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Among disfavored chemical transformations, the syn elimina-
tion reaction occupies a special place in organic chemistry.! In
most systems, syn elimination through a stereoelectronically-
defined eclipsed conformation must overcome formidable steric
and torsional strain,® as well as orbital symmetry barriers.?
Recently, antibody catalysis has been applied successfully to the
execution of disfavored chemistry.* Here, we extend this work
tothe catalysis of the most difficult type of syn elimination reaction
where an acyclic substrate is converted to a cis (Z) olefin.

For acyclic systems, it is generally accepted that antiperiplanar
elimination is greatly favored over syn elimination.® Although
the eclipsed syn coplanar transition state may be preferentially
adopted over the staggered antiperiplanar transition state in
constrained cyclic systems,® acyclic syn elimination is rare.
Additionally, all accounts of acyclic syn elimination have been
shown to provide a trans (E) olefin, resulting when the competing
anti elimination suffers significant destabilizing steric interactions
in route to the alternative cis olefin.” In fact, of the four possible
elimination pathways (anti to trans, anti to cis, syn to trans, and
syn to cis), syn elimination to a cis olefin is regarded as the least
favored transformation of the group and, to our knowledge, has
not yet been selectively achieved in anacyclicsystem.' Consistent
with these generalizations, substrate 1 undergoes anti elimination
to give exclusively the trans olefin 3 (Figure 1).9 The design of
hapten 5 was intended to elicit antibodies which would bind and
lock substrate 1 inan eclipsed conformation, such that subsequent
elimination would occur syn to afford selectively the cis olefin 4.
The bicyclo[2.2.1]heptane ring structure of hapten 5 ensured
presentation of the phenyl and benzoyl substituents in the desired
eclipsed arrangement (Figure 2), as opposed to a cyclohexyl
framework which would have oriented these substituents in a
gauche relationship. The primary amine of 5 was introduced in
a position corresponding to the a-keto proton of substrate 1 to
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Figure 1. Mechanisms of syn (1 to 4) and anti (1 to 3) elimination. In
theabsence of antibody, only anti elimination is observed. The highlighted
region of hapten § mimics the eclipsed syn coplanar transition state
required for syn elimination of 1.

Figure 2. X-ray crystal structure of (1R*,25* 4R*,55* 65*)-6-benzoyl-
6-nitro-5-phenylbicyclo[2.2.1]heptane 2-hemisuccinate. This compound
was treated with Hy/Raney Ni to provide hapten 5.

induce an amino acid side chain in the antibody binding pocket
capable of acting as a general base for the abstraction of this
proton.'?

Compounds 1-5 were synthesized,!! and the hapten 5§ was
conjugated to carrier protein keyhole limpet hemocyanin (KLH).!2
Immunization with the KLH conjugate and generation of
monoclonal antibodies were performed as described previously.!3
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Figure 3. Lineweaver-Burk plot for antibody-catalyzed syn elimination
(5 uM antibody 1D4, 15% aqeuous DMSO, 100 mM CHES buffer, pH
9.0, 37 °C). Rates were determined by analytical reverse-phase HPLC
by measuring product formation relative to 4-methyl-3-nitroanisole as a
standard: A, O uM inhibitor (hapten 5); W, 3 uM inhibitor; @, 4.5 uM
inhibitor. Antibody catalysis was completely inhibited by stoichiometric
amounts of hapten 5.

Twenty-six monoclonal antibodies specific for § were tested for
catalysis. The rate of elimination of substrate 1 to 3 or 4 was
assayed in the absence and presence of antibody at 37 °Cin 15%
aqueous DMSO, 100 mM CHES buffer,pH 9.0.14 Inthe absence
of antibody, only trans product 3 was generated with a first-order
rate constant of 2.48 X 10~ min-!. One of the 26 antibodies,
1D4, was found to catalyze exclusively the syn elimination of
substrate 1 to cis product 4.1

The initial rate of syn elimination by 1D4, when measured as
a function of substrate 1 concentrations, followed Michaelis—
Menten kinetics (Figure 3). The kinetic constants K, and Kca,
were determined tobe 212 uM and 2.95 X 103 min-!, respectively.
The catalytic activity of 1D4 was competitively inhibited by the
addition of hapten 5, indicating that catalysis occurs within the
antibody binding pocket. The rate acceleration (Kca:/ kuncat) due
to 1D4 catalysis could not be determined because in the absence
of antibody, formation of cis product 4 was immeasurably slow
under our reaction conditions. Catalysis of the syn elimination
of substrate 1 in the absence of an observable ke, underscores
the power of catalytic antibodies to accelerate energetically
demanding reactions with high efficiency and selectivity.

Antibody 1D4 was also tested for its capacity to catalyze the
anti elimination of substrate 2 to afford the cis olefin 4.1 The
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of the trans product 3 in the 1D4-catalyzed versus uncatalyzed reactions. In
a control experiment, 1D4 showed no capacity to isomerize either olefinic
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anti elimination of 2, which would proceed through a staggered
transition state to provide 4, should be quite favored over the syn
elimination of substrate 1, which requires reaction through an
eclipsed transition state to provide 4.117 Yet, 1D4 demonstrates
the reverse selectivity in that it accelerates the syn elimination
of 1 to 4 more efficiently than the anti elimination of 2 to 4. This
intriguing result emphasizes the fidelity of 1D4 for the eclipsed
conformation of substrate 1, in accord with the bicyclo[2.2.1]-
heptane ring structure of the inducing hapten 5. In essence, the
binding energy of 1D4 has been directed toward recognition of
the phenyl and benzoyl substituents of substrates 1 and 2 in an
eclipsed orientation. Consequently, 1D4 appears more willing to
permit the syn elimination of 1 from this conformation than the
rearrangement of 2 to the staggered transition state required for
the otherwise preferred anti elimination. Mechanistic investiga-
tions of 1D4 are underway to determine more precisely how the
antibody performs the syn elimination reaction.

In assessing the future direction of catalytic antibodies, it
becomes important to consider in what realms of chemistry they
are capable of operating. More specifically, what limits may
exist to the size of the energy barrier capable of being crossed
by antibody catalysis? Preliminary estimates of the energy
difference between the anti and syn elimination reactions of 1 to
3 and 4, respectively, indicate an up to 5 kcal/mol separation,!8
likely making syn elimination of 1 to 4 the most energetically
demanding reaction yet catalyzed by an antibody. Thus, the
generation of an antibody capable of accelerating a highly
disadvantaged syn elimination reaction has brought the level of
“disfavored” chemistry amenable to antibody catalysis to a new
extreme. )
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