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Abstract:
The mechanochemical technique of ball milling has been applied
to the asymmetric opening ofmeso-anhydrides, mediated by
the cinchona alkaloid quinidine. A simple workup procedure
affords the products, optically active dicarboxylic acid mo-
noesters, in high yields, with up to 64% ee. With most substrates
no column chromatography was needed. A range of various
alcohols, as well as anhydrides, reacted well thus demonstrating
the scope of this methodology. Even mixtures of purely solid
components react, and no solvent is required (except during
the workup). The possible use of almost equimolar amounts of
starting materials significantly simplifies the product isolation
compared to the standard solution reaction.

Introduction
The successful development of enantioselective catalysts,

which are applicable in the synthesis of complex molecules,
increases the demand for environmentally benign transforma-
tions1 to improve the sustainability of chemical processes.
On one hand, the scope of catalytic methods based on
nontoxic, small organic molecules has been expanded,2 and
on the other hand, the effective use of alternative reaction
media such as supercritical CO2,3 ionic liquids,4 or simply
water,5 which circumvent the problems associated with many
of the traditionally used volatile organic solvents, has been
demonstrated.6 However, by far the best “green” alternative
is, of course, to avoid the use of any solvent.7

With the vision that organocatalytic processes would
benefit from solvent-free reaction conditions, we initiated
an investigation of mechanochemical approaches for solvent-
free, asymmetric reactions catalyzed by small organic
molecules. The technique of ball milling has often been used
for grinding minerals into fine particles and for the prepara-

tion and modification of inorganic solids.8 In contrast, in the
field of synthetic organic chemistry it has only found few
applications, which include oxidative 2-naphthol dimeriza-
tions,9 Heck-type cross-couplings,10 the protection of di-
amines,11 the preparation of phosphorus ylides,12 the metal-
free reductive benzylization of malononitrile,13 and the
functionalization of fullerenes.14 Our ball milling studies were
focused on the asymmetric proline-catalyzed aldol reaction
and thecinchonaalkaloid-mediated asymmetric opening of
mesoanhydrides.15 Herein, we describe details of the latter
transformation and demonstrate the scope of this methodol-
ogy.

Results and Discussion
The asymmetric opening ofmeso-anhydrides mediated by

the pseudoenantiomericcinchona alkaloids quinine and
quinidine presents a versatile strategy for establishing
multiple stereogenic centers in a target molecule. Further-
more, the resulting functional groups of the products (di-
carboxylic acid monoesters) can selectively be manipulated
in subsequent transformations.16 As a consequence of detailed
optimization studies,17,18 products with up to 99% enantio-
meric excess (ee) can now be obtained in almost quantitative
yield (Scheme 1). Large-scale reactions have been reported
by various companies.16h,i, k,m

The mechanochemical solvent-free variant of the asym-
metric meso-anhydride opening presented here was per-
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formed in a commercially available micromill (Fritsch
GmbH) with two 45-mL grinding bowls containing 5-mm
diameter balls, both composed of chemically inert and
nonabrasive zirconium oxide. Due to the friction between
the reaction components, milling balls, and reaction vessels
a slight temperature increase (above ambient temperature)
was observed. Consequently, a milling cycle involving a
rotational speed of 250 rpm for 25 min followed by a 5-min
cooling pause was selected, since the asymmetricmeso-
anhydride opening is known to be temperature sensitive.19

This milling cycle was then repeated until the reaction was
complete.20 Initially, the reaction time was 36 h. Later, for
most substrates ball milling for 24 h was found to be
sufficient for complete conversion. In many cases all
reactants were solids.

First, reactions between anhydride1 and various alcohols
were investigated. The results are summarized in Table 1.

At the beginning of the investigation, 3 equiv of alcohol
were used since reactions in toluene with equimolar amounts
of anhydride and nucleophile were known to be slow. To
our surprise, however, we found that in the ball mill 1 equiv
of nucleophile was sufficient for affording products in high
yields with essentially unchanged enantioselectivities (Table
1, entries 1 and 2). As a consequence of the reduced reagent
amount the workup procedure was simplified from a tedious
extraction sequence to a simple acidic wash yielding the
desired hemiesters in high purity.21 Scaling up the reaction
(Table 1, entry 3), afforded the product in high yield with a
slightly lower enantioselectivity, presumably due to increased
friction caused by the larger amount of solids in the reaction
vessel. Various alcohols proved applicable, and only in few
cases (Table 1, entries 7-9) was flash chromatography
necessary in order to remove unreacted alcohol and/or
anhydride. Generally, the conversion was higher than 95%,
and no side-products could be detected by GC or NMR
spectroscopy. The best results were achieved in reaction of
anhydride1 with p-methyl ando-bromobenzyl alcohol (4
and 10) yielding the corresponding products5 and 11 in
yields g91% with enantioselectivities of 60 and 64% ee,
respectively (Table 1, entries 2 and 6). Compared to the
results obtained in solution, the ee of product3 stemming
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Scheme 1. Alkaloid-mediated asymmetric opening of a
meso-anhydride under standard conditions using toluene as
solvent and methanol as nucleophile

Table 1. Mechanochemical asymmetric anhydride opening
with various alcohols as nucleophiles in a ball-milla

a Reaction conditions: quinidine (1.1 mmol), anhydride1 (1.0 mmol), alcohol
(1.0 mmol), ball milling, 250 rpm, milling cycle: 25 min milling/5 min break,
reaction time 24-36 h. b After column chromatography, if required; see text.
c Determined by chiral GC (Lipodex E) of the corresponding lactone.d In all
cases the products had (2R,3S) configuration. Comp. ref 17b.e Here, 3.0 equiv
of 4 were used.f Performed on a 5 mmol scale.
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from the anhydride opening of1 with methanol was only
moderate (51%; entry 8), which was attributed to the phase
behavior and to the higher reaction temperature during the
catalysis in the ball mill. The attempted anhydride opening
with tert-butanol remained unsuccessful (entry 10), and only
traces of the product were observed.

On the basis of these results and taking into account that
other reactions with ortho-bromo-substituted benzyl alcohol
10could potentially be hampered by steric interactions with
the substrates, para-substituted benzyl alcohol4 was selected
as nucleophile for the subsequent studies. Table 2 sum-
marizes the data obtained from reactions of4 with other
anhydrides.

As shown in Table 2, the asymmetric anhydride opening
with (1 equiv of)p-methylbenzyl alcohol (4) in the presence
of (1.1 equiv of) quinidine also proceeded well with
substrates other than1. Generally, the yields were high (up

to 91%) and the enantioselectivities moderate (26-57% ee).
A simple acidic wash gave pure products, and only in
reactions starting from anhydrides15, 17, and23 was flash
chromatography necessary in order to remove unreacted
alcohol and/or anhydride. A few more results are noteworthy.
For example, in solution studies anhydride15 proved
unreactive, whereas under ball-milling conditions the asym-
metric anhydride opening with alcohol4 as nucleophile
proceeded well, affording the corresponding hemiester16
with 32% ee in 78% yield. No conversion of 3-methyl
glutaric acid anhydride (27) was observed after 24 h under
ball-milling conditions.

The attempt to increase the enantioselectivity by using
greater than stoichiometric amounts of quinidine (2.0 equiv)
in the asymmetric anhydride opening of1 with 4 led to no
improvement and afforded5 with 60% ee in 90% yield.
Performing the reaction between1 and4 in a round-bottomed
flask under mixing with a simple stir bar gave results that
were difficult to reproduce.22 Generally, the yield of product
5 was lower, whereas the ee was higher than under ball-
milling conditions. These observations were, on one hand,
attributed to non-effective mixing of the solid components
and, on the other, to better temperature control, which
avoided warming of the reaction mixture. Trying to effect a
catalytic ball-milling reaction with10 mol % of Sharpless’
bis(cinchona) alkaloid (DHQ)2AQN23 according to Deng’s
protocol18c,d led to products3 and5 in good yields (57 and
90%), but with significantly lower enantioselectivities (5 and
15%, respectively).

Conclusion
In summary, we have expanded the scope of the solvent-

free ball-milling methodology. The mechanically induced,
solid-state desymmetrization ofmeso-anhydrides mediated
by thecinchonaalkaloid quinidine leads to optically active
hemiesters in high yields and moderate enantioselectivities.
Except for the workup, no solvent is required,21 and even
mixtures of purely solid components react. Compared to the
standard reaction performed in solution the possible use of
almost equimolar amounts of starting materials significantly
simplifies the product isolation.

Experimental Section
Unless otherwise specified, all reagents were purchased

from commercial suppliers and used without further purifica-
tion. Anhydride15 was synthesized according to a known
procedure.24 The ball-milling experiments were performed
using a Fritsch Planetary Micro Mill model “Pulverisette 7”
with two 45-mL grinding bowls and 5-mm diameter grinding
balls made of zirconium oxide.1H and 13C NMR spectra
were obtained on a Varian Gemini 300 or Inova 400
spectrometer and were recorded relative to CHCl3 as internal
standard. Mass spectra were measured on a Finnigan SSQ

(22) Interestingly, after stirring for some time, the solid reactants formed a sticky
paste in the reaction flask. This in turn hindered the efficient movement of
the stirring bar. An analogous behavior is observed in the ball mill. There,
however, the mixing is more efficient at this stage.

(23) (DHQ)2AQN: 1,4-bis(dihydroquinyl)anthraquinone.
(24) Fotins, J.; Smithrud, D. B.J. Org. Chem.2005, 70, 4452-4459.

Table 2. Asymmetric anhydride opening with various
anhydrides using the ball-milla

a Reaction conditions: quinidine (1.1 mmol), anhydride (1.0 mmol), alcohol
4 (1.0 mmol), ball milling at 250 rpm, milling cycle: 25 min milling/5 min
break, reaction time 24-36 h. b After column chromatography, if required, see
text. c Determined after conversion into the corresponding lactone by GC using
a chiral column (Lipodex E).d For the determination of the absolute configu-
ration, see ref 17a. The one given for16 is based on assuming an analogous
pathway of the anhydride opening as for the other substrates.e The ee was
determined from the methyl(p-methyl-benzyl)diester by HPLC using a chiral
column (see Experimental Section for details).f No conversion after 24 h.
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7000 instrument or on a Hewlett-Packard GC/MS apparatus-
system (column HP-5 MS, 30 m× 0.25 mm× 0.25 µm;
mass selective detector 5973). HPLC analysis was performed
using a Chiralpak OD-H column, 4.6× 250 mm,λ ) 254
nm. For the determination of the enantiomeric ratios, the
hemiesters were reduced with LiBEt3H and cyclized to
lactones, which were then analyzed by GC.17b GC analysis
was performed using the chiral column Lipodex E (2,6-O-
dipentyl-3-O-butyryl-γ-CD) and the following conditions:
column head pressure: 1.0 bar N2; 100°C (50 min), heating
rate 3.0°C/min up to 180°C (60 min); injector temperature
200 °C, detector temperature 250°C. Melting points were
measured in open glass capillaries with a Bu¨chi-apparatus
and are uncorrected. Optical rotations were determined on a
Perkin-Elmer P241 instrument at rt (ca. 20°C) using solvents
of Merck UVASOL-quality. Infrared spectra were recorded
on a Perkin-Elmer 1760 FT apparatus either as KBr pellets
or neat. All microanalyses were conducted on a Heraeus
CHN RAPID instrument at the Institut fu¨r Organische
Chemie der RWTH Aachen. Preparative column chroma-
tography: Merck silica gel 60, particle size 0.063-0.200
(230-400 mesh, flash). Analytical TLC: silica gel 60 F254

plates, Merck, Darmstadt. All experiments were conducted
at least twice to ensure reproducibility.

General Procedure for the Anhydride Opening in the
Ball Mill (GPR 1). In a clean, dry, ball-milling vessel 60
zirconium oxide balls, the anhydride (1 mmol), quinidine
[1.1 equiv or 0.1 equiv of (DHQ)2AQN], and the alcohol
(1.0 equiv) were sequentially added. The vessel was closed
and the milling started (ball-milling cycle: 250 rpm, 25-
min milling time, 5-min pause). This milling cycle was
repeated until the reaction was complete. The mixture was
then carefully transferred into a separation funnel using first
2 N HCl (2 × 15 mL) and then EtOAc (3× 20 mL). The
organic phase was separated and washed with 2 N HCl (3
× 15 mL). The combined aqueous fractions were extracted
with EtOAc (1 × 20 mL). After drying of the combined
organic fractions (MgSO4), the solvent was evaporated. If
required, the product was purified by flash chromatography.

(2R,3S)-3-endo-Methoxycarbonyl-bicyclo[2.2.1]-hept-
5-ene-2-endo-carboxylic Acid (3). The compound was
isolated as a colorless solid according toGPR 1 using
anhydride1 and methanol with quinidine as mediator. The
analytical data is in accordance with the ones already
published.17b

(2R,3S)-3-endo-p-Methylbenzyloxycarbonyl-bicyclo-
[2.2.1]-hept-5-ene-2-endo-carboxylic Acid (5). The com-
pound was isolated as a colorless oil according toGPR 1
using the anhydride1, p-methylbenzyl alcohol (4), and
quinidine: [R]25

D ) +5.3 (c 2.68, CDCl3); ee ) 61% as
determined by GC analysis of the corresponding lactone:
Lipodex E,t1 ) 84.4 min,t2 ) 84.9 min (major);1H NMR
(400 MHz, CDCl3): δ ) 1.33 (d,J ) 8.5 Hz, 1H), 1.49 (dt,
J ) 1.8, 8.5 Hz, 1H), 2.35 (s, 3H), 3.19 (d,J ) 8.8 Hz, 2H),
3.30-3.36 (m, 2H), 4.98 (AB-system,J ) 12.4 Hz, 2H),
6.23 (dd,J ) 3.0, 5.5 Hz, 1H), 6.30 (dd,J ) 3.0, 5.5 Hz,
1H), 7.12-7.24 (m, 4H), 9.70 (br s, 1H);13C NMR (100
MHz, CDCl3): δ ) 21.2, 46.1, 46.6, 48.1, 48.3, 48.7, 66.3,

128.3, 129.0, 132.7, 134.2, 135.4, 137.7, 172.1, 178.3; IR
(KBr): 2974, 1730, 1676, 1519, 1330, 1294, 1191, 1043,
797 cm-1; EI-MS: m/z ) 286 (M+, 4), 268 (4), 240 (3),
170 (4), 121 (3), 105 (100), 91 (4), 77 (4), 66 (4). Anal.
calcd for C17H18O4 (286.32): C, 71.31; H, 6.34. Found: C,
71.19; H, 6.29.

(2R,3S)-3-endo-p-Nitrobenzyloxycarbonyl-bicyclo[2.2.1]-
hept-5-ene-2-endo-carboxylic Acid (7). The compound was
isolated as a slightly yellow solid according toGPR 1using
anhydride1, p-nitrobenzyl alcohol (6), and quinidine: mp
dec; [R]25

D ) -11.4 (c 3.70, CDCl3); ee ) 40% as
determined by GC analysis of the corresponding lactone;1H
NMR (400 MHz, CDCl3): δ ) 1.36 (d,J ) 8.5 Hz, 1H),
1.52 (dt,J ) 1.7, 8.8 Hz, 1H), 3.20 (br s, 2H), 3.31-3.39
(m, 2H), 5.10 (AB-system,J ) 13.3 Hz, 2H), 6.19 (dd,J )
2.7, 5.7 Hz, 1H), 6.28 (dd,J ) 3.0, 5.7 Hz, 1H), 7.46 (d,J
) 8.8 Hz, 2H), 8.19 (d,J ) 8.8 Hz 2H); 13C NMR (100
MHz, CDCl3): δ ) 46.3, 46.6, 48.1, 48.2, 48.9, 64.9, 123.6,
128.5, 134.4, 135.4, 143.0, 147.5, 171.8, 177.9; IR (KBr):
3076, 2983, 1703, 1602, 1515, 1430, 1338, 1192, 842 cm-1;
EI-MS: m/z ) 317 (M+, 4), 284 (6), 256 (8), 252 (54), 137
(26), 136 (29), 119 (10), 91 (13), 66 (100). Anal. calcd for
C16H15NO6 (317.29): C, 60.57; H, 4.77; N, 4.41. Found: C,
60.55; H, 4.42; N, 4.24.

(2R,3S)-3-endo-p-Thiomethoxybenzyloxycarbonyl-bi-
cyclo-[2.2.1]-hept-5-ene-2-endo-carboxylic Acid (9). The
compound was isolated as a colorless oil according toGPR
1 using anhydride1, p-thiomethoxybenzylalcohol (8), and
quinidine: [R]25

D ) +1.6 (c 4.18, CDCl3); ee ) 55% as
determined by GC analysis of the corresponding lactone;1H
NMR (300 MHz, CDCl3): δ ) 1.32 (d,J ) 8.7 Hz, 1H),
1.47 (dt,J ) 1.7, 8.7 Hz, 1H), 2.45 (s, 3H), 3.17 (br s, 2H),
3.30-3.34 (m, 2H), 4.95 (AB-system,J ) 12.2 Hz, 2H),
6.21 (dd,J ) 2.8, 5.6 Hz, 1H), 6.28 (dd,J ) 2.9, 5.6 Hz,
1H), 7.21 (s, 4H), 10.73 (br s, 1H);13C NMR (75 MHz,
CDCl3): δ ) 15.5, 46.0, 46.4, 48.0, 48.2, 48.6, 65.9, 126.3,
128.8, 132.4, 134.2, 135.3, 138.4, 172.1, 178.5; IR (KBr):
2976, 1718, 1177, 804 cm-1; EI-MS: m/z ) 318 (M+, 17),
153 (4), 137 (100), 122 (6), 99 (2), 91 (3). Anal. calcd for
C17H18O4S (318.38): C, 64.13; H, 5.70. Found: C, 63.84;
H, 6.08.

(2R,3S)-3-endo-o-Bromobenzyloxycarbonyl-bicyclo-
[2.2.1]-hept-5-ene-2-endo-carboxylic Acid (11). The com-
pound was isolated as a colorless solid according toGPR 1
using anhydride1, o-bromobenzyl alcohol (10), and quini-
dine: mp 112°C (en); [R]25

D ) +0.4 (c 1.99, CDCl3); ee)
64% as determined by GC analysis of the corresponding
lactone;1H NMR (400 MHz, CDCl3): δ ) 1.34 (d,J ) 8.6
Hz, 1H), 1.49 (dt,J ) 1.6, 8.5 Hz, 1H), 3.20 (br s, 2H),
3.35 (dq,J ) 3.0, 8.1 Hz, 2H), 5.10 (AB-system,J ) 12.9
Hz, 2H), 6.23 (dd,J ) 2.8, 5.5 Hz, 1H), 6.29 (dd,J ) 3.0,
5.5 Hz, 1H), 7.13-7.20 (m, 1H), 7.26-7.32 (m, 1H), 7.35-
7.40 (m, 1H), 7.52-7.57 (m, 1H);13C NMR (100 MHz,
CDCl3): δ ) 46.3, 46.6, 48.1, 48.2, 48.8, 66.0, 123.4, 127.4,
129.5, 130.0, 132.6, 134.5, 135.3, 171.8, 177.8; IR (KBr):
3400, 2980, 1744, 1436, 1341, 1257, 1171, 1077, 1025, 754,
669 cm-1; EI-MS: m/z ) 352/350 (M+, 5), 287/285 (21),
181 (18), 171/169 (100), 137 (24), 107 (13), 90 (24), 66
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(97). Anal. calcd for C16H15BrO4 (351.18): C, 54.72; H, 4.31.
Found: C, 54.89; H, 4.46.

(2R,3S)-3-endo-Cinnamoyloxycarbonyl-bicyclo[2.2.1]-
hept-5-ene-2-endo-carboxylic Acid (13). The compound
was isolated as a colorless oil according toGPR 1 using
anhydride1, cinnamyl alcohol (12), and quinidine: [R]25

D

) +2.6 (c 1.66, CDCl3); ee) 50% as determined by GC
analysis of the corresponding lactone;1H NMR (300 MHz,
CDCl3): δ ) 1.24 (d,J ) 8.7 Hz, 1H), 1.41 (dt,J ) 1.7,
8.6 Hz, 1H), 3.03-3.15 (m, 2H), 3.15-3.29 (m, 2H), 4.47-
4.67 (m, 2H), 6.10-6.29 (m, 3H), 6.47-6.59 (m, 1H), 7.13-
7.38 (m, 5H), 10.19 (br s, 1H);13C NMR (75 MHz,
CDCl3): δ ) 46.1, 46.4, 48.0, 48.3, 48.7, 65.1, 123.2, 126.6,
127.8, 128.4, 133.8, 134.4, 135.4, 136.2, 172.1, 178.6; IR
(KBr): 3852, 3743, 2361, 2339, 1696, 1550, 672 cm-1; EI-
MS: m/z ) 298 (M+, 3), 280 (2), 182 (3), 117 (100), 115
(14), 91 (8). Anal. calcd for C18H18O4 (298.32): C, 72.47;
H, 6.08. Found: C, 72.70; H, 5.96.

(2R,3S)-3-endo-Isopropoxycarbonyl-bicyclo[2.2.1]-hept-
5-ene-2-endo-carboxylic Acid (14). The compound was
isolated as a colorless solid according toGPR 1 using
anhydride1, isopropyl alcohol, and quinidine: mp 87°C
(en); [R]25

D ) -0.4 (c 2.24, CDCl3); ee) 13% as determined
by GC analysis of the corresponding lactone;1H NMR (300
MHz, CDCl3): δ ) 1.13 (d,J ) 6.4 Hz, 3H), 1.17 (d,J )
6.2 Hz, 3H), 1.29 (d,J ) 8.7 Hz, 1H), 1.44 (dt,J ) 1.8, 8.6
Hz, 1H), 3.10-3.18 (m, 2H), 3.18-3.32 (m, 2H), 4.89 (sept,
J ) 6.3 Hz, 1H), 6.19 (dd,J ) 3.0, 5.4 Hz, 1H), 6.26 (dd,
J ) 3.0, 5.4 Hz, 1H), 11.00 (br s, 1H);13C NMR (75 MHz,
CDCl3): δ ) 21.4, 21.7, 46.2, 46.5, 48.0, 48.6, 48.7, 67.8,
134.3, 135.3, 171.7, 178.7; IR (KBr): 2976, 2360, 1709,
1339, 1209, 1101, 909, 717 cm-1; EI-MS: m/z ) 224 (M+,
1), 206 (1), 182 (2), 164 (15), 137 (12), 117 (33), 99 (20),
66 (100). Anal. calcd for C12H16O4 (224.25): C, 64.27; H,
7.19. Found: C, 64.23; H, 7.20.

(2R,3S)-3-endo-p-Methylbenzyloxycarbonyl-1,2,3,4-tet-
rahydro-1,4-methano-naphthalene-2-carboxylic Acid (16).
The compound was isolated as a colorless oil according to
GPR 1using anhydride15, p-methylbenzyl alcohol (4), and
quinidine. In order to determine the ee, the initial product
was converted into the corresponding methyl(p-methylben-
zyl)diester by DCC-coupling. This compound was then
analyzed by HPLC using a chiral column (Chiralcel OD-H
column, 90:10 heptane/2-propanol, 0.5 mL/min, 15.0 min
major, 17.9 min minor). The absolute configuration of16 is
based on assuming an analogous pathway of the anhydride
opening as for the other substrates: [R]25

D ) +14.8 (c 2.22,
CDCl3); ee) 32%;1H NMR (400 MHz, CDCl3): δ ) 1.72
(d, J ) 9.1 Hz, 1H), 1.86 (dt,J ) 1.5, 9.1 Hz, 1H), 2.35 (s,
3H), 3.44-3.49 (m, 2H), 3.62 (br s, 2H), 4.82 (AB-system,
J ) 12.1 Hz, 2H), 7.04-7.26 (m, 8H), 9.70 (br s, 1H);13C
NMR (100 MHz, CDCl3): δ ) 21.3, 47.46, 47.52, 47.65,
47.77, 49.8, 66.2, 123.1, 123.3, 126.0, 126.1, 128.5, 129.0,
132.7, 137.7, 143.4, 143.7, 171.0, 176.6; IR (KBr): 3742,
3017, 2975, 2355, 1720, 1520, 1175, 757 cm-1; EI-MS: m/z
) 336 (M+, 36), 318 (5), 220 (11), 215 (17), 141 (19), 122
(22), 116 (49), 105 (100), 91 (5). Anal. calcd for C21H20O4

(336.38): C, 74.98; H, 5.99. Found: C, 74.64; H, 6.33.

(2R,3S)-3-exo-p-Methylbenzyloxycarbonyl-bicyclo[2.2.1]-
hept-5-ene-2-exo-carboxylic Acid (18). The compound was
isolated as a colorless solid according toGPR 1 using
anhydride17, p-methylbenzyl alcohol (4), and quinidine: mp
97-98 °C (en); [R]25

D ) -10.7 (c 1.88, CDCl3); ee) 57%
as determined by GC analysis of the corresponding lactone:
Lipodex E,t1 ) 79.1 min,t2 ) 80.1 min (major);1H NMR
(300 MHz, CDCl3): δ ) 1.52 (dt,J ) 1.5, 9.1 Hz, 1H),
2.16 (d,J ) 8.9 Hz, 1H), 2.35 (s, 3H), 2.62-2.73 (m, 2H),
3.09-3.19 (m, 2H), 5.05 (AB-system,J ) 12.1 Hz, 2H),
6.18-6.27 (m, 2H), 7.16 (d,J ) 7.9 Hz, 2H), 7.24 (d,J )
8.1 Hz, 2H), 10.62 (br s, 1H);13C NMR (75 MHz, CDCl3):
δ ) 21.1, 45.3, 45.4, 45.7, 47.3, 47.4, 66.6, 128.4, 129.1,
132.6, 137.8, 137.9, 138.0, 173.2, 179.8; IR (KBr): 2977,
1730, 1436, 1334, 1258, 1173, 1023, 803, 716 cm-1; EI-
MS: m/z ) 286 (M+, 7), 268 (3), 240 (1), 165 (5), 122 (52),
105 (100), 91 (13), 77 (11), 66 (20). Anal. calcd for C17H18O4

(286.32): C, 71.31; H, 6.34. Found: C, 71.29; H, 6.22.
(1R,2S)-cis-2-p-Methylbenzyloxycarbonyl-cyclohexane-

1-carboxylic Acid (20). The compound was isolated as a
colorless oil according toGPR 1 using anhydride19,
p-methylbenzyl alcohol (4), and quinidine: [R]25

D ) +0.7
(c 1.65, CDCl3); ee) 26% as determined by GC analysis
of the corresponding lactone: Lipodex E,t1 ) 75.9 min
(major), t2 ) 76.9 min;1H NMR (400 MHz, CDCl3): δ )
1.34-1.62 (m, 4H), 1.72-1.84 (m, 2H), 1.98-2.12 (m, 2H),
2.34 (s, 3H), 2.82-2.91 (m, 2H), 5.19 (AB-system,J ) 12.2
Hz, 2H), 7.15 (d,J ) 7.9 Hz, 2H), 7.22 (d,J ) 8.0 Hz,
2H); 13C NMR (100 MHz, CDCl3): δ ) 21.3, 23.7, 23.8,
26.1, 26.3, 42.48, 42.51, 66.3, 128.1, 129.0, 132.9, 137.7,
173.2, 179.8; IR (KBr): 2938, 2863, 1710, 1217, 1177, 733
cm-1; EI-MS: m/z ) 276 (M+, 21), 248 (12), 230 (6), 186
(5), 155 (16), 122 (75), 121 (100), 105 (76). Anal. calcd for
C16H20O4 (276.33): C, 69.54; H, 7.30. Found: C, 69.28; H,
7.52.

(1R,2S)-cis-2-p-Methylbenzyloxycarbonyl-cyclohex-4-
ene-1-carboxylic Acid (22).The compound was isolated as
a colorless oil according toGPR 1 using anhydride21,
p-methylbenzyl alcohol (4), and quinidine: [R]25

D ) -0.7
(c 3.21, CDCl3); ee) 55% as determined by GC analysis
of the corresponding lactone: Lipodex E,t1 ) 78.4 min
(major), t2 ) 79.0 min;1H NMR (400 MHz, CDCl3): δ )
2.31-2.46 (m, 5H), 2.52-2.68 (m, 2H), 3.05-3.14 (m, 2H),
5.10 (AB-system,J ) 12.1 Hz, 2H), 5.64-5.73 (m, 2H),
7.15 (d,J ) 8.0 Hz, 2H), 7.22 (d,J ) 8.2 Hz, 2H); 13C
NMR (100 MHz, CDCl3): δ ) 21.2, 25.6, 25.8, 39.60, 39.62,
66.5, 124.9, 125.1, 128.1, 129.0, 132.7, 137.8, 172.8, 179.4;
IR (KBr): 3850, 3748, 3681, 3428, 2949, 2364, 2343, 2224,
1700, 1548, 1181, 662 cm-1; EI-MS: m/z ) 274 (M+, 4),
256 (3), 228 (3), 121 (5), 105 (100), 79 (7). Anal. calcd for
C16H18O4 (274.31): C, 70.06; H, 6.61. Found: C, 70.03; H,
6.71.

(1S,2R)-cis-2-p-Methylbenzyloxycarbonyl-3,3-dimeth-
ylcyclopropane-1-carboxylic Acid (24).The compound was
isolated as a colorless oil according toGPR 1 using
anhydride23, p-methylbenzyl alcohol (4), and quinidine:
[R]25

D ) +0.3 (c 2.16, CDCl3); ee) 46% as determined by
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GC analysis of the corresponding lactone: Lipodex E,t1 )
71.6 min, t2 ) 72.7 min (major);1H NMR (300 MHz,
CDCl3): δ ) 1.26 (s, 3H), 1.41 (s, 3H), 1.97 (s, 2H), 2.35
(s, 3H), 5.11 (AB-system,J ) 12.1 Hz, 2H), 7.17 (d,J )
8.2 Hz, 2H), 7.25 (d,J ) 8.2 Hz, 2H), 9.79 (br s, 1H);13C
NMR (75 MHz, CDCl3): δ ) 15.3, 21.1, 27.3, 28.0, 32.8,
32.9, 67.0, 128.5, 129.2, 132.3, 138.1, 170.4, 173.7; IR
(KBr): 2954, 2355, 1729, 1446, 1176, 1109, 808 cm-1; EI-
MS: m/z ) 262 (M+, 8), 162 (1), 141 (2), 121 (17), 113

(13), 105 (100), 77 (7). Anal. calcd for C15H18O4 (262.30):
C, 68.68; H, 6.92. Found: C, 68.70; H, 6.64.
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