),** Zn(n-C4Hyg),,™ Cu(I)-2,4,6-(CH;3)3CeH,,*
Cu(1)O-1-C4Hy,” and CeHsCH,NHSO,R (R = CH;, CF3).”® The
method reported in Ref. 38 was applied to the preparation of
RNHSOQC(,Hs (R =C5H5CH2, CH3, i—C3H7, t-C4H9, C(,Hs) and
(C¢HsCH2);:NSO,CeHs.  1,2-Addition products, 1-methyl-2-cy-
clohexen-1-o0l (3a), 1-ethyl-2-cyclohexen-1-ol (3b), 1-butyl-2-cy-
clohexen-1-ol (3c), 1-phenyl-2-cyclohexen-1-o0l (3d), 1-ethyl-2-
cyclohepten-1-ol, 1-ethyl-2-cyclopenten-1-ol, 1-ethyl-2-methyl-2-
cyclohexen-1-ol, 1-ethyl-2-ethylidenecyclohexan-1-ol, and 3-meth-
yl-4-decen-3-ol were prepared by the reaction of the correspond-
ing enones and organolithium or organomagnesium compounds in
the presence of CeCls.* Substrates, protic organic compounds,
Zn(CH3)2, and Zn(C2Hs), were purified by distillation or recrys-
tallization before use. The structures of the aldol products were
determined by single crystal X-ray analysis at 25 °C.

General Procedure for the Catalytic 1,4-Addition. A 3.1-
mmol scale reaction was adopted for the optimization of the condi-
tions. The reaction scale could be increased without problems. A
typical procedure for the 20-g scale ethylation of 2-cyclohexenone
(1) was as follows: A dry 500-mL Schlenk tube containing a
Teflon®-coated stirring bar was charged, under an argon stream,
with CuCN (99 mg, 1.1 mmol), N-benzylbenzenesulfonamide (4a)
(272 mg, 1.1 mmol), and toluene (60 mL). The mixture was cooled
to 0 °C with an ice bath. Zn(C;Hs); (26.0 g, 0.21 mol) was added,
and the mixture was stirred for 10 min. To this was added 1 (20.2
g, 0.21 mol). The resulting pale red suspension was stirred at 0
°C for 2 h, and then poured into saturated aqueous NH,Cl solution
(200 mL) cooled to 0 °C. The organic layer was removed, and the
aqueous layer was extracted two times with ether (100 mL). The
combined organic layers were washed with water (100 mL) and
brine (100 mL), dried over anhydrous Na,SOu, and concentrated
under reduced pressure to give a ca. 3:1 mixture of toluene and
the product. The mixture was distilled at 191—193 °C and atmo-
spheric pressure to give 3-ethylcyclohexanone (2b) in 90% isolated
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yield (24.0 g). GC analysis of the crude reaction mixture showed
that the yield of 2b was > 99% and the 1,2-addition product, 1-
ethyl-2-cyclohexen-1-ol (3b), was not detected under the following
conditions: capillary column, GL Science OV-1 0.25 mmx 50 m;
column temperature, 90—130 °C:; rate of temperature increase, 2
°Cmin~"; detection temperature, 280 °C; carrier gas, He; column
head pressure, 118 kPa; split ratio, 100: 1; tr of 2-cyclohexenone
(1), 7.8 min (factor 1.33); tr of 1-ethyl-2-cyclohexen-1-0l (3b), 10.3
min (factor 1.40); g of 3-ethylcyclohexanone (2b), 11.9 min (factor
1.44); 1y of undecane as an internal standard, 14.4 min (factor 1.00).
"H- and "*C NMR spectra were identical with the reported ones.*
The reaction using CuMes was conducted in a similar manner un-
der the following conditions: 1 (0.21 mol), Zn(C;Hs)> (0.21 mol),
CuMes (1.1 mmol), 4a (1.1 mmol), toluene (60 mL), temperature
0 °C, time 1 h. The product 2b (23.8 g) was isolated in 90% yield
after distillation.

Listed below are the reaction conditions (amounts of substrate,
ZnR;, copper(l) compound, and N-benzylbenzenesulfonamide (4a);
amount of toluene; temperature; time, h), yield of 1 4-addition prod-
uct, and properties of the alkylated products. The chemical yields
and 1,4/1,2 ratios were determined by GC analysis of crude reaction
mixtures (capillary column, GL Science OV-1 0.25 mm x50 m; de-
tection temperature, 280 °C; carrier gas, He; split ratio, 100: 1). All
crude products contained toluene. The structures of the 1,4-addi-
tion products were determined by comparison of NMR, IR, or mass
spectra with the reported values or those of the authentic samples.

3-Methylcyclohexanone (2a). Conditions: 3.1 mmol of 1,
3.1 mmol of Zn(CH3); (0.931 mL of a 3.33 M toluene solution),
0.016 mmol of CuCN, and 0.016 mmol; 5.0 mL; 0 °C; 6 h. Yield,
90%. GC conditions: column temperature, 90—120 °C; rate of
temperature increase, 2 °Cmin~'; column head pressure, 118 kPa;
1, 7.9 min (factor 1.34); 3a, 7.3 min (factor 1.25); 2a, 8.4 min
(factor 1.33); decane as an internal standard, 10.2 min (factor 1.00).
Physical properties: consistent with the commercially available
authentic sample.

3-Butylcyclohexanone (2¢).  Conditions: 3.1 mmol of 1, 3.1
mmol of Zn(n-C4Hg); (neat), 0.062 mmol of CuMes, and 0.062
mmol; 47 mL; 0 °C; 3 h. Yield. 95%. GC conditions: column
temperature, 90—170 °C; rate of temperature increase, 4 °C min~';
column head pressure, 137 kPa; 1, 6.3 min (factor 1.40); 3¢, 12.8
min (factor 1.58); 2¢, 14.8 min (factor 1.33); decane as an internal
standard, 8.0 min (factor 1.00). Physical properties: consistent with
those previously reported.*'

3-Phenylcyclohexanone (2d). Conditions: 3.1 mmol of 1,
3.1 mmol of Zn(CgHs)2, 0.062 mmol of CuMes, and 0.062 mmol;
6.2 mL; 0 °C; 1 h. Yield, 92%. GC conditions: column tempera-
ture, 120 °C for 8 min and then 120—210 °C; rate of temperature
increase, 6 °C min~"; column head pressure, 137 kPa; 1, 5.5 min
(factor 1.35); 3d (two signals at 16.7 and 17.2 min were observed
probably due to decomposition); 2d, 21.0 min (factor 1.24); do-
decane as an internal standard, 11.5 min (factor 1.00). Physical
properties: consistent with those previously reported.’

3-Ethyl-2-methylcyclohexanone.  Conditions: 3.1 mmol of
2-methyl-2-cyclohexenone (5), 3.1 mmol of Zn(C,Hs)2 (0.781 mL
of a 3.97 M toluene solution), 0.062 mmol of CuMes, and 0.062
mmol; 3.9 mL; 25 °C; 120 h. Yield, 50% as a 1.4: 1 mixture of
diastereomers. GC conditions: column temperature, 90—130 °C;
rate of temperature increase, 2 °Cmin~'; column head pressure,
118 kPa; §, 9.4 min (factor 1.31); 1-ethyl-2-methyl-2-cyclohexen-1-
ol, 13.5 min (factor 1.17); 3-ethyl-2-methylcyclohexanone, 14.4 and
15.0 min (factor 1.28); dodecane as an internal standard, 19.0 min
(factor 1.00). Physical properties: consistent with those previously
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reported.*?
3-Ethylcycloheptanone.  Conditions: 3.1 mmol of 2-cyclo-
heptenone (7), 3.1 mmol of Zn(C;Hs)> (0.781 mL of a 3.97 M tol-
uene solution), 0.062 mmol of CuMes, and 0.062 mmol; 3.9 mL; O
°C; 1 h. Yield, 99%. GC conditions: column temperature, 90—130
°C; rate of temperature increase, 2 °C min~'; column head pressure,
137 kPa; 7, 9.6 min (factor 1.33); 1-ethyl-2-cyclohepten-1-ol, 12.7
min (factor 1.13); 3-ethylcycloheptanone, 14.8 min (factor 1.30);
dodecane as an internal standard, 17.0 min (factor 1.00). Physical
properties: bp 138—140 °C at 22 mmHg (Kugelrohr distillation);
"HNMR (400 MHz, CDCl3) 6 =0.90 (t, 3, J=7.6 Hz), 1.2—1.5
(m, 4), 1.5—1.7 (m, 2), 1.8—2.0 (m, 3), 2.3—2.6 (m, 4); *C NMR
(100 MHz, CDCl3) 6 = 11.32, 24.36, 28.48, 29.98, 36.40, 37.62,
43.83,49.52,214.51; IR (neat) 2961, 2857, 1701, 1460, 1449, 1254;
HRMS m/z (M*) Calcd for: M, 140.1202. Found: m/z 140.1191.
3-Ethylcyclopentanone.  Conditions: 3.1 mmol of 2-cyclo-
pentenone (8), 3.1 mmol of Zn(C:Hs), (0.781 mL of a 3.97 M
toluene solution), 0.062 mmol of CuMes, and 0.062 mmol; 3.9 mL:
0 °C; I h. Yield, 28%. GC conditions: column temperature, 70
°C for 9 min and then 70—110 °C; rate of temperature increase, 4
°Cmin~"; column head pressure, 118 kPa; 8, 8.0 min (factor 1.57);
1-ethyl-2-cyclopenten-i-o0l, 10.4 min (factor 1.85); 3-ethyicyclo-
pentanone, 13.6 min (factor 1.33); nonane as an internal standard,
12.1 min (factor 1.00). Physical properties: consisient with the
commercially available authentic sample.
2-s-Butylcyclohexanone. Conditions: 3.1 mmol of (E)-2-eth-
ylidenecyclohexanone (9), 3.1 mmol of Zn(C;Hs), (0.781 mL of a
3.97 M toluene solution), 0.062 mmol of CuMes, and 0.062 mmol;
3.9 mL; 0 °C; 6 h. Yield, 90% as a 3.3: 1 mixture of diastereo-
mers. GC conditions: column temperature, 90—130 °C; rate of
temperature increase, 2 °C min~'; column head pressure, 118 kPa;
9, 14.6 min (factor 1.29); 1-ethyl-2-ethylidenecyclohexan-1-ol,
17.6 min (factor 1.41); 2-s-butylcyclohexanone, 18.5 and 18.6 min
(factor 1.24); decane as an internal standard, 10.2 min (factor 1.00).
Physical properties: consistent with those previously reported.
4-Ethyl-2-nonanone.  Conditions: 3.1 mmol of (E)-3-nonen-
2-one (10), 3.1 mmol of Zn(C>Hs), (0.781 mL of a 3.97 M toluene
solution), 0.016 mmol of CuCN, and 0.016 mmol; 4.9 mL; 0 °C;
20 h. Yield, > 99%. GC conditions: column temperature, 90—
130 °C; rate of temperature increase, 2 °C min~'; column head
pressure, 137 kPa; 10, 13.1 min (factor 1.40); 3-methyl-4-decen-
3-ol, 16.9 min (factor 1.44); 3-ethyl-2-nonanone, 17.5 min (factor
1.28); decane as an internal standard, 9.0 min (factor 1.00). Physical
properties: consistent with those previously reported.”
Three-Component Coupling.  Aldol Reaction: A toluene
solution (6.2 mL) of the Zn enolate 11, generated from 2-cyclo-
hexenone (1) (298 mg, 3.1 mmol) and Zn(C,Hs), (0.781 mL of a
3.97 M toluene solution, 3.1 mmol) in the presence of CuMes (11.5
mg, 0.062 mmol) and N-benzylbenzenesulfonamide (4a) (15.3 mg,
0.062 mmol) at 0 °C for | h according to the procedure described
above, was cooled to —78 °C. To this was added cyclohexanecarb-
aldehyde (348 mg, 3.1 mmol). The mixture was stirred for 18 h and
then poured into saturated aqueous NH4Cl solution (4 mL). The
usual extractive workup afforded a crude oil (1.0 g), which con-
tained > 95% of (2R* ,3R*)—2—[(R*)-cyclohexyl(hydroxy)methyl]-
3-ethylcyclohexanone (trans,threo-13a). This product was judged
as a single isomer based on the "HNMR analysis (1,1,2,2-tetrachlo-
roethane as an internal standard) giving a signal at 6 = 3.33 (ddd).
This was chromatographed on silica gel (BW300S, 30 g; eluent,
a 10:1—3: 1 hexane—ether mixture) to give trans,threo-13a (634
mg): Mp 68—69 °C; "HNMR (400 MHz, CDC13) & = 0.84—0.97
(m, 5), 1.05—1.28 (m, 3), 1.32—1.55 (m, 3), 1.58-—1.80 (m. 6),
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1.88—2.15 (m, 4), 2.32—2.38 (m, 2), 2.42 (dd, 1,/ =2.9 and 9.8
Hz), 2.66 (d, 1, J=11.2 Hz), 3.33 (ddd, 1, /=2.9, 84, and 11.2
Hz); "*CNMR (100 MHz, CDCl3) 6 = 10.06, 25.57, 25.87, 26.09,
26.29,26.35,29.28,29.54,30.32,41.58,42.47,42.87, 55.59, 74.39,
216.56; IR (KBr) 3420, 2923, 2851, 1690. Anal. Found: C, 75.20;
H, 11.38%. Calcd for CisH2605: C, 75.58; H, 11.00%. Crystallo-
graphic parameters: space group P2,/c, a=9.456(2), b =5.989(1),
c=25.3382) A, @ =90°, B =100.40(1)°, y =90°, V = 1411.4(5)
A’ Z=4, peea=1.122 gem™3; 2498 reflections obtained (1734
with 7 > 30), R=0.078, R,, = 0.089.

Reaction of the Zn enolate 11, generated from 1 (298 mg, 3.1
mmol) and Zn(C,Hs), (0.781 mL of 3.97 M toluene solution, 3.1
mmol) in the presence of CuMes (11.5 mg, 0.062 mmol) and 4a
(15.3 mg, 0.062 mmol), with benzaldehyde (329 mg, 3.1 mmol)
at —78 °C for 62 h afforded, after the usual workup, a crude
product (0.9 g) that contained an 81 : 19 mixture of (2R*,3R*)—3—
ethyl-2-[(R™)-hydroxy(phenyl)methyl]cyclohexanone (trans,threo-
13b) and (2R* 3R™)-3-ethyl-2-[(S*)-hydroxy(phenyl)methyt]cyclo-
hexanone (trans,erythro-13b) in 83% yield. The yield was deter-
mined by '"HNMR analysis (1,1,2,2-tetrachloroethane as an inter-
nal standard) of the benzyl signal at & =4.96 (trans,threo-13b),
and 6 =5.12 (trans,erythro-13b). The mixture was subjected to
silica-gel column chromatography (BW300S, 50 g; eluent,a3: 1—
1: 1 hexane—ether mixture) to give trans,threo-13b (350 mg) and
trans.erythro-13b (43 mg).

trans,threo-13b: Mp 106—108 °C; '"HNMR (400 MHz, CDCl5)
6 =0.87 (t, 3, J=7.3 Hz), 1.34—1.46 (m, 1), 1.50—1.62 (m, 2),
1.77—1.90 (m, 2), 1.94—2.05 (m, 2), 2.30—2.47 (m, 2), 2.67 (dd,
1,/=73and59Hz),3.26(d, 1,/=8.3Hz),4.96 (dd, 1,/ =8.3 and
5.9Hz),7.21—7.39 (m, 5); "CNMR (100 MHz, CDCl3) & = 10.60,
24.84, 25.62, 27.48, 41.41, 41.59, 61.59, 72.48, 125.97, 127.36,
128.34, 143.22, 214.98; IR (KBr) 3390, 2961, 2870, 1707, 1458,
1040, 704. Anal. Found: C, 77.57; H, 8.86%. Calcd for CisH;00;:
C, 77.55; H, 8.68%. Crystallographic parameters: space group
Péin, a=18.217(3), b=18.217(3), c = 8.387(3) A, @ =90°, B =
90°, ¥y =90°, V=2782.3(8) A*, Z=8, peatca = 1.109 gcm™*; 2404
reflections obtained (1609 with / > 30), R =0.082, Ry, =0.077.

trans,erythro-13b: Mp 86—86.5 °C; 'HNMR (400 MHz,
CDCl3) 6 =0.79 (t, 3, J=7.3 Hz), 1.15—1.26 (m, 1), 1.32—
1.54 (m, 2), 1.65—1.74 (m, 1), 1.85—2.03 (m, 3), 2.25—2.42
(m, 2), 2.66 (dd, 1, J=5.9 and 59 Hz), 3.17 (d, 1, J =5.9 Hz),
512 (dd, 1, J=5.9 and 5.9 Hz), 7.21—7.39 (m, 5); "CNMR
(100 MHz, CDCl3) 6 = 10.83, 22.83, 26.06, 26.91, 39.16, 41.52,
61.32, 73.12, 126.49, 127.56, 128.34, 142.02, 214.69; IR (KBr)
3378, 2955, 2870, 1701, 1456, 1013, 700. Anal. Found: C, 77.28;
H, 8.82%. Calcd for CisH»02: C, 77.55; H, 8.68%. Crystallo-
graphic parameters: space group Cc, a =22.200(7), b=11.977(4),
c=10.360(7) A, @ =90°, B =102.61(4)°, y =90°, V =2688(1)
A3, Z =8, peaca = 1.148 gecm™>; 1844 reflections obtained (1179
with I > 30), R=0.070, R,, =0.053. Two crystallographically
independent molecules exist in the asymmetric unit.

1,4-Addition reaction of diethylzinc to 2-cyclopentenone (8) in
the presence of aldehydes was carried out as follows. N-Benzylben-
zenesulfonamide (4a) (15.3 mg, 0.062 mmol) and toluene (3.9 mL)
were charged in a dry argon-filled 20-mL Schienk tube. To this was
added a 0.040 M toluene solution of CuMes (1.5 mL, 0.062 mmol).
The mixture was cooled to 0 °C with an ice bath. To this was added a
3.97 M toluene solution of diethylzinc (0.781 mL, 3.1 mmol) and the
mixture was stirred for 10 min. Cyclohexanecarbaldehyde (348 mg,
3.1 mmol) and 8 (255 mg, 3.1 mmol) were added simultaneously
at 0 °C. The resulting light brown suspension was stirred at 0 °C
for 3 h, and then poured into saturated aqueous NH4Cl solution (4
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mL) cooled to 0 °C. A workup similar to that described in the
above procedure gave a crude solid (1.0 g) that contained (2R*,
3R*)-2-[(R™)-cyclohexyl(hydroxy)methyl]-3-ethylcyclopentanone
(trans.threo-15a) as a single isomer. The yield was determined to
be > 95% on the basis of '"HNMR analysis (1,1,2,2-tetrachloro-
ethane as an internal standard) of a signal at § =3.36 (ddd). The
mixture was chromatographed on silica gel (BW300S, 50 g; eluent,
a2 : 1 hexane—ether mixture) to give trans,threo-15a (625 mg): Mp
64—67 °C; '"HNMR (400 MHz, CDCl3) 6 =0.93—1.45 (m, 10),
1.57—1.80 (m, 6), 1.82—1.90 (m, 1), 1.95—2.38 (m, 5), 2.63 (d,
1, J=6.3 Hz), 3.36 (ddd, 1, J =4.0, 6.3, and 6.3 Hz); "CNMR
(100 MHz, CDCl3) 6 = 11.38, 25.77, 26.14, 26.30, 26.46, 27.37,
28.20, 30.00, 38.77, 40.96, 41.24, 56.03, 75.69, 221.97; IR (KBr)
3505,2923,2851, 1721. Anal. Found: C, 74.84; H, 11.18%. Calcd
for C14H24O7: C, 74.95; H, 10.78%. Crystallographic parameters:
space group P2 /a,a=9.249(6), b=14.702(7), c = 10.628(6) Aa=
90°, 8 =110.08(4)°, y =90°, V=1357(1) A%, Z =4, peatca = 1.098
gcm“%; 2261 reflections obtained (1158 with 7 > 30), R =0.065,
Ry =0.074.

Under the same conditions, use of benzaldehyde afforded a
55:45 mixture of (2R*,3R*)-3-ethyl-2-[(R*)-hydroxy(phenyl)-
methyl]cyclopentanone (trans,threo-15b) and (2R* 3R* )-3-ethyl-2-
[(S*)—hydroxy(phenyl)methyl]cyclopentanone (trans,erythro-15b)
in 91% combined yield based on the '"HNMR analysis (1,1,2,2-
tetrachloroethane as an internal standard) of the benzyl signals at
8 =4.74 (trans,threo-15b) and & = 5.19 (trans,erythro-15b). The
mixture (1.1 g) was chromatographed on silica gel (BW300S, 100
g; eluent, a 20: 1 benzene—acetone mixture) to give trans,threo-
15b (275 mg) and trans,erythro-15b (238 mg). trans,threo-15b:
Bp 150—152 °C at 0.05 mmHg (Kugelrohr distillation); 'H NMR
(400 MHz, CDCl3) 6 =0.67 (t, 3, J = 7.3 Hz), 0.75—0.93 (m, 2),
1.34—1.45 (m, 1), 1.63—1.84 (m, 1), 2.07—2.26 (m, 3), 2.36—
2.45(m, 1),4.30(d, 1,J=1.5Hz),4.74 (dd, 1, J=1.5 and 7.8 Hz),
7.20—7.38 (m, 5); *C NMR (100 MHz, CDCL3) § = 10.87, 26.32,
26.93, 38.07, 40.59, 59.79, 74.97, 126.67, 127.91, 128.26, 141.26,
223.01; IR (neat) 3461, 2963, 2932, 2876, 1721, 1456, 1159, 702.
The aldol compound trans,threo-15b was converted to the p-bro-
mobenzoate for elemental analysis as well as X-ray crystallographic
analysis: Mp 90—91 °C. Anal. Found: C, 62.84; H, 5.36%. Calcd
for C21H,103Br: C, 62.85; H, 5.28%. Crystallographic parameters:
space group P2i/n, a=10.083(2), b = 14.058(1), c = 13.804(2)
A, a=90° £ =98.991)°, y=90°, V=19327(4) A’, Z=4,
pPealca=1.379g cm™?: 2317 reflections obtained (2292 with I > 30),
R=0.125, R, =0.134. trans,erythro-15b: Mp 84—386 °C; THNMR
(400 MHz, CDCl3) 6 =0.76 (t, 3, J=7.3 Hz), 0.98—1.09 (m,
1), 1.18—1.39 (m, 2), 1.97—2.13 (m, 3), 2.24 (dd, 1, J=4.4
and 8.5 Hz), 2.28—2.35 (m, 1), 341 (d, 1, J=6.8 Hz), 5.19
(dd, 1, J=4.4 and 6.8 Hz), 7.20—7.38 (m, 5); "CNMR (100
MHz, CDCl3) 6 = 11.15, 26.62, 27.47, 38.46, 38.98, 60.20, 72.84,
125.78, 127.38, 128.30, 142.17, 222.13; IR (KBr) 3424, 2961,
2890, 1718, 1165, 1024, 702. Anal. Found: C, 76.74; H, 8.50%.
Calcd for Ci4H;302: C, 77.03; H, 8.31%. Crystallographic param-
eters: space group Pbca, a=23.425(4), b=14.245(3), c =7.318(2)
A a=90°,8=90°, y=90° V=2442(1) A*, Z=8, poatca = 1.187
gcm’3; 2126 reflections obtained (1300 with 7 > 30), R =0.068,
Ry, =0.066.

Allylation: A toluene solution (2.0 mL) of the Zn enolate
11 was obtained by reaction of 2-cyclohexenone (1) (96.1 mg, 1.0
mmol) and Zn(C,Hs), (0.252 mL of a 3.97 M toluene solution, 1.0
mmol) in the presence of CuMes (3.7 mg, 0.02 mmol) and 4a (4.9
mg, 0.02 mmol) at 0 °C for 30 min according to the procedure
described above. To this were added Pd[P(CsHs)3]4 (23 mg, 0.02
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mmol) and allyl acetate (100 mg, 1.0 mmol) successively. The
mixture was stirred at O °C for 2 h and then poured into satu-
rated aqueous NH4Cl solution (2 mL). The usual extractive workup
afforded a crude product (300 mg), which was chromatographed
on silica gel (BW300S, 10 g; eluent, a 10: 1 pentane—ether mix-
ture) to give a 90: 10 mixture of frans- and cis-2,3-disubstituted
cyclohexanones 16 (148 mg, 86% yield). The trans/cis ratio was
determined by comparison of the intensity of the '*C NMR signals
at & = 136.54 (trans-16) and 6 = 136.26 (cis-16). A 90 : 10 mixture
of trans- and cis-16: Bp 147—150 °C at 24 mmHg (Kugelrohr
distillation); '"HNMR of trans-16 (400 MHz, CDCls) & = 0.90
(t, 3, J=7.6 Hz, CH.CH»), 1.32 (m, 1, CHHCH3), 1.5 (m, 1,
C(4)HH), 1.55—1.75 (m, 3, CHHCH3, C(3)H, C(5)HH), 1.8 (m,
1, CHH), 2.0 (m, 1, C(5)HH), 2.2—2.5 (m, 5, C(2)H, C(6)H>,
CH,CH=CH;), 4.98 (dd, 1, J=2.8 and 10.4 Hz, CH,CH=CHH),
5.03 (ddd, 1,J =1.6, 2.8, and 17.2 Hz, CH,CH=CHH), 5.79 (m, 1,
CH,CH=CH,). '"HNMR of c¢is-16 (400 MHz, CDCl3) 8 = 0.86 (t,
3,J=8.0Hz, CH,CH3), 1.08 (m, 1, CHHCH3), 1.80(m, 1),2.10 (m,
1, CHHCH=CHz>), 2.58 (m, 1, C(2)H), 5.70 (m, 1, CH,CH=CH,).
BCNMR of trans-16 (100 MHz, CDCl3) & = 10.51 (CH,CH3),
24.98 (C(5)), 25.82 (CH,CH3), 28.46 (C(4)), 31.50 (CHCH=CH»),
41.27 (C(6)), 43.28 (C(3)), 54.61 (C(2)), 116.00 (CH,CH=CH>),
136.54 (CH2CH=CH>), 212.97 (C(1)). ""CNMR of cis-16 (100
MHz, CDCl3) 6 = 11.58 (CH,CH3), 20.86 (CH,CH3), 23.68, 27.01,
30.36 (CH,CH=CH>), 40.93, 42.74 (C(3)), 54.70 (C(2)), 116.09
(CH,CH=CH,), 136.26 (CH,CH=CH,), 213.16 (C(1)). IR (neat)
3075, 2963, 2938, 2874, 1711, 1640, 1458, 912; HRMS m/z (M")
Caled for: M, 166.1358. Found: m/z 166.1348. The reaction was
conducted using CuCN in a similar manner under the following
conditions: 1 (1.0 mmol), Zn(C2Hs); (1.0 mmol), CuCN (0.005
mmol), 4a (0.005 mmol), allyl acetate (1.0 mmol), PA[P(C¢Hs)3]4
(0.02 mmol), toluene (1.5 mL), temperature 0 °C, time 2 h after
adding allyl acetate and Pd catalyst. The three-component coupling
products, trans- and cis-16, were obtained in an 88 : 12 ratio and in
90% combined yield.

The regiochemistry of 2-allyl-3-ethylcyclohexanone (16) was
determined by analysis of the '*C-'"*C COSY spectrum of a 90: 10
mixture of trans- and cis-16 (141 mg) in CDCl; (0.65 mL) at 25 °C
by using the 2D-INADEQUATE technique. The cross signals of the
major isomer were observed between & = 136.54 (CH,CH=CH,),
31.50 (CH,CH=CH>), 54.61 (C(2)HCH,CH=CH,), 43.28 (C(2)-
HC(3)HCH:CH3), and 25.82 (C(3)HCH,CHs) in this order, indi-
cating the a,[-disubstituted structure. The major/minor ratio was
shifted from 90 : 10 to the thermodynamic ratio of 67 : 33** by treat-
ment with sodium methoxide in methanol at 70 °C for 2 h, showing
that the minor 16 has the same connectivity as the major isomer.

The trans/cis stereochemistry of 16 was elucidated by 'HNMR
analysis of a 67 : 33 mixture of 16 (20 mg) in C¢Ds (0.65 mL) at 25
°C. The ID-homonuclear Hartmann—-Hahn (HOHAHA) subspectra
were developed with a mixing time of 113 ms from vinylic methine
proton resonances at & = 6.01 for the major isomer and at & =
5.75 for the minor isomer to extract the relayed proton signals of
CH,CH=CH; and C(2)H. By the combination of the HOHAHA
experiments with the decoupling experiments, in which the signals
at 0 =6.01 and 5.75 were irradiated respectively, the coupling
constants between C(2)H and C(3)H of the major and minor isomers
were deduced to be 9.8 and 4.9 Hz, respectively. This indicated
that the major isomer had the trans structure. Selected coupling
constants are shown in Fig. 11.

Structural Analysis of the Zn Enolate. Connectivity:
CuCN (0.5 mg, 6 umol) and a 0.03 M toluene-dg solution of 4a
(200 pL, 6 pmol) were placed into a 5-mm NMR tube equipped
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with a Young’s tap. To the resulting white suspension, a 1.7 M
toluene-dg solution of diethylzinc (170 pL, 0.3 mmol) was added
at 0 °C under an argon stream and the mixture was vigorously
shaken. After 10 min, 2-cyclohexenone (1) (1.7 M toluene-dy so-
lution 170 uL, 0.3 mmol) was added at 0 °C. The whole mixture
was shaken and kept at 0 °C for 30 min followed by measure-
ment of the "H-'HCOSY NMR and phase-sensitive *C-"H cor-
relation NMR spectrum at 0 °C: '"HNMR (400 MHz, toluene-dy)
0=0.75(q, 2, J=8.1 Hz), 092 (t, 3, J=7.3 Hz), 1.01 (dd, 1,
J=11.7 and 21.5 Hz), 1.32 (m, 2) 1.54 (t, 3, J =8.1 Hz), 1.47
1.64 (m, 2), 1.71 (m, 1), 2.0t (m, 1), 2.13—2.33 (m, 2), 5.27 (s,
1): "CNMR (100 MHz, toluene-ds) & = 1.04, 11.76, 12.65, 22.51,
28.61,29.99, 31.80, 36.83, 107.92, 153.36. The cross signals in 'H-
'"HCOSYNMR & =0.75—1.55, 0.92—1.32, 1.01—1.55, 1.01—
1.60, 1.32—2.01, 1.55—1.71, 1.55—2.13, 1.55—2.33, 1.71—
2.13, 1.71—2.33, 2.01—5.27. The cross signals between 'H- and
BCNMR 6 =0.75—1.04,0.92—11.76, 1.01—28.61, 1.32—29.99,
1.54—12.65, 1.55—22.51,1.60—28.61, 1.71—22.51,2.01—36.83,
(2.13—2.33)—31.80, 5.27—107.92.

Aggregation State: Cryoscopic measurement was per-
formed using a freezing-point depression apparatus modified for
this air- and moisture-sensitive compound.*® The number-average
molecular weights were calculated from: AT = Kj-w/MW, where
AT = depression (degrees), Ky = molal depression of the solvent,
w = weight (g) of solute in 1000 g of solvent, and MW = molecular
weight. The K value of this apparatus was calculated to be 5.16
on the basis of the depression of a benzene (10.53 g) solution of
naphthalene (118.6—566.6 mg). The procedure for the molecular-
weight determination of the ethylzinc enolate 11 was as follows: A
dry Schlenk-type cryoscopy cell containing a Teflon®-coated stir-
ring bar was evacuated and filled with argon that was then replaced
with CuCN (2.9 mg, 0.0325 mmol), 4a (8.0 mg, 0.0325 mmol), and
benzene (11.57 g). The mixture was cooled to 7 °C. To this was
added diethylzinc (807 mg, 6.5 mmol). After 10-min stirring at 7
°C, 2-cyclohexenone (1) (626 mg, 6.5 mmol) was added, and the
mixture was stirred for 2 h at the same temperature. The whole
mixture was degassed by three freeze-thaw cycles and filled with
argon. The apparatus was immersed into an ice-salt bath, and the
temperature was measured by a Beckmann thermometer at 30-s in-
tervals until the solution froze. After warming up to ca. 10 °C, the
same procedure was repeated three times. Since the w value of the
benzene solution of 11 was 124 and the averaged AT value obtained
from the three runs was 1.31 (1.29—1.34), the molecular weight
(MW) of 11 was calculated to be 488 (477—496). This indicated
that the degree of aggregation of 11 was 2.17—2.26.

Kinetics.  The procedure for determining the rates was rep-
resented by the reaction under the conditions at which the concen-
trations of 1, Zn(C;Hs),, CuOTf, and 4a were 500, 500, 2.5, and
2.5 mM, and the temperature was 0 °C. A dry and argon-filled
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Table 3. Kinetic Data of 1,4-Addition of Zn(C,Hs); to 2-
Cyclohexenone (1) in Toluene Using CuOTf or CuCN
and N-Benzylbenzenesulfonamide (4a)

Concentration/mM Temp W

Entry CuX 1 Zn(C;Hs); CuX 4a T/°C mMmin~!
1 CuOTf 500 500 25 25 0 50.0
2 CuOTf 500 500 2.5 25-20 14.5
3 CuOTf 500 500 25 25-10 24.0
4 CuOTf 500 500 25 25 10 43.0
5 CuOTf 300 500 25 25 0 29.1
6 CuOTf 400 500 25 25 0 45.2
7 CuOTf 600 500 25 25 0 63.0
8 CuOTf 500 300 25 25 0 30.3
9 CuOTf 500 400 25 25 0 424
10 CuOTf 500 600 25 25 0 73.5
11 CuOTf 500 500 20 20 O 44.0
12 CuOTf 500 500 30 30 0 72.5
13 CuOTf 500 500 50 50 0 116.0
14 CuCN 500 500 25 25 0 52.7
15 CuCN 300 500 25 25 0 32.0
16 CuCN 400 500 25 25 0 44.0
17 CuCN 600 500 25 25 0 62.4
18 CuCN 500 300 25 25 0 28.8
19 CuCN 500 400 25 25 0 373
20 CuCN 500 600 25 25 0 57.9
21 CuCN 500 500 20 20 O 433
22 CuCN 500 500 30 30 0 62.0
23 CuCN 500 500 50 50 0 114.0

20-mL Schlenk tube containing a Teflon®-coated stirring bar was
equipped with a Zn—Se Attenuated Total Reflectance (ATR) acces-
sory from Remspec, and the whole system was vacuumed and filled
with argon gas three times. To this was added, at 23 °C and under
an argon stream, 4a (3.7 mg, 0.015 mmol), toluene (4.6 mL), and 30
mM toluene solution of CuOTf (0.5 mL, 0.015 mmol). After being
stirred for 5 min at the same temperature, the mixture was cooled to
0 °C with an ice bath. A 5.02 M toluene solution of Zn(C,Hs); (0.6
mL, 3.0 mmol) was added. The mixture was stirred at 600 rpm for
10 min and the spectrum was collected as blank data. The substrate
1 (0.29 mL, 3 mmol) was added and the monitoring was started
within the range from 910 to 2100 cm™!. The measurement inter-
val was 6 s. The reaction rate was calculated to be 50.0 mM min~"
based on the increase of absorbance at 1145 cm ™",

The conditions for determination of the rates with CuCN were
the same as those for CuOTf except for the amount of a 5.02 M
toluene solution of Zn(C,Hs), (1.2 mL, 6.0 mmol). After addition
of the substrate 1 (0.29 mL, 3 mmol) and taking of blank data, the
mixture was stirred for 18 min and then the spectrum was again
collected as blank data. Another 3 mmol of 1 was added to the
mixture and the internal IR reflectance was measured.

All the kinetics data are listed in Table 3.
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