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As a test for the applicability of the density functional theory to the system containing intramolecular hydrogen
bonds, calculations were performed on propen-1,2,3-triol, the feasible intermediate in the epimerization of
dihydroxyacetone and glyceraldehyde enantiomers. A comparison is made between results obtained by Becke’s
three parameter hybrid functional (for exchange) with gradient corrections provided by the LYP correlation
functional (B3LYP) and those predicted at the ab initio Møller-Plesset second-order (MP2) level. The
calculated minimum energy structures are in excellent agreement with respect to both energy and geometries
of hydrogen-bonded structures. Earlier and recent studies suggest that, generally, the nonlocal B3LYP
approximation leads to a very accurate overall description of intramolecular hydrogen-bonded systems. We
propose a new, more efficient computational protocol, which may be useful in the study of the biologically
important molecules at a level of accuracy usually only provided by traditional post-Hartree-Fock ab initio
methods.

Introduction

One of the exciting developments based on density funtional
theory (DFT)1-5 is undoubtedly the emergence of methods that
can provide a perspective on the exact characterization of
hydrogen-bonded systems. Such computational approaches
could be used to determine structures of biological importance.
In addition, they might even be used to treat the transition state
or activation barriers of important enzymatic reactions. As yet,
some attempts were made to allow calculation for systems of
103-104 atoms.6,7 The application of ab initio methods to the
hydrogen bond problem has indicated that the Hartree-Fock
(HF) method inaccurately predicts geometries of hydrogen-
bonded structures. Ab initio approximations, in which electron
correlation is taken into account, provide data in good agreement
with experimental results (f.i. for the most intensively studied
water dimer see refs 8-13). However, the high computational
costs of correlated ab initio methods [e.g., at the Møller-Plesset
(MP2) level] restricts their usefulness to rather small systems.
Today, much interest is focused on nonlocal density functional
approximations as an alternative to ab initio schemes in the
hydrogen-bonding studies. This alternative offers the op-
portunity to suggest more efficient and simpler schemes, which
significantly will shorten the classical procedure14 and that will
provide a reasonable compromise between the accuracy of the
results and the computational effort.
Recently, we have studiedD-glyceraldehyde1 and dihy-

droxyacetone2 (Figure 1) as model systems for the main part
of natural sugar molecules.15 We found that there are two
predominant factors that govern hydrogen bonds: the size of
the ring, in which hydrogen bonding is arranged, and the
hybridization of the oxygen atom toward which the hydrogen

bond is directed.15 Moreover, all stable structures obtained
revealed a cooperative effect. Although such effects have been
extensively studied theoretically,15-20 uncertainties still exist
concerning the nature of hydroxyl group(s) and/or the access
to neighboring proton acceptors on hydrogen bond arrangements.
Because the structure of propen-1,2,3-triol is both tautomeric
to model trioses and structurally significantly different, we
recognized that corresponding calculations for this molecule are
of interest. Although the potential for tautomerism and,
consequently, for epimerization (i.e., the formation of a dia-
stereomeric mixture from pure enantiomers by a change in
configuration on one stereocenter in a molecule possessing
several stereocenters) represents an old concept of sugar
chemistry, this aspect has not been investigated to its full extent.
Probably, the most extensive study was that by Ventura et al.21

who investigated mechanisms for the conversion of vinyl alcohol
to acetaldehyde (i.e., the simplest system for keto-enol tau-
tomerism at all). Very recently, theoretical studies on keto-
enol tautomerization involving carbonyl derivatives were also
reported.22 The importance of enoles as intermediates in
synthesis, currently in enantioselective protonation, where only

Figure 1. Structures ofD-(+)-glyceraldehyde (1) and dihydroxyacetone
(2) and structure with atom numbering for propene-1,2,3-triol (3).
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catalytic amount of the chiral reagent is required,23 is another
important reason for obtaining a better understanding of
structures and reactivities of enoles and enolates.
In this work we attempt an analysis of all possible conformers

of (E)- and (Z)-stereoisomers of propen-1,2,3-triol. Relative
energies of these structures are calculated using both DFT and
MP2 approaches.

Method

The standard 6-311++G(d,p) contracted basis set for the
Becke3-LYP (B3LYP) exchange-correlation energy hybrid
functional and for Møller-Plesset second-order (MP2) calcula-
tions was used, according to earlier suggestions.16,24-26 All
calculations were performed using the GAUSSIAN 94 program
system.27 Other computational details are given in ref 15.

Results and Discussion

Geometries of MP2 Structures. Contrary to triose1 and2
structures (see Figure 1), which possess carbonyl oxygen atoms
(i.e., acceptor-only atoms for hydrogen bonds), the enol
molecule possesses three nonequivalent hydroxyl groups with
both proton donor and proton acceptor character. This structure
means that in the case of propen-1,2,3-triol (optimized structures
presented in Figure 2) two different major hydrogen bond
interactions can be expected: enol-to-enol (or alcohol) and
alcohol-to-enol. We deal with two kinds of hydroxyl groups:
O9H10 and O5H6 bonded to C1 and C2 sp2 carbon atoms are
enolic in nature, whereas the O7H8 group at the C3 sp3 carbon
is rather alcoholic, although its allylic feature ought to be noticed
(for atom numbering see Figure 1). In addition, cooperativity
can develop in two contradictory directions (structures3a and
3b). The computational study ofR-L-fucose, anR-L-glucose

derivative, seems to support the suggestion that in the two most
stable rotamers, the number of possible OH‚‚‚O is maximal,
leading to the formation of counterclockwise or clockwise
conformers with respect to the aldopyranosyl ring.18 It is
obvious that thetransposition of enol hydroxyls in (E)-propen-
1,2,3-triol conformers3c-3f prevents the formation of the
cooperative chain.
The arrangement of hydrogen bonds has no effect on the

carbon-carbon double bond length (1.344 and 1.340 Å, for3a
and3b, respectively). This situation is not true for the bond
lengths of carbon-oxygen bonds in the considered conform-
ers: for both enol and allylic hydroxyls, acting as proton donors,
the C-O bonds are distinguishably shorter than that engaged
as proton acceptor group. For example, for conformer3a, the
bond lengths are as follows (in parentheses the corresponding
values for conformer3b): C1O9 1.359 Å (1.386 Å) and C3O7
1.434 Å (1.423 Å) (cf. also the C4O4 and C6O6 bond lengths
obtained at the MP2/cc-pVDZ level for1 and2 in ref 19).
The geometry optimization we performed for a number

conformers of3 at the MP2/6-311++G(d,p) level of theory
allow us to examine the effects of hydrogen bonding over a
wide range of its arrangements. In an attempt to elucidate some
of the important features of intramolecular hydrogen bonding
in such structures we point out as essential factors cooperativity,
the kind of interaction (enol-to-enol or alcohol-to-enol) and the
size of the rings formed. A comparison of the structural
parameters of hydrogen bonds is presented in Table 1. The
calculations clearly show that if a ring of the same size is formed
independently of cooperativity, the hydrogen bond of an enol
group (being the stronger proton donor) to an alcohol oxygen
atom is always shorter than in the case of the interaction of the
alcohol hydroxyl with enol oxygen (cf.3a and3b; 3c and3e).

Figure 2. Projections of propene-1,2,3-triol3a-3f conformers. Dotted lines denote hydrogen bond contacts.

TABLE 1: Selected Bond Lengths and Intramolecular Hydrogen Bond Parameters for Propen-1,2,3-triol Conformers As
Obtained by the Various Computational Approachesa

conformer config. B3LYP/3-21G B3LYP/6-311G B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) hydrogen bond type

3a cooperative system
H10‚‚‚O5 2.202 2.243 2.255 2.217 5-memb. ring
O9-H10‚‚‚O5 (Z)- 113.4 109.8 110.7 112.8 enol-to-enol, and
H6‚‚‚O7 1.983 2.309 2.411 2.426 5-memb. ring
O5-H6‚‚‚O7 121.9 111.5 109.9 110.0 enol-to-alchol

3b cooperative system
H6‚‚‚O9 2.077 2.218 2.235 2.208 5-memb. ring
O5-H6‚‚‚O9 (Z)- 116.2 110.0 111.0 112.8 enol-to-enol, and
H8‚‚‚O5 2.162 2.450 2.534 2.460 5-memb. ring
O7-H8‚‚‚O5 113.9 104.5 102.6 105.0 alcohol-to-enol

3c
H6‚‚‚O7 (E)- 1.852 2.149 2.279 2.313 5-memb. ring
O5-H6‚‚‚O7 125.9 116.1 113.8 113.3 enol-to-alcohol

3d
H10‚‚‚O7 (E)- 1.724 1.902 1.969 1.953 6-memb. ring
O9-H10‚‚‚O7 145.2 139.1 139.7 141.4 enol-to-alcohol

3e
H8‚‚‚O5 (E)- 2.162 2.340 2.435 2.383 5-memb. ring
O7-H8‚‚‚O5 113.0 105.9 103.9 106.0 alcohol-to-enol

3f
H8‚‚‚O9 (E)- 1.759 2.021 2.183 2.232 6-memb. ring
O7-H8‚‚‚O9 147.0 132.0 128.5 127.5 alcohol-to-enol

a Bond lengths in Å; angles in degrees.
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It is also evident that noncooperative structures possess shorter
hydrogen bond lengths than cooperative motifs (cf.3c and3a;
3eand3b). This result is in line with the reasoning based on
the observation that hydroxyls in noncooperative structures
exhibit an essentially strain-free environment, whereas the
interacted hydrogen bond systems may cause a distortion of
the system that leads to longer contacts and, possibly, less stable
individual bonds.
For the cooperative structures3a and 3b OH‚‚‚O enol-to-

enol bond lengths of 2.217 and 2.208 Å with an identical value
for the hydrogen bond angles of 112.8° were obtained. This
effect is not sensitive to the basis set applied. These findings
are consistent with the prediction indicating that the same kind
of interaction as well as the ring size determine the degree of
freedom and, finally, define the geometry of hydrogen bond
formed. To a lesser extent it is apparent for the neighboring
ring, where the intramolecular parameters are somewhat dif-
ferent, probably due to the weaker interaction in3b because of
the alcohol-to-enol fashion (2.460 and 2.426 Å for3b and3a,
respectively).
Usually, superior hydrogen bonding geometries are available

in the six-membered rather than in the five-membered ring.
Manifestations of large steric strain in the calculated structures
include longer OH‚‚‚O bonds and more acute bond angles. For
example, Polavarapu and Ewig28 reported a difference of 0.29
Å in the (O)H‚‚‚O distances between similar rotamers of the
4C1 conformer ofâ-D-glucose (cf. O5H6 ina′ and O4H6 inb′,
Table 1, ref 20). We also found that intramolecular hydrogen
bonds better adopt the six-membered ring geometry. Structure
3d possesses a rather short hydrogen bond with a length of 1.953
Å and an angle of 141.4° (i.e., extreme values in the set of
structures we have studied). These parameters for the other
structure3f with a six- membered ring are also distinct (2.232
Å and 127.5°). In the case of the latter conformer, the oxygen
atoms lie approximately in the plane of the double bond (the
actual value for the torsional angle is 4.5°). The methylene
hydrogen atoms H4 and H11 at the C3 carbon atom are in truly
equatorial or axial positions (∠H4-C3-C2-C1) 178.8° and
∠H11-C3-C2-C1) 60.3°). A different situation arises for
the rotamer3d: the torsional angle H4-C3-C2-C1 amounts
to 81.8°, whereas the angle H11-C3-C2-C1 has a value of
159.4°, indicating that these ligands are rather in pseudoaxial
and pseudoequatorial positions, respectively. As follows from
Table 2, according to the MP2/6-311++G(d,p) calculations,
rotamer3f is by 2.37 kcal/mol less stable than3d. This result
supports the hypothesis that stressless steric interactions are
remarkably less important than the electrostatic influence on
the hydrogen bond strength,29 which seems to be the critical
factor. Moreover, none of the enol six-membered rings
resembles the half-chair form proposed for cyclohexene.30 It
seems that the interaction ofπ bond-n lone pairs of oxygen
atoms and hydrogen bonding are far more complicated than
simple torsional repulsion in common hydrocarbon rings.

For structures3d and3f the most stable conformation is that
in which the carbon-carbon double bond is eclipsed to the
O5H6 bond (torsional angles H6-O5-C2-C1 are 16.1° and
1.7°, respectively). It is interesting that such a conformer has
been found for the propene molecule,31 because the alternative
one, with eclipsed hydrogen atoms, seems to be destabilized
by the unfavorable overlap interaction between the bond orbitals.
Because of this finding, the evident structure dependence of
the conformation of this hydroxyl group is perhaps not surpris-
ing. It is possible that the C3H11 and C3H4 bonds, which are
spatially fixed due to hydrogen bonding, simply affect the lone
pairs on the O5 oxygen atom (structures3d and 3f). An
alternative explanation would be a corresponding attractive 1,3-
interaction due to nfs* overlap of one of the n orbitals of O5
atom with theσ* orbital of the C3-O7 bond. Indeed, with
respect to the mutual H6-O5 and C3-O7 orientation (76.8°
and-75.6° H6-O5-C3-O7 dihedral angles for3d and 3f,
respectively), this overlap is nearly maximal and the so-called
“anomeric effect” works. (The leading references for the
anomeric effect comparing computational and experimental data
are ref 28 and 32; see also ref 33).
Geometry Performance in DFT. To assess the accuracy

of DFT-based calculations for this system, we fully optimized
the B3LYP geometries using the MP2 approach. The six
obtained structures are shown in Figure 2. The obtainedatomic
bond parameters are in principle identical or quite similar. There
are only systematic differences in the carbon-carbon double
bond lengths. The CdC bonds in structures optimized by the
MP2 method are always shorter than in the corresponding
conformers obtained by B3LYP with the same 6-311++G(d,p)
basis set, but the difference never exceeds 0.01 Å (data not
shown; for example the CdC bond length for3aat the B3LYP/
6-311++G(d,p) level amounts to 1.337 Å). Other differences
for C-O and O-H bond lengths and bond angles are usually
<0.05 Å and 2°, respectively.
The maximum error inhydrogenbond lengths is 0.074 Å

and forhydrogenbond angles 2.4°; that is, slightly larger than
that for theatomicparameters. This result supports our earlier
conclusion15 that the B3LYP approach appears to be accurate
enough to model hydrogen bonding in compounds containing
oxygen proton donors and oxygen proton acceptors irrespec-
tively of hybridization, stereochemical arrangement, and spatial
surrounding.
Relative Energies. Total and relative energies for the six

propen-1,2,3-triol rotamers with different hydrogen bonding as
obtained by the B3LYP and MP2 calculations are collected in
Table 2. The minimal 3-21G basis set approximation predicts
energies that differ drastically from the MP2 data. A distinct
improvement occurs in going to the 6-311G split-valence basis
set. The addition of diffuse and polarization functions to the
6-311G basis [the 6-311++G(d,p) calculations] results in
improved agreement between the B3LYP and MP2 results.
Probably, this improved agreement is a consequence of the

TABLE 2: Calculated Energies for the Propen-1,2,3-triol (3) Conformersa

relative energies [kcal/mol]

method absolute energy 3a 3b 3c 3d 3e 3f

B3LYP/3-21G -341.650 123 4 0.00 3.83 3.66 -0.84 7.85 5.96
B3LYP/6-311G -343.549 447 2 0.00 2.00 4.30 3.18 7.16 7.64
B3LYP/6-311++G(d,p) -343.682 380 5 0.00 1.95 5.43 5.30 7.32 8.35
MP2/6-311++G(d,p)//B3LYP6-311++G(d,p) -342.902 374 1 0.00 1.63 5.76 5.66 7.13 8.05
MP2/6-311++G(d,p)b -342.902 790 7 0.00 1.62 5.65 5.66 7.16 8.03

a Absolute energy of3a (in hartrees) and relative energies of3a-3f as obtained by various computational procedures.b The absolute energy (in
hartrees) and relative energy (in kcal mol-1) for 1a (ref 15) are-342.915 704 7 and-8.10; for 2a (ref 15), the corresponding energies are
-342.915 540 9 and-8.00, respectively.
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excellent description of the spatially diffuse regions of the high
electron density when using the 6-311++G(d,p) basis set.
Applying MP2 single-point calculations with B3LYP geometries
slightly further improves the relative energies as compared to
the MP2/6-311++G(d,p) predictions.
It is evident that because of the cooperative effect, the

structures3a and3b become heavily favorable. Such prefer-
ences for a strikingly regular pattern of internal hydrogen
bonding is well recognized for bothR- and â-D-glucose
anomers,28 although for a glucopyranose only the one orientation
(“information encoding”, see ref 18) is energetically preferred
according to NMR data.34 The formation of hydrogen bonds
by enol O9H10-to-the enol O5H6, and by enol O5H6-to-alcohol
O7H8 in3a turns on the maximum cooperative interactions and
leads to the global minimum structure, which is∼1.6 kcal/mol
(at the MP2/6-311++G(d,p) level) more stable than conforma-
tion 3bwith the opposite cooperative order. This result means
that the result of the cooperative effect is strongest when both
enol hydroxyls participate as proton donors. Similar conclusions
apply for the other hydrogen-bonded, but noncooperative
structures3c and 3d with enol-to-alcohol interactions. In
structures3eand3f, where proton donors and proton acceptors
are arranged in the alternative fashion, the relative energies are
∼1.5 and∼2.4 kcal/mol higher compared with3c and 3d,
respectively.
The position of the equilibrium for keto-enol tautomerism

depends on the molecular structure, but for monofunctional
compounds, usually the carbonyl form is highly favored. Our
results at the at MP2/6-311++G(d,p) level of theory indicate
that the carbonyl forms are indeed much more stable than enol
tautomers [by up to 8.0 kcal/mol (Table 2)]. As expected, the
aldehyde form is more stable, but the energy difference between
glyceraldehyde and dihydroxyacetone is negligibly small [-0.10
kcal/mol for1a and2a isomers, ref 15;-0.20 kcal/mol at the
MP2/6-31G(d,p) level, ref 15]. The∆E value obtained may
be related to the greater stabilization of aldehyde isomer1
because of cooperative interaction (the central position of the
oxygen atom in dihydroxyacetone2 prevents the formation of
a cooperative chain). Although a comparison of our compu-
tational results with experimental values is not possible, it is
worthy to mention that the experimental gas phase energy
difference between the pair acetaldehyde-vinyl alcohol is 9.9
( 2.0 kcal/mol.35 Similar differences between acetone and
propen-2-ol of 13.9( 2.035 or 11.2 kcal/mol36 are reported in
the literature. In light of the study of Lee et al.,22 it is evident
that the quality of the MP2/6-311++G(d,p) level is sufficient
to infer that the values of 8.0 and 8.1 kcal/mol (Table 2) for
the glyceraldehyde/dihydroxyacetone-propen-1,2,3-triol system
indicate an easier tautomerization. Thus, one cannot exclude
that the epimerization in the sugar family is energetically less
demanding than in simple carbonyl compounds.

Conclusion

Our earlier15 and present investigations have demonstrated
that nonlocal DFT methods with the exact exchange in the
hybrid form (in particular B3LYP) offer geometrical parameters,
also for hydrogen bonds, in better accordance with MP2 data
than results of HF calculations. Similar conclusions have also
been reported by other authors.11,32,37,38 However, the extensive
use of the B3LYP approach in getting to high quality results,
up to now, has not been suggested as a general protocol for the
study of hydrogen-bonded systems. Moreover, this suggestion
would be motivated by computational expedience because the
time required in DFT methods increases asN3 (N ) number of

basis functions), as opposed to at leastN5 for ab initio methods
including electron correlation. Therefore DFT methods, seem
to be ideally suited for the study of larger size systems,
especially for hydrogen-bonded clusters, and also for associates,
where hydrogen bonding, often in a cooperative manner, is
essential for the description of the ligand binding site. Scheme
1 illustrates the use of systematically improved basis sets up to
6-311++G(d,p) [optionally the 6-311++G(2d,2p)]. Increase
of the basis set size beyond this level usually has no discernible
effect on the calculated geometry profiles,17,32,37 which in
comparison with the experimental data are almost identical. This
result suggests that inclusion of electron correlation effects
through the B3LYP nonlocal functional is quite enough for
correct modeling of the chemically sensitive lone pair spatial
regions, at least in the case of oxygen atoms.
Usually, a large number of stationary points obtained at the

semiempirical level may be reduced by HF calculations with
the standard split valence 3-21G basis set applying a rather loose
convergence criterion for the gradient. In the case of propen-
1,2,3-triol, the ranking order in the relative energies is not
affected by the cooperative effect: the B3LYP/3-21G ap-
proximation does not predict properly even the most stable
conformer. Also, a comparison reveals a lack of agreement
between the hydrogen bond parameters as predicted by the
B3LYP/3-21G and B3LYP/6-311++G(d,p) methods. How-
ever, the relative energies of the conformers obtained with the
B3LYP method approaches converge quickly with increasing
number of basis functions. The DFT method seems to be less
sensitive to the basis sets than the HF approximation. Because
the correlation energy correction MP2/6-311++G(d,p)//B3LYP/
6-311++G(d,p) is almost unaltered by the full geometry
optimization at the MP2/6-311++G(d,p) level, the former
approach may then be used alternatively. The limited effect of
the grid size on the calculated structures allows the application
of an economical grid instead of the most fine one.19 The
strategic use of the suggested abridged sequence shown in
Scheme 1 may be the best route that can now be executed for
a given molecular system (cf. ref 32). The proposed protocol
may perform remarkably well in calculating certain molecular
properties and allows achievement of “chemical accuracy” (.1
kcal/mol) inter alia on the rational drug design area.
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