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CONSPECTUS

O ne of the most common, and yet least well understood, enzymatic
transformations is proton abstraction from activated carbon acids
such as carbonyls. Understanding the mechanism for these proton
abstractions is basic to a good understanding of enzyme function. Sig-
nificant controversy has arisen over the means by which a given enzyme
might facilitate these deprotonations. Creating small molecule mimics of
enzymes and physical organic studies that model enzymes are good
approaches to probing mechanistic enzymology. This Account details a
number of molecular recognition and physical organic studies, both from
our laboratory and others, dealing with the elucidation of this quan-
dary. Our analysis launches from an examination of the active sites and
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proposed mechanism of several enzyme-catalyzed deprotonations of carbon acids. This analysis highlights the geometries
of the hydrogen bonds found at the enzyme active sites. We find evidence to support z-oriented hydrogen bonding, rather
than lone pair oriented hydrogen bonding. Our observations prompted us to study the stereochemistry of hydrogen bond-
ing that activates carbonyl a-carbons to deprotonation. The results from our own thermodynamic, kinetics, and computa-
tional studies, all of which are reviewed herein, suggest that an unanticipated level of intermediate stabilization occurs via
an electrophilic interaction through the z-molecular orbital as opposed to traditional lone pair directed coordination. We
do not postulate that hydrogen bonding to s-systems is intrinsically stronger than to lone pairs, but rather that there is a
greater change in bond strength during deprotonation when the hydrogen bonds are oriented at the s-system. Through
these studies, we conclude that many enzymes preferentially activate their carbon acid substrates through an electrophilic

coordination directed towards the z-bond of the carbonyl rather than the conventional lone pair directed model.

I. Enzymatic Enolization

Enzymatic transformations that involve the
removal of an a-proton from a carbon acid are
essential to many metabolic pathways." To enzy-
mologists and physical organic chemists, these
reactions present a singularly interesting dilemma.
How does an enzyme, working with a cadre of rel-
atively weak acids and bases, facilitate the depro-
tonation of a carbon acid? The pK,'s of typical
o-hydrogens range from as low as 12 to as high
as 30 depending on the type of carbon acid, yet
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enolases, racemases, aldolases, and various other
enzyme classes readily perform a-carbon proton
abstractions using acids and bases with pKj,’s
closer to the 6—10 range at physiological pH. To
set the stage of this Account, we begin with a brief
discussion of some classically studied enzymes
that undergo proton transfer catalysis of carbon
acids. The goal of this introduction is not to high-
light the myriad controversies surrounding these
enzyme mechanisms, but rather to point out some
features relevant to our later discussions.
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A. Triosephosphate Isomerase. Triosephosphate isomerase
(TIM) catalyzes the interconversion of dihydroxyacetone phos-
phate (DHAP) to glyceraldehyde-3-phosphate (G3P) (Scheme
1).2 The mechanism associated with TIM can be superficially
labeled a 1,2-proton shift, and its mechanism has been thor-
oughly investigated.>* The transformation is thought to pro-
ceed through a transiently stable intermediate, such as an
enediolate.?

It was determined by analysis of analogue-bound crystal
structures that, rather than simple general base catalysis from
Glu165 (Figure 1A), the transformation proceeds via general
base—general acid catalysis with potential electrophilic/acid
catalytic assistance from the 2N of a histidine residue, His95
(Figure 1A).>~7 One possibility of how this assistance is

A)

Glu165

B)

Glu165

FIGURE 1. Active site TIM binding the analogue
phosphoglycolohydroxamate (PGH). (A) Computer-generated model
from the crystallographic data.® (B) Schematic of the active site
residues with potential hydrogen bonds delineated.®
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SCHEME 2. Proposed enediol route for TIM mechanism showing
proton transfer from His95, although Lys12 could play a similar
role
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thought to occur is that the neutral imidazole from His95 gives
up its proton to the intermediate to form the neutral enediol
and an imidazolate anion.® The pK, associated with this pro-
cess is usually considered to be close to 14.5. However, it has
been postulated that the position of His95 at the N-terminus
of an a-helix provides a great deal of shielding, thereby low-
ering this pK,, to roughly 11.5,57'° which corresponds to the
estimated pK, of the enediol intermediate. Similarly, Lys12 is
proximal to the carbonyl, opposite the general base, and could
supply a proton. Note in Figure 1A that Lys12 is oriented
toward the z-system of the carbonyl. Either general acid could
thus allow for rapid proton exchange from the imidazole to
the intermediate (Scheme 2).10712

B. Mandelate Racemase. The enzyme mandelate race-
mase (MR) catalyzes the Mg>"-assisted interconversion of the
stereoisomers of mandelate (Scheme 3). This 1,1-proton trans-
fer has been studied in great detail and has been shown to be
the result of a two-base general base mechanism."3'* Figure
2 shows a schematic of the active site of MR bound to (S)-
mandelate extrapolated from a crystal structure of an (R)-a-
phenylglycidate alkylated MR conjugate. Unlike TIM above
and citrate synthase discussed below, MR requires the use of
a doubly charged metal such as Mg?*, Co?*, Ni**, or
Mn2* 1316 The crystal structure shows interaction of the metal
with the one carboxylate oxygen and the a-hydroxy group.

The two general bases have been determined to be Lys166
for the S-enantiomer and His297 for the R-enantiomer.'3 '8
The final element of the active site crucial to catalysis is the
Glu317 residue.'® The crystal structure analysis shows a likely
hydrogen bond between the carbonyl oxygen of the mande-
late carboxylate and a neutral glutamic acid carboxylic acid
side chain.'® It has been suggested that Glu317 acts as an
electrophilic (general acid) catalyst in this system. The pK, of
the protonated enediolate intermediate (~6.6) and that of
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FIGURE 2. Active site of MR with (S)-mandelate shows five key
elements: Mg?*, Lys164, Lys166, His297, and Glu317."7

D-Malate Asp375

Acetyl-CoA

"""

His274 OH2

FIGURE 3. Active site binding of acetyl-CoA from a ternary
complex of p-malate, acetyl-CoA, and CS. The hydrogen bond from
the °'N-H to the carbonyl oxygen is indicated.>>

Glu317 (~6) should allow for rapid proton exchange between
the acid residue and the intermediate structure to give the
geminal enediol intermediate.*°

C. Citrate Synthase. The first step of the tricarboxylic acid
cycle condenses acetyl-CoA with oxaloacetate using the
enzyme citrate synthase (CS).> The proposed mechanism
begins with the deprotonation of the o-carbon of acetyl-CoA
by Asp375 with concomitant coordination/protonation of the
carbonyl oxygen by His274. Claisen condensation of the
resulting enol(ate) with oxaloacetate via general base—general
acid (electrophilic) catalysis provided by His274 and His320
then follows.?'~23

Figure 3 shows the structure of a substrate analogue
p-malate, along with acetyl-CoA and CS, indicating the hydro-
gen bond from the His274 °'N to the carbonyl of the
thioester. The carboxylate from Asp375 is poised on the oppo-
site side of the substrate in close proximity to the methyl
group and acts as a general base. The orientation of this
hydrogen bond is toward the z-system and will become more
important later in this discussion.
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As in the case with TIM, compelling evidence that the envi-
ronmental positioning of these residues causes significant
altering of their pK,'s was reported through site-directed
mutagenesis studies.”'2*2> Any attempt to change the active
site residues resulted in dramatically increased stability against
thermal denaturing. The implication is that the active site is
specifically organized to electronically or sterically destabi-
lize these residues in such a way that generates a shift in their
acid/base catalyzing properties.’

Il. Electrophilic Catalysis

A. Low Barrier Hydrogen Bonds. A different theory for the
specific role of these electrophilic general acid catalysts has
been postulated by Gerlt and Gassman, as well as
others.'”26729 This theory involves the formation of very
short, strong hydrogen bonds between the electrophilic cata-
lysts and the respective substrates in the transient intermedi-
ates, often called low barrier hydrogen bonds (LBHBs)° In the
gas phase, crystals, and nonaqueous solvents, LBHBs have
been shown to be very strong, on the order of =20 kcal/
mol.3° Several requirements are usually outlined for the pos-
sible formation of LBHBs: (1) The distance between the
heteroatoms of the species must be less than 2.55A. A typi-
cal hydrogen bond length in water is 2.8A, which classifies the
classic water network as a set of weak hydrogen bonds.3' (2)
There must be a congruity of the pK,’s of the donor/accepter
pair. (3) It is has been shown that LBHBs will not form in com-
petitive media such as water or other protic solvents. It has
been strongly argued that the formation of LBHBs in enzy-
matic transformations is not feasible because of this last cave-
at.>? However, calculations have shown that ordered water
molecules, such as those found in enzyme active sites, will not
interfere with low barrier hydrogen bonding.'”

The dilemma with proton transfer catalysis, such as in the
case studies discussed above, is that the calculated AG# is
usually 13—17 kcal/mol in the enzyme.>*3* However, on the
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basis of the pKj,’s of the general bases involved in these reac-
tions (~6-7), AG# in solution would be on the order of 20
kcal/mol greater. The question then becomes, how does the
enzyme achieve this fantastic reduction in the activation
energy for these carbon acid processes? Gerlt and Gassman
proposed that the data for enzymes such as those discussed
above provided for the formation of an intermediate that was
neither the anionic enolate (1) nor the neutral enol (3), but rather
a structure in between stabilized by a low barrier hydrogen bond
from the electrophilic catalyst residue (2) (Scheme 4)."”

As discussed in the previous section, the near pK, congru-
ence of the would-be neutral enol intermediates with the per-
turbed general acid catalysts of the three enzymes could be
interpreted to support LBHBs. Thus, by generating an interme-
diate with an intermolecular interaction that can reduce its free
energy by up to 20 Kkcal/mol, the enzyme facilitates a large
reduction in the AG® of the intermediate. The reduction of the
intrinsic kinetic barrier, AG#;,,, was proposed to arise from sol-
vation effects of the general acid catalyst based on the prin-
ciple of nonperfect synchronization (PNS).

B. Principle of Nonperfect Synchronization. It is well-
known that the rate of deprotonation is much slower for car-
bon acids than acids of oxygen, sulfur, or other elements
regardless of the pKj,. This observation has been attributed to
PNS.> PNS effects are seen in reactions in which two or more
events are occurring during the same mechanistic step, such
as in the deprotonation of a carbon acid. With a heteroacid,
such as H;0™, there is only the proton transfer occurring in the
transition state. Carbon acids such as acetaldehyde or
nitromethane, however, have not only a proton transfer but
also a delocalization of charge through resonance and a rehy-
bridization of the resulting carbanion. The result is a situa-
tion in which one or more processes lag behind another on
the reaction coordinate.

Perhaps the most widely known study of PNS has been
termed the nitroalkane anomaly.3®3” Brgnsted analysis of the
deprotonation of various arylnitroalkanes with hydroxide
revealed highly irregular o- and g-values of 1.54 and —0.55,
respectively. Since the Brgnsted coefficients can be thought of
as a measure of the extent of proton transfer at the transi-
tion state, a 1.54 a-value suggests nearly complete deproto-
nation at the TS in the forward direction, and the —0.55
p-value implies nearly no protonation in the reverse direc-
tion. The conclusion is that proton transfer happens first while
rehybridization and delocalization through resonance lags
behind. This asynchronicity results in a localization of charge
on the carbon, which raises the intrinsic kinetic barrier as a
result of the high unfavorability of anionic carbon.
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There have also been studies on the effects of solvation on
the extent of asynchronous proton transfer. In hydrogen bond-
ing solvents the PNS effect is larger than in nonanion stabiliz-
ing solvents such as DMSO and acetonitrile.?> The reason for
this solvent dependence is that solvent reorganization in
hydrogen bonding solvents also lags behind charge transfer.
Hence, in a solvent that reorients itself around a charge, there
is an added contribution to the AG#*;,, from the entropic cost
of solvent reorientation. Gerlt and Gassman argued that the
electrophilic general acid residues in enzymes are preoriented
to “solvate” the growing negative charge on the oxygen at the
transition state whether it formed a LBHB or not.'” The pre-
orientation would eliminate the entropic cost of solvent reori-
entation and remove it from AG#,.

C. Metal Coordination. The low barrier hydrogen bond
theory has had several critics, and articles continue to be pub-
lished that claim to show evidence either for or against the for-
mation of LBHBs in enzyme mechanisms.?#~4> Several other
theories have been proposed, either in lieu of or complimen-
tary to the formation of LBHBs. One of these is the theory that
metal coordination in enzymes plays a much larger role in
reducing the overall kinetic barrier by reducing the pK, of the
o-proton. Enolases, racemases, and aldolases in particular all
contain at least one vital metal center at their active sites.
Kimura et al. synthesized the 4-bromophenacyl-pendant
cyclen system 4 to evaluate the mechanism of class Il aldo-
lases and the role of Zn(ll) in the enolization step.*® The pres-
ence of the Zn(ll) in close proximity of the carbonyl oxygen in
4 was able to reduce the pK, of the a-proton to 8.41, nearly
10 orders of magnitude. The Kinetic barrier toward deproto-
nation also appeared to be reduced with the half-life of H—D
exchange reported to be 25 min at 298 K.

Br

0 o=
- H
NHY I ON
L S Zngt
NH NH

Studies in our group using a series of hosts 5=7 have
shown that shifts of nearly 12 pK, units are observed for a-hy-
drogens of various -diketones.*” The bicyclic hosts 5 and 6
showed slightly greater pK, reduction due to better solvent
exclusion from the interior, yet in all cases, coordination to the
Cu(ll) affords a great deal of enolate stabilization. However,
these findings do not account for enzymes such as TIM and



CS in which no metals are present at the active site of enol-
(ate) formation.

IlIl. The Third Dimension

Over the past decade, our group has studied an interesting
stereochemical phenomenon of electrophilic catalysis. The
crystal structure of wild-type medium chain acyl-CoA dehy-
drogenase (Figure 4A) shows no metal coordination in the
active site, yet the substrate, like those in TIM, MR, and CS,
must be highly activated for a-deprotonation to occur.*® The
hydrogen bonds indicated to the carbonyl oxygen are some-
what distorted from conventional lone pair directed models.
Instead, the interactions from the backbone amide of Glu376
and the 2'-OH of the flavin are oriented toward the z-system.
Likewise, 4-chlorobenzoyl-CoA dehalogenase (Figure 4B) cat-
alyzes the hydrolytic removal of chloride from 4-chloroben-
zoyl-CoA conjugates through a Meisenheimer complex (Figure
4(0).*° Again, the backbone amide hydrogen bonds are not in
the plane described by the carbonyl oxygen’s lone pairs but
are directed toward the C-O z-bond. In addition, in the case
of o-succinylbenzoate synthetase, Gerlt proposed that a Lys
opposite the face of the substrate from the general base assists
activation, although they did not draw specific attention to this
unusal orientation.>°

Electrophilic Coordination Catalysis Houk et al.
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FIGURE 4. (A) 4-(Nitrophenyl)acetyl-CoA bound to MCADH with z-
directed hydrogen bonds to the substrate analogue.*® (B) Active site
of 4-chlorobenzoyl-CoA dehalogenase with backbone amide
hydrogen bonds to the z-face of the thioester.*® (C) Enolic structure
of the Meisenheimer intermediate from the mechanism of 4-
chlorobenzoyl-CoA dehalogenase.

Similarly, if we look back at the three case studies discussed
earlier, there are analogous stereochemical orientations. Citrate
synthase exhibits the most obvious zz-coordinative character. The
crystal structure, Figure 3, shows a good deal of hydrogen
bonding from His274 to the z-bond of the carbonyl. A simi-
lar case can be made for TIM. The crystal structures in Figure
1 show possible electrophilic interaction toward the z-system
of the substrates from the side-chain Asp10 amide and the
e-amine of Lys12. The crystal structure of mandelate race-
mase, Figure 2, is somewhat anomalous to this discussion.
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However, of all the enzymes discussed here, MR is the only
instance in which an active site metal is vital to affect cataly-
sis. For the remainder of this Account, we will focus on our
efforts toward the elucidation of the effect of the stereochem-
ical orientation of electrophilic coordination on the Kinetics
and thermodynamics of carbon acid deprotonation.

A. Thermodynamic Effects. We have studied the ability
of hydrogen bonding to affect the thermodynamics of car-
bon acid deprotonation as a function of geometry by using
several model systems.>'>2 For example, the crescent shaped
receptor 8 utilizes four amide-like hydrogen bond donors in
a cavity to emulate an enzyme active site. Receptor 8 was
most complementary to 1,3-cyclohexanedionate, with an
association constant (K,) of 1.35 x 10* M~ in acetonitrile.
However, even with the cooperative binding of four hydrogen
bonds, potentiometric titrations revealed that 8 was only able to
lower the pK, of 1,3-cyclohexanedione by about 1 unit.>3

EtO._O

The bicyclic cyclophane 9 was used in a later study to test
the effect of w-orbital hydrogen bond acceptance on pKj shift-
ing.>" In this study, 2-acetylcyclopentanone had the greatest
complementarity to 9 (K, = 3.06 x 10°> M), and was cho-
sen as the model carbon acid. The binding cavity of 9 is small
enough (7.0 A high) to constrain the guest to a horizontal ori-
entation, which also constrains the hydrogen bonds to z-do-
nation. In acetonitrile, the pK, of 2-acetylcyclopentanone in
the presence of 9 was reduced by nearly 3 units, constitut-
ing a 300% increase in the stabilization of enolate formation
based largely on the geometry of hydrogen bonding.

B. Kinetic Stabilization. The previous two studies,
although informative, are based solely on the thermodynamic
advantages of hydrogen bond orientation. To determine the
effects of lone pair directed hydrogen bonding on the kinet-
ics of a-proton abstraction, we developed a series of
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2-acylphenol probes 10 and 11 for analysis of the rate of
H—D exchange at the active carbon.”* As a control, the phe-
nol methyl ether versions of each compound in the 10 series
were also synthesized and subjected to rate studies.

10a: R=F

10b: R=ClI

10c: R=Br

10d: R=CN
R 10e: R=NO,

11a: Ry=CHj, Ro=H
£ 11b:R=R=CI
Ry 11¢: R4=NO,, Ry=H

R4

The Kinetics experiments were conducted via '"H NMR in
both 4:1 CD;0D/D-0 (pD 5.83) and in acetonitrile. The pK,’s
of the phenols were determined in both the methanol/water
mixture (potentiometrically) and in acetonitrile (by compari-
son with known indicators). The Brgnsted plots of series 10
and the methyl-ether analogues showed the relative rate
enhancement over the entire series to be less than a single log
unit, which is quite low for an intramolecular hydrogen
bond.>> Also, the a-values in water determined from the
slopes of the 10 series and the methyl ether controls are only
0.24 and 0.15, respectively. The difference of these two val-
ues gives a measure of the effect of hydrogen bond strength
on the rate constant and only amounts to 0.09 in both protic
and aprotic media. The 11 series was used to determine if
lowering the pK, of the enol intermediate would result in a
greater effect due to better pK, matching for possible LBHB
formation. The results showed similar independence on the
strength of the hydrogen bond, giving an o-value of 0.24 in
acetonitrile based on pK,’s determined in water.

These results were attributed to PNS effects. Because there
is very little negative charge developing on the carbonyl oxy-
gen at the transition state of deprotonation, the overall
strength of a hydrogen bond directed through a nonpartic-
ipating orbital would make little difference to the activa-
tion barrier. The chief extrapolation to enzyme behavior is
that the formation of a strong coordination to the lone pair
electrons of the substrate carbonyl would have very little
effect on AG#.

C. Lithium-Acetaldehyde Model. One ultimate goal of
our research is to examine whether placing a strong electro-
philic coordination directed toward the z-electron density
could have a greater effect not only on the thermodynamic
stability of the resulting enol(ate) but also on the kinetics by
augmenting the extent of charge delocalization at the tran-
sition state. To semiquantitatively assess the extent of this
effect, we recently performed a series of computational
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FIGURE 5. Surfaces were obtained by iteration in 5° increments
along both the Li—O—C bond angle (left) from 45° to 180° and the
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FIGURE 6. Structural representations of the global energy
minimum geometries obtained from potential energy surfaces of
the Li®—acetaldehyde (A) and Li®—enolate (B) systems.>®

studies on a simple electrophile coordinating to a simple
carbon acid.® A series of previous studies have examined
electrophilic coordination to enolate anions and their asso-
ciated conjugate acids, but these studies did not focus on
predicting the best orientation to enhance acidities of the
a-hydrogens.>”

We chose the simplest nonproton electrophile, Li*, and the
simplest carbon acid, acetaldehyde. Two potential energy sur-
faces were generated at an MP2 level with a 6-31G" basis set
using the ACES Il quantum chemical program package devel-
oped by Stanton and collaborators.>® The surfaces were gen-
erated by manually varying the Li—O—C bond angle against
the Li—O—C—C dihedral angle in 5° increments as shown in
Figure 5.

Two surfaces were generated as composites of single-point
energies for each combination of bond and dihedral angles
listed in Figure 5, one for neutral acetaldehyde and the other
for its enolate. The global energy minimum geometries pre-
dicted from these analyses are shown in Figure 6. As was
expected for neutral acetaldehyde, the global energy mini-
mum geometry (Figure 6A) shows coordination of the lith-
ium solely to the longitudinal lone pair of the carbonyl
oxygen.

Electrophilic Coordination Catalysis Houk et al.

Gas Phase Acidity of
Acetaldehyde-Li* Complex
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FIGURE 7. Gas-phase acidity (kcal/mol) analysis of the

acetaldehyde—Li® complex derived as the difference of the
acetaldehyde and enolate surfaces.>®
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Interestingly, the global energy minimum geometry found
from the enolate surface is quite different. In this case, the
minimum geometry occurs at a Li—O—C bond angle of 85°
and a Li—O—C—C dihedral angle of 45° (Figure 6B). The first
aspect to notice is the out-of-plane dihedral angle. This geom-
etry suggests a significant amount of zz-system coordination in
the enolate system. The second important facet of this model
is that, based on rudimentary resonance analysis, this energy
minimum arises as a result of coordination of the lithium ion
to the two centers of negative charge—the oxygen and o-car-
bon. The optimum geometry derived from the surface calcu-
lations (Figures 5 and 6) are similar to ones found via single
point calculations.>®

These two analyses alone say very little about which geom-
etry is best to generate a substantive shift in the acid dissoci-
ation constant, K,. The contour plot shown in Figure 7 is the
difference of the enthalpies of lithium coordination to acetal-
dehyde and its corresponding enolate and gives a measure of
the gas-phase acidity of this system. Figure 7 does not techni-
cally represent a potential energy surface but rather should be
thought of as a measure of the acid dissociation potential at each
given geometry. This acidity analysis reveals a new minimum
occurring at 70°, while the dihedral angle remains 45° (Figure 8).
The lithium now resides antiperiplanar to the cleaving o-hydro-
gen. This geometry represents a double threat: backside electro-
philic coordination to the orbital of the breaking C—H bond and
m-system coordination to the carbonyl. Both of these effects
would lead to an arguably more labile proton.

This calculated configuration (Figure 8) is in sharp contrast
with the normally accepted geometry for enhancing acidity.
The difference in acidity between this new geometry and the
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FIGURE 8. (top) Front and side views of the optimum geometry for

lithium coordination to enhance the acidity of acetaldehyde.
(bottom) Analogous views of the enolate complex.>*

traditional model amounts to roughly 28.9 kcal/mol. At 0 K,
this value results in a roughly 20 unit greater shift in pK, with
n-directed coordination.

In addition, the discovery of the maximum acidity enhance-
ment occurring at a coordination geometry in which the elec-
trophile is heavily coordinated to the a-carbon is of note in
light of the PNS. The effect of this coordination appears to be
2-fold. First, a destabilizing interaction through backside C—H
coordination increases the lability of the proton. Notice that
the C—H bond in question is elongated, indicating a weaker
bond. Second, because the main contribution to the Kinetic
barrier of carbon acid deprotonation is the buildup of nega-
tive charge on the o-carbon, coordination of an electrophile
directly toward that building charge would help to significantly
reduce AG#;,, which was suggested to be necessary by Gerlt
and Gassman.'”

Of course, the nearly 29 kcal/mol difference in acidity
depending on the orientation of lithium coordination will be
diminished in a raised dielectric medium such as that present
in an enzyme active site. We have previously noted via anal-
ogy to studies of a-hydrogen acidity activation in water by
other Lewis acids that one would expect at least a 30—40%
attenuation of the effect upon solvation by water.®°

D. Cydlic Equilibria. As a final vantage point on our pos-
tulate of increasing o-hydrogen acidity via electrophilic coor-
dination to the z-system of the carbonyl, consider Scheme 5.
This cyclic equilibrium shows coordination of a catalyst (E) to
an acid SH followed by deprotonation. The acidity of the
catalyst—acid complex (K,e.sp) is found to be directly propor-
tional to the acidity of the acid (K, and the ratio of the
binding constants for the conjugate base (K>) to the acid (K;).
Therefore, weakening the binding of SH with increased bind-
ing of S™ leads to increased acidity of SH. It is the ratio of
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SCHEME 5. Cyclic equilibria showing the relationship between
acidities and binding of carbonyl groups to electrophilic
catalysts (E)

Kosmy
E +SH E+S +H'
K
K, K> Ky:siy = Ko [—
KaE:sh) K,
E:SH E:S"+H*t

binding constants that is important. Therefore, our postulate
does not mean that hydrogen bonding or other kinds of elec-
trophilic coordination are intrinsically stronger when oriented
at the z-system. Instead, our theory simply means that there
is enhanced binding of the conjugate base relative to the acid
when the electrophile is orientated at the z-system relative to
being oriented at the lone pair electrons.®’

IV. Summary and Outlook

Traditionally, interactions such as ion pairing, standard hydro-
gen bonding (not LBHBs), and dipole—dipole interactions have
been lumped together as Coulombic forces. However, this des-
ignation has led many to ignore the fact that whereas Cou-
lomb’s law is a one-dimensional function, nearly all of the
so-called Coulombic forces are inherently two- or three-dimen-
sional. Conventional descriptions of catalysis induced by elec-
trophilic coordination, not only carbon acid deprotonation but
any Lewis acid assisted transformation, tend to minimize the
effects of these extra dimensions. Through the research con-
ducted in our laboratories over the past decade, we have
shown that by taking those dimensions into account, a differ-
ent understanding of these processes can be achieved. Speak-
ing specifically of carbon acid deprotonation, our studies
suggest that for efficient electrophile-assisted catalysis or sta-
bilization to be achieved, the traditionally assumed direction-
ality of coordination to carbonyls is not optimal. For example,
lone pair directed hydrogen bonds were shown to be rather
ineffectual in the kinetic enhancement of this process, whereas
the thermodynamic favorability of z-system/o-carbon directed
coordination is clearly evident from our molecular recogni-
tion studies and our computational analysis.

From this evidence, we propose a complimentary theory
that, in the highly ordered environment of an enzyme active
site, the formation of structures that show s-oriented electro-
philic interactions enhance kinetic and thermodynamic stabi-
lization more than structures with lone pair oriented
interactions. Several of the enzymes we have discussed specif-
ically in this Account show a preorganized aptitude for forma-
tion of z-directed coordination complexes. It is important to
note that not all members of the acyl dehydrogenase (such as



citrate synthetase)®? and enoyl-CoA (such as 4-chlorobenzoyl-
CoA dehydrogenase)63 super families, as well as others, have
obvious electrophilies in the position we are postulating is
beneficial. Presumably other mechanisms of activation are at
play, but this does not refute the potential benefit we put forth.
Future studies on this phenomenon must include an under-
standing of the Kkinetic effects of the orientation of electro-
philic coordination, and efforts are currently being pursued in
our laboratories to that end.
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