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Carbohydrates are one of the most versatile biochemical
building blocks, widely acting in energetic, structural, or
recognition processes.['l The interpretation of the biological
activity of saccharides is based on the structure and relative
stability of their conformers. One of the obstacles to resolving
the basic structure issues arises from their ability to form
strong intermolecular hydrogen bonds with polar solvents,
which in turn can result in conformational changes. A clear
picture of the conformational panorama of isolated 2-deoxy-
D-ribose has been revealed using Fourier-transform micro-
wave spectroscopy in conjunction with a UV ultrafast laser
ablation source. Additionally, the availability of rotational
data has been the main bottle-neck for examining the
presence of these building blocks in interstellar space,””! so
these studies could also be useful to the astrochemistry
community.

2-Deoxy-D-ribose (2DR, CsH,,0,; Figure 1a) is an impor-
tant naturally occurring monosaccharide, present in nucleo-
tides, which are the building blocks for DNA.F! In DNA, 2DR
is present in the furanose (five-membered) ring form, whereas
free in aqueous solution it cyclizes into five- or six-membered
rings, with the latter—the pyranoid form—being dominant.
By closing the chain into a six-membered ring, the C; carbon
atom is converted into an asymmetric center, yielding two
possible stereochemical o and f anomeric species (Fig-
ure 1b). In aqueous solution, 2DR primarily exists as
a mixture of nearly equal amounts of o and [} pyranose
forms, present in their low-energy chair conformations, ‘C,
and 'C, (Figure 1¢).¥! Such configurations are connected
through ring inversion, thus establishing the axial or equato-
rial position of the OH group for each conformer. In addition,

the monossacharides exhibit an unusual preferential stabili-
zation of pyranose rings containing an axial OH group at the
C, carbon over the equatorial orientation, widely known as
the anomeric effect,” although its physical origin remains
controversial.”! Nevertheless, structural analysis of 2DR must
take into consideration the intramolecular hydrogen bonding
between adjacent OH groups. The formation of hydrogen-
bond networks reinforces their stability owing to hydrogen-
bond cooperativity effects.”’ Such networks are fundamental
to the molecular recognition of carbohydrates.”® By dissecting
all these factors we can determine the most stable conformers
of 2DR and the relative arrangement of the different hydroxy
groups under isolated conditions, such as in the gas phase.
In vacuo theoretical calculations, carried out on a-/f3-
pyranoses, o-/p-furanoses, and open-chain conformations,
predict 15 furanose and pyranose forms (Figure 1d, Table 1)
in an energy window of 12 kJ mol ' above the predicted cc-a-
pyr *C; global minimum. The notation used to label the
different conformers include the symbols o and 3 to denote
the anomer type, *C; and !C, to denote the pyranose chair
form, C2-endo or C3-endo to denote the furanose envelope
forms, and “c” or “cc” to indicate a clockwise or counter-
clockwise configuration of the adjacent OH bonds, respec-
tively. A number is added to provide the MP2 energy ordering
within the same family. To validate the predicted conforma-
tional behavior, comparison with precise experimental data of
2DR is needed. Previous experiments to determine the
conformation of monosaccharides were based on X-ray and
NMR measurements./”*! However, these data are influenced
by environmental effects associated with the solvent or crystal
lattice. Recently, an IR spectrum of 2DR in an inert matrix in
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Figure 1. a) Fisher projection of 2-deoxy-b-ribose. b) Haworth projections of o and § anomers. c) 'C, and *C, chair conformations. d) Predicted
conformers within 12 kj mol™" from MP2(full)/6-311 + + G(d,p) ab initio computations; the observed conformers are in dashed boxes. H white;
C light gray; O dark gray.

the region of the stretching OH vibration was interpreted by  es!!' have been investigated by UV and IR double-resonance
summing the modeled spectra for several o and f con-  hole-burning spectroscopy experiments, but no data have
formers.'”! Gas-phase studies of some phenyl-substituted been reported for the corresponding 2DR derivative.
monosaccharides,'? polysaccharides,'™ or sugar complex-

Table 1: Spectroscopic parameters and relative energies for the o and f3 lowest-energy conformers of 2-deoxy-b-ribose.?!

A" B c |ua s e AEM AG

[MHz] [MHz] [MHz] [D] [D] [D] [k) mo|71] [k) molq]
cc-a-pyr *C, 2492 1533 1250 2.9 03 0.3 0 0
c-a-pyr ‘C-1 2518 1535 1259 3.0 0.6 1.4 4.7 4.7
c-a-pyr ‘C-2 2512 1531 1258 3.6 0.7 2.8 6.6 6.0
c-a-pyr 'C, 2503 1395 1077 18 1.6 1.9 8.0 6.7
c-a-pyr ‘C,-3 2511 1520 1249 1.0 33 1.6 11.2 10.6
c-B-pyr 'C,1 2447 1527 1158 26 12 05 43 33
ccB-pyr 'Cp-1 2463 1524 1150 1.0 2.1 0.6 7.0 5.6
cc-B-pyr 'C-2 2446 1528 1150 0.2 1.1 2.2 8.4 6.8
c-B-pyr 'C,-2 2455 1522 1154 1.2 2.6 0.3 8.6 6.7
cBopyr *C;1 2956 1279 1030 1.7 2.0 0.2 10.7 8.9
cc-B-pyr ‘G 2948 1273 1028 0.2 2.2 1.0 11.4 9.4
o-B-pyr *C,-2 2947 1279 1029 22 0.6 A 15 9.4
cc-a-fur-C,-endo-1 2527 1379 1155 0.6 2.6 0.6 6.7 35
cc-a-fur-C,-endo-2 2627 1261 1035 1.3 2.0 1.5 10.2 6.5
cc-a-fur-C,-endo-3 2576 1371 1172 1.9 2.0 0.5 12.0 8.5

[a] Within 12 k) mol ™" at MP2(full)/6-311 + +G(d,p). [b] A, B, and C represent the rotational constants, |u, |, |4, |, and |u| are the absolute values of
electric dipole moment components (1 D=3.3356x10"*° Cm). [c] Electronic energies including zero-point energy correction. [d] Gibbs energies
calculated at 298 K.
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The intrinsic difficulty of working with gas-phase 2DR (or
carbohydrates, in general) is due to the labile nature of the
solid sample (m.p.=89-90°C) and inherent difficulties for
vaporization. A number of powerful strategies have been
found, which use a combination of laser ablation for trans-
ferring intact molecules into the gas phase, rapid cooling in
a free jet expansion to stabilize their conformers, and highly
selective Fourier-transform microwave spectroscopy to probe
the most stable conformers (this method is known as LA-MB-
FTMW).'" Structural studies of amino acids,"® nucleic acid
bases,'" neurotransmitters" drugs (like aspirin),'® and
sugars such as glucose!'”! benefit from this LA-MB-FTMW
technique.'"” Recently, the microwave spectra of ribose!' and
fructose!’ have been characterized using a UV ultrafast laser
ablation source with a Balle-Flygare FTMW spectrometer. In
the last years, new broadband Fourier-transform microwave
techniques® have allowed for rapid acquisition of the
rotational spectrum in wide frequency ranges. Recently,
a picosecond laser ablation source has been assembled for
these techniques®?! at the University of Valladolid and
applied to the conformational studies of vitamin C*?! and p-
fructose.'”® The spectrum of 2DR was observed and assigned
independently in Valladolid and Bilbao using a chirped-pulse
(CP) FTMW technique and a Balle-Flygare FTMW spec-
trometer, respectively, in both cases combined with a UV
picosecond laser source (for more details see the Experimen-
tal Section of the Supporting Information). Six different
rotameric species (labeled I to VI) were identified, after the
lines known to belong to photo-fragmentation species!'®!
were removed from the broadband spectra recorded in
Valladolid (see Figure 2). Assignments were mainly based
on the identification of characteristic patterns of p,-R-branch
progressions in the 6-12 GHz frequency range. The rotational
constants collected in Table 2 (see the complete results in
Table S1) were determined by a Watson semirigid rotor
Hamiltonian™! of the measured transitions (Supporting
Information, Tables S2-S7).

A comparison of the experimentally determined values
(Table 2) with those predicted ab initio (Table 1) enabled the

identification of the six detected rotamers as particular
conformers of 2DR. All structures observed were o/f3-
pyranoses forms. We found no evidence of either o/f-
furanoses or any linear forms in the gaseous 2DR. The
conformational assignment used the rotational constants,
type, and magnitude of the observed spectrum and the
relative intensity of the microwave transitions. The exper-
imental rotational constants of rotamers1 and II are only
consistent with those predicted for the conformers c-f3-
pyr 'C4-1 and cc-B-pyr 'C,-1. However, their absolute values
do not allow discrimination between them. Considering that
one departs from the clockwise orientation of the OH groups
of the c-B-pyr'C,-1 conformer towards the cc-B-pyr'C,-
1 conformer counterclockwise orientation, the predicted
changes in rotational constants (AA=-16 MHz, AB=
3 MHz, and AC=8 MHz) are in good agreement with those
calculated from experimental values (AA=-11.7 MHz,
AB=24MHz, and AC=7.5MHz), thus allowing us to
assign rotamer I as conformer c-B-pyr 'C,-1 and rotamer I1
as conformer cc-B-pyr 'C,-1. Also, the intensities of the
measured transitions are in agreement with the predicted
values of the dipole moment components and the selection
rules, further supporting this assignment. Analogously, the
rotational constants of rotamers III and IV should be related
to either c-B-pyr *C;-1 or cc-B-pyr *C, conformers. Only ,-
and p,-type spectra for rotamer I and p,- and p-type spectra
for rotamer IV were observed. Based on the predicted values
of the dipole moment components, rotamer III can only be
ascribed as c-B-pyr “C;-1, whereas rotamer 1V is cc-B-pyr *C,.
For rotamers V and VI, rotational constants are consistent
with those predicted for o *C, pyranoses. Again, the selection
rules and intensities observed indicate that rotamers Vand VI
should be assigned to conformers cc-a-pyr‘C; and c-a-
pyr ‘C,, respectively. The fact that we did not observe
conformers c-a-pyr *C;-2, cc-B-pyr 'C,-2, c-B-pyr 'C,-2, and
c-B-pyr *C,-2 in Table 1 can be safely attributed to a collisional
relaxation in the jet,[24] because it differs from the observed
conformers only in the orientation of one of the hydroxy
groups at C; or C, (see some examples of the calculated
interconversion barriers in the
Supporting Information, Figur-
es S1,S2).

The population ratios for
o and f conformers—c-f3-
pyr 'Cy-1(1):cc-B-pyr 'C,-1(IT):c-
B-pyr *Cy-1(I1):cc-B-pyr *C,
(IV):cc-a-pyr *Cy(V):c-a-pyr *Cy-
1(VI) =1:0.06(1):0.38(4):0.11(1):-
0.15(1):0.02(2)—have been esti-
i mated from the transition inten-
. i sities,®! taking into account the
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Figure 2. Broadband microwave spectrum of 2-deoxy-p-ribose.
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conformer. Prior to the interpre-

tation of these data, although the
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Table 2: Experimental spectroscopic parameters for the six observed conformers of 2-deoxy-p-ribose.

Parameter Rotamer | Rotamer II Rotamer Il1 Rotamer IV Rotamer V Rotamer VI
c-B-pyr 'C,-1 cc-B-pyr 'Cy-1 c-B-pyr ‘Cy-1 cc-B-pyr “Cy cc-a-pyr *C, c-a-pyr *Cy-1

AFl [MHZ] 2437.82389(32)H 2449.4937 (10) 2934.15899 (60) 2921.37984 (69) 2484.4138 (40) 2505.0150 (12)

B [MHz] 1510.72826 (24) 1508.31836 (62) 1271.16943 (40) 1266.99318 (79) 1517.76532 (26) 1521.47507 (52)

C [MHz] 1144.98038 (27) 1137.47992 (43) 1022.34862 (35) 1020.28439 (76) 1238.99757 (27) 1246.45004 (53)

u,® Obslf! Obs Obs - Obs Obs

Uy Obs Obs Obs Obs - -

e Obs Obs - Obs - Obs

o [KHz] 5.2 7.3 5.0 7.0 1.8 4.0

N 67 21 43 20 19 16

[a] A, B, and C are the rotational constants. [b] Electric dipole moment. [c] RMS deviation of the fit. [d] Number of fitted transitions. [e] Standard error
in parenthesis in the units of the last digit. [f] Obs =observation of a-, b-, and c-type transitions for each structure.

cc-a-pyr *C, conformer has been predicted to be 4.3 kI mol™!
more stable than the c-B-pyr 'C, one, it is only reasonable to
assume that the 2DR rotational spectra will reflect the
composition of the a and  forms in the solid commercial
sample. The interconversion between the o and 3 anomers is
a solvent-mediated reaction and would not occur that easily
during evaporation,® especially if the sample is completely
dry.”! Hence, our results indicate that 2DR exists in the gas
phase as a mixture of approximately 10 % of o and 90 % of 3
pyranose forms, thus showing the dominance of the B-'C,
pyranose form, as found in the previous X-ray crystal study.”!
The relative hypothetical equilibrium populations for the 3
forms—c-B-pyr 'C,-1(1):cc-B-pyr 'C,-1(I1):c-B-pyr *C;-1-
(II):cc-B-pyr *C,(IV) = 1:0.39:0.11:0.08, predicted from the
Gibbs energies—are not in total agreement with the exper-
imental abundances we found, particularly in the case of the
pair cc-B-pyr 'C,(I):c-B-pyr *C,(III). This must be due to
either to an incorrect evaluation of the ab initio energies,
collisional relaxation of high-energy conformers to low-
energy conformers,”/ or the result of a series of processes
that include the laser-vaporization of the solid.”! In this way,
the relative observed population ratio can be only tentatively
related to a population distribution close to those of
equilibrium at the temperature of the carrier gas, assuming
that a high collisional rate exists in the seeding region.””!
Nevertheless, our experimental results reflect the most
abundantly observed a and [} anomers, which are predicted
as the global minimum.

In Bilbao, with the Balle-Flygare FT-MW technique,
thanks to the high sensitivity, we were able to extend the
spectral measurements to all five monosubstituted *C species
and the endocyclic '*O species using their natural abundance
(approximately 1.1 % and 0.2 %) for the most abundant c-f3-
pyr 'C,-1 conformer (see Tables S8-S10). The isotopic infor-
mation was used to derive substitution and effective struc-
tures for this species, shown in Table S11 and an interactive
3D model in the Supporting Information.

The detected conformers of 2DR, depicted in Figure 3,
can be rationalized in terms of factors that may contribute to
their stabilization. The two observed o conformers, cc-a-
pyr °C,; and c-a-pyr “Ci-1, are stabilized by the anomeric
effect; they have a “C; ring configuration, thus leading the
anomeric OH group towards the axial position. The hydroxy

Angew. Chem. 2013, 125, 12056 —12061
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groups of both conformers are located at the same side of the
ring and are able to form chains of hydrogen bonds, which in
turn, are strongly reinforced by sigma hydrogen-bond coop-
erativity.”! The most abundant o form cc-a-pyr *C, presents
a counter-clockwise arrangement of the OH groups with
a chain of three hydrogen bonds O)H:-O3H-Oq)H Oy,
while the less abundant c-a-pyr *C;-1 shows a chain of two
hydrogen bonds O,H:+-O3)H-O4»H. The anomeric effect in
the most abundant B form c-B-pyr 'C,-1 is reinforced by an
intramolecular hydrogen bond network O3 H:--OyhH:+Oy,.
Conformers c-B-pyr *C;-1 and cc-B-pyr *C;, with the anomeric
hydroxy group in the equatorial position, are stabilized by two
non-cooperative intramolecular hydrogen bonds. All the
conformers exhibit a mutual gauche configuration for the
hydroxy groups at the C; and C, positions, thus establishing
that the gauche effect is not a discriminating factor for the
stability. Other kinds of stabilization, such as the Hassel-
Ottar and delta-two effects, play a secondary role in mono-
saccharides.”

Compared to ribose the absence of the hydroxy group at
C, in 2-deoxyribose limits the possibility of forming hydrogen
bonds and in practice leads to a weakening of the cooperative
hydrogen-bond network, altering the relative abundances. For
example, the most stable a-pyranose form c-a-pyr 'C, of
ribose has not been detected in 2DR. The absence of an O,H
group reverses the arrangement of the OH groups in the most

c-B-pyr 'C, ce-B-pyr'C, c-B-pyr °C, ce-p-pyr'C,

ce-0-pyr ‘C, c-0-pyr ‘C,

Figure 3. The six observed conformers of 2-deoxy-b-ribose showing the
intramolecular hydrogen bond arrangements (dashed lines). H white;
C light gray; O dark gray.
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stable B-pyranose forms (from clockwise c-B-pyr 'C, of 2DR
to counter-clockwise in ribose cc-B-pyr 'C,) to maximize the
number of hydrogen bonds (two in cc orientation versus one
in the clockwise arrangement).

In summary, the anomeric effect and hydrogen bonding
are the main factors controlling the conformational behavior
of isolated 2DR, represented by two a- and four (3-pyranose
conformers. Hydroxy groups are preferentially orientated in
such way to yield cooperative hydrogen bonding as efficiently
as possible. When 2DR is vaporized, it exists predominantly
in the pyranose form with a relative abundance of 10% of
o and 90% of B forms in accordance with its crystalline
composition. In this context, the experimental ionization
energy of 9.1 eV of gas-phase 2DR, obtained using tunable
vacuum UV synchrotron radiation,®'! which has been pre-
viously ascribed to a pyranose forms, should actually corre-
spond to the § forms.

The question remains as to how solvation affects the
equilibrium between the pyranose and furanose forms. The
evidence collected so far supports that pyranoses are more
stable both in gas-phase and solution, so the presence of
ribose and deoxyribose in RNA or DNA cannot be merely
attributed to a preference for furanoses in a physiological
medium. Some structural arguments could be based on the
existence of an exocyclic hydroxymethyl group (at C-5) in the
furanose form. Both DNA and RNA involve a phosphate-
linked chain, connected through bonds between the (exocylic)
CH,OH OH-5" and (cyclic) OH-3' groups. This could not
occur if the ribose/deoxyribose units were in the pyranose
form. With this argument the evolutionary preference might
be structural and connected to the availability of the “CH,0O-”
linker. The question of why DNA/RNA chains grow by way of
OH3’ and OHY’ could then be an option of suitability, because
there are several combinations of hydroxy groups that can
build biologically useful shapes.

Alternatively, Eschenmoser™¥ has suggested that the
use of RNA in biology is not due to base-paring strength, but
to high tolerance of base-pair mismatches. However, the
question remains open because no experiment has yet shown
a nucleotide with a reasonable ability to replicate non-

enzymatically under “natural conditions”.”*
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