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mL of water and 100 mL of toluene-ethyl acetate (1:l v/v). The 
aqueous layer was further extracted with two 50-mL portions of 
ethyl acetate. The combined organic layers were washed with 
two 50-mL portions of water and 50 mL of brine and dried over 
sodium sulfate. Removal of solvent at reduced pressure gave a 
deep amber oil, which was purified by flash chromatography on 
silica gel with 50% ethyl acetate in hexane to give 8.06 g of (R)-2b 
(77%) after exhaustive removal of solvent. 'H and 13C NMR were 
identical with previously isolated pure (S)-2b. HPLC on Chiracel 
OD using hexane-2-propanol (937) as eluant indicated a 937 RIS 
mixture of alcohols which showed that no racemization had taken 
place during deacylation. 

Enzymatic Optical Enrichment of Methyl 7-(3(R)- 
Hydroxy-5-oxo- 1-cyclopenten-l-y1)-4(Z)-heptenoate [ (R)-2b]. 
Compound (R)-2b obtained above (7.5 g, 31.5 mmol) with 93:7 
RIS ratio and 7.5 g of crude porcine pancreatic lipase in 180 mL 
of distilled vinyl acetate was stirred vigorously a t  room tem- 
perature for 45 h. HPLC of an aliquot on Chiralcel OD (using 
93:7 hexane-2-propanol as solution system) showed excellent 
conversion of alcohol (R)-2b to the corresponding acetate (R)-3b. 
In fact, 98% of available (R)-alcohol had been consumed to give 
(R)-acetate with greater than 98.8% ee. The mixture was filtered 
through diatomaceous earth, and the filter cake washed with two 
100-mL portions of methylene chloride. The combined filtrates 
were concentrated under reduced pressure to give 8.90 g of residue, 
which was purified by chromatography on silica with 20% ethyl 
acetate in hexane as eluant. By this technique, 7.53 g (85%) of 
(R)-3b was obtained in 98.8% ee, which was identical with the 
previously isolated (R)-acetate by 'H and 13C NMR, HPLC, and 
TLC. 

Deacylation of Optically Enriched Methyl 7-[3(R)- 
(Acetyloxy)-5-oxo- l-cyclopenten-l-y1]-4( 2)-heptenoate 
[(R)-3b]. To a room-temperature solution of 7.47 g (26.6 mmol) 
of (R)-3b (98.8% of ee) in 25 mL of absolute methanol under argon 
was added dropwise via syringe 5.2 mL (2.6 mmol) of stock 0.5 
M guanidine in methanol prepared above. The reaction was 
stirred at room temperature for 30 min. TLC on silica gel with 
80% ethyl acetate in hexane showed complete conversion of 
acetate to free alcohol. The solvent was removed a t  reduced 
pressure, and the residue was partitioned between 150 mL of 1:l 
toluene-ethyl acetate and 50 mL of water. The aqueous layer 
was further extracted with 50 mL of ethyl acetate. The combined 
organic layers were washed with two 25-mL portions of water and 
25 mL of brine and dried over sodium sulfate to give 6.25 g of 
crude residue. This was purified by flash chromatography on silica 
gel with gradient elution of 50-75% ethyl acetate in hexane to 
give 4.89 g (77%) of (R)-2b. HPLC on Chiracel OD using 93:7 
hexane-2-propanol as eluant indicated a 98.8% ee for the desired 
product. This product was identical to previously prepared 
(4R)-alcohol by HPLC, 'H and 13C NMR, and TLC. 
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as follows. 
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Table I .  Distributions and Enantioselectivities Found for 
Polymers A and B Prepared by Molecular Imprinting with 
Derivative 1 and the Print Assembly PVB:L-p-NH2PheOEt 

(2:l Molar Ratio), Respectively" 
polymer Kn a (KnlKT.) 

A 0.59 1.26 f 0.10 
B 0.46 0.83 f 0.01 

Imprinted polymers were equilibrated with substrate at room 
temperature using a batch procedure. The substrates D- and L-p- 
NH2PheO[C-1,14C]Et were applied separately in the reaction mix- 
tures and the same polymer was used in two or three binding ex- 
periments. After completion of a binding cycle, polymers were 
freed from bound substrate by extraction (see Experimental Sec- 
tion) and then reapplied in further binding experiments. The KD 
given is the distribution coefficient (ratio of the amount of bound 
and free enantiomer) for the D form in the first binding experi- 
ment. It was found that the values of both K D  and K L  decreased 
on using the polymers repeatedly. The separation factor cx = 
KD/KL represents an average value, and the error limits given are 
standard deviations. 

(a) Functionalized monomers are bound, covalently or 
noncovalently, t o  a print molecule or template. 

(b) The  resulting print assembly is copolymerized with 
an excess of a cross-linking agent in an inert solvent to 
form a rigid polymer. 

(c) The  polymer is freed from print molecules, in most 
cases by hydrolysis or extraction. 

(d) In  binding experiments, the polymers thus formed 
are able to  recognize selectively print molecules used in 
the polymerization step. The  recognition observed has 
been ascribed to the formation of binding sites containing 
functional groups attached to  the polymer network at 
defined positions. 

Previously, we have developed an imprinting procedure 
for amino acid derivatives based on noncovalent interac- 
tions both in s tep a and in s tep d.2 Following this pro- 
cedure, polymers showing a high selectivity for the print 
molecule applied in the imprinting s tep could be prepar- 
ed.3r4 In some cases it may be of interest to use a substrate 
analogue as print molecule, in particular if the latter is 
expensive or difficult to synthesize. Here we wish to report 
on an imprinting procedure employing a print molecule 
with its configuration inverted, compared with that  of the 
substrate interacting most strongly with the polymer in 
the binding assays. To  our knowledge, this is the first 
example of the use of a substrate analogue as print mol- 
ecule leading to a polymer showing inverse stereoselec- 
tivity. 

Results and Discussion 
The derivatized print molecule, M-propionyl-0'-acryl- 
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and aromatic amino groups of the added substrate and the 
carboxyl groups of the binding sites of t he  imprinted 
polymer (Scheme I). Such interactions in similar systems 
have been d o ~ u m e n t e d . ~ , ~  T h e  structure of the bound 
substrate thus resembles the structure of the inverse form 
of the print  molecule. 

These results support the suggestions made previouslp5 
that imprinted polymers contain discrete binding sites that 
are complementary to  added substrate molecules not only 
in terms of interacting functional groups but also in terms 
of size and  shape. Moreover, we feel that  t he  substrate 
analogue imprinting strategy described here may widen 
the  scope of molecular imprinting. 

Experimental Section 
L-Tyrosine ethyl ester hydrochloride and the monohydrates 

of D- and L-p-aminophenylalanine monohydrochloride (D- and 
L-p-NH2PheOH.HC1) were obtained from Sigma (St. Louis, MO). 
Divinylbenzene (DVB) and silica gel 60 were from Merck 
(Darmstadt), and p-vinylbenzoic acid (PVB) was bought from 
Polysciences, Inc. (Warrington, PA). Acryloyl chloride and 
propionyl chloride were purchased from Janssen (Beerse), and 
[C-1,14C]ethanol (21 mCi/mmol) was bought from NEN (Boston). 

N2-Propionyl-0 '-acryloyl-~-2-amino-3-( 04-acryloyl-4- 
hydroxypheny1)-1-propanol ( 1 ) .  L-Tyrosine ethyl ester was 
reduced by NaBH, to form ~-2-amino-3-(4-hydroxyphenyl)-l- 
propanol (~-tyrosinol).' The alcohol (8.32 g, 49.7 mmol) was 
dissolved in 180 mL of ice-cooled dimethylformamide (DMF) and 
22.9 mL (164 mmol) of triethylamine (TEA). To this solution, 
kept at 0 "C, freshly distilled propionyl chloride (14.2 mL, 164 
mmol) was added dropwise with stirring, and the mixture was 
allowed to react at room temperature for 3 h. The solution was 
then filtered and the filtrate was taken down to dryness. The 
residue was dissolved in ethyl acetate (250 mL), and the organic 
phase was successively washed with 0.5 M NaHS04 (3 X 125 mL), 
HzO (1 X 125 mL), 0.5 M Na2C03 (3 X 125 mL), and H20  (1 X 
60 mL). The organic phase was dried (Na2S0,) and the solvent 
was evaporated under vacuum. The product obtained, a mixture 
containing mono-, di-, and triacylated (major form) L-tyrosinol, 
was treated with 200 mL of ethanol/l M NaOH (l:l, v/v) for 2 
h at room temperature in order to remove the 0-propionyl groups. 
The pH value of the solution was then brought to 6 with 1 M HC1, 
and ethanol was evaporated. Finally, the water phase was ex- 
tracted with 1-butanol, and the butanol phase was taken down 
to dryness. The product obtained, @propionyl-~-2-amino-3- 
(4-hydroxyphenyl)-l-propanol(2, N-propionyl-L-tyrosinol), was 
dried over P205 under vacuum. Yield 20.1 mmol (4.49 g, 40.5%). 
TLC: R, = 0.55 on silica in chloroform/methanol/acetic acid 
(10:2:1, v/v). In addition, the 'H NMR data of the N-acylated 
alcohol were consistent with the proposed structure. 

N-Propionyl-L-tyrosinol (2; 3.66 g, 16.4 mmol) was dissolved 
in a solution containing 150 mL of ice-cooled DMF and 9.14 mL 
(65.6 mmol) of TEA. To this solution, placed on ice, freshly 
distilled acryloyl chloride (5.33 mL, 65.6 mmol) was added 
dropwise. After reaction for 3-4 h at room temperature, the 
reaction mixture was filtered. The filtrate was evaporated to 
dryness and the residue was dissolved in ethyl acetate (500 mL). 
The organic phase was washed with 0.5 M NaHS0, (3 X 250 mL), 
HzO (1 X 250 mL), 0.5 M Na2C03 (3 X 250 mL), and H20 (1 X 
130 mL). After the organic phase was dried (Na2S04), ethyl 
acetate was evaporated under vacuum, leaving behind a yellow 
oil. The product was purified by subjecting the oil to three 
consecutive triturations with water (100, 150, and 900 mL for 0.5, 
1.5, and 12 h, respectively). After filtration, the water phases of 
the second and third triturations were saved and the combined 
solution was taken down to dryness. During the evaporation, the 
product precipitated out as white crystals, which were filtered 
off and dried thoroughly over P205 under vacuum. Yield: 1.57 
mmol (0.52 g, 9.6%). TLC: R,  = 0.76 on silica in benzene/ethyl 
acetate/methanol (l:l:l, v/v). Mp: 96-98 'C. FAB-MS: (M + 

Scheme I 
I I 

it D,L-p-NHqPheOEt 

l o  0 1 

+ L-p-NHZPheOEt 

oyl-~-2-amino-3-( 04-acryloyl-4- hydroxyphenyl)-1-propanol 
( l ) ,  was synthesized from ~-2-amino-3-(4-hydroxy- 
phenyl)-1-propanol by treating the latter successively with 
propionyl chloride and  acryloyl chloride. 1 was then  co- 
polymerized with a n  excess of divinylbenzene (DVB) in 
acetonitrile, resulting in the formation of a macroporous 
polymer (Scheme I). T h e  print  molecule, P-propionyl -  
~-2-amino-3-(4-hydroxyphenyl)-l-propanol (2), was re- 
moved by subjecting the  polymer to  hydrolysis in a con- 
centrated NaOH/methanol solution. The  substrate se- 
lectivity of the polymers thus prepared was tested in a 
batch procedure by measuring the binding of radioactively 
labeled D- and  L-p-aminophenylalanine ethyl ester (p -  
NH,PheOEt) to  the polymers. In the binding assays the 
esters were added separately to  the print  polymers. T h e  
amount of bound and  free substrate molecules was de- 
termined, and  the distribution coefficient ( K )  and the  
separation factor (a) were calculated (Table I). It is in- 
teresting to  note that the polymers obtained preferred to  
interact with the D form of the substrate rather than  with 
the L form, despite that  L print molecules were used in the 
polymerization step. 

Polymers showing the  opposite binding selectivity (L- 
selective polymers) could be prepared by replacing the  
print molecules used carrying bisacrylic functional groups 
with a corresponding amount of p-vinylbenzoic acid (PVB) 
and  L-p-NH,PheOEt (2:l molar ratio) during the polym- 
erization. Furthermore, i t  was found that no substrate was 
bound to  a reference polymer containing covalently atta- 
ched print  molecules (unhydrolyzed print  polymer). 

The  inverse stereoselectivity observed in this study may 
be expected if electrostatic and  hydrogen-bonding inter- 
actions take place stereospecifically between the aliphatic 

(6 )  Albrecht, G.; Zundel, G .  2. Naturforsch. 1984,39a, 986-992. 
(7) Seki, H.; Koga, K.; Matsuo, H.; Ohki, S.; Matsuo, I.; Yamada, S.-I. 

Chem. Pharm. Bull. 1965, 23, 995-1000. 
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H)+ = 332, calculated molecular weight = 331.19. Elemental 
analysis: C, 65.2 (65.3); H, 6.3 (6.3); N, 4.2 (4.2); 0, 24.4 (24.2) 
(calculated values are given in parentheses). Optical rotation: 
[a]23'5D = -17.1' (C 2.5; CH3CN). 'H NMR (200 MHz, CDCl3): 
1.1 (3 H, t, J - 7.6 Hz, CH3), 2.2 (2 H, q, J - 7.6 Hz, CHZCH,), 
2.9 (2 H, m, C H Z C ~ H ~ ) ,  4.2 (2 H, m, CHzO), 4.5 (1 H, m, X H ) ,  
5.7 (1 H, d, J - 9 Hz, NH), 5.8-6.7 (6 H, m, CH=CH,), 7.0-7.3 
(4 H, m, C6H4). 

Carbon-14-Labeled Substrates. 14C-Labeled D- and L-p- 
aminophenylalanine ethyl esters were synthesized by esterification 
of free amino acid with [C-1,14C]ethanol using a slightly modified 
standard procedure for amino acid ester synthesis: a method 
known to yield no racemization of the product formed in the 
esterification step. 

The following describes the method applied to make L-p- 
NH,PheO [ C- 1 ,14C] Et (D-p-NH,PheO [ C-1 ,14C] Et was synthesized 
in an identical manner). The monohydrate of L-p- 
NH,PheOH.HCl (126.6 mg, 0.54 mmol) was added to 7.5 mL of 
EtOH (99.5%) containing 250 pCi [C-1,14C]ethanol. Dry HCl gas 
was bubbled through the mixture, placed on ice, to yield a sat- 
urated HC1 solution. This solution was left for 40 h a t  room 
temperature, affording a product that had precipitated out from 
the solution during the reaction. The product formed was dis- 
solved in "cold" ethanol (99.5%), and the solvent was evaporated 
under reduced pressure. This washing procedure using cold 
ethanol was repeated several times. The radiolabeled ethyl ester 
synthesized was purified by dissolving it in 15 mL of 0.2 M 
NaHC03 (pH adjusted to 9.5) and extracting the water phase with 
ethyl acetate (2 X 50 mL). The organic phase was saved and taken 
down to dryness, and the residue afforded in the evaporation step 
was dried over P205 under vacuum. Yield: 0.36 mmol (75 mg, 
6690). 

In order to remove small amounts of [14C]ethanol remaining 
in the purified I4C-1abeled ester preparations, the product obtained 
was chromatographed twice on a silica gel column (1.6 X 20 cm, 
33 mL) using chloroform/methanol(501, v/v) as the eluent. The 
product isolated was pure as judged from analysis by TLC, UV, 
specific radioactivity, and optical rotation. TLC: R, = 0.51 on 
silica in chloroform/methanol (9:1, v/v); Rf = 0.63 on cellulose 
in 1-butanol/acetic acid/water (502030, v/v). Optical rotation: 
[.]23D = +17.3' ( c  2.5; CH3CN) for the L enantiomer; [.Iz3,, = 
-16.6' (c 4.2; CH3CN) for the Denantiomer. Specific radioactivity: 
~-p-NH,Phe0[C-l, '~ClEt,  1.79 nCi/pmol; D-p-NH,PheO[C- 
1,14C]Et, 2.11 nCi/pmol. UV: A,,, = 284 nm (in 0.1 M sodium 
phosphate, pH 7.5). 

Nonlabeled L-p-NH,PheOEt used as a print molecule was 
prepared similarly as described above for the preparation of the 
radiolabeled ethyl ester. 

Preparation of Pr in t  Polymers. Polymer A. Following a 
procedure described previously," 1 (2.9 mol %) WBS copolymerized 
with an excess of DVB (technical grade containing 55.5 mol % 
of DVB and 41.6 mol % of ethylstyrene) in acetonitrile (1.28 mL/g 
of monomer mixture) in the presence of azobis(isobutyronitri1e) 
(0.8% w/w of the monomers). After polymerization, the polymers 
were extracted continuously in toluene for 24 h using a Soxhlet 
extractor. Washing of the polymers was repeated once in ace- 
tonitrile. The polymers were then treated with 10 M NaOH/ 
methanol ( l : l ,  v/v) under reflux conditions for 20 h. After the 
hydrolysis step, they were washed successively in acetonitrile/ 
water ( l : l ,  v/v) and in acetonitrile using the Soxhlet extractor. 
Finally, the polymers were dried in an oven a t  60 'C overnight. 
Prior to use, dried polymers were stored in a desiccator over PzO5 
under vacuum. Elemental analyses of hydrolyzed and un- 
hydrolyzed polymers were carried out. The nitrogen content of 
the polymers (0.44% before hydrolysis, 0.27% after hydrolysis, 
and about 0.1% for a blank polymer without print molecule) 
showed that approximately 50% of added print molecules had 
been split off from the polymers by the treatment with concen- 
trated NaOH. 

Polymer B. A print polymer was prepared by using instead 
of 1 a mixture of PVB (5.8 mol % of vinyl monomers) and L-p- 
NH,PheOEt (2:1 molar ratio) in the polymerization step but 
otherwise under identical conditions as for polymer A except that 

(8) Greenstein, J. P.; Winitz, M. In Chemistry of the Amino Acids; 
Wiley: New York, 1961; p 925. 
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the hydrolysis step was omitted. 
Binding Experiments. Dry polymers (0.5 g) and acetonitrile 

(3 mL) containing D- or ~-p-NH~Phe0[C-l, '~ClEt (1.7 mM) were 
equilibrated overnight at room temperature in centrifugation tubes 
placed on an end over end rocking table. The mixtures were then 
subjected to centrifugation. (In this context, it should be men- 
tioned that in binding experiments similar to those described here, 
based on ammonium carboxylate ion-pair formation in highly 
cross-linked DVB polymers, the time dependence of ligand binding 
to the polymers indicated that equilibrium was reached within 
an hour at room temperature.) By measuring the radioactivity 
of the supernatant (in a liquid scintillation counter, LKB, rack- 
beta), the amount of bound and free substrate could be calculated. 
Used polymers were freed from bound ligand by washing the 
polymers with acetonitrile in the Soxhlet extractor. When the 
polymers were treated in this fashion, they could be reused two 
or three times. 
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The  synthesis of specifically trifluoromethylated mole- 
cules is an ongoing area of research due to  the unique 
physical and biological properties imparted by the CF, 
gr0up.l While for the synthesis of trifluoromethylated 
aromatic compounds, direct transformations of certain 
functional groups to  the CF, group have been employed: 
the preparation of trifluoromethylated aliphatic com- 
pounds, on the other hand, is not straightforward because 
of the requirement of milder reaction conditions and lim- 
ited intrinsic reactivity of various trifluoromethylating 
reagents. Therefore, the development of a simple method 
for the preparation of trifluoromethylated building blocks 
and their further utilization for the synthesis of desired 
CF,-containing aliphatic compounds are essential to  or- 
ganofluorine chemistry. Previously, we reported the easy 
preparation of a novel CF3-containing diazo compound 1 
from readily available inexpensive starting materials and 
established its feasibility as a CF,-substituted carbenoid 
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