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atoms were located from a difference Fourier map. The full-
matrix least-squares" refinement using anisotropic temperature 
factors12 (isotropic for H atoms) converged to an R of 0.045. The 
absolute configuration was determined by using the anomalous 
dispersion of oxygen13 and measuring the 18 most sensitive Friedel 
pairs repeatedly. Differences for 15 pairs are in agreement with 
the enantiomer shown in Figure I.14 In the crystal structure 
tedanolide is shaped like an elongated disk (length 9.0 A, width 
5.5 A) with the hydroxy groups at C-2 and -13 directed to the 
interior of the ring and the carbonyl oxygens at C-5, -11, and -15 
oriented perpendicular to the plane of the ring. There is one 
probable intramolecular H bond [O(10)-O(9) 2.824 (4) A] and 
two intermolecular H bonds [0(3)-0(7) and 0(8)-0(4)]. 

Tedanolide is of mixed acetate-propionate biogenesis (acetate 
units at C-1,2 and -11,12). It differs from other macrolides in 
that the site of lactonization is not near the end of the carbon 
skeleton.15 Tedanolide is highly cytotoxic, exhibiting an ED50 
or 2.5 X 10"4 in KB and 1.6 X 10~5 in PS.4 Cell-flow cytofluo-
rometry16 analysis revealed that tedanolide causes accumulation 
of cells in the S phase at concentrations as low as 0.01 ^g/mL. 
In vivo tumor inhibition evaluation of tedanolide is in progress. 

Only a few other macrolides have been isolated from marine 
organisms: the bryostatins,17 aplysiatoxin,18 debromoaplysiatoxin,18 

oscillatoxin A and brominated analogues,19 and aplasmomycin.20 

The extremely low yield in which tedanolide is obtained indicates 
that it may be a metabolite of some microorganism as was found 
in the case of okadaic acid.21 We are searching for such a source. 
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Chymotrypsin is a large (MW 24 800) and complicated (245 
amino acids) enzyme. For many years we have been working on 
an organic model of it. This is feasible because the constituents 
of the active site are only three,1 and their stereochemistry 
(distances and angles with respect to one another) is known 
through X-ray analysis.2 

Several models of enzymes have already been synthesized, 
mainly based on cyclomayloses. These include models of chy­
motrypsin,3'4,8 ribonuclease,5 carbonic anhydrase,6 and trans­
aminase.7 Previous models of chymotrypsin synthesized either 
by us3,4 or by others8 have suffered from the fact that they have 
used the binding ability of the cycloamyloses but have not in­
corporated all three known catalytic groups of chymotrypsin. 
Chymotrypsin is the archetype of about 20 serine proteases and 
is thus an important enzyme. All of the serine proteases proceed 
through an acyl-enzyme intermediate. 

We started on models of the acyl-enzyme intermediate (sum­
marized in Table I) since its reactions do not have to consider 
binding. We first attached two of the three known constituents 
of the active site to a completely rigid backbone whose stereo­
chemistry could be regulated easily. 

Thus we synthesized exo-imidazolyl-enrfo-hydroxyl- and 
tfwfifo-imidazolyl-eflrfo-hydroxylnorbornane, which we converted 
to the corresponding cinnamates, endo,endo-{\) and exo,endo-
5-[4(5)-imidazolyl]bicyclo[2.2.1]hept-2-yl rra/w-cinnamate (2).9 

PhCH "CHCO 

O 
H N ^ N 

PhCH-CHCO 
Ii 
O 

We found that the imidazolyl group in the endo.endo compound, 
1, but not in the exo,endo compound, 2, participated in the hy­
drolysis of the ester linkage across the bicyclic ring system. This 
was apparent from the kinetics of hydrolysis, which showed de­
pendence on the ionization of the imidazolyl group in the endo,endo 
compound but not in the exo.endo compound.10 

We then found that the participation by the imidazolyl group 
in the endo-endo compound 1 was due to a base catalysis by the 
imidazolyl group since a ^H2OAD2O effect of 3.0 occurs.10 This 
was mechanistically interesting since the deacylation of 
cinnamoyl-chymtrypsin proceeds by imidazole acting as a base 
with a fcH2o/^D2o effect of 2.5" and since imidazole in all other 
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Table I. Steps in the Development of a Model for an Artifical Acyl-Enzyme 

development hydrolysis of 
rate 

constant," 
rel rate 
constant ref 

(1) 2-hydroxyl and 5-imidazolyl group regiochemistry in the 
norbornane ring system confirmed 

(2) endo,endo stereochemistry of the hydroxyl and imidazolyl groups 
(3) the function of the imidazolyl group is a general base* 
(4) carboxylate (benzoate) ion is necessary 
(5) intramolecular benzoate ion is necessary 

1 + 0.5 M benzoate 
4 

4.5 x \ria 

4.5 X 10'5 

8.6 x 10"5 

6.9 x 10"3^ 

1 10, 13 

1917 
154 000 

13 

13 + present work 
present work 

"this rate constant corresponds to that for the rate of hydrolysis of norbornane cinnamate without an imidazolyl group. If extrapolation to 60 °C 
was required, it was done using the data of ref 11. 4&H2OAD2O = 3.0. "the purity of this compound dictates that the rate constant be only good to 
±5%. 
2! 

The others are better. dthe rate constant of deacylation of cinnamoylchymotrypsin at pH 7.9 and 60 0C in water is 1.3 X 10" 
faster than a "normal" cinnamate or 18 faster than our artificial acyl-enzyme. 

s"1, which is 

Scheme I. Synthesis of 4 by the Condensation of 
2-Bromobenzamide with endo, B«do-5-(Bromoacetyl)-2-
hydroxybicyclo[2.2.2]heptane Followed by Lithium Exchange 
of the Bromine Atom, Carboxylation of the Lithium Derivative, 
and Cinnamoylation of the Hydroxyl Group 

H,N 

intramolecular situations acts as a nucleophile,12 which would give 
a &H 2 OAD 2 O effect of 1.0. 

We further found that the addition of benzoate ion (3) (the 
third component of the imagined active site) produced a 2500-fold 
increase in the hydrolytic rate at a concentration of 0.5 M in 0.42 
mol fraction dioxane-water as solvent, used to simulate the apolar 
nature of the chymotrypsin active site. This was satisfying from 
both a mechanistic and kinetic viewpoint since we were using the 
constituents of the active site of the enzyme to produce a rate of 
reaction which was calculated to be within a factor of 4 of the 
rate of cinnamoyl-chymotrypsin deacylation. But this was ac­
complished by using the assumption that an intramolecular 
catalyst (as in an enzyme) equals 10 M of an intermolecular 
catalyst.13,14 

We now report the synthesis and reactivity of the intramolecular 
analogue of this system, ewfo,emfo-5-[2-(2-carboxylphenyl)-4-
(5)-imidazolyl]bicyclo[2.2.1]hept-2-yl trans-cmna.ma.te (4). It 
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Figure 1. Hydrolysis of norbornane frarcs-cinnamate models, pH 7.9, 60 
0C. A, hydrolysis of 1, black circles; B, hydrolysis of 1 + 0.5 M benzoate 
ion, open circles; C, hydrolysis of ewfo,ewrfo-5-[2-(2-carboxyphenyl)-4-
(5)-imidazolyl]bicyclo[2.2.1]hept-2-yl //wis-cinnamate (4), open squares. 

was synthesized from enrfo,e«rfo-5-acetyl-2-hydroxybicyclo-
[2.2.1]heptane by first converting it to endo,endo-5-{bromo-
acetyl)-2-hydroxybicyclo[2.2.1]heptane, then condensing it with 
2-bromobenzamidine to the corresponding imidazole derivative, 
carboxylating the 2-bromophenylimidazole to give the corre­
sponding carboxylate ion, and finally cinnamoylating the hydroxyl 
group on the norbornane ring, according to Scheme I, thereby 
producing 4.15 

We have determined the rate of hydrolysis of the endo,endo 
compound containing intramolecular benzoate ion 4 and shown 
it to be equal to ' / 1 8 the rate of deacylation of rra«s-cinnamo-
yl-a-chymotrypsin (Table I) . Furthermore, we find that an in­
creasing dioxane concentration in the solvent increases the reaction 
rate as seen before.13 

As shown in Figure 1 and Table I, there is a large increase in 
the rate constant for the hydrolysis of 4 over that of hydrolysis 
of "normal" cinnamates. Although this acceleration of 154 000, 
in the mixed solvent system, is 18-fold less than that of the real 
acyl-enzyme in water, if one suggests a differential solvating system 
for the active site of the artificial enzyme, as exists in the real 

(15) Synthesis of en</o-5-hydroxy-e«do-2-norbornane carboxylic acid is 
carried out according to ref 16 and is then treated with MeLi and n-BuLi, 
producing the ketone. 

(16) Henkel, J. G.; Spurlock, L. A. J. Am. Chem. Soc. 1973, 95, 
8339-8351. 

(17) Highlights of the NMR, IR, and mass spectra of 4 follow: IR (KBr) 
vmax 3400-2200, 1700, 1630, 1570 cm"1; NMR (270 MHz, CDCl3) 5 8.38 (2 
H, s), 7.66 (1 H, d, J = 16 Hz), 7.51-7.36 (10 H, m), 6.41 (1 H, d, / = 16 
Hz), 5.12 (1 H, m), 3.25 (1 H, m), 2.85-1.10 (8 H, m); mass spectrum (70 
eV); mji 411 (M - 17), 384 (M - 44), 131 (base). 
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enzyme, it is possible that both the real and artificial acyl-enzymes 
would have the same rate of deacylation. 

Thus we have synthesized an organic chemical model of an 
acyl-enzyme intermediate of MW 428 whose hydrolysis rate is 
approximately equivalent to a real acyl-enzyme intermediate of 
MW 25 100 (Table I). This achievement indicates that out initial 
assumptions of a three amino acid active site and the intermediacy 
of an acyl-enzyme are correct for the chymotrypsin structure and 
mechanism. 

The molecular weight ratio of 58.25 for the real over the ar­
tificial acyl-enzyme, which we have achieved, can be explained 
in part by the fact that we do not utilize any amino acids in our 
synthesis, which immediately makes it nonutilizable for biosyn­
thesis including transmission through the genetic chain from one 
generation to the next and also reduces the water solubility greatly. 
Since all life takes place in water, it reduces the utility of the 
artificial acyl-enzyme to nonlife processes. 

The mechanism by which this large rate acceleration occurs 
will be discussed in the full paper. 

Acknowledgment. This research was supported by the NSF, 
Grant CHE 802697, the NIH, Grant GM20853, and grants from 
the Merck, Sharp and Dohme Co. and the Hoffmann-LaRoche 
Co. This financial support is gratefully acknowledged. 

0.001 

[R4NBF4] M 

0.002 0.003 0.004 

[R4NBF4] M 

Figure 1. Stern-Volmer analysis of the quenching of the pyrene-di-
cyanobenzene exciplex in dimethoxyethane by tetra-n-butylammonium 
tetrafluoroborate. Circles are for intensity quenching and are plotted 
according to the scales shown on the left and bottom axes. Triangles are 
for lifetime quenching and are plotted according to scales shown on the 
right and top axes. 
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Exciplex intermediates play a pervasive role in organic pho­
tochemistry.1 In relatively nonpolar solvents, radiative relaxation 
of the exciplex often occurs in competition with chemical reactions. 
In more polar solvents, dissociation of the exciplex to radical ions 
is the dominant reaction when it is permitted energetically. Salt 
effects are often used to control or probe organic reactions.2 

However, only quite recently have salts been employed in the 
investigation of exciplexes.3,4 Herein we report the results of a 
study of the interactions between tetra-K-butylammonium tetra­
fluoroborate (R4NBF4) and the exciplex formed from singlet 
excited pyrene and 1,4-dicyanobenzene, (Py-DCNB)*1, in di­
methoxyethane (DME) solution. The findings reveal that (Py-
DCNB)*1 is quenched by monomeric, dipolar R4NBF4 without 
formation of ions but that reaction of the exciplex with higher 
aggregates (R4NBF4)„ leads to efficient formation of pyrene 
radical cation (Py+-) and dicyanobenzene radical anion (DCNB"-). 
This phenomenon is useful both for controlling the chemical 
reactions of exciplexes and for analyzing putative electron-transfer 
reactions. 

The fluorescence of pyrene in DME is rapidly and irreversibly 
quenched by addition of DCNB, and simultaneously a new, broad 
emission centered at 450 nm due to (Py-DCNB)*1 appears in the 
spectrum.5 The fluorescence of pyrene is unaffected by addition 

(1) For general references on exciplexes, see: Birks, J. B. "Photophysics 
of Aromatic Molecules"; Wiley: New York, 1970. "The Exciplex"; Gordon, 
M., Ware, W. R., Eds.; Academic Press: New York, 1975. Masuhara, H.; 
Mataga, N. Ace. Chem. Res. 1981, 14, 312. Mattes, S. L.; FaHd, S. Ace. 
Chem. Res. 1982, 15, 80. Davidson, R. S. Adv. Phys. Org. Chem. 1983, 19, 
43. 

(2) Hammett, L. P. "Physical Organic Chemistry", 2nd ed.; McGraw-Hill: 
New York, 1970; Chapter 7. 

(3) Kitamura, N.; Imabayashi, S.-i.; Tazuke, S. Chem. Lett. 1983, 455. 
(4) McCullough, J. J.; Yeroushalmi, S. J. Chem. Soc, Chem. Commun. 

1983, 254. Evans, T. R.; Wake, R. W.; Sifain, M. M. Tetrahedron Lett. 1973, 
701. 
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469. 
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Figure 2. Double-reciprocal plot of the relative yield of pyrene radical 
cation against the concentration of tetra-n-butylammonium tetrafluoro­
borate in dimethoxyethane. 

of R4NBF4, but the emission of the exciplex is quenched by this 
salt. The maximum of the exciplex emission spectrum is not 
changed noticeably by the salt. In contrast to observations reported 
for related systems,3 Stern-Volmer analysis of the exciplex 
quenching by the salt reveals a distinctly nonlinear relationship.6 

In effect, the salt is a less effective quencher at higher concen­
trations than it is at the lower concentrations. Precisely the same 
nonlinear behavior is observed when the lifetime of the exciplex 
is monitored. These results are displayed on Figure 1. 

Excitation of a DME solution of pyrene containing 0.02 M 
DCNB with the output of a nitrogen laser (15 ns, 337 nm, 7 mJ, 
absorbed exclusively by the pyrene)7 permits analysis of these 
reactions by transient absorption spectroscopy. In the absence 
of added salt this experiment reveals, not unexpectedly, that the 
radical ions are not formed in detectable amount from dissociation 
of the exciplex in this relatively nonpolar solvent. However, when 
the solution also contains 0.05 M R4NBF4 the absorbance of Py+-
is readily observed, and its yield (determined from the absorbance 
change at 445 nm)8 is virtually the same as that obtained from 
the dissociation of this exciplex in acetonitrile solution.5 The yield 
of Py+- is dependent on the salt concentration in a curious, non­
linear way (Figure 2). The amount of Py+- formed when the salt 
concentration is less than ca. 5 x 10"2 M is small even though 

(6) Similar observations have been made by R. Hartley and L. Faulkner 
(Hartley, R. Ph.D. Thesis, University of Illinois, Urbana, 1984) for pyrene-
dimethylaniline exciplexes, and we have seen identical behavior for pyrene-
diethylaniline exciplexes. We thank Drs. Hartley and Faulkner for sharing 
their findings with us before publication. 

(7) The laser system has been described previously: Horn, K. A.; Schuster, 
G. B. Tetrahedron 1982, 38, 1095. 

(8) Khan, Z. H.; Khanna, B. N. J. Chem. Phys. 1973, 59, 3015. 
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