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Abstract: Two novel diastereomeric [2.2]paracyclo-
phane ketimine ligands (S55)-2 and (R;S)-2, which
unite a planar chiral element and a central chiral ele-
ment, were used towards the enantioselective diethyl-
zinc addition onto aliphatic aldehydes. These im-
proved second-generation ligands, which are stable

in air and water and are easy to obtain, showed signif-
icant improvements with respect to the ligands that
were previously used.
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Introduction

The asymmetric alkylzinc addition to aldehydes is an
enantioselective C—C-bond forming reaction and thus
an important alternative to the Grignard reaction.!"
The high ligand dependence of this reaction isillustrated
by the fact that aliphatic and aromatic aldehydes do not
significantly react with dialkylzinc reagents in the ab-
sence of an appropriate ligand. Another advantage of
the alkylzinc addition is its tolerance of other functional
groups such as esters or ketones.

As a result, the addition of dialkylzinc onto aromatic
aldehydes is one of the most studied enantioselective
catalytic reactions and presents a useful tool for ligand
screening. Despite the hundreds of ligands that have
been reported,” very few of them have been successful
in catalyzing the diethylzinc addition to aliphatic, and in
particular, a-unbranched aldehydes. One such example
is a modified norephedrine derivative used by Nugent
et al.P’! It produced excellent ee values for the 1,2-addi-
tion products of various substrates, except for hexanal,
in which a diminished enantiomeric excess of 87% ee
was reported.

The synthesis of simple aliphatic secondary alcohols is
still a challenge for asymmetric catalysis. However, the
asymmetric addition of alkylmetal species to aliphatic
aldehydes may, in selected cases, be the method of
choice. For example, the asymmetric reaction of diethyl-
zinc with hexanal and subsequent aqueous work-up
leads directly to scalemic 3-octanol which, in the (R)-
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configuration, is the sex attractant pheromone of Myr-
mica scabrinodis. The (§)-enantiomer is an alarm pher-
omone found in the ants Crematogaster castanea and
C. liengmei

Recently, we introduced ketimines derived from
[2.2]paracyclophane as powerful ligands in the alkylzinc
addition onto aromatic and a-branched aldehydes. Ro-
zenberg and Belokon,P! who synthesized the first gener-
ation of this ligand class, used them for resolution of the
corresponding racemic hydroxyl ketones. These ligands
were employed in diethylzinc and alkenylzinc addition
to aldehydes.”! A further application is the addition of
dialkyl- or diphenylzinc to imines.”” A substantial ad-
vantage of these ligands is that they are stable in air
and water and can be prepared in large quantities.

Within this article we describe the addition of diethyl-
zinc catalyzed by a [2.2]paracyclophane-based ketimine
ligand of the second generation. This type of ligand unites
a central chiral element with a planar chiral element,
while the latter is the dominating one.!®! Herein, we re-
port the diethylzinc addition catalyzed by the new dia-
stereomeric ligands (RzS)-2 and (S,S5)-2 which were
tested for an enlarged substrate spectrum.

Results and Discussion
The novel ligands (RpS)-2 and (Sp55)-2 were synthesized
starting from AHPC (rac-1), in turn prepared according

to Rozenberg, Belokon and coworkers.” The ligands
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(8)-1-Cyclohexyl-ethylamine
mol % Bu,Sn C)y N
<_> 10 mol % Bu,Sn{OAGc) S=2
OH Toluene, 64 h, reflux OH
(Re)1 (R S)y2
rac-1 < + +
(Spi-1 (85,5)-2

.

Scheme 1. Synthesis of (RS)-2 and (S,5)-2.

Table 1. Diethylzinc addition to aliphatic aldehydes.?!

1) 2 equivs. ZnEt,

(0] 2 mol % Ligand /K
0°C,14h o 0
R H 2) Ac,O, 1,24 h R/'\/
3a-f 4a-f
Entry Substrate Ligand Product Conversion [% ] ee [%]™
1 2-Ethylbutyraldehyde (3a) (SpS)-2 (+)-4a quant. 97
2 2-Ethylbutyraldehyde (3a) (RpS)-2 (—)-4a quant. 89
3 3-Thiophenecarboxaldehyde (3b) (SpS)-2 (+)-4b quant. 91
4 3-Thiophenecarboxaldehyde (3b) (RpS)-2 (—)-4b quant. 80
5 Cyclohexanecarboxaldehyde (3c) (8p5)-2 (+)-4c quant. 95
6 Cyclohexanecarboxaldehyde (3c) (RpS)-2 (—)-4c quant. 95
7 Decanal (3d) (Sp5)-2 (+)-4d quant. 84
8 Decanal (3d) (RpS)-2 (—)-4d quant. 86
9 Hexanal (3e) (SpS5)-2 (+)-de quant. 86
10 Hexanal (3e) (RpS)-2 (—)-de quant. 85
11 Isobutyraldehyde (3f) (SpS)-2 4f! quant. 96
12 Isobutyraldehyde (3f) (RpS)-2 4fc! quant. 96

2] 1) 0.5 mmol aldehyde, 1.0 mmol diethylzinc (1 m in hexane), 2 mol % Ligand, 0°C, 14 h ; 2) Ac,0O, room temperature, 24 h;

3) half saturated NH,ClI solution.

[ Conversion was measured by GC on an achiral stationary phase (HP 1), enantiomeric excess was determined by GC on

chiral stationary phase (CP-Chirasil-Dex).
[l Optical rotation was not determined.

were separated after the final step by column chroma-
tography and differ only in the configuration of the pla-
nar chiral element.

The ligands are used in the asymmetric 1,2-addition of
diethylzinc with different aldehydes 3a—f as depicted in
Table 1.

Inspired by the publication of Nugent et al.,*! we de-
cided to quench the zinc alkoxide species with acetic an-
hydride. As a result, the appropriate esters 4a—f were
obtained instead of the secondary alcohols, which would
usually result from quenching with a proton source. The
advantage is a lower volatility of the products and a far
better separation on a chiral stationary phase (CP-Chir-
asil-Dex). For each substrate, the two diastereomeric
species (S55)-2 and (R;S)-2 (Scheme 1) were applied.
The application of these diastereomeric ligands in the
diethylzinc addition towards aliphatic and aromatic al-
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dehydes demonstrated that the two ligands (SpS)-2
and (RpS)-2 always yield the appropriate esters with op-
posite configurations (Table 1).

The conversions were excellent in all cases, but the ee
values varied from moderate to good. 2-Ethylbutanal as
substrate with (Sp,5)-2 as catalyst yielded the product
with 97% ee (entry 1), while using (RpS)-2 gave the
enantiomer with 89% ee (entry 2). Here, one can see
the high influence of planar chirality on the stereoselec-
tion of the catalysis. Changing the configuration (from
Spto Rp) led to the appropriate enantiomer with a small
loss in enantiomeric excess. In the first case, using (Sp,S)-
2, the two chiral elements, Sp and S, worked together in a
mutual manner. In the second case, however using
(RpS)-2, Rpand S worked against each other. A compa-
rable case is observable using 3-thiophenecarboxalde-
hyde as the substrate. The ligand (S5S5)-2 furnishes the
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product (+)-4b with 91% ee (entry 3), while the enan-
tiomer (—)-4b resulting from (R;S)-2 showed an 80%
ee (entry 4). For the remaining substrates, the ee values
obtained were nearly the same for both ligands applied
while the products had the opposite configuration as ob-
served in the previous examples. It appears that the cen-
tral chiral element here has neither an influence on the
configuration nor an influence on the ee value. Howev-
er, previous examinations in our group showed that ee
values on a high level are only possible by cooperative
effects between the planar chiral and central chiral ele-
ments. Compared to our first generation ligands where
the cyclohexyl ring was substituted by a phenyl ring,®!
our new second generation ligands exhibited excellent
results. For the substrates decanal, cyclohexanecarbox-
aldehyde and isobutyl aldehyde, a remarkable improve-
ment in enantiomeric excess (increase by 10% ee) was
observed.

Conclusion

Within this article we described the enantioselective di-
ethylzinc additions of the two diastereomeric [2.2]para-
cyclophane ketimine ligands, (S55)-2 and (RpS5)-2, onto
aliphatic aldehydes that still presents itself as a high
benchmark for many ligands. With our improved sec-
ond-generation ligands, we were able to raise the enan-
tiomeric excess for several aliphatic substrates by 10%
ee with respect to the ligand system that we used previ-
ously.

Experimental Section

General Remarks

All catalysis reactions were performed in 10-mL vials under an
argon atmosphere. Substrates were purchased from commer-
cial sources and were used without further purification. Dieth-
ylzinc was purchased as a 1 M solution in hexane from Fluka.
Conversions were measured by GC on an achiral stationary
phase (HP 1). Enantiomeric excesses were determined by
GC on a chiral stationary phase (CP-Chirasil-Dex). 'H and
BCNMR spectra were recorded on Bruker DP300
(300 MHz/75 MHz) and Bruker DP400 (400 MHz/100 MHz)
spectrometers using CDCl; as the solvent and shift reference
(7.26 ppm/77.00 ppm). Optical rotations were determined on
a Perkin Elmer 241 polarimeter (Na, 589 nm).

(R,,S)-5-(1'-Cyclohexylethyliminoethyl)-4-
hydroxy[2.2]paracyclophane

A solution of 100 mg (0.38 mmol) of (R,)-5-acetyl-4-hydroxy-
[2.2]paracyclophane and 146 pL (1.0 mmol) of (S)-cyclohexyl-
ethylamine, with a catalytic amount of dibutyltin diacetate
(10 mol %) in 40 mL of toluene, was refluxed for 40 h with a
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Dean-Stark trap (filled with mol sieves MS 4 A). A 1 M solu-
tion of HCI was then added. The organic layer was separated,
extracted with dichloromethane, and dried with magnesium
sulfate. The solvent was removed at reduced pressure, and
the obtained residue was then purified by column chromatog-
raphy (dichloromethane). The product was obtained as an or-
ange oil; yield: 100 mg (70%); R;=0.73 (cyclohexane/ethyl ace-
tate, 5/1); [a]¥: +659 (c 1.0; CHCl;); 'H NMR (400 MHz,
CDCl;): 6=0.94-1.35 (m,, 8H), 1.45-1.60 (m, 1H), 1.63-
1.88 (m,, SH), 2.27 [s, 3H, NC(CH;)PC], 2.45-2.55 (m, 2H),
2.80-3.20 (m,, 4H), 3.36-3.44 (m,, 2H), 3.58 [p, /=6.1 Hz,
NCH(CH,)], 6.15 (d, /=73 Hz, 1H), 6.30 (dd, J=7.6 Hz,
1.8 Hz, 1H), 6.39 (d, /=7.6 Hz, 1H), 6.45 (dd, /=7.9 Hz,
1.8 Hz, 1H), 6.59 (dd, J=7.6 Hz, 1.8 Hz, 1H), 6.95 (dd, /=
7.9 Hz, 2.1 Hz, 1H), 16.19 (s, 1H, OH); *C NMR (100 MHz,
CDCl;): 6=19.18 (p), 19.44 (p), 26.28 (s), 26.40 (s), 29.48 (s),
29.63 (s), 30.36 (s), 33.86 (s), 35.45 (s), 37.66 (s), 43.91 (t),
58.47 (t), 121.65 (q), 125.27 (t), 126.98 (t), 129.61 (t), 129.73
(q), 131.14 (t), 132.75 (t), 135.78 (t), 137.50 (q), 139.94 (q),
140.60 (q), 164.28 (q, C-4), 168.92 (q, PCC(CH;)N); IR
(KBr): v=2925 (s), 2850 (s), 1738 (m), 1594 (s), 1446 (s),
1240 (s) em~'; MS (70 eV, EI): m/z (%) =375 (90) [M*], 271
(100), 188 (53), 162 (53); HRMS: calcd. for C,;H3NO:
375.2562; found: 375.2564.

($,58)-5-(1'-Cyclohexylethyliminoethyl)-4-
hydroxy[2.2]paracyclophane

As above, 100 mg (0.38 mmol) of (S,)-5-acetyl-4-hydroxy[2.2]-
paracyclophane and 146 pL (1.0 mmol) of (S)-cyclohexylethyl-
amine afforded a yellow-orange solid; yield: 120 mg (84%);
R;=0.55 (cyclohexane/ethyl acetate, 5/1); [a]®: —645 (c 1.0;
CHCI;); '"H NMR (400 MHz, CDCl;): =1.20 [d, /J=6.4 Hz,
3H, NCH(CH,)], 1.16-1.40 (m,, 5H), 1.56-1.65 (m, 1H),
1.71-1.78 (m, 1H), 1.82-1.92 (m,, 3H), 1.99-2.05 (m, 1H),
2.27 [s, 3H, NC(CH,)PC], 2.45-2.52 (m, 1H), 2.61-2.68 (m,
1H), 2.85-3.20 (m,, 4H), 3.30-3.44 (m., 2H), 3.58 [p, /=
6.1 Hz, NCH(CH,)], 6.14 (d, J=7.3 Hz, 1H), 6.32 (dd, J=
7.6 Hz, 1.8 Hz, 1H), 6.38 (d, J=7.6 Hz, 1H), 6.48 (dd, J=
79 Hz, 1.8 Hz, 1H), 6.62 (dd, /J=7.6 Hz, 1.8 Hz, 1H), 6.95
(dd, J=7.9 Hz, 2.1 Hz, 1H), 1639 (s, 1 H, OH); *CNMR
(100 MHz, CDCl,): 6=18.60 (p), 19.49 (p), 26.35 (s), 26.40
(s), 26.64 (s), 29.13 (s), 30.10 (s), 33.88 (s), 35.54 (s), 37.43 (s),
44.35 (t), 58.05 (t), 121.61 (q), 124.92 (t), 127.05 (t), 129.85
(q), 130.23 (1), 131.42 (1), 132.66 (1), 136.19 (1), 137.59 (q),
140.10 (q), 140.69 (q), 165.35 (q, C-4), 168.78 [q, PCC(CH3)N];
IR (KBr): v=2925 (s), 2850 (s), 1738 (m), 1594 (s), 1446 (s),
1240 (s) cm~'; MS (70 eV, EI): m/z (%) =375 (100) [M*], 271
(97), 188 (52), 162 (50); HRMS: calcd. for C,;H3;NO:
375.2562; found: 375.2564.

General Procedure for Diethylzinc Addition to
Aldehydes

To a vial containing 3.7 mg (0.01 mmol) of ketimine alcohol
(8pS)-2 or (RpS)-2,1 mL (1 mmol) of a 1 M solution of dieth-
ylzinc in hexane was added. After stirring for 10 min, the solu-
tion was cooled to 0 °C and 0.5 mmol of aldehyde was then add-
ed. The reaction mixture was stirred for 14 h before it was
quenched with 0.19 mL (2.0 mmol) of acetic anhydride. The
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solution was allowed to stir for 24 h at room temperature.
Then, 4 mL of half-saturated ammonium chloride solution
were added carefully. The mixture was then diluted with
4 mL of diethyl ether. The aqueous phase was separated and
the organic phase was washed 3 times with water before it
was dried with magnesium sulfate. The solvents were removed
at reduced pressure and the residue was then purified by col-
umn chromatography.

4-Ethyl-3-hexyl Acetate!

Following the general procedure, 62 uL (0.5 mmol) of 2-ethyl-
butanal were reacted with diethyl zinc (1 M in hexanes), either
with (§55)-2 or (RpS)-2, and purified by column chromatogra-
phy (pentane/diethyl ether, 5/1); '"H NMR (CDCl;): 6=0.86
(tr, 3H, J=7.39 Hz), 0.88 (t, 3H, J=7.39 Hz), 0.89 (t, 3H, /=
7.35),1.23-1.44 (m, 5H), 1.55 (dq, 2H, J=5.75, 7.35 Hz), 2.03
(s, 3H), 4.87 (ddd, 1H, J=4.27, 5.75, 6.99 Hz); “C NMR
(CDCly): 6=10.08, 11.53, 11.63, 21.12, 21.72, 21.99, 23.92,
43.94, 77.05, 170.95. The products derived from (S,S5)-1 or
(RpS)-2 possess opposite configurations. (555)-2 yielded the
product with 97% ee (GC analysis: CP-Chirasil-Dex), with
(RpS)-2: 89% ee (GC analysis: CP-Chirasil-Dex).

3-Dodecyl Acetate™”

Following the general procedure, 94 pL (0.5 mmol) of decanal
were reacted with diethylzinc (1 M in hexanes), either with
(8555)-2 or (RpS)-2, and purified by column chromatography
(cyclohexane/ethyl acetate, 5/1, or cyclohexane/ethyl acetate,
9/1); '"HNMR (CDCl;): =0.86 (t, 6H, J = 7.39 Hz), 1.21-
1.61 (m, 18H), 2.02 (s, 3H), 4.79 (tt, 1H, J=6.22, 6.22 Hz);
BCNMR (CDCly): §=9.51, 14.03, 21.16, 22.63, 25.30, 26.92,
29.26,29.50,31.85, 33.58,75.51, 170.86 ppm. The products pos-
sess opposite configurations. Catalysis with (S5 5)-2 yielded the
product with [a]®: +5.90 (¢ 1.14; CHCl;); GC analysis (CP-
Chirasil-Dex) 84% ee; with (RpS)-2: [a]y: —5.86 (c 0.99;
CHCl,;); (GC analysis: CP-Chirasil-Dex) 86% ee.

3-Octyl Acetate!™!

Following the general procedure, 60 pL (0.5 mmol) of hexanal
were reacted with diethylzinc (1 M in hexanes) either with
(8555)-2 or (RpS)-2, and purified by column chromatography
(cyclohexane/ethyl acetate, 5/1, or pentane/diethyl ether, 29/
1). NMR data were in accordance with the values in the litera-
ture. The products possess opposite configurations. With
(8p5)-2 [a]®: +6.64 (c 1.09; CHCl,); (GC analysis: CP-Chira-
sil-Dex) 86% ee; with (R,S)-2 [a]®: —6.67 (¢ 0.55; CHCL,);
(GC analysis: CP-Chirasil-Dex) 85% ee.

1-Cyclohexyl-2-propyl Acetate

Following the general procedure, 61 uL (0.5 mmol) of cyclo-
hexanecarboxaldehyde were reacted with diethylzinc (1 M in
hexanes), either with (S5S5)-1 or (R,S)-2, and purified by col-
umn chromatography (cyclohexane/ethyl acetate, 5/1). NMR
data were in accordance to the values in the literature. The
products possess opposite configurations. With (S55)-2 [a]3:
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+29.11 (¢ 1.07; CHCl,); (GC analysis: CP-Chirasil-Dex) 95%
ee; with (RpS)-2 [a]¥: —26.6 (¢ 0.17; CHCl;); (GC analysis:
CP-Chirasil-Dex) 95% ee.

1-(3-Thienyl)-1-propyl Acetate

Following the general procedure, 44 pL (0.5 mmol) of 3-thio-
phenecarboxaldehyde were reacted with diethylzinc (1 M in
hexanes), either with (S5S5)-2 or (RpS)-2, and purified by col-
umn chromatography (pentane/diethyl ether, 5/1, or cyclohex-
ane/ethyl acetate, 9/1). NMR data were in accordance to the
values in the literature. The products possess opposite config-
urations. With (S,S5)-2[a]®: +111.5 (¢ 1.00; CHCL;); (GC anal-
ysis: CP-Chirasil-Dex) 91% ee; with (RpS)-2: [a]3: —108.2 (¢
0.43; CHCl,); (GC analysis: CP-Chirasil-Dex) 80% ee.

2-Methyl-3-pentyl Acetate!™!

Following the general procedure, 46 uL (0.5 mmol) of isobutyl
aldehyde was reacted with diethyl zinc (1 M in hexanes), either
with (S,5)-2 or (RpS)-2. Due to its high volatility, the organic
layers were not concentrated under vacuum. The products
have opposite configurations. With (S555)-2 (GC analysis: CP-
Chirasil-Dex) 97% ee; with (RpS)-2 (GC analysis: CP-Chira-
sil-Dex) 96% ee.
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