Editor’s preface

Volume 41-Advances in Physical Organic Chemistry

The capacity for chemists to work and make progress has arguably remained con-
stant through the years. However, the scope of the research programs of individual
chemists is in general contracting in comparison to the rapidly expanding field of
chemistry. At the same time, our work is becoming increasingly focused on making
progress in well-developed areas of research, and on intractable problems that have
escaped solution over the years. All of this has been accompanied by an increase in
the linkage between the seemingly diverse research projects that we study. Physical
organic chemistry suffers when the research of its proponents becomes overly fo-
cused and of restricted interest. The health of the field requires an awareness of the
links between research on seemingly unrelated problems, and the fostering of in-
teractions between chemists with related interests in structure, kinetics and mech-
anism. The chapters in this volume represent the great diversity of interests of their
authors, which range from organic, inorganic and organometallic reaction mech-
anisms, to the mechanism for enzyme catalysis. This willingness of these authors to
contribute to this monograph reflects well on the breadth of physical organic chem-
istry. This editor has great admiration for readers with the capacity he lacks of easily
grasping all of the concepts presented in these chapters. He does hope that each of
these chapters has something to offer to all of our readers.

John P. Richard
University at Buffalo
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1 Introduction

It is widely accepted that the catalytic properties of enzymes are a consequence of
binding energy differences between reactants and transition state (TS), arising from
the arrangement of residues in the active site. There are two versions of this concept,
both of which have experimental support. In the TS binding picture,' the config-
uration that binds most strongly to the enzyme is assumed to be at the top of the
uncatalyzed barrier to reaction. This binding releases energy that stabilizes the
TS, lowering the energetic barrier to reaction. In the ground state destabilization
picture” the role of the enzyme is to make the reactants less stable, leading again to a
lower barrier to reaction.

In the last few years it has been suggested by us and other groups that enzyme
dynamics may play a role in catalysis. We do not claim that these dynamical effects
contribute more to catalysis than the standard binding energy effects, but that
they should be taken into account in the interpretation of, for example, kinetic
isotope effects (KIE) measurements® and that they may provide insight to some
puzzling data. In particular, our work on the relation between catalysis and enzyme
dynamics originated in the effort to understand some unusual properties of the
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following three systems:

1. It is now widely accepted that for some enzymes (e.g., liver alcohol dehydrogenase,
thermophilic alcohol dehydrogenase, etc.) proton transfer proceeds through quan-
tum tunneling. The high activation barriers in these systems were consistent with
tunneling. However, the KIE were modest, when tunneling would seem to imply
high KIE.

2. The enzyme lactate dehydrogenase (LDH) catalyzes the interconversion of lactate
to pyruvate. There are two isoforms in the body to accommodate different
substrates. Despite the fact that the active site is identical in these two isoforms,
one favors the production of lactate and the other production of pyruvate.

3. Crystal structures of human purine nucleoside phosphorylase with several TS
analogs showed an unusual geometric arrangement of three oxygens, lying in a
close stack. One may question whether this geometry serves a catalytic purpose.

We will show that the answers to all the three of these puzzles involve the dynamics
of the enzyme. There has recently been a disagreement among some authors
regarding the meaning of the term ‘“dynamical”, with some suggesting that the
term should be reserved for non-equilibrium motions, while others would use it for
equilibrium motions. For clarity, we will define the meaning we give to the term
“dynamical” in this review.

Let us assume that a variable A(¢) is coupled to the reaction coordinate and that
(A) is its mean value. If a measurement of some property P depends on (4), but not
on the particular details of the time dependence of A(¢), then we will call it a
“statistical” dependence. If the property P depends on particular details of the
dynamics of A(¢) we will call it a “dynamical” dependence. Note that in this defi-
nition it is not the mode A(?) alone that causes dynamical effects, but it also depends
on the timescale of the measured property P. Promoting vibrations (to be discussed
in Sections 2—4) are a “dynamic” effect in this sense, since their dynamics is coupled
to the reaction coordinate and have similar timescales. Conformation fluctuations
that enhance tunneling (to be discussed in Section 5) are a “statistical” effect: the
reaction rate is the sum of transition state theory (TST) rates for barriers corre-
sponding to some configuration, weighted by the probability that the system reaches
that configuration. This distinction between dynamic and statistical phenomena in
proteins was first made in the classic paper of Agmon and Hopfield.*

We will discuss three kinds of motions:

1. “Rate-promoting” quasi-harmonic motions, a fast sub-ps effect we and other
have proposed (Section 3).

2. Other kinds of sub-ps motions that involve correlated motions of several residues
(Section 4).

3. Conformation fluctuations (Section 5).

The structure of this review is as follows. In Section 2 we will review the concept of
“rate-promoting” vibrations. We will first need to review briefly the theory of
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quantum hydrogen/hydride transfer, because it is the large proton mass (relative to
an electron) that makes the reaction rate very sensitive to motions that modulate its
transfer distance. We will then identify the experimental and computational signa-
tures of these promoting vibrations. We will close with investigating some objections
to the possibility of existence of such promoting vibrations. In Section 3 we will
apply the theory of Section 2 to the three enzymatic systems that we mentioned
earlier in the Introduction.

In Section 4 we will use two theoretical techniques (transition path sampling
(TPS) and essential dynamics (ED)) to analyze molecular dynamics trajectories. We
will explain how we were able to identify in atomic detail collective motions that
affect catalysis.

Finally, in Section 5 we will briefly discuss recent work by Truhlar, Brooks, and
Hammes-Schiffer on the relation of conformation fluctuations and catalysis in
dihydrofolate reductase (DHFR) and we will propose a new method for studying
much slower motions (such as conformation fluctuations) that may affect catalysis.

This review is not meant to be comprehensive of all work on enzyme dynamics
and catalysis. The emphasis will be on the work done by our group, mainly on fast
sub-ps enzyme motions, while other groups have studied mostly conformational
fluctuations. When necessary, we will provide brief descriptions and references to the
current work by other groups.

2 Proton transfer and rate-promoting vibrations

We first identified rate-promoting vibrations in enzymatic systems where proton
transfer proceeds via quantum tunneling (in this theoretical section, we will use the
terms hydrogen, hydride, proton as if they were equivalent). In order to understand
why systems with proton tunneling are good candidates for identifying promoting
vibrations, we must review the modern theory of quantum charge transfer in con-
densed phase, which will be the subject of this section.

Excellent recent reviews of the experimental work in tunneling in enzymes have
been written by Scrutton,” Romesberg and Schowen,® and Kohen.’

QUANTUM THEORY OF PROTON TRANSFER

The reaction rate of proton transfer in condensed phases depends on several para-
meters: temperature, potential barrier height, transfer distance, reactant frequency,
strength of coupling to the environment. For different values of these parameters,
different physical mechanisms dominate which have been described by different
theoretical models, in the chronological order they were studied, the parameter re-
gions were:

Region I: The dynamics is over the barrier (as described by TST) or just below the
barrier (small quantum corrections).

Region II: The dynamics takes place by tunneling from excited energy states in the
reactant well (moderate to large quantum effects).
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Region III: The dynamics takes place by tunneling from the ground state in the
reactant well (large quantum effects).

Special care must be taken if one attempts to draw conclusions from the tem-
perature dependence of the rate, because the rate has Arrhenius form in all the three
regions, but the activation energy has different meaning in each regime.

Region I: Small quantum corrections

This region is often studied with the methods described in the book by Bell,® even
though it is not really correct to use gas-phase approaches in condensed phase
reactions. An assumption is made that there are several energy levels below the top
of the barrier and that over the barrier transfer is described by classical dynamics.
The TST result for the transfer rate is:

keT 1 gy
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where ff = 1/kgT is the inverse temperature and Z is the partition function for an
oscillator of frequency wy. If we describe the motion at the reactant well quantum
mechanically (QM), then

1 _ . ﬁw]—[
70 = 2sinh (T) @)

If powu/2 <1, one arrives at the familiar textbook TST result for the transfer rate,
k = (wy/27) exp(—pV). However, a typical frequency for a proton—carbon bond
vibration is 3000cm ', so in the present case the opposite limit fewy/23> 1 is relevant.

In this limit 1/Z,~exp(fwy/2) and the semiclassical result for the rate is obtained by:
k = Aye PV—on/2) (3)

Equation (3) predicts a KIE (assuming Ay = Ap):

an—Ezg(wH—wD)zg(l—%)wH 4)

For C-H bond cleavage, Equation (4) predicts a KIE equal to ky/kp~7 at room
temperature. In the limit where the semiclassical theory is valid, experimentalists
measure the Schaad—Swain exponent, In(ky/kt)/In(kp/kT). In the special case that the
pre-Arrhenius factor A4y is the same for all isotopes (which is not true in most cases)
then semiclassical theory predicts for this exponent a value 3.26. Deviations from this
value are often interpreted as signs of increased tunneling, but in our opinion this line
of argument is based on an oversimplified model of quantum transfer in condensed
phases. Note that in tunneling reactions where the ratio Ay/Ap#1, the semiclassical
theory predicts an exponent that is not equal to 3.26 and is temperature dependent.

Region III: Large quantum effects

When the energetic barrier is very high, tunneling takes place from the ground
state. In this limit, the Marcus—Levich-Dogonadze theory’ has been used in the
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study of electron transfer in solution and biomolecules. It is assumed that the en-
vironment can be described by a 1-dimensional (1-D) coordinate (a questionable
assumption when details of environment dynamics are important) and one exploits
the fact that in the deep tunneling limit the tunneling matrix element A can be used
as a small parameter in a perturbative approach and find a transfer rate equal to:

e ~ A2 efﬁ(ErJra)z J4E, )

where E| is the reorganization energy of the environment, € is the exothermicity and
A is the tunneling matrix element. Note that the quantum result Equation (5) pre-
dicts an Arrhenius form for the rate, similarly to the TST result. In this theory, the
KIE is equal to ky/kp ~ Aj;/A}, which in the deep tunneling limit has a value of
the order 10°~10*, much larger than the measured KIE in biological systems. How-
ever, we will see later in this section that the Marcus theory approach, while valid for
electron transfer, has to be modified for proton transfer.

Region II: Moderate quantum effects

This is the case when tunneling takes place from excited states, but not close to the
barrier top, and had eluded solution for decades because there is no small parameter
available (as in the previous two cases). Finally, this problems was numerically
solved in the mid 1990s'® and the solution was analytically verified with a different
method by our group."!

It is instructive to have a feeling for when and how the semiclassical theory fails.
In Table 1 we compare some exact results'® with the predictions of the semiclassical
model Equation (3). There is a range of values for the exact result, because the rate
depends on friction (an effect that cannot be captured in the semiclassical model).
We note that when the reactant frequency becomes large, the semiclassical theory of
the rate fails (we should note that despite the failure in predicting the rate, the
semiclassical model gives reasonably good prediction for the KIE).

We will briefly describe how it became possible in the 1990s to describe QM this
region of moderate quantum effects. One assumes that the classical charge transfer
problem is adequately described by the Langevin equation:'?

dV(s)
ds

where s is the reaction coordinate and V(s) is the potential energy surface (PES). The
influence of the enzymatic environment in Equation (6) is represented by the random
force Fe.ny(?), which is related to the friction y(¢) through the fluctuation—dissipation
theorem.
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Table 1 The ratio of rates keyact/Ksemiclassical

w/r/kgT Exact Semiclassical
3.2 0.8-1.8 1.5
4.8 2.0-3.8 2.3

9.6 30-1000 12.9
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A most important result in rate theory was the proof'* that the classical dynamics
of s governed by the Hamiltonian equation:

H—p§+V()+ZP’2‘+Zlmw2 as )’ 7)
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is described by Equation (6). The harmonic oscillators w; constitute a fictitious
effective environment that is constructed to generate the correct friction kernel y(7).
We must emphasize that there is no approximation in using harmonic oscillators to
describe an anharmonic environment, since these oscillators are an effective medium
that is really a Fourier decomposition of the friction kernel y(¢), and are only in-
directly related to protein dynamics. The approximation lies in assuming that the
Langevin equation is a good approximation for describing the classical charge
transfer. The advantage of casting the problem in terms of the Hamiltonian Equa-
tion (7) is that there are many tools for solving quantum Hamiltonians that have
harmonic terms, while there are no methods for solving the quantum version of the
Langevin equation.

The beautiful point of this formulation is that the Marcus—Levich-Dogonadze
result Equation (5) is the solution of the Hamiltonian Equation (7) in the deep
tunneling limit. In addition, the solution of the Hamiltonian Equation (7) in the
classical limit reproduces the TST result, corrected for recrossings of the barrier and
for memory effects.'> These results mean that the Zwanzig Hamiltonian provides a
unified description of proton transfer reactions in all the three parameter regions
defined earlier in this section.

Finally, we should mention that the approach described above is not the only
possible for studying quantum proton transfer in condensed phases. Truhlar and
coworkers have followed a different methodology, based on variational TST, sum-
marized in detail recently by Truhlar.'> An advantage of that methodology is that its
inputs are related naturally to quantities that are obtained in quantum chemistry
calculations. On the other hand, because of its phenomenological character, one
cannot easily understand when its approximations are justified.

RATE-PROMOTING VIBRATIONS

The theory outlined in the previous subsection is appropriate for electron transfer,
but has to be modified for proton transfer. In this section we will describe the
physical justification and mathematical formalism that incorporates these effects.

Hynes’ theory of promoting vibrations

In the early 1990s, in their studies of proton transfer in solution using Marcus’ rate
theory Equation (5), Hynes and coworkers'®!” noticed the following limitation. If O
is the tunneling distance, it can be shown that the tunneling matrix element that
appears in Equation (5) has the form A~e~*<. For typical electron transfer reactions
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o ~1 A", while for typical proton transfer reactions o~30 A", This means that
while electron transfer rates are insensitive to variations of the tunneling distance Q,
proton transfer rates, because of the large value of «, depend strongly on motions
that possibly reduce the transfer distance Q.

Hynes assumed that the deviation dQ of the transfer distance from its equilibrium
value has a harmonic time dependence, 6Q = dQy cos(Qy#), and calculated the rate
using Fermi’s golden rule (i.e. the same level of approximation as Marcus’ theory).
He found for the rate:

k=AY e PEm g2 Mn e, (®)

where Ay is the tunneling splitting that corresponds to the equilibrium transfer
distance, Ey; is the activation energy of the ordinary Marcus theory and M,,, Q.
are, respectively, the mass and frequency of the promoting vibration.

In the previous section we mentioned that Marcus’ theory is not a plausible model
for describing proton transfer because it predicts a KIE ky/kp = A%_, / A%, that is
very large, since the tunneling splittings decrease exponentially with the square root
of the mass. This problem is remedied by Hynes’ work, since the KIE in the presence
of a promoting vibration becomes:
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Since « scales like 4/m, the exponential in Equation (9) reduces significantly the KIE.
Recently, Hynes reviewed'® his approach, with emphasis on applications to enzymes.

Benderskii's theory of promoting vibrations

Hynes’ formulation is intuitively very appealing, but there are some drawbacks. The
environment is described by a 1-D coordinate and the promoting vibration is an
artifact that was introduced to modulate the tunneling splitting. In a series of papers
on gas-phase proton transfer,’” ' Benderskii had examined the same effect, tun-
neling rate modulated by fluctuations of transfer distance, using a Hamiltonian
formalism. We will briefly summarize his approach.

Let us assume a symmetric double well PES, V(s) = as*—bs®. Its barrier height is
b*/4a and the transfer distance \:/Zb/a. Let us assume that a harmonic mode Q(¢)
is coupled to s through a term c¢s~Q. Effectively, the parameter b of the original PES
is replaced by b—cQ(7). As Q(¢) oscillates, the transfer distance also oscillates around
its equilibrium value. In addition, when the transfer distance decreases, the barrier
height is lowered. In summary, the simple, symmetric with respect to s, functional
form cs*Q of the coupling reproduces the desired behavior of a PES whose barrier is
lowered as the transfer distance decreases.

Benderskii managed to solve this problem in the deep tunneling limit using the
instanton method. Roughly speaking, an instanton is the most probable among the
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Fig. 1 The PES surface in Benderskii’s model. The dark circles are the reactant/product
minima and the open circle is the saddle point. The double line is the MEP. The solid line is
the instanton tunneling path for H, and the dashed line for D. Because D is heavier, it tunnels
closer to the saddle point where the barrier is lower. As a result, the KIE is relatively low, even
though the reaction proceeds through tunneling.

possible classical trajectories when one solves the problem QM. We summarize
Benderskii’s results in Fig. 1.

The double line represents the minimum energy path (MEP), which is the reaction
path assumed by TST. The single line represents the instanton trajectory for proton
tunneling and the dashed line the instanton trajectory for deuteron tunneling. The
heavier deuteron tunnels closer to the MEP, where the barrier is lower. These dis-
tinct instanton paths are the reason for the lowering of the KIE by the promoting
vibration that we mentioned earlier.

There are other important features in this seemingly simple diagram. The instan-
ton trajectories cross the TS parallel to the s-axis, which means that tunneling is
happening instantaneously in the timescale of the promoting vibration. But this does
not mean that the frequency of the promoting vibration does not play a role! In fact,
the result depends on the ratio of the promoting vibration frequency over the barrier
frequency Q. /w,. We have to distinguish between the following limits:*

® When 2Q,,/w, <1, we are in the “fast-flip”, or “sudden approximation”, or “cor-
ner-cutting”, or “large curvature” limit, where the reaction coordinate follows
theMEP, but before it reaches the saddle point it tunnels along the s coordinate in
a time that is short compared to the timescale of the Q vibration.

® When 2Q,,,/w,> 1, we are in the “slow-flip”, or “adiabatic”, or ““small curvature”
limit, where the Q vibration adiabatically follows the s coordinate and transfer
takes place along the MEP path (i.e. at the saddle point).

Therefore very fast promoting vibrations do not affect the rate, and we should
expect to see an effect when 2Q,,/w, <1, i.e. when Q,, is smaller than roughly
500 cm ', which explains why we mentioned earlier that we studied sub-ps motions.

Theory of promoting vibrations in condensed phase

The formulation of promoting vibrations by Benderskii is very satisfactory because
it formulated the problem in a Hamiltonian language. On the other hand, the Hynes
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formulation, even though it uses an ensatz for the promoting vibration, has the
advantage that includes interaction with the environment (with the limitation of the
Marcus model, i.e. that the environment is represented by a single degree of free-
dom). We can incorporate these two theories into the Zwanzig Hamiltonian equa-
tion (7) and obtain a theoretically satisfying framework for the description of proton
transfer in condensed phases, coupled to a promoting vibration.??

We add a term cs’>Q + %M 0 wa in Equation (7), to obtain the Hamiltonian:

p2
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This incorporates the advantages of Benderskii’s and Hynes’ ideas, and in ad-
dition contains a more realistic description of the environment. One important
difference is that Hynes and Benderskii studied systems in which the oscillator Q was
a bond vibration, while in Equation (10) Q(t) can be any variable that modulates the
PES, for example, it can be a distance between the donor and a nearby residue that
changes in time because of equilibrium fluctuations of the enzyme.

To establish a relationship between the Hamiltonian equation (10) and the actual
enzymatic system one performs a molecular dynamics simulation to obtain the force
F(¢) acted upon the reaction coordinate. Then the force autocorrelation function
{F(t)F(0)>, which is proportional to the friction kernel y(¢), is related to the
parameters of the fictitious medium of Equation (10) through

N 2
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This equation permits the mapping of the computed force F(¢) to the parameters
of our Hamiltonian.

To obtain some insight into the behavior of the solutions of the Hamiltonian
equation (10), we performed a numerical simulation of a model system:> we
assumed that V(s) is a symmetric double well, we coupled s to 1000 harmonic
oscillators wy with frequencies ranging from 10 to 1000cm ', and symmetrically to
one oscillator €. Even though the simulation is completely classical, we obtained
instructive results that illustrate several of the points we have mentioned in this
section.

The next two figures show results for proton transfer in a symmetric double well
potential that has barrier height equal to 6 kcalmol ™" and transfer distance 1 A; the
proton is coupled symmetrically to an oscillator of frequency 300cm™'. In Fig. 2
we show the progress of the reaction coordinate from reactants to products. The
very fast oscillations are bond oscillations in the reactant/product wells. The slower
oscillation that envelopes the bond oscillations is the promoting vibration. Note that
the promoting vibration is fast enough that the time the barrier is lowered is not long
enough for a reactive event to occur, i.e. it requires several oscillations of the pro-
moting vibration for the charge transfer to occur. Once the crossing over the barrier
happens though, it is practically instantaneous in the timescale of the promoting
vibration.
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Fig. 2 An example of a reactive trajectory. The TS is at the s =0 line and the reactant/
product wells at the s = F 1 lines.
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Fig. 3 A histogram of the values of the promoting vibration coordinate Q, as the reactive
trajectories cross the TS. The dashed line corresponds to the location of the saddle point.

In Fig. 3 we plot a statistics of the values of the promoting vibration coordinate as
the reactive trajectories cross the TS. The saddle point in Fig. 1 corresponds to the
value of Q shown with a dashed line in Fig. 3. We note that the reactive trajectories
do not pass through the saddle point, but rather through a broad region centered at
the saddle point. This picture shows that the dynamics cannot be described by a
single TS. The deeper reason for this is that the assumption of separability fails:**
the promoting vibration is strongly coupled to the reaction coordinate in the TS
region and the frequency of the promoting vibration is comparable to the inverted
barrier frequency, so there is no separation of timescales.
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Finally, in our opinion, there is an open question in quantum theories of proton
transfer. The theories we have been discussing use a mean field potential as the PES.
This is undoubtedly correct when the environment relaxes quickly in the timescale of
the reaction. However, the transfer step in quantum tunneling is very fast, and it is
not certain that all the configurations that enter the mean field potential are sam-
pled. This point was first raised by Hynes? and implemented in studying proton
transfer in solution by Hynes and Wilson.?®

COMPUTATIONAL SIGNATURE OF PROMOTING VIBRATIONS

In a realistic system there are many other motions present, so there is no guarantee
that the effect of the promoting vibration will not be masked by other interactions
that are present in an enzyme. We need a diagnostic that when we perform a
computer simulation of the dynamics of an enzyme, will allow us to identify whether
a promoting vibration is present.

We have found?” such a computational signature in the framework of the
Langevin equation (6). Let us recall that if we compute from a simulation the force
F(?) on the reaction coordinate, then the friction kernel y(#) is proportional to the
autocorrelation of that force. We have shown that if we add a term ¢s*Q + 1M QQ?W
to the Langevin equation, and allowing the promoting vibration to be coupled to the
environment with coupling strength {, the friction kernel becomes

2
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Here vy(z) is the friction of the original Langevin equation and va =4 /wa —%/4
is the effective frequency of the promoting vibration, modified due to its coupling to
the environment.

Equation (12) provides the diagnostic we have been looking for. Note that the
correction to the friction kernel due to the promoting vibration is proportional to
s(1)s(0). Suppose we perform a simulation where we have imposed constraints
to keep the transferred proton fixed, so that the correction term is proportional to
s(0)%. If we keep the proton fixed near the TS, s = 0, the correction term will be
very small. If we keep it fixed away from the TS (most simply, at the reactant or
product configuration), the correction term will be nonzero. In addition, if we take
the Fourier transform of Equation (12), the presence of the trigonometric terms in
the correction term will produce large peaks at the frequency of the promoting
vibration.

In conclusion, if we perform simulations with the transferred proton fixed near
and away the TS, and then take a Fourier transform of the calculated friction kernel,
if we see sharp peaks for the latter simulation that are absent when the proton is held
fixed near the TS, then we have evidence that a promoting vibration is present, and
the position of the peak is an indication of its frequency. In the next section we will
discuss examples of enzyme simulations where this diagnostic was successful.
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EXPERIMENTAL SIGNATURE OF PROMOTING VIBRATIONS

The discussion in this section has suggested a clear experimental signature for the
presence of promoting vibrations. Hynes’ formalism, Benderskii’s formalism and
our quantum calculations using the Hamiltonian equation (10) all predict a low
KIE, i.e. much lower than what one would expect for transfer through tunneling. In
fact, the initial resistance to accepting that tunneling can occur in enzymes was
exactly the low values of KIE. As mentioned earlier, Hynes has recently reviewed'®
the topic of influence of promoting vibrations on KIE, but with a perspective
different than ours.

Furthermore, the tunneling rate depends exponentially on the reorganization
energy of the environment, which for an enzymatic system depends strongly on the
rigidity of the enzyme. This raises some intriguing possibilities for the interpretation
of certain experiments on thermophilic enzymes. Thermophilic enzymes show low
enzymatic activity at mesophilic temperatures, and the conservation of the active site
structure and chemical mechanisms suggests that the same chemical mechanism is
present at both thermophilic and mesophilic temperatures. One possible interpre-
tation focuses on the temperature-dependent motions of proteins, because exper-
iments have shown that the rigidity of thermophilic proteins is less at thermophilic
rather than at mesophilic temperatures.”®

The work that is of interest with respect to promoting vibrations is a study® of
hydrogen tunneling in alcohol dehydrogenase from Bacillus stearothermophilus. The
unusual features of this system are (i) the activation energy is smaller in the thermo-
philic regime, which in a naive interpretation would imply that tunneling is enhanced
with increasing temperature; (ii) the primary KIE is small and temperature-
independent in the thermophilic regime, but larger and temperature-dependent in
the mesophilic regime. We have shown®® that by assuming the presence of a pro-
moting vibration in the thermophilic regime, and assuming that it freezes out in the
mesophilic regime, one is able to reproduce all the trends mentioned earlier in this
paragraph. Reproducing trends is not definite proof, but at the very least it is a
reminder that the presence of a minimal dynamical element makes the problem
sufficiently complex, that conclusions derived by studying Arrhenius plots should
not be trusted.

Anomalous values of the secondary KIE have been interpreted as indications of
tunneling. The reader should consult the arguments regarding secondary KIEs in
reviews of experimental literature.®’

FOUR OBJECTIONS TO PROMOTING VIBRATIONS

The real protein dynamics is not harmonic

“Proteins are very anharmonic systems, so what is the justification of modeling the
protein environment as a set of harmonic oscillators in Equation (10)?”” The real
approximation we have made is modeling the proton transfer by the Langevin
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equation (6). One expects this to be a good approximation for the short timescales
relevant for barrier crossing. Within the Langevin equation, the effect of the en-
vironment on the proton is captured through the friction kernel, which is the force
autocorrelation function. No approximation is made regarding this friction kernel, it
is what is obtained from a simulation. This time-dependent friction kernel can be
decomposed into Fourier components, which are the harmonic oscillators appearing
in Equation (10). That is, these oscillators are fictitious quantities introduced to
reproduce the exact form of the friction kernel, therefore no simplification regarding
the protein anharmonic dynamics is made.

The promoting vibration is quickly dephased

“If we embed a harmonic oscillator in a medium, it will be very quickly dephased.
Therefore, the identification in an enzyme of a promoting vibration with a definite
frequency is not plausible.”” Here, the misunderstanding is that the promoting
vibration is not a harmonic oscillator embedded in the enzymatic environment.

The motion of a protein on its PES can be described as anharmonic motions near
local minima (i.e. conformations), with rare hops between conformations. While the
system executes this motion, we can record, for example, the distance Q(¢) between
two residues. If the Fourier transform of Q(¢) is relatively peaked, then the distance
between these residues varied in time like a damped harmonic motion. The quantity
QO(?) 1s not an oscillator with energy levels, that is embedded in the enzyme, rather it
is an internal distance of, for example, residues that participate in the equilibrium
fluctuations of the enzyme.

In simple model calculations we can mimic this effect by writing a Hamiltonian
like Equation (10) in which Q(¢) appears as an independent oscillator, but it must be
understood that this Hamiltonian is a simplified model designed to produce a fluc-
tuating PES, and Q(7) is a quantity that parametrizes this fluctuation. However, it is
true that one cannot assume beforehand that the distance Q(¢) is harmonic, one has
to calculate it, Fourier transform it and check whether it is peaked at some fre-
quency, as we will do in the examples in the next section.

Parenthetically, we would like to use this opportunity to correct a misunder-
standing that is common in enzymatic literature. Highly anharmonic potentials do
not necessarily exclude harmonic dynamics! An example is water: the interatomic
potential is extremely anharmonic (hard spheres), but water supports harmonic
waves (sound). The resolution of the paradox is that the variable that describes
sound waves (density) is not the variable that enters the anharmonic interatomic
potentials, so it is possible for equilibrium fluctuations, like sound, to have harmonic
dynamics.

The promoting vibration is much faster than the turnover rate

“The turnover rate for enzymes has timescales us—ns, but the promoting vibration has
ps-timescale, therefore they can’t be related.” This argument is correct for some gas-
phase reactions, but it is not valid for condensed phase reactions.
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Let us look at a simple condensed phase reaction, electron transfer in liquids,
which is described by Marcus’ theory equation (5). As is well known, electron
tunneling takes place only when the interaction with the solvent symmetrizes the
PES. The reorganization energy required for the solvent to reach its configuration
that will symmetrize the PES of the electron, is the activation energy appearing in
Equation (5). Once the PES is symmetrized, the probability that the electron will
transfer is proportional to the square A? of the tunneling matrix element. Therefore,
even for simple transfer reactions in condensed phases, several events of widely
varying timescales contribute to reaction and the turnover rate is not simply related
to the timescale of a single event.

The method was designed to identify ps-timescale motions

“The reason this method identified promoting vibrations for some systems is that
by construction it searches only for fast ps motions, and therefore it cannot identify
e.g., slower conformational motions that possibly affect the reaction rate.” This crit-
icism is absolutely correct, if there are conformations that bring donor and acceptor
close together thus enhancing tunneling, they are outside the grasp of a method that
is based on Langevin equation. In Section 5 we will outline some ideas for searching
the conformation space for configurations that affect the reaction rate.

3 Examples of rate-promoting motions in enzymatic systems

We will now present examples of enzymatic systems where we applied the ideas
and formalism of the previous section, and we were able to identify rate-promoting
vibrations.

HORSE LIVER ALCOHOL DEHYDROGENASE

The first system in which we identified a promoting vibration was horse liver alcohol
dehydrogenase (HLADH).*! The active site and surrounding residues are shown in
Fig. 4. The suspicion that dynamics may play a role existed because two specific
mutations had been identified, Val203 - Ala and Phe93 — Trp, which significantly
affect enzyme kinetics. Both residues are located at the active site. Val203 impinges
directly on the face of the nicotinamide ring in the nicotinamide adenine dinucleo-
tide (NAD) cofactor distal to the alcohol substrate. Additionally, there is evidence
from molecular dynamics simulations,*” that Val203 forces the nicotinamide ring of
NAD © into closer proximity to the substrate, thus facilitating the hydride transfer
to produce the corresponding aldehyde. These facts suggest that motions of these
residues may play an important role in catalysis.

In the previous section we found a computational signature for the existence of
promoting vibrations: fix the transferred proton at the TS and away from it, and
compare the magnitude of the Fourier transform of the forces on the proton, as it is
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Fig. 4 Active site of HLADH: Val203, the NAD cofactor and the alcohol substrate.

held fixed at different positions. Since the location of the TS is unknown, we tried
several intermediate positions and selected the one for which the spectral density is
smallest, i.e. a position of minimum coupling.

We shall present results from simulations for three configurations — reactants (R),
products (P), and minimal coupling (MC):

e The R configuration consists of NAD™ and the deprotonated benzyl alcohol
(PhCH,O7).

e The P consists of NADH and benzaldehyde.

e In the third configuration MC, we have NAD © and PhCH,O™~ with the pro-R
hydrogen restrained so that it is equidistant from the hydroxyl a-carbon (hydride
donor) and the C4 carbon (hydride acceptor) in the nicotinamide ring.

We performed a 30-ps simulation and saved the time series for several distances
between atoms. In Fig. 5 we plot, for all three configurations, the Fourier transform
of the donor—acceptor distance. We see a peak at ca. 100cm™", common to all three
configurations, signifying that the two motions appear to be in resonance.

The Fourier transform of the force on the reaction coordinate is shown in the
right panel of Fig. 5. Again, the peak at ca. 100cm™" is common to both config-
urations. This is a strong indication that the motion of the transferred proton is
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Fig. 5 Left: the spectral density for the donor—acceptor relative motion in the wild type; it
monitors the donor—acceptor distance. Right: the spectral density for the reaction coordinate,
in the wild type. The three lines represent the reactants configuration (R), the products
configuration (P), and the minimal coupling configuration (MC).

coupled to the relative motion between the alcohol and the nicotinamide ring. On
the scale of the graph, the spectral density for MC appears as the flat line close to the
horizontal axis, which shows that the spectral density is position-dependent, as
predicted by Equation (12). Furthermore, if we had shown the MC line in mag-
nification we would see that although the high frequency peaks in the P and C are
still present in MC, the peak at ca. 100cm™" is almost absent in MC. These results
strongly suggest that the reaction coordinate is coupled to an oscillation of fre-
quency ca. 100cm™".

In view of our earlier analysis, our results indicate that the reaction coordinate is
coupled to the alcohol-NAD motion, which in turn is coupled to Val203, whose side
chain impinges directly on the face of the nicotinamide ring. It is thus shown that in
HLADH this dynamic coupling is central to the catalytic process. Finally, we should
point out that Cui and Karplus* used our concept of symmetrically coupled
vibrations and performed a simulation on HLADH following a different method,
and found results that are in agreement with the results presented here.

LACTATE DEHYDROGENASE

The next system we studied was the isoforms of human LDH. The first part of
the calculation was similar to HLADH. However, we encountered interesting com-
plications.

LDH catalyzes the interconversion of lactate and pyruvate with the coenzyme
NAD (see Fig. 6). This enzyme plays a fundamental role in respiration, and multiple
isozymes have evolved to enable efficient production of substrate in different mi-
croenvironments. Two main subunits, referred to as heart and muscle, are combined
in the functional enzyme as a tetramer, and subunit combinations range from pure
heart to pure muscle. The kinetic properties of the heart and muscle isoforms are
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Fig. 6 Diagram of the binding site of LDH with bound NADH and pyruvate showing
hydrogen bonds between the substrate and key catalytically important residues of the protein.
The catalytic event involves the hydride transfer of the C4 hydrogen of NADH from the pro-
R side of the reduced nicotinamide ring to the C2 carbon of pyruvate and protein transfer
from the imidazole group of His-193 to pyruvate’s keto oxygen.

distinct: the heart favors production of lactate and the muscle of pyruvate. Despite
this difference, the domain structure, subunit association, and amino acid content
of the active sites of the two isoforms are almost identical, leading to the puzzle
of what is the cause of their difference in activity. We propose that placement of the
TS, coupled with a promoting vibration, can influence kinetic control of hydride
transfer.

Results will be presented for the following configurations: the heart and muscle
isoform each with lactate and NAD " bound; the heart and muscle isoform each
with pyruvate and NADH bound; two simulations of the heart isoform with lactate
and NAD " bound where the hydride distance was restrained at a point between
donor and acceptor carbons. In the following figures, in the language of the previous
subsection, the reactant configuration for the heart isoform is the line “lactate” and
the product configuration is the line “‘pyruvate.” And vice versa, the reactant con-
figuration for the muscle isoform is the line “pyruvate” and the product configu-
ration is the line ‘“‘lactate.”

In Fig. 7 we show results for the heart LDH isoform: (1) the Fourier transform of
the force on the transferred hydride (left); (2) the Fourier transform of the relative
motion between the substrate C2 carbon and carbon C4N of the nicotinamide ring
of the cofactor NAD */NADH (right). In Fig. 8 we show the corresponding figures



332 D. ANTONIOU ET AL.

00015 [~ Sic 0.0015 ——
r AN |---- Pyruvate \ F —— Tactate
000125 -/ N [l Lactate |+ 0,00125 |- --—- Pyruvate |
L ! N A S v L MC
0.001 - 0.001
0.00075 Yo 0.00075
0.0005 |~/ 4 0.0005
0.00025 |f 4 000025 |
0 TR I B Sl S Tl EEht it SR W DAL il LS ALt CEUEEY SEht 0 I R NR R T N \4/ TR IR NN R
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
frequency (cm!) frequency (cm!)

Fig. 7 Wild-type heart LDH isoform: Fourier transform of the force on the reaction co-
ordinate (left) and Fourier transform of relative donor—acceptance distance (right).
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Fig. 8 Wild-type muscle LDH isoform: Fourier transform of the force on the reaction
coordinate (left) and Fourier transform of relative donor—acceptance distance (right).

for the muscle LDH isoform. Similarly, to the HLADH simulation we found clear
evidence of the presence of a promoting vibration:

(1) The spectral density is much lower when the hydride is near the TS, as predicted
by Equation (12) (line MC in the Figure).

(2) The peaks of the Fourier transform of the force on the hydride, are in resonance
with the peaks of the Fourier transform of the relative donor—acceptor motion.

These results show strong evidence for the presence of a promoting vibration, but
they are symmetric for both isoforms, so they don’t resolve the paradox why one
isoform favors the production of pyruvate and the other of lactate. However, there is
a hint: in the left panels of Figs 7 and 8, the pyruvate peak is higher for the heart
isoform and the lactate peak higher for the muscle isoform. Recall that the height
of the spectral density is proportional to the force on the reaction coordinate.
According to Equation (12), what may lead to bigger force, is bigger s(¢), i.e. bigger
deviation from the TS. Since the lines “lactate” and “pyruvate” in Figs 7 and 8
correspond to the hydride bound to the donor/acceptor (and vice versa for the other
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Fig. 9 Donor—acceptor distance for the wild-type human heart LDH isoform (left) and the
muscle isoform (right).

isoform), it would be interesting to see what is the average distance of donor—ac-
ceptor in the two isoforms.

In Fig. 9 we show the results of a 30-ps simulation for the donor—acceptor
distance, i.e. the distance between the C2 carbon of substrate and carbon C4N of the
nicotinamide ring of the cofactor NAD " /NADH. Fig. 9 shows that the average
donor—acceptor distance is shorter for the heart isoform when lactate and NAD ™
are bound, and for the muscle isoform when pyruvate and NADH are bound. We
propose that the different kinetic activity of the two isoforms is due to the reduced
donor—acceptor distance when lactate is bound to the heart isoform and pyruvate is
bound to the muscle isoform.

The next question is to identify residues near the active site that may modulate the
donor—acceptor distance. In Fig. 10 we show the active site and some nearby res-
idues. In the spirit of the previous results, in order to predict the degree that the
motion of these residues is correlated with the donor—acceptor motion, we can
calculate the Fourier transform of the autocorrelation of the residue motion, and
then order the residues according to the height of the peak of the spectral density.**
In Fig. 11 we show one result, the spectral densities for the motion, projected first
along the residue—donor axis and then along the donor—acceptor direction, of three
residues, two of them strongly correlated and one not correlated.

Finally, to bring our argument to its logical conclusion, we can test for the con-
sistency of our interpretation: we substituted residue 31, Valine, with a less bulky
one, Alanine. If our interpretation is correct, we expect that the Fourier transform of
the force on the hydride would have a higher peak in the wild type than in the
mutant, since the bulkier Valine is more efficient in pushing the nicotinamide ring of
the NAD ", and as a result the average donor—acceptor distance would be smaller
for the wild type than in the mutant. In Fig. 12, we show the results of the simu-
lation, which are consistent with our prediction. As we mentioned earlier, the peak
of the spectral density can be lowered either because the coupling to the reaction
coordinate is weaker, or because the reaction coordinate is fixed closer to the TS.
The right panel of Fig. 12 shows that the average donor—acceptor distance is larger
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Fig. 10 The structure of the heart isoform with lactate and NAD ™ bound.
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Fig. 11 Spectral density of motion of three residues in the wild-type human heart LDH
isoform with lactate and NAD " bound: residue 238 is the most strongly correlated residue, 31
is strongly correlated and substituted in the mutagenesis simulation, and residue 193, the
essential active site histidine, is poorly correlated.
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Fig. 12 Left, spectral density for the reaction coordinate in the wild type and mutant human
heart LDH isoform with lactate and NAD™ bound: the solid line is the wild-type config-
uration where residue 31 is Valine, and the dashed line is the mutant configuration where
residue 31 is Alanine. Right, donor—acceptor distance for the wild type and mutant human
heart LDH isoform with lactate and NAD™ bound: the solid line represents the wild-type
configuration where residue 31 is Valine and the dashed line represents the mutant config-
uration where residue 31 is Alanine.

for the mutant result, therefore the lower peak of the spectral density in the left panel
necessarily means that the coupling is weaker for the less bulky Alanine.

HUMAN PURINE NUCLEOSIDE PHOSPHORYLASE

Up to this point, all the examples we discussed, concerned protein motions that
affect reactions that involve a light particle transfer. However, rate-promoting
enzymatic motions can also exist in other types of reactions. For example, we have
shown® that such motions can influence catalysis by acting through electron density
fluctuations caused by geometrical changes. The system we investigated is human
purine nucleoside phosphorylase (hPNP), which catalyzes reversible bond cleavage
of 6-oxopurine nucleosides to form phosphorylated a-D-ribose products in the
presence of phosphate, as seen in Fig. 13.

The cleavage of the C-1'-N-9 ribosidic bond (for atom terminology see Fig. 14)
occurs in a dissociative mechanism that forms a TS with a substantial oxycarbenium
ion character. The phosphate provides an electrostatic stabilization of this oxy-
carbenium ion, encouraging TS formation.***” As the N-ribosidic bond is cleaved,
electron density is expelled by the oxygen-stack compression towards the purine
ring, and improves electrostatic interactions with nearby residues and facilitates the
abstraction of a proton from a close-by proton donor, making the purine a better
leaving group and accelerating catalysis. In summary, oxycarbenium stabilization,
increased phosphate ionization and purine ring activation, contribute in concert to
catalytic acceleration. Crystallographic data of several hPNP complexes with TS
analogs, showed an unusual geometric arrangement of the atoms O-5", O-4', and Op,
lying in a close threcoxygen stack (Fig. 14), which was later corroborated by
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Fig. 14 Atomic nomenclature of the purine nucleoside and phosphate nucleophile.

extensive experimental KIE analysis.>® We have shown® that protein motions in
hPNP and its substrates cause the O-5, O-4’, and Op oxygens to squeeze together
and push electrons towards the purine ring, stabilizing the oxycarbenium character
of the TS.

The starting point of our computations was the 2.5 A resolution structure of hPNP
complexed with the TS analog ImmH and phosphate. Following standard compu-
tational procedures for enzymes we performed both classical molecular dynamics
simulations and hybrid quantum/molecular simulations.*

The enzymatic system was divided into two concentric zones. These consisted of
the QM region, containing the atoms being treated QM, and the molecular mechanics
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(MM) region, in which the atoms were treated with a MM potential. In the case
of the simulation of the E---S complex, the QM region contained the substrates
guanosine and phosphate, and the conserved catalytic water. For the E---1 complex,
the QM region contained Imm@G, phosphate and a catalytic water. The AM1 semi-
empirical Hamiltonian was employed as the QM potential, and the all-atom force
field of cHaARMM22 was used to describe the atoms in the MM region.

For example, for the E---S complex, we chose the QM/MM model shown sche-
matically in Fig. 15. The residues N243 and E201 are actively involved in catalysis
by stabilization of the TS, but since they are not directly involved in the acid
catalysis, they were not included in the QM region due to computational limitations
of QM/MM methods. However, their contribution to the stabilization of the TS
structure is introduced by the QM/MM electrostatic term of the Hamiltonian. We
were interested in the last step of the reaction, the cleavage of the N-ribosidic bond
and protonation of the purine ring to yield the protonated guanine and phosphory-
lated a-D-ribose. It is essential that a good reaction coordinate be used in order
to represent the enzymatic reaction properly to obtain meaningful PESs. After in-
vestigating a variety of reaction coordinates, we found that a suitable reaction co-
ordinate to describe the phosphorolysis reaction was the interatomic C-1'-N-9 and
C-1'-Op distances (Fig. 15).
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Fig. 15 QM/MM model used to obtain the PES. The reaction coordinate used to produce
these surfaces is shown with dashed lines in the figure.
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Results: dynamics

During the classical MD simulation we saved the values of the O-5-0-4' and
0-4'-Op distances. We found that these distances are quite stable, deviating only up
t0 0.3 A from their average value. This implies that the O-5-C-5—-C-4-0-4’ dihedral
is not rotating freely as it does in aqueous solution, but is restricted by the enzymatic
environment. We show the time series for that dihedral in both the enzymatic en-
vironment and in aqueous solution in Fig. 16. We note that the mean value in each
case is different, and that there is a higher deviation from the mean value in solution,
verifying that this dihedral’s motion is restricted in the enzyme.

In Table 2 we show the average O-5-0-4" and O-4-Op distances and standard
deviations, for the WT and for several mutants of hPNP complexed with guanosine
and phosphate (the maximum fluctuation of the O-5-0-4" distance is 0.6 A, there-
fore a difference of, for example, 0.2A in the average distance is substantial). For
each mutation the changes in compression of the oxygen stack were different. For
example, we found that for the H257G mutant, the average O-5-0-4" distance was
considerably higher than that of the WT, meaning that the residue H257 plays a role
in keeping the two oxygens compressed.

We now move to a dynamical analysis of the time series for these distances. In the
left panel of Fig. 17, we show the Fourier transforms of the O-5-0-4' distance
autocorrelation function, and of the O-5-0-4', O-4-Op distance—distance correla-
tion function. The spectra are very similar, indicating that O-5'—0-4" and O-4—Op

oF — E-S complex i
Substrates in aqueous solution
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I . I
20 40
time (ps)

-100

|

Fig. 16 0O-5—-C-5—C-4—0-4' dihedral (degrees) of the ribose ring during the WT classical
MD simulation in aqueous solution and in the E---S complex.

Table 2 Average O-5—0-4" and O-4'—Op distances (A) for the WT and mutated hPNPs

Distance WT E201G V260G H257G

0-5-0-4 2.81+0.08 2.88+0.11 2.78+0.08 3.04+0.08
0-4—0p 4.3440.10 6.58+0.11 3.90+0.11 4.694+0.10
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Fig. 17 Left: Comparison of the spectra of the O-5'—0-4 distance autocorrelation function
and the O-5'—0-4" and O-4'—Op distance—distance correlation function. Right: The similarity
of the spectra of the O-5'—0-4' distance autocorrelation function for the E---S complex based
on the classical and quantum/classical MD simulation, shows an agreement to the classical
simulations.
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Fig. 18 Left: spectra of the O-5—0-4" distance autocorrelation function for hPNP and
unsolvated substrates. Note that the natural vibration of the oxygen centers, i.e. 285cm ™", is
altered in the presence of the enzyme. Right: the power spectrum of the H257G mutant of the
E---S complex shows a distinct peak at 333cm™", very similar to the result for the solvated
substrate.

oscillate at the same frequencies: 125 and 465cm™" in the enzyme environment. In
the right panel of Fig. 17, we compare the Fourier transforms of the classical and
mixed quantum/classical MD simulations, and find that they are similar.

Next we examine whether these vibrations are unique in the enzymatic environ-
ment or they are inherent in the substrates. In the left panel of Fig. 18 we compare
the calculation in the enzyme with a simulation of the substrates in aqueous so-
lution, in the absence of hPNP. The spectrum of the O-5'—0-4’ distance autocor-
relation function of the classical MD of solvated substrates showed a peak at
330cm ™!, and of the unsolvated substrates at 285cm ™", i.e. distinct from the peaks
in the presence of the enzyme, revealing that hPNP is directly affecting the way in
which these oxygens naturally vibrate.

In order to assess the effect of the mutation of nearby residues on the three oxygen
stack electronic interaction, we performed classical simulations of mutated hPNPs.
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We studied whether changes in protein structure have an influence on the pattern of
spectra discussed above for WT hPNP. In particular, we mutated F200G, E201G,
H257G, H257A, V260G, and L261G. The spectrum of the O-5'—0-4 motion for the
F200G, E201G, V260G, and L261G mutated hPNPs was very similar to that of the
WT. However, as can be seen in the left panel of Fig. 18, the H257G was very similar
to that of the unsolvated substrates, giving further evidence that H257 is responsible
for modifying the power spectrum in the E---S complex.

Results: energetic barrier

We turn our attention to the coupling of the rate-promoting motion we have been
describing, to the reaction coordinate. We used the hybrid QM/MM method de-
scribed earlier to obtain the PES for the phosphorolysis reaction for various E---S
complexes, for a range of O-5—0-4" and O-4-Op interatomic distances. We have
presented elsewhere® detailed results for the activation energies (kcalmol™') as a
function of oxygen interatomic distances of the E---S complex and the E---TS
complex. This is collection of structures covered a wide range of geometries, with
0-5—0-4' ranging from 2.78 to 3. 64 A and O-4'— Op ranging from 3.35 to 4. 30A.
Thus, these structures were sufficient to represent the different E---S geometries that
can be found in the PES.

To quantify this correlation between lower activation energy and compression of
the oxygen distances, we fitted the results for the activation energies to a function
that had up to quadratic terms, as seen in Fig. 19 (a parabolic fitting had smaller 3>
than the also plausible linear fitting). The parabolic dependence of the activation on
energy on distance may have a simple interpretation: as the distances between the
oxygen increases the energy rises as carbocation stabilization is lost, but at shorter
distances, as we approach distances equal to twice the van der Waals radius, elec-
tron—electron repulsion will compete with the stabilization and there is a point where
there are no further reduction of the activation energy. From the values of the
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Fig. 19 Activation energies (kcal mol™") versus the sum of O-5'—0-4" and O-4'—Op distances
(A) for the E---S complex.
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curvature of the parabolic fittings we can obtain a spring constant, and by using a
mass equal to the reduced mass of O—O, we can obtain an effective harmonic
frequency associated with the parabolic fittings shown in Fig. 19. This effective
frequency was equal to 180cm™', in surprising agreement with the position of the
peaks of the spectra of the oxygen motions.

In conclusion, the protein motion that compresses the oxygen stack, is one of the
factors which makes the reaction possible, leading up to a 20% decrease in barrier
height.

Results: charge fluctuations

In addition, we have studied®® charge fluctuations in the ribose and purine groups
of the enzyme-bound ribonucleoside. If these fluctuations are resonant with the
oxygen-stack promoting motion, it would further validate the hypothesis that the
promoting motion pushes electrons across the ribosidic bond.

Partial charge calculations were employed to follow changes in electron density
in the substrate guanosine, using Gaussian98 at the B3LYP level of theory with
the 6-31G(d,p) basis set. Partial charges for each atom were calculated using the
CHELPG algorithm. Charges for the ribose and purine ring components of
the ribonucleoside substrate were calculated by adding up the partial charges of the
constituent atoms of each.

We generated time series for the partial charges, and as usual took the Fourier
transforms, shown in the left panel of Fig. 20. The two spectra nearly overlap,
demonstrating that the charge fluctuations in the ribose are resonant with the charge
fluctuations in the purine ring, with a dominant peak at 450 cm™"' and a smaller peak
at 160cm™". Recalling that the spectrum of the oxygen-stack compression motion
had peaks 125 and 465cm™', we note that the partial charge spectra are clearly
resonant with those of the oxygen motion.

In addition, we probed fluctuations across the N9-C1’ ribosidic bond, since this is
the bond that is broken in this reaction. The spectra are shown in the right panel of
Fig. 20. They are resonant with each other and with the spectra for ribose and purine

7e-07 T T T T 3e-06

— ribose i
e ---- purine ring 2.5e-06

Se-07
2e-06
4e-07
1.5e-06
3e-07

le-06
2e-07

107 | f M 5e-07 b\ | Y7

0 L I I I 1 0 LY P | < N
0 100 200 300 400 500 600 0 100 200 300 400 500 600
frequency (cm™ly frequency (cm™)

Fig. 20 Left: Power spectra for ribose and purine ring partial charge time series. Right:
Power spectra for atoms C1’ and N9 partial charge time series.
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ring, and also feature peaks at 160 and 450 cm ™', i.e. they contain the signature peaks
of the oxygen-stack compression spectra. These results confirm that the oxygen-stack
compression is the cause of these partial charge fluctuations.

4 Description in atomic detail of correlated protein motions

In this section we will examine other kinds of correlated protein motions (with ps- or
ns-timescales) and methods that can identify them. The rate-promoting vibrations we
examined in the previous section are just one example of correlated protein motions.
Because promoting vibrations involve residues in the immediate vicinity of donor and
acceptor, it was relatively easy to identify them. In the more general case of extended
correlated motions, it would be a challenge to identify residues that take part in them.
In this section we describe two methods that have been successfully used for iden-
tifying atomic motions of interest, the TPS and the ED method. We will apply them
to two enzymes we already studied in the previous section, LDH and PNP.

TRANSITION PATH SAMPLING

TPS was originally developed for studying rare reactive events. The most difficult
problem in studying reactive events, which is hidden by the wide acceptance of TST,
is to define an appropriate reaction coordinate and find the location of the TS. In
addition, if one tries to simulate rare reaction events using a molecular dynamics
simulation, most of the trajectories that start from the reactants will not cross to
the products, and as a consequence the calculation becomes computationally not
feasible, because the time step that must be used in the MD simulation is much
smaller than the timescale of interest.

TPS***! addresses these problems by performing a Monte Carlo search in the
trajectory space. It can simulate rare events without the knowledge of a reaction
coordinate or the TS. TPS needs another algorithm (molecular dynamics) to gen-
erate trajectories, while TPS itself is an algorithm for searching the trajectory space.
The essence of TPS is that the chaotic nature of classical multi-dimensional systems
guarantees a fast Monte Carlo search of the trajectory space.

A brief description of the algorithm follows. Let us assume a transition between R
and P (i.e. reactants and products). Since R and P are long-lived states, they can
accommodate equilibrium fluctuations, and can be characterized by a variable,
called “order parameter”, which can be used as a criterion for deciding whether
the system is localized in R or P. Let us further assume that we somehow know one
reactive trajectory that starts from R and ends in P. In the TPS algorithm we
randomly select a time slice along this reactive trajectory, we perturb slightly all
momenta at that time slice, and starting from that time slice and using the new
momenta, we propagate (“shoot’) forward and backward in time, examining
whether the new trajectory is reactive or not. In the usual Monte Carlo fashion, the
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new trajectory is accepted or not, according to some probability distribution.
Because of the ergodicity of classical dynamics, new trajectories are guaranteed to
quickly deviate from old ones, leading to a fast sampling of the trajectory space.

An ensemble of reactive trajectories in LDH

We have applied** the TPS algorithm to LDH, i.e. to the enzyme in which we
identified a rate-promoting vibration, as discussed in the previous section. This work,
along with a paper by Schlick*® were the first that applied the TPS algorithm to a
realistic protein. By finding common features in all the harvested trajectories, one can
get insights for defining an appropriate reaction coordinate, and for identifying ex-
perimental targets for future studies. Recall that LDH catalyzes the interconversion
of the hydroxy-acid lactate and the keto-acid pyruvate with the coenzyme NAD. The
reaction involves a double transfer: a proton transfer between the active site histidine
and the C2 substrate oxygen and a hydride transfer between NC4 of the coenzyme
and C2 of the substrate (see Fig. 6). In fact, there was a controversy regarding
whether the transfer steps are concerted or sequential, that our study was able to
resolve. Since the reaction involves bond cleavage we must use a quantum potential
for describing the reactive potential surface. The details of our choice for the quan-
tum description are explained elsewhere.*> Below we briefly define the variables and
concepts that our TPS simulation used.

Definition of the order parameter. The first step in the TPS algorithm is to define an
“order parameter,” i.c. a variable that describes whether the system is in the re-
actants, products or in an intermediate region, as shown schematically in Fig. 21.
The pyruvate and lactate regions were defined by the values of the appropriate bond
lengths.*?

Decorrelation of trajectories. The goal of TPS is to generate reactive trajectories
that span the whole trajectory space. We must ensure that the ensemble of trajectories

Pyruvate Region Lactate Region

Fig. 21 Schematic representation of the TPS algorithm. The shaded regions are identified by
the order parameter as reactants and products. The solid line is a reactive trajectory. A
“shooting” move is shown: a time slice was chosen along the reactive trajectory, momenta
were perturbed, and then the system was propagated forward and backward in time, resulting
in a non-reactive trajectory shown with the dashed line.
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we generated do not lie ““near each other” in the trajectory space. The variable that
monitors this is an autocorrelation function of the appropriate variable. This auto-
correlation function is shown in Fig. 22. As can be seen, the trajectories became
uncorrelated after about 30 successful iterations of the algorithm.

Results: atomic description of relevant catalytic motions

A compression of residues facilitates catalysis. We have identified a compression—
relaxation sequence of residue motions that facilitates catalysis. These are the res-
idues 31 and 65, located behind the cofactor and transferring hydride, and 106 and
195, located on the acceptor side behind the substrate, as seen in Fig. 23.

In Fig. 24 we plot various distances that reveal a compression of several residues
that occurs close to the reaction event. These are taken from a trajectory with a
concerted hydride and proton transfer. All graphs are plotted in the pyruvate to
lactate reaction direction.
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Fig. 22 Autocorrelation function for trajectories, plotted versus the number of reactive
trajectories that have been generated after a given trajectory. The figure shows a decorrelation
of reactive trajectories generated by TPS.
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Fig. 23 Three snapshots of the compression of residues that leads to a reactive event.
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Fig. 24 Comparison of motions of donor—acceptor and surrounding residues reveals a
compression-relaxation motion. See text for description of the panels.

The panels of Fig. 24 describe the following:

(a) Plots the distance of the hydride from the cofactor reactive carbon and the
distance of the proton from the histidine reactive nitrogen. At time = 6100 fs the
atoms begin to transfer to the substrate.

(b) Plots the donor—acceptor distance for the hydride. The minimum distance of the
donor—acceptor distance, and the distance of residues Valine 31 and Arginine
106 from the active site are marked by solid circles. The hydride donor—acceptor
distance reaches its minimum at time = 6132 fs. A similar plot can be drawn for
the proton transfer.

(c) Plots the distance of residues 31 and 65 from the active site. They are located
behind the cofactor and transferring hydride.

(d) Plots the distance of residues 31 and 106 from 4 to 8 ps. Residue 106, responsible
for polarization of the substrate carbonyl bond via hydrogen bonding, initially
compresses towards the active site reaching a minimum distance at 6043 fs
(marked by solid circle). By 6153 fs (marked by solid circle) residue 31 has
reached its minimal compression towards the active site.

The compression towards the active site revealed in Fig. 24 is what causes the
donor—acceptor distances for the hydride and proton transfers to reach their mini-
mum. When they reach their minimum, interactions across the donor, transfer-
ring atom, and acceptor are initiated. The events that occur next are critical for
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completion of the reaction. The continued compression of the donor side residues
towards the active site, are not only involved with bringing the donor—acceptor
distance closer together, but also with shifting the entire enzyme. While the do-
nor—acceptor distances increase again, it will be the motion of the surrounding
residues that ultimately determine whether the atoms transfer. In particular, the
compression of the donor side residues cause the acceptor side residues to relax away
and the reaction to complete.

Concerted vs. stepwise transfers. We now address the question of whether the
hydride and proton transfers are concerted, or whether the hydride transfer precedes
the proton in the pyruvate to lactate reaction direction. Our TPS study showed that
both mechanisms are possible. In Fig. 25 we show the distribution of the time lag
between the hydride and proton transfer for all reactive trajectories. We note that
both concerted and sequential transfers are possible, and that 74% of the trajectories
have a time lag greater than 10 fs, indicating that the majority of reactive trajectories
have sequential transfer steps.

Figure 26 compares two trajectories: one for concerted hydride and proton
transfers with one for sequential transfers, as seen in panel (a). In panel (b) we can
see that the donor—acceptor distance for the stepwise trajectory reaches its minimum
first, due to the earlier combined compression of residues 31 and 106. Why does the
proton take longer to transfer? If we look at panel (c) at the distance of residue 31
after it reaches its minimum, it jumps back away from the active site causing a delay
in the relaxation of residue 106, as seen in panel (d), and a delay in the increase of the
proton donor—acceptor distance. Soon after, panel (d) shows that residue 106 relaxes
away from the active site while the donor—acceptor distance increases, completing
the reaction.

Perturbation of the donor—acceptor axis and compression reaction coordinate. We
will now demonstrate the effects of disrupting the compression—relaxation of the
donor—acceptor axis residues close to the reactive event. For the perturbation we
used the coordinates and velocities of a time slice 160 fs away from the reactive event
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Fig. 25 Distribution of the time lag between the hydride and proton transfer.
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Fig. 26 Comparison of motions of donor—acceptor and surrounding residues reveals when
the double transfer is sequential and when it is concerted. See text for description of the
panels. The circles in the residue trajectories in the lower panels, highlight the moment the
transfer event happens.

of a concerted transfer trajectory. The momenta of residue 31 were perturbed along
the residue-active site axis, 1 A away from the active site.

Figure 27 contrasts the original reactive trajectory to the perturbed one, shown in
panel (a). Panel (b) shows that after a delay, the hydride donor—acceptor distance
begins to deviate from the original reactive trajectory, unable to reach its minimum
without the full compression of the donor side residues, i.e. 65 shown in panel (c) and
the perturbed 31 (not shown). Additionally, the absence of the compression prevents
the relaxation of the acceptor side residues, for example, of 106 shown in panel (d).
The donor—acceptor distance comes closer, since at that time residue 106 is still
compressing and the perturbed residue 31 has a weaker, delayed compression. Due to
this, the hydride starts to transfer. However, since the compression—relaxation tran-
sition does not occur, the reaction is not completed.

ESSENTIAL DYNAMICS

ED (or principal component analysis), is a method commonly used for identifying
large scale motions in proteins, e.g., protein folding or substrate binding. A sum-
mary of the method follows. Let R = (Rix,Ri,,...,Rn-) be the positions of the
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Fig. 27 How perturbation of a residue makes a trajectory nonreactive.

protein atoms. One assumes that the solution of Newton’s equation of motion can
be written in the following approximate form:

3N
RO =Y an(0)ij, (13)

m=1

One then tries to find the coefficients and basis functions a,, 7, that provide
the best approximation (in a least-squares sense) of R(¢) to the exact solution of
Newton’s equation of motion. This condition is satisfied by choosing the spatial
basis set 7, to be the eigenfunctions of the covariance matrix

Cij =R — (R)) (R; = (R))) (14)

where (- --) denotes time average over the entire MD trajectory. When a few eigen-
values of the covariance matrix are much bigger than the rest, the corresponding
eigenvectors dominate the dynamics. When sorted by their eigenvalues, the ED
modes are sorted according to their contribution to the total mean-square fluctu-
ation. These few dominant modes are designed to provide a good fitting to the
trajectory. In a protein, there may be concerted motions of groups of atoms (e.g.,
loop motions) which provide a significant number of covariant matrix elements Cy,
and therefore dominate the principal eigenvectors of the covariant matrix. In this
case, ED separates the conformational space into an essential subspace containing
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only a few dominant collective modes, and a remaining space which contains ran-
dom atomic fluctuations.***3

In Section 3, we found that protein motions in hPNP accelerate the chemical step.
Now we will present an application of the ED method, used to identify protein
motions that increase turnover by creating substrate binding affinity. In particular,
we have studied*® the conformational change in the 241-265 loop, and identify
variations in its orientation, which is crucial in determining the substrate accessi-
bility to the active site.

Substrate binding in PNP

As a reference for the discussion below, in Fig. 28 show a plot of the active site
of PNP. We will present the experimental reasons that led us to focus our attention
on the 241-265 loop. If one assumes that each X-ray crystal structure represents
a possible conformation in solution, considering several crystals and their relative
atomic B-factors presents an experimental view of the conformational flexibility of
the protein at an atomic resolution. The relative B-factors of the C, atoms of apo
hPNP, and hPNP complexed with the TS analog Immucillin-H show that the loop
residue E250 is the centroid of highly mobile region, while residues G63 and E183
are centroids of more localized mobile regions. Additionally, from the structural
differences between the crystal pairs of apo hPNP-hPNP - guanine (formation of the
Michaelis complex), and apo hPNP-hPNP-ImmH (formation of the TS analog

E201

Fig. 28 Active site of hPNP with the TS analog ImmH and the phosphate nucleophile.
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Fig. 29 Detailed root-mean-square displacement (RMSD) A, per residue, of the geometric
difference between the apo hPNP-hPNP---guanine (black), and apo hPNP-hPNP-..-ImmH
(red) crystal structure pairs. The different RMSDs of both pairs of crystals, provide evidence
that the TS analog is bound to hPNP much tighter than the substrate analog.

complex), it has been questioned whether correlated motions exist to allow the
necessary conformational change of the 241-265 loop for substrate binding and
turnover. It is accepted that reorganization of this flexible loop, which makes up
part of the active site, is essential for allowing different substrates/inhibitors to enter
the active site.*’ The loop displacement is conjectured to push the substrates towards
the active center favoring more reactive configurations. In Fig. 29 we show the
root-mean-square deviation of the C, geometric difference between the apo
hPNP-hPNP - guanine, and the apo hPNP-hPNP - ImmH pairs. The same geometri-
cal difference trend appears for any combination of two apo hPNP structures
with six substrate/TS analogs, confirming the substantial loop rearrangement upon
substrate analog/TS analog binding.

We used principal component analysis to identify correlated motions in different
forms of hPNP, namely, its apo and complexed forms, and assess whether they
facilitate the 241-265 loop rearrangement prior to the subsequent phosphorolysis
reaction. We compared the principal components for the apo and complexed hPNP
simulations, and examined the different correlated motions for each form of the
enzyme, comparing directly to the crystallographic B-factors. Finally, via experimen-
tal site-directed mutagenesis, several residues implicated in the correlated motion were
mutated, and the kinetic constants k¢, and Ky, (fingerprints of catalytic efficiency),
were measured to weigh the impact of these residues in the phosphorolytic efficiency.

Results: mobile residues in the active site

We performed molecular dynamics simulations for the APO, ES, and EI-APO
models. The objective of the EI-APO simulation is to capture putative concerted
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motions in hPNP during the loop conformational change taking place upon
going from an “E---1 geometry” towards an “apo hPNP geometry”, which revers-
ibly translates into existing motions in hPNP during substrate binding and TS
formation.

For the APO simulations, from the first few eigenvectors, we observed prominent
correlated motions in the neighboring residues F159 and P150, adjacent to the
purine substrate. Moreover, it is not surprising that G63 and E183 also show strong
motions, granted their large B-factors. Additionally, to a lesser extent, the active site
residues S33, H84, H86, and F200 display high mobilities. These concerted motions
were observed both in a 1-ns vacuum simulation and in a solvated simulation.
Overall, the most significant feature of the APO simulations is the correlated mo-
tions found in the spatially neighboring F159 and P150 residues.

In the case of the ES simulations, we found that there exist correlated motions
around the F200 and E250 residues, the latter being the epicenter of the loop
dynamics. To a lesser extent, residues S33 and P150 also showed concerted behavior.
It is not surprising that residues H183 and N121 are involved in dynamics granted
their high mobilities implied by its high B-factors. We found differences in the
concerted motions between the APO and ES models of hPNP: the APO model
presents concerted dynamics around the F159 and P150 residues, while for the
simulation of the Michaelis complex (ES), concerted motions are mostly found
around the active site residue F200 and loop residue E250. This in turn suggested
that dynamics in the apo enzyme is concentrated around the residues F159 and
P150, though once the substrate enters the active site, these become dormant, and
active site residue F200 and loop residue E250 (embracing the purine substrate),
come into action.

For the EI-APO simulations, the correlated motions were again found around the
neighboring residues F159 and P150, as well as around F200, E250, and S33. This
behavior resembles a combination of the APO and ES models. These results suggest
these residues are coordinated in the enzyme so that it can successfully accommodate
the substrate in the active site and achieve TS formation.

We observe that the three computational models (APO, ES, and EI-APO) present
distinct characteristics in their correlated motions. Some similarities are found, for
example, in the high mobilities of G63 and EI183, in agreement with their high
crystallographic B-factors. However, other residues which had not been seen as
highly mobile based on their B-factors (namely F159, P150, H230, and F200), have
been found to have correlated dynamics. This implies that observation of crystallo-
graphic structures alone may not be enough to infer important dynamic behavior in
proteins, and that additional MD studies are needed to identify correlated dynami-
cal modes. Finally, we have been able to successfully recognize correlated motions
on the 241-265 loop, particularly present in the simulations of the Michaelis com-
plex, and in a lesser extent in the EI-APO simulations. This suggests that the loop
may have a favorable role in capturing the substrate as well as in the chemical step.
Fig. 30 highlights the residues that were identified by the principal component
analysis: note the presence of residues F159 and F200, whose involvement in binding
was not obvious from B-factors alone.
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Fig. 30 hPNP with marked residues that show correlated motions: S33 (brown), H64
(brown), H86 (brown), P150 (magenta), F159 (blue), H230 (pink) and 241-265 loop (red).

Table 3 Experimental kinetic parameters for different mutants which show correlated mo-
tions in hPNP

Mutant WT F200G F159G H230G NI21G
Kum (uM) 76.8 1580 2260 145 64.9
Keat (571 324 3.8 23 2.6 33.0
Keat/Km (10°s7'M™h 42 0.024 0.01 0.1 5.0

Experimental site-directed mutagenesis

The X-ray crystal structures indicate that all direct contacts between hPNP and the
substrates guanosine and phosphate are through amino acid side chains. Our site-
directed mutagenesis strategy replaced each residue with glycine in order to assess
the contribution of the residue’s side chain to substrate binding and/or catalysis.
Results from the kinetic studies (Table 3) indicate that substrate binding affinity was
most sensitive to the F159G and F200G mutations. In the phosphorolytic direction,
an increase of ca. 400-fold in Ky; (and modest change in k) is observed for the



Effect of enzyme dynamics on catalytic activity 353

F159G mutant. Loss of the herringbone-type interaction between the f-face of the
ribose and the hydrophobic surface created by this residue is important for substrate
binding, thus essential for hPNP activity. Additionally, the H230G mutant showed
modest changes in both Ky and ke, unexpectedly given its long distance from the
active site. Finally, the N121G mutant, did not show any relevant change in catalytic
efficiency, regardless of proving substantial concerted dynamic behavior during the
Michaelis complex simulation.

5 Conformational fluctuations

The motions we examined in the previous sections had ps- or ns-timescales, therefore
they were accessible with ordinary molecular dynamic simulations. However, it is
well known that conformation fluctuations are sometimes coupled to the reaction
coordinate. From a computational point of view, such effects are practically
impossible to study directly. To understand the reason, let us recall the shape of the
energy landscape of a protein (a description of the modern energy landscape view of
biomolecules can be found in the recent textbook of Wales*®). It consists of a very
large number of local minima (conformations), separated by barriers whose height
ranges from moderate to high (left panel of Fig. 32). The time evolution of the
system in this landscape consists of relatively long periods of oscillations in the local
minima, separated by hops between conformations (Fig. 31).

The rate-promoting vibrations we examined earlier are fluctuations within a
single conformation. The problem we want to address is, whether there are some
conformations which favor catalysis, for example, because in them the average

Second principal component

First principal component

Fig. 31 A 100 ps MD trajectory of PNP, plotted in the plane of the two largest principal
components. The two darker regions, where the trajectory fluctuates locally, are two con-
formations. If we are interested in sampling many conformations, the long time the system
spends in local fluctuations in a given conformation, is a waste of resources.
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donor—acceptor distance is shorter. To study this problem, we would like to have
our molecular dynamics trajectory visit as many conformations as possible. How-
ever, the system spends most of its time in fluctuations within a conformation local
minimum, and only rarely hops to a different conformation minimum. Therefore,
MD simulations may be useful for studying other problems, but they are not a
practical tool for searching the conformation space. However, there are other tech-
niques that may be useful. In the rest of this section, we will first briefly review recent
work on conformation fluctuations that enhance tunneling in DHFR; we will close
with a computational scheme we propose for studying this class of problems.

DIHYDROFOLATE REDUCTASE

DHFR catalyzes the reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofo-
late (THF) through the oxidation of the coenzyme NADPH. DHFR has been
studied extensively due to its role in maintaining intracellular pools of THF, which is
an important component of several metabolic pathways. The reaction catalyzed by
DHFR is thought to involve transfer of a proton followed by a hydride to DHF.

It has been shown through nuclear magnetic resonance (NMR) studies** that
the catalytic cycle involves conformational changes of the M20 loop. This mobile
loop is close to the active site and is assumed to play an important role in binding of
the cofactor and substrate to DHFR. Also, mutational studies have identified distal
residues®' that affect catalysis. These studies strongly suggest that conformational
changes are related to catalysis.

In addition, classical MD simulations? have identified correlated domain motions
in the reactant DHF complex but not in product complexes, indicating they are
related to catalysis. These domains are in the same regions highlighted by the NMR
studies.

We will only present a very brief review of theoretical studies on this system and
refer to reader to publications of the groups that have studied it.>* > Since the
catalytic step involves a hydride transfer, a major difficulty is how to treat quantum
effects. These works followed different paths.

Truhlar, Gao, and Garcia-Viloca®® use a geometric reaction coordinate, the
difference between acceptor-hydrogen and donor-hydrogen distances. The system is
divided into a small primary zone at the active site, and a secondary zone. The
results are averaged over several secondary zone configurations. Electronic quantum
effects are included with a semi-empirical QM /MM potential that is augmented with
a valence bond term, parametrized to fit the experimental free energies. The free
energy profile is calculated with an umbrella sampling along the above reaction
coordinate. Brooks and Thorpe,>” also used a semi-empirical QM/MM potential.
Only structures from the reactant side were used, and those with donor—acceptor
distance smaller than 2.5A were used in the QM/MM calculations. For each of
these configurations, a QM/MM optimization was performed for a series of fixed
hydrogen-acceptor distances. Only atoms within 10A from the transferring hydro-
gen, were allowed to move. Hammes-Schiffer™® used as a reaction coordinate the
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energy difference between reactant and product diabatic states, averaged over the
ground state of the vibrational wavefunction of the transferred hydrogen. Electronic
quantum effects are included through an EVB potential, parametrized to fit exper-
imental free energies of activation. The free energy profile is generated by sampling
over the entire range of that collective reaction coordinate. Once the energy profile
is found, they used TST to calculate the reaction rate. Note that in real time
the protein dynamics may need e.g., 1 ms to move along the reaction pathway of
the reactive coordinate used in these works, so the generation of the energy profile
allowed them to describe an event that requires time longer than any feasible mole-
cular dynamics trajectory.

There is a long-standing debate whether approaches that calculate the free energy
barrier using a geometric reaction coordinate can sufficiently sample protein con-
formations and whether methods that use the energy gap as the reaction coordinate
are superior. In the present system, it has been shown™ that the two methods gen-
erate equivalent results. In fact both methods produced similar free energy profiles.

Coming back to the work of Truhlar and coworkers,”® and Hammes-Schiffer,>*
after they generated a free energy profile along their choice of reaction coordinate,
the next step was to examine the ensemble of conformations used to generate a point
on the energy profile, and generate statistics and comparisons for various geometric
characteristics along the energy profile. They both found a correlation of structural
changes as the system approaches the TS, which show a tightening of some hydro-
gen bonds and of the donor—acceptor distance.

We should emphasize that the structural changes found in those works were not
motions in real time. Even if it is true that conformational changes affect catalysis, it
is not clear if the enhancement of the rate is due to a coupling to the motion of the
hydride, or due to different thermodynamic averages, for example, because the
transfer distance became shorter. The fact that in the calculations of Thorpe and
Brooks,”> most of the enzyme was held fixed, is an indication that the effect is
structural rather than dynamical. In this last work, a wide range of barrier heights
was found, which led to questioning whether approaches that are based on mean
field potentials can capture the range of protein conformations that led to that range
of energy profiles. Various opinions on these questions can be found in the original
papers.

To avoid semantic confusion we should clarify that Hammes-Schiffer uses the term
“promoting motion” to describe an ensemble of conformations that, for example,
have a shorter donor—acceptor distance. The “motion” in her case is the implied
intra-conversion among these conformations. The “promoting vibration” we de-
scribed earlier refers to fluctuations within a single conformation. The two effects are
different and occur in separate timescales.

The identification of the way conformation fluctuations in DHFR affect parti-
cular distances at the TS, is a significant achievement. There are some details that
maybe improved, but we should emphasize that the point we will make this is not a
criticism of those works, but rather of the limitations of simulations that are cur-
rently possible. These simulations identified distances that change in the TS, but they
can’t distinguish if they must change in a particular order (e.g., as found with TPS in
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LDH). Also, they generated an ensemble of conformations near the TS, but since
they have no notion of time, they cannot give details of how the system samples the
conformations. In the next section we will propose a scheme that may provide a
starting point for a discussion that will address these questions.

A PROPOSED SCHEME FOR SEARCHING THE CONFORMATION SPACE

It would be desirable to have a more systematic method for searching for confor-
mation fluctuations that are coupled to the reaction coordinate. In the rest of this
section, we will propose a computational scheme that tries to address this problem.
This scheme is unpublished work. It consists of three elements:

(1) The topological structure of the conformation space.

(2) A computational scheme (kinetic Monte Carlo) for describing dynamics in the
conformation space.

(3) An algorithm (string method) for calculating energetic barriers between confor-
mations.

The topological structure of conformation space

It is well known that conformations that have similar geometries have similar
energies, but the opposite is not true, conformations that are unrelated may acci-
dentally have similar energies. In addition, long MD runs that visit several confor-
mations, sample geometrically similar conformations. The above observations suggest
that conformations populate their configuration space in some structured way. The
structure of the conformation space was studied by Berry and Kunz,*® Becker and
Karplus,”” and Becker.”® They termed it “topological” structure because the key in
the description is neither geometrical similarity nor energy, but rather a connectivity
concept, i.e. given a conformation, which other conformations are accessible to it, and
how many saddle points are crossed by the pathway that connects them.

Their main conclusions are summarized in Fig. 32. In the left panel, we see a free
energy profile. At the energy level marked as “—1,” the conformations that are

+1 A B
= Jlafs]lc
A B c o S

Fig. 32 The topological structure of conformation space. Left: the energetic profile. Middle:
the connectivity graph. Right: the clustering of conformations into basins.
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clustered under A are accessible to each other by crossing a single saddle point. The
same is true for the conformations under B and under C. At the energy level marked
as ““0,” one can go from A to B by crossing one saddle point. A group of con-
formations like the ones clustered A or B, is called a ““basin.” There are three basins
visible in the diagram: A, B, and C. At the energy level marked as ““+1,” one can go
from A to B, but to go from basin B to basin C, one has to cross another saddle
point. We say that A and B belong to the same “superbasin,” but C belongs to a
different superbasin. The above structure is depicted in the “‘connectivity graph”
shown in the middle panel, that shows how the various conformations and saddle
points are connected. An easier to understand schematic picture is shown in the right
panel: the solid dots are conformations and they are grouped in their basins. Solid
lines represent transitions through a single saddle point, possible either between
conformations in the same basin, or between basin A and B. Basins A and B
are connected to basin C by a dashed line, in order to signify that they belong to
a different superbasin and one has to cross 2 saddle points instead of 1, for a
transition to C.

Becker and Karplus®’ classified in this manner all the minima and saddle points
of a small peptide, met-enkephalin, and found the topological structure shown in
Fig. 32. It should be noted that Frauenfelder and Wolynes,>® from their analysis of
experimental data, had predicted earlier that the energy landscape of proteins would
have the topological structure shown in Fig. 32. In addition, they found that con-
formations that belong to the same basin are separated by low barriers of a few kgT.
Basins are separated from each other by a high barrier. That is, a basin consists of
geometrically similar conformations that are separated by low barriers, and is sep-
arated from another basin by a high barrier. This structure explains the observations
mentioned at the beginning of this section. A constellation of basins can have var-
ious structures,*® one of which corresponds to the well-known “funnel” landscape of
proteins.®

From the dynamic point of view, the system frequently hops among conforma-
tions in the same basin, and it rarely hops to a different basin.

Basin hopping in the conformation space

In the beginning of this section we mentioned that even an MD trajectory that is
several ns long, can sample only a few conformations. With the help of the basin
picture, we now realize that the conformations sampled by MD run, all lie in the
same basin. The reason is that, by definition, only these conformations are separated
by low barriers, which can be overcome in the timescale accessible to MD runs. A
simple corollary is that the MD run would be able to sample more conformations, if
it could somehow be able to hop to a neighboring basin.

Now, imagine that we have two conformations that belong to different basins,
and that we know the height of the barrier that separates these two conformations.
Things become more interesting if we recall that the conformations that belong
to the same basin are geometrically and energetically similar to each other, therefore
we can pick any conformation as representative of that basin. We can make the
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following assumption, first suggested by Berry>® (he recently applied it to a study of
small peptide®'): each basin is represented by any conformation in it, and hopping
among basins can be approximated by transitions among their representative con-
formations. In our case, one can use TST to describe these transitions.

This is a summary of the proposed scheme for studying dynamics in conformation
space:

(1) Generate many protein conformations.

(2) Classify them into basins, and keep one representative conformation for each
basin.

(3) Find the energetic barriers between these representative conformations (see next
subsection).

(4) Once a set of conformations and the rates of conversions among them have been
determined, we can use a standard algorithm (e.g., kinetic Monte Carlo®) to
describe the dynamics of hopping in the conformation space.

What we gained compared to standard MD simulations, is that the extremely long
trajectories required until the system hops to a different basin, have been replaced by
a transition described by TST and kinetic Monte Carlo. In this way, one is able to
sample many more conformations than with an ordinary MD simulation.

To connect these abstract concepts with the subject of this review paper, let us
imagine that in an enzyme where proton is transferred through tunneling, there are
some conformations that have donor—acceptor distance that is on average closer
than other conformations. Then, conformation fluctuations that bring the protein
towards these favorable for reaction conformations, will strongly enhance the rate.
Unlike the rate-promoting vibrations we discussed earlier, whose timescale were so
fast that several oscillations were needed before the proton is transferred, once the
protein reaches a conformation in which donor and acceptor are close, it stays in
that conformation for long enough time that tunneling takes place in that con-
figuration of donor—acceptor.

The string method for finding reaction pathways

In order to implement the algorithm suggested in the previous subsection, we need a
method for identifying the energetic barrier between two conformations. This is a
specific case of a more general problem: given two states that lie in local minima of
the energy landscape, find the MEP that connects them. This is a difficult problem
that has attracted a lot of activity in the last decade.

The most successful method for identifying the MEP and energetic barrier
between two stable states, is the “nudged elastic band” method.®* This elastic band
is a collection of system images that connect in configuration space the initial and
final stable states. Adjacent system images are connected with fictitious harmonic
strings. If this elastic band lies along the MEP, the force on it is equal to zero. If it is
displaced from the MEP, then the forces acting on it (arising from the protein
potential) will tend to return it towards the MEP. If there were no fictitious springs
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that connected the adjacent system images, the images would relax towards either
the initial or final stable states, i.e. the function of the springs is to keep the system
images well separated. The presence of the fictitious springs guarantees that the
elastic band will slide towards the MEP. The computational procedure is concep-
tually simple (but difficult to implement in practice): interpolate a few images be-
tween initial and final states; connect them with fictitious springs; use the protein
potential to calculate the forces on the system images; Newton’s equations of motion
will make the elastic band slide towards the MEP.

The elastic band method has been applied with remarkable success.®**** However,
it cannot be applied to problems that have rugged energy landscapes, like proteins.
Recently, a similar method has been developed, that was designed to be applicable
to rugged landscape systems. It is called the “finite-temperature string method”.®

The difference with respect to the nudged elastic band method is the following:
again, a chain of system images that connect the initial and final stable states is
formed, but instead of connecting them with fictitious springs, the system images are
assumed to be elements of a string of uniform density. Similarly to the elastic band,
Newtonian dynamics using the protein potential makes the string slide towards the
MEP, and during its descent it stretches, while keeping its property of uniform
density.

The advantage of setting up the chain of images as a string rather as an elastic
band, is that while for the elastic band the dynamics of the fictitious springs have to
be solved explicitly (causing difficulties in rugged landscapes where the springs get
stuck), the string dynamics that keeps its density uniform can be implemented with
the standard sHAKE algorithm of molecular dynamics.

Recently, the string algorithm was used for finding the transition path in Alanine
dipeptide. If one can apply it successfully to a large protein, then this will be the final
missing link in the scheme outlined above for studying dynamics in conformation
space.
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Abstract

Reactive Zn—OH,, (n =1 or 2) species are proposed in the catalytic cycles of
several zinc-containing enzymes. In order to gauge the chemical factors that influ-
ence the formation and reactivity of Zn—-OH,, species, synthetic model complexes
have been prepared and systematically examined for biologically relevant stoichio-
metric and catalytic reactivity. Systems that promote the hydration of CO,, the
activation and oxidation of alcohols, and amide and phosphate ester cleavage
reactions are discussed.
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1 Introduction

Metalloenzymes containing a Zn-OH,, (n =1 or 2) moiety catalyze a variety of
chemical reactions.' These include CO, hydration, alcohol oxidation using a redox
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active NAD */NADH cofactor, and the hydrolysis of amide and phosphate ester
groups. One approach toward elucidating detailed chemical information regarding
the role of Zn—OH,, species in enzyme-catalyzed reactions involves the preparation
and studies of the reactivity of small molecule analog complexes.” Over the past
few decades, this synthetic analog approach has led to the development of a mul-
titude of reactive model systems for zinc enzymes.” ' The primary purpose of
this contribution is to provide a detailed description of reactive synthetic systems
involving a Zn—OH,, moiety. In some cases, the stoichiometric and/or catalytic re-
activity of these model systems will be compared/contrasted with reaction pathways
proposed for zinc enzymes. Overall, this contribution is not meant to be exhaus-
tive in terms of presenting all reported synthetic model systems for zinc enzymes.
Instead, it is focused on a detailed presentation of kinetic and mechanistic studies
of reactive complexes and builds on previous reviews that also focused primarily on
reactivity.® '* Excellent reviews are also available that place a stronger emphasis on
the structural aspects of model systems for zinc centers in metalloenzymes.”

PROPERTIES OF DIVALENT ZINC AND ZN-OH, SPECIES

Divalent zinc has a 3d'° electron configuration and is redox inactive and diamag-
netic. As a consequence of its filled shell electronic structure, ligand field stabilizat-
ion effects do not influence the coordination properties of Zn(Il). Instead, the
coordination number of a Zn(II) center and the geometric arrangement of its ligands
in a coordination complex are primarily determined by the steric and electronic
properties of the ligands. An overall coordination number of four and a distorted
tetrahedral geometry are most common for Zn(II) in biological systems, albeit
Zn(II) centers having a coordination number of 5 are also prevalent.” In terms of
hard—soft acid—base properties, Zn(II) is an intermediate metal ion which forms
complexes with both hard (oxygen, nitrogen) and soft (sulfur) donor ligands."!?
Zn(IT) undergoes rapid ligand exchange for monodentate ligands such as water (ke
(H>0) =2 x 10”s™"), which enables this metal ion to facilitate catalytic reactions.
This rate of water exchange is slower than that of alkali metal ions (kx (H-O)
~10%-10°s7"), but faster than most other divalent 3d metal ions (Fe(II): 4 x 10°s~",
Co(II): 3 x 10%s™", Ni(II), 4 x 10*s™!, Cu(Il) 1 x 10°s7")." In terms of ligand re-
activity, it is important to note that Zn(II)-OH species exhibit nucleophilic behavior.

Zinc aqua (Zn—OH,) species are prevalent in biological systems. When coordi-
nated to a Zn(II) center, a water molecule can have a pK, value that varies from ~6
to 11, with [Zn(OH,)¢]** having a pK, = 9.0.> The position of a specific Zn—-OH,
unit in this range depends on the primary and secondary ligand coordination en-
vironment of the zinc center. A more Lewis acid Zn(II) center, and hence a lower
Zn—OH, pK, value, is produced when the total number of primary ligands is low
(e.g. 4) and these ligands are neutral donors. For example, the Zn—-OH, moiety
in [(THB)Zn(OH,)]*" (Fig. la) exhibits a pK, value of 6.2.'° This indicates that a
tetrahedral (Nyg;5)3Zn(I1)-OH, moiety, as is found in active site of carbonic anhy-
drase (CA), could have a pK, at or below physiological pH for the zinc-bound aqua
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pKa=6.2

.

[(PATH)ZNn(OH,)]*
(b) pKa=7.7

Fig. 1 Examples of four-coordinate Zn(II)-OH, complexes for which pK, values have been
determined. Comprehensive listings of LZn—-OH, pK, values for synthetic complexes have
been recently compiled.’

ligand. Substitution of a neutral donor with an anionic ligand in the primary co-
ordination sphere of the Zn(II) reduces the Lewis acidity of the zinc center and thus
raises the pK, of a Zn(I1)-OH, moiety. For example, a tetrahedral [(N,S)Zn(OH,)] "
species ([((PATH)Zn(OH,)] ", Fig. 1b) akin to the active site zinc center in peptide
deformylase exhibits a pK, value of 7.7."7

In terms of secondary effects, recent studies of zinc complexes supported by trip-
odal, tetradentate ligands indicate that the presence of intramolecular hydrogen-
bonding interactions involving the oxygen atom of a zinc-bound water molecule
lowers the pK, of that water molecule.'® ?° As shown in Fig. 2, zinc complexes having
a single internal hydrogen-bond donor exhibit a Zn-OH, pK, value that is ~0.7-0.9
pK, units above analogs having two internal hydrogen-bond donor groups.

ROLES FOR ZN(II) IN CATALYSIS

As zinc-containing enzymes do not exhibit spectroscopic features, such as d-d elec-
tronic transitions or an electron spin resonance (EPR) signal, which can be used to
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Fig. 2 Cationic portions of N4- and N3O-ligated Zn—OH, complexes having variable num-
bers of internal hydrogen-bond donors. The two pK, values shown for the N3O-ligated
complexes correspond to ionization of the Zn—OH, and Zn—OR groups, albeit the individual
values have not been assigned.

detect substrate-, intermediate-, product- or inhibitor-bound forms of the enzyme,
structure—function relationships and proposed catalytic mechanisms for zinc-
containing enzymes have been developed and evaluated primarily on the basis of
the combined results of X-ray crystallographic, kinetic (using native and altered
substrates), site-directed mutagenesis, and metal-ion substitution studies.?"** From
these studies, it is apparent that catalytic zinc sites in metalloenzymes typically
contain at least one water-occupied coordination position, in addition to three or
four Zn(II)-coordinated amino acid ligands.>® The zinc-bound water molecule can
undergo one of three types of reactions within an enzyme active site. The Zn—OH,»
can (1) undergo ionization to produce a zinc hydroxide species, (2) be polarized via
interaction with a catalytic base to produce a reactive nucleophile, or (3) be dis-
placed by a substrate.”*?> Other roles for an active site catalytic Zn(II) ion in a
metalloenzyme active site can include polarization of a substrate via coordination,
and/or stabilization of negative charge build-up in a transition state.

GENERAL NOTE

For the model systems described herein, when not specifically indicated, the reader
should assume that the solvent is water.
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2 CO; hydration

Carbonic anhydrases (CAs) catalyze the reversible hydration of CO, to form bi-
carbonate (Fig. 3, bottom). Four classes of CAs (o, P, v, 8) have been identified.?® In
a-CAs, a mononuclear active site zinc center having distorted tetrahedral ligation
from three histidine nitrogen donors and one water/hydroxide ligand, (Nyjs)3Zn—
OH,, (n =1 or 2), is proposed to provide the nucleophile for CO, hydration.?”-*3
Additionally, within the active site there is a threonine residue (Thr-199) that forms
a hydrogen-bonding interaction with the Zn—-OH,, moiety (Fig. 3). This threonine
residue in turn forms a hydrogen bond with a glutamate residue. The secondary
interaction between the Zn—OH, moiety and Thr-199 is suggested to influence
the pK, of the Zn—-OH, moiety, and orient the Zn—-OH for nucleophilic attack
on CO,.%%? Notably, in a structurally characterized mutant of human CA-II
(Thr-200 — His), a bound bicarbonate anion forms a hydrogen-bonding interaction
involving Thr-199.%3! Overall, these results, combined with X-ray crystallographic
studies of Co(II)-substituted human CA-IL* indicate that secondary hydrogen-
bonding interactions are important toward influencing the chemistry of zinc-bound
anions, including bicarbonate, in CAs.

A pK, value of ~7 has been assigned to the active site zinc-bound water molecule
in human CA-I1.%%* Above pH = 7, the hydration of CO, is the dominant reaction,
whereas below pH = 7, dehydration of CO, occurs. A proposed mechanism for CO,
hydration catalyzed by a a-type CA is shown in Scheme 1. Following deprotonation
of the zinc-bound water molecule, the Zn—OH acts as a nucleophile toward CO, to

Glu-106

COy; + H)O — HCO; + H*

Fig. 3 (top) Active site features of a typical mammalian o-CA and (bottom) reaction cat-
alyzed by CAs.
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Scheme 1 Proposed catalytic mechanism of a a-type CA.
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Fig. 4 [([12]aneN;)Zn(OH,)]*".

yield a zinc-bound bicarbonate anion. Displacement of the bicarbonate anion by
water results in regeneration of the zinc—aqua species.”® 25343

Relatively few catalytically active model complexes for CAs have been reported.
Kimura and coworkers reported a catalytically active model complex, [([12]an-
eN3)Zn(OH,)]|(ClOy), (Fig. 4), for a-type CAs that has been extensively examined via
kinetic and mechanistic investigations.’® This complex exhibits a pK, = 7.30+0.02
(25°C, I=0.1 (NaClQy)) for the zinc-bound water molecule, a value that is very
similar to that found for the Zn—OH, unit in CA. Upon deprotonation, a trinuclear
[([12]aneN3Zn);(u-OH)3](ClO4)5 - HCIO,4 species is formed, which was isolated and
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crystallographically characterized. In aqueous solution, pH titration experiments
indicated that [([12]aneN3Zn);(u-OH)s](ClO,4);- HCIO, breaks down into two
[([12]JaneNs)Zn(OH)] " cations, one [([12]aneN3)Zn-OH(H,0)]" cation, and four
perchlorate anions.>’ Examination of the observed catalytic rate of CO, hydra-
tion ((k%y)obs) versus pH (6.1-9.0) catalyzed by [([12]aneN;)Zn(OH)]" yielded a
sigmoidal-shaped curve characteristic of a kinetic process controlled by an acid—base
equilibrium with a kinetic pK, = 7.4. This value is similar to that found for
[([12]aneN3)Zn(OH,)](Cl04), via potentiometric titration, thus indicating that the
Zn—OH form of the complex is the reactive species involved in the catalytic CO,
hydration reaction. From this data, a mechanism for the model system was proposed
(Scheme 2).

Examination of the rate of bicarbonate dehydration reactivity of [([12]aneN3)Zn-
(OH,)](ClOy4), as a function of zinc complex concentration and pH revealed that this
reaction is only slightly catalyzed by the aqua (Zn—OH,) form of the complex. A
proposed mechanism for bicarbonate dehydration is shown in Scheme 3. Once
again, the kinetically determined pK, value matched well with that determined for
[([12]aneN3)Zn(OH,)](ClOy),, indicating the validity of the proposed mechanism.

Overall, [([12]aneN3)Zn(OH,)](ClO,), exhibits pH-dependent catalytic behavior
for the hydration of CO, and dehydration of HCO5. The rate-determining step of
the CO, hydration reaction is the uptake of CO, by the zinc hydroxide complex. The
rate-determining step in bicarbonate dehydration is substitution of the labile zinc-
bound water molecule by the bicarbonate anion. The overall catalytic mechanism
for both reactions is shown in Scheme 4. In considering this mechanism, it is

OH 0,COH

P .

_H* +H* H,0 fast

mE
nw AN

A EO VA

Scheme 2 Suggested mechanism for CO, hydration catalyzed by [([12]aneN3)Zn(OH)]*.
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Scheme 2% Proposed mechanism for HCOj3 dehydration catalyzed by [([12]aneN3)Z-
n(OH,) ™.

important to note the proton transfer processes. For example, ionization of
[([12]aneN3)Zn(OH,)](ClOy4), to produce the reactive zinc hydroxide species requires
loss of a proton. A proton transfer process is also involved in the bicarbonate release
reactivity of [([12]JaneN3)Zn(OCO,H)]*. This being the case, studies of the effect of
changes in buffer type for the uncatalyzed and catalyzed hydration of CO, were
performed. For buffers having a variety of different functional residues, no signifi-
cant affect was found on the rate of either the uncatalyzed or catalyzed processes.
This indicates that proton transfer is rapid and not involved in the rate-determining
step of CO, hydration.

Similar thermodynamic and kinetic studies were performed using [([12]aneN4)Zn-
(OH,)** ([12]aneN4 = 1,4,7,10-tetraazacyclododecane, cyclen, Fig. 5).*® This com-
plex has a thermodynamic pK, = 7.940.2 for the zinc-bound water molecule. The
hydroxide derivative of this complex, [([12]aneN,)Zn(OH)] " (klclat =3300+100s ),
is over five times more reactive than [([12]JaneNs)Zn(OH)]" (kL. = 654+57s )
for the hydration of CO,. The aqua derivative [([12]aneN4)Zn(OH,)](ClOy),
(k& =51+8M~'s7 ") is 11 times more reactive than [([12]JaneN5)Zn(OH,)](ClOy),
(k& = 4.740.6 M~'s~ " at 25 °C) for the dehydration of bicarbonate. While still well
below the reported k%, values for CO, hydration (~10—10*M~'s™!, assigned to the
proton transfer step) and dehydration of bicarbonate (kgat~107 M-l assigned to
proton transfer and simultaneous release of CO,) for a-type CAs, these complexes
exhibit the highest reactivity reported to date in a model system.>**
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Fig. 5 [([12]aneN,)Zn(OH,)]* .

Other catalytically active species for CO, hydration include [(CR)Zn-OH]"
(CR = Me,pyo[14]trieneNy, kD, =225423M7's7!, Fig. 6a), which exhibits a pK,
value of 8.69 at 25 °C.*° Zinc complexes supported by tris(imidazole)phosphine-type
(Fig. 6b—d) or tris(imidazole)phosphineoxide-type ligands also exhibit catalytic CO,
hydration reactivity.*'** All of these complexes exhibit maximum rate constants for
CO, hydration below 2500 M~'s™" in the pH = 6-7 range. Above or below this pH
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Fig. 6 Supporting chelate ligands for which catalytic CO, hydration reactivity has been
reported for zinc derivatives.

range, the reactions are complicated by ligand protonation (low pH) or loss of
Zn(IT) from the chelate ligand (high pH).

The high catalytic activity of [([12]aneN4)Zn(OH,)](ClOy,), (n = 1 or 2) derivatives
in CO, hydration and dehydration, relative to other reported model systems, has
been attributed, in part, to high stability constants for zinc binding to the supporting
chelate ligand. Enhanced stability imposed by the chelate structure should make the
coordinated water molecule more labile for displacement by HCO5, and the zinc-
bound hydroxide more nucleophilic toward CO,.

A factor that can influence CO, hydration/dehydration reactivity is the overall
coordination number of the zinc center and the coordination mode of a bicarbonate
ligand (Fig. 7). It is reasonable to suggest that a unidentate coordinated HCO3 will
be easier to displace, which could influence the rate of the overall hydration reaction.
Data discussed below in terms of single turnover experiments supports the notion
that bidentate bicarbonate coordination inhibits catalytic CO, hydration. Similarly,
bidentate coordination of HCO3 could be expected to slow the dehydration reac-
tion. Notably, X-ray crystallographic studies of bicarbonate-bound forms of a
mutant CA-II, and a Co(II)-substituted form of the enzyme, have revealed both
monodentate and bidentate coordination modes for the bicarbonate anion.”*3>%

A limitation of the above-mentioned catalytically active model systems for a-type
CAs is a lack of structural characterization for the reactive species. In particular, it
is of interest to independently examine, if possible, the structural and reactivity
features of discrete mononuclear, tetrahedral Zn—-OH, Zn-OH,, and Zn—O,COH
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Fig. 7 Possible structures of zinc bicarbonate species supported by the [12]aneN3 and
[12]aneNy ligands.

complexes. In this regard, the preparation and structural characterization of mono-
nuclear Zn-OH complexes supported by tris(imidazolyl)phosphine (Pim™™B")* and
tris(pyrazolyl)borate (Tp®R)*"* ligands, as well as a Zn—OH, complex supported by
the Tp®"“M* ligand,>® have been reported (Fig. 8).> The hydroxide complexes exhibit
a Zn—O(H) bond distance (~1.85 A) that is considerably shorter than the Zn—OH,
(1.94 A) distance in the zinc aqua complex {[Tp®""M¢]Zn-OH,}{HO-B(C4Fs);}. Of
particular note in the synthetic Zn—OH, complex is the presence of a hydrogen-bond-
ing interaction between the zinc-bound water molecule and the anion in the solid state.
This interaction mimics that involving Thr-199 in the active site of human CA (Fig. 3).

The isolation and characterization of [Tp®“*M¢|Zn-OH and {[Tp®'“M¢|Zn-
OH,}{HO-B(C4F5)3} enabled the first direct comparison of the CO, reactivity of
tetrahedral Zn—-OH and Zn—OH, species. Notably, while the hydroxide complex
reacts with CO, reversibly to produce a spectroscopically identifiable [Tp®“*M¢]Zn—
0,COH species,”' the Zn—OH, complex is unreactive toward CO,.>> This compar-
ison provides conclusive evidence to support the notion that a Zn—OH moiety is the
reactive species both in a-type CA enzymes and in the catalytically active model
systems described above.

The zinc carbonate complex [Tp®““™¢]Zn-0,COH could not be isolated due to a
condensation reaction with [Tp®"“M¢]Zn—-OH, which results in the formation of a
bridging carbonate complex, {[Tp®““™°]Zn},(u-n":1n'-CO5) (Fig. 9). However, this
carbonate complex is reactive toward water to regenerate [Tp®"“™°]Zn-OH and
CO». In this regard, in the presence of Hi'O, [Tp®"“M¢]Zn-OH catalyzes oxygen
atom transfer between CO, and the '’O-labeled water, indicating CA-type reactivity.
While {[Tp®““™¢1Zn},(n-n"m'-CO3) is reactive toward water, the zinc carbonate
complex of Tp™™2, {[Tp™?)Zn},(n-n'n>-CO;) (Fig. 9, bottom), is unreactive. This
difference is attributed to the differing coordination modes of the carbonate ligands
in these complexes. Specifically, the bidentate coordination found for the carbonate
ligand in {[Tp'T%]Zn}>(u-1n":n%CO5) is proposed to inhibit displacement of the car-
bonate ligand by water.

In regard to the reactivity of metal hydroxide complexes with CO,, a variety
of binuclear metal hydroxide complexes, supported by hydrotris(pyrazolyl)borate
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Fig. 9 Drawings of bridging bicarbonate complexes.

ligands, have been demonstrated to undergo a stoichiometric reaction with CO,
to yield bridging carbonate complexes.>

An interesting, relatively unexplored area to date in terms of synthetic systems
concerns the impact of secondary interactions (e.g. hydrogen bonding or hydro-
phobic effects) on catalytic CO, hydration and dehydration reactivity. As noted
above, secondary hydrogen bonding likely influences the orientation and reactivity
of the zinc-bound hydroxide nucleophile, as well as the coordination properties of
the zinc-bound bicarbonate anion, in a-type CAs. To begin to investigate how
hydrogen bonding can influence the chemistry of a Zn—OH species relevant to CAs,
the CO, reactivity of a mononuclear zinc hydroxide complex supported by a trip-
odal tetradentate chelate ligand containing three internal hydrogen-bond donors,
[(tnpa)Zn—OH]CIO, (tnpa = tris((neopentylamino)methyl)amine, Fig. 10), has been
investigated.® In methanol solution, this complex reacts with CO, to produce a
mononuclear zinc bicarbonate species, [(tnpa)Zn—O,COH]CIOy, that has been char-
acterized by '"H and '*C NMR, and electrospray ionization mass spectrometry.
While the X-ray crystal structure of [(tnpa)Zn—OH]CIO,4 has been reported, and
moderate intramolecular hydrogen-bonding interactions involving the zinc-bound
hydroxide anion were identified,” the solid-state structure of the bicarbonate
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Fig. 10 [(tnpa)Zn—OH]CIO,.

complex has not been reported. Notably, hydrogen-bonding interactions may also
play a role in the CO, binding properties of a recently reported mononuclear zinc
hydroxide complex supported by the tris(hydroxy-2-benzimidazolylmethyl)amine
ligand.>®

3 Alcohol oxidation

Zinc-containing alcohol dehydrogenase enzymes catalyze the oxidation of alcohols,
or the reduction of aldehydes or ketones, using NAD " /NADH as a required co-
factor. The active site zinc center in horse liver alcohol dehydrogenase is tetrahedral
and is ligated by one histidine imidazole nitrogen, two cysteine thiolates, and a water
molecule.’” A proposed catalytic cycle (Scheme 5) involves displacement of the zinc-
bound water molecule by a primary or secondary alcohol substrate, followed by
deprotonation of the alcohol to produce a zinc alkoxide species, which is suggested
to be the active species for hydride transfer to NAD " .>® This hydride transfer
reaction results in the formation of a zinc-bound aldehyde or ketone and NADH.
Following displacement of the carbonyl compound by water, NADH is released.
In this mechanism, the mononuclear distorted tetrahedral Zn(II) center is proposed
to lower the pK, of the alcohol substrate via coordination, and to stabilize the zinc-
bound alkoxide species. Importantly, a nearby serine residue (Ser-48) is suggested to
assist in stabilization of the zinc alkoxide via formation of a strong hydrogen-
bonding interaction involving the zinc-bound oxygen atom.”®*” From a chemical
perspective, the presence of this hydrogen-bonding interaction is not surprising,
as the alkoxide-bound oxygen can be expected to be a site of high electron density.
This is due to the presence of filled d-orbitals for the Zn(II) center which prevents
n-donation of electron density from the alkoxide oxygen, thus yielding a strongly
polarized Zn—-OR bond.*

Alternative mechanisms for liver alcohol dehydrogenase have also been proposed.
For example, on the basis of a recent atomic resolution (1 A) X-ray structure of
horse liver alcohol dehydrogenase in complex with NADH, a proposal was put forth
wherein the zinc center has a coordination number of five, with a zinc-bound water
molecule being involved in protonation/deprotonation of the zinc-coordinated
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Scheme 6 Proposed mechanism for liver alcohol dehydrogenase involving a five-coordinate
zinc center.

alcohol substrate (Scheme 6). Similar to the mechanism outlined in Scheme 5, a zinc
alkoxide species, albeit having a coordination number of five for the metal center,
is proposed as the reactive species for hydride transfer.®’ Notably, EPR spec-
troscopic characterization of Co(II)-substituted liver alcohol dehydrogenase, as
well as time-resolved X-ray absorption spectroscopic studies of a bacterial alcohol
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dehydrogenase from Thermoanaerobacter brockii, are consistent with the presence of
a five-coordinate metal center in the presence of alcohol.®*%?

Catalytically active model systems relevant to liver alcohol dehydrogenase are
rare. In one reported system, hydride transfer between isopropanol and p-nitro-
benzaldehyde is catalyzed by a zinc complex supported by the [12]aneN; ligand.®*
Specifically, heating of an isopropyl alcohol solution of p-nitrobenzaldehyde, con-
taining a catalytic amount of [([12]aneN3)Zn(OH)] " for 24 h at reflux results in the
formation of >78 turnovers of p-nitrobenzylalcohol. The source of the hydride
equivalent was shown to be the methine hydrogen of (CH3),CHOH via labeling with
deuterium ((CH3),CDOH), which yielded monodeuterated p-nitrobenzylalcohol
labeled at the benzylic position. This reaction is proposed to proceed via initial
formation of a zinc alkoxide species, [([12]JaneN3)Zn(OCH(CHjs)3)]" (Scheme 7).
Coordination of the aldehyde to the four-coordinate zinc alkoxide species then
permits hydride transfer and product formation. For this reaction to proceed, for-
mation of the zinc alkoxide must be thermodynamically favored, and the Zn—OR
bond kinetically labile.

Because p-nitrobenzaldehyde is a rather poor model for NAD ™, the catalytic
hydride transfer reactivity of [([12]aneN;)Zn(OH)]" in isopropanol solution was

[([12)aneN3)Zn(OH)Z*

NO, NO,
o}
+ )J\ NO,
o]}

OH H,0 \4 H H
H
(\_/4 ) _I +

Scheme 7 Proposed mechanism for hydride transfer catalyzed by a macrocyclic zinc complex.
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also examined using the NAD ™ mimic N-benzylnicotinamide chloride (Fig. 11).
Though produced in low yield (17% after 24h at reflux), formation of the 1,4-
hydride transfer product is favored over the 1,6-product (~7.5:1).%* The low overall
yield of the reaction is presumably due to electrostatic repulsion between
[([12]aneN3)Zn(OH)] " and the N-benzylnicotinamide cation.

To examine structure/reactivity relationships for species relevant to those pro-
posed in the catalytic cycle of liver alcohol dehydrogenase, several laboratories
targeted mononuclear nitrogen/sulfur-ligated zinc alcohol and alkoxide complexes
for synthesis, characterization, and reactivity studies. Preparation of these com-
plexes required the development of new chelate ligands. For example, Parkin and
Vahrenkamp employed thioimidazole derivatives to prepare new Ss- and N,S-donor
chelate ligands that enabled the isolation of rare pseudo-tetrahedral zinc alcohol
complexes (Fig. 12).°° These complexes exhibit Zn-O(alcohol) bond distances
(1.970(3) and 1.993(3) A) that are similar to that found in a pentafluorobenzylal-
cohol-bound structure of liver alcohol dehydrogenase (2.0 A).m Also, both com-
plexes exhibit a hydrogen-bonding interaction between the zinc-coordinated alcohol
and another molecule of alcohol in the crystalline lattice. These secondary inter-
actions are characterized by O---O heteroatom distances of ~2.58 A, which is
similar to the distance involving a zinc-bound alcohol and Ser-48 (2.6 A) in an X-ray
structure of liver alcohol dehydrogenase.®’

Deprotonation of the zinc alcohol complexes shown in Fig. 12 to produce
zinc alkoxide species has not been reported. Instead, mononuclear, tetrahedral
zinc alkoxide complexes, supported by hydrotris(pyrazolyl)borate ligands,
(ITp®Me or Tp*™Me Scheme 8), have been generated via treatment of zinc hyd-
ride precursor complexes with aliphatic alcohols.®® 7® A zinc ethoxide complex,
[TpBUMe1Zn—OEt, was also prepared via decarboxylation of the ethyl carbonate
complex, [TpE"*M¢]Zn-OC(O)OEt.** X-ray crystallographic studies of [Tp"™M¢]
Zn-OCHj; and [TpB'“M€|Zn-OEt revealed Zn-O bond lengths of 1.874(2) and
1.826(2) A, respectively.®®’" These bond distances are <0.1 A shorter than found
for the alcohol complexes shown in Fig. 12.

The alkoxide complexes are very water sensitive, forming equilibrium mixtures
with the corresponding zinc hydroxide complex (Scheme 8) that lie far toward
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Fig. 12 Mononuclear tetrahedral zinc alcohol complexes.

the hydroxide derivative.®*®® This indicates that in a hydrophobic secondary
microenvironment, zinc alkoxide species are unstable with respect to hydrolysis. Ex-
amination of the equilibrium parameters for the methanolysis of [Tp""“™¢]Zn-OH as
a function of temperature yielded AHye = 1.2(1) kcalmol ' and ASye = —9(1) eu.®’

Mononuclear zinc aryloxide complexes supported by hydrotris(pyrazolyl)borate
ligands have enhanced stability with respect to hydrolysis (Scheme 8) as compared to
the alkoxide derivatives, and can in some cases be prepared directly from the re-
action of the corresponding zinc hydroxide or methoxide complex with the appro-
priate phenol.*”’>73 Overall, the hydrolytic stability of each zinc aryloxide complex
depends on the electronic properties of the parent phenol, with zinc aryloxide com-
plex formation being favored for phenols having an electron-withdrawing substitu-
ent in the para position. This is evident by comparison of the equilibrium constants
for the reaction of [Tp®"“M¢]Zn-OH with 4-nitrophenol (K = 3.5(8) x 10°) and
p-methoxyphenol (K =4.2(9)) at 300K. Construction of a Hammett plot for
equilibria involving a variety of substituted phenols yielded a log K versus ¢ plot
with good linear correlation and a p value of 2.8.°° DFT calculations indicate
that the trend in the Hammett plot is due to the electron-withdrawing substituent
enhancing the Zn—OAr bond dissociation energy to a greater extent than the H-OAr
bond dissociation energy of the parent phenol. This can be rationalized by the fact



KINETIC AND MECHANISTIC STUDIES OF THE REACTIVITY OF Zn-0OH, 97

R‘W K R/ _R'
O R [ YA
H—B/—N—N7zn_OH + ROH =—= H_B/_N_N7Zn—OR + H0

H>
1 ROH
TpButMe: R" = Bu!, R'= CHs

ROH K (300 K)
R‘ Ru
Me 1.4(2) x 10° \@y
Et 9(2) x 104 N—N
Pri 3(1)x 10° R/ R
CeHsNO,  3.5(8) x 103 v N zn—H
CeH4OMe 4.2(9) /
N—N
TpPhMe; R" = Ph, R'= CH3
ROH K (300 K) R R
Me 5.8 x 10

TpBut,Me: R"= Bu‘, R'= Me
TpPhMe: R" = Ph, R'= Me
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complex with the appropriate alcohol. Experimental methods for the determination of Kr
(300K) are given in reference 69.

that the more polar Zn—OAr bond would be influenced to a greater extent by an
electron-withdrawing substituent than would the H-OAr bond. In the zinc complex
the electron withdrawing substituent will help stabilize the enhanced anionic char-
acter at the aryloxide oxygen atom.

Similar to the hydrotris(pyrazolyl)borate zinc aryloxide complexes described
above, mononuclear zinc complexes having an arylmethoxide (—OCH,CsHy4—p-NO,,
—OCH,C¢F5, —OCH,C4F5) or alkylated methoxide (—OCH,CF5 (Scheme 9),
—OCH,CCls) group with electronegative substituents can be isolated directly from
the reaction of a zinc hydroxide complex with the parent alcohol.”®’*

In a model reaction for liver alcohol dehydrogenase, the zinc ethoxide complex
[Tp®"“M]Zn-OFEt reacts stoichiometrically with p-nitrobenzaldehyde in benzene to
produce [Tp®"*M¢)Zn-OCH,C¢H4NO, and acetaldehyde (Scheme 10).%® For a series of
similar reactions involving the zinc isopropoxide complex [Tp®™M¢]Zn-OCH(CH3), and
various aromatic aldehydes in toluene (Scheme 10), the zinc-containing products of the
reaction, [Tp*™M°]Zn-OCH,Ar, were isolated in 60-70% yield, while the acetone pro-
duced was identified using '"H NMR.”

Reaction of the hydrotris(pyrazolyl)borate zinc alkoxide complex [Tp
OiPr with the NAD © mimic N-benzylnicotinamide chloride in isopropanol yielded a

Cum’Me]an
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variety of products in low yields.”* These include acetone (10-20%), as well as the
zinc chloride complex [Tp“"™M¢]Zn—Cl, reduced N-benzylnicotinamide (14%), and
the radical coupling product (BNA), (1%).

Overall, studies of hydrotris(pyrazolyl)borate-ligated zinc complexes have pro-
vided valuable insight into the chemical factors governing the formation, structural
properties, and hydrolytic reactivity of tetrahedral zinc alkoxide complexes. How-
ever, the low hydride transfer reactivity of these alkoxide complexes indicates that
additional factors, including perhaps secondary hydrogen-bonding interactions in-
volving the protein, likely influence catalytic activity in alcohol dehydrogenases. To
gauge the influence of hydrogen bonding on the chemistry of zinc alkoxide and
hydroxide species, a new ligand (ebnpa, N-2-(ethylthio)ethyl-N, N-bis(6-neopentyl-
amino-2-pyridylmethyl)amine, Scheme 11) was developed which combined a nitro-
gen/sulfur donor environment with internal hydrogen-bond donors.”> Treatment of
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the ebnpa ligand with equimolar amounts of Zn(ClOy), - 6H,O and MesNOH -
6H,0 in methanol yielded [(ebnpa)Zn—-OCH;]ClO4, a mononuclear N3S-ligated
zinc methoxide complex (Scheme 11). Importantly, this reaction demonstrates
that use of a chelate ligand containing two internal hydrogen-bond donors enables
the isolation of a zinc methoxide complex directly from methanol solution.
In this regard, two mononuclear zinc methoxide complexes, [Tp"™M¢]Zn-OCH;
and [(L1)Zn(OCH3)]-[(L1)Zn(OH)]- (BPhy), (L1 = cis,cis-1,3,5-tris[( E,E)-3-(2-fu-
ryl) acrylideneamino]cyclohexane) have been found to co-crystallize with the cor-
responding zinc hydroxide complexes from methanol solution.”"’® In the case of
the ebnpa-ligated system, the zinc hydroxide complex [(ebnpa)Zn—-OH]ClO,4 can be
cleanly produced using acetonitrile as the solvent (Scheme 11).

The ebnpa-ligated zinc methoxide and hydroxide complexes exhibit nearly iden-
tical metal coordination environments, with both having a distorted trigonal bipy-
ramidal geometry for the Zn(II) center and very similar zinc—ligand bond distances.
The only notable difference involves the Zn-S distance ([(ebnpa)Zn—OCH;]CIO,:
2.490(3) A; [(ebnpa)Zn—OH]CIlOy4: 2.533(1) A). For both complexes, the zinc-bound
anion is involved in two moderate hydrogen-bonding interactions, each characteri-
zed by an N---O(anion) distance of 2.73-2.77 A.

Treatment of [(ebnpa)Zn—OH]CIO4 with methanol in acetonitrile results in the
formation of an equilibrium mixture involving [(ebnpa)Zn—-OCH;3]CIO,4 and water
(Scheme 12). The equilibrium constant for this reaction at 304(1) K is 0.30(8).
Variable temperature studies of this equilibrium yielded AHy;e = —0.9(1) kcalmol !
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solution.

and ASye = —5(1)eu. These values are notably different from those obtained for
the equilibrium mixture involving [Tp®"*M¢]Zn—-OH and [Tp®**M*]Zn-OCHj; (Kye
(300K) 1.4(2) x 1073; AHpe = 1.2(1) kealmol ™! and ASy. = —9(1)eu; Scheme 8).
These combined results indicate that the nature of the supporting chelate ligand
dramatically influences the stability of zinc alkoxide species with respect to hydro-
lysis. While it is tempting to attribute the enhanced hydrolytic stability of
[(ebnpa)Zn—OCH;]ClO,4 to the presence of internal hydrogen-bond donors, addi-
tional structural features of this complex may also be important. For example, the
alkoxide methyl carbon and the thioether ethyl substituent both limit water access
to the alkoxide oxygen in [(ebnpa)Zn—OCH;]CIO,4. Thus, steric factors may also
influence the water reactivity of this complex.

4 Amide hydrolysis

REACTIONS INVOLVING MONONUCLEAR ZINC COMPLEXES

Zinc enzymes catalyze the hydrolysis of amide bonds using a variety of active site
structural motifs.”” An extensively studied enzyme of this class is carboxypeptidase
A, which contains a mononuclear zinc center (Fig. 13) within the enzyme active site
and catalyzes the hydrolysis of a C-terminal amino acid.”®”® The mechanism
of amide cleavage in carboxypeptidase A has been studied extensively.””””® In one
proposed mechanistic pathway for this enzyme (Scheme 13), termed the ‘“zinc
hydroxide mechanism’, the zinc center activates a water molecule for deprotonation
and also assists in polarization of the substrate carbonyl moiety, thus making it
more susceptible to nucleophilic attack. The zinc center also provides transition state
stabilization through charge neutralization.

A structurally similar active site to that of carboxypeptidase A is found for the
endopeptidase thermolysin.”” While several crystallographic and biochemical studies
favor a zinc hydroxide mechanism for thermolysin (involving Glu-143 as a general
base),® in an alternative proposed mechanism for this enzyme, the zinc center is
proposed to activate the substrate for nucleophilic attack by a non-coordinated
water molecule (Scheme 14).81-82

In both of these mechanisms additional active site residues are indicated to
play key roles in the amide cleavage process. For example, in the zinc hydroxide
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Scheme 13 Proposed mechanism for amide hydrolysis in carboxypeptidase A involving a
zinc-bound hydroxide as the nucleophile.

mechanism proposed for carboxypeptidase A, positively charged residues (Arg-127
and Arg-145) provide electrostatic stabilization of the substrate. In addition, as
shown in Scheme 13, Glu-270 acts as a general base to first deprotonate the zinc-
bound water molecule and then protonate the amino moiety of the leaving group. In
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the mechanism proposed for thermolysin, an active site histidine residue (His-231 in
thermolysin) acts as a general base to deprotonate an active site water molecule and
then protonate the amine group.

There are several additional examples of zinc enzymes that contain an active site
mononuclear zinc center and catalyze the hydrolysis of peptides bonds. These in-
clude carboxypeptidase B* and neutral protease®® both of which contain a
[(Nis)2(Ogiu/asp)Zn—OH,] coordination motif within the enzyme active site. Zinc
peptidases that contain a [(Ny;s)3Zn—OH,] active site metal center include matrix
metalloproteinases®>®® and other members of the metzincins superfamily.””:%?

Early model studies for amide-hydrolyzing metalloenzymes centered on studies of
stoichiometric amide hydrolysis reactions involving exchange inert Co(I1I) complexes
in aqueous solution.?” These studies provided evidence that amide hydrolysis can
proceed via activation of the amide carbonyl by the Co(III) center and attack by an
external OH™, or via an intramolecular pathway wherein a Co(III)-OH,, moiety
(n = 1 or 2) attacks a chelated, but non-coordinated amide carbonyl (Fig. 14). Co(I1I)
complexes having either amide substrate or water/hydroxide coordination exhibit
significant rate enhancement for amide hydrolysis.**®’ However, a comparative in-
vestigation of the stoichiometric formylmorpholine hydrolysis reactivity of a Co(III)
complex of the 1,4,7,11-tetraazacclododecane (cyclen) ligand (Fig. 14, center column)
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versus that of [(NH;)sCo(OH,)]>" revealed that the greatest rate acceleration
occurs when both amide substrate and hydroxide nucleophile are coordinated to the
metal center simultaneously in a cis orientation.”

Sayre proposed five possible mechanisms for metal-mediated amide hydrolysis
(Fig. 15).°"°% In these proposed pathways, the metal center can be involved in
electrophilic carbonyl activation (A), metal hydroxide nucleophile activation (B),
and a combined mechanism involving both of these processes (C). Amide hydrolysis
may also involve a metal-bound hydroxide or water molecule acting as a general
base or general acid (Fig. 15d and e).

A limited number of mechanistic studies of stoichiometric amide hydrolysis
reactions promoted by Zn(II) complexes have been reported. Groves and Cham-
bers reported studies of the zinc-mediated hydrolysis of an internal amide subst-
rate wherein amide carbonyl coordination to the zinc center is not possible
(Scheme 15).°* Examination of the rate of this reaction as a function of pH
(6.5-10.5) yielded a kinetic pK, = 9.16. First-order rate constants at 70 °C (u = 0.5
(NaClOy)) for the Zn—OH, and Zn—-OH-mediated amide hydrolysis reactions
differed by a factor of ~100 when the data was fit to Equation (1) for the pro-
posed mechanism shown in Scheme 16. The activation parameters determined
for this reaction (AH* =22(1)kcalmol™" and AS* = —18(3)eu) are consistent
with an intramolecular hydrolysis process wherein a zinc-bound hydroxide acts
as an intramolecular nucleophile to attack the amide carbonyl in the rate-
determining step.

A mononuclear zinc hydroxide complex supported by a hydrophobic hydro-
tris(pyrazolyl)borate ligand mediates the stoichiometric hydrolysis of an acti-
vated amide.”* As shown in Scheme 17, treatment of [(Tp“*™M¢)Zn-OH] with
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trifluoroacetamide results in the formation of a new zinc carboxylate complex.”® The
geometrical changes that occur at the zinc center during this and related hydrolysis
reactions (e.g. phosphate and carboxy ester hydrolysis) have been elucidated using a
Biirgi-Dunitz structural correlation method.”® Specifically, analysis of a series of
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four- and five-coordinate structures of Tp™R-ligated zinc complexes suggests that
the first step in substrate hydrolysis involves approach of the substrate oxygen atom
to the mononuclear Zn—OH center along a three-fold axis of an incipient trigonal
bipyramidal zinc structure (Scheme 18). Berry pseudorotation, which proceeds via
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a square pyramidal transition state, results in the substrate oxygen occupying an
equatorial position and the former hydroxyl oxygen atom, which is now attached to
the substrate, being placed in an axial position. If operative for the zinc centers in
enzymes such as CA and carboxypeptidase A, this type of transformation indicates
that product release should occur from an axial position of a five-coordinate trigonal
bipyramidal-type structure.
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CARBOXY ESTER HYDROLYSIS REACTIVITY OF MONONUCLEAR ZINC COMPLEXES

Carboxy esters are more easily hydrolyzed than amides and several studies of
carboxy ester hydrolysis mediated by discrete mononuclear zinc complexes have
been reported. These reactions are relevant to the esterase activity exhibited by some
zinc hydrolases (e.g. CA®” catalyzes the hydrolysis of 4-nitrophenyl acetate) and
in some cases are also used as model reactions for amide hydrolysis.'”-36:26:28-101
For example, the mononuclear zinc hydroxide complex [([12]aneN3)Zn(OH)]CIO4
catalyzes the hydrolysis of methyl acetate in neutral water at 25(1)°C with a turnover
time of approximately 60 min at [CH3C(O)OCHj3] = 1 M and pH = 8. Development
of a rate-pH profile for this reaction yielded a sigmoidal plot with a kinetic pK, of
7.3. This value is identical to the pK, value for [([12]aneN3)Zn(OH,)](ClOy), (Fig. 4)
determined by potentiometric titration (7.30+0.02) thus indicating that the zinc
hydroxide form of the complex attacks the ester carbonyl in the rate-determining
step of the reaction.’®

Similar results were found for the hydrolysis of 4-nitrophenyl acetate catalyzed
by [([12]aneN3)Zn(OH)]ClO,4. The second-order rate constant for this reaction is
(3.6+0.3) x 10°M~'s7 ' at 25°C, pH = 8.2, and I = 0.10 (NaClO,).**?® From the
temperature dependence of the rate constant, an Arrhenius plot was constructed,
which revealed an activation energy of 49 +2kJ mol~" for this carboxy ester hydro-
lysis reaction.”® Using the zinc cyclen complex [([12]JaneN,)Zn(OH)]CIO,, the
second-order rate constant is (1.0+0.1) x 107" M~'s™" at 25°C and the activation
energy for the reaction is 45+ 2 kJmol~'.*° The similarity of the activation energies
for the [([12]aneN3)Zn(OH)]ClO4 and [([12]aneN4)Zn(OH)]ClO,4 catalyzed reactions
to that of the aqueous OH -catalyzed reaction (43 +2kJmol™") suggests that all of
these 4-nitrophenyl acetate hydrolysis reactions proceed via rate-determining attack
of hydroxide (either free or zinc bound) on the ester carbonyl carbon atom (Fig. 16).”

Notably, addition of a methyl group to the cyclen ring (Fig. 17) results in a
considerably slower reaction (k" = 4.7(1) x 107>M~'s! at 25°C).'% This has been
attributed to steric hindrance imposed by the methyl group, which is suggested to
lower the nucleophilicity of the Zn—OH moiety toward the ester substrate.

The mononuclear zinc hydroxide complex [(Tp©"™M¢)Zn-OH] promotes the sto-
ichiometric hydrolysis of activated esters such as 4-nitrophenylacetate, triflouroac-
etate, and trifluorolactone (Scheme 19). Following the hydrolysis of 4-nitrophenyl
acetate, the liberated product 4-nitrophenol rapidly reacts with [(Tp<"™M¢)Zn—-OH]
to yield [(Tp“"™M¢)Zn-O-C¢H,—p-NO,].”>? By monitoring the formation of
[(Tp ™My Zn-O-Ce¢Hs—p-NO»] using UV-visible spectroscopy, the second-order
rate constant for the 4-nitrophenylacetate hydrolysis reaction at 25 °C was found to
be 3.5x C 107>M~'s™!. This rate is considerably slower than that found for the
hydrolysis of 4-nitrophenylacetate by [([12]aneN3)Zn(OH)]ClO4 and [([12]aneNy)
Zn(OH)]CIO, ((3.64+0.3) x 10°M~'s™! and (1.04+0.1) x 107" M~ 's™!, respec-
tively) in aqueous solution,***® or by aqueous base (9.5M~'s~! at 25°C).'°* The
slower rate of the [(Tp©“™M®)Zn—OH]-promoted reaction is attributed to the chloro-
form solvent employed in the kinetic studies, which is less polar than water. Variable
temperature kinetic studies of the [(Tp©“™M¢®)Zn-OH]-promoted reaction, and
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Fig. 17 [(CHscyclen)Zn—OH] ™.

construction of an Arrhenius plot, yielded an activation energy of 64.3kJmol~'. The
activation enthalpy (AH* = 61.8 kJ mol~") and entropy (AS* = —85.6Jmol K™") for
this reaction were determined from a plot of In(k”/T) versus 1/7. Notably, these
values are similar to those found for the hydrolysis of 4-nitrophenylacetate catalyzed
by the N,S(thiolate)-ligated zinc hydroxide complex [(PATH)Zn—OH] (Scheme 20;
E, = 54.8kImol™"; AH* = 52.4kJmol™'; AS* = —90.0Jmol K~ ")."” The activation
parameters for the [(PATH)Zn—OH]-catalyzed reaction have been interpreted
as corresponding to rate-determining attack of the zinc hydroxide moiety on the
4-nitrophenylacetate carbonyl carbon, as has been discussed for [([12]aneNy)
Zn(OH)] " (Fig. 16).

Presented in Table 1 is a summary of the second-order rate constants for the
hydrolysis of 4-nitrophenyl acetate promoted by various zinc complexes in aqueous
solution. A conclusion that may be drawn from this data is that change in the nature
of the supporting chelate ligand dramatically influences the second-order rate con-
stant for the carboxy ester hydrolysis reaction. Notably, the slowest rate is found for
the four-coordinate zinc hydroxide species [([12]aneN5)Zn(OH)]™ which has three
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Scheme 19  Ester hydrolysis reactivity of [(Tp©*™M®)Zn—OH].

neutral nitrogen donors, in addition to the hydroxide anion, as ligands to the zinc
center. This complex also exhibits the lowest pK, for the zinc-bound water molecule.
For complexes having one additional neutral nitrogen donor (e.g. [([12]aneNy)
Zn(OH)]" and [(CHscyclen)Zn—OH] "), the zinc center has enhanced electron den-
sity, which in turn raises the Zn—OH, pK, value, and enhances the nucleophilicity of
the Zn—OH moiety and the rate of carboxyester hydrolysis. As noted above, the rate
of carboxyester hydrolysis mediated by [(CHscyclen)Zn—OH]" (Fig. 17) is influ-
enced by steric hindrance from the methyl substituent. In [(PATH)Zn—OH], the
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Table 1 Comparison of pK, values of zinc complexes and second-order rate constants k”
(M~'s™!) for the hydrolysis of 4-nitrophenyl acetate at 25°C with that of human CA-II.
Adapted from reference 17.

pK. K (M~'s™h Reference
OH™ 15.7 9.5 103
aneN3)Zn . . +0.
[([12]aneN5)Zn(OH)] * 7.3 0.036+0.003* 98
[([12]aneN,)Zn(OH)]* 7.9 0.1+£0.01% 99
scyclen)Zn— . . +0.
[(CHscyclen)Zn—OH] ™ 7.68 0.047+0.001* 102
[(PATH)Zn—OH] 8.05(5) 0.089+0.003° 17
[([15]aneN50,)Zn-OH] " 8.8 0.6+0.06° 104,105
[(L2)Zn-OH]" 8.74 0.934¢ 107
Human carbonic 6.3(1) 2500 4+200° 108

Anhydrase II

420mM CHES (pH = 9.3), = 0.10 (NaNO5), 10% (v/v) CH;CN.
*H,0/CH;CN (90:10 v/v), I = 0.10M (NaClOy).

°I=0.15M NaCl

9H,0/CH;CN (90:10 v/v), I = 0.10M (KNO3).

ekcal/KM-

four-coordinate zinc center has two neutral nitrogen donors, an alkyl thiolate, and
the hydroxide anion as ligands. This complex has a pK, value of 8.05(5) for the
zinc-bound water molecule. The presence of the anionic thiolate donor enhances
the electron density at the zinc center, which in turn enhances the rate of the
4-nitrophenyl acetate hydrolysis reaction relative to that found for [([12]aneN3)
Zn(OH)]*. Interestingly, the pK, values and second-order rate constants for
[([12]aneN4)Zn(OH)] " and [(PATH)Zn-OH] are similar, indicating that the Lewis
acidity of the zinc centers in these two complexes are similar. In other words, the
four neutral nitrogen donor ligands in [([12]aneN,)Zn(OH)]™ provide a similar
amount of electron density to the zinc center as do two neutral nitrogen donors and
an alkyl thiolate in [(PATH)Zn—OH].
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Fig. 18 (a) [([15]aneN;0,)Zn(OH)]" and (b) L2 ligand.

In [([15]aneN;0,)Zn(OH)] " (Fig. 18a), the mononuclear zinc center is ligated by
three neutral nitrogen donors.'**!'°> However, the pK, for the zinc-bound water
molecule (8.8) in the corresponding aqua complex is considerably higher than
that found for [([12]JaneN5)Zn(OH,))*"(7.3).”® This was suggested to be due
to hydrogen bonding between the hydrogen atoms of the zinc-bound water molecule
and the oxygen atoms of the macrocycle.'"*!% Despite the reduced acidity of
the [([15]aneN30,)Zn(OH)]" cation, it exhibits enhanced nucleophilicity toward
4-nitrophenyl acetate, with X/ = 0.6+0.06 M~ 's~'. This enhanced reactivity may be
due to a more exposed Zn—-OH moiety, as the ethylenic chains in [([15]aneN;O,)
Zn(OH)]" may produce a subtly different coordination environment than the
propylenic chains found in [([12]aneN)Zn(OH)] .

A zinc(I) hydroxo complex supported by a secondary amine-appended
phenanthroline ligand (L2, Fig. 18b) has been reported to catalyze the hydrolysis
of 4-nitrophenyl acetate with a second-order rate constant of 0.934M~'s™'.197 A
mechanism involving attack of a terminal zinc hydroxide moiety on the 4-nitro-
phenyl acetate substrate has been proposed.

The catalytic activity of the zinc complexes given in Table 1 for 4-nitrophenylac-
etate hydrolysis is well below that found for free OH™ or for the zinc center for human
CA-I1.'% In the case of OH™, this is consistent with the proposed mechanism for
4-nitrophenyl acetate hydrolysis shown in Fig. 16 wherein the rate-determining step is
attack on the substrate carbonyl. In this reaction, the best nucleophile will be free
OH™. In metalloenzymes such as CA, the presence of the zinc center insures that a
hydroxide nucleophile can be generated at relatively low concentrations of free OH™.

Outside the scope of coverage of this contribution are Zn(II)-promoted carboxy-
ester hydrolysis reactions involving multinuclear zinc complexes or systems wherein
the first step involves transesterification.”®:1007102:105.109-114

p-LACTAM HYDROLYSIS

Metallo-B-lactamases catalyze the hydrolytic ring opening of a f-lactam ring in anti-
biotics containing this structural unit (e.g. penicillins, cephalosporins, carbapenems),
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thus making the antibiotic inactive (Fig. 19).!'>''® These enzymes are gaining in-
creasing attention in the clinical sector due to their ability to hydrolyze all B-lactam
derivatives, and because there are currently no clinically useful inhibitors for metallo-
B-lactamases.'"”

All metallo-B-lactamases require Zn(II) for catalytic activity.''”''*:12° The active
site ligands for the zinc centers include histidine, aspartate, and cysteine amino acid
ligands, and a bridging hydroxide/water moiety (Fig. 20).'*''?* For the majority of
metallo-B-lactamases, maximal activity is obtained when both Zn(II) binding sites
are fully occupied. However, the physiologically active form may contain only a
single zinc ion in the tetrahedral (Ng;s);Zn; binding siEe.124 When two zinc centers
are present, the Zn---Zn distance is approximately 3.5 A and both metal centers are
involved in coordination of a water/hydroxo moiety. The role of the second zinc
center in several metallo-B-lactamases (Zn,, Fig. 20) is still under investigation.

Distinct mechanisms may be operative for the bimetallic versus the monometallic
forms of these enzymes.'>>'?® Generally, mechanistic pathways have been pro-
posed wherein the B-lactam carbonyl is polarized via interaction with a zinc center.
Following nucleophilic attack by a zinc-bound hydroxide and formation of a tetra-
hedral intermediate, cleavage of the C—N bond occurs. Protonation of the B-lactam
nitrogen atom then occurs, along with dissociation of the carboxylate moiety from
the zinc center resulting in the release of the ring-opened product.

s ,CHs

RYH\ RYH\ s
© /:Nrjéc"b © /—N\J\

0O : 0 :
COy COy
penicillins cephalosporins

~—N

CH,L

@)

COy

carbapenems

Hydrolytic ring-opening reaction:

—| H,0 _
NH,*—
N 2

“0,C
B-lactamase

o \
Fig. 19 (top) Types of B-lactam antibiotics and (bottom) hydrolytic ring opening catalyzed
by B-lactamase enzymes.
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Fig. 20 Structural features of the active site zinc centers in metallo-f-lactamases.

Model studies for metallo-B-lactamases have been performed using mononuclear zinc
hydroxide complexes.”®'**!*° The breadth of p-lactam hydrolysis reactivity of hydro-
tris(pyrazolyl)borate-ligated mononuclear zinc hydroxide complexes has been ex-
plored.'” Treatment of the mononuclear zinc hydroxide complex [(Tp"™M¢)Zn-OH]
with simple B-lactams (B-propiolactam, 4-phenyl-B-propiolactam, Scheme 21) does not
result in ring opening, but instead results in the formation of B-lactamide complexes and
water. Treatment of [(Tp*™™®)Zn-OH] with N-alkyl or -aryl p-lactam derivatives in-
stead results in no reaction (Scheme 21). Use of natural derivatives of penicillin and
cephalosporin (Scheme 22) did not yield B-lactam hydrolysis, but instead coordination
of the carboxylate moiety of the antibiotic derivatives to the mononuclear Zn(II) center
and release of water.

Notably, only for B-lactams containing a N-nitrophenyl or N-acyl group (Scheme 23)
was ring-opening lactam hydrolysis identified, albeit under rather forcing conditions
(boiling toluene solution).'” In the case of a P-lactam containing a N-fluoroacetyl
substituent, reaction is found at the exocyclic acetyl functionality. The reactions of
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Scheme 21 Reactivity of [(Tp"™M®)Zn-OH] with unactivated p-lactams.

Scheme 22 Reactivity of [(Tp"™™M®)Zn—OH] with derivatives of penicillin and cephalosporin.

[(Tp™M)Zn-OH] and [(Tp“*™M¢)Zn-OH] with the N-2.4-dinitrophenyl-appended
B-lactam substrate were monitored by "H NMR under pseudo first-order conditions in
CDCl;. The second-order rate constants for these reactions were determined to be
0.57M~'s™! (Tp™™Me) and 0.13M~'s~! (Tp“"™M®) at 40 °C. The slower rate for the
reaction involving [(Tp©*™M®)Zn-OH] is consistent with the enhanced steric hindrance
and hydrophobicity of the Tp“"™M¢ ligand relative to Tp*™Me,
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Scheme 23 Reactivity of [(Tp*~M®)Zn—-OH] (Ar = Ph or Cum) with activated p-lactams.
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Treatment of [([12]JaneN4)Zn(OH)]" with penicillin G (benzylpenicillin) at 25 °C
(pD =9) results in the formation of both the hydrolysis product, (5R)-benzylpenic-
illoate (Scheme 24) and an epimer of this product (5S-benzylpenicilloate).”® Nota-
bly, no spectroscopic evidence was found during the course of this reaction for
interaction between [([12]aneN4)Zn(OH)]" and the B-lactam nitrogen of penicillin
G. Measurement of the rate of reaction as a function of pH (6.6-9.6) yielded
a sigmoidal curve and an inflection at pH = 7.9. This value is identical to the
thermodynamic pK, measured for [([12]aneN4)Zn(OH,)]** via potentiometric titra-
tion, thus indicating that the zinc hydroxide species [([12]JaneN4)Zn(OH)] " is the
reactive species for penicillin G hydrolysis. The second-order rate constant for this
hydrolysis reaction is (4.14+0.1) x 107>M~'s™! at 25°C and 7= 0.10 (NaNO3).”
Variable temperature kinetic measurements in the range of 15—35°C and construc-
tion of an Arrhenius plot yielded an activation energy for lactam hydrolysis of



116 LISA M. BERREAU

6R 5R 6R 5R
TR ‘ we oo
PhH,C N TS CHs slow PhH,C N DS CH,
Y : ‘48 + Y : * a5
-H
0 "/' 0 ‘r"l
];UCHS HN\>/CH3
o : OH Bk 0" o :
- H ﬂ - pus
C N7 7 C
N
/N N /N
" o \Zn< N
N/ N 12%
H H

fast

_O/ N o
88%

Scheme 24 Reaction of [([12]aneN,)Zn-OH] " with penicillin G.

49+2kImol™". In a companion study, the aqueous OH -catalyzed penicillin G
hydrolysis reaction was found to have an activation energy of 61+2kJmol~". In-
terestingly, comparison of these two activation energies indicates that the zinc com-
plex lowers the activation barrier for penicillin G hydrolysis by ~12kJ mol~". This is
likely due to stabilization of the anionic tetrahedral intermediate by the divalent
metal center.”

Mechanistic studies of the reaction catalyzed by the metallo-B-lactamase from
Bacteroides fragilis have been performed using nitrocefin (Scheme 25) as a subst-
rate.!?131:132 Several theoretical studies pertinent to possible steps in the mecha-
nistic pathway have also been reported.'**> '* Issues stemming from these studies
that remain unresolved include whether the nucleophilic hydroxide is bridging or
terminal, and the chemical nature of an intermediate that is detected during the
hydrolysis of nitrocefin.

Mechanistic studies of nitrocefin hydrolysis catalyzed by [Zn,(BPAN)(u-OH)(u-
0O,PPh,)](ClOy4), (Fig. 21) have provided insight into a reaction pathway of B-lactam
hydrolysis involving a binuclear zinc motif.'*® Treatment of [Zn,(BPAN)(u-OH)
(1-O,PPh,)](Cl0Oy4),, which retains a binuclear cationic structure in water, with nitro-
cefin in a 9:1 mixture of 0.50 M HEPES buffer (in H,O) and dimethyl sulph-
oxide (DMSO) results in characteristic spectroscopic changes consistent with the
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hydrolytic ring opening of the lactam ring. Specifically, an absorption feature
that is present for nitrocefin at 390nm (¢ = 21,000M~'cm™") shifts to 486 nm
(¢ =10,000M~"cm™") in the ring-opened product. This reaction proceeds with a
rate enhancement of 2.8 x 10° relative to the uncatalyzed hydrolysis of the lactam.
The rate of the reaction depends on the concentration of substrate, and increases
with the presence of increasing amounts of [Zn,(BPAN)(u-OH)(u-O,PPh,)[(CIOy)-,
but not in a linear fashion. Overall, saturation kinetic behavior is observed and was
fit by invoking a proposed mechanism wherein substrate coordination to the bizinc
cation precedes lactam hydrolysis. Using this mechanism, the experimental data was
fit to Equation (2) (Scheme 26), which yielded K = (1.1+0.2)x 10°M~" and

kr =(3.241.0) x 10> min~".
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Scheme 26 Proposed mechanism for nitrocefin hydrolysis catalyzed by [Zny(BPAN)
(n-OH)(n-O>PPhy)|(ClO4),.

The involvement of a terminal zinc hydroxide moiety in the hydrolysis of nit-
rocefin (Scheme 26), and not the bridging hydroxide ligand present in
[Zn,(BPAN)(p-OH)(u-O,PPh,)[(ClOy),, was determined on the basis of pH-rate
studies. The rate of hydrolysis of nitrocefin catalyzed by [Zn,(BPAN)(u-OH)-
(u-O,PPh,)](ClOy), increases as the pH increases, suggesting the involvement of a
zinc hydroxide species. However, considering the possible involvement of either a
zinc aqua or zinc hydroxide moiety as the reactive species for the lactam hydrolysis
reaction, the experimental pH-rate data were fit to Equation (3) (Scheme 27). This
yielded rate constants for hydrolysis by the LZn,~OH, (7.5 x 10~*min~") and
LZn,~OH (3.4 x 10> min~") species, and a kinetic pK, value of 8.7+0.2. Notably,
this pK, value is identical to that measured for a terminal LZn,—OH, moicty on the
[Zn>(BPAN)(H,0)(u-OH)(1-O,PPh,)](ClOy), complex framework.'*' Overall, these
results indicate that: (1) a zinc hydroxide species is significantly more reactive than a
zinc aqua moiety for nitrocefin hydrolysis and (2) the reactive LZn,—OH species in
this system is derived from a terminal LZn,—OH, moiety, and the bridging hydrox-
ide ligand is not involved in nitrocefin hydrolysis.

Further evidence for the proposed mechanistic pathway shown in Scheme 26
was derived from independent '*C NMR and infrared spectroscopic studies of the
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Fig. 22 Sodium salt of cephalothin.

B-lactam binding properties of [Zn,(BPAN)(u-OH)(n-O,PPh,)](ClOy4), in pure
DMSO." These studies revealed evidence for the interaction of the carboxylate
moiety of cephalothin (Fig. 22), a nitrocefin analog, with the binuclear zinc center.
Specifically, the carboxylate carbonyl carbon signal is shifted downfield in the pres-
ence of this zinc complex, which is indicative of metal coordination.'** In addition,
the presence of a vcoo band at 1626cm™' is consistent with monodentate coordi-
nation of the cephalothin carboxylate to Zn(II)."**'*> The amide carbonyl oxygen
atom of the B-lactam ring does not interact with a zinc center, as evidenced by the
fact that no significant shift in the vc — o vibration of the lactam was identified. This
coordination motif, in which only the carboxylate moiety of cephalothin interacts
with a zinc center, contrasts with studies of divalent metal ion-promoted hydrolysis
of penicillin G, wherein bidentate coordination of the lactam to the metal center
occurs via the carboxylate and the nitrogen B-lactam atom.'*® Other coordination
motifs have also been proposed in reactive systems involving metal ions, including
Cu(Il)-coordination of the non-lactam deprotonated amide nitrogen.'*’
Additional kinetic studies performed under conditions wherein less water was
present (1:9 DMSO: acetone containing 0.28 M H,0) yielded K = (8.9+0.3) x
10°M~!. The difference between the equilibrium binding constant K for the nitro-
cefin hydrolysis reaction catalyzed by [Zn,(BPAN)(u-OH)(u-O>PPh,)](CIOy4), under
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these conditions, versus the same reaction performed in aqueous buffer solution
(K = (1.14£0.2) x 10*M ™), indicates that water competes with the nitrocefin subst-
rate for coordination to the binuclear zinc complex. However, the presence of
varying amounts of water does not significantly impact k> ((3.241.0) x 10> min ™"
in 9:1 0.50 M HEPES (in H,0): DMSO versus k, = (6.6+1.6) x 10> min~" in 1:9
DMSO containing 0.28 M H,0), which is consistent with a mechanism involving
intramolecular attack of a Zn—OH nucleophile on a coordinated nitrocefin molecule.

Variable temperature kinetic studies of the nitrocefin hydrolysis reaction cataly-
zed by [Zn,(BPAN)(u-OH)(n-O,PPh,)](ClOy4), in aqueous solution (9:1 0.50 M
HEPES buffer (in H,0):DMSO) yielded AH* = 62.7+3.2kIM~" and AS* = —130+
10JM~'K~1.' In the absence of water (1:9 DMSO:acetone), studies of the
same reaction yielded activation parameters of AHY =96.1+52kIM™" and
ASY = —224+12IJM'K~!. The dramatic difference between these two sets of
parameters suggests that diverse mechanisms are operative depending on the nature
of the solvent. In water, a catalytic reaction involving intramolecular attack of a
terminal LZn,—OH moiety on a monodentate-coordinated nitrocefin substrate seems
plausible (Scheme 26). However, in non-aqueous solution (1:9 DMSO:acetone),
where a water molecule is not available for formation of the terminal LZn,~OH
moiety, the bridging hydroxide may shift to a terminal position prior to attack on
the B-lactam, or may act as the nucleophile from the bridging position. In both of
these scenarios, significant reorganization of the cation is required, which is con-
sistent with the slower reaction (kops (DMSO:acetone) = 2.0 x 10> min™"; kops
(H,O:DMSO) = 3.4 x 107>min~") and higher activation enthalpy for the p-lactam
hydrolysis reaction. Additional factors that could influence the non-aqueous reaction
include the alignment of the coordinated substrate and the hydroxide moiety, and/or
the nucleophilicity of a bridging hydroxide, which would be reduced due to its
interactions with two metal centers.

To gain further insight into the nature of the zinc hydroxide moiety operative for
B-lactam hydrolysis in metallo-f-lactamases, studies of bizinc complexes of differing
supporting chelate ligand structure were undertaken.'*® Dissolving of the bizinc
complex [Zn,L3(u-NO;3)(NOs),] in water results in the formation of [Zn,L3(p-
OH)(NO3),] (Fig. 23), which was characterized by X-ray crystallography. In this
complex, the bridging hydroxide moiety and terminal bidentate nitrate ligands
occupy adjacent cis coordination positions. Potentiometric pH titrations performed
in aqueous solution yielded a pK, value of 7.40+0.10 for the bridging water ligand
in [Zn,L3(n-OHo)(NOs),(s01),]* ™.

Treatment of [Zn,L3(u-NO3)(NOs),] with nitrocefin in 1:9 DMSO:H,0 at pH = 7.5
results in hydrolysis of the B-lactam with kops = 6.0+ 1.0min~" at 313 K. This reaction
is first order in nitrocefin. Similar to the reactivity displayed by [Zny(BPAN)(u-OH)
(1-O,PPh,)](ClOy4),, the rate of nitrocefin hydrolysis increases with increasing con-
centration of [Zn,L3(1-NO3)(NOs),], but not in a linear fashion. The kg, versus
[Zn,L3(u-NOs)(NO3),] data for this reaction is best fit using an approach akin to
that outlined in Scheme 26, which yielded K = 107+20 M~L. A kinetic pK, value of
7.540.2 was determined as outlined in Scheme 27. The nearly identical pK, value to
that measured via potentiometric titration for [Zn,L3(n-OH,)(NO;),(sol), _ ,J¢ ™7
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Fig. 23 Formation of [Zn,L3(1-OH) (NO3),] in water.

(7.40+0.10) indicates that the bridging hydroxide moiety in [Zn,L3(u-OH)(INOs),] is
the nucleophile responsible for nitrocefin hydrolysis in 1:9 DMSO:H,O solution. The
poor nucleophilic character of this bridging hydroxide is indicated by the fact that
the rate constant derived for nitrocefin hydrolysis by the aqua complex [Zn,l.3-
(1-OH)(NO3),i(s01)2_, ] %" (kops = 1.0 x 1073 m ™) is only 10 times less reactive
than [Zn,L3(u-OH)(NOs),] (kops = 1.0 x 107> min™").

Evidence for cephalothin (Fig. 22) or penicillin G (benzylpenicillin, Scheme 24)
coordination to [Zn,L.3(u-NO;3)(NO;),] in DMSO and water solution, prior to
hydrolysis, was obtained using '*C NMR and infrared spectral data. Specifically, a
downfield shift of the carboxylate carbon resonance, coupled with a blue shift of
the v,s(COO) vibration, provided evidence for monodentate coordination of the
carboxylate group of the antibiotic to Zn(II) in both aqueous and organic solution.
In the latter environment (1:9 DMSO:acetone) containing only a small amount of
water (0.112 M), the substrate binds more tightly, with K = (3.1+0.5) x 10*M~".

Variable temperature kinetic studies for the hydrolysis of nitrocefin catalyzed by
[Zn,L3(n-OH)(NO3),] in acetone:DMSO yielded AH* =88.4+53kJM~! and
AS* = —453+16.0J M~ 'K~'. These values are similar to those found for nitroce-
fin hydrolysis catalyzed by [Zn,(BPAN)(n-OH)(p-O,PPh,)](Cl04), in 1:9 DMSO:ac-
etone (AH* = 96.1+52kIM ™" and AS* = —22.4+12JM~'K~") and are consistent
with intramolecular attack by the bridging hydroxide on the coordinated B-lactam
substrate in the rate-determining step.'*’

Comparison of the rate the hydrolysis of nitrocefin catalyzed by [Zn,L3(u-OH)-
(NO3),] versus [Zn,L3(u-OD)(NO3),] gave an inverse solvent isotope effect (ky/kp) of
0.204."* Taking into consideration that free OD™ is a better nucleophile than free
OH™,'¥ it was concluded that Zn-OD will be more reactive than Zn—-OH and that the
finding of an inverse solvent isotope effect in this reaction is consistent with rate-
limiting nucleophilic attack and subsequent rapid protonation of the leaving group.
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An intermediate has been spectroscopically identified in the reaction of [Zn,L3-
(u-OH)(NOs),] with a 10-fold excess of nitrocefin in wet DMSO."*%!5 This inter-
mediate is relevant to an intermediate detected by stopped-flow experiments in the
hydrolysis of nitrocefin catalyzed by the metallo-f-lactamase from Bacteroides
fragilis."*"'3? UV-visible spectroscopic results and kinetic data suggest that this
intermediate is anionic and has a deprotonated nitrogen atom resulting from ring
opening of the lactam. The fact that this intermediate can be observed in the enzyme
system suggests that protonation of the leaving group is rate determining in the
enzymatic B-lactam hydrolysis reaction.'*? In the model system, the intermediate
exhibits an absorption maximum at 640 nm (¢~38,900 M~'cm™"), whereas the en-
zyme intermediate shows an absorption at 665nm (¢~30,000 M ~'cm™"). The sim-
ilarity of these two features suggests that structurally similar species are being
produced. Addition of acid to the intermediate generated from [Zn,L3(u-OH)-
(NO3),] results in immediate spectroscopic changes consistent with the formation of
the final nitrocefin hydrolysis product. This reaction is reversible, as addition of base
results in the regeneration of the 640 nm feature. '>*C NMR and infrared measure-
ments were used to further characterize this intermediate, and a structure was pro-
posed on the basis of these spectroscopic studies (Fig. 24).

Using pyridinium triflate, the deprotonated amide intermediate was estimated to
have pK, = 4.20. This low value is consistent with Zn(II) ion stabilization of the
deprotonated amide. The formation of this deprotonated amide intermediate occurs
in wet DM SO with a microscopic rate constant that corresponds to the intramolecular
hydrolysis of coordinated nitrocefin catalyzed by [Zn,L3(u-OH)(NO3),]. Activation
parameters for this reaction (AH:t =77.6+8.0kJM~" and AS* = —62.74+20.0JM™!
K™") are within error of those found for the same reaction in acetone:DMSO
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Fig. 24 Proposed structure of spectroscopically observable deprotonated intermediate in the
hydrolysis of nitrocefin catalyzed by [Zn,L3(u-OH)(NOs3),].
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Scheme 28 Proposed mechanism for nitrocefin hydrolysis catalyzed by [Zn,L3(u-
OH)(NOs),] in wet DMSO. The coordinated NO3 ligands in the complex are replaced by
water under these conditions.

(AH* = 88.4+53kIM ™" and AS* = —453+16.0J M~ K™"). Thus, the intermediate
is formed as the product of the rate-determining step as shown in Scheme 28. Overall,
this mechanism has similarity to that proposed for nitrocefin hydrolysis catalyzed by
the metallo-B-lactamase from Bacteroides fragilis.'*"'!

The nitrocefin hydrolysis reactivity of mononuclear zinc complexes has also been
studied for comparison to the results obtained from the binuclear systems. 4148
Treatment of [(bpta)Zn](X), (X = NO; or OTf, Fig. 25) with nitrocefin in aqueous
solution results in hydrolysis of the B-lactam ring. The pH-dependence of the rate of
the [(bpta)Zn(H,0)](NO;),-catalyzed reaction yielded a kinetic pK, = 7.84+0.2.
This low value is consistent with the involvement of a mononuclear Zn—-OH moiety
as the nucleophile in the B-lactam hydrolysis reaction. At low concentration, this
reaction is first-order in [(bpta)Zn—OH]NO3, but at higher concentrations a leveling-
off of the rate occurs, indicative of saturation behavior and nitrocefin coordina-
tion to the zinc complex. Fitting of the data to Equation (2) (Scheme 26) yielded the
binding constant K = 1140+ 106 M~" at [H,O] = 13.9M and pH = 7.50. Increasing
of the water concentration to 27.8 M resulted in a lower binding constant
(K =425+90M™"). This indicates that water competes with nitrocefin for coordi-
nation to the mononuclear zinc complex. At both water concentrations, the nitro-
cefin binding constant for [(bpta)Zn(H->O)](NOs), is notably higher than that found
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bpta

Fig. 25 Structure of the bpta ligand.

Fig. 26 Bimolecular reaction of [([12]aneN4)Zn(OH)]NO3 with nitrocefin.

for nitrocefin coordination to [Zn,L3(u-OH)(NOs),] (K = 1074+20M™1Y). This is
likely a consequence of the weaker Lewis acidity of the zinc centers in [Zn,L3
(u-OH)(NO3),] due to the presence of the anionic phenolate donor (Fig. 23) in the
supporting chelate ligand.

Hydrolysis of nitrocefin catalyzed by [([12]aneN4)Zn(H,0)](NOs), (Fig. 5)* pro-
ceeds via a pathway that does not involve substrate coordination to the zinc center.
Specifically, as the zinc center in the hydroxide species [([12]aneN4)Zn(OH)]NOs is
coordinatively saturated, the reaction proceeds via a bimolecular pathway (Fig. 26).

An important conclusion from these comparative studies is that mononuclear
Zn(IT) complexes can be as efficient for nitrocefin hydrolysis as binuclear systems,
thus providing evidence that the second zinc center (Zn,) in metallo-p-lactamases is
not required for nucleophile activation or catalytic activity.

Studies of the hydrolysis of penicillin G promoted by a series of binuclear Zn(II)
complexes (Fig. 27) have been reported.'! These complexes, which are supported by
pyrazolate-containing chelate ligands, have varying Zn---Zn distances.'>* '** In the
complexes having a shorter Zn---Zn distance (1 and 3), a single bridging hydroxide
is present. However in complexes of this series having a longer Zn---Zn distance
(2 and 4), a terminal hydroxide ligand participates in a strong hydrogen-bonding
interaction with a water molecule that is coordinated to the other zinc center. This
secondary interaction produces a lower pK, value for the aqua analogs of 2 and 4
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Fig. 27 Cationic portions of pyrazolate-bridged binuclear zinc hydroxide complexes.

(7.60 and 7.57, respectively) versus the pK, value found for the aqua analog of
1 (7.96).153155

Treatment of 1-3 with excess penicillin G (benzylpenicillin) in DMSO:H,O (9:1)
results in hydrolytic ring opening of the lactam. The rate of this reaction differs
depending on the structural features of the zinc complex, with the reaction rate
increasing in the order 2<1<3. Complex 4 is unreactive toward penicillin G. For
3, approximately three equivalents of the substrate are hydrolyzed in 20 min at
ambient temperature. Complexes 1 and 3 show significantly enhanced reactivity
relevant to Zn(NOs), - H,O and Zn(ClOy), - 6H,O, whereas 2 and 4 show reduced
reactivity. Thus, the binuclear zinc complexes produce either enhanced or dimini-
shed B-lactam hydrolysis activity depending on the structure of the cation.

X-ray crystallographic studies of the reaction products generated via admixture of
the supporting chelate ligands found in 3 and 4 with Zn(ClOy), - 6H,0O, base, and the
simple B-lactam oxazetidinylacetate (oaa) provide insight into how substrate co-
ordination may influence the structural features of the binuclear zinc complex.
As shown in Fig. 28a, the binuclear zinc—oaa complex supported by the chelate
ligand found in 3 contains the B-lactam coordinated in an anisobidentate fashion
(Zn(1)-0O(1) 2.006(3) 10\, Zn(1)-0O(2) 2.358(4) A).156 At each zinc center, one of
the dimethylamino donor atoms is not coordinated, and the zinc center exhibits a
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Fig. 28 Structural features of oxazetidinylacetate adducts.

distorted square pyramidal geometry.'”” The Zn---Zn distance in this complex is
4.328(1) A. The dissociation of the amine donor in this structure may result from
low stability for the six-membered chelate ring.'>®!>° Using the chelate ligand found
in 4 in the same type of reaction, an adduct of oaa is formed wherein the carbo-
xylate moiety bridges the two zinc centers (Fig. 28b). In this complex, each zinc
center exhibits a distorted trigonal bipyramidal geometry (r = 0.86/0.79).">” Nota-
bly, in both of these complexes, the B-lactam carbonyl does not interact with a
Zn(II) center.

The differing chelate ligand coordination properties exhibited by the B-lactam
adduct complexes shown in Fig. 28 may provide evidence of why complexes 1 and 3
(Fig. 27) exhibit enhanced reactivity relative to 2 for B-lactam hydrolysis involving
penicillin G, and why 4 is unreactive. In 1 and 3, the presence of unstable six-
membered chelate rings may enable dissociation of multiple N-donors, thus pro-
viding coordination sites for penicillin G coordination, including perhaps B-lactam
carbonyl coordination, as well as possible binding sites for water and the formation
of a Zn-OH nucleophile. "H NMR studies of equimolar mixtures of 1 (Fig. 27) and
penicillin G in dg-acetone/D,0O (8:1) at 300K at early reaction times revealed res-
onances at chemical shifts intermediate between those of the free ligand and 1,
suggesting that a dynamic process may be occurring in solution wherein N-donors
dissociate from the Zn(II) centers in the presence of penicillin G. When the same
type of "H NMR experiment was performed using 2 and penicillin G, only minor
signal broadening was observed, indicating that the zinc complex likely retains
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coordination of all ligand appendages in solution. Overall, these combined studies
provide evidence that the low reactivity of 2 and 4 may be due to the fact that
once substrate binds to the binuclear zinc center, in a similar motif to that shown in
Fig. 28b, there may not be any available Zn(II) coordination sites for B-lactam
carbonyl and/or water activation.

For the structures shown Schemes 26 and 28, and in Fig. 28, coordination of
the B-lactam substrate to a binuclear zinc center involves the carboxylate moiety and
not the B-lactam amide carbonyl oxygen. Evidence for carboxylate coordination,
and against B-lactam amide oxygen coordination in these complexes, was obtained
via '*C NMR and infrared spectroscopic studies, and/or by X-ray crystallography.
It is worth noting that recent structural investigations of B-lactam adduct com-
pounds have revealed that Zn(II) coordination of a B-lactam carbonyl oxygen can
occur under specific conditions.'"'®* As shown in Fig. 29a, a binuclear zinc com-
plex having bridging oxazetidinylacetate ligands has been isolated using a support-
ing chelate ligand having only three nitrogen donors to each zinc center.'”! Notably,
the Zn—O(amide) distance in this compound (2.005(2) A) is shorter than both
Zn—O(carboxylate) distances (2.093(3) and 2.060(2) A). Consistent with this strong
interaction is the fact that the amide C—O bond in this complex is longer (1.242(4) A)
than in complexes wherein the amide oxygen does not interact with the Zn(II) center
(e.g. complexes shown in Fig. 28 which exhibit C-O distances of 1.210(6) and
1.218(4) A, respectively). The amide C-N bond is also shorter in the complexes
shown in Fig. 29 than in complexes wherein the amide oxygen does not interact with
the Zn(IT) ion. These combined structural parameters indicate that the B-lactam
amide moiety is significantly polarized upon coordination to Zn(II) center. How-
ever, these complexes are not reactive toward hydrolysis, presumably because of the
anionic nature of the N-deprotonated B-lactam.
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Fig. 29 Structurally characterized binuclear zinc B-lactam complexes having B-lactam car-
bonyl coordination.
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PEPTIDE HYDROLYSIS

Metalloaminopeptidases use an active site motif containing one or two metal ions to
cleave the N-terminal residue of a polypeptide chain.'®! The catalytic mechanism of
the aminopeptidase from Aeromonas proteolytica (ApAP) has been outlined in great
detail.'®® The active site co-catalytic zinc centers in ApAP are ligated by a mixture of
carboxylate and histidine donors, with bridging hydroxide and aspartate ligands
(Fig. 30). In a proposed catalytic mechanism for this enzyme, the amide carbonyl
moiety of the substrate is proposed to initially bind to Zn; (Scheme 29). Upon
substrate binding, the bridging hydroxide moiety becomes terminal on Zn;. This
process may be assisted by the formation of an interaction between the N-terminal
amino group and Zn,, as well as by the formation of a new hydrogen bond between
this amino group and the carbonyl oxygen of a Zn,-bound carboxylate ligand.
Attack of the Zn;—OH moiety on the activated amide carbonyl carbon yields a
tetrahedral intermediate that decomposes upon protonation of the leaving group.
This C-N bond-breaking is proposed as the rate-limiting step.'®?

A few model systems have been reported which mediate the hydrolysis of peptide
substrates.®* ' For example, treatment of a macrocyclic bizinc complex of the
OBISDIEN (1,4,7,14,16,19-hexaaza-10,22-dioxcyclotetracosane) ligand (Scheme 30)
with glycylglycine (Gly—Gly) at varying pD values in D>O results in hydrolysis to
produce two equivalents of glycine.'®* At 343K, and pD values of 8.37 and 8.72,
values for the hydrolysis rate constant (kgy) of 2.6(2) x 10~"s™ " and 3.5(2) x 107 s ",
respectively, were obtained. Coupled with speciation studies performed as a function
of pH, it was determined that three zinc hydroxide species, [LZn,(OH)Gly-Gly]* ",
[LZn,(OH),Gly-Gly] ", and [LZn,(OH);Gly-Gly] (L = OBISDIEN) have similar
rate constants (ky~5 x 1077 s ") for the hydrolysis reaction. These hydroxide deriv-
atives are approximately five times more active than a similar complex having
no hydroxide component (e.g. [LZny(Gly-Gly)’ ", k= 1.02) x 1077s7"). A pro-
posed mechanism for glycylglycine hydrolysis promoted by the bishydroxo complex
is shown in Scheme 30.

The binuclear zinc complex [(LH *),Zn,(Gly—Gly),](ClO,), (Fig. 31, L = 1-methyl-
4-(6-amino-2-pyridylmethyl)-piperazine) was characterized by X-ray crystallography.'®®
In this structure, a water molecule is positioned close (O(water)---C(carbonyl) 3.050 A)

Fig. 30 Active site co-catalytic zinc centers in ApAP.
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Scheme 29 Selected transformations in the proposed mechanistic pathway for peptide
hydrolysis by ApAP. The zinc-coordinated amino acid ligands are shown only on the resting
state structure (left) for clarity.

to the amide carbonyl carbon of Gly-Gly, the oxygen atom of which is coordi-
nated to the zinc center. At 70°C and pH = 7.0(1) (50 mM HEPES) the coordi-
nated Gly—Gly in [(LH " ),Zn,(Gly—Gly),](ClO,), undergoes hydrolysis over the
course of days (~28% Gly—Gly hydrolysis after 5 days). The structural and reac-
tivity properties of this complex have relevance to the monozinc peptidase amino-
peptidase A.'®’

Binuclear zinc complexes have been shown to mediate the hydrolysis of the
activated peptide model substrate L-leucine—p-nitroanilide (LNA, Fig. 32) with the
reactions being followed spectroscopically by the formation of p-nitroaniline
(Zmax~400nm)."*>1%7 This model substrate has also been used in studies of ApAP.'”
The hydrolysis of LNA mediated by the zinc complex [(bomp™)]Zny(CH;CO,),]|BPhy
(Fig. 33a; H(bomp): 2,6-bis[bis(2-methoxyethyl)aminomethyl]-4-methylphenol) in
water/DMF (6:4) occurs via a reaction that is first-order in complex and
substrate, with a second-order rate constant k = 2.3(1)x 107°M~'s™! at 25°C.
At best, a yield of ~65% for a single turnover reaction was obtained, indicating that
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Scheme 30 Proposed mechanism for Gly—Gly hydrolysis promoted by a bizinc complex of
the OBISDIEN chelate ligand.
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Fig. 31 Cationic portion of [(LH " ),Zn,(Gly-Gly),](ClO4)s.
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Fig. 32 L-leucine—p-nitroanilide (LNA).
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Fig. 33 Binuclear zinc complexes that mediate the hydrolysis of N-p-nitrophenyl- L-leucine
in water-containing solutions.

the zinc complex becomes inactive following substrate hydrolysis. The actual active
zinc complex for the amide hydrolysis reaction in this system is not known.
Analogs of the bomp~ ligand, bonp~ (H(bonp): 2,6-bis[bis(2-methoxyethyl)
aminomethyl]-4-nitrophenol) and bocp~ (H(bocp): 2,6-bis[bis(2-methoxyethyl)
aminomethyl]-4-chlorophenol) have been used to assemble zinc complexes for com-
parative model aminopeptidase reactivity studies.'®® Using the method of initial rates,
the second-order rate constants for the hydrolysis of LNA promoted by
[(bonp™)]Zny(CH3CO,),]BPhy and [(bocp™)]Zny(CH;CO,),]BPhy (Fig. 33b and c)
at 25°C in DMF:tricine buffer were found to be 5.9(5)x 10~'M~'s™' and
27(1)x 107>M~"'s™!, respectively. Comparison of these rate constants to that
obtained for the hydrolysis of the same substrate promoted by [(bomp~)]Zn,
(CH;CO,),]BPhy (2.3(1) x 107> M~"s™") under identical conditions reveals that the
inclusion of an electron withdrawing substituent on the phenolate ring increases the
rate of the LNA hydrolysis reaction. Studies of the rate of this reaction as a function
of pH for the [(bomp )]Zn,(CH3;CO,),]BPhs- and [(bocp™)]Zn,(CH5CO,),]
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Scheme 31 Proposed mechanism for LNA hydrolysis mediated by a zinc complex of a
phenanthroline-containing polyamine ligand.

BPhy-promoted reactions yielded kinetic pK, values of 9.4 and 9.1, respectively.
Both values are suggested to correspond to the deprotonation of a Zn—OH, moiety
to produce a reactive zinc hydroxide species.

A zinc complex of a phenanthroline-containing macrocycle (L4, Fig. 34) binds
LNA with a log K value of 5.55 (308 K) to form [(L4)Zn(LNA)]**, as determined by
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Q0.0

potentiometric titration and "H NMR studies.'®” This complex undergoes a mono-
deprotonation at pH>8, a reaction that results in either the formation of a zinc
hydroxide species ([(L4)Zn(LNA)(OH)]") or a complex having a deprotonated
LNA™ ligand ([(L4)Zn(LNA7)]"). This deprotonated complex is active for LNA
hydrolysis to produce L-leucine and p-nitroaniline. When corrected for the amount
of deprotonated complex in solution, this reaction proceeds with a pseudo first-order
rate constant of 3.0 x 107°s~!. An intramolecular mechanism is proposed for this
reaction wherein a zinc-bound hydroxide attacks the coordinate LNA ligand
(Scheme 31).

Zinc complexes of optically resolved forms of the dinucleating ligand H(bppmp)
(2,6-bis[{(R/S)-1-phenylethyl-2-pyridylmethyl}aminomethyl]-4-methylphenol, Fig. 35)
exhibit differing second-order rate constants (R: 3.3(7) x 1072M~'s™!; §: 7.6(5) x
102M~"'s7!) for the hydrolysis of LNA in DMF:H,O (2:3) at pH = 8.0."”" The
enhanced reactivity of [(S-bppmpZn,)(MeCO»),]BPhy versus that of [(R-bppmpZn,)
(MeCO,),]BPhy is attributed to better recognition of the LNA substrate by the former
complex.

Outside the scope of coverage of this work are synthetic systems involving the
catalytic or stoichiometric alcoholysis of esters or amides promoted by zinc ions or
complexes.! > 177

Fig. 35 H(bppmp) ligand.

5 Phosphate ester hydrolysis

PHOSPHATE MONOESTER HYDROLYSIS

Alkaline phosphatase is one of a number of zinc-containing enzymes and nucleases
that catalyze in the hydrolysis of a phosphate ester linkage.'”® '8¢ The catalytic
mechanism of Escherichia coli alkaline phosphatase has been extensively investi-
gated and involves initial coordination of the phosphate monoester substrate (e.g.
4-nitrophenyl phosphate) in a bridging position between two active site zinc centers
(Scheme 32)."%7 A deprotonated active site serine residue then acts as a nucleophile
to attack the phosphoryl group which results in cleavage of the P-O bond to the
4-nitrophenolate leaving group. In this reaction, a phosphorylserine group is formed



134 LISA M. BERREAU

Asp ASD pgp

Asp
o o /< o 0
o™ §( P 0""o §€) )LAsp
Npyis 0o o (0] Asp Nhis \ \ 0
Y/ \ N/ N
Zn\ /Zn\ /Zn\ N
/ o] Nhis N 09 0 Nhis
Nhis His N =
N Ho H* R” Yo/ 0
=N, O/l;§o B
0’-"0 Ser ; ; Ser
. b
HZNJ(,I{‘H H,N F, NH
HPO4 NH NH
: Arg”” Arg”
ROPO,>
Asp Asp Asp Asp Asp Asp
oy o /< oy o ox( )
Nits O'/' ! O)L S| Niis O\ ' 0\ OJ\ASD Niis \/ O\ OJLASP
N * AN
n n/ H \Zn\ /Zn< <7T in - n/
N \O 0 Niis N / \O 0 Nhis N, 7/ \O o] Nhiis
Hs N/ Hs Q) ROH Hz0 His |
R HO\| H \-/Fj\—o\l R” P—0
o"-*0 HO -0 o’'-*0
v ' Ser v v Ser v Ser
b o b
HoN t, NH HZNQ‘(, NH HaNENH
_ANH _NH _NH
Arg Arg Arg

Scheme 32 Phosphate monoester hydrolysis catalyzed by alkaline phosphatase.

that remains coordinated to the binuclear zinc center. In addition, one of the
two zinc ions provides stabilization for the anionic 4-nitrophenolate leaving group.
Hydrolysis of the phosphorylserine group occurs via attack of a Zn—OH moiety to
yield HPO3~, which is subsequently released from the active site. As shown in
Scheme 32, hydrogen-bonding interactions involving an arginine residue (Arg-166 in
E. coli) are important throughout the catalytic cycle.

Phosphate ester hydrolysis can occur via three possible limiting mechanisms.
A dissociative mechanistic pathway involves an Syl-type reaction in which a
stable metaphosphate ion (PO3) is formed, which then undergoes reaction with a
hydroxide nucleophile to yield the final products. In an associative pathway, a stable
five-coordinate phosphorane intermediate forms prior to departure of the leaving
group. In a concerted pathway for phosphate ester hydrolysis, nucleophilic attack
and P-O(H) bond formation occur simultaneously with P-O(R) bond cleavage
involving the leaving group.

As with amide hydrolysis reactions, extensive mechanistic studies of metal-
mediated phosphate monoester hydrolysis reactions have been performed using
exchange inert mononuclear Co(III) complexes.”'*¥ 2% To date, only a few zinc
complexes that promote phosphate monoester hydrolysis have been reported.
A binuclear zinc complex supported by a macrocyclic cryptate ligand (Fig. 36)

187
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pH =3, 60 °C

2 days

Fig. 36 Phosphate monoester hydrolysis promoted by a bizinc cryptand complex.

135

promotes the cleavage of 4-nitrophenyl phosphate dianion in aqueous solutions via
attack of an internal amine nucleophile.'*?** This complex contains two zinc ions
separated by a distance of 3.24 A and bridged by an alkoxide anion. Each zinc center
exhibits a distorted trigonal bipyramidal geometry, with secondary and tertiary
amine nitrogen donors in the axial positions. The product of the 4-nitrophenyl
phosphate hydrolysis reaction is a phosophoramide derivative (Fig. 36). Kinetic
studies of this reaction yielded a maximum second-order rate constant for 4-nit-
rophenyl phosphate hydrolysis of (1.52+0.05) x 10°M~'s™' at pH =35.9 and
35°C. Rate studies as a function of pH yielded a bell-shaped curve with pK; = 5.2
and pK, = 6.3. These values correspond to protonation constants for the substrate
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(NPP?>~+H " = HNPP~; NPP?~ = 4-nitrophenyl phosphate dianion) and support-
ing chelate ligand (NH+H ™" = NH5 , NH = donor of macrocycle).

Treatment of bizinc complexes of a series of aryl-bridged ligands (Fig. 37a—d) with
4-nitrophenyl phosphate in DMSO and buffered water (tris (pH 8.36) or HEPES
(pH 8.13)) at 55 °C results in phosphate ester hydrolysis with pseudo first-order rate
constants as shown in Fig. 37.2** Mononuclear analogs (Fig. 37¢ and f) also exhibit
phosphate monoester hydrolysis reactivity, albeit significantly lower than that of the
binuclear systems. Studies of the rate of 4-nitrophenyl phosphate hydrolysis versus
pH for the reaction promoted by the binuclear zinc complex ligated by S,S’-bis
(10-(1,4,7-triazacyclododecyl))-1’,3’-dithiobenzene (Fig. 37a) yielded a kinetic pK, of
7.8. This value was attributed to deprotonation of a bridging H,O ligand between
the zinc ions. A mechanistic pathway involving attack of the bridging hydroxide on
a coordinated phosphate monoester dianion has been proposed for this system.
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Fig. 37 Aryl-bridged ligands and pseudo first-order rate constants for the hydrolysis of 4-
nitrophenyl-phophate promoted by the zinc complex of each ligand. Pseudo first-order rate
constants were determined using 227 mM (dimer) or 454 mM (monomer) solutions.
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The mononuclear four-coordinate zinc hydroxide complex [(Tp'**?)Zn-OH] does
not promote the hydrolysis of 4-nitrophenylphosphate in Et,O solution.?’® Instead,
the phosphate ester is deprotonated to give a binuclear p-phosphate complex,
[(Tp'"*Zn),(1-0,P(O-CsHy—p-NOy)].

Outside the scope of coverage of this contribution are Zn(II)-promoted reactions
involving ATP hydrolysis.>*

PHOSPHATE DIESTER AND TRIESTER HYDROLYSIS

Hydrolysis reactions involving phosphate diester and triester substrates, particularly
bis(4-nitrophenyl) phosphate and tris(4-nitrophenyl) phosphate, have often been
examined as model reactions phosphate ester cleaving enzymes. The hydrolysis of
phosphotriesters is also relevant to the chemistry of phosphotriesterases, zinc-con-
taining enzymes found in soil bacteria.”’®?°” The active site of the phosphotriest-
erase from Pseudomonas diminuta contains two zinc centers ligated by a mixture
of oxygen and nitrogen donors (Fig. 38).2®**° A proposed mechanism for this
enzyme involves attack of the bridging hydroxide on the coordinated phosphotri-
ester substrate.”'”

Similar to studies of phosphate monoester hydrolysis reactions, extensive kinetic
and mechanistic investigations involving exchange inert Co(III) compounds have
yielded insight into the pathways of these reactions.”!9%194.197.198.200.211-220

Several synthetic mononuclear zinc complexes have been shown to exhibit
stoichiometric or catalytic hydrolysis reactivity involving phosphate di- and/or
triester substrates. For example, a mononuclear zinc complex supported by the
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Fig. 38Structure of active site binuclear zinc cluster in the phosphotriesterase from
P. diminuta in the presence of the competitive inhibitor diethyl-4-methylbenzyl phosphonate.
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Me,pyo[14]trieneN4 (CR) ligand (Fig. 6a) catalyzes the hydrolysis of the triester
diphenyl 4-nitrophenyl phosphate in aqueous acetonitrile solution.**' This reaction
is first-order in zinc complex and phosphate ester. On the basis of pH-rate studies,
which revealed a kinetic pK, value of 8.7,%° the active zinc complex is proposed to be
[(CR)Zn-OH] . A hybrid mechanism in which the zinc center of [(CR)Zn-OH]"
serves to provide the hydroxide nucleophile, and also electrophilically activates the
phosphoryl P-O bond, is favored for this system. This type of bifunctional mech-
anism was proposed based on the fact that the second-order rate constant for the
[(CR)Zn-OH] " -catalyzed reaction (2.8 x 107" M~'s™") is an order of magnitude
larger than that of free hydroxide ion-catalyzed hydrolysis (2.8 x 107 M~ 's™"). As
OH™ is a better nucleophile than the zinc-coordinated hydroxide, Lewis acid ac-
tivation of the substrate is also operative in this system.

Attachment of a cyclodextrin unit to an N—CHj form of the CR macrocycle
(Fig. 39) yielded a zinc complex with only modestly improved effectiveness
(kr=21.7x 1072M~'s™!) over the mononuclear system (k, = (3.80+0.05) x
1072M~'s™") for the hydrolysis of diphenyl 4-nitrophenyl phosphate under iden-
tical conditions.'” This enhancement is proposed to be due to binding of
4-nitrophenolate moiety in the cyclodextrin cavity.

Bifunctional analogs of the [(CR)Zn]*" (Fig. 6a) structure in which an auxiliary
catalytic imidazole or thiophenol group has been incorporated (Fig. 40) exhibit
enhanced reactivity for the intramolecular transesterification reaction of 2-hydro-
xypropyl 4-nitrophenyl phosphate (HPNP) relative to the parent complex.?*?

Zinc complexes of the cyclen ([12]JaneNy = 1,4,7,10-tetraazacyclododecane) ligand
have been extensively studied in terms of phosphate ester hydrolysis reactivity. For
example, a proposed binuclear Zn(II) hydroxide complex of cyclen was reported to
enhance the rate of hydrolysis of ethyl(2,4-dinitrophenyl)-methylphosphonate and
diethyl(2,4-dinitrophenyl) phosphate.?**?** It should be noted that the nuclearity of
the zinc—cyclen complex in solution was not conclusively identified in this work.

The mononuclear zinc complexes [([12]aneN3)Zn(OH,)](ClO,4), (Fig. 4) and
[([12]aneN4)Zn(OH,)](ClOy4), (Fig. 5) promote the hydrolysis of the triester tris(4-
nitrophenyl) phosphate and the diester bis(4-nitrophenyl) phosphate.?*> For these

ES

N -Zr'1(ll)-—-—N

(S

Fig. 39 Cationic portion B-cyclodextrin-appended zinc complex.
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Fig. 40 (top) Cationic portion of bifunctional zinc complexes and relative second-order rate
constant values and (bottom) intramolecular transesterification reaction of 2-hydroxypropyl
4-nitrophenyl phosphate (HPNP).

reactions, pH-rate profiles indicate that the active species are the zinc hydroxide
derivatives [([12]aneN3)Zn(OH)]CIO,4 and [([12]aneN4)Zn(OH)]ClO4. For the phos-
phate triester hydrolysis reactions, the second-order rate constants at 25°C and
I=0.20 for free OH ", [([12]aneN3)Zn(OH)]CIOy4, and [([12]aneN4)Zn(OH)]ClO, are
10.740.2, 7.04+0.2, and 3.7+02M s, respectively. Thus, free OH™ ion is the
most reactive species for the hydrolysis of tris(4-nitrophenyl) phosphate. However,
for the hydrolysis of bis(4-nitrophenyl) phosphate, [([12]aneN3)Zn(OH)]CIO,
(k=(8.5+02)x10°M~'s™") is approximately four times more reactive
than [([12]aneN4)Zn(OH)]CIO, (k= (2.1+0.2)x 10°M~'s™!) and free OH™
(k=(24+40.1)x 10°>M~'s7") at 35°C and I =0.20 (Na™"). The differing hydro-
lytic reactivity of [([12]aneN3)Zn(OH)]CIO, (relative to free OH™) for activated
phosphate triester versus diester hydrolysis has been explained in terms of differing
mechanistic pathways. Specifically, in the triester hydrolysis reaction, the Zn(II)
center of [([12]aneN3)Zn(OH)]ClIO, is primarily proposed to provide the nucleo-
phile, with little or no interaction with the P = O group of the substrate (Fig. 41).
However, in the phosphate diester hydrolysis reaction, a hybrid-type mechanism
is proposed wherein the zinc center is suggested to provide the hydroxide nucleo-
phile as well as electrophilic activation of the P = O moiety of the monoanionic
diester substrate.

Insight into the role of the serine nucleophile in the catalytic cycle of alkaline
phosphatase was gained through studies of the bis(4-nitrophenyl) phosphate reac-
tivity of a mononuclear Zn(I) complex supported by the (S)-1-(2-hydroxy-2-phe-
nylethyl)- 1,4,7,10-tetrazacyclodecane ligand (Scheme 33).%%° In aqueous solution,
this complex exhibits a pK, value for the zinc-bound alkoxide moiety of 7.30 +0.02.
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Fig. 41 Proposed mechanisms for phosphate triester and diester hydrolysis promoted by
[([12]aneN3)Zn(OH)]CIO,.

A phosphoryl transfer reaction from bis(4-nitrophenyl) phosphate to the zinc-bound
alkoxide moiety is promoted by this complex in aqueous solution (pH = 6.0-10.3)
at 35°C and 7=0.10M (NaNO;). A pH-rate profile for this reaction yielded a
sigmoidal curve and a kinetic pK, value of 7.4. As this value corresponds to that
measured for the Zn—-OR moiety by potentiometric titration, the zinc-bound alk-
oxide was confirmed as the reactive nucleophile for phosphoryl transfer. The rate of
this reaction is 125 times greater than for the bis(4-nitrophenyl) phosphate hydrol-
ysis reaction promoted by [([12]aneN,)Zn(OH)]CI04.>*° Following phosphoryl
transfer to the alkoxide moiety, a second reaction occurs wherein the pendant
phosphorylated alcohol undergoes hydrolysis to yield a coordinated phosphate
monoester product. This intramolecular reaction involves water activation by the
mononuclear zinc center to produce a reactive Zn—OH nucleophile (Scheme 33). The
final product is unreactive toward further hydrolysis. Similar studies were performed
using a zinc complex of a N,O (alkoxide) ligand. These studies revealed a 10 rate
enhancement for the hydrolysis of the phosphotriester diethyl(4-nitrophenyl) phos-
phate.”?” Involvement of a zinc-bound alkoxide nucleophile to form a phosphory-
lated ligand intermediate was proposed for this reaction.

Kinetic studies of reactions of three tris(pyrazolyl)borate-ligated zinc hydroxide
complexes ([(Tp™M€)Zn-OH], Fig. 42, top) with triorganophosphate ester subst-
rates in chloroform provided evidence for a concerted or hybrid-type mechanism.”®
The reactions under study in this case are stoichiometric (Fig. 42, bottom) and
involve generation of 4-nitrophenol (R” = OC¢H4—p-NO,). Notably, this acidic
phenol rapidly undergoes reaction with the starting [(Tp®™®)Zn-OH] complex
to yield [(Tp®M®)Zn—-OC¢H,—p-NO,] derivatives. This second reaction is at least
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Fig. 42 Phosphate triester hydrolysis reactivity of [(Tp®™®)Zn—OH] compounds.

two orders of magnitude faster than the initial phosphate triester hydrolysis reaction
and is thus not a problem in kinetic studies. The phosphate triester cleavage
reactions are first-order both in the zinc complex and phosphate ester. Determina-
tion of the second-order rate constant for reaction of each zinc complex with the
phosphate triester substrate as a function of temperature in the range of
17.5-47.5°C enabled the construction of Arrhenius and Eyring plots. Activation
energies were determined and ranged from 46 to 69kJmol™'. The activation en-
tropies ranged from —54 to —126 J mol K~! and were suggested to indicate a degree
of ordering in the transition state. A hybrid-type mechanism was proposed in which
a four-centered arrangement is present in the activated complex. These reactions are
proposed to follow a trajectory (Scheme 18) as outlined previously for amide hy-
drolysis. It should be noted that a similar phosphate ester hydrolysis reaction had
been previously reported involving [(Tp'*™%)Zn—OH], albeit kinetic studies were not
performed.>®’
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Kinetic studies of the reaction of a mononuclear N,S(thiolate)-ligated zinc
hydroxide complex (PATH)Zn—-OH with tris(4-nitrophenyl) phosphate in 33%
ethanol-water and 7= 0.10 (NaNO;) also point to a hybrid-type mechanism
(Fig. 43).%2® Overall, this reaction is second order and a pH-rate profile indicates that
the zinc hydroxide species (PATH)Zn—OH is involved in the reaction. The maximum
rate constant for this reaction (16.1(7) M~'s™") is higher than that reported for free
hydroxide ion (10.7+0.2M~"s™").?*> This implies that a simple mechanism involy-
ing nucleophilic attack is not operative, as free OH™ is a better nucleophile. Studies
of the temperature dependence of the second-order rate constants for this reaction
yielded activation parameters of AH* =36.9(1)kImol™' and AS* = —106.7(4)
Jmol K~'. The negative entropy is consistent with considerable order in the tran-
sition state and a hybrid-type mechanism (Fig. 43, bottom).

The reactivity of zinc complexes supported by a variety of tridentate amine donor
ligands (Fig. 44) with diphenyl 4-nitrophenyl phosphate in 20% (v/v) acetonitrile—
water, and with 2,4-dinitrophenyl diethyl phosphate in 1% (v/v) in methanol-water,
has been investigated.””>>** For the former reaction, the second-order rate constant
for the hydrolysis of 2,4-dinitrophenyl diethyl phosphate correlates linearly with the
—AH value for the formation of the [(ligand)Zn(OH,)]*" complex from free chelate
ligand and aqueous zinc ion. This indicates that in this series of complexes, faster
hydrolysis of 2,4-dinitrophenyl diethyl phosphate corresponds to weaker chelate
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Fig. 43 (top) Tris(4-nitrophenyl) phosphate reaction involving (PATH)Zn—OH and (b) pro-
posed reactive species in a hybrid-type mechanistic pathway.
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Fig. 44 (top) Tridentate amine donor ligands and (bottom) phosphate triester hydrolysis
reactions promoted by zinc complexes of these ligands.

ligand binding to the zinc center. This weaker coordination in turn correlates with a
more Lewis acidic zinc ion, and a lower pK, value for the zinc-bound water molecule.
Similar results have been obtained for the hydrolysis reaction of 2,4-dinitrophenyl
diethyl phosphate.”*® These reactions are proposed to take place via a mechanism
wherein a zinc-coordinated hydroxide ion attacks the coordinated phosphate triester.

In a separate study, zinc complexes of a variety of macrocyclic and linear
polyamines (Fig. 45) have been probed for transesterification reactivity involving
2-hydroxypropyl 4-nitrophenyl phosphate (HPNP, Fig. 40, bottom) and for hydro-
lysis reactivity involving the phosphate diester bis(4-nitrophenyl) phosphate.?*!
As outlined below, for the ligands shown in Fig. 45, tridentate donors that co-
ordinate to the zinc center in a facial or tripodal coordination mode produce
the most reactive complexes. This is because the lower coordination number of these
ligands (relative to tetradentate donor analogs) allows for coordination positions
to be available for interactions between the zinc center and the phosphate ester.
Examination of the pH-dependence of the HPNP-transesterification reaction
involving Zn(II) complexes of L5-L7 and L9-L12 revealed a sigmoidal curves
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Fig. 45 Macrocyclic and linear polyamine ligands.

and kinetic pK, values that are similar to the pK, values determined by potentio-
metric titration for a zinc-coordinated water molecule. Working at a pH high
enough to ensure full deprotonation of the Zn—OH, moiety in each complex, var-
iable concentration studies indicated a first-order dependence on zinc complex con-
centration and overall second-order reactions for HPNP transesterification.
Analysis of the range of second-order rate constants obtained for zinc complexes
of ligands L5-L9 in a Brensted plot (log K versus pK, (kinetic)) at 25 °C yielded a
linear correlation and f,,. value of 0.75. Interpretation of this value is discussed
below in comparison to that obtained in reactions involving the hydrolysis of bis-4-
nitrophenylphosphate. A solvent deuterium isotope effect value (Pk = 1.43) was
determined for the transesterification reaction involving the L6-ligated zinc complex
at pH = 10.5. This Pk value is consistent with nucleophilic attack involving the
Zn—OR species of the coordinated substrate (Fig. 46) and not general base catalysis.

For the hydrolysis of bis-4-nitrophenylphosphate hydrolysis promoted by zinc
complexes of L5-L14, kinetic studies were carried out at pH = 11 to ensure full
deprotonation of the Zn—OH, moiety of the complexes. Rate constants obtained
at 25°C were used in the preparation of a Bronsted plot. In this plot, reactivity
differences as a function of the type of chelate ligand present are clearly evident.
Zinc complexes supported by L5-L7 and L9 exhibit the highest reactivity and the
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Fig. 46 Proposed intramolecular nucleophilic attack in the transesterification of HPNP.

rate constants for these reactions exhibit a linear correlation in the Breonsted plot
(Pouec = 0.20). The complexes of L13 and L14 exhibit the lowest bis-4-nitrophenyl-
phosphate hydrolysis reactivity, whereas the complexes supported by a tridentate
linear ligand (L10-L12, Fig. 45) exhibit intermediate efficiency, albeit with no linear
correlation in the log K versus pK, plot.

The f,uc values obtained for the reactions involving zinc complexes of L5-1L9
(HPNP transesterification) and L5-L7 and L9 (bis-4-nitrophenylphosphate (diester)
hydrolysis) are an indication of two opposing effects of the zinc center, specifically
the involvement of the metal center in substrate activation, and the loss of efficiency
of the nucleophile due to zinc coordination. These f,,. values differ notably from
the value (f,u,c = —0.15) determined for phosphate triester hydrolysis promoted by
zinc complexes of the ligands shown in Fig. 44.%° This difference has been inter-
preted to indicate that for HPNP transesterification and BNP hydrolysis, the effi-
ciency of the zinc-bound nucleophile is more important in determining intrinsic
complex reactivity than is substrate activation, whereas for the hydrolysis of phos-
phate triesters, activation of the substrate is more important. This difference is
attributed to the fact that for HPNP and BNP reactivity, negative charge build-up
during the reaction is localized on an oxygen atom that is not directly bound to the
zinc center. However, for phosphate triester hydrolysis, anionic charge build-up
occurs on the zinc-bound oxygen atom and is stabilized by the metal center. There-
fore, for the HPNP and BNP reactions, the zinc center is less able to stabilize the
increasing negative charge on the substrate and the reactivity of the zinc-bound
nucleophile instead plays a major role.

Mononuclear zinc hydroxide complexes supported by tripodal tetradentate lig-
ands, some of which contain hydrophobic bulky appendages (tris(2-aminoethyl)
amine (L15), N,N',N"-tris(2-benzylaminoethyl)amine (L16), and N,N',N"-tris(imben-
zyl-L-histidylethylaminoethyl)amine (L17) ligands (Fig. 47)), have been identified via
pH-rate profile studies as the reactive species involved in hydrolysis reactions of
bis-4-(nitrophenyl) phosphate and tris(4-nitrophenyl) phosphate in 33% methanol/
water.>*> The Zn(IT) hydroxide complex of L17 exhibits higher efficiency in both
phosphate diester and triester hydrolysis reactions than the zinc complexes of the
other two tripodal tetradentate ligands. This is despite a lower pK, (7.43) value for
the [(L17)Zn(OH,)]** species ([(L15)Zn(OH,)]**: 10.72; [(L16)Zn (OH,)]*": 9.61)
suggesting that the phosphate ester cleavage reactivity of the zinc complex of L17 is
not determined solely by the nucleophilicity of the Zn—-OH moiety. Some properties
of the L17 ligand that may come into play in influencing the reaction pathway for
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Fig. 47 Tripodal tetradentate ligands.

phosphate ester hydrolysis include the more labile nature of the imidazole donors, the
nature of the chelate ring size formed in zinc complexes, and an overall increased
flexibility within the chelate ligand structure.

Mononuclear zinc complexes of N,N',N"”-tris(3-aminopropyl)amine ligands having
either hydrogen atoms or methyl groups as the substituents on the coordinating
nitrogen atoms exhibit slight catalytic activity for the hydrolysis of the phosphotri-
ester 2,4-dinitrophenyl diethyl phosphate.** A zinc hydroxide complex is proposed
as the reactive species that promotes phosphotriester hydrolysis.

Binuclear zinc complexes wherein each metal center is supported by a tripodal
tetradentate ligand environment involving a bridging phenolate donor are reactive
toward tris(4-nitrophenyl) phosphate and bis(4-nitrophenyl) phosphate in ethanol/
water.?** The pH-rate profile studies of these reactions are consistent with a mecha-
nism that involves the formation of a reactive mononuclear zinc hydroxide species
via cleavage of the binuclear solid-state structure. This mononuclear Zn—OH species
is proposed to act as the nucleophile toward the phosphate ester substrate.

Chelate tetradentate tripodal ligands having internal hydrogen-bond donors
(L18-L20, Fig. 48) produce zinc complexes with enhanced phosphate diester
transesterification and hydrolysis reactivity relative to analogs that lack secondary
hydrogen-bonding interactions.”® Comparison of the bis(4-nitrophenyl) phosphate
reactivity of zinc complexes of a series of N3O-donor ligands (Fig. 48) revealed
that zinc complexes of the L18 and L19 ligands produced transesterification prod-
ucts (4-nitrophenol and the O-phosphorylated chelate ligand) whereas the L20
ligand produced only phosphate ester hydrolysis products. For the transesterifi-
cation reaction of the L19-ligated zinc complex, the second-order rate constant is
9.7x10>M~'s7! at pH = 7.0 and 25 °C. This rate is approximately six orders of
magnitude faster than the spontaneous hydrolysis of bis(4-nitrophenyl) phosphate
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under identical conditions. The rate enhancement is attributed to the enhanced
nucleophilicity of an alkoxide (versus hydroxide) and the presence of secondary
hydrogen-bonding interactions. In addition to the zinc center, the hydrogen bonds
can provide additional Lewis acid activation for the phosphate diester substrate, and
may assist in the stabilization of a dianionic intermediate. Additional evidence of the
influence of secondary hydrogen-bonding interactions was derived from comparison
of the bis(4-nitrophenyl) phosphate transesterification reactivity of the zinc com-
plexes of L18 and L19, which revealed a 230-fold reactivity increase for the latter
complex. For the hydrolysis reaction involving the L20-ligated zinc complex, the
rate acceleration is ~10° over that of the uncatalyzed reaction.

Comparative studies of the HPNP-transesterification reactivity (Fig. 40, bottom)
of [(tapa)Zn(H,O)** and [(tpa)Zn(H,O)]*" (Fig. 49) revealed that the rate of
cyclization of the substrate is accelerated by a factor of 3 x 10°-fold for the former
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Fig. 49 Structural drawings of [(tapa)Zn(H,O0)]*" and [(tapa)Zn(H,O)]*".

complex and 4 x 10°-fold for the latter complex over the uncatalyzed reaction.**
The difference between these rate enhancements is attributed to enhanced stabi-
lization of a dianionic intermediate in HPNP hydrolysis via secondary hydrogen-
bonding interactions.

Several multinuclear zinc complexes that exhibit phosphate diester and triester
reactivity have been reported. A binuclear analog of [(CR)Zn]** (Fig. 6a) in which
two [(CR)Zn]* " units are linked by an aromatic spacer was found to be ~4.4 times
more effective in terms of the hydrolysis of diphenyl 4-nitrophenyl phosphate in
CH;CN:H,0 at 25°C than its mononuclear analog.’**

The phosphate diester hydrolysis (using bis(4-nitrophenyl) phosphate) and
transesterification (using 2-hydroxypropyl 4-nitrophenyl phosphate) reactivity of
the family of binuclear zinc complexes shown in Fig. 37 was examined in studies
directed at elucidating how the nature of the ligand bridge influences reactivity.?**
The complex supported by a ligand having a biphenyl linker (Fig. 37d) exhibited the
highest reactivity for both substrates. A proposed pathway for the reaction involving
bis(4-nitrophenyl) phosphate is shown in Fig. 50. In this reaction, substrate acti-
vation is proposed to occur at one zinc center, whereas the nucleophile is generated
at the other zinc center. Consistent with this proposed pathway is the identification
of a pK, value of 8 in the pH-rate profile of the reaction. This value is consistent with
deprotonation of a terminal Zn—OH, moiety.

Mono- and binuclear Zn(II) nitrate complexes of the bis(1-methylimidazol-2-yl-
methyl)ethylamine and N,N,N’,N'-tetrakis(1-methylimidazol-2-ylmethyl)pentane-1,5-
diamine ligands (Fig. 51) catalyze the hydrolysis of tris-4-nitrophenyl phosphate
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Fig. 50 Proposed reaction pathway for the hydrolysis of bis(4-nitrophenyl) phosphate pro-
moted by a biphenyl-bridged complex.

to produce bis(4-nitrophenyl) phosphate in 33% ethanol-water solution.”*® No
further reaction with the phosphate diester product occurs in this system. Acidic
(e.g. aqua) and basic (e.g. hydroxo) forms of both complexes catalyze the hydro-
lysis of the phosphate triester, with the activity increasing for both types of
complexes with increasing pH, which is consistent with the formation of a reactive
zinc hydroxide species that may be acting as a nucleophile or general base. The
mononuclear complex exhibits higher reactivity, which is consistent with the higher
pK, value (8.16), and formation of a terminal Zn—-OH moiety in this complex,
whereas a bridging Zn,(p-OH) (pK, = 6.99) is formed in the binuclear derivative.
No evidence was found for pre-equilibrium formation of a substrate adduct in these
reactions.

Zinc complexes of macrocyclic N- and N/O-donor ligands (L21-L24, Fig. 52)
promote the hydrolysis of bis(4-nitrophenyl) phosphate to produce 4-nitrophenyl
phosphate and 4-nitrophenol via varying mechanistic pathways.'%>724! For
example, comparison of the bis(4-nitrophenyl) phosphate reactivity of mono- and
binuclear zinc monohydroxo complexes of the L21 ligand revealed that the mono-
nuclear zinc hydroxide complex is more effective at hydrolyzing the phosphate di-
ester substrate than the binuclear monohydroxo complex.?” Important differences
between the reactions involving the mono- versus binuclear complexes include the
nature of the nucleophile (terminal Zn—OH versus bridging Zn—OH) and possible
differences in recognition of the substrate by the metal complex. In the monozinc
complex (Fig. 53), a better nucleophile is present (terminal Zn—OH), but the subst-
rate can interact with only a single Zn(II) center. In the bizinc complex, a poorer
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Fig. 51 Bis(l-methylimidazol-2-ylmethyl)ethylamine; (top) and N,N,N',N'-tetrakis(1-me-
thylimidazol-2-ylmethyl)pentane-1,5-diamine (bottom) ligands.

nucleophile (bridging Zn—OH) is present but better Lewis activation of the substrate
is likely achieved as the phosphate diester can bridge the two zinc centers.

The rate of hydrolysis of bis(4-nitrophenyl) phosphate is approximately 10-fold
higher for a binuclear Zn,(OH), complex of the L22 ligand (Fig. 52) versus a
mononuclear zinc hydroxide complex of the L23 ligand at 308 K.'% In this system, a
monohydroxide binuclear zinc complex (Zn,(n-OH)) does not promote phosphate
diester hydrolysis. The 10-fold rate enhancement found for the reaction involving
the binuclear Zn,(OH), complex was explained via cooperative interaction between
the zinc centers. As shown in Fig. 54, the reaction is proposed to take place
via attack of a terminal Zn—OH moiety on a phosphate diester substrate that is
interacting with both zinc centers. This suggests a cooperative role for the two zinc
centers in the phosphate diester hydrolysis reaction.

Inclusion of an alcohol appendage in the .24 ligand framework (Fig. 52) results
in a reaction pathway for bis(4-nitrophenyl) phosphate hydrolysis that involves
initial nucleophilic attack of a zinc-bound alkoxide moiety on the substrate to give
a phosphorylated intermediate (Scheme 34).*° This intermediate, similar to the
phosphorylated serine intermediate proposed in the catalytic cycle of alkaline
phosphatase, is subsequently attacked by a Zn—-OH moiety to yield 4-nitrophenyl
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phosphate as the final product. Evidence for the initial formation of a new phos-
phoryl species in the L24-ligated system comes from *'P NMR where a new res-
onance appears at 7.3 ppm in aqueous solution as the signal for bis(4-nitrophenyl)
phosphate at —8.2 ppm decays. The final phosphate-appended product is subse-
quently detected by the appearance of a resonance at 7.8 ppm (Jy p = 11.2 ppm).
Introduction of a phenanthroline moiety into a chelating macrocyclic ligand (L25,
Fig. 55) yields a [LZn,(OH),]** complex with enhanced bis(4-nitrophenyl) phos-
phate ester hydrolysis reactivity in aqueous solution relative to [LZny(OH),J*"
complexes of structurally similar ligands (L26 and L27, Fig. 55).**® The second-
order rate constants for these reactions are 62x 10> M~ 's™! (L25), 8 x 1072
M~ 's7! (L26), and 4 x 107° M~ 's™! (L27), respectively. A hybrid-type mechanism
akin to that shown in Fig. 54 is proposed wherein the phosphate diester substrate
binds to both zinc centers of the [LZn,(OH),]* " complex followed by intramolecular
attack of a terminal Zn—OH moiety. The enhanced reactivity of [L25Zn,(OH),]* " is
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Fig. 54 Proposed reaction pathway of bis(4-nitrophenyl) phosphate hydrolysis promoted by
a binuclear zinc complex of the L22 macrocyclic ligand.

attributed to the presence of the phenanthroline moiety, which may promote co-
ordination of bis(4-nitrophenyl) phosphate via m-stacking and hydrophobic inter-
actions with the aromatic rings of the substrate, and cooperative effects between the
zinc centers.
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Dipyridine-containing macrocyclic ligands (L28-L30, Fig. 56) have also been used
to prepare zinc complexes for phosphate diester cleavage reactivity studies.”*® Active
complexes of these ligands for the hydrolysis of bis(4-nitrophenyl) phosphate have in
common the presence of one or more Zn—OH units. A zinc hydroxide complex of L2§,
[L28Zn(OH)] " exhibits a second-order rate constant ((1.1+0.06) x 107*M~'s™
that is considerably lower than bizinc complexes of the L29 and L30 ligands
([L29Zn>(OH)P* "1 (9.6+0.3) x 107*M~'s™!; [L30Zny(OH)P*: (19.3+1.0) x 1074
M~'s™!). This indicates a cooperative role for the zinc centers in the latter two
complexes. For the reaction promoted by [L29Zn,(OH),J*", a mechanistic pathway
similar to that shown in Fig. 54 is proposed. This is consistent with the availability
of multiple open coordination positions at each zinc center in complexes of the 1.29
ligand, which provides only three nitrogen donors per zinc center. For the zinc com-
plex of the L30 ligand, the active species is proposed to have monodentate coordi-
nation of the substrate at one zinc center, and a terminal zinc hydroxide at the
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other zinc center (Fig. 57). As the L30 ligand provides five nitrogen donors per
zinc center, this would give each an overall coordination number of six. Hydrophobic
and m-stacking interactions involving the pyridyl macrocycles are suggested to en-
hance substrate coordination to [L29Zn,(OH),]** and [L30Zn,(OH)** in a similar
fashion to that proposed for the phenanthroline containing macrocyclic ligand dis-
cussed above.**®

A binuclear zinc complex of the macrocyclic phenolate-containing ligand BDBPH
(Fig. 58) contains zinc centers that are each ligated by three amine donors and
bridged by two phenolate oxygen atoms.”** In a solid-state structure, each zinc
center also coordinates a methanol molecule to give an overall distorted octahedral
geometry and a Zn—Zn distance of 3.146 A. In 75% ethanol-water solution, a
terminal Zn—OH moiety can be generated at a pH above 9.90. The rate of hydrolysis
of tris(4-nitrophenyl) phosphate promoted by this binuclear zinc complex increased
in the pH range 9.0-10.5. This reaction is proposed to take place via attack of
a terminal Zn—OH moiety on the coordinated tris(4-nitrophenyl) phosphate subst-
rate (Fig. 58). Stabilization of the anionic bis(4-nitrophenyl) phosphate product is
suggested to occur by coordination to the binuclear zinc complex.

A similar mechanistic pathway to that shown in the lower portion of Fig. 58 is
proposed for tris(4-nitrophenyl) phosophate hydrolysis promoted by binuclear zinc
complexes of phenol-based ligands, albeit no kinetic or mechanistic studies were
reported for these reactions.”*’

A zinc complex of the BPAN (2,7-bis[2-(2-pyridylethyl)aminomethyl]-1,8-
naphthyridine ligand, [(BPAN)Zn,(u-OH)(u-Ph,PO,)|(ClOy4),, Fig. 27) catalyzes
the transesterification of the RNA model substrate HPNP (2-hydroxypropyl 4-nitro-
phenyl phosphate (Fig. 40, bottom) in aqueous buffered solution (HEPES) contain-
ing 1% CH5CN."! The rate of this reaction was found to be ~7 times fast than the
reaction catalyzed by a mononuclear Zn(II) complex of bpta (Fig. 25). A pH-rate
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profile for the reaction involving [(BPAN)Zn,(u-OH)(n-Ph,PO,)](ClOy), revealed an
inflection point at pH = 6.97. This value matches a pK, value determined by po-
tentiometric titration and is assigned to the deprotonation of the bridging water
ligand in ([BPAN)Zn,(u-OH,)(1-Ph,PO,)](ClO4)5. These combined results indicate
that the bridging hydroxide moiety in ((BPAN)Zn,(n-OH)(p-Ph,PO,)J(ClOy); is the
base involved in catalyzing the intramolecular transesterification reaction. Further
studies indicated that the bridging hydroxide moiety serves as a general base in the
HPNP-transesterification reaction.

The [(BPAN)Zn,(u-OH)(u-Ph,PO5)](ClOy4), complex also promotes the hydrol-
ysis of bis(4-nitrophenyl) phosphate.'*® This reaction proceeds via initial coordina-
tion of the substrate to the binuclear zinc complex (K = 86+32M™"). Studies of the
effect of pH on this reaction revealed a kinetic pK, of 7.06 +0.05, which is consistent
with deprotonation of a bridging water molecule. Thus, a bridging hydroxide is the
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Fig. 57 Proposed reactive species in the hydrolysis of bis(4-nitrophenyl) phosphate pro-
moted by [L30Zn,(OH)]* .

reactive species, which could either act as a nucleophile or as a general base. These
two possibilities were distinguished by reducing the amount of water present in
the reaction mixture, with acetonitrile being used as the cosolvent. This produced
a slowing of the rate of phosphate diester hydrolysis indicating that a general
base-type mechanism is operative (Scheme 35). Notably, [(BPAN)Zn,(u-OH)(p-
Ph,PO,)]|(ClOy), is only 1.8 times more reactive toward bis(4-nitrophenyl) phos-
phate than a mononuclear zinc complex of the bpta ligand (Fig. 25).

HPNP transesterification (Fig. 40, bottom) is catalyzed by mono- and bizinc
complexes of the cis-2,4,6-traminocyclohexane-1,3,5-triol-contaning ligands (L6,
L31, and L32) shown in Fig. 59.%* For the zinc complexes of L31 and L32, bell-
shaped pH-rate profiles were obtained for the HPNP-transesterification reaction,
indicating deprotonation of two acidic functionalities. The first deprotonation leads
to the formation of the reactive species, whereas the second deprotonation results
in loss of activity. The mononuclear zinc complex of the L6 ligand exhibits a
sigmoidal pH-rate profile, indicating a single deprotonation that leads to reactivity.
Overall, the mononuclear zinc complex of L6 is intrinsically more reactive than
the bizinc complexes of L31 and L32, as evidenced by comparison of their respec-
tive limiting rate constants (kym; [L6Zn]*", 9.7 x 1073 s™'; [L31Zn,]* ", 1.5x 107°
s71 [L32Zn,o]* ", 2.6 x 107°s™"). However, the bizinc complexes have a higher
affinity for the substrate (Ky: [L6Zn]*", 33 M1 [L31Zn,]* ", 107 M~ [L32Zn,]*
67M™"). The mechanism for HPNP transesterification catalyzed by the mono-
nuclear [L6Zn]* " complex is suggested to involve simultaneous zinc coordination of
the substrate alcohol and phosphate ester groups (Fig. 46). Reactions involving
[L31Zn,]*" and [L32Zn,]* " may proceed either via the involvement of a zinc-bound
hydroxide acting as a base (Fig. 60, left) or via multiple site activation of the subst-
rate and intramolecular attack of a zinc-bound alkoxide moiety (Fig. 60, right). The
bell-shaped pH-rate profile for the bizinc systems is attributed to the sequential
deprotonation of two zinc-bound water molecules. The first deprotonation reaction
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Fig. 58 (top) BDBPH ligand and (bottom) proposed mechanism for tris(4-nitrophenyl)
phosphate hydrolysis.

would yield a Zn—OH species that is active for HPNP transesterification, whereas
the second deprotonation would yield a Zn,(OH), species that may interact with the
substrate more weakly, perhaps due to blocking of coordination positions as a
consequence of bridging hydroxide formation.

Binuclear zinc complexes of pyrazolate-based chelate ligands (Fig. 61) exhibit
differing bis(4-nitrophenyl) phosphate hydrolysis reactivity depending on the nature
of the supporting chelate ligand.'** Plots of the pseudo first-order rate constant
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Scheme 35 Proposed mechanism for bis(4-nitrophenyl) phosphate hydrolysis promoted by
[((BPAN)Zn,(u-OH)(p-Ph,PO,)](ClO4),.
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Fig. 59 The cis-2,4,6-traminocyclohexane-1,3,5-triol-containing ligands.

versus pH for phosphate diester hydrolysis promoted by 5 and 6 yielded kinetic
pK, values consistent with the presence of a reactive zinc hydroxide species. Overall,
the reactions are second order and exhibit saturation-type behavior, with 5
(k=(3.3+0.3)x 10°M~'s™") exhibiting significantly lower reactivity than 6
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Fig. 60 Possible mechanistic pathways for HPNP transesterification catalyzed by bizinc
complexes of the L31 and L32 ligands.

((1.14£0.1) x 10°M~"'s7") at pH = 8.2, presumably because the hydroxide anion is
held more tightly in 5, which diminishes its nucleophilicity. The proposed mech-
anism for bis(4-nitrophenyl) phosphate hydrolysis in these systems involves initial
equilibrium formation of a zinc complex-substrate adduct followed by phosphate
ester hydrolysis. Using this model, substrate binding constants of K = 24+3M~!
(4) and 18+1M~"' (6) have been determined. These values indicate that the
initial substrate coordination is weak, as has been reported for other binuclear zinc
complexes. 014!

Interestingly, the binuclear zinc O,H;-bridged species 4 is unreactive toward bis(4-
nitrophenyl) phosphate at pH>7.5. This is attributed to bidentate coordination of
the substrate to the binuclear zinc complex with complete displacement of the O,Hj3
unit. The zinc centers in the resulting structure each have a coordination number of
five, and there is likely not room for coordination and activation of a water mol-
ecule. Comparison of the ligand structures in 4 and 6 indicates that while substrate
coordination also occurs in 6, the lower overall coordination number of the sup-
porting chelate ligand enables a coordination position to be available on each zinc
center for formation of a Zn—-OH,/Zn—-OH moiety. In addition, as 6 exhibits en-
hanced phosphate diester reactivity relative to Zn(ClOy),, cooperativity between
proximal zinc centers occurs.

Comparison of the bis(4-nitrophenyl) phosphate hydrolysis reactivity of 1 and 2
(Fig. 27) in DMSO:buffered water (1:1) at 50 °C revealed that the complex having
the greater Zn---Zn separation is more reactive (1: k = (1.6+0.1) x 107*M~'s7'; 2:
(4.640.1) x 107*M~'s71).">* pH-rate studies are consistent with the involvement of
a Zn—OH moiety in these hydrolytic reactions. Saturation-type behavior is observed
in terms of substrate concentration for both reactions. Substrate binding constants
were determined (1: k = 19.64+2.1M~"; 2: 17.9+1.3M™") and found to be nearly
identical. Notably, ke, values for 1 ((4.94+0.4)x107%s™") and 2 ((2.3+0.1) x
107571 differ by a factor of approximately 5. Thus, the enhanced hydrolytic effi-
ciency of 2 for the hydrolysis of bis(4-nitrophenyl) phosphate is not due to differing
substrate affinities for the complexes, but instead to intrinsically higher reactivity for
the system having the larger Zn---Zn separation.
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Fig. 61 Binuclear zinc complex of pyrazolate-based chelate ligands.

The 2-hydroxypropyl 4-nitrophenyl phosphate (HPNP) transesterification reac-
tivity (Fig. 40, bottom) of binuclear zinc complexes of the dianionic ICIMP and
trianionic BCIMP ligands (Fig. 62) have been compared.** Notably, both of these
ligands contain imidazole and carboxylate donors akin to protein-derived residues
that are found as ligands to the zinc centers in phosphate-ester-hydrolyzing enzymes
such as phosphotriesterase. The initial rate for HPNP transesterification promoted by
[ICIMP)Zn,(Ph,Ac)]ClO,4 in 50% acetonitrile-water solution (tris buffer) was deter-
mined to be five times faster than the reaction promoted by [(BCIMP)Zn,(Ph,Ac)].
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The difference in reactivity for these two complexes is attributed to the availability of
an open coordination position in the ICIMP-ligated complex.

A Dbinuclear zinc complex of the 2,6-bis{[(2-pyridylmethyl)(2-hydroxyethyl)
amino]methyl}-4-methylphenol ligand (L33, Fig. 63) catalyzes the hydrolysis of
bis(4-nitrophenyl) phosphate in aqueous buffer solution to yield 4-nitrophenol and
4-nitrophenyl phosphate.>*® Analysis of the pH-rate profile revealed a sigmoidal-
shaped curve with a pK, = 7.13. This value is similar to a deprotonation event
characterized by potentiometric titration and has been assigned to deprotonation of
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a ligand alcohol appendage. Additional kinetic and mechanistic studies in DMSO
solution indicate that a similar reaction takes place under these conditions, thus
providing further evidence that the reactive nucleophile is a zinc alkoxide species. A
proposed mechanism for bis(4-nitrophenyl) phosphate hydrolysis catalyzed by this
binuclear complex involves initial weak coordination (K, = 16.26 M™") of the phos-
phate diester substrate followed by intramolecular attack of the alkoxide moiety.
Cleavage of the P-O bond of the leaving group (4-nitrophenolate) followed by
displacement of the phosphate monoester product (4-nitrophenyl phosphate) is
proposed to complete the catalytic cycle (Scheme 36).

Binuclear zinc hydroxide complexes of the neutral L34 and L35 (Fig. 64) ligands
promote phosphate ester hydrolysis.”*” For L34, dihydroxo ([(L34)Zn,(OH),]*")
and trihydroxo ([(L34)Zn»(OH)s]") species show similar second-order rate con-
stants (~6 x 107> M~ 's™!). This level of reactivity is similar to that encountered
for mononuclear zinc complexes and suggests that the zinc centers act independently
in the phosphate ester hydrolysis reaction. This is consistent with the large distance
between the zinc centers imparted by the chelate ligand in these complexes. For the
L35 ligand, the trihydroxo derivative complex exhibits a second-order rate constant
of 4.2 x 107>*M~'s™!. The enhanced reactivity of [(L35)Zny(OH);]" is suggested
to result from an optimal Zn---Zn distance which enables bridging coordination
of the bis(4-nitrophenyl) phosphate substrate in a complex that also contains a
nucleophilic terminal Zn—-OH moiety.

Catalytic HPNP-tranesterification reactivity (Fig. 40, bottom has been reported
for zinc complexes assembled using calix[4]arene ligands (Fig. 65).'"*2*25!" Com-
plex 9 induces a 23,000-fold rate enhancement over the uncatalyzed intramolecular
cyclization reaction of HPNP.?*® Kinetic and mechanistic studies indicate strong
binding of the HPNP substrate to the complex (K= 5.5x 107*M™") and a kg
value of 7.7 x 10~*s™" at pH = 7.0 in acetonitrile/20 mM HEPES (1:1) at 25°C. As
9 is 50 times more active for HPNP transesterification than 8, which contains only
one zinc center, cooperativity between metal centers occurs in the former complex.
Notably, the monozinc calix[4]arene complex 8 is 6 times more reactive than 7. This
result provides evidence that the hydrophobic calix[4]arene moiety plays an impor-
tant role in the reaction.

Incorporation of internal dimethylamino groups on the calix[4]arene structure
yielded 10, which exhibits a substrate binding affinity that is 30-fold reduced
(K=0.19%x107*M~") and a rate constant that is reduced by a factor of 2
(kear = 3.6 x 107*s71).2°" In addition, the pH optimum for 9 (pH = 7.5) is consider-
ably higher than that found for 10 (pH = 6.8) These differences suggest that a
different catalytic mechanism may be operative in the transesterification of HPNP
catalyzed by 9 and 10. For 9, the reaction pathway is proposed to involve activa-
tion of the HPNP substrate by one zinc center, whereas the second zinc center may
coordinate the hydroxyl appendage of the substrate, thus lowering its pK, value, or
may provide a Zn—-OH group to deprotonate the substrate (Fig. 66, top). For the
reaction involving 10, double Lewis activation of the substrate is proposed, with an
internal dimethyl amino group serving as the base for deprotonation of the substrate
(Fig. 66, bottom).
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Scheme 36 Proposed mechanism for the hydrolysis of bis(4-nitrophenyl)phosphate catalyzed
by a binuclear zinc complex of the L33 ligand.

Flexibility is important in term of the HPNP reactivity of the calix[4]arene com-
plexes, as evidenced by the fact that the constrained analog 11 (Fig. 65) exhibits both
a lower substrate affinity (K =0.70 x 107*M™") and catalytic rate (kear = 0.95 x
10~*s™") than 9.%%

Positioning of the zinc centers on the calix[4]arene framework also influences
HPNP-tranesterification reactivity.'’> Specifically, the 1,2-vicinal complex 12 is a
significantly less effective catalyst for HPNP transesterification than 9.
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A calix[4]arene derivative having three appended zinc centers (Fig. 67) exhibits
decreased substrate binding (K = 0.70 x 10~*M™") relative to 9 (Fig. 65), but an
increased catalytic rate (keo = 24 x 10™*s™ ") for the transesterification of HPNP.?*
The mechanism of this reaction is proposed to involve substrate activation by two
zinc centers, with the third providing a Zn—OH moiety to deprotonate the substrate
(Fig. 67).

Binuclear zinc hydroxide complexes of the Htdmbpo and Hbdmbbppo ligands
(Fig. 68) promote the transesterification of HPNP (Fig. 40, bottom).>>* Binding
constants and catalytic rate constants were determined for the respective com-
plexes. The Htdmpo-ligated zinc complex exhibits a slighter higher rate constant
(1.10 x 10 s™") than the Hbdmbbppo-ligated complex (8.33 x 10~*s™"). However,
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Fig. 65 Calix[4]arene complexes examined for HPNP-transesterification reactivity.
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Fig. 66 Proposed mechanistic pathways for the transesterification of HPNP catalyzed by 9
(top) and 10 (bottom).
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Fig. 67 Proposed mechanism for HPNP transesterification catalyzed by a trinuclear
(N3Zn)s-appended calix[4]arene complex. The calix[4]arene unit is not shown for clarity.

the later complex exhibits substrate binding that is 2.5 times more effective, which
results in a higher overall activity for the complex of the asymmetric Hbdmbbppo
ligand. For these complexes, a mechanism for HPNP transesterification is proposed
wherein the substrate binds to the binuclear zinc center in a p-1,3-bridging fashion,
with a terminal zinc hydroxide moiety serving as a general base for the deproto-
nation of the HPNP alcohol hydroxy group. A similar mechanism has been pro-
posed for HPNP transesterification promoted by a binuclear zinc complex of the
bimido ligand (Fig. 69, top), and a preorganized mixed imidazole/carboxylate-donor
ligand (Fig. 69, bottom).?>**>*

Extensive studies of HPNP transesterification (Fig. 40, bottom) promoted by
zinc complexes of 1,4,7-triazacyclononane-containing ligands ([(L360H)Zn]*" and
[(L(37)0)Zn,])* ", Fig. 70) have provided important insight into the role of the metal
complex in the reaction.?>>?°® As shown in Fig. 70, Zn(II) complexes of the L360H
and L370 ligands can have different protonation states for the alcohol portion of
the chelate ligand. For the mononuclear complex, the alcohol remains protonated
up to pH = 10.4. However, in the binuclear complex, deprotonation of the alcohol
occurs below pH = 6. Ionization of a zinc-bound water molecule occurs with
pK, =9.2 for the [(L360H)Zn]*" and with pK, = 8.0 for [(L(37)0)Zn,]>". For
both complexes, it is proposed that this ionization results in the formation of
a terminal Zn—OH moiety, which acts to deprotonate the HPNP substrate in the
transesterification reaction, perhaps through general base catalysis as is shown in
Fig. 60 (left).””**® Enhanced reactivity for the binuclear [(L(37)0)Zn,]> " complex
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versus the mononuclear [(L360H)Zn]*" complex in this reaction is rationalized on
the basis of cooperative roles for the zinc centers in [(L(37)0)Zn,]’ " in facilitating
the loss of a proton from the Michaelis complex between the metal complex and the
substrate, and in stabilizing the transition state. Notably, comparison of the second-
order rate constant for HPNP transesterification by [(L(37)0)Zn,]* " (0.25M~'s™ !
with the first-order rate constant for the uncatalyzed reaction (k = 3.8 x 10 %s™") at
pH = 7.6 indicates that the transition state of the metal-catalyzed reaction is sta-
bilized by 9.3 kcalmol™'. From inhibition studies, it was proposed that 2.4 kcal
mol ™" of this stabilization involves the ground state Michaelis complex whereas
the remaining stabilization is achieved as the transition state for HPNP transesterifi-
cation is approached.
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Binuclear zinc complexes of triazacyclononane-containing ligands having differ-
ent bridge structures (Fig. 71) exhibit second-order rate constants for HPNP
transesterification that are only 3-5 times larger than that exhibited by the mono-
nuclear [(L360H)Zn]*" complex.>>® This behavior is contrasted by that of
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[(L(37)0)Zn,]* ", which exhibits a second-order rate constant that is 120-fold larger
than that found for [(L360H)Zn]**. This dramatic difference in reactivity for the
binuclear complexes is attributed to cooperative interactions in [(L(37)0)Zn,]**
that are not achievable using the binuclear ligands (L38-L40) shown in Fig. 71. For
example, the two centers in [(L(37)0)Zn,]’ " may be an optimal distance to provide
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electrostatic stabilization of the transition state. Overall, the catalytic power of
[(L(37)0)Zn,)* " (Fig. 70, bottom) is approximately half of that exhibited by enzyme
catalysts, with a rate acceleration of 9.8 x 10%fold for the transesterification of
HPNP. This acceleration is primarily attributed to electrostatic stabilization of
the anionic transition state of the reaction by the compact cationic zinc complex.?*®
On the basis of these results, it has been argued that electrostatic considerations
should be a primary issue in the design of new small molecule catalysts for phos-
phate diester cleavage.

A few trinuclear zinc complexes have been reported that promote the cleavage of
phosphate esters. For example, calix[4]arene systems having three Ns-ligated Zn(II)
centers, and which promote the transesterification of HPNP, have been previously

Fig. 72 L41 and L42 ligands.
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discussed herein.>* Trinuclear zinc complexes having Ns-donor macrocyclic donors
(L41 and L42, Fig. 72) coordinated to each zinc center form mono-, di-, and
trihydroxo complexes in aqueous solution. For both ligand types, only the di- and
trihydroxo species ([(L41/42)Zn;(OH),]*" and [(L41/L42)Zn;(OH);]* ") promote
bis(4-nitrophenyl) phosphate hydrolysis.”>® The reactivity found for these multi-
nuclear complexes significantly exceeds that exhibited by the mononuclear complex
[([12]andN,4)Zn(OH)] ", indicating a cooperative effect between the zinc centers in
the trinuclear complexes. For these reactions, an associative mechanism is proposed
wherein the bis(4-nitrophenyl) phosphate substrate initially bridges two zinc centers
and subsequently undergoes nucleophilic attack from a terminal Zn—OH moiety on
the third zinc center. In support of this proposal, it was noted that higher reactivity
is found for the L42-ligated system, which has higher pK, values for the formation
of Zn—OH species. Notably, in these systems, similar second-order rate constants
are found for the phosphate ester cleavage reactions promoted by the bis- and
trihydroxo derivatives. This is likely due to a lower Lewis acidity for the zinc centers
in the trihydroxo complex, which would modulate the degree to which the complex
can activate the substrate toward nucleophilic attack. Therefore, despite an expected
higher nucleophilicity for the Zn—OH units in the trihydroxo complex, similar over-
all hydrolysis reactivity to the bishydroxo complex is observed.

Outside the scope of coverage of this contribution are studies of zinc complexes
having peptide-based ligands®** %> and Zn(IT)-complex-promoted reactions involving
RNA or DNA hydrolysis.?¢!-263288
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Abstract

Much of carbohydrate chemistry and biochemistry is centered on bond forming
and bond breaking reactions at the anomeric carbon of glycosides. No single mech-
anism adequately covers the scope of these reactions, because differences in sugar
substituents, stereochemistry, leaving groups, nucleophiles, and catalysts can influ-
ence the mechanistic pathway taken. The influence of solvent is only now beginning
to become apparent in greater detail. Several methods exist to probe the mechanisms
of these reactions; they include a variety of kinetic studies, including isotope effects,
and computational methods. It has been found that typical reactions will uniquely
utilize a mechanism somewhere within a continuum between AnyDy and Dy + An
mechanisms. With knowledge of the factors that determine the mechanism, synthetic
method development will be furthered and a deeper understanding of biological
catalysis is likely to be gained.
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1 Scope and rationale for this review

This chapter is focused primarily on the mechanisms of non-enzymatic nucleophilic
displacement reactions at the anomeric carbon of glycopyranosides. This includes
solvolysis (primarily hydrolysis) reactions and reactions leading to creation of
glycosides (glycosidation). Interestingly, a rich chemistry of the anomeric carbon
functioning as a nucleophile is known, but will not be covered here.! Enzyme-cat-
alyzed glycosyl transfer reactions are not the focus of this review, however excellent
reviews are available that treat N- and O-glycohydrolase enzyme mechanisms.” *
This review is primarily focused on the literature from 2002. Interested readers are
referred to the excellent reviews™® by Bennet and Kitos, and Berti and Tanaka which
cover work prior to 2002. Some of the key areas of coverage include the issue of the
timing of steps in reactions at the anomeric carbon, the role of substituent identity
and stereochemistry in reactivity and product stereochemistry at the anomeric cen-
ter, lifetime of glycosyl oxocarbenium ions, computational analyses of reaction
pathways and conformational analysis of oxocarbenium ions, and gas-phase studies
of oxocarbenium ions. Despite some overlap with prior reviews, several highlights
from the relevant literature are first presented to facilitate readers’ perspectives.
There are several reasons for interest in the mechanistic chemistry of the glycosidic
bond. First, carbohydrate chemistry is one of the oldest areas of inquiry in organic
chemistry, yet still remains an extremely active field in synthetic, mechanistic, and
biochemical studies. The driving force for this is a combination of different factors.
In biology, complex carbohydrates play a critical role in cellular recognition events
and disease states.”® Mechanistic studies can impact many aspects of biological
science by providing a solid basis for understanding factors important in the bio-
synthesis of glycans. The richness and diversity of carbohydrate structures begins at
the level of the many variations in the monosaccharide building blocks. This is
further expanded by the many regioisomers and stereoisomers that can be obtained
when oligosaccharides and higher polymers are assembled by creation of the
glycosidic linkage between monosaccharides. As will become apparent in later sec-
tions, the fundamental chemistry of the glycosidic carbon is exquisitely sensitive to
the three-dimensional disposition, and identity of functional groups that surround it.
Considerable work remains to characterize and understand these factors in detail.
Further, synthetic chemists are pressed to assemble ever more complex saccharide
structures. Mechanistic understanding of the basic process of glycoside hydrolysis
and formation is likely to facilitate further synthetic method development® and
continue to provide insights into enzyme catalytic mechanisms. Finally, as a purely
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intellectual pursuit, the mechanisms of nucleophilic displacements at glycosidic car-
bon turn out to be rather interesting, because no single mechanism exists. Rather, a
mechanistic continuum is operative, and the precise mechanism is a complex func-
tion of saccharide structure, leaving group properties, nucleophile properties, sol-
vent, and the nature of catalysis. The tools of kinetic isotope effects (KIEs),
computational methods, and even gas-phase chemistry are now being applied to
more complex systems, often of direct synthetic relevance.

2 Introduction and general points

In the simplest sense, the reaction under discussion is the net exchange of a nu-
cleophile for a leaving group, often an alkoxy substituent, at C-1 (the “anomeric”
carbon) in a cyclic acetal or ketal as shown in Scheme 1.

An important structural distinction must be made between simple acetals and
ketals versus their more complex carbohydrate homologs, the aldoses and ketoses.
The rich hydroxylation patterns found in the naturally occurring saccharides can
impact the mechanisms and outcome of nucleophilic displacement reactions. This
review is primarily focused on nucleophilic displacements at the anomeric center of
glycosides, though some reference to model acetal chemistries will be made. Aldo-
furanose and aldopyranose anomeric carbons have a secondary substitution pattern,
one group being the ring alkoxy and the other the ring alkyl substituents. The cyclic
forms of ketoses can be considered to have tertiary anomeric centers. The cleavage
of a glycosidic bond only occurs significantly under acid catalysis; rates of hydrolysis
are greatly diminished at neutral and alkaline pH values for alkyl aglycons,' though
spontaneous or base-catalyzed loss of aglycon can be significant for leaving groups
that are either highly stabilized or positively charged in the glycoside. Capon'' has
extensively reviewed the literature for acid-catalyzed hydrolysis and glycosylations
prior to 1969, and Cordes and Bull'? have reviewed the mechanisms for hydrolysis
of acetals and related compounds.

A closer look at glycoside chemistry, utilizing analyses of product sterecochem-
istry, trapping experiments, and KIEs reveal that much like displacement reactions
at secondary aliphatic carbon, a mechanistic continuum is possible ranging from
dissociative loss of the aglycon, first producing a solvent-equilibrated glycosyl ox-
ocarbenium ion, followed by nucleophilic capture, to an associative mechanism,
featuring concomitant attack of a nucleophile and loss of the aglycon.'® The IUPAC
nomenclature will be favored here, thus the two limiting processes mentioned above
are referred to as (Dn+ An) and (AnDn), respectively.'* These two extremes rep-
resent an oversimplification of the nature of possible intermediates; Scheme 2
illustrates an expanded view of the possible steps that may be relevant in a glycoside
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solvolysis or nucleophilic displacement reaction. Richard and coworkers have re-
cently reviewed mechanistic considerations of ion pairing for solvolysis of non-
glycoside compounds.'?

Where the reacting sugar is finally captured in the mechanistic scheme, Scheme 2
will be determined by the nucleophilicities of the leaving group X and Nu, solvent
effects, and the stability of the oxocarbenium ion. An early insight into the mech-
anism of substitution at the glycosidic carbon comes from the observation that few
of these reactions are stereospecific; immediately arguing for mechanisms that will
typically involve oxocarbenium ions. As will be discussed, oxocarbenium ion chem-
istry is dominant but not exclusively so, since there is good evidence to suggest that
AnDn processes do occur.

The acid-catalyzed cleavage of a glycosidic bond can involve exocyclic cleavage of
the protonated glycoside, or first involve endocyclic cleavage of the ring C—O bond,
in a pathway that involves more steps to lead to the final substitution product
(Scheme 3). Reactions of pyranosides have generally been considered to proceed
with exocyclic C-O cleavage, however there are indications that the endocyclic
pathway can be operative.'® '8

In studies employing a pseudosymmetric deuterated acetal (Scheme 4), Anslyn
and coworkers explored the preference for endocyclic versus exocyclic cleavage as a
function of the starting acetal stereochemistry.'” They found that the a-acetal with
the leaving isopropoxyl group axial gave only products arising from the exocyclic
pathway, while the B-configured anomer afforded products deriving from both
pathways. An analysis of the effect of temperature on the product distribution for
methanolysis of the B-acetal allowed calculation of AH* and AS* for the endo- and
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exocyclic paths. Increasing fractions of endocyclic cleavage were observed at
decreasing temperatures. The enthalpy and entropy activation parameters for endo-
cyclic cleavage were 19.2+1.4kcalmol™" and —12.6+6.1¢e.u., while for exocyclic
cleavage they were 22.8+1.1kcalmol™' and 3.7+ 3.8 e.u. While the respective ent-
halpic terms are quite similar there is a substantial difference in the entropic terms
which accounts for the diminishing amount of exocyclic cleavage at lower temper-
atures. Further, the —12e.u. observed for the endocyclic activation entropy was
considered to be too negative to be solely accounted for by freezing of the exocyclic
C-0 bond in the transition state. Thus the large negative value was used to propose
that nucleophilic participation (by solvent) is a larger component of the endocyclic
pathway than found for the exocyclic pathway. These conclusions need to be con-
sidered cautiously since the differences in entropy of activation could reflect differ-
ences in solvation without requiring nucleophilic participation per se. For example,
in the endocyclic model, liberation of the endocyclic oxygen could in principle in-
volve a different change in solvent structure than for liberation of the exocyclic
aglycon oxygen. The modest enthalpic advantage to the endocyclic route was ra-
tionalized on the basis of the endocyclic bond being weakened due to partial n—o*
donation from the exocyclic O to the anomeric carbon. There are few confirmed
reports of endocyclic cleavage of pyranosides, and it is generally assumed that the
exocyclic pathway is operative. What is certain from these model studies is that an
endocyclic pathway may be competitive with exocyclic pathways under the appro-
priate conditions, including a B-aglycon leaving group, and lower temperatures. This
point is worth keeping in mind.

3 Key experimental methods

Two invaluable methodologies that can probe the structure of transition states and the
lifetimes of short-lived glycosyl oxocarbenium ion intermediates are KIEs and com-
petitive trapping methods. This section presents a brief overview and discussion of
these methods; readers are referred to excellent reviews for more in depth commen-
tary.®'> Sugars are extremely well suited to KIE studies because all of the atoms at and
around the glycosidic bond can be isotopically labeled to report on changes in bonding
that occur in proceeding from the ground to transition states. Scheme 5 illustrates the
positions about a glycoside that can be labeled and are particularly useful.

The a-°H (or *H) secondary KIE has seen extensive application in glycoside
cleavage reactions. To a lesser degree, secondary p->H (or *H) and primary '*C (or
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14C) isotope effects have also been employed. The a-effect arises when the force
constants at the anomeric carbon differ in the rate-limiting transition state from the
ground state. This KIE has been taken to provide a measure of the degree of
rehybridization from sp; towards sp, at the transition state. Often, a sizeable isotope
effect at H-1 has been used to suggest that the mechanism of the hydrolysis is a
dissociative one, with the implication that an oxocarbenium ion intermediate is
formed subsequent to the transition state reported on by the KIE. This may be in
error however, because even in a concerted bimolecular process, the hybridization at
the anomeric carbon is changing and therefore this alternate mechanism is not ruled
out by the observation of an a-deuterium KIE. Probably for synthetic reasons, the
B-deuterium and primary carbon effects have been employed less often. This is
unfortunate, because they provide a clearer picture of the reaction mechanism. The
origin of the B-KIE is primarily due to hyperconjugation between the B-hydron and
the partially vacant orbital at C1. The isotope effect is sensitive to charge devel-
opment at the anomeric carbon, and provides a more reliable estimate of charge
than the a-effect can. The primary carbon isotope effect is complementary to the
B-deuterium KIE. The origin of the KIE at carbon is related to the net loss of
vibrational energy between ground state and transition state, along with a contri-
bution to reaction coordinate motion. Concerted bimolecular displacements pro-
duce large KIEs ('¥'*k>1.03; '%1?/k > 1.06) while dissociative reactions that feature
oxocarbenium ion-like transition states without nucleophilic participation have
KIEs that are below 1.03 or 1.06, respectively, for '*C or 'C isotopes.

Thus, a pattern of a large B-deuterium KIE and a small carbon KIE are indica
tive of a dissociative transition state, while small B-deuterium isotope effects and a
large carbon isotope effect provide the signature of an associative transition
state involving both a leaving group and a nucleophile. Observation of the latter
pattern then necessarily rules out an oxocarbenium ion intermediate, and strongly
points towards an AxDyx mechanism. On the other hand, KIEs that identify a
dissociative transition state cannot rule out the case of a very weakly associated
nucleophile, and cannot report on post-rate-determining events. Ring '*O KIEs
can report on bonding changes between the anomeric carbon and the ring oxygen
(i.e. C1-O5 in a pyranose). In a mechanism involving oxocarbenium ion-like
transition states, the participation of non-bonding electrons of the ring oxygen
causes a net tightening of force constants around this atom, with an associated
inverse KIE with values between 0.98 and 1.00. It is interesting to consider how
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possible changes in solvation at O-5 between the ground and transition states might
perturb the O-18 KIE.

For substitution mechanisms that involve formation of a discrete oxocarbenium
ion intermediate, it is possible to trap the intermediate with nucleophiles that result
in configurationally stable products. A stereochemical analysis leads to information
about the concertedness of the reaction, and quantification of the ratio of products
arising from the solvolytic capture to products arising from capture by added nu-
cleophile can provide an estimate of the lifetime for the oxocarbenium ion. In the
absence of other nucleophilic species, the solvolytic capture by water is not a useful
stereochemical probe because the products often mutarotate at a rate that is far too
great to allow identification of the initially formed product’s stereochemistry. If
stable product mixtures are obtained that reflect both retention and inversion with
respect to the original glycosidic stereochemistry, this indicates that the reacting
glycon has progressed to solvent-separated and/or -equilibrated oxocarbenium ions.
If inversion is observed, this could indicate either an AnDyx mechanism or reaction
with nucleophile from an intimate ion pair. Depending on the relative values of the
rate constants, multiple reaction modes could operate simultaneously. Trapping
with powerful nucleophiles such as azide affords the possibility of “clocking” the
lifetime of reactive oxocarbenium ion species. The rate diffusion controlled rate
constant for capture of a carbenium ion by a strong negatively charged nucleophile
is approximately 5 x 10°M~'s™'.!* In a competitive trapping experiment, in which
the same oxocarbenium ion species can be captured by azide or solvent (typically
water), product ratios for azide versus solvent trapped product yields the ratio of
rate constants. The known rate constant for the azide reaction allows determination
of the rate constant for the water reaction, and its reciprocal represents the lifetime
of the cation. Note that highly stabilized carbenium ions may have an intrinsic
barrier to capture by azide, and for such species the assumption of diffusion con-
trolled capture will not be valid.'” Sugar-derived oxocarbenium ions are on the order
of stability of the #-butyl cation, and are sufficiently reactive to lend themselves to
this methodology.

4 Studies of glucosides

SOLVOLYSIS AND TRAPPING EXPERIMENTS

A little over 30 years ago it was commonly thought that acid-catalyzed aldopy-
ranoside substitutions at the anomeric carbon proceeded by dissociative mechanisms
that involved oxocarbenium ion intermediates (formerly referred to as ox-
ycarbonium ions).'"'> However, evidence was available that suggested this gener-
ality might not be valid. Vernon and coworkers showed that methanolysis of phenyl
glucopyranosides proceeds with considerable inversion of configuration, suggesting
that the oxocarbenium ion species was not solvent equilibrated.”” Interestingly, that
same study presented an early use of 'O leaving group KIEs, and used these data to
argue in favor of a dissociative mechanism involving exocyclic glycosidic bond
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cleavage. A quantitative sense of the degree of stability of oxocarbenium ion species
was lacking however. In mixtures of ethanol/trifluoroethanol, solvolysis of glu-
copyranosides yielded product distributions that were sensitive to both leaving
group and the starting anomeric configuration.?' This result is inconsistent with a
mechanism involving a solvent-equilibrated oxocarbenium ion. Interestingly, the
proportion of ethyl glycoside to trifluoroethyl glycoside did not correlate with
retention or inversion pathways — surprising, given the greater nucleophilicity of
ethanol. This led to the conclusion that the transition state involved the solvent’s
facilitation of leaving group departure.?!

In 1986, Bennet and Sinnott reported a comparison of salt effects for solvolysis of
aldopyranosides versus methoxymethyl acetals in water, as part of a larger study
that featured KIEs for glucoside hydrolysis.?> It was found that dinitrophenyl
(DNP) glucoside hydrolysis was nearly insensitive to addition of a variety of salts
having a wide range of nucleophilicities and basicities, while the methoxymethyl
acetals were clearly sensitive to the nucleophilicity of the added salt. The results led
to the conclusion that the glucopyranosides did not involve a nucleophilic compo-
nent at the transition state, possibly explained by the stricter steric requirements for
attack at the more hindered secondary anomeric carbon of an aldopyranosyl ring as
compared to the primary carbon of a methoxymethyl compound. Though not proof,
the results suggested that an oxocarbenium ion intermediate with a very short life-
time was formed.

In 1989, Amyes and Jencks reported a study of azide common ion inhibition for
solvolysis of a series of o-azido ethers (Fig. 1).>* The rate constants kyoy for ad-
dition of water to the oxocarbenium ions were determined with an assumed diffu-
sion controlled second-order rate constant k,, of 5.0 x 10° M~ !s~! for attack on the
oxocarbenium ion by azide and the observed rate suppression by varying concen-
trations of added azide, as determined from Equation (1). With kyoy in hand, the
lifetime of the oxocarbenium ion was taken as kfon

kobs = ksovkron /k (knon + kar[N3]) (1

From the estimated lifetimes for the series (Fig. 1), it was possible to propose a series
of substituent effects on oxocarbenium ion lifetime, which were then used to

MeO + MeO + MeO +
MeO/\)J\
2x108s 1x109s 5x1010s
MeO + MeO + MeO +
MeO
H H
5x107%s 25x1010s 5x10s

Fig. 1 Oxocarbenium ion lifetimes in aqueous solution. Adapted from Ref. [23].
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estimate that the lifetime of a glycopyranosyl oxocarbenium was on the order of
10~'%s. Estimates of the equilibrium constants for formation of the oxocarbenium
ion from the azido ether were also reported in this study. They were obtained by
dividing the observed first-order rate constant for solvolysis by the apparent first-
order rate constant for capture of the oxocarbenium ion by azide at a given con-
centration. The results are interesting and show that substituents have a greater
effect on K4 for oxocarbenium ion formation than for the rate at which water
captures the oxocarbenium ion. A comparison pertinent to sugar chemistry is
between the acetone O-methyl and the B-methoxy acetone O-methyl oxocarbenium
ions which serve as models for the glucosyl and 2-deoxyglucosyl oxocarbenium ions,
respectively. The observed rate constants for capture of these two species by water is
differed by a factor of 4, but the ratio of the equilibrium constants for formation of
these species is approximately 600. Thus, 2-deoxysugar oxocarbenium ions have a
significantly greater intrinsic stability than their 2-hydroxy counterparts, but their
reactivity is very much the same. This provides an indication that the transition
states for their capture is early.

It has been shown that changes of leaving group and nucleophile can affect the
nature of the substitution reaction in a profound way. The a-anomer of glucopyra-
nosyl fluoride was examined in its reaction with a charged and uncharged
nucleophiles in water.”* Reactions were first order in concentration for anionic
nucleophiles, but the rate was independent of concentration of uncharged (amine)
nucleophiles. The Swain—Scott plot (Fig. 2) of the second-order rate constants for a
given anionic nucleophile versus its # value had a modest slope of 0.18, indicating a
weakly nucleophilic transition state. The stereochemical course of the reaction was
complete inversion for azide as the nucleophile, consistent with a mechanism

-3
* HO"

log k

0 1 2 3 4 5 6
n (MeBr in H,0)

Fig. 2 Swain—Scott plot for reactions of nucleophiles with a-D-glucopyranosyl fluoride in
water. Adapted from Ref. [24].
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involving a concerted bimolecular substitution at the anomeric carbon. By product
analysis, all of the B-azido glucoside observed could be accounted for by the ob-
served second-order rate constant for the azide reaction. This excludes any signifi-
cant contribution to the reaction from azide trapping of solvent-separated or
-equilibrated oxocarbenium ion species. On the other hand, a modest rate depend-
ence on [nuc”] could be rationalized on the basis of a stepwise preassociation
mechanism in which a tight ion pair reacts with the nucleophile. However, the
Swain—Scott plot is linear over the region of nucleophiles stronger and weaker than
fluoride. In the stepwise mechanism, there would be a break in the plot corre-
sponding to a change in rate-determining step with nucleophiles better than the
leaving group fluoride. This can be rationalized by the idea that loss of fluoride is
slower than attack by a better nucleophile, but with weaker nucleophiles, fluoride
loss is faster, leading to a non-linear free energy relationship. The results with the
fluoro leaving group lead to another key aspect of nucleophilic substitution at the
anomeric center, namely that the nature of the leaving group can determine whether
or not an intermediate can exist. In this case, the fluoride leaving group is an
effective nucleophile for the return reaction from the ion pair, so in the presence of
fluoride, the ion does not exist in an experimentally detectable way. Leaving groups
such as alkoxy are protonated at the transition state in acid-catalyzed hydrolysis and
are much less effective nucleophiles from the ion pair, being uncharged. They are
able to diffuse away more rapidly than recapture the oxocarbenium ion, allowing
this species to exist as a discrete intermediate.

KIE STUDIES

The acid-catalyzed hydrolysis of a- and B-methyl glucopyranosides has been studied
with multiple KIEs.>**° Scheme 6 presents a composite representation of the isotop-
ically substituted positions used in the studies. Table 1 presents selected KIE results.

Several observations bear mention from this study. First, both anomers hydrolyze
via transition states that have substantial oxocarbenium ion character (significant
B->H effects) are lacking in nucleophilic participation (small '*C KIEs), and are late
with respect to loss of the methyl alcohol aglycon (significant leaving group, 'O
KIE). These results are consistent with a Dy*An or Dy+ An pathway. Closer
inspection of the data reveals significant differences in the p-p KIEs and ring '*O
KIEs for each anomer. This led to the conclusion that there are differences in the
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Table 1 Selected KIE results®>?*

Isotope label a-methyl glucoside KIE B-methyl glucoside KIE
o-D 1.137 1.089
p-o 1.073 1.045
80-methoxyl 1.026 1.024
80-ring 0.996 0.991
3C-anomeric 1.007 1.011

transition state conformation of each sugar. Namely, the a-anomer proceeds via a
flattened 'S; skew boat transition state, while the B-anomer resembled a flattened
4C, chair at the transition state. The lack of any observed nucleophilic character
(small primary '*C KIEs) in these transition states supports the idea that subsequent
oxocarbenium ion intermediates are formed as discussed above.

Following Banait and Jencks?* work on azide trapping of fluorosugars, Sinnotts
group measured the KIEs for this and related nucleophilic displacements of fluor-
oglucosides.?® Perhaps the most important KIE was the primary '*C KIE at the
anomeric carbon. Hydrolysis of a-fluoroglucopyranoside resulted in large '*C KIEs
of 1.032, indicative of a transition state having bimolecular character and significant
nucleophilic participation. The p->H KIE was still substantial at 1.067, indicating
that the transition state had oxocarbenium ion character. In accord with the B-*H
KIE, the '"®O KIE for the ring oxygen atom was strongly inverse at 0.984 indicating
that the ring oxygen was in a tighter environment at the transition state compared to
the ground state. In terms of structure this corresponds to the endocyclic O-an-
omeric C bond as having partial double bond character, or being ‘“oxocarbenium
ion like”. Taken together, the KIEs point to a transition state that is exploded with
regard to bond order to the departing fluoride and incoming water, but still involves
bonding between each of these groups and the anomeric carbon. The KIE data also
point to another subtlety in the reactivity of glucose towards nucleophilic substi-
tution. The B-p-fluoroglucopyranoside hydrolysis reactions show a smaller '*C KIE
(1.017) indicating less nucleophilic participation in this transition state. In the pres-
ence of azide, the '*C KIE for substitution of a-p-glucopyranosyl fluoride rises
dramatically to 1.085. This KIE is the signature for a concerted bimolecular dis-
placement, and demonstrates that in the presence of a suitable nucleophile, and a
nucleophilic leaving group, the oxocarbenium ion pathway is not followed.

5 Studies of deoxyglucosides

MECHANISMS

The solvolysis of 2-deoxyglucopyranosides has been studied extensively by the
Bennet laboratory with emphasis on the progression through the dissociative mech-
anistic continuum and characterization of the lifetime of the 2-deoxyglucosyl ox-
ocarbenium ion.
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Solvolysis of both a- and B-2-deoxyglucopyranosyl-isoquinolinium salts allowed
generation of oxocarbenium ions with a poorly nucleophilic leaving group (Scheme 7).
It was observed that solvolysis of the B-anomer in the presence of the series of nu-
cleophilic monoanions AcO™, CI™, Br, and N3 gave a Swain—Scott parameter of
0.03+0.05. Similarly, solvolysis of the a-compound in the presence of the same series
of salts afforded a Swain—Scott parameter of 0.03+0.10. The results indicate little or
no sensitivity to anion nucleophilicity and therefore point to a mechanism that does
not involve an AnDy transition state.?”>8

Later work concluded that while the 2-deoxyglucosyl isoquinolinium compounds
do not react by an AnDyn mechanism, neither do they solvolyze via a free
oxocarbenium ion.”” The key result was the observation that in aqueous/alcohol
mixtures, solvolysis of 2-deoxyglucopyranosyl-isoquinolinium anomers affords di-
astereomeric product mixtures whose composition depended on the starting an-
omeric configuration of the glycoside. This ruled out a solvent-equilibrated
oxocarbenium ion intermediate for the solvolysis of the diastereomeric glycosides.
This narrows the focus of the mechanistic framework for the formation of substi-
tution products at the stage of an ion—-molecule pair and a solvent-separated
ion—molecule pair. In methanol/water and ethanol/water systems the a-anomer
showed a modest preference for formation of inverted products, while the B-anomer
showed a strong preference for inversion. The observation of some retained product
in all cases demonstrates that the reaction manifold must include the solvent-sep-
arated ion—molecule complexes. Interestingly, in trifluoroethanol/water mixtures,
the a-anomer afforded the retention products as the major component, and fol-
lowing this same trend, the B-anomer showed reduced preference for inversion. The
model invoked to explain this pattern (Scheme 8) involves general base catalysis
from isoquinoline in the solvent-separated ion—-molecule complex, providing a bias
towards retention.

LIFETIMES OF OXOCARBENIUM IONS

Solvolysis of 2-deoxyisoquinolinium salts in the presence of azide does not show
AnDn kinetic behavior, and the 2-deoxyglucosyl oxocarbenium ion is not solvent
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equilibrated. Its reactions will occur from solvent-separated ion or ion—-molecule pairs
in the Dy*An mechanism.? In the presence of the good nucleophile azide, compet-
itive trapping of the oxocarbenium ion yields a mixture of 2-deoxyglucose and in-
verted 1-azido 2-deoxyglucoside. That the inverted azido product predominated
indicates that the collapse of the solvent-separated ion pair of azide and oxocarbenium
ion to intimate ion pair is faster than reorganization of the solvent-separated ion
pair to place azide on the other face of the oxocarbenium ion (Scheme 9). The net
rate constant of diffusion of a leaving group from the oxocarbenium ion and
solvent reorganization, k¢,-m, can be estimated to be on the order of 1 x 10~ s, as
described.'® Thus, the 2-deoxyglucosyl oxocarbenium ion is very much on the border
of having a real lifetime, but can be detected.

As a result of these studies, and the approximately 4-fold greater stability attrib-
uted to 2-deoxyglycosyl oxocarbenium ions over their 2-hydroxy counterparts, Zhu
and Bennet estimated that the lifetime for the 2-deoxyglucosyl oxocarbenium ion is
on the order of 2 x 10~!"'s, and ~107"%s for the glucosyl oxocarbenium ion in water,
consistent with prior results.?’

6 Studies of N-acetyl neuraminic acids

N-acetyl neuraminic acid (NeuAc) is a saccharide of unusual structure compared to
glucose, fructose, and other common monosaccharides (Scheme 10). The sugar is
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formally a 2-deoxyketose, and additionally has a carboxylic acid residue attached to
the anomeric center. The carboxyl group is highly acidic with a pK, of approxi-
mately 2.7 for O-glycosides and 0.36-0.74 for cationic N-glycosides.’®>? Within the
context of nucleophilic substitution at the anomeric carbon, the chemistry is
potentially richer than for glucose and other aldoses. As discussed earlier for
2-deoxyglucose, the absence of a hydroxyl substituent adjacent to the anomeric car-
bon is stabilizing for oxocarbenium ion-like transition states and for the interme-
diates which could be subsequently formed. NeuAc is not a typical ketose; the
anomeric center is substituted with an electron-rich and potentially nucleophilic car-
boxylate group. One could consider the potential of this group to participate in
displacement reactions at the anomeric center, or functioning to stabilize an ox-
ocarbenium ion intermediate, and/or acting as an intramolecular general base to
facilitate capture of the oxocarbenium ions by nucleophiles as indicated in Scheme 11.

KIE STUDIES

B-dideuterium, primary '*C, and primary '*C KIEs have been measured for NeuAc
glycoside hydrolysis containing a-p-nitrophenyl, B-cytidine monophosphate, and
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a-lactosyl glycosides (Scheme 12). Note that the structure of NeuAc precludes
measurement of a-secondary hydrogen isotope effects. A primary '*C KIE of 1.030
was observed for solvolysis of CMP-NeuAc at pH 5.0.%' As discussed earlier, a
carbon KIE of this low is indicative of a transition state lacking significant nu-
cleophilic assistance. Acid-catalyzed solvolysis of NeuAc o (2 — 3) lactose afforded a
13C KIE of 1.016, which compares well to the '*C for solvolysis of CMP-NeuAc.*
Again, the results indicated that the transition state involved insignificant nu-
cleophilic participation. From the limited results available, the degree of nu-
cleophilic participation is the same for solvolysis of NeuAc glycosides whether the
starting configuration is o or 3, and with leaving groups of low and high reactivity.
Though the C2 anomeric carbon of NeuAc has three non-hydrogen substituents and
is somewhat hindered, it is interesting that “AnDn-like” chemistry has been iden-
tified for NeuAc in the case of the frans-sialidase enzyme. Trans-sialidase-catalyzed
substitution of NeuAc o (2— 3) lactose affords large (1.03) primary '*C KIEs, which
led to the conclusion that a covalent intermediate was formed on the enzyme.** This
was confirmed by isolation of radioactive enzyme substrate adducts in quench ex-
periments** and subsequent kinetic and structural studies with fluoro NeuAc subst-
rate analogs.*>*® One interesting lesson in all of this is that while solution studies of
NeuAc solvolysis mechanisms have thus far shown no indication of a propensity
towards AnDy chemistry, an enzyme can utilize this pathway, despite the bulky
environment at the anomeric center. Finally, with regard to carbon isotope effects,
KIEs have not been measured for a-aryl or pyridinium glycosides of Neuac. This is
of some importance, because as will be discussed below, there are conflicting opin-
ions regarding the likelihood of nucleophilic participation of the carboxylate group.

B-deuterium isotope effects point to varying degrees of oxocarbenium ion devel-
opment in the transition state, depending on the leaving group. Solvolysis of
CMP-NeuAc®' at pHs 4.0, 5.0, and 6.0 proceeded with observed B-dideuterium
KIEs of 1.2540.02, 1.2764+0.008, and 1.35440.008. Some elimination to 2,3-de-
hydro NeuAc®” accompanied solvolysis at pH 5.0 and 6.0 (but not at pH 4.0) so it
was necessary to account for the contribution that B-elimination makes to the
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observed isotope effect.’! Studies of the effect of buffer concentration on elimination
argued against buffer functioning as a general base in the elimination reaction.
Further, production of 2,3-dehydro NeuAc from CMP-NeuAc is nearly pH inde-
pendent between pH 8.0 and 10.0.% Solution of simultaneous equations for the KIE
data at pH 5.0 and 6.0 with 0.02 and 0.095 mol fractions for elimination, respectively,
yielded values of 5.1 and 1.26 for the primary and secondary KIEs. Solvolysis of
CMP-NeuAc at pH 4.0 proceeds without detectable B-elimination, and affords a
B-H KIE of 1.25+0.02, in excellent agreement with the estimated value above. The
large value observed for the dideuterium KIE is significant, because it indicates that
the transition state is late with respect to loss of the leaving group and the anomeric
carbon bears considerable positive charge. The B-deuterium isotope effects are lower
for alkyl or aryl NeuAc glycosides; note however that these substrates (Scheme 12)
have the a-configuration, whereas CMP—NeuAc is a B-glycoside. Sinnott and co-
workers®® reported a series of B->H isotope effects for solvolysis of o-p-nitrophenyl
NeuAc. At pH 1.00, the carboxyl group of a-p-nitrophenyl NeuAc (pK, 2.69) is
largely protonated, and the observed B-dideuterium KIE was 1.10. Interestingly, the
isotope effect drops as the carboxyl group ionizes. At pH 2.69 the observed KIE was
1.08, and at pH 6.67 it was 1.07. The interpretation of these data involved a late
transition state with respect to departure of p-nitrophenolate, but involved
nucleophilic participation once the carboxyl group was ionized. Solvolysis of Ne-
uAc-0(2 - 3) lactose at pH 1.0, 37 °C, afforded a p-deuterium KIE of 1.11,** virtually
identical to the value measured for the p-nitrophenyl NeuAc glycoside.*® At this pH
the leaving groups could be considered to be of approximately equal reactivity (as
protonated oxonium ions) and so the similarity of the two isotope effects argues for
similar transition states. Taken with the primary '*C data, the results indicate that the
transition state at low pH does not involve nucleophilic participation. Once again,
primary carbon isotope effects for p-nitrophenyl substituted NeuAc were not meas-
ured at any pH, but would be of considerable interest to further probe for nu-
cleophilic character in the transition state. The axial B-CMP is approximately 10
times more reactive as a leaving group than an equatorial a-p-nitrophenyl, and it is
conceivable that even poorer leaving groups could require nucleophilic assistance.

One question for both solution and enzymatic reactions of the natural NeuAc
donor, CMP-NeuAc, is if acid catalysis is operative, whether it is general or specific,
and the site at which the proton is delivered. Studies of pH versus rate for solvolysis
of CMP-NeuAc were consistent with a mechanism for solvolysis at pH 5.0 that
featured specific acid catalysis of the dianion. At the time of the original studies,?' it
was suggested that the departing CMP could be either at the former glycosidic
oxygen, or one of the more basic non-bridging phosphoryl oxygens. Subsequently it
was suggested®® that the bridging glycosidic oxygen was the likely protonation site
on the basis of inverse solvent deuterium isotope effects. As pointed out by Bennet,
microscopic reversibility would argue in favor of protonation occurring at the non-
bridging position, which would allow a negatively charged phosphate oxygen to
attack the oxocarbenium ion, rather than a much less nucleophilic protonated
oxygen.” A productive approach to this question involved '®O leaving group isotope
effects® (Scheme 13).
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Solvolysis of [2-'¥0] CMP NeuAc at pH 5.0 in acetate buffer afforded a KIE of
1.003+0.005. The ab initio modeling (6-31G* basis set) of the KIE predicted an
isotope effect of 1.023 for protonation at the bridging position, while protonation at
the non-bridge position gave a predicted KIE of 1.017. Thus, the data is best fit by
the non-bridge protonation model (Scheme 14).

TRAPPING STUDIES AND OXOCARBENIUM ION LIFETIMES

If solvolysis of CMP-NeuAc required nucleophilic participation of the carboxylate,
this would proceed via a transient a-lactone, and in a second step give net retention
to afford the B-anomer. A direct displacement of CMP by solvent without car-
boxylate participation would yield the a-anomer, while a transition state that
resulted in formation of a sialyl oxocarbenium ion would proceed with results
ranging from inversion to racemization depending on whether the oxocarbenium ion
lived long enough to equilibrate with solvent. Solvolysis of CMP-NeuAc in meth-
anol/water mixtures at pH 5.0, resulted in ~1:1 ratios of a- and B-methyl glycosides
of NeuAc as determined by "H-NMR.*' The a/B-methyl glycoside ratio was invar-
iant when the mol fraction of methanol was increased by over 50%, which shows
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that there is no methanol concentration dependence over this range. The results are
consistent with near or complete solvent equilibration of the sialyl cation; preas-
sociation pathways would be expected to be sensitive to the methanol mol fraction.
The selectivity for water versus methanol attack was approximately 1.3. The selec-
tivity for methanol attack in water/methanol is rather low at 1.3:1; high ratios
favoring methanol trapping are associated with stable cations, low ratios are typ-
ically associated with highly reactive, short-lived carbenium ion pairs. For a series of
cumyl cations, the corresponding methanol/trifluoroethanol trapping ratios revealed
a limiting minimum ratio of 2 for cations with a lifetime shorter than 10~'°s.** Such
cations were described as ion pairs which reacted with solvent before diffusion of the
leaving group could occur. Alternative factors which could favor a low methanol/
water trapping ratio might include steric effects disfavoring methanol attack at a
bulky tertiary center, or a localized polarity effect which could favor water for
solvation of a charge-separated transition state or tight ion pair.

Solvolysis of CMP-NeuAc in 1.8 M acetate buffer at pH 5.0 containing 0.9 M
azide results in the formation of both anomers of 2-deoxy-2-azido NeuAc in ad-
dition to NeuAc as determined by '"H-NMR product analysis.*® The relative per-
centages of o- and B-NeuAc and o~ and B-N;—NeuAc were 5, 68, 25, and 2,
respectively. A modest rate dependence on [azide] was observed with an apparent
bimolecular rate constant of (2.1 £0.3) x 107> M " min~" which could only account
for half of the a-azido-NeuAc formed. Comparison of rate, product ratio, and
stereochemical data indicate that concurrent pathways for formation of N;—-NeuAc
are operative, with 17% of product forming from reaction of azide and the tight ion
pair, 12% via the solvent-separated ion pair, and 6% from the free NeuAc ox-
ocarbenium ion. From the corrected product ratio data, the lifetime of the
oxocarbenium ion was estimated to be >3 x 107 ''s. Taken in conjunction with the
data for trapping in methanol, the neuraminyl oxocarbenium ion is probably able to
equilibrate with solvent in the absence of a strong nucleophile-like azide, but in its
presence only a fraction is able to proceed past the ion pair stage.

Bennet and coworkers studied the spontaneous hydrolysis of a series of pyridinium
glycosides of NeuAc* (Scheme 15, 1). These compounds simplify the acid—base
considerations for the hydrolytic mechanism by fixing a positive charge on the re-
actant-state leaving group, leaving only the anomeric carboxyl group as a consid-
eration. Study of the observed rate versus pH led to a rate law for solvolysis that
had two rate constants corresponding to spontaneous hydrolysis of the zwitterions
(carboxylate) and spontancous hydrolysis of the cation (carboxyl protonated).
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Scheme 15.
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For the series of pyridinium substrates, the rate constant for hydrolysis of the zwit-
terions was only about 3 times greater than for the protonated form. The relative
nucleophilicity of the acetic acid/acetate pair spans a considerably greater range, so
this was taken as an indication that the ionized carboxyl would show a greater rate
difference from the protonated form if it was functioning as a nucleophile. The
comparison with acetate may have its shortcomings — acetate does not have the ring
strain penalty associates with a-lactone formation, so in the case of a hypothetical o~
lactone-like transition state, the enhanced nucleophilicity of a carboxylate group
might be tempered by the ring strain. The ), values for the two processes were
identical at —1.22, indicating a similar and late transition state structure with respect
to the leaving group, whether or not the carboxylic group was protonated or not.
The reported activation parameters AH* = 112kJmol™" and AS* = 28 Jmol ' K™
for the unsubstituted pyridinium glycoside was considered most consistent with a
transition state not involving nucleophilic participation of the carboxyl group.
However, the AS* = +48 Jmol~' K~! for pH independent solvolysis of o-PNP Ne-
uAc was considered® to be circumstantially supportive of a nucleophilic role for the
carboxylate. The large positive AS* term was rationalized on the basis of liberation
of water solvating the carboxylate at the nucleophilic transition state.*® These two
reports are difficult to reconcile on their own, but as discussed earlier, the issue of
carboxylate nucleophilicity might be further addressed by application of carbon
KIEs at the anomeric center. Also, data obtained for product analyses of solvolyses
of pyridinium N-glycosides of NeuAc (discussed below) argue against nucleophilic
carboxylate participation as the sole reaction manifold.

Armed with earlier correlations of reactivity and oxocarbenium ion lifetimes,
Bennet and coworkers®? used the 2-deoxyisoquinolinium salt 2 (Scheme 15) as a
model to make a correlation between its reactivity and known cation lifetime and the
neuraminyl pyridinium ion’s reactivity to estimate the lifetime of the neuraminyl
oxocarbenium ion to be 3 x 107 ''s, in agreement with studies utilizing the azide
trapping method.®

In 2004, Knoll and Bennet*' reported a study of the aqueous methanolysis of the
a-3,4-dihydro-2H-pyrano[3,2-c]pyridinium N-glycoside of NeuAc 3 (Scheme 16).
This study was aimed at addressing the possibility that the NeuAc carboxylate group
plays a nucleophilic role in the overall displacement process at the anomeric center.
One would predict that overall retention stereochemistry would be observed in a
two-step displacement process involving initial intramolecular attack by the car-
boxylate group, followed by backside attack from solvent (Scheme 17). Solvolysis of
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3 in either 100% or 50% aqueous MeOH afforded B-methyl glycoside (in 50%
MeOH over 50% of the product was the hemiketal product). This result is consistent
with a mechanistic model not involving the carboxylate as a nucleophile, at least
when presented with the presence of a methanol nucleophile. In that same work, a
study of the effect of solvent polarity on kg, was reported. Variation of the
%MeOH content between 0% and 100% resulted in only a 10-fold increase in kg
for the 100% MeOH runs. This relative insensitivity to solvent polarity change was
considered a good indication that an intramolecular carboxylate pathway was not
operative, since such a pathway would have a much lesser charge distribution at the
transition state and should have been more sensitive to the decreasing polarity of the
reaction mixture than was observed. In comparison, the authors compared the data
for 3 to that previously reported for 4, a 2’-deoxy-3-bromiisoquinolinium glucosyl
salt. This compound, which cannot experience nucleophilic participation by a car-
boxylate would have been expected to be less sensitive to solvent polarity than the
hypothetical nucleophilic carboxylate reactions of 3, however it was found to be
slightly more sensitive to solvent polarity.

As a final point in these experiments, it was noted that the selectivity ratio for
formation of methyl glycoside via MeOH attack versus hemiketal via water attack
(kmeon /k,0) was about 1.6 whereas the ratio for solvolysis of CMP-NeuAc was
about 1.3.°' Higher ratios reflect methanol’s greater selectivity for stabilized car-
benium ion species, and the relatively low values seen for either 3 or CMP—NeuAc
provide an indication that the oxocarbenium ion species derived from either subst-
rate are of limited lifetime (i.e. stability). One must be careful when comparing data
from differing leaving groups of different glycosidic bond stereochemistry, as dis-
cussed below.

In 2005, Dookhun and Bennet reported a study of the stability of B-aryl
N-acetylneuraminides (5, Scheme 18).** Note that the natural glycosyltransfer
substrate, CMP—NeuAc and the compounds in this study were of the B-configu-
ration, whereas prior studies of solvolysis of NeuAc aryl glycosides had been con-
ducted on the a-glycosides 6. Bennet concluded that the B-aryl glycosides are



Mechanisms for nucleophilic aliphatic substitution at glycosides 295

X
HO J@/ o % o0 X
HO J@/
AcNH o) O - AcNH : O o
|
HO OH o) HO OH
5 6

Scheme 18.

approximately 10-fold more stable than expected, and attributed their increased
stability relative to the a-glycosides as deriving from ground-state steric strain
present in the a-compounds, and absent in the B-compounds. The a-compounds
place the carboxylate group in the axial position, a position considered to be less
favored thermodynamically. The spontaneous hydrolysis of the a-compound is 100
times faster than that of the f-compound. As had been proposed for the solvolysis of
the natural CMP-NeuAc, it was also suggested that the B-aryl glycosides showed no
evidence for intramolecular participation of the carboxylate group. The evidence
constituting this conclusion included the observation that during aqueous alcohol-
ysis, products of both inversion and retention were observed. Another piece of
supporting evidence was presented in that the f, values for either anomer of
PNP-NeuAc were quite similar, yet their reactivities differ 100-fold. Given this, it
would seem unlikely that carboxylate assistance was operative. Another piece of
supporting information was found in the experimentally estimated activation en-
tropies, which were approximately +60 and +30e.u. for the B- and a-anomers of
PNP-NeuAc, respectively. Such strongly positive values are consistent with tran-
sition states that are dissociative, without an intramolecular nucleophilic compo-
nent, with any effect of transition state desolvation not withstanding. The smaller
activation entropy for the a-anomer was attributed to a ground-state effect, whereby
in the ground state, the less well-solvated o-anomer and the better solvated
B-anomer, reach similarly dissociative and similarly solvated transition states.

7 Substituent effects on glycoside reactivity

POSITION ON THE RING

The hydroxylation pattern of a saccharide affects its chemical reactivity and be-
havior. Deoxy aldopyranosides lacking the hydroxyl group at the 2'-position are
more reactive towards hydrolysis by approximately three orders of magnitude'' and
form oxocarbenium ion intermediates that are estimated to be 4-fold more stable
than their 2-hydroxy counterparts. Withers and coworkers reported on the kinetics
for the pH independent hydrolysis of a series of substituted B-2,4-DNP glycopy-
ranosides.* The glycon series consisted of the “native” saccharides glucose, galac-
tose, allose, and mannose and their deoxy- and fluoro-substitutions at the 2,3,4, and
6 positions. Based on measured solvolytic rate constants, Hammett plots were
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constructed that revealed the rate constant correlated well with o). Further, the
sensitivity to the substituent was greatest for the 2-position and least for the
6-position, in general agreement with a model that involves the substituent inter-
acting with the reaction center via field effects. When the observed rate constants
were compared with the relative rates calculated by a Kirkwood—Westheimer anal-
ysis, excellent correlations were obtained. This indicates that the oxocarbenium ion-
like transition state stability is under the strong influence of field effects from the
substituents. Another aspect of reactivity is the impact of glycosyl substituents on
conformation and the ensuing stereocontrol for product formation (Fig. 3).

SUBSTITUENT STEREOCHEMISTRY

While it has been known** that equatorial substituents on the glycon afford slower
hydrolysis rates than axial ones, the source of this phenomenon was originally
attributed by Edward to steric interactions.*> Recent studies suggest that substituent
effects can often be largely attributed to electronic factors. Experimental and com-
putational studies*® of the acetolysis of gluco- and galacto-2,3,6 tri-O-methyl
pyranosides supported this idea (Scheme 19). The 4-substituent was either methoxy,
acetoxy, or acetamido, and showed that whereas the glucoside was only modestly
sensitive to variation of the 4-substituent (ca. 3-fold rate variation) the galactosides
having the 4-substituent axial showed ca. 50-fold variation in k.. Methoxy pro-
vided the fastest rates and the acetamido substituted compound was the slowest.
Interestingly, ab initio analysis of a model (¢frans-4-acetamido-1-methoxy pyran) for
the 4-axial acetamido oxocarbenium ion showed that the nitrogen was pyrimidali-
zed, with its lone pair directed towards the positive charge. The ground-state methyl
pyranoside did not show this effect.

In 2002, Kirby and coworkers*’ compared hydrolytic rate constants for methyl
homologs of tetrahydropyrans and found a range of rate constants differing by a
factor of approximately 4; whereas acyclic analogs hydrolyzed faster, as indicated in
Scheme 20 which presents structures and values for k.. The data were compared to
the observation that the hydroxylated THP ring (i.e. glycopyranosides) can lead to
rate reductions of a million-fold relative to the parent THP acetal. After the coun-
terbalancing electron-releasing effects of the methyl substituted THP acetals were
taken into consideration, it was estimated that the steric or torsional effects of
equatorial substituents in glycopyranosides is only worth two orders of magnitude
for the rate reduction, the balance primarily deriving from electronic factors of the
hydroxyl substituents.

Bols and coworkers reported linear free energy relationships for the hydrolysis of
glycopyranosides.*® Axial and equatorial substituent effects, determined from amine
basicity of similarly configured compounds, were employed.*” The two reactions
studied were the spontaneous hydrolysis of 2,4-DNP glycosides, and the specific
acid-catalyzed hydrolysis of methyl glycosides (Scheme 21).

Axial groups are less retarding than equatorial ones at the same position. Out-
standing correlations of —logk,,s and substituent effect were observed, with near
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unity slopes. The analysis led to the conclusion that electronic effects of substituents
are a primary factor in influencing hydrolytic rate. In a subsequent study’” it was
shown that in the series presented in Scheme 22, bulkier groups in the axial position
are not predictive for increased rates over compounds placing similar substituents in
the equatorial one. Of course, some care must be placed in the above analyses, since
the assumption that the chemistry is occurring from *C, conformations is subject to
interpretation given that the transition states must feature flattened pyranoside
rings.

That axially placed, electron-withdrawing groups have a higher reactivity led to
the proposal that in general, glycosides able to place a hydroxyl substituent axially
would hydrolyze faster than those that could not. As a test, conformationally locked
anhydrosugar glycosides in the 'C4 conformation were synthesized and the kinetics
for hydrolysis determined and compared to data for the “C; methyl pyranosides**>'
(Scheme 23). For example, a 248-fold acceleration for hydrolysis of anhydro 8 versus
monocyclic 7 was observed. The mechanistic interpretation was that axially disposed
hydroxyl groups in 8 were not destabilizing compared to the all-equatorial hydroxyl
groups in methyl glucoside 7. An alternate explanation was that relief of ring strain
contributes to the reactivity of the anhydro sugar. It is noteworthy that the methyl
galactoside 9 and its anhydro derivative 10 (which exists in the boat conformation)
have similar rate constants for hydrolysis, suggesting that simple relief of strain does
not account for the dramatic rate difference between 7 and 8. An added complexity



Mechanisms for nucleophilic aliphatic substitution at glycosides 299

OH HO _OH OH OH
HO 0 0 0 e}
HO HO HO HO
HOOcH, HOOcH, HOOcH, HOGLCH,
413x10%s1 27.0x 105s1 127 x 10°s™! 199 x 105571
Scheme 22.
OCH
OH 0 ®  Ho_OH o
O o OCH
H O 0 3
ﬂo&@ows HO&/OCHS HO\E:W
OH OH OH OH OH
7 8 9 10
Scheme 23.
OMe OMe
0 o) oye AW 0
MeO ODNP O ODNP E%ODNP O%A/ODNP
MeO oM MeO o MeO ou MeO oM
e
11 Ve 12 © 13 Ve 14
Kye 14.3 Kyt 3.4 Kyt 2.3 Kyt 1
Scheme 24.

arises when one considers that hydrolysis of 8 does not lead to the anhydroglucose,
but instead affords the bicyclic furanose which indicates endocyclic cleavage. As a
result, it is difficult to directly apply the data to address the role that axial hydroxyls
may play in the exocyclic cleavage of pyranosides. Perhaps computational analyses
can be used to shed light on the basis for reactivity in the anhydro series with axially
disposed hydroxyl groups.

In addition to considering the impact of the stereochemistry of ring subs-
tituents on glycoside reactivity, one may consider the conformational itinerary
available to the hydroxymethyl group. In a recent investigation, Bols and co-
workers reported a study of the spontanecous rate of hydrolysis of DNP glycosides of
glucose and analogs as presented in Scheme 24. Clearly, the data support the idea
that the tg conformation is the least reactive, with compound 14 being some 14 times
less reactive than monocyclic 11 with the hydroxymethyl group free. One
can rationalize the data based on the dipole for the C6—-O6 bond either stabilizing
or destabilizing an oxocarbenium ion-like transition state depending upon its con-
formation. As a practical matter, “disarmed” glycosyl donors™>* bearing a
4,6-acetal-protecting group can be considered to be both electronically, and tor-
sionally disarmed, since neither 12 or 13 (Scheme 24) recover full reactivity relative
to the unrestrained 11.
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8 Pyranosyl oxocarbenium ion conformations and reactivity

Oxocarbenium ions are typically key intermediates of nucleophilic substitution at
glycosidic carbon. A better understanding of the subtle interplay of steric and
electronic factors that dictate final product diastereoselectivity requires an in-depth
understanding of how substituents on a pyranosyl ring influence conformation
and reactivity. The design of synthetic methods that are highly diastereoselective
for glycoside conformation is one area in which new developments may be fur-
thered through understanding of oxocarbenium ion conformations. A pyranosyl
oxocarbenium ion ring is flattened, and commonly resides in a half-chair confor-
mation. Molecular mechanics® and ab initio calculations*® revealed that whereas
alkyl substituents at the 3 or 4 position are modestly favored in the pseudoequatorial
position, the hydroxyl group is strongly favored when in the pseudoaxial position
(Scheme 25). The rationale for this stems from the idea that electrostatic interaction
between non-bonding electron on the hydroxyl and the positively charged atoms of
the oxocarbenium ion is facilitated when axial, simply because the charged sites are
closer in this conformation. The second point concerns the trajectory for nu-
cleophilic attack. The two faces of the oxocarbenium ion are diastereomeric, and
axial attack on one face leads to a twist boat-like transition state, whereas attack on
the other face gives a sterically favored chair-like transition state. As shown in
Scheme 26, the attack on a half-chair with its 4-substituent in the pseudoequatorial
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Scheme 25.

Scheme 26.
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position provides products with 1,4-cis stereochemistry, whereas attack on a half-
chair with its substituent in the pseudoequatorial position gives products with
1,4-trans-stereochemistry.

With these considerations in mind, Woerpel and coworkers>® reported a study of
the substituent effects for nucleophilic addition to tetrahydropyranyl oxocarbenium
ions, substituted at the 2,3, or 4 positions with alkyl, hydroxyl, alkoxy, and halogen
substituents. The starting THP acetates were used as an anomeric mixture in these
experiments. Scheme 27 presents selected data for the 4-substituted THP acetate
reactions. A dramatic reversal of selectivity from cis to trans is realized in changing
X from alkyl to heteroatom. The halogen series is interesting because it presents
good experimental evidence against the idea that polar 4-substituents can promote
trans-selectivity via anchimeric assistance. If this was the dominant mode, one would
have anticipated that the larger halogens would have been more effective at pro-
moting trans-selectivity. The results are consistent with an axially disposed subs-
tituent providing through space electronic stabilization of an oxocarbenium ion
intermediate. One assumption implicit in these experiments is that the anomeric
mixture of acetates proceeds to the same solvent-equilibrated oxocarbenium ion.
While not demonstrated here, work on similar systems (mentioned below) argues
that this is indeed the case. One nice feature of the studies with X at the 4-position is
that it is too remote from the oxocarbenium ion carbon to influence the transition
state trajectory of the nucleophile. In the case of the 2- and 3-substituted compounds
studied, this is not the case. Superposition of the aforementioned electronic effects
and transition state steric interactions seems to be operative.

An interesting study that provided compelling evidence for axial electronegative
groups being stabilizing to oxocarbenium ions utilized NMR, crystallographic,
and computational studies of dioxocarbenium ions that derived from 4-substituted
1-ethoxy THP.>’ Unlike oxocarbenium ions derived from sugars or tetrahydropyrans,
these compounds are sufficiently stable to isolate and characterize spectroscopically.
The dioxocarbenium ion SbClg salts were crystallized and unambiguously shown to
place the benzyloxygroup of 15 and the methyl group of 16 in the pseudoaxial and
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pseudoequatorial positions, respectively (Scheme 28). In the solution phase, the same
conformation for 15 was determined from "H-NMR on the basis of coupling con-
stants to the methine hydrogen at C-4. Similarly, 16 displayed a spectrum with two
large diaxial coupling constants (11.2, 14.1 Hz) as part of the splitting of H-4, con-
sistent with it being pseudoaxial, and the methyl group pseudoequatorial.

Calculations (MP2/6-31G*) allowed an estimate of the relative preference for 15
and 16 to place the alkoxy and methyl groups pseudoaxially and pseudoequatorially,
respectively. Compound 15 placed the benzyloxy group pseudoaxial, with a
5.3kcalmol ™" preference, whereas 16 resided in a conformation placing the methyl
pseudoequatorial with a modest 1.0 kcalmol™! preference.

In a study aimed at probing the reactivity of pyranosyl oxocarbenium ions, She-
noy and Woerpel reported on the diastercoselectivity associated with the intramo-
lecular O to C rearrangement of 4-alkoxy 1-vinyl ethers 17 (Scheme 29).%®

The authors were interested in using this system to establish the importance of tight
ion pair intermediates in dictating product stereochemistry. The observation that
either configuration of starting enol ether acetal afforded essentially the same “‘an-
omeric” ratio of C-alkylated product led to the conclusion that tight ion pairing was
not operative in this system. As a further check, a crossover experiment (Scheme 30)
was performed with molecules 18 and 19.

The results provide excellent evidence that an oxocarbenium ion is generated, and
that this and the generated Lewis acid—enolate complexes are able to equilibrate.
Hence, in this system, ion pairing is not a factor in determining facial selectivity
for capture of the oxocarbenium ion. One important factor is the nature of the
leaving group in this system. As the BF3 complex, its nucleophilicity is likely tem-
pered and this would promote progress to the equilibrated oxocarbenium ion. Most
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importantly, the roughly 4:1 diastereoselectvity observed in this system may be
attributed to the propensity of the oxocarbenium ions to react from the half-chair
conformation that places the 4-alkoxy group axially, and that it serves as a deter-
minant of facial selectivity for capture of the oxocarbenium ion.

It is clear from the substituent effect studies conducted over the last few years that
the identity and stereochemistry of pyran substituents can dramatically influence
both the rate for creation of the oxocarbenium ion, the subsequent conformation of
the oxocarbenium ion, and the stereoselectivity for product formation. As the sys-
tem becomes more substituted (e.g. compare galactose to 4-hydroxy THP) the in-
terplay of the different substituents becomes exceptionally complex. Further, in
cases where specific solvation/desolvation events and hydrogen bonding may occur,
a higher level of complexity arises. Sorting through these effects is incredibly diffi-
cult, and two areas which hold considerable promise in helping to do this are com-
putational methods and gas-phase chemistry. Computational methods are becoming
sufficiently inexpensive such that synthetically realistic molecules may be employed,
rather than simple models. Methodologies including ab initio techniques, hybrid
QM/MM models, and dynamics are all finding application in the area of mechanistic
carbohydrate chemistry. Gas-phase chemistry affords the opportunity to do two
things that can not be done in solution: (1) remove solvation effects and (2) allow for
detection and kinetic studies on unstable intermediates (i.e. oxocarbenium ions). The
following sections present some of the most recent studies that have helped shed
light on aspects of glycosyl bond chemistry that would be difficult to do otherwise.

9 Computational analyses of oxocarbenium ion reactions

FISCHER GLYCOSYLATION

An interesting semi-empirical study® (PM3/COSMO) explored the mechanistic
manifolds open to the Fisher glycosylation of 20 in HCl/methanol to provide 21
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(Scheme 31). It was concluded that the reaction proceeded by exocyclic loss of the
anomeric hydroxyl, followed by oxocarbenium ion capture by methanol, as opposed
to a mechanism involving endocyclic ring opening. This was in agreement with
experimental work in which only furanosides were reported as products.®® Surpris-
ingly the key energetic barrier that excluded the ring-opening pathway did not
involve C-O bond formation or breakdown, but instead involved a proton transfer
step from the acyclic intermediate exchanging the position of the proton in the
hemiacetal from the methoxyl group to the hydroxyl group, as in 22 —23. It seems
possible that other factors such as strain and conformational biasing against
pyranoside formation could also have been influential in determining the experi-
mentally observed lack of pyranosides.

MOLECULAR DYNAMICS

Stubbs and Marx reported Car—Parrinello ab initio molecular dynamics studies for
the specific-acid-catalyzed glycosidic bond formation between o-D-glucopyranose
and methanol (which corresponds to the cleavage reaction by microscopic revers-
ibility)®!® (Scheme 32). In this work, particular attention was paid to the role of
the aqueous solvent, and as a computational study is particularly noteworthy for
explicit consideration of solvent molecules. The dynamics simulations required con-
straints on the reaction coordinate (the methanol oxygen/oxocarbenium ion carbon
distance) to ensure driving it along a productive pathway over the short time-course
of the dynamics simulation, over a time period of approximately 15 ps.

The reaction between a-D-glucopyranose and methanol was shown to proceed by
a Dn*An mechanism as outlined in Scheme 32. The initial dissociation step included
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the concerted protonation of the O; hydroxyl leaving group, and formation of
double bond character between the ring oxygen and former anomeric carbon. This
step resulted in formation of a very short-lived oxocarbenium ion. In the second
step, the glycosidic bond is formed between methanol and C; of the oxocarbenium
ion ring, with associated loss of double bond character between C; and Os, and
proton transfer from the methanol-derived glycosidic oxygen. The authors con-
cluded that the oxocarbenium ion was not solvent equilibrated, in agreement with
experimental estimates®>>*%7%% that the lifetime of the glucosyl oxocarbenium ion is
also on the ps time scale. When the latent nucleophile methanol was not constrained
to be proximate to the nascent oxocarbenium ion, protonations of the leaving group
hydroxyl were found to be unproductive. In other words, only runs featuring
intimate association of methanol led to productive dissociation of the protonated
hydroxyl that then resulted in oxocarbenium ion formation. This is consistent with
the idea that the oxocarbenium ion is too unstable and short lived to exist without
participation of solvent. Another intriguing result of the dynamics study involved
the observation of the transient desolvation of the pyranose ring oxygen over the
existence of the oxocarbenium ion intermediate. This makes some sense, given that
hydrogen bonding to the oxygen would render it a poorer electron donor to the
electron deficient oxocarbenium ion carbon. It was also pointed out that one
strength of the calculations was that only with solvation included would this feature
be observed, raising a possible caveat for calculations on glycosyltransfer systems
that fail to include solvation effects in an explicit manner. The predicted desolvation
of the ring oxygen also raises the question as to what impact this could have on %0
KIEs; it would be interesting to model these isotope effects in the presence and
absence of solvation to see if they might be of some value in detecting solvation
changes at the ring oxygen.

NEURAMINIC ACID TRANSITION STATES

Another area where computational studies have provided interesting insights is
with regard to the oxocarbenium ion derived from NeuAc. As mentioned earlier,
this sugar possess a carboxylate group that has been the subject of scrutiny with
regards to its impact on glycoside breaking or formation. Intuitively, an ox-
ocarbenium ion with an a-carboxylate might be predicted to be an especially
stable one, due to the very proximate electrostatic interaction. Models for the
2-deoxyglucosyl oxocarbenium ion and the neuraminyl oxocarbenium ion were
compared at the RHF/6-31G** level with regards to stable complex formation
with water and the subsequent transition state barrier for capture of the
oxocarbenium ion by the proximate water molecules.®> The microsolvated struc-
tures are shown in Scheme 33. The two ion-molecule complexes 24 and 25 have
distances of 2.39 and 2.57A between the nucleophilic water oxygen and the
oxocarbenium ion carbon. The closer distance for 24 may be a reflection of the lack
of carboxylate stabilization, i.e. greater ion—dipole interaction is required to stabilize
complex 24.
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The barrier for capture of the 2-deoxyglucosyl oxocarbenium ion (24—26) is
1.3 kcalmol ™! while for the neuraminyl ion (25— 27) the barrier is 3.2 kcalmol™'
both of these values were corrected for zero-point energy. These results agree with
experiments that indicated the NeuAc oxocarbenium ion is marginally more stable
than the 2-deoxyglucosyl oxocarbenium ion.

The ab initio calculated transition structure 27 (Scheme 33) features a strong
hydrogen bond between the incoming nucleophile and the a-carboxylate group.
Given that positive charge is passed into the attacking nucleophile as it bonds with
the oxocarbenium ion, an estimate was made of the amount of stabilization a hy-
drogen bond might provide.®® If the carboxylate stabilizes the transition state for
nucleophilic attack on the oxocarbenium ion, this would shorten the “intrinsic’
lifetime of the oxocarbenium ion. In single point calculations that either rotated the
water cluster away from the carboxylate, or when the carboxylate was rotated to
remove the hydrogen bond, an estimate for the hydrogen bond strength of
~8 kcalmol~' was obtained. The lack of a fully solvated model argues however that
this estimate is likely to be too high. Even with lower values attributed to the
energetics of this hydrogen bond, the calculations supported the idea that the barrier
for capture of the NeuAc oxocarbenium ion is lowered via the hydrogen bond. In
any case, it is hard to rationalize why an o-carboxylate would not intrinsically
stabilize the oxocarbenium ion — the only question, and it remains open, is to what
extent? This provides a hypothesis to explain why the oxocarbenium ion derived
from NeuAc is not significantly more long lived than the glucosyl oxocarbenium ion:
the ability of the carboxylate to interact with attacking water in the transition state
provides a considerable amount of catalysis via the hydrogen bond, which may
proceed to bona fide general base catalysis as the glycosidic bond is formed. The
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issues of base catalysis for nucleophilic capture of oxocarbenium ions of varying
stability has been discussed by Richard and Jencks.®*

o-LACTONES

The neuraminic acids have a carboxylate group immediately adjacent to the an-
omeric center begs the question as to if and how it might participate in displacement
reactions. As presented in earlier sections, there is no overwhelming experimental
evidence to indicate a-lactone intermediates are the major pathway for NeuAc
glycoside hydrolysis, yet neither has the data ruled out if it might be a component of
an overall reaction’s manifolds. The o-lactone compounds are indeed known®® but
are too unstable to exist in nucleophilic media at room temperature. Hence, com-
putational techniques are well suited to examine carboxylate function in neuraminic
acid glycosyltransfer reactions. Williams has addressed the energetic issues sur-
rounding intramolecular participation of the carboxyl group by computational
methods, utilizing AIM analysis, with and without inclusion of solvent effects
(ICPM models).*® High-level computations on hydroxyoxiranone 28a (Scheme 34)
indicated that it is better represented electronically by 28b and 28c, whereas its
geometry is a-lactone like in terms of it still maintaining an acute angle with respect
to the lactone oxygen—lactone carbonyl carbon and «-carbon.

The nature of bonding in this system shows sensitivity to solvation. With the
ICPM model and a dielectric of 78, the zwitterionic character of 34 increased over
the gas phase. While one may criticize the non-explicit nature of the solvation model
used in these calculations, subsequent work®” on related oxiranone supported this
conclusion with calculations employing QM/MM techniques that explicitly account
for water (DFT/TIP3). In a recent study®® that utilized time resolved IR spectros-
copy and DFT calculations, it was reported that a-lactones are sensitive to medium
polarity, with more polar media favoring zwitterionic forms. Further, electron-
withdrawing substituents on the a-carbon favor the cyclic structure, but electron
release favors the zwitterionic form. Hence, experimental and computational studies
of model a-lactones provide the strong sense that an a-lactone intermediate during
NeuAc glycoside bond changes would be disfavored by polar aqueous environments
and the electron-releasing NeuAc ring oxygen. Just as a number of experimental
studies of NeuAc glycosyl transfer have suggested the possibility of a-lactone in-
termediacy, but never found strong experimental support, the model work in this
field also is not strongly supportive of the a-lactone hypothesis for the solvolysis of
NeuAc glycosides.

0 -0 -0
- -
Ho” Yo HO ™t Yo HOZ Yo
34a 34b 34c

Scheme 34.
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10 Mechanistic studies of ““synthetic” reactions and glycon donors

Mechanistic study of the hydrolysis reactions of unsubstituted sugars reveals con-
siderable complexity in the mechanisms of these reactions. Studies aimed at the very
practical and important problem of understanding glycosylation mechanisms with
synthetic glycon donors bearing their requisite protecting groups face a considerably
more difficult challenge due to the additional perturbations that the protecting
groups can cause via steric, conformational, and electronic factors. Experimentally,
the nature of glycon-protecting group can exert a profound outcome on the
glycosylation reaction via conformational and electronic factors.”*>* Another point
is that modern synthetic methods’ often utilize “latent” leaving groups that typically
require activation; the mechanisms of the reactions need not resemble those of acid-
catalyzed glycoside hydrolysis (or Fischer glycosylation). Relatively inexpensive and
accurate computational methods are now available to address these issues, and these
approaches may ultimately provide information of predictive utility to optimize
stereo- and regio-selective syntheses.

Crich and Chandrasekera recently reported a KIE study of 4,6-O-benzylidine,
2,3-benzyl mannosyl triflate in its reaction with a saccharide donor as shown in
Scheme 35.%° The competitive method was used, and relied on 'H-NMR integrals of
the ratios for the remote O-benzylidine acetal hydrogen versus the anomeric
hydrogen. After correcting the KIE to 25°C, the average for three independent
runs was 1.12. This value was taken as evidence for a transition state that was
highly dissociative, however the discrimination between a mechanism involving
nucleophilic association and one involving a tight ion pair was not possible. This
system would be well suited for application of primary '*C KIEs, which would help
discriminate between these two mechanistic possibilities.

Whitfield and coworkers,”™”" discussed interesting computational studies of the
anomeric selectivity for glycosylation pathways of galactosyl, glucosyl, and mannosyl
compounds, differing in the flexibility of the pyran ring as controlled by the presence
or absence of cyclic acetal-protecting groups (Scheme 36). Of particular note is that
the work was centered on saccharide compounds that could be employed in synthetic
work. The methodology employed was DFT with a continuum dielectric model. The
key outcome of this work was the suggestion that differing product anomeric se-
lectivity as a function of the nature of the sugar and protecting groups is largely
derived from conformational effects on the oxocarbenium ion intermediates and
hydrogen bonding interactions between the incipient nucleophile and substituents

<OMe
(0]
H(D) Meol// | BnO OMe
BnO ——0 <
Ph/l\\o 0 MeO  Ome Ph E//\/ Q9 0
é) o “L\_H(D) > BnO MeO\//ﬁ
n -78 °C, CH,Cl, Ho) MO Owme

OTf

Scheme 35.
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Scheme 36.

on the oxocarbenium ion. It was suggested that a rigid ring will limit the accessible
conformations for the oxocarbenium ion, and in conjunction with the presence of a
hydrogen bonding interaction with nucleophile could render one face of the ox-
ocarbenium ion more accessible than the other.

For example, in the case of the 2,3-isopropylidene galactose addition reaction,
attack on the B-face is favored by 7.2 kcalmol ™' largely driven by hydrogen bonding
between the acetate at O-6 and the incoming methanol. As pointed out, it is likely
that the importance of hydrogen bonding is overestimated, since the a-attack mode
would still involve hydrogen bonding to solvent, despite the lack of the intramo-
lecular hydrogen bond found for B-attack. In 2005 this line of inquiry was extended
and developed into the “two-conformer hypothesis”.”? This essentially states that
glycosyl oxocarbenium ions exist in two (or more) related energy conformations.
Analysis of the conformational itinerary available to tetramethyl glucosyl and
mannosyl oxocarbenium ions, and their ion—dipole complexes with methanol were
carried out with DFT methods. In short, ion—dipole complexes of the oxocarbenium
ion and nucleophile that will capture it can exist in a total of at least four species
(when both a- and B-complexes are considered). The energetics of which face is most
favorably added to are dominated by hydrogen bonding interactions between the
nucleophile and sugar substituents, and whether attack from the a- or B-face forces
the transition state to go through chair-like or boat-like structures. *H; conforma-
tions for both gluco- and manno-oxocarbenium ions were identified as the low-
energy minimum. However, close in energy were the *E for the mannosyl ion
(+1.9kImol ") and °S; for the glucosyl ion (+4.7 kI mol™"). While these studies do
not explicitly account for solvation, they illustrate the importance of conformational
analysis in coming to understand oxocarbenium ion capture.

11 Experimental gas-phase studies

The study of glycoside formation and breaking in the gas phase is not as esoteric
as it might appear. The very short lifetimes of glycosyl oxocarbenium ions in so-
lution require that their study be via indirect competitive kinetic experiments.
Knowledge of the barrier for capture of these species, whether as free oxocarbenium
ions or as ion—molecule pairs, is difficult to obtain by direct methods. On the other
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Scheme 37.

hand, gas-phase studies, such as those conducted in a mass spectrometer would in
principle allow direct observation and experimentation with these species.

In 1994, Oppenheimer and coworkers’® reported a study of the gas-phase gen-
eration of arabinosyl oxocarbenium ions via use of tandem positive-ion liquid sec-
ondary ion mass spectrometry (LSIMS) (Scheme 37). Plots of log (Joxocarbenium
ion]/(IM "]+ [oxocarbenium ion])) versus o values for the 2’-substituents X showed
excellent correlation with pg = —0.75. In solution, the rate constants for solvolysis
of the same series afford a p; of —6.7. While the basis for this difference in p is not
clear, it is reasonable to propose that the reaction in the gas phase is similar in nature
to the solution reaction. With ion trap or FTICR instrumentation, studies such as
these might be extended to following the fate of the oxocarbenium ion as it reacted
with nucleophiles introduced into the mass spectrometer.

Denekamp and Sandlers reported electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FTICR-MS) studies of protected
gluco- and galacto-pyranosides to determine the factors that influence ox-
ocarbenium ion generation and stability.”*”* The protecting groups employed were
acetyl, benzoyl, methyl, benzyl, and trimethylsilyl groups. Benzoyl or arylthio leav-
ing groups at the anomeric center were used, and the ammoniated parent ion was the
initial species isolated in the mass spectrometer, prior to CID. Oxocarbenium ions
were observed after CID of ammoniated parent ions when the protecting groups
were Bz or Ac, but not for Bn or Me groups. It was concluded that while partic-
ipating and electron-withdrawing protecting groups, ie. Bz, Ac facilitate
oxocarbenium ion formation, electron-releasing alkyl groups disallow ox-
ocarbenium ion formation. On this basis it was suggested that saccharides with
alkyl protection may not proceed by the “Sy1”” (Dn + An) mechanism, and possibly
proceed by an “SN2”” mechanism. This conclusion could only apply to the gas phase,
since alkyl-protected glycosyl donors do not show rigid adherence to inversion of
configuration, as would be anticipated for an AyDy reaction. Further, in the gas
phase the oxocarbenium ion species may indeed be generated, but more rapidly
fragment rendering its detection difficult. It may well be that the neighboring group
participation of the esters with the ability to extensively delocalize charge (e.g. see
Scheme 38) yields a much more stabilized, and hence detectable ion. It is quite
possible that the actual structure observed in the MS was the intramolecular adducts
of the ester-protecting group at C2, bonding to C1. Secondly, it is clear that at least
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in solution, KIE studies have revealed that with good leaving groups, hydrolysis of
unsubstituted (and hence, electron-releasing and non-participatory) glucosides typ-
ically proceeds by dissociative Dn*Ayn mechanisms.>* Of course in the gas phase the
lack of solvation could well change the landscape for oxocarbenium ion chemistry,
lending itself towards pathways involving elimination and fragmentation. It will be
interesting to see if with more labile leaving groups, and gentler fragmentation
methods, it might be possible to generate and isolate glycosyl oxocarbenium ions in
the FTICR when the saccharide is substituted with alkyl-protecting groups, or even
without protection. Another approach which might prove informative, if necessary,
is to utilize simpler analogs of glycosyl oxocarbenium ions, which may be less prone
to decomposition, should this prove to be a problem with the glycosyl compounds.

Finally, considerable progress has been made with regard to gas-phase confor-
mational analysis of monosaccharides and their hydrated complexes by comparison
of their IR spectra with that predicted by ab initio calculations.”®’® Many of the
tools are therefore available to place a sugar in the gas phase, cleave the glycosidic
bond, isolate the oxocarbenium ion, and then have the opportunity to study the
kinetics for nucleophilic capture by direct kinetic techniques. Experiments such as
competitive KIEs for capture of the oxocarbenium ion also seem possible. Such
work may allow direct experimental determination of oxocarbenium ion lifetimes,
barriers for capture, and transition state structures. Differences observed between
gas-phase results and those in solution may reveal the role that solvent plays in the
reaction.

12 Conclusions

A fairly detailed mechanistic understanding is available for acid-catalyzed hydrolytic
reactions of glucosides, deoxyglucosides, and NeuAc. The nucleophilic displacement
reaction mechanisms can range from AnDy to Dy + Ay, heavily influenced by the
leaving group and nucleophile combination employed. The lifetimes of any glycosyl
oxocarbenium ion characterized thus far are all sub-nanosecond. Direct experimen-
tal measurements of the barrier height for capture of the oxocarbenium species are
not yet reported. Further, the role of substituents on oxocarbenium ion lifetimes are
limited to either H, OH, or F at what would be C2 of an aldopyranose. Many
opportunities exist to further the knowledge based on monosaccharides other than
those derived from glucose or NeuAc. Reactions using modern glycosidation meth-
ods are comparatively uncharacterized; work here is likely to facilitate new synthetic
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method development. Finally, the prospects for mechanistic study of the glycosidic
bond in the gas phase, in conjunction with computational methods, are excellent and
relatively untapped, with the offer of insights into this chemistry that would be
available in no other way.
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1 Introduction: basic principles and theory

An initial effort to understand the effect of hydrostatic pressure on reaction rates was
presented at the beginning of the last century.! The argument could be developed from
the thermodynamic relationship between the volume change for a reaction, AV, the
change in Gibbs free energy (AG) for the reaction, and the hydrostatic pressure, P. Since:

V = (6G/6P); (1

therefore:

AV = (6AG/6P) 2
1
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Since:
AG = —RT In K 3)

in which K is the equilibrium constant for the reaction, R is the ideal gas constant and T’
is the absolute temperature:

(3 In K/8P)y = —~AV/RT @)

To generate an expression for the effect of pressure upon equilibria and extend it to
reaction rates, this early work consisted of drawing an analogy with the effect of tem-
perature on reaction rates embodied in the Arrhenius equation of the late 19th century.”
In the more coherent understanding since the development of transition state theory
(TST),* © the difference between the partial molar volumes of the transition state and the
reactant state is defined as the volume of activation, AVf9£ , for the forward reaction. A
corresponding term AV 7 applies for the reverse reaction. Throughout this contribution
AV* will be used and is assumed to refer to the forward reaction unless an equilibrium is
under discussion. Thus:

AV = AV} — AV? Q)

These parameters can be displayed as a volume profile for a reaction to complement
other thermodynamic parameter profiles of free energy, enthalpy and entropy. It is also
possible in certain circumstances, discussed below, to place the volume profile on an
absolute scale rather than only on a relative volume scale.

Assuming for the moment that the volume parameters can be obtained from
experimental practice, an important question is what do the numerical values sig-
nify, and furthermore what changes in molecular species are occurring giving rise to
a volume change? In other words is there a quantitative framework of interpretation
of volume parameters? It was discerned that partial molar volume changes consist
primarily of two components.”® The first results from volume changes of the mo-
lecular species themselves, e.g. bond breakage or bond formation (complete or par-
tial), isomerisation or bond deformation. When intrinsic changes give rise to an
increase or decrease in polarity or charge development or charge neutralisation in
species the second component manifests itself in solvation changes. In the presence
of a charged species surrounding solvent molecules are reduced in their molecular
volume, an effect termed electrostriction. Hence an increase or decrease in polarity
or charge causes a change in the extent of electrostriction. Thus:

AV = AVinlr + AVsolv (6)
and
AV* = AV +AVZ, (N

If a volume parameter can be determined with reasonable precision, the mech-
anistic features of the reaction can be assessed, and set in the context of the mag-
nitude of a given volume parameter. This is not necessarily a straightforward process
and guidelines have been developed for intrinsic mechanistic features based on
compilations of volume parameters assembled in the literature.” '* In general, except
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for related series of reactions, each system must be examined and analysed based on
its own characteristics and the underlying chemistry.

Historically, determination of volumes of activation was more prevalent in or-
ganic chemistry and early work also considered the possible relationship between the
volume of activation and the entropy of activation.”'? In the past several decades
growth in the incidence of reports of determination of activation volumes of
inorganic reactions, particularly those of coordination compounds, has greatly in-
creased.'>!*1° Bioinorganic chemistry has witnessed an increase in the application
of the volume of activation as a mechanistic indicator.'® Organometallic chemistry,
one important aspect of which is the use of metal complexes in activation of organic
molecules to promote conversion of them into other (more useful) molecules and
related catalytic cycles, has blossomed as a field of endeavour. This is evident since
several journals are dedicated to reports of organometallic synthetic and reaction
chemistry. Furthermore comprehensive series have appeared'” and organometallic
chemistry is frequently presented in prestigious journals since many organometallic
reactions have beside their intrinsic interest significant industrial relevance and eco-
nomic impact. Consequently, mechanistic studies have assumed considerable im-
portance for understanding individual steps within overall catalytic cycles.
Successful elucidation of the reaction mechanism permits modification and tuning
of reaction systems to improve yields or efficiency. Of various experimental variables
that may be explored, e.g. concentration, ionic strength in appropriate media, elec-
trolyte, solvent, substituents, isotopic substitution and temperature, the variation of
hydrostatic pressure leading to the volume of activation can often provide decisive
mechanistic information.'®

The purpose of this contribution is to illustrate the value and significance of
volumes of activation in a wide range of organometallic chemistry reactions. This
will follow an outline of basic experimental design and the methods and exper-
imental practice in determining volumes of activation.

Upon modifying Equation (4) to be applicable to the equilibrium between the
transition state and the reactant state from TST, the equation that can be applied to
experimental kinetic data (rate constants, k,, at various pressures) is developed:

(6 In kp/6P)y = —AV* /RT ®)
The integrated form:
Inkp =Inkog — (AV* /RT)P )

may be used to obtain the volume of activation by plotting In k, versus P, where kj is
the value of the rate constant at zero pressure. In fact the latter parameter is always
very close to the value of the rate constant at atmospheric pressure. If such a plot is
linear, the volume of activation is readily obtained from the slope. This is nearly
always the case for pressures in the range 0-150 MPa (1 atm = 1.01325 x 10° Pa).
When the volume of activation is not independent of pressure and the plot is
non-linear, there are various treatments of the data that allow extraction of the
volume of activation.'”?* In addition there are reviews> and mathematical
treatments from a thermodynamics standpoint®® of the physicochemical effects of
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pressure. The dependence of AV” on pressure is characterised by the term Af7, the
compressibility of activation. When required the compressibility of activation could
be obtained by extending the pressure range of kinetics measurements. However, this
can increase the technical specifications of apparatus, and is often not necessary. The
dependence on pressure of the volume of activation arises mostly when the properties
of the solvent are significantly affected by increasing pressure, giving rise to a second
effect upon the pressure variation of the rate constant. This latter effect is normally
small for aqueous media and is more likely to manifest itself when a reaction is
conducted in an organic solvent. While the dependence on pressure of the volume of
activation is of considerable interest, particularly from the point of view of the effect
of pressure on solvent properties, this aspect will not be treated further here. Nev-
ertheless the effect of pressure on solvent properties, e.g. upon the melting point
(m.p.), must be considered in experimental design: the m.p. of benzene at atmospheric
pressure is 5.5 °C and is about 100 °C at 500 MPa, whereas water has an m.p. of —9 °C
at 100 MPa.?® Other factors that need to be addressed in aqueous solutions are the
effect of pressure on the ion-product constant for water, thus affecting the pH scale,
and the effect of pressure on the pK, values of weak acids and pKj, values of weak
bases. In addition to the effects of pressure on the compressibility and the m.p. of a
solvent, the boiling point, viscosity, density, diclectric constant and conductivity are
also affected by pressure and cognisance of these effects must be undertaken when
relevant in design of experiments.

When the rate constant is increased by increasing pressure, AV” is negative, and
conversely when the rate constant is decreased by increasing pressure, AV7 is pos-
itive. Why are pressures up to 150 MPa typically used? It will be shown from typical
values of AV” that a smaller range would not normally be adequate to establish A V7
with sufficient precision for mechanistic diagnosis.

Obviously, if the rate law is complex so that activation parameters obtained are
composites of several terms then interpretation becomes more difficult as the ex-
perimentally acquired volume of activation needs to be appropriately apportioned.
However, in some cases varying the experimental conditions, concentrations for
example, a complex rate law can be reduced to a simpler form with attendant
lowering of interpretation difficulties.

It is clear that from the integrated form of Equation (4) the volume of reaction can
be obtained if the equilibrium constant can be determined over a range of pressure.
If the volume of activation is not experimentally accessible for one of the directions
of the reaction, AV can be used to calculate its value. Under certain conditions and
with suitable properties of reactants and/or products it may be possible to determine
their partial molar volumes, hence allowing development of a volume profile on an
absolute volume basis, as noted above. Even if AV can be determined either from the
pressure dependence of the equilibrium constant and/or from use of Equation (5), it
may be possible to confirm its value by determination of the partial molar volumes
from density measurements. The conditions for conducting successful determina-
tions of partial molar volumes are rather stringent and will be described in Section 2.
The method depends on measuring the density, d, of several solutions of different
concentrations of the reactant or product. The following equation is used to obtain
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the apparent molar volume, ¢ at each molar concentration, c:
¢ =MW /d) — ((d — doy)/do) x (1000)/c (10)

The density of the solvent is dy, and MW is the molar mass of the solute. The
values of the apparent molar volume are plotted against concentration and the
partial molar volume is the value obtained by extrapolation to zero concentration.

2 Experimental

GENERAL CONSIDERATIONS

The methods, techniques, apparatus and instruments relating to determination of
volumes of activation for organic, inorganic and bioinorganic reactions, in most
cases, can be applied in organometallic chemistry. Several publications have covered
the practical aspects of determining kinetic parameters at elevated pressures.'®2¢ 33
These should be consulted for complete details, and they also illustrate the history
and development of methodology in high pressure chemistry kinetics practice.
Determination of rate constants from kinetic data at ambient pressure has been
described in several authoritative works.®***° The processing of kinetic data to
obtain kinetic parameters at high hydrostatic pressures is usually essentially no
different. The emphasis here will be on the techniques of high pressure practice and
the apparatus and equipment that are required. A system (e.g. type of instrument and
monitoring method) that is suitable for following the kinetics at ambient pressure
requires adaptation or modification for use at elevated pressures. The actual appli-
cation of pressure is by standard arrangements of pumps with appropriately placed
high pressure rated valves: these aspects will not be emphasised here, and literature
that provides both more information and further sources may be consulted. Pressure
measurement is either by a Bourdon-type gauge or a pressure transducer. Since small
increments or decrements of pressure cause almost negligible changes in rate, pres-
sure measurements to an accuracy of 1-2% or less are acceptable.

There are many organometallic reactions requiring the presence of one or more
gases in the reacting solution and in equilibrium with the same gases above the
solution. The pressure of the gas is often subject to variation, but this is for
the purpose of improving synthetic yield or for improving catalytic efficiency. The
pressures involved are usually well below those of hydrostatic pressures applied in
the volume parameter determination and these experiments do not result in ob-
taining volumes of activation. While such reactions are extremely important in the
context of using metal complexes in organic transformations with gases under
pressure, they will not be included here. However, reference may be made to some
key sources,*'** particularly as some of these studies make use of very specialised
instrumentation.

The design and construction of high pressure containers or cells depend on the
monitoring method and whether the reaction may be classified as conventional in its
time range or is a fast reaction. The division between the two is not defined and in
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some cases is somewhat different from the division at ambient pressure. If the
reactants are mixed at ambient pressure, monitoring of reaction progress can com-
mence as soon as the monitoring process operates, providing the reactants have been
thermally equilibrated in advance. Upon pressure application to the mixed reactants
the temperature of the system increases quite rapidly. The extent depends on the
magnitude of pressure and on the heat capacity of the solvent. Aqueous media are
less affected by heating under compression. Nevertheless the time of restoration to
the temperature of kinetics measurement means that conventional time range in-
volves reactions having half-lives of the order of 10 min for high pressure reactions
rather than a few to several seconds for ambient pressure experiments. Obviating
this problem can be accomplished in some cases by the simple expedients of either
studying the reaction kinetics at a much lower temperature or in the case of second-
order reactions diluting the reactants.

CONVENTIONAL TIME-RANGE REACTIONS

For reactions that are slow at room temperature, one approach is to initiate reaction
and confine the reaction to an autoclave. Following decompression the contents can
be analysed to assess the progress of the reaction. This procedure was used to
determine the first volume of activation for an inorganic reaction. Apparently only
one elevated pressure was used to estimate the value.** In more current practice
repeating the process and arresting the reaction at different time intervals could lead
to a reaction profile at a given pressure. The whole procedure would then be re-
peated at several different pressures, and kinetic data treated according to Equation
(9). Obviously such a primitive method is to be avoided, as it is very labour intensive
and wasteful of reactants. It would only be satisfactory if the analysis is very rapid
compared with the reaction rate or the reaction can be quenched immediately upon
decompression.

An extension of this method would allow periodic aliquot sampling from a con-
tainer whose contents are subjected to high pressure. Obvious conditions govern
whether this method would be satisfactory. They are as follows:

(1) The reaction progress must be very slow relative to the time required for aliquot
removal and time of sample analysis, or in the latter case a rapid quench can be
carried out. A rapid analytical method is UV/visible spectrophotometry.

(2) Pressure restoration inside the container following each sample removal must be
very rapid compared with the rate of reaction.

(3) The reaction rate must be slow so that the half-life of reaction is much longer
than the time required for sample introduction into and sealing of the pressure
vessel, and for thermal equilibration following heating of the sample caused by
compression, as noted above.

Sample overheating can be avoided by stepwise pressure application. For this type
of pressure apparatus the container must be sufficiently robust to withstand high
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pressures. If the material is steel or other metal alloy an inert inner coating may be
required if the sample contains metal coordinating or particularly chelating ligands
with high stability constants for metal complex formation. This in turn may cause a
sealing problem as the aliquot sampling method depends on successful operation of
a piston, usually of Teflon with one or more “O” rings that move to compensate for
the volume change upon each sample removal. A piston-cylinder apparatus has been
widely used and volumes of activation determined. Most reports are of substitution
reactions® * and one of electron transfer of transition metal complexes.*® The
method has also been used for organometallic reactions.”’>> A representative sam-
ple apparatus is schematically shown in Fig. 1.

A much more efficient method of obtaining kinetic parameters involves contin-
uous monitoring of the reaction sample while it is subject to hydrostatic pressure, i.e.
an in situ sampling method. This necessitates construction of a pressurisable sample
container that can be incorporated within the observation housing of an instrument.
The preferred option is to modify a commercial instrument, although this may have
the drawback of requiring dedication of the instrument to the high pressure mode.
Interchange between high pressure and ambient pressure modes may be a time-
consuming exercise. There are two approaches that can be described for the most
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Fig. 1 An example of a piston-cylinder high pressure apparatus.
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frequently applied monitoring method, UV/visible spectrophotometry. One uses a
pressurisable cuvette that is aligned with the light path of a spectrophotometer, and
the cuvette is held in place by a metal block, also possessing optical windows. The
metal block contains thermostatted external circulating fluid and optically trans-
parent pressurisable fluid surrounding the cuvette. The cuvette is typically of the
“pill-box” type, designed several decades earlier.” The pill-box cuvette is cylindrical
with two concentric cylinders that can be rotated for sealing after filling with a
reacting sample. Incident and transmitted light pass through the optically flat cir-
cular end windows. The design allows for path length reduction upon compression
of the contents by the surrounding compressed fluid, usually, n-heptane. A sche-
matic diagram of a pill-box cell and its enclosing pressurisable container is shown in
Fig. 2.

A second variant uses a metal block containing a machined out cuvette and
windows that is placed in the cell compartment of a spectrophotometer. The pres-
sure is applied directly to the reacting solution via a piston.>* Again any reaction
containing reagents sensitive to the metal of the block could not be used in this
variation. In both types of UV/visible in situ monitoring the pressure is applied via a
standard array of high pressure pumps and appropriately positioned high pressure
rated valves. A direct pressure device is illustrated in Fig. 3.

The advantages are, obviously, a continuous record of the reaction, allowing
instant observation of deviations from normal kinetic progress, ability to apply data
fitting routines to yield kinetic parameters, and greater results throughput. In re-
action systems that require anhydrous or oxygen-free conditions, filling of the pill-
box can be carried out in an appropriate glove-box. For oxygen-sensitive reactions a
special cell has been developed as well.”” The second method, of applying pressure to
a solution directly, has mostly been used for aqueous media and where no restric-
tions on exposure to air were important. It is worth noting that the piston-cylinder
apparatus with aliquot sampling requires typically about 0.1 dm? of solution per
run, the second of the in situ methods requires about 0.005 dm?, and the pill-box uses
a similar volume of solution as a standard 1 cm path length cuvette (ca. 0.003 dm?).
The emphasis has been on UV /visible spectrophotometry since the preponderance of
reports in several areas of chemistry exploits this method. A high pressure cell
capable of monitoring changes in conductivity has been constructed but not widely
used.> In principle circular dichroism, fluorescence or infrared (IR) spectroscopies
could also be used as rapid monitoring methods, providing successful interfacing
with a high pressure container arrangement is extant. An updated version of a high
pressure apparatus, using a pill-box, in which the detection system has been enlarged
from UV/visible to the near-IR region and for special circumstances pressures up to
400 MPa may be applied, has been described.””

A separate section will be devoted to covering the monitoring of reaction progress
at high pressure by nuclear magnetic resonance (NMR) spectroscopy. Although
there have been no reports to date, in principle for sufficiently slow reactions aliquot
samples from a piston-cylinder apparatus could be followed by NMR spectroscopy;
however, such a procedure would not be viable because of the large solution vol-
umes required if deuterated solvents were to be used.
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Fig.2 (a) Schematic presentation of a “pill-box” optical cell for measurements on solutions at
high hydrostatic pressures. The slot and hole allow the pill-box cell to be filled and extra liquid
to be released on closing the cell. (b) Schematic view of a two-window high pressure cell to
accommodate the pill-box optical cell for pressures up to 200 Mpa. 1: pressure plug; 2: O-ring;
3: reaction compartment; 4: A- and O-ring; 5: sapphire window and 6: pressure connection.

For situations when temperature or concentration lowering does not achieve the
objective of increasing the reaction half-life to a level suitable for the methods
described above, a special arrangement for mixing reactants quickly has been de-
vised.”? This device should not be included in the subsequent section on rapid
reactions. By mixing quickly here, the term refers to about 5s, whereas below,
mixing times of a few milliseconds are discussed. The reactants are equilibrated
thermally and under pressure, but are separated by a thin membrane. The mem-
brane can be broken by a magnetic-field-activated mixing bar, and the mixed
solution monitored. Thus the method is suitable for reaction half-lives of about 10s
and longer.
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Fig. 3 High pressure cell in which pressure is applied directly to the sample solution.

It should be noted that although high pressure pumps and valves are standard and
readily available, most of the high pressure containers and cells have been con-
structed in individual investigators’ laboratories and workshops, and are not com-
mercially available.

RAPID REACTIONS

Mixing methods

This section will be in two parts. First the methods for rapidly mixing reactants at
ambient pressure, and subsequently extending this to rapid mixing at elevated pres-
sures, will be described, while a second part will mention methods for studying fast
reactions that are complete within the time that the reactant solutions can be phys-
ically mixed. Again, adaptation of the latter approach to high pressure will be noted.
The methods herein are applicable to thermal reactions. A later section will present
methods for reactions that are induced by radiation.

The objective of rapidly mixing reactant solutions for kinetics measurements was
first reported about 80 years ago. The method required continuous flowing of so-
lutions, and the term continuous flow was assigned to the method.*® Reactant so-
lutions were flowed along tubes and mixed at a Y-type junction. Whereupon
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observation and measurement of an appropriate property at given distances from
the Y-junction, with knowledge of the flow rate, permitted the development of a
kinetic profile. The absence of very rapid detection and rapid flow rates limited the
method as large volumes of reactant solutions were needed. Further development
took the form of the accelerated-flow method,”” and the stopped-flow (s.f.) method.
The latter has its origin®® in the 1930s and several investigators developed their own
version. The history and development of s.f. can be followed.*® The reactant so-
lutions are driven manually or by mild pressure activation through a special mixer.
The observation chamber is at 90° to the direction of flow in most versions. A
rapidly acting receiver syringe with piston that arrests the flow of mixed solution
signalled a significant improvement in time resolution.®* %> Stopping the mixed so-
lution flow triggers the recording of signal changes. In the usual configurations
about 0.15cm® of each solution per run is required. Use of an exit valve allows
several replicate runs to be conducted before recharging with fresh reactant solutions
is required. Commercial versions of s.f. instruments currently available are funda-
mentally based on some of the early versions, and now, naturally have far superior
data collection and processing capability. The instrument dead-time of a few mil-
liseconds means that reactions down to a half-life of several milliseconds can be
studied. Almost all instruments use UV/visible signal changes as a means of fol-
lowing kinetics processes. The flow must be turbulent and solution viscosity must be
in an appropriate range. The method is not suitable for mixing solutions of widely
different ionic strength, or of different solvent composition. Reactions that are
markedly exothermic or endothermic can, upon mixing reactants, introduce heating
or cooling effects leading to complications that may not be recognised. A rapid
mixing device has been coupled to a cell for monitoring reacting organometallic
species via IR spectroscopy.®® Other properties of reacting systems, e.g. changes in
conductivity, circular dichroism or fluorescence, could also be used in conjunction
with the s.f. mixing approach.

Adaptation of the s.f. method to kinetics studies at high pressures (hpsf) can only
be viable if the reactant solutions are already under stable thermal and pressure
conditions prior to mixing. This has been achieved by immersing an s.f. unit inside a
pressurisable container. Another important feature of one design® is that by using
smaller quantities of reactant solution than in ambient pressure s.f. units, more
measurements can be made before decompression and recharging the unit with fresh
reactant solutions are required. This has been accomplished by using the tightness of
fit of the stopping and reactant pistons to arrest flow once the applied pressure from
a stepping motor to the reactant solution pistons is removed, and there is no outlet
valve. In this way about 30 replicate measurements may be made with one filling of
the system and allows the system to be compressed to several different pressures
before refilling. The windows of the s.f. unit are aligned with windows in the press-
urisable vessel, and UV/visible absorbance changes are usually the means of fol-
lowing reaction progress. However, an instrument that monitors fluorescence signals
has been constructed and employed.®> Several hpsf units have been devised and
reported following the first version described by Heremans®® and colleagues.®*¢" 74
The technical facts may be consulted. Generally the dead-time is longer than on
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ambient pressure s.f. units, although the dead-time has been reduced on some later
instruments.”*’* Instruments currently in use are either that used in Erlangen or
those instruments based on the design of the Merbach group and commercially
available,®”> and the other relies on a coupling between the driving and receiving
syringes to reduce the dead-time.”*® Figs. 4 and 5 provide schematic illustrations of
hpsf instruments.

They have been most widely used to follow the kinetics of ligand substitution and
electron transfer reactions of transition metal coordination compounds, although as
will be described below also in several organometallic chemistry reaction kinetics
studies.

Relaxation methods

When a reaction is faster than the time taken to physically mix solutions other
means of following the reaction kinetics must be found. A category of methods,
known as relaxation methods, originated in the 1950s.”” A reaction system at equi-
librium is subject to a rapid perturbation (in principle any property upon which the
equilibrium depends can be employed to perturb the equilibrium). The subsequent
relaxation to a new equilibrium position is a function of the kinetics of the forward
and backward reactions, and the relaxation signal can be analysed to yield kinetic
parameters.”® Methods of perturbation of equilibrium include a temperature jump, a
pressure jump, electric impulse, alternating electrical field, ultrasonic absorption,
microwaves and a photochemical flash. The last method will be treated separately in
a general section on radiation-induced reactions. Relaxation methods and the
methods of analysis of relaxation signals have been included in several publications
on fast reactions in solution.>®’® %3

Of the relaxation methods only the temperature-jump and pressure-jump methods
have been adapted for high pressure application, and of these two only the former
(hptj) has been used in many systems for volume of activation determinations.
Despite the flurry of activity in developing hptj,**®*® the method has not found
application in organometallic chemistry, although in principle it could be employed
if the system properties and solvent were suitable.

Details of a standard pressure-jump instrument® and high-pressure pressure-
jump cells can be obtained from appropriate literature.”®®* The method has found
very limited application and not at all in organometallic chemistry. Commercial
units or modules for high pressure relaxation methods are not available.

RADIATION-INDUCED REACTIONS

Photo-induced methods

In principle reactions that are induced by a light signal could be in the conventional
time range, or rapid, requiring rapid data acquisition. The latter class of reactions
became a reality in the history of this research area upon the development of fast
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Fig. 4 Schematic presentation of a high pressure s.f. unit. 1: lid to overall unit; 2: outer
vessel; 3: window holder; 4: quartz windows; 5: electric motor; 6: motor actuator; 7: s.f. unit
positioning rod; 8: syringe driving plate; 9: drive syringe (inner); 10: drive syringe (outer); 11:
block holding windows, mixer and syringe attachment points; 12: mixing jet; 13: stop syringe
(outer) and 14: stop syringe (inner).

flash lamp technology, and flash photolysis and flash spectroscopy emerged as
techniques for studying rapid kinetics of photochemically induced reactions and
transient spectra of species in the micro- to millisecond range.’* The properties of
the system will determine whether the photosensitivity would lead to relaxation
kinetics or non-relaxation kinetics. Subsequently the time range of measurement has
been reduced by orders of magnitude enabling reactions in the nano- and picosecond
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Fig.5 Cross-sectional diagram of high pressure vessel and s.f. unit. 1: rod made of AISI 316;
2: lever to revolve rod; 3: high pressure vessel; 4: push—pull rod; 5: receiver syringe; 6: receiver-
syringe piston; 7: mixer and optical cell block; 8: quartz; 9: sapphire window; 10: sapphire
window holder; 11: reactant syringe; 12: reactant-syringe piston; 13: high pressure vessel lid
holder and 14: high pressure vessel lid.

range to be studied. Adaptation of these and conventional time methods for high
pressure studies of photochemical and photophysical processes was undertaken by
several investigators.” "% Examples of some later applications for selected systems
are available.'"'* The pill-box cell and enclosing high pressure container can be
used, with modification, for slow reactions.'®® In most cases the adaptation involves
addition of at least one window in order to be able to initiate reaction and two other
windows are used for the subsequent spectrophotometric monitoring of the kinetics.
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The high pressure system of pumps and valves need not differ from those used for
mixing of reactant solutions. Among organometallic reactions whose kinetics at
elevated pressure have been studied following photochemical energy induction are
reactions of metal carbonyl complexes. The most frequently used monitoring
method is UV/visible spectrophotometry. Time-resolved infrared (TRIR) spectros-
copy has been applied recently in studies of iron—carbonyl complexes in supercritical
fluids'®® and in studies of molybdenum—carbonyl complexes'®” where moderate gas
pressures were used. Although these particular studies did not result in determina-
tion of volumes of activation, it is evident that TRIR spectroscopy could be used in
appropriate cases in association with high pressure kinetics.

Pulse radiolysis

In this method of inducing reaction, usually in aqueous medium, an electron beam
forms radicals from the radiolysis of water in a few microseconds. Subsequent radical
reactions with a variety of substrates can be monitored. Authoritative reviews that
include results from high pressure kinetics studies have appeared recently.'®®!% A
specially designed pill-box cell has been developed to enable certain radical reactions
to be studied at high pressures. An initial difficulty to construct a cell that is suffi-
ciently robust to withstand high pressures, but allows a required level of electron flux
to enter the cell, has been overcome by design of a special window (see Fig. 6).'"°

It should be emphasised that the combination of pulse radiolysis reaction induc-
tion and high pressure kinetics capability means that the method is restricted to a
very small number of investigators, and commercial units are unavailable. Changes
in absorbance in the UV /visible region are used to monitor reaction kinetics. Radical
reactions are very rapid and fast data acquisition capability is required. General
literature on pulse radiolysis as a method is available.!'! An account of the value of
high pressure kinetics in combination with pulse radiolysis in mechanistic insight
provides a survey of the scope and range of reactions studied.'®®
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ELECTROCHEMICAL METHODS

The subject of redox reactions embraces a considerable variety of reactions. In ho-
mogencous solution there are many spontaneous reactions, self-exchange reactions or
non-symmetrical electron transfer reactions, for example. The kinetics of many of
these have been studied by UV/visible spectrophotometry at both ambient and
elevated pressures.’”!''? The kinetic parameters and volumes of activation for some
self-exchange reactions have been obtained using ambient and high pressure NMR
(HPNMR) spectroscopy, radiochemical tracer methods or s.f. circular dichro-
ism.""*"* Some investigators have been interested in redox reactions at electrodes in
electrochemical cells. In some cases the purpose was to obtain the volume of acti-
vation for a self-exchange reaction indirectly.''* A recent authoritative review has
described in detail the methods for studying electrode reaction kinetics, including the
more familiar cyclic voltammetry and alternating current polarography methods.'"
This review also outlined the relationship between homogeneous versus heterogene-
ous self-exchange electron transfer, and emphasised the insight obtained from pres-
sure effects. The technology for studying electrode reaction kinetics at high pressure is
specialised. A three-electrode cell constructed from Teflon or stainless steel depending
on the chemical considerations is sealed inside a thermostattable steel pressure vessel,
suitable for pressures up to 400-500 MPa.''®!!"” The design issues and operating
difficulties needing to be addressed to ensure successful measurements have been
indicated. Of the three electrodes, one is the working electrode, a second is the counter
electrode and the third is the reference electrode that is designed to allow ionic contact
and to allow compression of the solution in the reference compartment. Overall the
cell has a movable piston to allow compression of the reaction medium. As with many
high pressure devices, the pressurising fluid is hexane or heptane and is separated from
the oil of the hydraulic pump by a piston separator vessel. The pressure dependence of
solution viscosity can be significant for organic solvents, but is conveniently negligible
for aqueous solutions. How the pressure dependence of solvent viscosity, when ap-
plicable, is accounted for has been addressed. Fig. 7 is an example of a high pressure
cell and apparatus for electrode kinetics that permits determination of volumes of
activation for both coordination and organometallic compound couples.

Other aspects of high pressure electrochemistry kinetics can be obtained from a
review by two of the leading experts.''®

NMR SPECTROSCOPY

The presence of magnetically active nuclei of sufficient sensitivity and abundance in a
reacting system provides a potentially excellent method of monitoring the kinetics of
reaction.'" Providing the reaction is sufficiently slow, measurements can commence
in a reasonably short time after introduction of the sample into a spectrometer at
ambient pressure. One or more signals can be employed in developing a kinetic
profile. Adapting NMR probes for measurements at elevated pressures is an exercise
that has occupied some investigators from the early period of electromagnet-based
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Fig. 7 High pressure electrochemical cell.
spectrometers,'*!?! to the current generation of high resolution, cryomagnet spec-
trometers.’>'*> The development of HPNMR spectroscopy can also be traced from
relevant reports and reviews.'>>'?> The adaptation is not simple as materials of the
high pressure probe must not interfere with instrument operation. Since an instru-
ment may need to be dedicated to high pressure mode, NMR spectrometers equipped
for high pressure measurements are not common laboratory currency.

Pioneering studies by Connick and coworkers led to an understanding of the
hydration and lability of the hydration of certain paramagnetic ions.'*® Using water
enriched in "0, they were able to follow the kinetics of exchange of water between
the coordination sphere of each of the aqua ions of Mn(Il), Fe(II), Co(II) and Ni(II)
and bulk solvent. Kinetic parameters from '’O NMR spectra at various temperatures
were extracted from modified Bloch equations. Determination of the water exchange
rate constants was important in establishing that rates of complex formation reac-
tions of thes