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Introduction

Enzymes are proteins with catalytic activity that
exhibit high specificity and large rate accelerations.
Although enzymes are large and complex molecules,
their power to catalyze reactions can be attributed
mainly to binding and catalysis. Binding not only is
responsible largely for the specificity of the reaction but
by stereochemistry also brings the substrate in close
proximity to and in the correct orientation to the active
site. Other factors, such as the microscopic environ-
ment of the catalytic site and the stabilization of the
transition state by hydrogen bonding, contribute to
enzymatic activity, but binding (seen particularly in
transition-state analogues') and catalysis are the two
essential features of all enzymes.

Enzyme modeling is the science of synthetically
mimicking the exact nature of the binding subsite in
terms of shape, size, and microscopic environment as
well as mimicking the active site in terms of identity
of groups, stereochemistry, interatomic distances of
various groups, and the mechanism of action of the
enzyme. Extensive investigations? of chymotrypsin
have revealed that the binding subsite of chymotrypsin
is hydrophobic in nature, 10-12 A deep and 3.5-4 A by
5.5-6.5 A in cross section,® which gives a snug fit to an
aromatic ring which is 6 A wide and 3.5 A thick (the
aromatic ring is also hydrophobic in nature).* The
catalytic subsite of chymotrypsin has been shown to
contain only three amino acids: (1) serine-195, (2)
histidine-57, and (3) aspartate-102.2 However, it is the
functional groups that these amino acids carry that is
most important.® They are (1) a hydroxyl group (of
serine-195), (2) an imidazole group (of histidine-57), and
(3) a carboxylate ion (of aspartate-102). Interatomic
distances® are 2.8 A between the Ser-195 O” and the
His-57 N2 and 2.65 A between the His-57 N°! and the
Asp-102 0%,

The “proton-transfer relay” system proposed for the
mechanism of action of chymotrypsin (Figure 1)7 con-
sists of two proton transfers, one initiated by carbox-
ylate ion and the other initiated by imidazole. These
increase the nucleophilicity of the hydroxyl oxygen
atom of serine toward the carbonyl function of the am-
ide or ester substrate bound in the hydrophobic pocket
of the enzyme to give an acyl-enzyme intermediate.

Myron L. Bender was born in St. Louis, MO, in 1924 and received his
Ph.D. from Purdue University in synthetic organic chemistry in 1948. He was
a postdoctoral fellow in physical-organic chemistry with Paul D. Bartlett at
Harvard University In 1948-1949 and was an AEC postdoctoral fellow in
physical-organic biochemistry with Frank H. Westheimer at the University of
Chicago in 1949-1950. He was elected to the National Academy of Sci-
ences in 1968. He is presently Professor Emeritus of Chemistry and Bio-
chemistry at Northwestern University in Evanston, IL.

Valerlan T. D’Souza was born in Kattingere, India, in 1955 and received
his Bachelors and Masters degrees from St. Xavler's College in Bombay,
India. He received a Ph.D. degree in 1983 based on work with H. Harry
Szmant at the University of Detroit, and he is presently a postdoctoral fellow
with Myron L. Bender. Dr. D'Souza will assume the position of Assistant
Professor of Chemistry at the University of Missouri, St. Louis, in Sept. 1987.

0001-4842/87/0120-0146%01.50/0

Deacylation occurs via the same two proton transfers,
increasing the nucleophilicity of the hydroxyl group of
water, which attacks the carbonyl group of the acyl-
enzyme ester.? This mechanism is controversial,® and
the participation of carboxylate ion has been ques-
tioned.® However, the experiments done in this labo-
ratory with acyl-enzyme models (discussed later) and
in another laboratory with mutated enzyme!© lend
credence to the participation of carboxylate ion.

Thus, a miniature model of chymotrypsin should
essentially contain a hydrophobic pocket to act as a
binding subsite, attached to a hydroxyl group, an im-
idazole group, and a carboxylate ion (the catalytic
subsite) placed at the right distances and correct ster-
eochemistry to participate in a “proton-transfer relay
system”.

Binding

Binding of the substrate to the enzyme is an essential
feature of any enzymatic reaction. Although covalent
enzyme—substrate bonds are formed during some re-
actions, usually binding of the substrate to the active
site of the enzyme involves noncovalent forces such as
hydrophobic, van der Waals, or London dispersion
forces, hydrogen bonding, and electrostatic interac-
tions.!! Cumulative effects of such forces produce tight
binding if the binding subsite is complementary to the
structure of the substrate or if conformational changes
occur in the enzyme during the binding process.!!

The formation of an enzyme—substrate complex is an
equilibrium process, and the magnitude of the equilib-
rium constant and energy of binding depend on the
extent of interaction between the substrate and the
enzyme. Thus, for a certain molecule to be a tight
binding substrate for an enzyme there should be a
maximum interaction between the guest and the host
in terms of both structure and microscopic environ-
ment. The binding energy thus obtained is one of the
important forces behind enzymatic activity. The ter-
minology used to describe the effects of binding in en-
zymatic catalysis has been compiled by Jencks.!?
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Figure 1. A mechanism of serine protease hydrolysis of peptides or amides. In this representation, the proton shuttle is concerted.

The binding subsite of chymotrypsin is essentially
hydrophobic in nature and is capable of having maxi-
mum interaction with an aromatic ring to orient the
oxygen atom of Ser-195 for a nucleophilic attack on the
carbonyl carbon atom of the ester or amide substrate.
Thus, the ideal molecule on which to base a model of
chymotrypsin should have a cavity that (a) provides
maximum hydrophobic interaction with a substrate to
form complexes, (b) fits the aromatic ring of the sub-
strate, and (c) orients the carbonyl carbon of the bound
substrate toward an oxygen atom (of serine in the real
enzyme) for nucleophilic attack.

Cyclodextrins consisting of 6, 7, or 8 units of a-1,4-
linked D-glucopyranoses turned out to be the molecules
of choice of this venture.l® Cyclodextrins have
doughnut shapes with secondary hydroxyl groups at the
C-2 and C-3 atoms of glucose units arranged in the more
open end and primary hydroxyl groups at the C-6 at-
oms of the glucose unit located at the other end. The
interior of the cavity, consisting of a ring of C-H groups,
a ring of glycosidic oxygen atoms, and another ring of
C-H groups, is hydrophobic in nature, similar to the
binding subsite of chymotrypsin. The inner diameter
of the cavities are approximately 4.5 A in a-cyclo-
dextrin, 7.0 A in B8-cyclodextrin, and 8.5 A in y-cyclo-
dextrin. - and $8-cyclodextrins would give a snug fit
for an aromatic ring. Formation of inclusion complexes
with various compounds (binding) is one of the most
important characteristics of cyclodextrins.'?

(13) Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry; Spring-
er-Verlag: New York, 1978.

We discovered that the aromatic rings did bind to
cyclodextrins with dissociation constants varying from
1072 to 107 M, depending on the substitutent on the
ring,!* which are within the range of some enzymatic
dissociation constants. Hydrophobic substituents on
the phenyl ring led to a tighter binding, indicating that
the binding was essentially due to hydrophobic inter-
actions.!* Initial investigations on the effect of cyclo-
dextrin on the hydrolysis of p-nitrophenyl acetate
showed that it followed saturation kinetics similar to
enzymes and enabled the data to be treated by a variant
of Michaelis-Menten kinetics.!4 This indicated that the
accelerations in the presence of cyclodextrin were due
to the formation of Michaelis—Menten type complexes.
The investigations of the stereochemistry of binding
by the effect of cyclodextrins on a series of substituted
phenyl acetates produced chaos, in what we consider
to be the world’s worst Hammett plot, as compared to
the normal Hammett plot produced by the effect of the
monomeric methylglucoside (Figure 2).1* However, it
can be seen that hydrolytic acceleration by cyclodextrin
on any meta-substituted phenyl esters is larger than
that on the corresponding para-substituted phenyl es-
ters. This pattern indicates that electronic effects are
not important. This evidence and the models of bind-
ing of m-tert-butylphenyl acetate and p-tert-butyl-
phenyl acetate by the cyclodextrin (Figure 3) em-
phasize the fact that the stereochemistry of binding by
cyclodextrin is important, as Emil Fisher predicted in

(14) Van Etten, R. C.; Sebastian, J. F.; Clowes, G. A.; Bender, M. L.
J. Am. Chem. Soc. 1967, 69, 3242, 3253.
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Figure 2. Hammett plots of acceleration of rate of hydrolysis of substituted phenyl esters due to (left) methylglucoside and (right)

(@) S-cyclodextrin, (O) a-cyclodextrin.

Figure 3. CPK models of a-cyclodextrin complexes: p-tert-butylphenyl acetate complex with tert-butyl group inserted into the cavity
from the secondary hydroxyl side (left); m-tert-butylphenyl acetate complex similarly constructed (right).

his “lock and key” theory of enzymatic action in 1894.'°
As seen in the models, the binding of meta-substituted
phenyl acetates to cyclodextrin orients the carbonyl
carbon atom of the ester substrate toward the oxygen
atoms of the secondary hydroxyl groups of the cyclo-
dextrin for nucleophilic attack, whereas the complexes
of para-substituted phenyl esters orient the carbonyl
carbon atom far from the secondary (or primary) hy-
droxyl groups. Thus, cyclodextrins are perfect candi-
dates for mimicking the binding part of chymotrypsin
in models.

Catalysis

The importance of intramolecularity in enzymatic
catalysis has been well established. There are several
reviews including a recent elegant piece by Menger
which details the reasons for the large rate accelerations
in intramolecular reactions.'® This Account primarily
deals with how these large intramolecular accelerations
can be utilized in enzyme models. One of the first steps
in building an enzyme model is a complete under-
standing of the mechanism of action of the enzyme.

The mechanism of action of chymotrypsin involving
the three active site functionalities, the hydroxyl group

(15) Fischer, E. Ber. 1894, 27, 2985,
(16) Menger, F. M. Acc. Chem. Res. 1985, 18, 128.

of Ser-195, the imidazole group of His-57, and carbox-
ylate ion of Asp-102, is shown in Figure 1. An impor-
tant feature of this mechanism is that there are two
distinct phases in the reaction: (1) the acyl transfer
from the substrate to the hydroxyl group of the enzyme
(acylation) to form an acyl-enzyme and (2) the deacyl-
ation of the acyl-enzyme (ester) by water. The common
feature in both these reactions is that the negative
charge from the carboxylate ion is transferred to the
oxygen atom of the carbonyl function and concurrently
the proton is transferred from the hydroxyl group (of
serine in acylation, the first reaction, or of water in
deacylation, the second reaction) via the imidazole
group to the carboxylate ion (structural evidence is not
as clear on the point as it is on the imidazole proton
transfer) during the formation of the tetrahedral in-
termediate.* Thus, this mechanism is known as the
“charge relay” or, more recently, “proton-transfer relay”.
Thus, both the imidazole group and the carboxylate ion
act as general base catalysts and not as nucleophilic
catalysts.

Models of the acyl-enzyme were first synthesized to
test these mechanistic features, excluding the contri-
butions from the binding part of the enzymatic cata-
lysis. The model of the acyl-enzyme consisted of a
norborane backbone with an imidazole group in the
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Figure 4. Hydrolysis of acyl-enzyme models: A, hydrolysis of
1; B, hydrolysis of 1 + 0.5 M benzoate ion; C, hydrolysis of 2.

endo 5-position and a cinnamoyl ester group in the endo
2-position (1).17 The positions were chosen so that the
imidazole group would not act as a nucleophilic catalyst
but allow a water molecule between the imidazole group
and the carbonyl carbon atom of the ester function and
thus act as a general basic catalyst. The deacylation
of this model of acyl-enzyme ester showed (by the D,0O
effect) that the imidazole group acts as general basic
catalyst and not a nucleophilic catalyst.'®* Computer-
aided structures (using the CHEMGRAF program) of this
model showed that the distances between the carbonyl
carbon atom of the model of acyl-enzyme (ester func-
tion) and the two nitrogen atoms of the imidazole group
were 2.43 and 2.80 A. However, if a water molecule is
inserted between the imidazole group and the ester
group, the shortest distance between the nitrogen atom
of the imidazole group and the hydrogen atom of the
water molecule is 1.60 A and the distance between the
carbonyl carbon atom of the ester group and the oxygen
atom of the water molecule is 1.37 A. These distances
support the experimental evidence that the imidazole
acts as a general basic catalyst (and not as a nucleophilic
catalyst). However, the most intersting feature of this
model is that the rate of deacylation increased tre-
mendously in the presence of benzoate ion. It was also
observed that the rate of deacylation (in the presence
of benzoate ion) is further increased by the addition of
dioxane, which was used to simulate the apolar nature
of the active site of chymotrypsin. The ratio of the rates
in the presence of 0.5 M benzoate ion to that in the
absence of benzoate ion resulted in a 2500-fold accel-
eration at a dioxane mole fraction of 0.42.® Such an
increase in'the rate of deacylation in the presence of the
apolar environment and the third component (carbox-

ylate ion) of the active site of chymotrypsin indicated

(17) Utaka, M.,; Takeda, A.; Bender, M. L. J. Org. Chem. 1974, 39,
3772.

(18) Komiyama, M.; Roesel, T. R.; Bender, M. L. Proc. Natl. Acad.
Seci. U.S.A. 1977, 74, 23.

(19) Komiyama, M.; Bender, M. L.; Utaka, M.; Takeda, A. Proc. Natl.
Acad. Sci. U.S.A. 1977, 74, 2634.

Miniature Organic Models of Enzymes 149

|

0
H
s
O—‘—O\H «:N NH
/ N \
0P

2

Figure 5. Complete model of acylchymotrypsin showing all three
components of the catalytic triad (the oxy ester group, the im-
idazole group, and the carboxylate ion).

[ 9 _
1 O

HO §
[ D
Binding

\

Figure 6. Miniature organic model of chymotrypsin.

Catalysis

Artificial Enzyme

that this is a good model for the charge relay system.!®
However, this carboxylate ion is an intermolecular
catalyst whereas chymotrypsin employs an intramo-
lecular carboxylate ion. The advantage of intramolec-
ular catalysis over intermolecular catalysis has been well
established. Thus, it was imperative to build a model
of chymotrypsin with an intramolecular carboxylate ion.
This was achieved by synthesizing endo,endo-5-[2-(2-
carboxyphenyl)-4(5)-imidazolyl]bicyclo[2.2.1]hept-2-yl
trans-cinnamate (2).2 This model has a rate of hy-
drolysis 105-10° (154 000) faster than norbornyl cinna-
mate ester and is only 18-fold slower than deacylation
(although 1/20 the molecular weight) of real trans-
cinnamoylchymotrypsin (Figure 4).2° A mechanism,
similar to the mechanism of deacylation of acyl-
chymotrypsin, can be proposed to explain this accel-
eration (Figure 5).2° It was suggested that if the same
differential solvating system, as exists in real chymo-
trypsin, can be mimicked in the active site of the ar-
tificial acyl-enzyme, then one could expect the artificial
acylchymotrypsin to deacylate at the same rate as the
real acylchymotrypsin.?

Thus, a model of the catalytic subsite of chymotryp-
sin to which a binding subsite could be attached was
then synthesized.

Synergism of Binding and Catalytic Groups To
Produce an Enzyme Model

Having thus established the systems to mimic the
binding subsite (cyclodextrin) and the catalytic subsite
(o-imidazolylbenzoic acid) of chymotrypsin, it was log-
ical to combine the two essential features of enzyme
action to produce a miniature organic enzyme model.
Cramer had demonstrated that inserting an imidazole
group on the primary side of cyclodextrin led to a fair

(20) Mallick, I. M.; D’Souza, V. T.; Yamaguchi, M.; Lee, J.; Chalabi,
P.; Gadwood, R. C.; Bender, M. L. J. Am. Chem. Soc. 1984, 106, 7252.
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Table 1.
Hydrolysis of Esters by Chymotrypsins (Real and Artificial)

kcat X 10—2vd Km X 10_Eyd kcat/Km’e
enzyme substrate pH® g1 M M1lst
chymotrypsin® p-nitrophenyl acetate 8.0 1.1 4.0 275
artificial chymotrypsin® m-tert-butylphenyl acetate 10.7 2.8 13.3 210

2The concentration of the stock solution was determined to be 1.0 X 10 M (83% purity) by active site titration.2? ¢?The concentration
of the stock solution was determined to be 3 X 10® M (96% purity) by UV absorbance. °The pH selected was the predetermined optimum
pH for both the real and artificial chymotrypsins. The use of identical pH's for the two systems would result in a low rate for real chy-
motrypsin at pH 10.7 (because of binding-lysine ionization) and a low rate for artificial chymotrypsin at pH 7.9 (because of cyclodextrin
hydroxyl groups). ¢The error limit in k., is £5%; the error limit in K, is £10%. ¢ (kear/ Ki)real/ (Reat/ Km)art, = 1.3.

ABSORBANCE OF p-NITROPHENOL

TIME —3

ABSORBANCE OF p—1-BUTYLPHENOL

TIME —=

Figure 7. Real-chymotrypsin-catalyzed hydrolysis of p-nitrophenyl trimethylacetate (left); artificial-chymotrypsin-catalyzed hydrolysis

of m-tert-butylphenyl trimethylacetate (right).

mimic of chymotrypsin.?! Breslow had demonstrated
that modified cyclodextrins (although slower than the
enzyme itself) could mimic ribonuclease (but produce
a bell-shaped pH rate profile for the hydrolysis of cyclic
phosphates).?? Subsequently, functionalized cyclo-
dextrins have been used as models of transaminase,?
carbonic anhydrase,?* and a thiamine-dependent en-
zyme.?

In our miniature organic model of chymotrypsin
(Figure 6)% the catalytic subsite that had been so suc-
cessfully designed had to be placed on the secondary
side of cyclodextrin since it was established that the
bound substrate would have its carbonyl function at the
secondary side of cyclodextrin.

The synthesis was achieved by the reaction of 8-cy-
clodextrin 2,3-epoxide (obtained from the reaction of
B-cyclodextrin 2-tosylate by the reaction of ammonium
bicarbonate) with o0-[4(5)-mercaptomethyl-4(5)-
methylimidazol-2-yl]benzoic acid (obtained by hy-
drolysis of the corresponding thioacetate in ammonium
bicarbonate).?® It was possible to obtain the pure
product (96% purity by UV analysis) by anion-ex-
change chromatography. Artificial enzymes based on
a- and vy-cyclodextrins have now been prepared by
similar schemes.

These enzyme models were examined for their cata-
lytic activity in ester hydrolysis. Since m-tert-butyl-
phenyl acetate is known to bind well to the §-cyclo-
dextrin cavity, it was decided to examine the rate of
hydrolysis of this ester in the presence of 3 artificial

(21) Cramer, F.; Mackensen, G. Angew. Chem., Int. Ed. Engl. 1966,
5, 601.

(22) Breslow, R.; Doherty, J. B.; Guillot, G.; Lipsey, C. J. Am. Chem.
Soc. 1978, 100, 3221.

(23) Breslow, R.; Czarnik, A. W. J. Am. Chem. Soc. 1983, 105, 1390.

(24) Tabushi, I.; Kuroda, Y.; Mochizuki, A. JJ. Am. Chem. Soc. 1980,
102, 1152.

(25) Hilvert, D.; Breslow, R. Bioorg. Chem. 1984, 12, 206.

(26) D’Souza, V. T.; Hanabusa, K.; O’Leary, T.; Gadwood, R. C;
Bender, M. L. Biochem. Biophys. Res. Commun. 1985, 129, 727,
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Figure 8. The mechanism of action of artificial chymotrypsin.

enzyme. The hydrolysis of more than 10 mol of sub-
strate by 1 mol of artificial enzyme (determined spec-
trophotometrically) indicates that there is turnover.?’
The results given in Table I for 8 artificial enzyme
obtained from Lineweaver—-Burk plots indicate that
both the artificial and real enzymes are comparable in
their catalytic activity (both in rate and in binding
constants).?® The second-order constants (k.;/K.,), the
most important enzymatic rate constants, indicate that
the artificial enzyme is as efficient as the real enzyme
in its catalytic activity. The solvent isotope effect
(ky,0/kp,0 = 3) shows that the hydrolysis of m-tert-
butylphenyl acetate is catalyzed by a general basic
mechanism rather than a nucleophilic attack by imid-
azole. Similar arguments have been put forward to

(27) Bender, M. L.; D’Souza, V. T.; Lu, X. Trends Biotechnol. 1986,
4,132,

(28) Schonbaum, G. R.; Zerner, B.; Bender M. L. J. Biol. Chem. 1961,
236, 2930.
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Figure 9. Thermal stabilities of real and artificial chymotrypsins.

explain the general basic character of real chymotrypsin
catalysis. Interestingly, the three artificial enzymes
have different specificities. Whereas « and 3 artificial
enzymes are better than v artificial enzyme in phenyl
ester hydrolysis, v artificial enzyme hydrolyzes tryp-
tophan ethyl ester faster than the o and @ artificial
enzymes. In the hydrolysis of p-tert-butylphenyl tri-
methylacetate by the artificial enzyme, a two-phase
reaction similar to the hydrolysis of p-nitrophenyl tri-
methylacetate by real chymotrypsin was observed
(Figure 7).2830 This is an indication that the artificial
enzyme, like real chymotrypsin, involves a pre-steady-
state, acylation (the curved portion), and a steady-state,
deacylation and turnover (the straight portion). From
the results obtained so far the mechanism of action of
the miniature organic model of chymotrypsin can be
compared to the mechanism of action of real chymo-
trypsin (Figure 8).% The mechanism assumes that 1:1
complexes seen in simpler reactions of cyclodextrin are
still operative.

Indeed, there are differences between this miniature
organic model of chymotrypsin and real chymotrypsin,
both theoretically as well as in practice. The pH
maxima for chymotrypsin is 7.9, dependent on the
ionization of imidazole and on the conformation de-
termined by a lysine ionization, whereas the pH maxima
for model is beyond 10, determined by both the ioni-
zation of imidazole and the ionization of the secondary
hydroxyl groups of the cyclodextrin.

One of the most important differences between the
real and artificial enzymes is their stability. Chymo-
trypsin can undergo two kinds of inactivation: rever-
sible inactivation and irreversible inactivation. Chy-
motrypsin, like other enzymes, depends on its confor-
mation for its catalytic activity, which is dictated by
hydrogen bonding, van der Waals interactions, config-
urational entropy, hindered rotation, permanent dipole
interactions, electrostatic effects, electronic situations,
and interaction of the protein with water. Forces, like
temperature, that disturb these interactions tend to
change the conformation of the enzyme and thus in-
activate the enzyme. However, the conformation of the
artificial enzyme (the cyclodextrin part) is not affected
by such forces and is thus active at elevated tempera-
tures. Figure 9 shows that real chymotrypsin has a

(29) Bender, M. L. J. Inclusion Phenom. 1984, 2, 433.

(30) Bender, M. L.; Kezdy, F. J.; Wedler, F. C. J. Chem. Educ. 1967,
44, 84.
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Figure 10. pH stabilities of real and artificial chymotrypsins.

temperature maxima around 45 °C, and after 55 °C the
protein begins to precipitate and is rendered inactive
whereas the activity of the artificial enzyme keeps in-
creasing to at least 80 °C.

Irreversible inactivation of chymotrypsin is brought
about by disruption of the protein by cleavage of pep-
tide linkages or by blockage of the three groups of the
catalytic subsite. Since chymotrypsin consists of 245
amino acids, several of which (tyrosine, tryptophan) are
natural substrates for chymotrypsin, it undergoes
self-proteolysis (cannibalistic denaturation) at its active
pH range. The peptide linkages are also cleaved by
hydroxide ion at high pH range to inactivate the en-
zyme (Figure 10). However, the artificial enzyme is
made up of glucose units with «-1,4-glycosidic linkages.
These are very stable under high pH conditions and do
not undergo cannibalistic denaturation (since the ar-
tificial enzyme is not a substrate for itself). Only at very
low pH can glycosidic bonds be broken to inactivate the
artificial enzyme (Figure 10). However, the conditions
(acidity and temperature) required for such cleavage
are too strenuous to hinder practical use of the artificial
enzyme. Thus, one of the greatest limitations of natural
enzymes, i.e., instability, can be overcome by artificial
enzymes.

Despite these differences, we have been able to copy
the enzyme (MW 24800) in abbreviated form (MW
1365), in terms of its two essential features, binding and
catalysis, and synthesize a good catalyst. This is the
ultimate proof of the mechanism of chymotrypsin ca-
talysis.

Conclusions

The study of an enzyme from an organic chemist’s
point of view has a 2-fold function: (1) to understand
the enzyme and be able to control it and (2) to build
a system which can function as well as the enzyme or
modify the system to fulfill his needs.

Although we have used cyclodextrins to synthesize
artificial chymotrypsin, one could choose from a wide
variety of synthetic hosts which are known to bind
specific substrates. We have used a catalytic subsite
that accelerates hydrolysis, However, one could use
various systems to accelerate different reactions as
desired. One that has been successfully used is a
polymer with hydrophobic groups attached to it:
poly(ethylenimine).!

Thus, this paper is a description of the pathway that
biochemically oriented physical-organic chemists can
follow to synthesize an artificial enzyme. If a chemist
can synthesize a system with a binding subsite to bind

(31) Suh, J.; Klotz, I. M. J. Am. Chem. Soc. 1984, 106, 2373.
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the desired substrate adjacent to a catalytic subsite and
thereby accelerate the desired reaction, then he or she
can essentially achieve what nature has achieved
through natural enzymes.
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I. Introduction

With the formulation of rules for substituent effects!-
in the mid-1960s, 13C NMR spectroscopy became one
of the premier methods for structural and conforma-
tional analysis in organic chemistry.* It is not at all
uncommon for practicing chemists to monitor chemical
processes using both 'H and *C NMR spectral meth-
ods, as even subtle structural changes correlate nicely
with variations in the isotropic chemical shift. The high
sensitivity of such liquid data upon chemical structure
has been very well documented during the past two
decades, and extensive cataloging of trends and spectral
features is now available for essentially all classes of
organic chemicals.

The complete chemical shielding interaction, how-
ever, is given by a tensor which depends upon the
electronic structure of the molecule and can be used to
describe how the NMR resonance frequency changes
with the molecular orientation in the external magnetic
field. In nonviscous liquids only the average of the
principal values of the tensor, i.e., the isotropic liquid
shift, is observed due to the averaging from the rapid
rotational motion.
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These tensorial shifts with three principal values have
the potential to reveal up to 3 times the information of
isotropic shifts, and it is possible from these principal
values to obtain “three-dimensional” information on
molecular structure and the associated electronic fea-
tures. Section II outlines in more detail the nature and
importance of shielding tensors.

Except for limited, early pioneering work,>’ the
measurement of 13C shielding tensors for more than a
few molecules has been left until recently. Due to the
previous lack of a comprehensive body of experimental
data as well as to earlier inadequacies of theoretical
methods for systematizing the structural variations,
correlations between measured shielding tensorial com-
ponents and chemical structure are only now emerging.
This relative lack of research in the area of *C shielding
tensors, in spite of their clear advantages, results in part
from the difficulty of solid-state NMR techniques
compared with standard isotropic liquid work.

The measurement of 3C shielding tensors involves
the analysis of single-crystal rotation data or line shape
analysis of powder samples where small crystallites
orient in all possible directions. Use is made of the
cross-polarization method to enhance the sensitivity
with high-power 'H decoupling to eliminate the 'H-13C
dipolar interactions. A detailed description of the ex-
perimental techniques is given in section IIIL.

The principal tensorial shielding values can be ob-
tained from spectral patterns obtained on powdered
solids, providing tensorial patterns from nonequivalent
nuclei are not so severely overlapping as to obscure
break points (cusps and shoulders) and other spectral
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