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Abstract: Antibodies steamed from mice immunized towards three
different conjugates do not recognize the b-ketoalcohol for which
they have been elaborated. They however recognize the haptens,
which bear the side chain linking them to the carrier proteins. We
have synthesized and tested for recognition a series of compounds
related to those haptens, especially stereoisomers and compounds
bearing part of their structures. Results and hypotheses are present-
ed below. 
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Few years ago we showed that the bicyclic dione 3 was a
key intermediate in the stereoselective synthesis of race-
mic (Scheme 1)1 and of optically pure2 chrysanthemic ac-
ids 1.

Scheme 1 Synthesis of rac-cis-chrysanthemic Acid

It is readily available from dimethyl dimedone 21 and pos-
sesses all the features required : (i) it has a cyclopropane
ring bearing two substituents that are cis-one to each other
allowing the stereoselective synthesis of the cis-chrysan-
themic acid or its trans-stereoisomer by performing a fur-
ther isomerization reaction (ii) it is prochiral and allows
the synthesis of the (1R)- as well as the (1S)-series of chry-
santhemic acid from which commercially valuable (1R)-
cis- or (1R)-trans-chrysanthemic acids can be produced
respectively.3

The stereoselective reduction of 3 to the b-hydroxy ketone
(1R)-4’, which can either occur on (i) the exo- or endo-
face of the concave bicyclic diketone 3 but also on (ii) ei-
ther of the two carbonyl groups, is the key step of the
whole process.1,2

Although each couple of endo/exo-stereoisomers is for-
mally able to generate one enantiomer of chrysanthemic
acid, only those bearing an exo-hydroxyl group lead, in
practice, to chrysanthemic acid after hydroxyl group acti-
vation (as a sulfonate) and further Grob fragmentation
(Scheme 1).1,2

We have been able to generate2 the required optically pure
(1R)-4’ exo-stereoisomer (Scheme 2) and therefore the
corresponding optically pure (1R)-chrysanthemic acids
but the process involves few more steps. As an alternative,
we thought of using tailor-made antibodies that catalyze
the chemo- and enantioselective reduction of 3 to (1R)-4’
by its most hindered face.

Scheme 2 Stereoselective Synthesis of the Ketoalcohols 4

A successful strategy requires generation of antibodies
that would discriminate the four transition states leading
to each of the stereoisomers.4,5 In order to get acquainted
with this approach, we decided to generate antibodies able
to recognize the (1R)-4’ stereoisomer, precursor of (1R)-
cis chrysanthemic acid, among a mixture of the four pos-
sible stereoisomers 4 (Scheme 2).

Antigens were designed in which the hapten, bearing the
b-ketoalcohol possessing the exo-hydroxyl group and the
bicyclic structure, is linked to a carrier protein5,6 by a sat-
urated hydrocarbon linker (C-3 to C-8) attached: at the bi-
cyclic structure side (i) directly to the endo-cyclopropyl
methyl group or (ii) via a (O)-alkyloxime derived from the
carbonyl group and at the protein side via (i) a disulfide
linkage or (ii) a stronger amido group.
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The (1R)b-ketoalcohol 14 was first selected as the hapten
because it possesses the bicyclic structure bearing the
same functional groups and the same stereochemistry as
the product (1R)-4’ to be recognized. The presence of a
thiol at the terminus of the side chain should allow to link
it to the activated carrier protein OVA* produced from
OVA by the SPDP method (Scheme 3).7

The synthesis of 14 involves (Scheme 4) the cyclopropa-
nation of 5,5-dimethyl-cyclopent-2-en-1,3-dione 68 with
the alkenylidenediphenylsulfurane 79 (DME, -78 °C, 1 h
then 20 °C, 2 h, Scheme 4, step a). This reaction leads to
a (80/20) stereoisomeric mixture of 8syn and 8anti in which
the stereoisomer 8syn, bearing the alkyl chain in endo-po-
sition, prevails. Isolation of the major compound, whose
stereochemistry was confirmed at a later stage by Xray,10

was readily achieved by preparative chromatography on
SiO2.

11

Scheme 3 Synthesis of Activated OVA*, Activated BSA* and of the Conjugates OVA*-14, BSA*-14, OVA*-17, BSA*-17, KLH-18,
BSA-18

Scheme 4 Synthesis of the hapten 14
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The synthesis of optically active (1R)-ketoalcohol 12
(Scheme 4, steps c-g) has been performed according to the
procedure already disclosed for the synthesis of (1R)-4’
from 3.2 It was achieved by (i) di-reduction of 8syn from its
more hindered endo-face using sodium borohydride in the
presence of cerium trichloride (Scheme 4, step c), (ii) di-
acetylation of the resulting diol 9 and (iii) enzymatic de-
symetrization of the resulting diacetate 10 to 11 using Pig
Liver Esterase (PLE, Scheme 4, step e). The transforma-
tion of 12 to 14 was achieved in two steps which involve
(i) the addition of acetylthiol via a radical process to ter-
minal C,C double bond of 12 (Scheme 4, step h)12 and (ii)
removal of the acetyl group from the resulting thiolacetate
13 (Scheme 4, step i). The last step was the most difficult
of the whole process due to the sensitivity of the aldol
moiety to bases and the great aptitude of the resulting thiol
to be oxidized to the corresponding disulfide. Removal of
the acetyl group leading to 14 has been nevertheless very
cleanly achieved with PLAP (Scheme 4, step i).14 The
hapten (1R)-14 was finally linked (3 equiv /mol protein)7

to the activated OVA*15 to produce the conjuguate
OVA*-14 (Scheme 3).

Four Balb/c mice were immunized with OVA*-14 (i)
once with 100 mg in the presence of complete Freund ad-
juvant then (ii) three times consecutively with 50 mg of the
same OVA*-14 in the presence of incomplete Freund ad-
juvant. Two week after the last immunization, their sera
have been collected and tested by enzyme linked immun-
osorbent assay (ELISA),16a by antibody binding to solid-
phase bound BSA*-14 antigen. BSA*-14 was in turn pro-
duced by coupling of (1R)-14 to activated bovine serum
albumine (BSA*), instead of OVA* (Scheme 3). 

Although the presence of immunoglobulins specific to the
hapten 14 or part of it, in the sera of immunized mice was
confirmed by indirect ELISA (Figure 1, ¨),17b we were
somewhat rather surprised, using an inhibition ELISA,16b

to find that the related b-ketoalcohol (1R)-4’ did not inhib-
its the fixation of AB-OVA*-14 antibodies to the BSA*-
14 antigen coated on the plate (IC50: > 500 µM).18 

Figure 1 Indirect ELISA: Titration Curves for Various Antibodies

The same antibodies binds more efficiently the b-ketoal-
cohol (1R)-12, which possesses part of the linker joining
(1R)-4’ to OVA (IC50: 250 µM).

We have then repeated the above mentioned series of ex-
periments using instead for immunization the OVA*-17
antigen derived from the hapten 17 which possesses the
same linker as the one present in (1R)-14 but attached at
another site on the bicyclic structure (Scheme 3 and 5) and
found similar results.17c The b-ketoalcohol (1R)-4’ is un-
able to inhibit the fixation of antibodies AB-OVA*-17 on
BSA*-17 (IC50: > 500 µM) whereas the alkoximinoalco-
hol (1R)-19c (R = Pent, Scheme 5), which possesses the
bicyclic structure as well as a side chain of critical length,
is able to inhibit AB-OVA*-17 (IC50: 50 µM).

The conjuguates OVA*-17 and BSA*-17, needed for that
work, have been in turn prepared from activated OVA
(OVA*) or BSA (BSA*) (see above), and the b-alkoxim-
inoalcohol (1R)-17 prepared stepwise from (1R)-4’ and
hydroxylamine, 1,5-dibromopentane, potassium thiolace-
tate and PLAP (Scheme 5, steps a-e).19

We have also carried out related experiments involving
antigens KLH-18 possessing a more stable linker than the
disulfide group, used for OVA*-14 and OVA*-17, and
using a more immunogenic carrier protein : the Keyhole
Limplet Hemocyanin (KLH).21

The conjuguate KLH-18 was designed and prepared
(Scheme 3) from KLH and the b-alkoximinoalcohol
(1R)-18 produced stepwise from (1R)-4’, hydroxylamine,
5-bromovaleric acid and N-hydroxysuccinimide (Scheme
5, steps b,f,g). BSA-18 which was also required for
ELISA was produced accordingly.

Antibodies AB-KLH-18 raised against KLH-18 and as-
sayed on the conjugate BSA-1817d possess a very poor af-
finity toward the b-ketoalcohol (1R)-4’ either (IC50 > 500
mM, Figure 2, ·).18 However, they were highly specific to
the alkoximinoalcohol (1R)-19b (R = n-Bu, Scheme 5)
which possesses the bicyclic structure as well as a side
chain of critical length related to the linker (IC50: 8 µM,
Figure 2, �).18

Figure 2 Inhibitive ELISA: Inhibition Curves for Various Inhibi-
tors Implying AB-KLH-18
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This behavior is similar to those reported above from AB-
OVA*-14 and AB-OVA*-17 instead. The presence on the
substrates of the carbon framework of the linker was es-
sential, in all the three cases reported (AB-OVA*-14, AB-
OVA*-17 and AB-KLH-18) for their recognition. 

We therefore decided to test the affinity of the antibodies
raised against KLH-18, to complex a series of substrates
such as (1S)-4’, (1R)-4”, 15, 19, 19b’, 20, 21, 23, 27 and
30 (Schemes 522,23 and 69,24), whose structures are some-

what related to that of the ketoalcohol (1R)-4’. Some of
their syntheses are gathered in Schemes 522,23 and 6.24

Scheme 6 Synthesis of the Oxime 23 Derived from Acetone, the
Monocyclic Oxime 27 and of the Bicyclic Oximes 30

We first found that antibodies AB-KLH-18 neither recog-
nize the regioisomeric endo-ketoalcohol (1R)-4” nor the
enantiomeric exo-ketoalcohol (1S)-4’ (Scheme 2, IC50 >
500 mM). 

We also found that these antibodies did not bind efficient-
ly the O-unsubstituted oxime 15, which possesses all the
functional groups present on the hapten (IC50 > 500 µM,
Figure 2, ¨), but bind effectively its O-ethyl-substituted
homologue 19a (IC50: 32 µM). Increasing the length of the
side chain to O-Bu as in 19b (IC50: 8 mM, Figure 2, �) or
O-Hex as in 19d (IC50: 8 µM, Figure 2, x) leads to an in-
creasing inhibition. This clearly confirms, as we described
above, that the linker plays an important role in the recog-
nition process. 

We have also observed that the presence of a carbonyl
group on the side chain of sufficient length (as in 20a), has
a little effect on the inhibition and this is also the case for
compounds 20b-d,f bearing a carboxy group at the termi-
nus of the side chain (IC50: 32 mM for X = C(=O)NH2,
C(=O)NMe2 and C(=O)OH; 16 mM for X = C(=O)NHMe
and C(=O)OMe). 

Interestingly 20e, bearing the ester group at the terminus
of the side chain is a better ligand (IC50: 16 mM) than 21
(IC50: 128 mM), in which the same functional group is in-
ternal.

Scheme 5 Synthesis of hapten 17 and 18 and oximes 19, 20, 21 de-
rived from the ketoalcohol 4 and of the endo diastereoisomeric oxi-
me 19’ T
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As expected from the previous results, neither 19b’, the
diastereoisomer of 19b, bearing an hydroxy group in
endo-position, nor 19b” the enantiomer of 19b are recog-
nized by the antibodies (IC50 > 500 mM).

We have finally observed that the latter were highly spe-
cific to the whole structure present on the hapten KLH-18
since they did not recognize 23 missing the bicyclic struc-
ture present on 4, nor 27 missing the cyclopropane ring.
Even more surprising, they were unable to bind 30endo and
30exo on which a single exo- or endo-methyl group is miss-
ing (IC50 > 500 mM).

We have shown that the sera steamed from mice immu-
nized towards three different conjugates: OVA*-14,
OVA*-17 and KLH-18, do not recognize (1R)-4’ for
which they have been elaborated. We do not understand
the real reasons of such observation. Haptens 14, 17 and
18 present on the conjugates OVA*-14, OVA*-17 and
KLH-18 are all small molecules. Although some, even
closely related conjugates, have been successfully used to
produce antibodies which recognize small molecules
without apparent trouble related to the linkers,25 it remains
that most of the published examples involve not only sub-
strates but also haptens bearing aromatic rings and polar
groups.4,5a,26 This is not the case of our conjugates. We are
pursuing our study towards these goals.
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