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Abstract—The resolution of (±)-[2.2]paracyclophane-4,12-dicarboxylic acid (±)-1 has been realized through the diastereomeric
esters of (1S)-hydroxymethyl-4,7,7-trimethyl-2-oxabicyclo-[2.2.1]heptan-3-one, simply separated by flash chromatography and
hydrolyzed with tBuOK/H2O. (R)-(�)-1 and (S)-(+)-1 were obtained in high enantiomeric excesses (>97%) while the determinations
of the absolute configurations of (R)-1 and (S)-1 were carried out by X-ray diffraction.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Chiral ligands play an important role in asymmetric syn-
thesis. In comparison with tetrahedrally chiral com-
pounds, axially chiral binaphthyl derivatives,1 planar
chiral ferrocene derivatives2 and arene metal com-
plexes,3 less attention has been paid to the planar chiral
[2.2]paracyclophane derivatives,4 although they have
been used in some asymmetric catalytic reactions.

[2.2]Paracyclophane-4-carboxylic acid proved to be the
first representative of optically active derivatives.5 Using
the monosubstituted [2.2]paracyclophane as the starting
material, more mono- and disubstituented planar chiral
paracyclophanes were obtained and used as chiral
ligands in asymmetric catalytic reactions.6

Phanephos [4,12-bis(diphenylphosphino)[2.2]-paracyclo-
phane], one of the excellent ligands used in the asym-
metric catalytic reactions, has been developed by Pye
recently.7 It was used in asymmetric hydrogenation7–10

and kinetic resolution.11 [2.2]Paracyclophane and 1,1 0-
binaphthyl, the respective stereocontrolling skeleton of
phanephos and BINAP, express similar stereoselectivity
in asymmetric catalytic reactions. Although phanephos
has been succeeded in asymmetric catalytic reactions,
the shortage of optically pure paracyclophane deriva-
tives limited its application in this field, especially the
4,12-disubstituented paracyclophane derivatives. In
addition, (±)-[2.2]paracyclophane-4,12-dicarboxylic
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acid derivatives are supposed to act in a similar role in
asymmetric catalytic reactions as 2,2 0-dicarboxylic
acid-1,1 0-binaphthyl derivatives,12 an excellent ligand
for asymmetric epoxidation of olefins.

The preparation of racemic (±)-[2.2]paracyclophane-
4,12-dicarboxylic acid (±)-1 was first reported by Rezen-
berg in 1997.13 However, to the best of our knowledge,
the resolved enantiomers of 1 have never been reported.
As part of our study of chiral paracyclophanes in asym-
metric reactions, here we report the resolution of (±)-1
using a camphanyl template, (1S)-hydroxymethyl-
4,7,7-trimethyl-2-oxabicyclo-[2.2.1]-heptan-3-one.14
2. Results and discussion

Compound (±)-1 was synthesized according to litera-
ture.13 Initially, we tried to resolve (±)-1 using methods
commonly used for diacids,15 [2.2]paracyclophane-4-
carboxylic acids,5,16 or [2.2]paracyclophane-4,7-dicarb-
oxylic acids.17 Compound (±)-1 was subjected to the
treatment of chiral amines such as (S)-a-phenylethyl-
amine, but the result was unsatisfactory. Then we turned
our attention to a chiral auxiliary reagent. Hence, (±)-1
was converted to (±)-[2.2]paracyclophane-4,12-dicarb-
oxylic acid dichloride followed by the addition of LL-bor-
neol and pyridine to give a mixture of diastereomeric
esters, which were inseparable by recrystallization or
flash chromatography.

Recently, we developed a simple and efficient method
for the resolution of (±)-PHANOL in excellent yield
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Figure 1. X-ray structures of (Rq,S)-2.
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with high enantiomeric excess through the diastereoiso-
meric esters of (1S)-(�)-camphanic acid.18 We were then
encouraged to resolve the (±)-[2.2]paracyclophane-4,12-
dicarboxylic acid using the same method by a pair of
diastereomeric esters, which have both the paracyclo-
phane skeleton and camphanyl template. Although the
camphanic acid was used as an efficient chiral resolution
reagent, its derivatives, (1S)-hydroxymethyl-4,7,7-tri-
methyl-2-oxabicyclo-[2.2.1]heptan-3-one, has never been
reported as a chiral resolution reagent.

Finally, the resolution was achieved by treating (±)-
[2.2]paracyclophane-4,12-dicarboxylic acid dichloride
with (1S)-hydroxymethyl-4,7,7-trimethyl-2-oxabicyclo-
[2.2.1]heptan-3-one and pyridine. The diastereoisomers
were readily separated by flash chromatography on sil-
ica gel. The lower polarity portion (Rq,S)-2 {37% yield,
>99% de determined by 1H NMR, ½a�20D ¼ �39:6 (c 3.25,
CHCl3)} and the higher polarity portion (Sq,S)-2
{36% yield, >99% de, ½a�20D ¼ þ81:3 (c 1.00, CHCl3)}
were hydrolyzed with tBuOK/H2O to produce (R)-(�)-
1 (94% yield, 97% ee) and (S)-(+)-1 (96% yield, 99%
ee), respectively (Scheme 1). The absolute configuration
of (R)-(�)-1 and (S)-(+)-1 were determined by X-ray dif-
fraction analysis of (Rq,S)-2. The results are shown in
Figure 1.
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Scheme 1. Reagents and conditions: (a) SOCl2, reflux; (b) pyridine,

flash chromatography; (c) tBuOK/H2O/THF, 25 �C.
3. Conclusion

In conclusion we have developed a new method of reso-
lution of (±)-[2.2]paracyclophane-4,12-dicarboxylic
acid. (1S)-Hydroxymethyl-4,7,7-trimethyl-2-oxabicyclo-
[2.2.1]heptan-3-one was first used as chiral resolution re-
agent. Further extension of the use of these enantiomeri-
cally pure enantiomers in the generation of ligands for
asymmetric catalytic reaction is currently being explored
and will be reported separately.
4. Experimental

4.1. General

Melting points were measured on a WRS-1A digital
melting point apparatus and are uncorrected. Optical
rotations were recorded on Perkin–Elmer 341MC
instrument. Infrared (IR) spectra were determined with
a Shimadzu IR-440 spectrometer. 1H NMR and 13C
NMR spectra were recorded on a Bruker AMX-300.
The chemical shifts were expressed in ppm and coupling
constants given in Hz. Low- and high-resolution mass
spectra were obtained, respectively, on a Finnigan
4021 GC MS/DC and Bruker APEXIII 7.0 TESLA
FTMS. Chiral HPLC analysis was performed on a Chi-
ralcel� OD Analytical Column using EtOH–hexane–
TFA = 90:10:0.1 as an eluent (0.7 mL/min) detecting at
254 nm. Flash chromatography was performed using sil-
ica gel H (10–40 lm). Standard reagents and solvents
were purified according to known procedures.19 (±)-
[2.2]Paracyclophane-4,12-dicarboxylic acid13 and (1S)-
hydroxymethyl-4,7,7-trimethyl-2-oxabicyclo-[2.2.1]hep-
tan-3-one14 were synthesized according to the literature.

4.2. (Rq,S)-2 and (Sq,S)-2

A mixture of (±)-[2.2]paracyclophane-4,12-dicarboxylic
acid (90 mg, 0.3 mmol) and thionyl chloride (0.6 mL)
was heated under reflux for 3 h. Excess thionyl chloride
was distilled off and the remaining traces removed under
vacuum to give the corresponding acid chloride.
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(1S)-Hydroxymethyl-4,7,7-trimethyl-2-oxabicyclo-[2.2.1]-
heptan-3-one (120 mg, 0.65 mmol) and anhydrous pyri-
dine (2 mL) were added to the acid chloride at room
temperature. The progress of the reaction was moni-
tored by TLC. The reaction mixture was diluted with
CH2Cl2 and washed successively with 2 M HCl, water
and saturated NaHCO3 aqueous. The organic solution
was dried over anhydrous Na2SO4 and concentrated
under reduced pressure to obtain a mixture of diastereo-
meric esters 2. They were purified by flash chromato-
graphy on silica gel using petroleum ether–ethyl acetate
(6:1) as the eluent.

(Rq,S)-2, TLC Rf = 0.50 (petroleum ether–ethyl acetate
3:1), eluted first; 52 mg (28% yield); mp 184 �C;
½a�20D ¼ �39:6 (c 3.25, CHCl3); IR (cm�1) 1784, 1716;
1H NMR (CDCl3 300 MHz) d 0.99 (s, 6H); 1.01 (s,
6H); 1.10 (s, 6H); 1.61–1.69 (m, 2H); 1.77–1.87 (m,
2H); 1.90–2.07 (m, 4H); 2.81–2.91 (m, 2H); 3.14–3.22
(m, 4H); 4.09–4.17 (m, 2H); 4.45–4.85 (m, 4H); 6.58
(d, J = 7.8 Hz; 2H), 6.75 (dd, J = 7.8 and 1.8 Hz, 2H);
7.18 (d, J = 1.8 Hz, 2H), 13C NMR (CDCl3 75 MHz) d
9.55, 16.40, 16.62, 28.41, 28.84, 34.04, 35.69, 51.27,
54.18, 62.13, 92.20, 129.73, 133.48, 136.04, 136.64,
140.36, 142.78, 166.04, 179.59, MS (EI) m/z 628 [M+]
(4); HRMS (ESI) calcd for C38H44O8Na 651.29283,
found 651.29330.

(Sq,S)-2, TLC Rf = 0.36 (petroleum ether–ethyl acetate
3:1), eluted next; 51 mg (27% yield); mp 185 �C;
½a�20D ¼ þ77:6 (c 1.68, CHCl3); IR (cm�1) 1780, 1716;
1H NMR (CDCl3 300 MHz) d 1.00 (s, 6H); 1.02, (s,
6H); 1.12 (s, 6H); 1.66–1.75 (m, 2H); 1.80–1.90 (m,
2H); 1.99–2.11 (m, 4H); 2.80–2.90 (m, 2H); 3.08–3.27
(m, 4H); 4.04–4.11 (m, 2H); 4.55–4.65 (m, 4H); 6.59
(d, J = 7.8 Hz, 2H), 6.75 (dd, J = 1.8 and 7.8 Hz; 2H),
7.14 (dd, J = 1.8 Hz, 2H); 13C NMR (CDCl3 75 MHz)
d 9.64, 16.53, 16.73, 28.51, 29.09, 34.33, 36.15, 51.35,
54.30, 62.13, 91.72, 129.67, 133.84, 136.07, 136.61,
140.38, 142.41, 166.46, 179.51, MS (EI) m/z 628 [M+]
(1); HRMS (ESI) calcd for C38H44O8Na 651.29283,
found 651.29252.

4.3. (R)-(�)-[2.2]Paracyclophane-4,12-dicarboxylic acid

A mixture of potassium tert-butoxide (684 mg, 6 mmol),
THF (40 mL) and water (108 mg, 6 mmol) was stirred at
room temperature for 5 min,, then (Rq,S)-2 (314 mg,
0.5 mmol) added and the mixture stirred for 12 h at
room temperature. HCl solution (2 M) was added to
the reaction mixture and the white precipitate formed,
collected by filtration, washed with water and dried at
reduced pressure to yield 140 mg of (R)-(�)-[2.2]para-
cyclophane-4,12-dicarboxylic acid (94%), 97% ee by
HPLC analysis (tR = 10.16, tS = 12.18). ½a�20D ¼ �156 (c
0.25, EtOH).

4.4. (S)-(+)-[2.2]Paracyclophane-4,12-dicarboxylic acid

(S)-(+)-[2.2]Paracyclophane-4,12-dicarboxylic acid was
obtained by the same method from (Sq,S)-2 in 96%
yield; 99% ee by HPLC analysis. ½a�20D ¼ þ150 (c 0.09,
EtOH).
4.5. Crystallographic analysis of (Rq,S)-2

Colourless, needle-like crystals were grown from hex-
ane–CH2Cl2 (10:1), C38H44O8, M = 628.73, a = 12.5622
(17) Å, b = 14.2117 (17) Å, c = 19.240 (3) Å, m = 3434.9
(8) Å3, T = 293 (2) K, Z = 4, Dcalcd = 1.216 mg/m3. Final
R indices [I > 2r(I)], R1 = 0.0508, wR2 = 0.0574; R indi-
ces (all data), R1 = 0.2821, wR2 = 0.0895.

Crystallographic data (excluding structure factors) for
(Rq,S)-2 have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication
number CCDC 243418. Copies of the data can be ob-
tained, free of charge, on application to CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK [fax: +44(0)-
1223-336033 or e-mail: deposit@ccdc.cam.ac.uk].
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