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bonding rearrangement in two adjacent pyrroles. Thus, the
two-electron oxidation leads from the tetraprotic porphyrinogen
1 to the diprotic ligand 6. Four-electron oxidation should in
principle lead to a nonprotic tetraaza macrocycle containing two
such cyclopropane units.
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Enzymatic eliminations and additions of water, such as those
involving dehydration of citrate, malate, and phosphoglycerate,
represent an important class of biochemical reactions. One ap-
proach for generating antibodies that catalyze these reactions
involves generating a combining site with a general base positioned
for proton abstraction.! Alternatively, antibodies could be gen-
erated that stabilize the protonated form of the OH group, con-
verting it to the much better leaving group, H,O. In order to test
this hypothesis, we asked whether antibodies generated against
positively charged hapten 1 would catalyze the dehydration of
B-hydroxy ketone 2 to enone 3 (Figure 1). Hapten 1 mimics the
oxonium ion 4 formed by protonation of substrate by an active
site amino acid residue or buffer.

Hapten 1 was synthesized by reduction of 4-benzoylbutyric acid
to the corresponding keto alcohol with borane followed by reductive
amination, nitration (cupric nitrate and trifluoroacetic anhydride),?
and selective hydrolysis to afford 5-(nitrophenyl)-4-(trifluoro-
acetamido)pentanol. Formation of the tosylate followed by
treatment with potassium thioacetate, deprotection with NaBH,,
and subsequent reaction with 2,2’-dithiobispyridine afforded hapten
1.> The hapten was conjugated to the thiolated carrier proteins,
keyhole limpet hemocyanin (KLH) and bovine serum albumin,
via a disulfide exchange reaction.* Immunization with the KLH
conjugate and generation of monoclonal antibodies were carried
out as described previously.’ Antibodies were purified to ho-
mogeneity (as determined by SDS polyacrylamide gel electro-
phoresis and constant specific activity) by protein A affinity
chromatography followed by cation exchange chromatography.

The antibody-catalyzed dehydration of 2 to 3 was performed
in 10 mM MES, MOPS, or CHES buffer of 100 mM ionic
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Figure 1. Haptens and substrates for the antibody-catalyzed dehydration
reaction.
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Figure 2. Competitive inhibition of antibody 20A2F6 by 5. The con-
centration of 20A2F6 was 10 uM in 10 mM MOPS, 95 mM NaCl, pH
7.0. Two concentrations of 2 were used: (a) 386 uM; (b) 663 uM.

strength adjusted with NaCl at 37 °C. The initial velocity was
determined spectrophotometrically by monitoring the absorbance
increase at 330 nm (products were confirmed by high-performance
liquid chromatography).” Antibody 20A2F6 showed the highest
reaction rate acceleration compared to the uncatalyzed reaction.
The reaction catalyzed by 20A2F6 demonstrates saturation ki-
netics: the kinetic constants K, and k., were determined to be
1.1 mM and 2.1 X 102 h! (pH 7.0), respectively, by constructing
a Hanes=Woolf plot.® The pseudo-first-order rate constant of
the background reaction in water (ko) is 4.0 X 1075 h7!, af-
fording a value of k,,/k’y,0 = 1200.” For comparison, the
second-order rate constants of the acetic acid and acetate-catalyzed
reactions (37 °C, 100 mM ionic strength) are 3 X 10™ M~! h~!
and 0.7 X 10~ M™! h7!, respectively.!® The catalytic activity of
antibody 20A2F6 was competitively inhibited by the addition of
the inhibitor § (K, = 16 uM), demonstrating that catalysis takes
place in the antibody combining site (Figure 2). In addition,
antibody 20A2F6 does not catalyze the dehydration reaction of
the isomeric o-nitrophenyl substrate to any detectable extent.!!

(7) The reaction was initiated by adding 20 uL of a stock solution of the
substrate in CH,CN to 980 uL of 10 uM 20A2F6 in assay solution: A,
= 16800 was used to calculate the reaction rate. The concentration of 20A2F6
was determined by absorbance at 280 nm (¢(1 cm; 0.1%) = 1.37) and 150000
for the molecular weight of IgG.
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210.

(9) The pseudo-first-order rate constant of the background reaction in
water (ky,o) was determined by measuring velocities in the pH range between
5.5 and 6.5 (10 mM MES, 100 mM ionic strength adjusted with NaCl, 2%
CH,CN) at 37 °C. The background reaction rate was pH independent in this
range, and the value of ky,o was calculated from the relation v = ky,o-
[H,0][2] = k'uyol2].

(10) These values were determined by the method of Bell and Baugham:
Bell, R. P.; Baugham, E. C. J. Am. Chem. Soc. 1937, 32, 4059.

(11) The B-hydroxy ketone substrates were synthesized by cross aldol
condensation of acetone and 4’-nitrobenzaldehyde or 2’-nitrobenzaldehyde in
the presence of a catalytic amount of sodium hydroxide and purified by silica
gel chromatography (EtOAc/hexanes).
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The k., and K, values for the deuterated substrate 7 are 6.5
X 1073 h! and 0.90 mM, respectively, resulting in an isotope effect
(kearni/kearp) Of 3.3.12  This suggests that the rate-determining
transition state for the reaction involves some degree of a C-H
bond breaking. For comparison, (kacon)n/(kacon)p = 1.8.
Treatment of antibody with diazoacetamide had no effect on
catalytic activity, suggesting either that glutamate or aspartate
residues do not play a key catalytic role or that they are se-
questered from the reagent.’? In contrast, treatment of antibody
with 4’-nitro-2-bromoacetophenone led to complete inactivation,
consistent with the presence of histidine, cysteine, serine, or lysine
in the active site.!* Interestingly, antibody 43D4, which was
generated to hapten 8 and catalyzes the elimination of HF from
substrate 6,' does not accelerate the dehydration of water from
2 (although it binds 2 with K, = 4.7 mM). This result is consistent
with the notion that hapten 1 stabilizes an oxonium ion like
transition state. Further experiments are being carried out to more
precisely define the mechanism and stereochemistry of this an-
tibody-catalyzed dehydration reaction and to generate an antibody
combining site containing a catalytic dyad.
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(12) The deuterated substrate 7 was synthesized from 4’-nitrobenzaldehyde
and acetone-d;.!!

(13) 20A2F6 was dialyzed against 20 mM borate and 150 mM NaClO,
buffer, incubated with 0.4 M diazoacetamide at pH 5.5 at 25 °C for 8 h, and
then dialyzed exhaustively against assay buffer. Grosberg, A. L.; Pressman,
D. J. Am. Chem. Soc. 1960, 82, 5478-82.

(14) 20A2F6 was treated with 2 mM 4’-nitro-2-bromoacetophenone at
room temperature for 50 h, pH 7, and dialyzed exhaustively against assay
buffer. The control experiment with 4’-nitroacetophenone was carried out in
a similar manner, and 20A2F6 showed no loss of catalytic activity.
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It is well known that 17-electron metal carbonyl radicals such
as Mn(CO); and Re(CO); are substitution labile.!* Kinetic
studies have shown that the first CO substitution of the vanadium
hexacarbonyl, V(CO), by phosphine ligands is about 10!° times
faster than that of the analogous 18-electron chromium complex,
Cr(CO)¢* Usually, the substitutional lability of 17-electron metal
complexes has been explained qualitatively in terms of formation
of a 2-center, 3-electron bond in the 19-electron transition state
or intermediate. However, the extremely large magnitude of the
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rate enhancement is not yet satisfactorily understood through this
simple bonding picture. In this communication, we provide an
electron-density analysis of the 19-electron and 20-electron
transition states and observe how the single electron difference
leads to a significant difference in the valence-electron charge
concentrations.

Restricted Hartree—Fock (RHF) ab initio calculations were used
to obtain the electron density. The effective core potentials
(ECP2s) and double-{ basis sets of Hay and Wadt were employed
for transition-metal atoms.* For ligand atoms, the ECPs and basis
sets with a double-{ representation of Stevens, Basch, and Krauss
were used.® Although we have shown that the electron correlation
is extremely important for determining the transition states and
activation energies of the substitution reactions of 17-electron and
18-electron carbonyl complexes, it is much less important for
metals in the third transition series than in the first or second
transition series.” Therefore, for theoretical simplicity, we studied
the transition states for carbonyl exchange reactions of M(CO),
+ CO (M = Ta and W) at the RHF level. The transition state
(or intermediate if one exists) for an exchanging reaction can be
easily obtained by optimizing structures with a symmetry (mirror
or C,) restriction relating the entering and leaving ligands, since
the principle of microscopic reversibility requires that in the
transition state (or intermediate) of an exchange reaction the
entering and leaving groups have a like geometric relation to the
rest of the structure.®® For nucleophilic attack on an octahedral
face, the assumed transition state with a C,, symmetry is shown
in 1. In the geometry optimization of the C,, transition states,
all degrees of freedom were optimized, except the M—C—-O angles
which were assumed to be linear for the four equivalent carbonyls.
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For these assumed transition states, M(CO), (1), the structural
parameters « and M—E (= M—L, E = L = CO) are found to
be 70.0° and 2.3 A for M = Ta and 54.7° and 3.9 A for M =
W. The assumed associative transition state for W(CO), + CO,
in fact, resembles an /; transition state since both entering and
leaving ligands are far from the metal center in the calculated
transition-state geometry. The activation energies are calculated
to be 20.8 kcal/mol for the Ta(CO)4 + CO exchange reaction
and 35.8 kcal/mol for the W(CO), + CO exchange reaction (the
latter is close to the reported dissociation energy'®). The sig-
nificant activation energy difference (15.0 kcal/mol) can account
for the extremely large magnitude of the rate enhancement, since
the 10'0 multiplicative difference in the substitution reaction rates
corresponds to a difference of 12-13 kcal/mol in the activation
energy if we assume an Arrhenius expression for the rate constant
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