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X-ray crystal structure analysis of [(Li*),(22")(OE,)x(thf),}: CaHysli,04, PI, a=
9.782(1), b=14.594(1), c¢=15640(1) A, a=74.999(2), f= 81.977(2), y=
83417(2)°, V=212834 A3, Z=2, p_ . =107 gem~?, 4 =0.060mm™!, T=150K,
crystal dimensions ca. 0.25 x 0.50 x 0.50 mm?, 90 frames, 26428 measured (8101
unique) reflections, R=0.0472 and R,=0.0475 for 5823 reflections with
I>60(J), maximum and minimum peak in final Fourier difference synthesis
0.58 and — 0.42 e A-3. Unit weights were used in the refinements. The asymmetric
unit consists of half of a molecule of [(Li*),(2*)(OEt,),] and half a molecule
[(Li*),(2%7)(thf),], each located about an inversion center.

X-ray crystal structure analysis of { (K*),(22-)([18]crown-6),]: C;HK,O\s, P2:/n,
a=13.959(1), b=10403(1), c=19.733(1) A, S=107376(1)°, V=2740.31 A3,
Z =2, Peea=1.19 gem3, £ =022 mm~!, T=150 X, crystal dimensions ca. 0.20 x
0.25 x 0.40 mm’®, 90 frames, 29555 measured (6266 unique) reflections, R=
0.0422 and R,=0.0464 for 5403 reflections with 7> 3o(/), maximum and
minimum peak in final Fourier difference synthesis 0.36 and —0.23e¢A-% A
weighting scheme based on an optimized three-coefficient Chebyshev poly-
nomial was used in the refinements[31]. General crystallographic information:
Data were collected on an Enraf-Nonius DIP 2000 image plate diffractometer
using graphite-monochromated Moy, radiation (step of 2° between frames,
Ornax =26°). Corrections were made for Lorentz and polarization effects[32]. The
structures were solved by direct methods using SIR92{33] and refined by using
full-matrix least-squares. Hydrogen atoms were fixed in geometrically idealized
positions and allowed to ride on their attached carbon atoms. Corrections for the
effects of anomalous dispersion and isotropic extinction (through an overall
extinction coefficient) [34] but not for absorption, were made in the final stages of
refinement. All crystallographic calculations were performed by using the
Oxford CRYSTALS system [35] running on a Silicon Graphics Indigo R4000
computer. Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-100693. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12 Union
Road, Cambridge CB211EZ, UK (fax: int. code +(1223) 336-033; e-mail:
deposit@chemcrys.cam. ac.uk).
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Although efficient catalysts for a number of asymmetric
carbon —carbon formations are known to date,!l a highly
enanfioselective catalytic version of the conjugate addition of
organometallic reagents to enones is lacking?) Recently
chiral catalysts based on Cul, Nif, Zn", or Co!' complexes of
a variety of ligands have shown enantioselectivities up to 90%
in 1,4-additions of Grignard, organolithium, or dialkylzinc
reagents.’! The results so far have not revealed, however, the
key elements for realization of complete stereocontrol but do
reveal the rather complex nature of some of these chiral
catalytic systems.) Previously we have demonstrated that
copper complexes of chiral phosphorus amidites show rela-
tively high ee values for the 1,4-adducts of R,Zn reagents and
acyclic as well as cyclic enones.l’]

In this communication both the first catalytic asymmetric
1,4-addition reactions of organometallic reagents with complete
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stereocontrol and highly enantioselective tandem conjugate
addition-aldol reactions are reported. In our design of a catalytic
asymmetric 1,4-addition the following aspects were considered:
a) Can very efficient ligand-accelerated catalysis [ be ach-
ieved? b) Is it possible to use an enone and an olefin [Eq. (a)]
as starting material? ¢) Are functional groups tolerated?

o] (o]

+ /\R —_— (a)

R

The remarkable ligand effect of binaphthol-derived phos-
phorus amidites on the copper-catalyzed 1,4-addition of Et,Zn
to enonest! was explored by a modular variation of the
binaphthyl and amine moieties in these ligands. Much to our
delight the incorporation of two chiral structural units, that is,
the sterically demanding (R,R)-bis(1-phenylethyl)amine and
unsubstituted (S)-2,2"-binaphthol (as present in C, symmetric
ligand 1), resuited in a matched combination” and a highly
selective catalyst for the addition of Et,Zn to cyclohexenone
(Scheme 1). Thus the catalyst prepared from Cu(OTY),

[o) o]
+ EtpZn Cu(OTH), (2%)
1(4%)
2 CsHg, 3h, -30°C 4a 94%
>98%ee

O e <: 5@13

Scheme 1. Enantioselective 1,4-addition of Et,Zn to 2, catalyzed by Cu(OTf),/1.
Tf = trifluoromethane sulfonate.

(2 mol %) and 1 (4 mol %) provided (S)-4a in 94 % yield and

Table 1. Enantioselective 1,4-additions of dialkylzinc compounds to enones,
catalyzed by Cu(OTY),/1[a].

Entry Enone R,Zn 1,4-Adduct Yield[%][b] ee{%][c]
1 2a 3a 4a 94 >98[d]
2 2b 3a 4b 75 10

3 2¢ 3a 4c 82 53

4 2d 3a 4 74 >98[d]
5 2e 3a 4h 93 > 98[d]
6 2a 3b 4a 72 >98[d]
7 2d 3b 4g 68 >98[d]
8 2a 3¢ 4e 95 95

9 2a 3d 4i 95 94

10 2a 3e 4j 53 95

11 2a 3f 4k 77 95

2 2a 3g 41 91 97

13 2a 3h 4m 87 93

[a] Reaction conditions as in ref.[5]. [b] Yields of isolated products. [c] Deter-
mined by *C NMR spectroscopy after derivatization with 1,2-diphenyl ethyl-
enediamine [5,16]. [d) (5)-4 could not be detected.

we examined catalytic 1,4-additions of diheptyl zinc (3¢) and
functionalized dialkylzinc reagents (3e-3h)."l The R,Zn
reagents were prepared from the corresponding alkenes by
hydroboration and subsequent zinc exchange according to
Knochel®®11l or with the corresponding Grignard reagent
(Table 1, entry 9). Again excellent enantioselectivities were
achieved (Table 1, entries 8-13). It is particular noteworthy
that the new catalyst tolerates ester and acetal functionalities.
So far the catalyst based on Cu(OTf),/ligand 1 does not show
satisfactory enantioselectivities for five- and seven-membered
cyclic enones (Table 1, entries2,3). For these substrates
further ligand tuning is required.

A possible pathway for the 1,4-addition could involve
transfer of an alkyl fragment from R,Zn to the copper
complex,'l followed by m-complexation of the resulting
copper alkyl species to the double bond of the enonel'? and
of the alkylzinc ion to the enone carbonyl (Scheme 2). Next
alkyl transfer to the B-position of the enone generates
alkylzinc enolate 5, which upon protonation provides cyclo-
hexanone 4.

. . RoZn
an ee value greater than 98 %. Excellent yields and enantio-
meric excesses ranging from 94 to greater than 98% are /&\‘
obtained for cyclohexenone and substituted cyclohexenones LoCuX LCuR o
with a variety of zinc reagents (Table 1).8! Having realized 0znR for L2CuXp) +
complete stereocontrol in the formation of a number of RZnX
3-substituted cyclohexanones 4 (Table 1, entries1, 4-7),
o o R
2
Cu(OT), (2%) 5
( + BZn ———
1(4%) ( L
m C/Hg 3-12h,-30°C M R =,
R gt R' R! Cu
2a: R'=H, m=1 3a: R=Et 4a: R1=H, R=Et, m=1 L/
2b: R'=H, m=0 3b: R=Me 4b: R'=H, R=Et, m=0
2¢: R1=H, m=2 3c: R=Hep 4c: R'=H, R=Et, m=2
2d: R1=Me, m=1 3d: R=iPr 4d: RI=H, R=Me, m=1
2e: R1=Ph, m=1 3e: R=(CHy)3Ph 4e: R'=H, R=Hep, m=1
. R- . Rl _ =
g; g:ﬁﬁiﬁ@ﬁfoeng :’g g,;m: :;Enté mﬂ‘)‘l 1 Scheme 2. Postulated catalytic cycle of the 1,4-addition.
3h: R=(CHy)sOPiv ah: R'=Ph, R=E1, m=1
4i: R1=H, R=iPr, m=1 It is anticipated that the zi late S, resulting f
4j RI=H. B=(CHi)sPh, m=1 15 anticipa e at the zinc eno ate §, resulting from the
4k: R1=H, R=(CH,).0Ac, m=1 conjugate addition, might be trapped by an aldehyde in a
4l: R'=H, R=(CH,)sCH(OEY),, m=1 subsequent aldol reaction.” The regio- and enantioselective
4m: R'=H, R=(CH,)gOPiv, m=1

catalytic three-component coupling was indeed achieved with
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Table 2. 1,4-Additions of dialkylzinc compounds and subsequent aldol reactions
of the zinc enolates 5.

Entry Lewis t[min] Products erythroithreo Yield ee[%][c]
acid[a] (T[°C)) 6a—h:7a-h [%][b]
1 10(-30) 6a/Ta 31:69 883 95
2 10 (-30) 6b/7b 38:62 85 93
3 BF;-Et,0 3(-30) 6b/7b 46:54 78 92
4 ZnCL-Et,O 3(-20) 6e/Te 54:46 64 91
5 10 (—20) 6elTe 38:62 67 9
6 BF;-Et,0 3(-20) 6871 52:48 82 >99
7 ZnCl,-Et,O 10 (-30) 6¢/7¢ 32:68[d,e] 88 91
8 10 (-30) 6d/7d 44:56 e} 92 95
9 ZnCl,-Et,0O 30(-30) 6g/7g 65:35[e] 81 97
10 ZnClL,-Et,O 10 (-30) 6W7h 48:52[d,e] 75 97

[a] 1.0 equiv of Lewis acid added. [b] Yields of isolated, pure aldols. [¢] See
Experimental Section for the determination of the ee values. [d] An unseparable
mixture of aldols was obtained. {e] The relative configuration (erythro:threo) has
not been established.

in situ generated enolate (Table2). For example, when
enolate 5, formed from 2 and diethylzinc in the presence of
Cu(OTf), (1.2 mol %) and ligand 1 (2.4 mol %), was treated
with benzaldehyde at —30°C for 10 min, an approximately 3:7
mixture of trans,erythro-6a and trans,threo-Ta was obtained in
88 % isolated yield (Table 2, No. 1). The aldol products were
readily separated by flash chromatography (Si0,, 30% ethyl
acetate, 70% hexanes) and oxidized to a single isomer of
diketone 8a with 95% ee. The results shown in Table 2

o 0zZnR
_ReZniCiHs _RicHo
cu(OTf)2 (1.2%) e

1 (24%)
-30°C ,18h

o} OH
H
R! R!
+
R

6a-h 7a-h
trans-erythro trans-threo

\:CC / pPcc 6-8a: R=Et, R'=Ph
6-8b: R=Et, R1=mBrCgH,
O O

6-7c: R=Et, R1=Ft
6-7d: R=Et, R'=vinyl
R! 6-8e: R=Me,R'=Ph
6-8f: R=Me,R'=mBrCgH,
R 6-7g: R=Me,R1=Et

8ab.ef 6-7h: R=M9,R1= vinyl

indicate that other representative aldehydes undergo the
tandem 1,4-addition—aldol reactions (in the presence or
absence of Lewis acids) affording the corresponding trans-
2,3-disubstituted cyclohexanones with enantioselectivities al-
ways exceeding 90%. In all cases small amounts of copper
catalyst (1.2 mol %) lead to clean zinc enolate formation, fast
and regioselective aldol reactions and trans-vicinal disubsti-
tuted cyclohexanones are exclusively obtained. The relative
and absolute stereochemistry of (—)-trans-erythro-6b was
established to be 25,35,1'S on the basis of single crystal X-ray
analysis.l'! As far as we know this represents the first catalytic
one-pot organozinc conjugate addition — enolate-trapping re-
action that proceeds with high enantioselectivity.

2622 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997
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The synthetic versatility of the new catalytic enantioselec-
tive C—C bond formation is further illustrated by the 1,4-
addition of Et,Zn to highly symmetrical dienone 10 readily
obtained by oxidation of hydroquinone 9 (Scheme 3).1%! In

Etzzn
Cu(OTf)2 (2 4%)
Me -90°C _’ -30°C MeO

84%

9 10 1 94% ee
Scheme 3. Catalytic enantioselective 1,4-addition of Et,Zn to the dienone
16{15}.

view of the potential to use various zinc reagents, the
multifunctional nature of 11, and the short, highly selective,
and efficient route from hydroquinone, this new method
may allow a versatile entry to a variety of optically active
cyclohexenones.

Experimental Section

1: The procedure for related phosphorus amidites [S] was followed except that
nBuLi/THF was used instead of Et;N/toluene in the second step: chromato-
graphy (SiO,, hexane :CH,Cl, 3:1), yield 40%, [a], =+ 456.0 {c =0.79, CHCL;).
'H NMR: 6 =798-8.08 (m, 4H), 717-7.74 (m, 18H), 4.63 (q, J =72 Hz, 2H),
1.85 (d, /=72 Hz, 6H); »C NMR (CDCl;): 6 =150.2, 150.0, 149.6, 142.8, 132.8,
131.4,130.5, 130.3, 129.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.2, 127.1, 126.7, 126.0,
1247, 124.5, 122.4, 52.3, 51.1, 21.8; P NMR: 6 = 1453.

6b/7b,8b: Typical procedure for the conjugate addition —-enolate-trapping reac-
tions with 2: A solution of Cu(OTf), (0.0045 g, 0.012 mmol) and 1 (0.013 g,
0.024 mmol) in toluene (5.0 mL) was stirred for 1 h at room temperature under
nitrogen. The colorless solution was cooled at —30°C and 2 (0.097 g, 1.0 mmol)
and ZnEt, (1.0 mL of a 1.1M solution in toluene) were added. After 18 h at —30°C
m-bromobenzaldehyde (0.277 g, 1.5 mmol, freshly distilled) in toluene (1.0 mL)
was added, and the reaction mixture was stirred for 10 min, quenched with
saturated aqueous NH,CI (5.0 mL} and extracted with diethyl ether (2 x 30 mL).
The combined organic layers were washed with brine (5.0 mL), dried over
Mg(S0O,),, filtered, and evaporated to give a crude reaction product that was
purified by flash chromatography (8i0,, mixture of 20% ethyl acetate and 80 %
hexanes) to afford 6b and 7b. Yield of 6b: 0.10 g, 32%; solid with m.p. 81.4-
82.8°C; [a]p =—50.0 {c = 1.52, CH,CL); '"H NMR (200 MHz, CDCl;) 6 7.35-7.51
(m, 1H), 714-729 (m, 3H), 512 (t, J=6.1 Hz, 1H), 331 {d, J=6.3 Hz, OH),
2.63 (dd, J=6.8 and 4.9 Hz, 1 H), 2.31-2.40 (m, 2H), 1.18- 1.96 (m, 7H), 0.76 (t,
J=73Hz, 3H). BC NMR: § =214.8, 145.0, 130.3, 129.7, 129.5, 124.9, 71.9, 60.5,
41.5, 39.3, 275, 26.0, 23.0, 10.4. HRMS calcd for C;sH,,O, 232.1463; found
232.1464. Yield of 7b: 0.164 ¢, 53%; oil, {alp=—230 (c=1.14, CH,CL, ); 'H
NMR (200 MHz, CDCL,): 6 =747 (br.s, 1H), 7.14-7.37 (m, 3H), 4.83-4.89 (m,
1H), 2.61 (dd, /=78 und 4.64 Hz, 1H), 1.20-2.38 (m, 9H), 0.88 (t, / =78 Hz,
3H); C NMR: 6 =215.0, 145.9, 130.1, 129.7, 1289, 124.3, 71.1, 60.9, 41.8, 41.7,
279, 25.5, 25.2, 10.2; HR-MS caled for C;sH,,0, 232.1463; found 232.1467.

To a mixture of 6b/7b (0.031 g, 0.1 mmol) in CH,Cl, (20 mL) were added
molecular sieves (4 A, 0.10 g) and PCC (0.043 g, 0.2 mmol) at 0°C. After 2h
stirring at room temperature, the reaction mixture was diluted with diethyl ether,
filtered over Celite, and evaporated to dryness. Purification by chromatography
(SiO,, mixture of 10% ethyl acetate and 90% hexanes) provided pure 8b
(0.025 g, 81%). The enantiomeric excess (93 % ee) was determined by chiral
HPLC [Regis (R, R)-Whelk-01 column, flow rate 0.5 mL min~, 5% iPrOH, 95 %
hexane, T, 34.5 min (35, 2R), T, 372 min (3R, 25)]. HPLC analysis of the
recrystallized product (hexane) gave an ee value of >98%. M.p. 82.5-83.2°C.
[a]p =—26.4 (c=0.25, CH,ClL,). '"H NMR (200 MHz, CDCl;):  7.98-8.00 (m,
1H), 7.65-777 (m, 2H), 729-737 (m, 1 H), 4.09 (d, J = 9.5 Hz, 1 H), 2.35-2.55
(m, 3H), 2.09-2.14 (m, 2H), 1.22-1.82 (m, 4H), 0.90 (t, J=73 Hz, 3H). *C
NMR: 6 =208.2, 196.7, 138.9, 135.6, 130.9, 129.9, 126.4, 63.5, 41.9, 41.4, 277, 270,
23.9, 10.6. HRMS calcd for C,sH,,0,Br 308.0411; found 308.0418.
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Palladium-Catalyzed Cross-Coupling of
Organozinc Bromides with Aryl Iedides in
Perfluorinated Solvents**

Bodo Betzemeier and Paul Knochel*

The formation of new carbon —carbon bonds by palladium-
catalyzed cross-coupling has experienced a spectacular devel-
opment over the past ten years.] Most of these reactions
require relatively large quantities of a costly palladium
catalyst (1-5mol%)? and removal of traces of palladium
compounds from the reaction products; this has hampered
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applications of this methodology to large-scale syntheses.
Recently we showed that perfluorinated solvents are a
convenient medium for transition metal catalyzed oxidations
with a perfluorinated metal complex as the catalyst.®¥ At
high temperatures (ca. 60°C) many organic solvents and
reagents are soluble in perfluorinated solvents, but at room
temperature organic compounds are insoluble; this leads to a
two-phase system at room temperature. Fluorous biphasic
catalysis, popularized by Horvarth,F} has the advantage of
easy phase separation and avoids pollution of the reaction
product with the transition metal catalyst, which is only
soluble in the fluorous phase and can be reused several times
after simple phase separation. Here we report that pal-
ladium(0)-catalyzed cross-couplingl® between arylzinc bro-
mides (Ar'ZnBr, 1) and aryl iodides (Ar’l, 2) proceeds
smoothly in the presence of the perfluorinated phosphane
3 (0.6mol%) and bis{dibenzylideneacetone)palladium(o)
([Pd(dba),], 0.15mol% )" with 1-bromoperfluorooctane
(CgF;Br) and toluene as the solvent system to provide
polyfunctional biphenyls of type 4 in high yields (Table 1).

Table 1. Palladium-catalyzed cross-coupling between arylzinc bromides 1 and
aryl jodides 2 in a toluene/1-bromoperfluorooctane biphasic system.

(F13Cf@>P (3, 0.6 Moi%y})
3

1 1
Ar—znBr+ Ar—| Poidbars] (0.1 o) Ar—AP

toluene / CgF¢7Br
1 2 60°C,0.2-0.5h 4

Entry Ar! Ar? Product4  Yield[%]{a]
1 Ph 4-AcOCH, 4a 93
2 4-CICH, 4-NO,CeH, 4b 93
3 4-CICH, 3-Et0,CCH, 4c 97
4 3-CF,CH, 4-MeOCH, 4d 89
5 3-CF,CeH. 4-BrCeH, de 9
6 2-thienyl 3-MeOCH, 4af 98
7 2-thienyl 4-NO,CH, 4g 87
8 4-TIPS-OCH,[b]  3-EtO,CC.H, 4h 97
9 4-TIPS-OCH, 4-BrCH, 4 99

[a] Yield of isolated product. [b}] TIPS =iPr,Si.

Arylzinc bromides 1 were prepared from the corresponding
aryl bromides by bromine-lithium exchange followed by
lithium —zinc transmetalation with zinc bromide.®! 2-Thienyl-
lithium used to prepare 2-thienylzinc bromide was obtained
by deprotonation of thiophene with #-butyllithium.! The use
of triarylphosphane 3, which bears long perfluorinated chains,
is essential for the success of the reaction. No activity of the
palladium catalyst was observed with the previously known
(CF3CH,):P>19 The new phosphane 3 was prepared in
three steps from 4-iodoaniline. Treatment of 3 with copper
and C¢F5Iin DMSO (120°C, 2 h) gave the substituted aniline
5 in 86 % yield.!'!l Sandmeyer reaction of 5 [a) NaNO,, HBr;
b) CuBr] provided the corresponding aryl bromide 6 in 76 %
yield. Bromine -lithium exchange with nBuLi in THF fol-
lowed by addition of PCl; afforded the phosphane —borane
complex 7 in 37% yield after protection with borane
(Scheme 1). After 7 was purified, the borane protecting
group was removed with diethylamine.['?]

The free phosphane 3 was treated with [Pd(dba),] in
CFy;Br to afford an orange solution of [PA{P{(C{H,-CF3)3)4]
(8). With this catalyst (0.15 mol %), the reaction between an
arylzinc bromide and an aryl iodide is complete within 0.5 h at
60°C. At this temperature, the reaction mixture is homoge-
neous and a two-phase system is again obtained upon cooling
to room temperature. The cross-coupling product 4 is easily
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