
NMR to follow proton transfer is not clear. 
Such studies are rather scarce (12-15), and 
none of them have been conclusive for the 
Droton transfer dvnamics. 

The symmetric double minimum poten- 
tial for the asymmetric hydrogen bond 
between peptide units shows that such 
potentials can occur even for hydrogen bonds 
that are not formally symmetric (A---H-.A). 
However, t h  picture has been derived within 
the Born-Oppenheimer approximation ap- 
plied at two distinct levels: (i) the electrons 
follow the atomic nuclei adiabaticallv. and , , 

(ii) the light protons follow the heavy atoms 
adiabatically. Use of INS reveals that this 
framework is not adequate to describe the 
dynamics in hydrogen bonds. 

The impact of INS spectroscopy is bound 

to extend far beyond the study of proton 
transfer along hydrogen bonds. Many fields 
of research concerned with proton mobility 
in the solid state will benefit from recent and 
future developments of INS techniques. 
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ideal catalysts for initiation and control of 
this process in that they have been shown to 

Anti body Catalyzed Cationic 
Cyclization 

Tingyu Li, Kim D. Janda," Jon A. Ashley, Richard A. Lerner* 
Two major goals for the design of new catalylts are the facilitation of chemical transfor- 
mations and control of product outcome. An antibody has been induced that efficiently 
catalyzes a cationic cyclization in which an acyclic olefinic sulfonate ester substrate is 
converted almost exclusively (98 percent) to a cyclic alcohol. The key to the catalysis of 
the reaction and the restriction of the product complexity is the use of antibody binding 
energy to rigidly enforce a concerted mechanism in accord with the design of the hapten. 
Thus, the ability to direct binding energy allows the experimenter to dictate a reaction 
mechanism which is an otherwise difficult task in chemistry. New catalysts for cationic 
cyclization may be of general use in the formation of carbon-carbon and carbon-heteroatom 
bonds leading to multiring molecules including steroids and heterocyclic compounds. 

T h e  study of carbocations has added to the 
understanding of reaction mechanisms in 
organic chemistry (Fig. 1) (1). Neverthe- 
less, controlling the reaction pathways of 
this highly reactive species is not easy. 
Among the many transformations where 
carbocations appear on the reaction path- 
way, cationic cyclization is one of the most 
important carbon-carbon bond forming 
processes in chemistry and biochemistry 
(2-1 7). Cationic processes are central to 
many synthetic strategies as well as the 
polyene cyclization cascade that leads to 
the formation of steroids. Some of the 
earliest synthetic work on cationic cycliza- 
tion reactions was that of Johnson and his 
colleagues, who studied the formation of 

six-membered rings from acyclic unsaturat- 
ed compounds (2). Their work led to the 
recognition that the process must be initi- 
ated in a way that generates a cationic 
center on carbon without affecting the ole- 
finic bonds. 

Typically, a cationic cyclization reaction 
is initiated by the formation of a carbo- 
cation, either by electrophilic addition to a 
double bond or by ionization at a sp3 hy- 
bridized carbon. The reaction is thought to 
proceed via a transition state in which the 
reactants adopt a quasi-chairlike conforma- 
tion, thereby allowing participation of the 
olefinic bond in what is essentially a con- 
certed transformation. 

To catalyze cationic cyclization requires 
control of the initial generation and stabili- 

The authors are at the Scripps Research Institute, 
De~artment~ of Molecular Bioloav and Chemistrv, 'ation. of the carboca!ion as as the 
10666 North Torrey Pines Road, Jolla, CA 92037, attendant entropic and stereoelectronic pa- 
USA. rameters intrinsic to the cyclization reac- 
*To whom correspondence should be addressed. tion. Antibodies should, in principle, be 

be capable of catalyzing complex reactions in 
which it was necessarv to simultaneouslv 
neutralize point charges, overcome entropic 
bamers, and provide a chiral binding pocket 
for stereoselectivity (1 8). In essence, the 
problem reduces to that of generation of the 
carbocation in an environment that fosters 
and controls the cyclization reaction. We 
now describe the implementation of these 
concepts to achieve antibody catalyzed cat- 
ionic cyclization. 

We studied the classical system of 
Johnson in which the initiating carbocation 
is formed by the solvolysis of sulfonate 
esters; we used 1 as a substrate (Fig. 2) (2). 
At acidic pH several zwitterionic or cation- 
ic species or both (Fig. 2) were developed in 
the transition state. of which 2 is remesen- 
tative. Although such systems can undergo 
solvolvsis-cvclization reactions with elec- , , 
tron-rich olefins, they are not always useful 
because the yield is poor and complex 
mixtures of products are produced (19). 
However, antibody catalysis permits selec- 
tive control of the mechanism of the sol- 
volysis of 1, thereby reducing the complex- 
ity of the reaction and improving the yield 
of desired products. 

The reaction and hapten design. To 
catalyze the cationic cyclization of 1, we 
designed a hapten that induced an antibody 
that simultaneously facilitates the cleavage 
of the sulfonate and controls the conforma- 
tion of the substrate in the transition state 
such that the olefin is properly aligned to 
participate in the reaction. The cyclic 
N-oxide 3 would seem to be an ideal hapten 
to induce antibodies capable of catalyzing 
release of the sulfonate from 1. The anionic 
oxygen should elicit a functionality in the 
antibody capable of operating by way of a 
process that we have termed "bait and 
switch" catalysis to stabilize the developing 
negative charge on the departing sulfonate 
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(20). Such interaction with the leaving 
group was necessary because our sulfonate 
ester was not as activated as the nosylate 
used in the original Johnson system (19). 
Likewise, the cationic nitrogen can be ex- 
pected to induce an anionic functionality in 
the antibody combining site, which should 
stabilize the developing carbocation so that 
it is not prohibitively high in energy (18). 

We envisioned that the reactants would 
adopt a quasi-chairlike conformation in the 
transition state with the leaving group in 
the pseudo-equatorial position and the ole- 
finic bond aligned to participate in what is 
essentially a concerted transformation (Fig. 
2). The expected chair conformation of the 
cyclic N-oxide hapten should induce an 

Fig. 1. Generic reaction pathway 
involving a carbocation. The leav- 
ing group (L) in the starting mate- 
rial departs from a tetrahedral 
carbon to generate a planar car- 
bocation in which the empty p-or- 
bital is orthogonal to the plane 
containing the remaining three 
substituents. The reaction termi- 
nates by nucleophilic addition or 
loss of a proton. 

Fig. 2. Reaction mech- 
anism and hapten de- 
sign for cationic cv- 

antibody which favors a similar conforma- 
tion of the reactants in the transition-state. 
thereby facilitating an energetically favor- 
able route for the cyclization process (Fig. 
2). Proper alignment of the olefin is further . 

ensured by conjugation with the equatorial 
carbon-silicon bond, which correctly posi- 
tions the pi orbital for backside attack on 
the carbon atom. 

Once the cyclization takes place, the 
newly formed carbocation can be captured, 
for example, by elimination or attack by an 
internal or external nucleophile (1 6). The 
dimethylphenyl silyl group (silane) was in- 
cluded in the molecule to give mechanistic 
information by offering yet another alterna- 
tive for capture of the carbocation via loss 

I 
t 

+ Products 

Fig. 3. Synthesis of hapten 
3. Conditions: (a) Boc20, di- 
tert- buty~ dicarbonate; 64 n2N-@H2 -L h N n  

percent yield. (b) Chloro- \ 
acetylchloride, 94 percent. Br 

(c) n-BuLi, n-butyllithium; 
chlorodimethylphenylsilane; 
30 percent. (d) Nal (cat), 
sodium iodide (cat); 70 per- 
cent. (e) HdPtO,, hydro- SIPhMe2 

gen-platinum (IV) oxide; 80 
percent. (f)  HClldioxane. cr 

h, i 

hydrogen chlorideldioxane; 
100 percent. (g) Benzylglu- 
taryl chloride; 82 percent. 

0 
(h) MCPBA, 3-chloroperoxy- 
benzoic acid; 100 percent. 
(i) NaOH, sodium hydroxide; 50 percent. 

of the silane and formation of the olefin, a 
process that occurs readily in organic sol- 
vents. In addition, the silane might be 
expected to participate in the cyclization by 
resonance stabilization of the incipient car- 
bocation $ to the silicon ($ effect) (21). 
Both formation of the olefin via loss of the 
silane and stabilization of the carbocation 
were expected to be contingent on the 
ability of the molecule to adopt a confor- 
mation in the antibodv bindine site com- .. 
patible with the stereoelectronic require- 
ments of these processes. 

The hapten 3, which includes a five- 
carbon spacer, was prepared from 4-bro- 
mopyridine hydrochloride and 1,4-phenyl- 
enediamine (Fig. 3). Because the overall 
shape of the hapten was important to this 
study, we' used nuclear magnetic resonance 
(NMR) to studv the conformation of 3 in 
solution. The silicon appendage and the 
phenylenediamide moiety were unambigu- 
ously assigned to equatorial positions by 
nuclear Overhauser effect (NOE) measure- 
ments (22). This result is consistent with 
previous findings that place the oxygen 
atom on N-oxides in the axial orientation 
(23). While the axial orientation of the 
oxygen atom might not be considered opti- 
mal for induction of a functionality to 
stabilize a pseudo-equatorial leaving group, 
the distances between a pseudo-equatorial 
and an axial atom are close enough to 
expect stabilization by the induced comple- 
mentary functionalities in at least some 
antibodies. 

Substrates. In addition to 1, six other 
possible substrates (4, 5, 6, 7, 8, 9) are 
illustrated in Fig. 4 and the synthesis of all 
substrates in racemic form is shown in Fie. 
5. Sulfonate ester 1 is expected to be the 
best substrate for antibodies elicited to hap- 
ten 3. The other substrates were synthe- 
sized to probe the course of the reaction 
mechanism. Substrate 4 is analogous to 1, 
but a methyl group was introduced into the 
1' position to determine whether a primary 
or secondary carbocation is preferred at the 
initiating carbon center. Substrates 5 and 6 
were designed to investigate whether the 
silicon heteroatom influences the reaction 
sequence. Compounds 7 and 8 were pre- 
pared to explore whether the double bond 
participates via anchimeric assistance 
(neighboring-group participation) in the 
solvolysis of the sulfonate. The epoxide- 
containing compound 9, while obviously 
less similar to the hapten than any of the 
other substrates, was used to investigate the 
possibility of effecting a cationic ring clo- 
sure with an initiating event that more 
closely mimics what occurs in nature. 

Antibody induction and catalysis. 
N-Oxide 3 was coupled to keyhole limpet 
hemocyanin (KLH) and the conjugate was 
used to immunize 129 GlX+ mice for pro- 
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duction of monoclonal antibodies (24). 
Twenty-nine monoclonal antibodies were 
shown by an enzyme-linked immunosorbent 
assay (ELISA) (25) to bind 3 conjugated to 
bovine serum albumin (BSA) (26). Each of 
the cloned 29 cell lines was injected into 
mice for production of ascites fluid. Anti- 
body from each sample of ascites fluid was 
purified by salt precipitation, anion ex- 
change, and affinity chromatography (27). 

To analyze the set of 29 monoclonal 
antibodies for catalytic activity we used 
several assays of which the first was based 
on high-performance liquid chromatogra- 
phy (HPLC). This assay consisted of incu- 
bating the antibodies in a biphasic reaction 
mixture (83 percent pentane, 2 percent 
chloroform, 15 percent 50 mM bis-tris, pH 
7.0), and following the reaction for the 
release of 4-acetamidobenzenesulfonic acid 
(28). We have previously shown that for 
some antibodies catalysis under biphasic 
conditions has no detrimental effects on 
either the structural integrity of the anti- 
body or on its kinetic parameters (29). 
From this study, four antibodies (4C6, 
16B5, 1C9, and 6H5) were identified as 
potential "initiating-catalysts" on the basis 
of their ability to catalyze the cleavage of 
the sulfonate ester bond in 1. To ascertain 
the nature of the terminated products, we 
used gas chromatography (GC) (30). Ana- 
lytical GC was used for one of these four 
antibodies (4C6), which was chosen on the 
basis of its rate of sulfonate ester cleavage. 
The products observed from the 4C6 an- 
tibody-catalyzed reaction were cyclohex- 
ene 11 (2 percent) and trans-2-dimeth- 
ylphenylsilylcyclohexanol 12 (98 percent) 
(Fig. 6). Other potential products (13- 
15) were not observed. Only the trans 
isomer of 12  was observed but the absolute 
configuration has not yet been deter- 
mined. The mass balance of the products 
matched the production of 4-acetamido- 
benzenesulfonic acid (3 1). Such a narrow 
distribution and accountability of products 
is important because typically a plethora of 
cyclized and uncyclized compounds can be 
expected from cationic cyclization reac- 
tions conducted under solvolysis condi- 
tions (Fig. 6). We attribute the almost 
singular production of the cyclized prod- 
uct, 12, to both the antibody's ability to 
en.force a pseudo-cyclic transition state 
and its capacity to trigger the reaction 
under conditions so mild that there is no 
detectable background reaction. 

Finally, antibody 4C6 is more than a 
simple initiating catalyst because not all 
antibodies that accelerated sulfonate ester 
cleavage led to the formation of cyclization 
products. For example, antibody 16B5 dis- 
played an initial rate enhancement for the 
release of 4-acetamidobenzenesulfonic acid 
from 1, but this antibody-accelerated pro- 

cess furnished no straight-chain or cyclic 
products. We ascribe this lack of productiv- 
ity to an alkylation event within the anti- 
body's combining site, either as the result of 
an irreversible S,2 type process, or the 
trapping of the carbocation by the antibody 
after release of the sulfonate. Two pieces of 
evidence suggest that, unlike 4C6, anti- 
bodv 16B5 is alkvlated. First. the reaction 
accelerated by antibody 1 6 ~ 5  never pro- 
ceeded beyond one turnover. Second, this 
single turnover event destroyed the ability 
of the immunoglobulin to bind to the hap- 
ten 3 (32). . , 

Kinetic analysis and mechanism. The 
most active antibodv. 4C6. was studied in , , 

more detail using our biphasic solvent 

conditions at pH 7.0. The initial rate of 
cleavage, measured as a function of sub- 
strate 1 concentrations, followed Michaelis- 
Menten kinetics (k,,, = 0.02 min-', K ,  = 
230 pM, for sulfonate release). Multiple 
turnovers could be seen and no product 
inhibition was observed even when the 
reaction was allowed to proceed to more 
than 70 percent of reacted starting materi- 
al, a finding likely attributable to the favor- 
able partitioning of products into the organ- 
ic layer. The efficiency of the antibody- 
catalyzed reaction is underscored by the fact , 
that even after several days no solvolysis of 
sulfonate ester 1 was observed without 4C6 
present (detection limits < 0.1 pM) , there- 
by precluding determination of k,,,,,. In 

Fig. 5. Synthesis of sub- SiPhMe2 SiPhMe. L 

strates. (a) NaH, sodium hy- 
dride; TBSCI, tert-butyldime- 
thylsilyl chloride, 50 percent 
yield. (b) Swern, 99 percent. 
(c) (Carbethoxymethy1ene)- OTBS 

triphenylphosphorane, 62 
percent. (d) (PhSiMe,),CuLi, 
lithium bis(phenyldimethy1- SiPhMe2 

silyl) cuprate; 88 percent. 
(e) LAH, lithium aluminium lo + o 
hydride; 96 percent. (f) n- 5- 9 

&,P, tributylphosphinei 2-ni- n 
trophenyl selenocyanate; hy- 
drogen peroxide; 88 percent. OH 

(g) HF, hydrofluoric acid; 95 
percent. (h) N-acetylsulfanilyl 
chloride; DMAP, 4-dimethyl- II 

> 5  

aminopyridine; 50 percent. (i) o 
PCC. ~vridinium chlorochro- 
mate'; '80 percent. (j) MeLi, 
methyllithium; 90 percent. (k) 
H2-Pd, hydrogen-palladium 
on activate carbon; 95 per- + 6  

cent. (I) DIBAL-H, diisobutyl- 
aluminum hydride; 80 per- OH I 
cent. (m) Tert-BuOOH, tert- 
butyl hydroperoxide; Vo(AcAc),, vanadium (Ill) acetylacetonate; 20 percent. (n) DCC, 1,3-dicylo- 
hexylcarbodiimide; DMAP, 4-dimethylaminopyridine; 65 percent. (0) 1-hexanol; 60 percent. (p) 
5-hexen-1-01; 60 percent. (q) LDA, lithium diisopropylamide; TMSCI, chlorotrimethylsilane; 80 
percent. (r) 2-phenyl-2-propylacetate; ZnCI,, zinc chloride; 85 percent. (s) Methyltriphenylphospho- 
nium bromide, nBuLi, n-butyllithium; 60 percent. 
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addition, 3 was a potent inhibitor of the. 
antibody catalyzed reaction (Ki = 1.0 pM). 

To explore the mechanism of the cy- 
clization reaction. we examined com~ounds 
4 to 9 as potential substrates. The most 
interesting comparison was between com- 
pounds 1 and 8, which differ only by the 
presence of an olefin. Onlv 1 is a substrate 
for the reaction, thereby giving evidence 
that the olefin assists in the departure of the 
sulfonate ester via anchimeric assistance, 
and the entire process proceeds by a con- 
certed pi route. The failure of the silane to 
depart also provides mechanistic informa- 
tion about the antibody-catalyzed process. 
Termination of a fully enforced concerted 
process with the silane departing from the 
equatorial position would require formation 
of the highly unfavorable trans-cyclohex- 
ene. Thus, for termination to proceed con- 
certedly, nucleophilic trapping of the incip- 
ient carbocation must occur. which in this 
case simply involves the addition of water. 

Sulfonate 4, the closest homolog of 1, 
was found to be a substrate for 4C6 (kcat = 
0.3 min-', Km = 1.8 mM, kcat/kUncat = 
12,000, for sulfonate release), but clean 
cyclization was not observed. Instead, anti- 
bodv-catalvzed reaction of 4 vielded a corn- - ,  
plex mixture of products, which were not 
analyzed further. The differences in prod- 
ucts for substrates 1 and 4 may simply 
reflect the variances in reaction pathways 
open to the reactants. In the catalvtic 
transformation of 1, the obligatory anchi- 
meric assistance bv the olefin necessarilv 
leads to a restriction in product complexity. 
Such constraints do not pertain to 4 where 
a more stable secondary carbocation ap- 
pears on the pathway. It is well known for 
many reactions that, when the possibility of 
alternative stabilization of the carbocation 
exists, the reaction may proceed by a route 
that no longer involves anchimeric assis- 
tance (33). 

Compound 6 ,  which differs from 1 only 
bv* substitution of a carbon for a silicon 
atom, is not only a poor substrate (kcat = 
7.8 x lop4 min-', Km = 330 p,M, for 
sulfonate release) but also yielded a com- 
plex mixture of products. This suggests that 
the silicon atom plays an important role in 
the reaction by activation of the olefin, or 
~artici~ation in the overall stabilization of 
the cationic process, or both. Furthermore, 
the silane may be conjugated to the olefin, 
thereby ensuring its proper alignment in the 
transition state. The ability to simultane- 
ously initiate cationic cyclization by ioniza- 
tion and retain the silane is unprecedented 
and is allowed by the mild conditions of 
antibody catalysis. Under the usual solvol- 
ysis conditions (formic acid, 80°C) (2, 19), 
we observed loss of the silane from substrate 
1 in a matter of minutes (34). 

Compounds 5, 7, and 8 were ineffective 

Fig. 6. Product distribution from 
SlPhMe, S I P ~ M ~ Z  antibody 4C6-catalyzed reaction. 
I I 

substrates for antibody 4C6, and 8 is, in 
fact, an inhibitor of the reaction (Ki = 200 
pM). These findings suggest that the di- 
methylphenyl functionality plays an impor- 
tant role in antibody-substrate recognition, 
but this recognition event bv itself does not " 
provide enough binding energy to initiate 
cleavage of the sulfonate ester. Thus, the 
effectiveness of our catalyst appears to be 
governed by several factors including stabi- 
lization of point charges, provision of suffi- 
cient binding to overcome entropic barri- 
ers, and the more complicated stereoelec- 
tronic effects which can be provided by 
precise control of the conformation of the 
reactants. Finally, the epoxide-containing 
compound, 9, was not a substrate for the 
antibody catalyst 4C6. Presumably, an 
overall lack of congruency with hapten 3 
precludes compound 9 from being a sub- 
strate for antibody catalysis. 

In summarv. we have elicited antibodies , , 
that catalyze the process of cationic cycliza- 
tion. This reaction is interesting for several 
reasons, not least of which is that carbon- 
carbon bond formation has been catalyzed. 
These results again illustrate the power of 
merging the understanding of a reaction 
mechanism with the ability of the immune 
system to yield binding proteins pro- 
grammed to interact in highly specific ways 
as the substrate traverses the reaction coor- 
dinate. The abilitv to dictate the reaction 
mechanism by design allows unprecedented 
control of the product outcome. But a par- 
ticular feature of our study is the fact that the 
cyclization that we have catalyzed can be 
considered an initiator that is capable of 
starting the cascade of contingent events 
implicit in chemical processes involving car- 
bocations. As such, our work may be con- 
sidered a first step toward the generation of 
catalytic antibodies that mimic the natural 
enzymes that achieve polyene cyclization. If 
these goals can be accomplished, catalytic 
antibodies may allow the generation of car- 
bon-heteroatom bonds, complex steroid 
molecules, and other compounds produced 
bv cationic cvclization and not easilv attain- 
able by organic synthesis. Apart from discov- 

ering new carbon-carbon bond-forming re- 
actions, further studies should provide better 
understanding of the critical enzymological 
factors involved that function in polyene 
cyclization reactions. 
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