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Introduction

The term “RNA world” stands for the theory that presumes
that RNA played a critical role in the origin of life,[1,2] and it
hypothesizes that, on early earth, RNA functioned both as a

carrier of genetic information and as an enzyme that cata-
lyzed the synthesis of other RNAs. Although the theory re-
ceived considerable impetus after catalytic RNAs were dis-
covered,[3,4] its plausibility remains controversial. For exam-
ple, one of the main objections is that d-ribose, a component
of RNA, could not have accumulated under prebiotic condi-
tions.
Ribose and related aldopentoses (arabinose, lyxose, and

xylose), are formed during the formose reaction,[5] but it is
debatable whether this reaction could have led to the accu-
mulation of ribose on early earth.[6,7] New findings, however,
have cast a different light on this debate: in reference [8],
Ricardo et al. found that borate minerals do not interfere
with the formose reaction and, more importantly, that they
stabilize ribose. As borate minerals are not excluded from
early earth, Ricardo et al. argued that the accumulation of
ribose could not be ruled out either. Subsequently, Li et al.[9]

found that ribose has the strongest affinity for boron, fol-
lowed by lyxose, arabinose, and xylose. This implies that in
the presence of borate minerals, nature would have a prefer-
ence for accumulating ribose. The findings in referen-
ces [8,9] provide a way to stabilize and select ribose in prebi-
otic conditions, and in turn remove one of the major objec-
tions to the RNA-world theory. However, questions remain,
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the most apparent one being why ribose has the strongest
affinity for boron.
Figure 1a shows the furanose form of the alpha and beta

isomers of ribose, arabinose, lyxose, and xylose. The binding
of two aldopentose molecules and B through the oxygen
atoms denoted as O1,O2 as well as O2,O3 are shown in Fig-
ure 1b and c, respectively. Ribose and lyxose can bind to B
through O1,O2 or O2,O3. The beta isomer of arabinose, as
well as the alpha isomer of xylose, can bind B through
O1,O2. These two aldopentose molecules do not bind to
borate through O2,O3, because their O2 and O3 atoms are
in the trans position. In Figure 1b and c the aldopentose
complexes are homogeneous, that is, these complexes in-
volve only one type of aldopentose.
In reference [8], Ricardo et al. assumed that the aldopen-

toses are in the furanose form, but then they provided only
tentative structures for their homogeneous borate com-
plexes. The study by Chapelle and Verchere,[10] on the other
hand, contains more structural information on homogeneous
aldopentose–borate complexes (no information on heteroge-
neous complexes is provided). They investigated the struc-
ture and stability constants of these complexes in aqueous
solution, and found that the aldopentose is always present in
a furanose form; for ribose and lyxose, the complexes
appear as a mixture of species, bound either through O1,O2
or O2,O3. They suggest that ribose and xylose form consid-
erably more stable borate complexes than arabinose and
lyxose. Although references [9,10] report different relative

stabilities of the aldopentose–borate complexes, they agree
that the borate complex of ribose is the most stable one.
The experimental information is consistent in that the

ribose–borate complex is the most stable one, but there is
no explanation as to why this is the case. In addition, instead
of the absolute stability of the borate complexes, both stud-
ies measure the stabilites relative to the free pyranose form
of the pentose molecules. It is, however, necessary to point
out that the primary product of the borate-assisted pentose
synthesis suggested by Ricardo et al. is not the free pentose,
but the pentose–borate complex. As all complexes are
formed from the same starting material, the free-energy
change upon pentose–borate complex formation is dictated
by the absolute stability of the product, that is, the pentose–
borate complex.
In the current work, for the first time, we attempt to de-

termine the order of absolute stabilities of the pentose–
borate 2:1 complexes. For this purpose we use quantum-
chemical calculations, which derive the absolute stability of
these complexes directly from their wavefunction. In con-
trast, experimental methods, based on the evaluation of
thermodynamic equilibria, always measure relative energies.
Thus, unless using the same reference compound, which, in
most cases, is not affordable, experiments do not measure
directly the order of absolute stabilities. A further advantage
of the theoretical calculations is that, in addition to the ener-
gies, they simultaneously provide tentative structural models
for these compounds, thus directly relating structures and

Figure 1. Aldopentoses of the a- and b-series (a) may bind to borate either in the 1,2 (b) or 2,3 (c) fashion.[9,10] R1=CH2OH, R2=H for ribose and
xylose. R1=H, R2=CH2OH for arabinose and lyxose. The numbers in bold italics on the top left structure show the numbering of the ring positions ac-
cording to the carbohydrate nomenclature.
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energies. In this way a panoramic understanding of the
structure and stability of the aldopentose–borate 2:1 com-
plexes can be achieved. The objective of the current paper
is thus to provide a complex theoretical characterization of
the pentose–borate 2:1 complexes with a special emphasis
on the stabilities and structures of these compounds.

Computational Methods

All computations were carried out at the B3LYP level of theory[11–13]

with the Gaussian 03[14] computer code. The B3LYP functional is a
widely used density functional in quantum chemistry, which performs
very well for a broad spectrum of chemical problems. The 6-31G** basis
set was used for geometry optimization. Relative energies were evaluated
utilizing the considerably larger 6-31++G ACHTUNGTRENNUNG(2d,2p) basis set on the 6-
31G** optimized geometries. A similar approach was used in refer-
ence [15]; reference [16] shows that single-point calculations at the
B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p)//B3LYP/6-31G** level provide very good
energy estimates for carbohydrates, because of the very effective reduc-
tion of the intramolecular basis set superposition error[17] artifact. Thus,
due to compensation of errors, the level of calculations used here is opti-
mally tuned for the purpose of our investigation.

We use the following energy units throughout the paper: total electronic
energies are given in Hartree, while relative energies are in kcalmol�1.
The two energy units can be interconverted as follows: 1 Hartree=

627.509 kcalmol�1.

The presence of the aqueous medium (e=78.4) was accounted for with
the COSMO dielectric continuum method.[18, 19] The united atom topolog-
ical model and a scaling factor of 1.2 were used to define the atomic
radii. As the geometries of the aldopentose–borate complexes were opti-
mized in solution, we could not carry out zero-point and entropy correc-
tions of the computed energy data.

Analysis of the molecular orbitals was performed on the B3LYP/6-31++

G ACHTUNGTRENNUNG(2d,2p) wavefunction with the NBO3.0 program[20] implemented in the
Gaussian 03 code.

Results and Discussion

To provide reliable energy estimates, one needs correct
models of the aldopentose–borate complexes in solution.
The precise molecular structures of these complexes are not
known. Therefore, we first had to propose plausible model
geometries for these systems. This was done in a stepwise
manner by exploiting the available knowledge on the stabili-
ty of carbohydrates in the gas phase and in solution.
Anomeric and steric effects are the most important fac-

tors in determining the equilibrium conformation of the fur-
anose ring of gas-phase aldopentoses.[21,22] We first investi-
gate how these factors affect the conformation of the fura-
nose ring and its mode of binding to the borate anion.
These calculations were carried out in the gas phase.
Then we consider the effect of hydrogen-bonding interac-

tions, which is of primary importance in determining the sta-
bility of carbohydrates both in aqueous solution[15] and in
the gas phase.[21] Whereas in the gas phase the carbohydrates
tend to establish as many internal hydrogen bonds as possi-
ble,[21] in aqueous solutions the water molecules break the
intramolecular hydrogen bonds.[15] If no other effects are
present, the OH groups of the carbohydrate are oriented to

ensure a favorable contact with the solvent water mole-
cules.[15] Nevertheless, in the aldopentose–borate complexes
the negatively charged borate anion may compete with the
water molecules and thus change the orientation of the hy-
droxyl groups of the aldopentoses as compared to their ori-
entation adopted in noncomplexed form. All these alterna-
tives will be tested and accounted for upon constructing the
models.
Thus, to suggest plausible models for the aldopentose–

borate 2:1 complexes we will consider stereoelectronic and
steric effects in the gas phase as well as the effect of hydro-
gen bonding in solution. We begin with the description of
the stereoelectronic effects, since they are molecular orbital
effects and therefore will be largely unchanged even in the
presence of a polar solvent.[23]

Hyperconjugation—determining the conformation of the
furanose ring in the aldopentose–borate complexes : The six
models that we used to investigate how the conformation of
the furanose ring is affected by stereoelectronic and steric
effects are depicted in Scheme 1. Starting from the 2:1

Scheme 1.
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borate complex of ethylene glycol (1), we gradually extend-
ed our model up to the furanose–borate 2:1 complexes. At
each step of the model extension, we selected a model that
enabled the maximum extent of hyperconjugative stabiliza-
tion of the complex. Models with the maximum extent of
hyperconjugation could be easily proposed, knowing that in
aliphatic R-O-C-X linkages, in which X is an electronegative
atom or functional group (e.g., OH), the C�X group is
gauche with respect to R�O. This is because of the favorable
stereoelectronic orbital interaction between the antibonding
C�X and nonbonding O orbitals.[24]

In this way the following complexes were derived from
the 2:1 borate complex of ethylene glycol (1). Replacing
one of the hydrogen atoms of each ethylene glycol moiety
of 1 with a methoxy group, but keeping the C2 symmetry, re-
sulted in model 2. From the optimized geometry of 1 and 2,
we constructed two series of models representing binding of
the furanose rings to the borate anion through O1,O2 or
O2,O3. In 3, the etheric O is geminal to one of the borate O
atoms, and it describes the situation when B and the pentose
are bound through O1,O2. In 4, the etheric O is vicinal to
both borate oxygen atoms and it represents the O2,O3 bind-
ing. From the most stable geometries of 3 and 4, we con-
structed models 5 and 6, respectively. Model 5 contains an
OH group connected to C3; 6 has the OH group connected
to C1. All the models were optimized in the gas phase at
the B3LYP/6-31G** level. The
optimized geometries are de-
picted in Figure 2.
After the geometrical optimi-

zations we evaluated the stereo-
electronic effects with the natu-
ral bond orbitals (NBO, see ref-
erence [20]) analysis. This
method allows the tracking
down of stereoelectronic effects
in complex systems in an accu-
rate way.[25] The multicentered
orbitals were projected into lo-
calized bond orbitals, and the
stabilization energy brought
about by donor–acceptor inter-
actions between localized bond
orbitals was quantified by the
second-order stabilization ener-
gies. These energies are derived
from the nondiagonal elements
of the Fock matrix expressed
on the basis of natural bond or-
bitals.[26] Table 1 summarizes
the computed second-order sta-
bilization energies for the most
important orbital interactions in
compounds 1–6.
In the optimized geometry of

1, the dihedral angle between
the vicinal B�O1 and C1�C2

Table 1. The second-order stabilization energies due to the delocalization of the donor orbital into the accept-
or orbital (Eij, kcalmol�1) characterizing the main donor–acceptor interactions between localized NBO orbi-
tals.[26]

Model Donor!acceptor[a] Eij Model Donor!acceptor[a] Eij

1 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 10.9 4b n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 8.8
n(O3)!s* ACHTUNGTRENNUNG(C3�H3) 7.2

2 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 4.3, 1.2[b] n(O4)!s* ACHTUNGTRENNUNG(C4�C3) 2.9, 1.8[b]

n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 19.2 n(O4)!s* ACHTUNGTRENNUNG(C4�H4) 7.3
n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 9.3 n(O2)!s* ACHTUNGTRENNUNG(C1�C2) 8.7
n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 10.2 n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 7.7

n(O4)!s* ACHTUNGTRENNUNG(C1�C2) 2.9, 1.8[b]

3a n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 4.6, 1.2[b] n(O4)!s* ACHTUNGTRENNUNG(C1�H1) 7.4
n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 20.2
n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 12.7 5 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 5.0, 1.1[b]

n(O2)!s* ACHTUNGTRENNUNG(C2�C3) 9.0 n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 18.7
n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 5.9, 0.8 [b] n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 12.9

n(O2)!s* ACHTUNGTRENNUNG(C2�C3) 8.8
3b n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 6.9, 0.9[b] n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 3.9, 1.6[b]

n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 17.2 n(O3)!s* ACHTUNGTRENNUNG(C2�C3) 3.1, 2.0[b]

n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 9.1 n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 9.9
n(O2)!s* ACHTUNGTRENNUNG(C2�C3) 11.3
n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 3.5, 1.4[b] 6 n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 11.5

n(O3)!s* ACHTUNGTRENNUNG(C3�H3) 1.5, 3.3[b]

4a n(O3)!s* ACHTUNGTRENNUNG(C3�C4) 11.7 n(O4)!s* ACHTUNGTRENNUNG(C3�C4) 1.4, 3.4[b]

n(O3)!s* ACHTUNGTRENNUNG(C3�H3) 3.9, 1.2[b] n(O4)!s* ACHTUNGTRENNUNG(C4�H4) 6.8
n(O4)!s* ACHTUNGTRENNUNG(C4�C3) 3.8, 1.2[b] n(O2)!s* ACHTUNGTRENNUNG(C1�C2) 8.7
n(O4)!s* ACHTUNGTRENNUNG(C4�H4) 6.6, 0.6[b] n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 5.7, 1.2[b]

n(O2)!s* ACHTUNGTRENNUNG(C1�C2) 9.4 n(O4)!s* ACHTUNGTRENNUNG(C1�C2) 2.1, 2.1[b]

n(O2)!s* ACHTUNGTRENNUNG(C2�H2) 6.5, 0.7[b] n(O4)!s* ACHTUNGTRENNUNG(C1�O1) 14.0
n(O4)!s* ACHTUNGTRENNUNG(C1�C2) 3.1, 1.6[b] n(O1)!s* ACHTUNGTRENNUNG(C1�O4) 17.0
n(O4)!s* ACHTUNGTRENNUNG(C1�H1) 6.9 n(O1)!s* ACHTUNGTRENNUNG(C1�H1) 4.8, 0.7[b]

n(O1)!s* ACHTUNGTRENNUNG(C1�C2) 3.5

[a] For atom numbering refer to Scheme 1. [b] Two numbers refer to two different lone pair (donor) orbitals
centered on the same oxygen atom.

Figure 2. Gas-phase B3LYP/6–31G** optimized geometries of complexes
1–6. Atom colors: C-dark grey; O-red; H-light grey; B-pale pink. The
numbers refer to the computed total electronic energies (Hartree) ob-
tained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level using the B3LYP/6-31G**
optimized geometries. 1 Hartree=627.509 kcalmol�1. Black asterisks in-
dicate the positions of the C1 atoms.
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bonds (for atom numbering refer to Scheme 1) is 268, which
enables a stabilizing n!s* hyperconjugation between the
O1 lone pair and the vicinal C1�H1 bond located in the an-
tiperiplanar position. This orbital interaction has a second-
order stabilization energy of 10.9 kcalmol�1.[27]

Model 2 was obtained from 1 by replacing one of the H
atoms[28] at C1 with a methoxy group (see Scheme 1). In 2,
the methyl group is antiperiplanar to H1 in order to ensure
an orientation of the C1-O4-C4 linkage similar to that in the
furanose ring. As a result of the attachment of the methoxy
group, a new hyperconjugation arises between the C1�O4
antibond and the lone pair of O1; this hyperconjugation
contributes 19.2 kcalmol�1 to the stability of 2 (see Table 1).
In the reverse direction, there is an electron donation from
O4 to the C1�O1 antibond, which results in a slightly
weaker (9.3 kcalmol�1) second-order stabilization energy.
By replacing one of the hydrogen atoms of the terminal

C4 methyl group in 2 with a �CH2� moiety we arrive at a
model representing the binding of the furanose ring to the
borate through O1,O2 (structure 3a in Figure 2). In 3a, the
C4�O4 bond is synclinal to the C1�C2 bond and all stabiliz-
ing effects discussed above are preserved. In addition, a new
(albeit less stabilizing) orbital interaction arises between the
lone pair of O2 and the C2�C3 antibond (see Table 1) as a
consequence of ring closure. Due to the rigidifying effect of
the strained chelate ring formed with the borate, the confor-
mation of 3a is the only one that enables optimum condi-
tions for a strong n(O4)!s* ACHTUNGTRENNUNG(C1�O1) hyperconjugation. We
tested this by creating another furanose–borate 2:1 complex,
denoted in Figure 2 as model 3b, by moving the C4�O4
bond into synperiplanar position with respect to the vicinal
C1�C2 bond. As shown in Table 1, on going from 3a to 3b
the n(O1)!s* ACHTUNGTRENNUNG(C1�O4) contribution is reduced from 20.2 to
17.2 kcalmol�1, while the n(O4)!s* ACHTUNGTRENNUNG(C1�O1) term decreas-
es from 12.7 to 9.1 kcalmol�1. In line with this, 3b is destabi-
lized with respect to 3a by about 6.4 kcalmol�1.
Model 4 represents the situation in which the borate and

the furanose rings are bound through O2,O3. We created
two models (4a and 4b) for this type of binding considering
the following points. In models in which the borate anion
and furanose rings are bound through O2,O3 the hypercon-
jugation between the borate O (either O2 or O3) and O4 is
absent, because these two atoms are separated by two
carbon atoms. On the other hand, remarkable stereoelec-
tronic orbital interactions between the borate O (O2,O3)
lone pairs and the adjacent C�H and C�C bonds are expect-
ed, as the steric hindrance introduced by B causes the lone
pair of the borate oxygen atoms (O2,O3) to be in an optimal
position to donate electrons to the adjacent C�H or C�C
antibonds. Favorable donor–acceptor orbital interactions be-
tween the lone pair of the etheric O (O4) and the adjacent
C�C and C�H bonds in 4a and 4b requires a staggered con-
formation between the C�O4 and the geminal C�H and C�
C bonds. Because of the geometrical restraints imposed by
the five-membered chelate ring formation with borate, the
staggered conformation can be achieved in only two differ-
ent ways: by placing the etheric O above or below the plane

defined by the other four ring atoms (i.e., anti or syn to the
borate, respectively). Models 4a and 4b, the optimized
structures of which are shown in Figure 2, represent the anti
and syn orientations, respectively. As expected, the orbital
interactions in 4a and 4b are not very different from each
other, and this is also reflected in their very similar total en-
ergies. In both complexes the leading stabilization term is
the n!s* hyperconjugation between the lone pair of borate
oxygens (O2,O3) and the adjacent C�C bonds, contributing
around 9–12 kcalmol�1 to the stability of the complex. This
value, however, is far less than the n!s* hyperconjugation
between the lone pair of the borate O (O1) and the geminal
C1�O4 bond in models 3a and 3b (20.2 and 17.2 kcalmol�1,
respectively, see Table 1). Similarly, hyperconjugation be-
tween the lone pair of O4 and the adjacent C1�O1 bond in
3a and 3b is considerably stronger (12.7 and 9.1 kcalmol�1,
respectively) than that between the O4 lone pair and the
geminal C�C bonds in 4a and 4b (4.7–5.0 kcalmol�1). This
weakening of the donor–acceptor orbital interactions is re-
flected by the stability of 4a and 4b being approximately
18 kcalmol�1 lower than that of 3a.
We have also considered the stereoelectronic effect of the

free (i.e., noncomplexed) hydroxyl groups of the aldopento-
ses. In the 1,2-borate complexes of aldopentoses the addi-
tional OH is bound to C3 and thus it is not in direct contact
with C�O bonds or oxygen lone pairs. In contrast, due to
the presence of the anomeric hydroxyl group in the 2,3-com-
plexes, one has to count on hyperconjugation between the
lone pair of O1 and the C1�O4 bond. This orbital interac-
tion is analogous to the strongly stabilizing n!s* hypercon-
jugation between the lone pair of O1 and the geminal C1�
O4 bond in 3a and 3b. Thus, it is reasonable to expect that
addition of the OH groups to the studied pentose–borate
complexes results in a more substantial stabilization of 4
(representing borate binding through O2,O3) than 3 (bind-
ing through O1,O2). To check this, we constructed two
models (5, 6) by adding an OH group to C3 and C1 of 3a
and 4a, respectively. In 6, the initial position of the added
hydroxyl was selected in such a way as to enable the maxi-
mum extent of hyperconjugation between the lone pair of
the added hydroxyl and the adjacent C1�O4 bond. Upon
geometry optimization, however, a hydrogen bond was
formed between one of the borate oxygen atoms and the
added OH, slightly displacing the OH group from its initial
position. In 5, the added OH was oriented in a similar posi-
tion, to enable hydrogen-bond formation with the adjacent
borate oxygen. In this complex the added OH is not in con-
tact with any oxygen atoms separated by a single C atom;
therefore here the 3-OH group does not participate to a sig-
nificant extent in stereoelectronic interactions. In contrast,
this model truly captures the neat effect of the hydrogen
bonding with the borate oxygen on the stability of 5 and 6.
Thus, the energy difference between 5 and 6 reflects the
effect brought about by the hyperconjugation between the
lone pair of O1 and the C1�O4 bond. The optimized ge ACHTUNGTRENNUNGom-
ACHTUNGTRENNUNGetries of complexes 5 and 6 are depicted in Figure 2. Indeed,
the energy difference between 5 and 6 is 9.9 kcalmol�1,
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which is half of the energy difference between 3a and 4a
(17.8 kcalmol�1). As anticipated, in 6 the main stabilizing
effect is the hyperconjugation between the lone pair of the
hydroxyl oxygen and the adjacent C1�O4 bond, which
amounts to 17.0 kcalmol�1. This structure is further stabi-
lized by another hyperconjugation between the lone pair of
O4 and the C1�O1 antibond, contributing 14.0 kcalmol�1 to
the stability (see Table 1). These two effects are quite sub-
stantial, but in total are still noticeably smaller than those
resulting from the analogous orbital interactions of the O1
oxygen of 3a (20.2 and 12.7 kcalmol�1 in 3a). Overall, 5 is
still 9.9 kcalmol�1 more stable than 6.
Since the 5-OH of the aldopentoses is separated from the

nearest oxygen atoms by at least two C atoms, it is reasona-
ble to expect that hyperconjugation between the CH2OH
group and the furanose ring is fairly weak. To check this we
added a CH2OH group to the C4 of 3a both in syn and anti
orientation with respect to the borate. In the optimized
models the strongest orbital interaction was found between
the lone pair of O4 and the C4�C5 bond of the syn model,
which contributes to the stabilization of the complex by
about 6.2 kcalmol�1. All other hyperconjugation effects are
even weaker. Since the analogous hyperconjugation effects
brought about by the OH groups are about 2–3 times stron-
ger (about 12–20 kcalmol�1), ignoring the hyperconjugation
between the 5-CH2OH group and the furanose rings seems
to be a reasonable approach.
In summary, the gas-phase results above show that for the

furanose–borate complexes bound through O1,O2 and
O2,O3 the most stable furanose conformations are those
given by models 3a and 4a, respectively. On the other hand,
the furanose–borate complex bound through O1,O2 is more
stable than that bound through O2,O3. In what follows, we
use model 3a to build the O1,O2-aldopentose–borate com-
plexes. Specifically, to make the O1,O2-aldopentose–borate
complexes, we connect an OH group to C3 of 3a and a
CH2OH group to C4.

Solvent effects—determining the structure of the aldopen-
tose–borate complexes : In the previous section we found
that models 3a and 4a contain the most stable furanose ring
conformations. In this section, we describe how we used
models 3a and 4a to build the aldopentose–borate com-
plexes of ribose, arabinose, lyxose, and xylose. These com-
plexes were then optimized in water within the continuum
solvent approximation.
In the O1,O2 borate complexes of aldopentoses the posi-

tions of the 3-OH and 5-CH2OH groups are as follows: in
ribose and lyxose the 3-OH is syn to the borate; in xylose
and arabinose the 3-OH is in anti position with respect to
the borate. In ribose and xylose the 5-CH2OH is anti to the
borate; in lyxose and arabinose the 5-CH2OH group is syn
to the borate. Nevertheless, this does not say anything about
the conformation of the 3-OH and 5-OH groups with re-
spect to the bonds connected to C3 and C5, respectively.
Since the stereoeletronic effects associated with the 3-OH
and 5-OH groups are insignificant, the directionality of

these groups is determined primarily by the solvation ef-
fects. Kirschner and Woods have shown that the CH2OH
group of methyl a-d-glucopyranoside and methyl a-d-galac-
topyranoside does not form an internal hydrogen bond with
the adjacent etheric O, but is instead fully exposed to the
solvent water molecules, similar to all other hydroxyl groups
present in carbohydrates.[15] This applies to neutral solutes.
The borate complexes of aldopentoses carry a charge of �1,
which dramatically changes the situation. In the neutral al-
dopentoses the strength of the hydrogen bonds formed with
neutral water molecules is similar to that of the internal hy-
drogen bonds in the neutral carbohydrates. In contrast, in
the borate complexes the equivalence of the internal and in-
termolecular hydrogen bonds is lost, due to the presence of
the negatively-charged borate oxygens. Thus, it is reasonable
to expect that in the borate complexes, hydroxyl groups
lying in the vicinity of the negative charge concentration
will prefer intramolecular hydrogen bonds rather than inter-
molecular ones with the solvent. To justify this assumption
we carried out two sets of calculations.
In the first set of calculations, we replaced one of the H

atoms at C3 of 3a with an OH group, and created four
models (T1–T4). These models differ in: 1) the configura-
tion of the 3-OH group with respect to the borate (i.e., syn
or anti for T3,T4 and T1,T2, respectively) and 2) the expo-
sure of the 3-OH to the solvent. The optimized geometries
of T1–T4 are depicted in Figure 3. The two anti complexes
(T1,T2) are very close in energy, but still weakly favor (by

Figure 3. Optimized geometries of the models used to evaluate the effect
of the orientation of the 3-OH group. Optimizations were carried out at
the B3LYP/6-31G** level of theory using the COSMO dielectric continu-
um method. Atom colors: C=dark grey; O= red; H= light grey; B=

pale pink. In T1 and T2 the 3-OH group is anti to the borate; in T3 and
T4 the 3-OH group is syn to the borate. In T1 and T3 the 3-OH is fully
exposed to the solvent; in T2 the 3-OH points towards O4; in T4 the 3-
OH points towards O2. The numbers refer to the computed total elec-
tronic energies (Hartree) obtained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level
using the B3LYP/6-31G** optimized geometries and the COSMO implic-
it solvent model. 1 Hartree=627.509 kcalmol�1. Black asterisks indicate
the positions of the C1 atoms.
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0.3 kcalmol�1) the conformation in which the 3-OH is fully
exposed to the solvent. This is in agreement with the find-
ings of reference [15]. In contrast, the syn complex with the
3-OH exposed to the solvent (T3) is destabilized by
1.4 kcalmol�1 with respect to the syn complex that has the
3-OH forming a hydrogen bond with O2 (T4). This again
justifies our assumption that the negative charge of the
borate moiety alters the orientation of the vicinal syn OH
groups.
We then created model T5 by connecting a CH2OH

group to C4 of 3a. In T5, the OH group of CH2OH is in syn
orientation; its H points inwards (i.e., towards the borate);
its O is in the energetically favorable gauche–trans orienta-
tion.[15] We optimized T5 using the COSMO dielectric con-
tinuum approach. The optimized geometry is depicted in
Figure 4. Subsequently, we created model T6 by rotating the

OH of T5 by 1808 about the O�C bond. In this way, the
OH of T6 was fully exposed to water. We optimized T6 in
solution by relaxing all the structural parameters except the
H-O5-C5-C4 dihedral angle. Comparing the total energies
of T5 and T6, we found that T5 was 1.6 kcalmol�1 more
stable than T6. In other words, the 5-OH group in syn posi-
tion prefers to bind to the borate oxygen rather than to the
bulk solvent. This result justifies our assumption for the 5-
CH2OH group.
Thus, in the aldopentose–borate complexes, the conforma-

tion of the 3-OH and 5-OH groups with respect to the C4�
C5 bond was selected as follows: 1) OH groups syn to the
borate O were rotated to enable interaction with the borate
anion and 2) anti OH groups were exposed to the bulk
water. In all the models, O5 was gauche with respect to O4
and trans with respect to C3; this conformation of the
CH2OH group is the most energetically favored in carbohy-
drate solutions.[15] Then, models constructed in this way
were optimized at the B3LYP/6-31G** level of theory in
aqueous solution using the COSMO dielectric continuum
method.

Relative stability of the aldopentose–borate complexes : The
optimized geometries of the most stable 2:1 complexes for
ribose, xylose, lyxose, and arabinose are depicted in
Figure 5. Their relative energies (kcalmol�1) obtained at the

B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p)//B3LYP/6-31G** level vary as
follows: ribose (0)>xylose (1.5)> lyxose (6.9)>arabinose
(9.9). This order agrees with that reported by Chapelle and
Verchere.[10] Although the stability order suggested by Li
et al.[9] differs slightly from that of Chapelle and Verchere,[10]

both experimental studies agree that the most stable com-
plex is formed with ribose, which is also supported by our
computational results.
In general, the complexes with anti mutual orientation of

the borate and the 5-CH2OH (ribose and xylose, see Fig-
ure 5a and b) are more stable than their syn counterparts
(lyxose and arabinose, Figure 5c and d). The energy differ-
ence between the complexes carrying the 5-CH2OH group
in syn and anti position is more than 6.0 kcalmol�1. This is
not surprising in view of the electrostatic potential of the
furanose–borate 2:1 complexes (Figure 6). In the syn form
the partially negatively charged O5 is forced to interact with
the negatively charged region of the complex, resulting in a
repulsive electrostatic contact. In addition to this, steric re-
pulsion between the hydroxymethyl group and the rest of
the complex may further destabilize the apparently more
crowded syn complexes with respect to the anti forms.

Figure 4. Optimized geometry of the model used to evaluate the effect of
the orientation of the 5-OH group (T5). (Optimization was carried out
at the B3LYP/6-31G** level of theory using the COSMO dielectric con-
tinuum method). Atom colors: C=dark grey; O= red; H= light grey;
B=pale pink. The number refers to the computed total electronic energy
(Hartree) obtained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level using the
B3LYP/6–31G** optimized geometry and the COSMO implicit solvent
model. 1 Hartree=627.509 kcalmol�1. Black asterisk indicates the posi-
tion of the C1 atom.

Figure 5. Predicted B3LYP/6–31G** optimized geometries of the most
stable aldopentose–borate 2:1 complexes. Optimizations were carried out
in solution using the COSMO dielectric continuum model to mimic the
aqueous environment. a) ribose, b) xylose, c) lyxose, and d) arabinose.
Atom colors: C=dark grey; O= red; H= light grey; B=pale pink. The
numbers refer to the computed total electronic energies (Hartree) ob-
tained at the B3LYP/6-31++G ACHTUNGTRENNUNG(2d,2p) level using the B3LYP/6-31G**
optimized geometries and the COSMO implicit solvent model. 1 Har-
tree=627.509 kcalmol�1. Black asterisks indicate the positions of the C1
atoms.
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For a given configuration of 5-CH2OH, the stability order
is determined by the position of the 3-OH: the syn position
is the energetically favored one, because of the internal hy-
drogen-bond formation with the strongly attractive O2; this
makes the 2:1 complexes of ribose and lyxose more stable
than those of xylose and arabinose, respectively.
For comparison, we computed the stability of the O2,O3

ribose–borate 2:1 complex. Its structure was built up analo-
gously to that of the O1,O2 complex, with the exception
that 4a was used as the furanose ring model instead of 3a.
The 1-OH was added to 3a in the a-position, due to the en-
ergetically favorable hydrogen-bond formation with the
borate oxygen at C2. The optimized geometry of the com-
plex is depicted in Figure 7. As expected, the stability of the
optimized model is lower than that of the O1,O2 isomer, by
4.4 kcalmol�1.

Conclusion

In the current paper, for the first time, we have applied elec-
tronic structure calculations to predict the structure and de-

termine the stability order of the 2:1 aldopentose–borate
complexes of ribose, arabinose, lyxose, and xylose. In con-
trast to experimental studies[9,10] published prior to this
work, our energy data are directly derived from the wave-
function and therefore do not depend on the choice of refer-
ence system.
The computed stability order of the aldopentose borate

2:1 complexes is as follows: ribose>xylose> lyxose>arabi-
nose. In general, O1,O2 binding is energetically more favor-
able than O2,O3 binding, due to the higher ring stability in
the O1,O2 form.
Our results clearly show that solution stability of the

ribose–borate 2:1 complex formed through O1,O2 binding
to the borate is superior to those of other aldopentose com-
plexes. This is attributable to the favorable configuration of
the �CH2OH group, complemented by a hydrogen-bonding
contact between the 3-OH group and one of the borate
oxygen atoms. Thus, we suggest that the fortuitous interplay
of intra- and intermolecular hydrogen bonding, electrostatic,
and steric interactions present in the hydrated ribose–borate
2:1 complexes also contributes to the fact that, among the
four aldopentoses, ribose had the greatest potential to sur-
vive in prebiotic conditions and serve as a building unit for
the first RNA architectures.[29]
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