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The 1,4-addition (conjugate addition) of C nucleophiles to
a,B-unsaturated carbonyl compounds and related activated
olefins belongs to the most powerful and reliable tools for C—
C bond formation. Accordingly, it is frequently exploited in
the synthesis of natural products and other complex organic
molecules.!'! Three decades of research on asymmetric?! and,
in particular, asymmetric catalytic’® versions of conjugate
addition reactions have resulted in the development of a
broad variety of methods.'*) However, the important task of
performing the 1,4-addition of simple Grignard reagents, the
most common type of organometallic reagents, in an enan-
tioselective fashion still remains a particular challenge.

As recently reviewed, " several Cu-based catalyst systems
have been suggested in the past for the catalytic asymmetric
1,4-addition of Grignard reagents."! Nevertheless, high enan-
tioselectivities (> 90 % ee) were achieved only in a few special
cases, and the reported methods did not find much application
owing to limited substrate scope, operational convenience,
and accessibility of the chiral ligands required. In 2004, an
important advance was made by Feringa and co-workers who,
by screening a set of commercially available chiral P,P ligands,
identified ferrocene-based diphosphines, in particular Tania-
phos (1)P! and Josiphos (2),) as promising ligands for such
transformations.”)
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For instance, the reaction of n-alkyl Grignard reagents
with cyclohexenone (3) proceeded smoothly in the presence
of 5 mol % of a catalyst generated in situ from 1 and CuCl to
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give the 1,4-addition products 4 with excellent enantioselec-
tivity (up to 96% ee) and good regioselectivity (4/5 >4:1)
(Scheme 1).7" Furthermore, Feringa and co-workers were

o [Cu] (5 mol%) o HO R
L* (6 mol%)
+ R-MgBr +
solvent R
3 4 5

R = n-alkyl: L* = 1; [Cu] = CuCl; Et,0, 0°C; 90-96% ee
R = jPr: L* = 2; [Cu] = CuBr-SMe,; Et,0, -60°C; 54% ee
R = Ph: L* = 2; [Cu] = CuBr-SMe,; Et,0, -60°C; 40% ee

Scheme 1. Cu-catalyzed 1,4-addition of Grignard reagents to cyclohex-
enone according to Feringa!”!

able to apply this catalytic system to other substrates and in
the synthesis of natural products.” However, the reaction of 3
with other relevant Grignard reagents such as iPrMgBr or
PhMgBr proceeded only with low selectivity under these
conditions, and also with an alternative catalyst (formed from
2 and CuBr-SMe,) ee values did not exceed 54 % (R =iPr)
and 40% (R =Ph). Thus, the challenge remained open.
Considering that chiral diphosphine ligands possess an
obvious potential for the Cu-catalyzed 1,4-addition of
Grignard reagents”® we wondered whether phosphine-
phosphite ligands of type 7 (developed in our laboratory)
would also be suited for this purpose.'” These ligands are
efficiently prepared from o-bromophenols 6 and chiral diols
(such as Binol (2,2"-dihydroxy-1,1"-binaphthyl)*!! and Taddol
(a,a,a'-tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-dimetha-
nol)™), and the modular synthesis facilitates structural
variation and optimization (Scheme 2). We herein report
that compounds of this class indeed represent highly useful
ligands for the Cu-catalyzed 1,4-addition of various Grignard
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Scheme 2. Modular phosphine-phosphite ligands of type 7 derived
from o-bromophenols 6 and chiral diols.
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reagents (including PhMgBr and iPrMgBr) to cyclohexenone
giving enantioselectivities of up to 92 % ee.

In a first series of experiments a library of ten ligands of
type 7 was screened in the Cu-catalyzed addition of ethyl
magnesium bromide to cyclohexenone under conditions
similar to those used by Feringa etal. (4 mol% CuCl,
6 mol % ligand, Et,0, 0°C), which also in our hands gave
complete conversion within 20 min. As the results summar-
ized in Table 1 show, the Taddol-derived ligands 7e and 7f

Table 1: Results of the screening of ligands of type 7 in the Cu-catalyzed
reaction of EtMgBr with cyclohexenone according to Scheme 1 (R=Et).F

Ligand  Ligand specification!® 4a/5a9  ee[%]  Config.

7a R'=R’=R*=R*=H 95:5 <5 n.d.
R*(OH), = (R,R)-Taddol

7b R'=R’=Me, R*=R*=H 99:1 8 S
R*(OH), = (R,R)-Taddol

7c R'=Ph, R”*=R*=R*=H 99:1 10 S
R*(OH),= (R,R)-Taddol

7d R'=iPr, R2=R*=R*=H 99:1 20 S
R*(OH), = (R,R)-Taddol

Te R'=tBu, R*=R*=R*=H 95:5 70 S
R*(OH), = (R,R)-Taddol

7f R'=R*=tBu, R?=R*=H 95:5 68! S
R*(OH),= (R,R)-Taddol

7g R'=R*=Me, R2?=R’=H 92:8 16 R
R*(OH), = (R,R)-Taddol

7h R*=R*=H, R'/R*=(CH),  99:1 16 S
R*(OH), = (R,R)-Taddol

7i R'=R’=Me, R®*=R*=H 21:79 2 S
R*(OH), = (S)-Binol

7j R'=R*=1Bu, R?=R*=H 23:77 6 S

R¥(OH), = (S)-Binol

[a] Reaction conditions: 6 mol% L*, 4 mol% CuCl, Et,0, 0°C, full
conversion after 20 min. [b] Only ligands with R®=Ph were used.
[c] Determined by GC-MS. [d] Determined by GC on a chiral stationary
phase. [e] Conducted on a 3 mmol scale; the pure 1,4-product was
obtained in 68 % yield after distillation.

gave the highest enantioselectivities of 68 and 70% ee,
respectively.® Apparently the enantioselectivity strongly
depends on the size of R' (cf. Scheme 2) as the ligands with
a bulky tert-butyl substituent in the position ortho to the
phosphite group performed much better than ligands with
sterically less demanding substituents in this position. Also
noteworthy is the fact that the Binol-derived ligands (7i and
7j) not only exhibited low enantioselectivities but also mainly
gave rise to the regioisomeric products resulting from 1,2-
addition.

Having identified 7e and 7f (Figure 1) as promising
ligands, we decided to continue our examinations with these

Figure 1. Taddol-derived phosphine—phosphite ligands 7e and 7f.
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compounds and to vary the reaction parameters such as
copper source, solvent, and reaction temperature (Table 2).
Much to our surprise, the choice of the solvent had an
extraordinary influence on the enantioselectivity. While

Table 2: Influence of solvent and temperature on the Cu-catalyzed
addition of EtMgBr to cyclohexenone according to Scheme 1 (R =Et)®!
using the Taddol-derived chiral ligand 7f.

Entry  Solvent T[°C]  Cu source 4a/5al el [9%)
1 Et,O 0 CuCl 95:5 68
2 THF 0 CuCl 95:5 <5
3 MTBE 0 CuCl 96:4 56
4 toluene 0 Cudl 86:14 58
5 toluene/Et,0 0 CuCl 96:4 60
6 Me-THF 0 CuCl 95:5 84
7 Me-THF —20 CuCl 96:4 86
8 Me-THF —40 Cudl 95:5 82
9 Me-THF —40 CuBr-SMe, 90:10 86

10 Me-THF —60 CuBr-SMe, 89:11 88

11 Me-THF —78 CuBr-SMe, 89:11 90

[a] Reaction conditions: 6 mol % 7 f, 4 mol % Cu source. [b] Determined
by GC-MS. [c] Determined by GC on a chiral stationary phase (BGB 176
SE).

replacing Et,0 by tert-butyl methyl ether (MTBE) did not
have a major effect on the ee value, the use of THF as a
stronger coordinating solvent led to almost a complete loss of
enantioselectivity. However, when the solvent was changed to
2-methyltetrahydrofuran  (2-Me-THF),' a significant
increase of the enantioselectivity by almost 20% ee was
observed. Lowering the reaction temperature to —78°C led to
a further enhancement of the enantioselectivity. The choice of
the copper source did not have much effect at 0°C; however,
the use of CuBr-SMe, resulted in better ee values at low
temperatures, probably because it is better soluble than CuCl.
Under optimized conditions (Table2, entry 11) the 1,4-
addition product 4a (R=Et) was obtained with a pleasing
enantioselectivity of 90 % ee. This result could be reproduced
also on a multi-mmol scale (60 % yield of 4a after distillation
and flash chromatography) when the diluted Grignard
solution (0.1-0.5M) was added very slowly to the stirred
reaction mixture by means of a syringe pump.

Encouraged by this result (Table 2, entry 11) we decided
to probe the scope of our methodology by applying other
Grignard reagents. Besides PhMgBr and iPrMgBr, which (as
mentioned above) gave only unsatisfactory enantioselectiv-
ities with ligands 1 and 2,”) we considered 3-butenyl and
isopropenyl magnesium bromide as particularly relevant,
because the corresponding 1,4-addition products would
represent interesting building blocks for natural product
synthesis. To our satisfaction, the reaction proceeded well
with all of these Grignard reagents under the standard
conditions (using ligands 7e and 7f) to give the 1,4-addition
products 4a—e with high to excellent enantioselectivities (82—
92% ee; see Table 3).

Again, 2-Me-THF was found to be a superior solvent in
most cases; however, there are exceptions. For instance, the
highest ee for 3-butenyl-MgBr was achieved in neat Et,O. In
the case of iPrMgBr optimal results were obtained when Et,O
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Table 3: Cu-catalyzed asymmetric 1,4-addition of various Grignard
reagents to cyclohexenone according to Scheme 1.

Entry RMgBr L*  Solvent  4/5"  ee[%]P  Config
1 EtMgBr 7f MeTHF 89:11 90 (-)-S
2 BMg~_~~ 7f E,0 91:9 91 (—)-R
3 iPrMgBr 7f EL,OY 982 67 (+)-R
4 iPrMgBr 7e Et,0M 99:1 82 (H)-R
BrMg
5 h 7e MeTHF 919 92 ()R
6 PhMgBr 7f MeTHF 60:40 74 (+)-R
7 PhMgBr Je MeTHF 91:9 92 (+)-R

[a] Reaction conditions: 6 mol % ligand, 5 mol% CuBr-SMe,, —78°C,
full conversion after 2 h. [b] Determined by GC on a chiral stationary
phase. [c] Sign of the optical rotation at 589 nm in CH,Cl, and absolute
configuration as determined by CD spectroscopy. [d] A solution of the
Grignard reagent in Me-THF was used.

was used to dissolve the substrate (3) and the catalyst, while
the Grignard reagent was prepared and used as a solution in
2-Me-THF. Performing the reaction with /PrMgBr in either
neat 2-Me-THF or Et,O resulted in low enantioselectivities
and, moreover, slow conversion in the latter case. Also
noteworthy is the fact that at —78°C ligand 7e proved to be
superior for branched Grignard reagents, while the 1,4-
addition of both linear Grignard reagents proceeded most
selectively when ligand 7 f was employed. The other ligands of
type 7 (Table 1) were found to be much less selective.

The absolute configuration of the products (as given in
Table 3) was determined by means of CD spectroscopy
(Figure 2) applying the octant rule.'" As Figures2 and 3
illustrate, the stereochemical outcome of the reactions

ellipticity / mdeg

240 260 280 300 320 340
wavelength / nm

Figure 2. CD spectra of compounds 4a—e in CH;CN.

depends on the Grignard reagent used. In the case of the
unbranched reagents (EtMgBr and 3-butenylmagesium bro-
mide) the main enantiomers of the products (4a, 4b) result
from a Si-face attack at the position 3 to the ketone. However,
using the same (R,R)-Taddol-derived catalysts, the 1,4-
addition of the branched reagents afforded products 4c—4e,
resulting from a Re-face attack. We consider this switch of the
enantiofacial selectivity with the type of Grignard reagent as a
remarkable phenomenon which challenges any future
attempts to rationalize the stereochemical outcome of these
reactions based on detailed transition-state models. As
Figure 3 summarizes, the methodology developed opens
access to a variety of 3-substituted cyclohexanones with
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Figure 3. Structure and enantiomeric purities (and yields) of 3-substi-
tuted cyclohexanones synthesized in this study.

high enantioselectivities (82-92% ee) and preparative yields
of up to 88%."

In conclusion, we have identified phosphine—phosphite
ligands of type 7 as a novel (second) class of chiral P,P ligands
suitable for the Cu-catalyzed asymmetric 1,4-addition of
Grignard reagents to cyclohexenone.'*!”! These readily
accessible ligands proved to be compatible with an unsur-
passed range of Grignard reagents, and owing to their
modular nature it should be possible to achieve further
(individual) ligand tuning for specific reaction systems.”>!%

Furthermore, we came across a very interesting solvent
effect with (racemic) 2-methyl-THF, which has only recently
been recognized as an environmentally benign solvent
because of its low water miscibility and its origin from
renewable resources."®! Our results suggest that this solvent
should be generally considered as an alternative to diethyl
ether and THF whenever organometallic reactions are
optimized.

Experimental Section

Typical procedure for the 1,4-addition on a preparative scale: Under
an atmosphere of argon, CuBr-SMe, (0.05 equiv, 0.45 mmol) and the
ligand (0.06 equiv, 0.54 mmol) were dissolved in 15 mL of solvent and
stirred for 15 min at RT. After addition of enone 3 (1.0 equiv, 9 mmol)
the reaction mixture was cooled to —78°C and a dilute (0.1-
0.5 molL™") solution of the Grignard reagent (1.2 equiv, 10.8 mmol)
was slowly added over 2 h by means of a syringe pump. The mixture
was then stirred for another 30 min at —78°C and quenched by
addition of MeOH (5 mL) and 1M aqueous NH,CI solution (10 mL).
The layers were separated, and the aqueous phase was extracted with
tert-butyl methyl ether. The combined organic solutions were washed
with brine and dried over MgSO,, and the solvent was evaporated in
vacuo. The crude product (yellowish oil) was purified by distillation
(0.2 mbar) and subsequent flash chromatography (cyclohexane/
EtOAc 10:1) to give the pure 1,4-addition product 4 as a colorless oil.
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