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CONSPECTUS

n a symmetric hydrogen bond (H-bond), the hydrogen atom is perfectly centered

between the two donor atoms. The energy diagram for hydrogen motion is thus a
single-well potential, rather than the double-well potential of a more typical H-bond, in
which the hydrogen is covalently bonded to one atom and H-bonded to the other. Exam-
ples of symmetric H-bonds are often found in crystal structures, and they exhibit the dis-
tinctive feature of unusually short length: for example, the 0—0 distance in symmetric
OHO H-bonds is found to be less than 2.5 A. In comparison, the 0—0 distance in a typ-
ical asymmetric H-bond, such as ROH- - - OR,, ranges from about 2.7 to 3.0 A

In this Account, we briefly review and update our use of the method of isotopic per-
turbation to search for a symmetric, centered, or single-well-potential H-bond in solution. Such low-barrier H-bonds are
thought to be unusually strong, owing perhaps to the resonance stabilization of two identical resonance forms [A—H---B
<> A---H—B]. This presumptive bond strength has been invoked to explain some enzyme-catalyzed reactions. Yet in solu-
tion, a wide variety of OHO, OHN, and NHN H-bonds have all been found to be asymmetric, in double-well potentials. Exam-
ples include the monoanion of (4)-2,3-di-tert-butylsuccinic acid and a protonated tetramethylnaphthalenediamine, even though
these two ions are often considered prototypes of species with strong H-bonds. In fact, all of the purported examples of
strong, symmetric H-bonds have been found to exist in solution as pairs of asymmetric tautomers, in contrast to their sym-
metry in some crystals. The asymmetry can be attributed to the disorder of the local solvation environment, which leads
to an equilibrium among solvatomers (that is, isomers that differ in solvation).

If the disorder of the local environment is sufficient to break symmetry, then symmetry itself is not sufficient to stabi-
lize the H-bond, and symmetric H-bonds do not have an enhanced stability or an unusual strength. Nor are short H-bonds
unusually strong. We discuss previous evidence for “short, strong, low-barrier” H-bonds and show it to be based on ambig-
uous comparisons. The role of such H-bonds in enzyme-catalyzed reactions is then ascribed not to any unusual strength of
the H-bond itself but to relief of “strain.”

Introduction: Symmetric (Short,
Strong, Low-Barrier) Hydrogen
Bonds

Hydrogen bonding (H-bonding) is one of the most
widely studied aspects of molecular structure,’
with nearly 150 000 entries in Chemical Abstracts,
plus innumerable others where the topic appears
in the article but not in the abstract. Our interest
in recent years has been in symmetric H-bonds,
where the hydrogen is centered between the two
donor atoms (1), in a single-well potential (Figure
1a). These are contrasted with the more usual
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case of a double-well potential (Figure 1b), where
the hydrogen is bonded to one of the donor
atoms and H-bonded to the other. In the special
case that the two structures (2a, 2b) are of nearly
equal energy (Figure 1¢), the hydrogen may jump
from one donor to the other. We have reviewed
this topic previously,? and this Account is a sum-
mary and update of what we have learned. In par-
ticular, we question the premise that symmetric or
short H-bonds are unusually strong.

A-H-B [A-H--B == A--H-B]
1 2a 2b
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FIGURE 1. Potentials for H motion: (a) Single-well, (b) double-well, and (c) isoenergetic double-well.

Symmetric H-bonds are quite unusual. They are associated
with a short distance between the two donor atoms, less than
2.5 A for OHO H-bonds. This is consistent with the transfor-
mation of the potential-energy diagram from that of Figure 1c
to that of Figure 1a as the wells approach each other. Because
that transformation leads to a diminution of the barrier
between the two wells, such “short” H-bonds are also desig-
nated as “low-barrier”. Moreover, they seem to show extra sta-
bility or strength. The designation “short”, “strong”, or “low-
barrier” thus depends on the criterion used for charac-
terization. Other distinctive features, such as a high-frequency
(downfield) "H NMR signal, primary isotope shifts, an unusual
H/D fractionation factor, and intense continuous IR absorp-
tion, accompany those criteria.® These short, strong, low-bar-
rier H-bonds have attracted great interest recently for their
possible role in stabilizing intermediates or transition states in
enzyme-catalyzed reactions.*

The term “symmetric” should be clarified. We are con-
cerned with H-bonds where the hydrogen is shared between
the two donor atoms. These would be symmetric if the two
donors are identical, but a shared hydrogen can also result if
the two donors have the same basicity, as in chloromaleate
monoanion or the complex between 4-methylpyridine and
pentachlorophenol.® This prerequisite for a strong H-bond is
often called the principle of pK, equalization.® Another poten-
tially confusing usage of the term “symmetric” is with regard
to Figure 1¢, which is a symmetric potential but does not
embody a symmetric H-bond, with a shared hydrogen.

Methodology

Asymmetric H-bonds can be distinguished experimentally
from symmetric ones by the NMR method of isotopic pertur-
bation. This was originally applied to carbocations,” and it suc-
ceeds even if signals are coalesced by rapid exchange. The
method depends on measuring the isotope shift (isotope effect
on chemical shift) "A, due to a heavier isotope n atoms away
from the reporter nucleus (eq 1).% There are two contributions
to the observed A (eq 2): an intrinsic shift, A,, owing to the
mere presence of an isotope, and a shift induced by pertur-
bation of an equilibrium, A, arising from differences in zero-
point energies between the two participants in the equilibrium.

A= 5heavy - 6light (1)

Agps = Ao+ Aeq (2)

The method can be illustrated nicely with 2-phenyl-3-hy-
droxypropenal-d, where the innocuous phenyl is merely for
synthetic convenience.? This is known from microwave spec-
troscopy of the parent hydroxypropenal to be a mixture of two
asymmetric tautomers (3a==3b). According to model enols
and aldehydes, the C—H stretching frequency of 3a is near
3020 cm™!, whereas the aldehydic C—H of 3b is near 2770
cm~!. The C—D frequencies of 3a and 3b are in the opposite
order, but their zero-point energies are lower and of less influ-
ence. Consequently, 3a has a higher net zero-point energy,
corresponding to an equilibrium constant [3b]/[3a] of ~1.2 at
25 °C. Moreover, in the 3C NMR spectrum, the chemical shift
of an enolic CH, as in models for 3a, appears at 0 173,
whereas that of an aldehydic CH, as in models for 3b, appears
at 0 196. Owing to rapid tautomerization, separate signals at
0 173 and 196 are not seen. Instead only an average signal
is seen, but weighted by the populations. Because the equi-
librium favors 3b, that average for the CH is closer to ¢ 196,
whereas the average for the CD is closer to 6 173. From all
these values, the separation between CH and CD is estimated
to be ~2 ppm.

H. ~H
D = H DMH
Ph Ph
3a 3b

Because the '3C signal of a CD is indistinct, it is easier to
measure the separation between the CH signals of 2-phenyl-
3-hydroxypropenal and 2-phenyl-3-hydroxypropenal-d. This
separation was found to be 0.76 ppm at room temperature,
and greater at lower temperature, where the equilibrium is
more unbalanced. The same behavior is seen in the '"H NMR
spectrum, because again aldehyde CH=O0 is at higher chem-
ical shift than enolic CH—O. Therefore, 2-phenyl-3-hydrox-
ypropenal-d is confirmed to be an equilibrating mixture of two
tautomers, 3a and 3b, with an asymmetric H-bond.

Lest it be thought that the asymmetry is due to the isoto-
pic substitution itself, the potential-energy surface (subject to
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the Born—Oppenheimer approximation) is determined only by
the electrons, independently of nuclear masses. Then even
2-phenyl-3-hydroxypropenal, without D, must be an equili-
brating mixture of two tautomers, with an asymmetric H-bond.
In contrast, deuterium-substituted 1,6-dioxa-6a4*-thiapental-
ene (4, X = O) and 1,6,6aA*trithiapentalene (4, X = S) are
symmetric,'® as well as various metal chelates of 3.""

Search for Symmetric H-Bonds

The canonical examples of symmetric H-bonds are in
monoanions of some dicarboxylic acids, such as maleate (5)
and phthalate (6). According to neutron-diffraction studies on
their crystals, the H is truly centered between the two oxy-
gens,” as suggested in 7. We have carried out extensive '3C
NMR studies on their symmetry in solution, with mono-'80-
labeling to perturb a putative equilibrium between two tau-
tomers (8a == 8b).'? The intrinsic isotope shift A, (eq 2) can
be measured in the diacid or dianion. In all cases, across a
wide range of dicarboxylic acids and thus a wide range of
0—0 distances, a small but significant Aeq is measurable in
the monoanion, corresponding to a mixture of tautomers. It
was difficult to publish those initial results, despite convinc-
ing control experiments,'® because they contradicted well-
established evidence for symmetry (or centered hydrogens) in
crystals. To reconcile this contradiction (and to achieve publi-
cation without offending the crystallography community), we
proposed that this asymmetry is a consequence of the polar-
ity of aqueous solution, which stabilizes the localized nega-
tive charge of 8a or 8b more than the delocalized one of 7."*
Computer simulations support this interpretation'> However,
further studies in nonpolar organic solvents continued to show
Aeq.‘z We therefore concluded that the difference between a
crystal and a solution is that a crystal is organized. Conse-
quently, the environments around the two carboxyl groups in
a crystal can be guaranteed to be identical, whereas a solu-
tion is disorganized, with one of the carboxyls instantaneously
solvated better than the other. Thus the H-bond is asymmet-
ric. Computer simulations support this interpretation too."®

O O O
0 0 o} o o
H_ H_ Hp- H — H
O 0 e 184
0 o] (¢ O
5 6 7 8a

(o]
8b

©,

In further pursuit of a relationship between strength of
H-bonds and symmetry, we investigated the “strongest”

FIGURE 2. Crystal structure of hydrogen (R,R)-a,o’-di-tert-
butylsuccinate.®

H-bond among dicarboxylate monoanions. A common and
convenient measure of H-bond strength is ApK,, the differ-
ence between first and second acid-dissociation constants.
According to this measure, (£)-a,o’-di-tert-butylsuccinic acid (9),
with a ApK, of 9.54, has the strongest H-bond.'” It is strong-
er even than the H-bond of aqueous FHF~, which is symmet-
ric but whose AG® and AH° for formation from HF + F~ are
only —0.54 kcal/mol and +1.5 kcal/mol (endothermic!),
respectively.'® Nevertheless, '80-induced '*C NMR isotope
shifts in solution show that the monoanion of 9 is asymmet-
ric, consistent with X-ray crystal structures of five of its
monoanion salts, despite a remarkably short O—0 distance of
2.41-2.45 A.'® The anion of the tetrapropylammonium salt
is shown in Figure 2. Its O(2)—0(3) distance is 2.416 A, and
its O—H distances are 1.06 and 1.36 A.

B OH

tBu OH

g O

We then designed a modification that might show a sym-
metric H-bond. Zwitterion 10 seemed like a good candidate,
because its positive charge is located symmetrically with
respect to its two carboxyls and to its intramolecular OHO
H-bond. Nevertheless, 10 too is a mixture of tautomers, with
an asymmetric H-bond.*°

R.. 4 O
N 5

10

An informative example is the H-bond in protonated 1,8-
bis(dimethylamino)naphthalenes (11, X = H, OCHjs), which
show enhanced basicity that is often attributed to the strength
of their H-bonds. Nevertheless, isotopic perturbation by CDs
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groups, which increase the basicity of a nitrogen to which they
are attached,?' shows that the H-bonds are not symmetric.>2
The same conclusion was reached based on NMR coupling
constants, although the H-bond becomes more symmetric with
a noncoordinating counterion and at low temperature.?* Var-
ious other OHO and NHN H-bonds, as in 6-hydroxy-2-formyl-
fulvene (12) and two N,N’-diaryl-6-aminofulvene-2-aldimines
(13, R = H, CH3), might be symmetric because their seven-
membered rings allow more flexibility. Besides, they are neu-
trals, so ionic solvation is less important. Yet according to
D-induced '3C isotope shifts, analogous to those in 3, these
too are asymmetric.*

iy ol Q
el

Finally, to explore the possibility that the disorder of sol-
vation might be less important at low temperature, where
entropy has a lesser effect, we investigated 1:1 complexes
(14) between substituted pyridines and dichloroacetic acid.
These too are neutral species, in tautomeric equilibrium with
the pyridinium—dichloroacetate ion pair (15), and they have
the further advantage of being intermolecular, allowing the
geometry to adjust to an optimum that would permit a single-
well potential, as in [(CF3CO0),H]~.%> Nevertheless, '80-in-
duced isotope shifts in the '>3C NMR spectra of complexes of
Cl,CHC'80,H with substituted pyridines in CD,Cl, at low tem-
perature show no drop to A, when the acidities of the H-bond
donors become matched.?® Such a drop would have indicated
a single-well H-bond (16). Instead, the isotope shifts reach a
maximum, consistent with a mixture of tautomers.

CHCly O~ CHClp O CHClo
/\N %( S ~ /\N&. Y

S SO
Solvatomers

Our view of the role of solvation has evolved as we contin-
ued to find asymmetric H-bonds in a widening variety of cir-
cumstances. Initially, we had proposed that the asymmetry is
a consequence of the polarity of aqueous solution.'* Then fur-
ther studies in nonpolar organic solvents continued to show
asymmetric H-bonds.'? We therefore attributed the asymme-
try to the disorder of the local environment, whether because
of H-bonding in protic solvents or because of the interaction
with an asymmetrically positioned counterion in nonpolar sol-
vents. Yet in zwitterion 10, the quaternary nitrogen of the
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FIGURE 3. Equilibrating H-bond solvatomers, each with a single-
well potential for H motion.

internal counterion is on a symmetry axis and cannot desym-
metrize the local environment. Nevertheless, its H-bond too is
asymmetric. Therefore, we concluded that an asymmetric
environment is inherent to all solutions, not necessarily
through H-bonding or positioning of counterion, but even
through interactions with individual solvent molecules. Those
solvent molecules are continually reorienting, so that the
instantaneous solvation varies, quite unlike the organized
environment found in crystals. The disorder of instantaneous
solvation is a fundamental feature of solutions. It is obvious,
but it has only occasionally been explored.

Although all our results demonstrate a mixture of tau-
tomers, rather than a single symmetric species, the H-bond is
not necessarily described by a double-well potential. The alter-
native is a single-well potential, but with an additional poten-
tial-energy contribution due to the instantaneous solvation. (A
third possibility is a double-well potential where the zero-point
energy lies above the barrier, but this is equivalent to a single-
well potential in this context.) As changes in solvation shift the
relative energies of the various structures, the hydrogen
moves across the H-bond. Except for the rare occasion when
the solvation happens to be symmetric, an asymmetric struc-
ture is stabilized, as suggested in Figure 3. Depending on the
magnitude of the instantaneous stabilization relative to kKT, the
hydrogen is more or less distributed across the O—0 distance.
The multitude of different structures that result are properly
called solvatomers, meaning isomers or stereoisomers or (as
here) tautomers that differ in solvation.

A multiplicity of solvatomers in a single-well potential like
that of Figure 3 can tentatively be rejected in favor of mix-
ture of two tautomers in a double-well potential. Although the
observation of a perturbation isotope shift Aeq is consistent
with either potential, we maintain that the magnitude of the
observed shift suggests a double-well potential. If the hydro-
gen were distributed across the O—0 distance, with a zero-
point energy difference that varies linearly with distance, then
it is readily shown (Supporting Information) that the observed
Aeq would be reduced to one-third of the A4 for a two-site
H-bond. That Aeq value can be evaluated in succinate
monoanion, which lacks an intramolecular H-bond and must
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be two-site. Yet the observed A.q values of aqueous dicar-
boxylate monoanions with an intramolecular H-bond are
nearly the same as that in succinate and are not reduced
threefold. Therefore, it is likely that the hydrogen in an
intramolecular H-bond of a dicarboxylate monoanion is on
one carboxylate or the other and is not distributed across the
0-0 distance.

Is There a Relationship between Symmetry
and Shortness of H-Bonds?

There is undoubtedly a relationship between symmetry and
shortness. Decreasing the distance between donor atoms must
eventually decrease the barrier to hydrogen motion below the
zero-point energy, so that a double-well potential becomes a
single-well one. An example of this transformation occurs
when ice is compressed to ice X, with an O—0O distance of
227 Aanda single-well po’cential.27 However, observations of
short H-bonds are usually not accompanied by evidence for
their symmetry.2®

Is There a Relationship between Symmetry
and Strength of H-Bonds?

Why might symmetry be associated not only with shortness
but also with strength? One source of stabilization is the
decrease of zero-point energy when a double-well potential is
converted to single. However, the maximum contribution is
only 4 kcal/mol (for a 2800-cm™! vibration).

Insofar as H-bonds can be described as resonance
hybrids,?° they ought to attain maximum stabilization when
the two resonance forms (2a < 2b) have identical energy.
This is the basis for expecting symmetric H-bonds to be strong.
This feature should not be confused with the classification of
some H-bonds as resonance-assisted.?® Among these are
enols of s-dicarbonyl compounds, such as 3. However, their
resonance resides in their & systems, whereas the H-bond is
o. The significance of that resonance for H-bonding is that it
equalizes the basicity of the two oxygens and thereby
strengthens the H-bond. Even so, 3 does not have a symmet-
ric H-bond, according to deuterium-induced '>C NMR shifts.®

Our continued inability to find symmetric H-bonds in solu-
tion suggests that they have no special stability. If they were
so stable, they ought to be more widespread and we ought to
have found some. Moreover, if they were so stable, solvation
should not be capable of disrupting their symmetry. Yet all the
H-bonds that we have investigated are asymmetric, so that the
two resonance forms (2a, 2b) cannot be identical, and the sta-
bilization is less than maximum. Therefore it is doubtful that
resonance ever provides much stabilization to H-bonds. The

AGadestab AGQHB

------------------------ Bo'HA or B-HA
H-bonding

FIGURE 4. Energy diagram showing apparent H-bond stabilization,

AG®yg, due to relief of strain AG®gestap in base B or due to relief of

destabilization AG°gesiap Of @anionic B in an aprotic environment

(relative to unstrained or aqueous Bo) on forming a H-bond.

presumed maximum stabilization associated with two identi-
cal resonance forms is not sufficient to constrain the H-bond
to be symmetric. We therefore conclude that there is no
exceptional stabilization associated with symmetric H-bonds.

How then can we account for pK enhancements that are
attributed to H-bond strength in the monoanion of 9 and in
protonated 11? The enhancements cannot be attributed to
H-bonds that are strong owing to symmetry, because they are
not symmetric. Might the enhancements be attributed to
H-bonds that are strong, albeit asymmetric? We reject this pos-
sibility, because it is merely an unsupported hypothesis. There
is no independent evidence for a strong H-bond in solution in
the absence of the resonance stabilization associated with
symmetry.

Are the pK enhancements due to some sort of strain? The
tert-butyl groups in 9 would seem to be a clue to steric strain.
However, the tert-butyls are anti and far from each other, and
the X-ray structures of monoanion salts of 9 show no unusual
distortions, except that the carboxyls are forced into proxim-
ity, compressing the O—O distance."® The origin of the strain
is revealed by the X-ray structure of the dianion of 9, which
shows severe electrostatic repulsion between the two carboxy-
lates.2! To reduce that repulsion, the carboxylates are twisted
nearly perpendicular to the central C—C bond. Nevertheless,
destabilization remains in the dianion, and it is relieved in the
monoanion by inserting a proton between the carboxylates. A
similar relief of strain was proposed to account for the high
basicity of 1,8-bis(dimethylamino)naphthalenes (11).32 In-
deed, the near-normal basicity of the parent 1,8-diamino-
naphthalene shows that the H-bond itself cannot be respon-
sible for the enhanced basicity of its strained derivatives. The
pK enhancements can thus be attributed to a relief of strain
(generalized beyond steric strain to distortions of distances
and angles), rather than to any unusual H-bond strength. Fig-
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ure 4 illustrates how the stabilization due to relief of strain
upon H-bonding is not due to H-bond strength.

There is a further destabilization of symmetric H-bonds. An
0—-0 distance of 2.4—2.5 A implies an O—H distance of
1.2—1.25 A, longer than the normal 1.0 A. Stretching the
O—H distance by even 0.2 A, against the force constant cor-
responding to a 2800-cm~" vibration, requires nearly 15 kcal/
mol. This represents a considerable destabilization,?® which
the presumed resonance stabilization of symmetric H-bonds
cannot overcome. The destabilization may be the reason that
we do not detect them.

If symmetric H-bonds are destabilized, then why are they
found in some crystals? The default explanation is that crystal-
packing forces are somehow responsible for tolerating the
long O—H distance. Compression of the heavy-atom distance
converts a double-well potential into a single-well one, but we
deny that there is any stabilization associated with this.

Is There a Relationship between Shortness
and Strength of H-Bonds?

Although H-bonds do not derive any unusual strength from
symmetry, can the shortness of some H-bonds be taken as
evidence that they are strong? The counterpart of resonance
stabilization of symmetric H-bonds is covalent character in
short H-bonds. This can be recognized by a negative Lapla-
cian of the electron density.>®> Covalent character would
appear to represent stabilization of short H-bonds. For exam-
ple, bihalide anions XHX~ compressed within fullerenes are
claimed to be strengthened,®* but the strength is not neces-
sarily that of the H-bond itself.

The reason that short H-bonds are believed to be unusu-
ally strong is largely an influential graph relating H-bond
strength to heavy-atom distance.® The graph does not show
a linear correlation but rather a distinct jump, almost a dis-
continuity, between short, strong bonds in the gas phase and
long, weak ones in solution. The apparent relation arises sim-
ply because all the weak H-bonds are neutrals and all the
strong ones (with one dubious exception) are gas-phase ions,
whose H-bonds are classified as charge-assisted.® We attribute
the dichotomy to ion-dipole attraction, which stabilizes ionic
adducts and also shortens distances by ionic contraction. Thus
H-bonds of gas-phase ions are strong, but a relation between
heavy-atom distance and H-bond strength in solution is ten-
uous. Indeed, the data above for FHF~ show that the forma-
tion of its H-bond in water is nearly thermoneutral, even
though its gas-phase H-bond strength is a champion 38.6
kcal/mol.3> Likewise, the stabilization of XHX~ within
fullerenes, associated with covalent character,?* is not due to
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H-bonding but to ion-dipole attraction. More compelling is a
compilation of data for dicarboxylic acid monoanions (in the
Supporting Information of ref 19), which denies a correlation
between O—0 distance and ApK,, as a measure of H-bond
strength. The correlation coefficient is a puny 0.39, and it cor-
responds to distances that increase with ApK,, rather than
decrease.

Despite such counterevidence, a relationship between
shortness and strength has become a common supposition in
recent years. In support of this assertion, a search using Sci-
Finder reveals numerous claims for strong H-bonds when the
only evidence is a short heavy-atom distance. We maintain
that this designation is a misnomer, and we deplore its use.

What then causes short H-bonds? A short H-bond would be
a consequence of the transformation from a double well (Fig-
ure 1¢) to a single well (Figure 1a), but we have found no
examples of single-well H-bonds in solution. The H-bonds that
we have studied are instead short because of compression
that forces the donor atoms together. In the conjugate bases
(11, dianion of 9), that compression induces much strain,
which is relieved, but only in part, by inserting a proton
between the heavy atoms. The strain that remains cannot
strengthen the H-bond, but must weaken it. If the compres-
sion could be relaxed, the H-bonded species would become
even more stable. Therefore, the shortness of the H-bond must
destabilize it.

If short H-bonds are destabilized, why are they seen so
often? Again the default explanation is that crystal-packing
forces compress the heavy atoms and shorten the H-bond. It
may be that other heavy atoms have stronger van der Waals
repulsions, whereas H-bonding represents an attraction that
reduces its repulsion. If so, H-bonds can be said to be facul-
tative (capable of functioning under various environmental
conditions), or permissive of short distances.

H-Bonds in Enzyme Catalysis

Finally, we join other critics of the claims that short, strong, or
low-barrier H-bonds contribute to enzymatic catalysis.?®
Although there are distinguishing characteristics associated
with such bonds, there is no evidence for extra stabilization
due to the H-bond itself. It is certainly well established that
there is no unusual stabilization when the condition of pK;
equalization is met.3” The claim that H-bond strengths can
increase on going to the transition state comes from the sen-
sitivity of H-bond strength to ApK,, which is greater in an apro-
tic medium.® However, the effect is exaggerated by plotting
H-bond strengths in dimethyl sulfoxide (DMSO) versus ApK, in
H,0, rather than ApK, in DMSO.
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Short H-bonds are quite common in proteins. One survey
of crystal structures found 7860 short H-bonds among 948
proteins, not only in side chains but also in backbones.?® They
are short because of compression. Their ubiquity, beyond
enzyme active sites, shows that there is no need to suggest
increased strength or catalytic power from being short. Instead,
H-bonds are simply permissive of short distances.

Figure 4 also shows how destabilization of an anion in an
aprotic medium can be relieved by H-bond formation. Relief
of “strain” of an anion in an aprotic enzyme active site can
thus stabilize the transition state, relative to the enzyme—
substrate complex, and thereby increase Keat.¥© This figure is
equivalent to Figure 3 of ref 38, expressing the greater sen-
sitivity of H-bond strength to ApK; in aprotic media, but Fig-
ure 4 shows how the stabilization is not due to any unusual
strength of the H-bond itself but instead to relief of “strain”.

Summary and Conclusions

According to isotope shifts, the H-bonds in 3-hydroxy-2-phe-
nylpropenal (3), in the monoanions of a wide range of dicar-
boxylic acids, including (+)-o,0/-di-tert-butylsuccinic (9), in
zwitterions 10, in protonated tetramethylnaphthalenedi-
amines (11), in neutrals 12 and 13, and in pyridine—
dichloroacetic acid complexes (14, 15) are all asymmetric. This
asymmetry contrasts with the observation of a centered H in
some crystals. The contrast can be attributed to solvation,
which creates an instantaneous local environment that is
disordered.

Because all the H-bonds that we have investigated are
asymmetric in solution, we conclude that there is no H-bond
that is stabilized by symmetry per se, nor any special stabili-
zation associated with symmetric, short, or low-barrier
H-bonds. The pK enhancements that are taken as evidence for
a strong H-bond can instead be attributed to relief of strain. If
symmetric or low-barrier H-bonds were so stable, they ought
to be more common and we ought to have found some.
Besides, if they were so stable, the local solvation environ-
ment should not be capable of disrupting their symmetry.

Moreover, we deny any relationship between shortness of
H-bonds and strength. Instead, it is proposed that H-bonds are
simply permissive of short distances. The further implication
of these results for the proposed role of short, strong, or low-
barrier H-bonds in enzymatic reactions is discussed briefly, and
it is proposed that the observed acceleration arises from relief
of strain, rather than from any enhanced strength of the
H-bond itself.
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