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Despite their importance in chemical synthesis, pericyclic
reactions are rare in cellular metabolism.1 Engineered proteins
that catalyze cycloadditions2 and sigmatropic rearrangements3

with high rates and selectivities are consequently of considerable
interest for synthetic and mechanistic studies. Here we describe
three tailored antibody catalysts for a [2,3]-sigmatropic reaction,
the selenoxide elimination depicted in Scheme 1, and their
distinct selectivities.
Selenoxide syn elimination affords a convenient method of

introducing olefins into many molecules.4-7 The reaction is
believed to proceed via a planar, 5-membered, pericyclic
transition state which is less polar than the initial state.8,9 We
reasoned that antibodies raised against proline derivatives such
as 1a and 1b would provide a relatively low dielectric
environment capable of constraining the flexible alkyl aryl
selenoxides2 in a reactive conformation, with the relative
disposition of the hapten’s carboxylate and 3-aryl moieties
dictating the orientation of the corresponding substituents at the
transition state. Although formation oftrans-olefin products
from acyclic secondary selenoxides is favored for steric reasons,
antibodies prepared with thecis-hapten1a (Scheme 1) could
conceivably provide sufficient binding energy to overcome the
unfavorable eclipsing interactions encountered in the transition
state leading tocis-olefins.
Racemic haptens1a and 1b (Y ) NHC(O)CH2Br) were

synthesized, coupled to carrier proteins, and used to produce
monoclonal antibodies by standard methods.10,11 Twenty-eight
antibodies elicited by thecis-hapten and 20 antibodies elicited

by the trans-hapten were purified and screened for catalytic
activity using the selenoxide derivatives2a-e.12,13 Three
catalysts (SZ-cis-39C11, SZ-cis-42F7, and SZ-trans-28F8) were
identified and subjected to further characterization. In each case,
compounds1aand1b (Y ) NO2) are potent inhibitors of their
respective antibodies,14 indicating that catalysis is associated
with the induced active site. The antibodies raised against the
cis-hapten appear to be enantioselective, requiring 2 equiv of
racemic1a per binding site to abolish activity, but SZ-trans-
28F8 accommodates both enantiomers of1b, as judged by the
1:1 stoichiometry of inhibition.
For each of the antibodies, catalytic efficiency generally

increases with decreasing size of the substituentR to the
selenoxide moiety (R) CO2H < CH2OH< CH3 j H). Steady
state kinetic parameters were determined for the best substrates
(2c-e) from plots of initial rates versus substrate concentration
and are presented in Table 1. The lowKm values suggest
significant contributions to binding from the two aryl rings,
while the rate enhancements over the corresponding uncatalyzed
reactions (kcat/kuncat e 103) are similar in magnitude to those
observed for other antibody-catalyzed sigmatropic processes.3

Although the selenoxide moiety itself rapidly epimerizes
under the reaction conditions,15 the additional chiral center in
the secondary selenoxides influences the course of the antibody-
catalyzed reactions in dramatically different ways. Thus, SZ-
trans-28F8 evinces no chiral discrimination with substrate2c,
converting 100% of the racemic starting material to anethole3
(R ) CH3, >90% trans) (Figure 1). A small amount ofcis-
olefin is formed (≈8%), as in the uncatalyzed reaction,
indicating more than a single binding mode for the flexible
substrate. Together, these results correlate well with this
antibody’s ability to recognize both racemic haptens.14 In
contrast, SZ-cis-39C11 and SZ-cis-42F7 appear to be highly
stereoselective as judged by catalytic conversion of only 50%
of the racemic substrate (Figure 1A).trans-Anethole is the
exclusive product of the SZ-cis-42F7-catalyzed reaction, but SZ-
cis-39C11 affords a 45:55 mixture ofcis- and trans-olefin
(Figure 1B). The comparable energies of the SZ-cis-39C11-
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bound transition states leading to thecis- and trans-olefin
products is notable and might be explained by a bifurcated
binding pocket analogous to that of the crossreactive antibody
DB316 which exhibits high affinity recognition of conforma-
tionally distinct steroids. The production of significant amounts
of the cis-olefin must also account for the anomalously low
efficiency of SZ-cis-39C11 with2c (Table 1), since the more
facile pathway leading to trans product dominates the uncata-
lyzed reference reaction.
To probe the origins of catalysis, the reaction of primary

selenoxide2ewith SZ-cis-39C11 was examined in greater detail.
Comparison of the activation parameters for the reaction in the
antibody pocket (∆Hq ) 19.7( 1.2 kcal/mol and∆Sq ) -7.8
( 4.1 eu) and in aqueous buffer (∆Hq ) 26.3( 0.15 kcal/mol
and ∆Sq ) +0.014 ( 0.47 eu) shows that transition state
stabilization is achieved through enthalpic rather than entropic
means. The more favorable activation entropy for the uncata-

lyzed reaction may reflect the release of ordered solvent
molecules as the transition state is approached. The selenoxide
substrate is a good hydrogen bond acceptor and will be solvated
to a much greater extent in aqueous buffer than the compara-
tively less-polar transition state. Differences in solvation of the
antibody-bound ground and transition states are likely to be
much less pronounced. Because selenoxide syn eliminations
are not subject to acid and base catalysis,6 partitioning the
substrate into the less-polar medium of the antibody binding
site alone could account for much of the observed rate
enhancement,17,18 while the conformational constraints of the
active site would dictate the observed selectivity. Indeed, the
elimination of 2e is dramatically accelerated by aprotic sol-
vents: log(kobsd) correlates with the solvatochromic polarity
measureET(30) over a reactivity range of 104 (r ) 0.973)
(Figure 2). The rate achieved by SZ-cis-39C11 (kcat ) 0.036
min-1) is similar to that found with the aprotic solvent 1,2-
dichloroethane (ET(30)) 41.3;kobsd) 0.0440 min-1). Notably,
reaction in the latter solvent is also characterized by an
unfavorable activation entropy relative to aqueous buffer (∆Hq

) 20.3( 0.5 kcal/mol;∆Sq ) -4.8( 1.7 eu).
In summary, these experiments expand the scope of antibody

catalysis to a new class of pericyclic reactions for which natural
enzymes are unknown.19 More importantly, they illustrate how
conformational constraints imposed through hapten structure can
be exploited together with medium effects to control chemical
selectivity and reactivity. Improvements in hapten design,
coupled with more extensive screening of the immune response,
may yield synthetically useful catalysts for a wide range of
solvent-sensitive processes.
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Table 1. Kinetic Parameters for the Antibody-Catalyzed Syn
Elimination of Selenoxide2a

antibody substrate
kcat/Km

(M-1 min-1)
kcat

(min-1) kcat/kuncat

SZ-trans-28F8 2c (R) Me, X ) NO2) 120000 0.18 160
2d (R) H, X ) NO2) 1700 0.016 210
2e(R) H, X ) H) 250 0.0012 73

SZ-cis-39C11 2c (R) Me, X ) NO2)b 2800 0.039 36c

2d (R) H, X ) NO2) 1300 0.040 550
2e(R) H, X ) H) 2400 0.035 2200

SZ-cis-42F7 2c (R) Me, X ) NO2) 17000 0.067 62
2d (R) H, X ) NO2) 600 0.020 270
2e(R) H, X ) H) 39 0.0021 130

a Assays were performed in aqueous buffer (60 mM Tris-HCl, 100
mM NaCl, pH 8.0) at 25°C. To account for substrate depletion during
assays with high antibody concentrations (1-10 µM), the data were
fit to the equationν ) {(kcat/2)[(E + S+Km) - [(E + S+ Km)2 -
4ES]1/2]},20 whereν is the initial rate,kcat andKm are the steady-state
kinetic parameters, andE andSare the total concentrations of antibody
binding site and substrate respectively.bSevere substrate inhibition was
observed with this substrate, and the kinetic parameters were estimated
from data obtained at low substrate concentration (e30 µM). c As
described in the text, significant yields ofcis-anethole are obtained in
the presence of antibody SZ-cis-39C11 but not in the uncatalyzed
elimination, thus the value ofkcat/kun substantially underestimates
catalytic efficiency in this case.

Figure 1. (A) Total time course of the antibody-catalyzed and
uncatalyzed selenoxide elimination of2c. The reactions were performed
as described13 with 24µM substrate at 15°C without antibody (bottom
trace), with 14µM SZ-cis-39C11 (middle trace), and 2.4µM SZ-trans-
28F8 (top trace). They were monitored at 248 nm (∆ε ) 10 000 M-1

cm-1 for bothcis-andtrans-anethole). (B) HPLC traces13 of authentic
trans-anethole (11.8µM, 21.4 min), an aliquot of the SZ-trans-28F8
reaction att ) 260 min (1.6µM cis 3, 20.2 min; 21.3µM trans3, 21.6
min), an aliquot of the SZ-cis-39C11 reaction att ) 376 min (5.6µM
cis 3, 20.0 min; 7.8µM trans3, 21.4 min), and authenticcis-anethole
(11.8µM; 19.8 min). Acetophenone (5.0 min) was used as an internal
standard.

Figure 2. Rate constants for the reaction of compound2e (25 °C)
plotted against the solvent solvatochromic polarity parameter ET(30)
in cyclohexane,n-hexane, 1,4-dioxane, tetrahydrofuran, ethyl acetate,
chloroform, methyl acetate, dichloromethane, 1,2-dichloroethane (filled
diamond),tert-butyl alcohol, 2-butanol, isopropyl alcohol,n-butanol,
ethanol, ethylene glycol, and aqueous buffer (Tris-HCl 60 mM, NaCl
100 mM, pH 8.0) in the order of increasingET(30) value.
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