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ABSTRACT: Fructose has been examined under isolation conditions using a
combination of UV ultrafast laser vaporization and Fourier-transform
microwave (FT-MW) spectroscopy. The rotational spectra for the parent, all
(six) monosubstituted '*C species, and two single D species reveal
unambiguously that the free hexoketose is conformationally locked in a single
dominant f-pyranose structure. This six-membered-chair skeleton adopts a *Cs
configuration (equivalent to 'C, in aldoses). The free-molecule structure L I I

sharply contrasts with the furanose form observed in biochemically relevant -

polysaccharides, like sucrose. The structure of free fructose has been determined experimentally using substitution and effective
structures. The enhanced stability of the observed conformation is primarily attributed to a cooperative network of five
intramolecular O—H:--O hydrogen bonds and stabilization of both endo and exo anomeric effects. Breaking a single
intramolecular hydrogen bond destabilizes the free molecule by more than 10 k] mol™". The structural results are compared to
ribose, recently examined with rotational resolution, where six different conformations coexist with similar conformational
energies. In addition, several DFT and ab initio methods and basis sets are benchmarked with the experimental data.
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B INTRODUCTION complexes.'” However, both because carbohydrates must be
tagged with a chromophore for optical spectroscopy and
because vibrational frequencies and electronic transitions are
necessarily interpreted with quantum chemical calculations, the
structural conclusions are not always unequivocal. Alternatively,
pure rotational spectroscopy’® in the microwave region offers
higher (sub-Doppler) frequency resolution, resolving tauto-
mers, isomers, and even isotopologues as totally independent
species and thereby providing a more precise route to
molecular structures through accurate determination of the
moments of inertia. Previous rotational studies of sugars were
restrlcted to small 2- and 3-carbon molecules llke glycolalde-
hyde,'* glyceraldehyde,"® or dihydroxyacetone,'® which could
be vaporized via conventional heating. Despite the recent
radioastronomical detection of some of these compounds in the
interstellar medium presses for more laboratory data, the
extension to larger sugar molecules of real biochemical interest
was considered impractical because of the thermally labile and/
or hygroscopic character of many of these compounds. In this
context, we initiated the study of pure carbohydrates in the gas
phase with an approach that combines ultrafast UV laser
vaporization, jet expansions, and impulse-excitation rotational
spectroscopy. This strategy proved successful in the recent
investigation of the pentose sugar p-ribose.” This analysis of

The structural interest in glycobiology has grown in the past
decade due to four major chemical issues, conformation,
reactivity, solvation, and molecular recognition.l The molecular
understanding of these problems is essential to describe the
biochemical role of sugars, but poses significant challenges even
for monosaccharides because of the uncommon combination of
tautomeric equilibria, conformational flexibility, large-amplitude
intramolecular dynamlcs, hyperconjugative effects, and anome-
ric differences. Most of the information on simple sugars has
relied on X-ray>* or neutron diffraction® studies, which provide
atomic resolution for the molecular crystals. However, these
data are not transferable to the gas or liquid phases because of
the intense crystal packing forces. Moreover, they cannot be
directly compared to the diverse theoretical models,®” which
are needed for molecular modeling. As a consequence, the
description of the intrinsic structural properties and intra-
molecular dynamics of different sugar families and the
validation of theoretical methods are far from assured, requiring
detailed experimental information only available through high-
resolution spectroscopic methods.

Laser spectroscopy has greatly contributed to the description
of sugar conformations and molecular recognition, offering
both electronic and vibrational information through UV-UV
and IR—UV double-resonance techniques.8 In particular, laser
spectroscopy has been applied to mono->'" and oligo- Received: December 27, 2012
saccharides,"”"" solvation products,'”'" and intermolecular Published: January 24, 2013
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Scheme 1. Structural Polymorphism in p-Fructose
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ribose in the gas phase revealed a rich conformational
landscape, with the six most stable conformations confined
within a small energy window of ca. 4.6 kJ mol ™. Notably, free
ribose adopted a tautomeric form not directly relevant to its
biological function.

Previous investigations of other chromophore-tagged saccha-
rides show similarly that in most cases several low-lying
conformations are populated, but all high-resolution studies to
date have been restricted to aldoses, while ketoses remain
unexplored. Because the most stable conformations in ribose
and other aldoses arise from conflicting contributions from
diverse intramolecular effects, it is advisable to extend these
structural studies to other free monosaccharides. Here, we
report on the conformational and structural properties of the
archetypal ketose, D-fructose (Scheme 1). The rotational
analysis of this first ketohexose may provide additional clues
to understand the delicate balance of intramolecular factors
controlling sugar conformation. Our scientific targets for free
fructose include determining the tautomeric (pyranose vs
furanose or linear chains) and conformational (i.e., *Cs vs 3C,
in six-membered chairs) preferences, the configuration at the
anomeric carbon (a vs f3), the conformational distribution, and
the role of the intramolecular factors, in particular associative
hydrogen bonding. We additionally designed this experiment to
observe the most abundant isotopic species of the molecule,
thus allowing for the first time a full structural determination of
the molecular skeleton of a free sugar. Previous diffraction
studies in crystals of fructose are available™ and revealed a *C;
P-furanose conformation with the exocyclic —CH,OH group
synclinal to the ring oxygen. Conversely, fructose adopts a
furanose form in the sucrose disaccharide and glycoysis
metabolic pathway. In several solutions, the conformational
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equilibria favor J-pyranose and p-furanose as dominating
species, as observed in 'H and BC NMR studies. However,
conformational ratios are dependent on the solvents used.'”
There are some previous theoretical studies on fructose, but
most of them are now outdated.®’” For this reason, our
experiment has been supplemented with theoretical calculations
intended to test the accuracy of different methods and basis
sets. In particular, an extensive conformational search and
structural and spectroscopic ab initio and density functional
theory (DFT) theoretical predictions were performed.

B METHODS

Experimental Section. The rotational spectrum of fructose was
measured in a supersonic expansion using a Balle—Flygare'®"’
Fourier-transform microwave (FT-MW) spectrometer built at the
UPV-EHU. The spectrometer has been described extensively,”® so
only brief experimental details are provided here. The sample injection
system was modified to accommodate a Smalley-type®' laser ablation
source, similar to previous reports.z'22 D-Fructose (C6H1206) was
obtained from a commercial supplier (>99% purity), together with all
monosubstituted *C species (*CCsH,,04) and the two monodeu-
terated species at C-1 (C¢H;;DOg). The samples were cylindrically
pressed with minimum addition of a commercial binder and vaporized
with picosecond UV (355 nm) pulses from a Nd:YAG laser (ca. S mJ
pulse ™). The vaporized products are diluted in a flowing current of Ne
(6—7 bar), expanding within the chamber of the spectrometer. The jet
is probed with short (1 ys) microwave pulses (<10 mW), recording
the transient free-induction-decay following molecular polarization.
The MW signal detected in the time-domain is later down-converted
to the radio frequency region, where it is digitized and Fourier-
transformed to the frequency domain. Because of the coaxial
arrangement of the jet and the MW radiation, the transition
frequencies are split by the Doppler effect, the resonant transitions
corresponding to the averaged frequencies. Frequency accuracy is
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better than 3 kHz. Transitions separated less than 10 kHz are
resolvable.

Computational. The computational work has been developed in
two steps. Initially, an extensive conformational search was
accomplished using a fast molecular mechanics method (Merck
Molecular Force Field: MMFFs**) and advanced Monte Carlo and
large-scale low-mode conformational search algorithms. All structures
in each structural class (a-/f-pyranose, a-/f-furanose, and linear
chains) within an energy window of 20 kJ mol™ were later fully
reoptimized using quantum mechanical methods. Following previous
experiences to evaluate both the predictive capacity and the
computational cost of different computational methods, we compared
a pure ab initio method (MP2-full) with two density-functional-theory
(DFT) procedures (B3LYP and dispersion-corrected M06-2X>*).
Because of the large number of distinct conformations examined, we
used initially a modified cost-effective triple-{ Dunning’s correlation-
consistent basis set, denoted minimally au§mented, or maug-cc-pVTZ,
to calculate the conformational energies.2 Later, the global minimum
was further reinvestigated using the full aug-cc-pVIZ basis set and
Pople’s 6-311++G(d,p) functions. The vibrational frequency calcu-
lations and the rovibronic predictions used the harmonic approx-
imation. In addition, to get a deeper insight into the nature of the
stereoelectronic interactions, a Natural Bond Order Analysis (NBO)
was performed.”**” Finally, zero-point vibrationally averaged struc-
tures were calculated using vibrational perturbation theory (VPT2)
applied on the B3LYP potential energy surface. In VPT2, the cubic
and semidiagonal quartic force constants are computed by finite
differentiation of the Hessian along the normal mode coordinates and
used to obtain the vibrationally averaged structures at 0 K.** Gaussian
09°° was used in all cases.

B RESULTS

Rotational Spectrum. A section of the jet-cooled micro-
wave spectrum of fructose is shown in Figure 1. The spectrum
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Figure 1. A section of the jet-cooled cm-wave rotational spectrum of
fructose (upper trace) and the ab initio simulation (lower trace) at
MP2/maug-cc-pVTZ.

was composed of individual transitions with no fine or
hyperfine internal structure (as in free ribose), which
disappeared when laser vaporization was turned off. The
spectrum assignment was guided by the ab initio and DFT
conformational searches (Tables S1—S3 in the Supporting
Information). However, the theoretical analysis delivered
conflicting results, with MP2 and MO06-2X suggesting a f-
pyranose form (six-membered ring) as global minimum and
B3LYP pointing to open chains as predominant forms. We thus

2847

focused the first assignment efforts on both plausible structures.
Following the initial scans, a series of g, R-branch (J+1<])
rotational transitions were eventually assigned. Later, some
weaker p, rotational transitions were also positively identified.
The results of the spectrum fit to the Watson’s symetrically
reduced semirigid rotor Hamiltonian,'**° (I" representation)
are presented in Table 1, and delivered the rotational constants
(A, B, C) and some quartic centrifugal distortion parameters
(D], D]K). A first comparison of the experimental rotational
parameters with those predicted theoretically immediately
established that the spectrum was generated by a f-pyranose
conformation, the linear forms being entirely excluded (large
differences of 200—300 MHz in the rotational constants). The
rotational predictions for the three theoretical methods are
compared to the experiment in Table 1. The spectrum
intensities were also consistent with the order-of-magnitude
predictions for the electric dipole moment of the predicted f-
pyranose (MP2: g, = 1.3 D > pu, = 03 D > y, = 0.0 D).
Following the detection of this first conformer, an exhaustive
search for other species was undertaken, but no additional
conformations could be detected in the jet-cooled spectrum
(some minor decomposition products, i.e., 2-hydroxy-2-
propen-1-al, were eventually identified). This fact supports
the conclusions from MP2 and MO06-2X conformational
searches, which suggest that the global minimum of fructose
is much more stable (MP2: >10 k] mol) than other alternative
conformations. The MP2 conformational energies are depicted
in Figure 2. Finally, the spectral measurements were extended
to eight different isotopologues of the observed conformer,
comprising all monosubstituted '*C isotopic species and two
monodeuterated derivatives at C-1, selected because their
position critically depends on the orientation of the exocyclic
hydroxy group. The rotational constants of the fructose
isotopologues are presented in Table 2 (all observed transitions
and residuals are collected as Supporting Information, Tables
S4-S12).

Structure. The molecular structure of free fructose was
derived from the 27 rotational constants of the detected
conformation. Initially, a partial substitution structure was
evaluated (r,), which resulted in the absolute atomic
coordinates for the substituted atoms according to the
Kraitchmann method."*' A comparison of the experimental
coordinates with the ab initio predictions definitively confirmed
that the carrier of the spectrum was the predicted f-pyranose
global minimum using MP2 and MO06-2X theory levels, with
differences between experimental and theoretical positions
around tens of milliangstroms (Table S13). The resulting
structural data are presented in Table 3 and Figure 3, where
they are also compared to the near-equilibrium (r,) theoretical
predictions (two coordinates of atom C-2 were constrained to
zero because of an accidental near coincidence with the main
principal axis). Additionally, an effective structure (r,) was
calculated by a nonlinear least-squares fitting'>*' of the
rotational constants to nine selected structural parameters
(mostly ring valence angles and dihedrals). Because of the large
number of structural degrees of freedom, the bond lengths and
the rest of the molecule were frozen in this case to the MP2
structure (Table S14). The effective and substitution structural
data are also compared in Table 3.

B DISCUSSION

A single dominant conformation is observed for free fructose in
the gas phase. The conformational assignment is unequivocal
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Table 1. Rotational Parameters of Fructose and Comparison with Theoretical Predictions

MP2/B3LYP/M06-2X

MP2/B3LYP/M06-2X

MP2/B3LYP/M06-2X

B3LYP/maug-cc-pVIZ

experiment aug-cc-pVIZ maug-cc-pVTZ 6-311++G(d,p) ground state (v = 0)
A (MHz)? 1465.27759(20)° 1476.8/1475.7/1460.0 1489.5/1459.5/1475.0 1469.0/1456.5/1473.1 1442.9
B (MHz) 770.56953(11) 777.1/779.1/761.6 785.4/761.7/779.0 777.0/761.0/778.9 754.1
C (MHz) 609.96934(16) 614.8/616.3/602.7 621.7/602.8/616.3 614.1/601.9/615.8 597.1
D; (kHz) 0.0147(11) 0.017/0.017/0.018 0.018/0.018/0.017 0.017/0.018/0.016
Dy (kHz) 0.0550(34) 0.037/0.034/0.037 0.038/0.037/0.034 0.035/0.037/0.033
Dy (kHz) 0.046/0.047/0.054 0.045/0.054/0.046 0.044/0.053/0.042
d, (Hz) —-3.1/-2.9/-33 —32/-33/-29 —2.9/-32/-28
d, (Hz) —0.60/—0.54/-0.63 —0.60/—0.62/-0.53 —0.55/-0.61/-0.52
lu, (D) 0.3/0.3/0.4 0.3/0.4/0.2 0.2/0.3/0.2
Iyl (D) 0.0/0.0/0.0 0.0/0.0/0.0 0.1/0.0/0.1
lu) (D) 1.3/1.3/12 1.3/12/13 1.4/1.3/14
N* 37
o (kHz) 2.4

“Rotational constants (4, B, C); Watson’s quartic centrifugal distortion constants in the S reduction (D), Dy, D, dy, d,); electric dipole moment

components (i, = a, b, ¢, 1 D ~ 3.336 X 107° C m) referred to the principal inertial axes. “Number of transitions (N) and rms deviation () of

the fit. “Standard error in parentheses in units of the last digit.

40 4 [ Table 2. Rotational Parameters of the Monosubstituted
in 1 N Isotopologues of Fructose
oo®! |
~ o g 13C-1 13C2 B3C-3
5 30 ) 3
g ol A (MHz)* 1461.73953(23)¢ 1465.32149(15) 1461.35512(20)
2 ® B (MHz) 764.21762(16) 769.50555(11) 770.37943(15)
3 - C (MHz) 606.47413(29) 609.30381(29) 609.36077(43)
2 20 s ol N® 19 18 17
L o-fur ®
® ° Furanoses o (kHz) 3.4 1.8 2.4
SIS Pooy 13 13 13
T poe C4 Cs C6
@ ¢
S 104 eeen A (MHz)* 1463.46869(18) 1460.57013(14) 1450.30093(12)
o o e B (MHz) 767.82996(12) 767.00382(12) 769.81132(10)
~10 Pyranoses ;.. o C (MHz) 608.23613(22) 607.07418(18) 607.56728(16)
N 19 18 18
o4e
; ; ; ; ; ; ; ) o (kHz) 2.7 2.1 1.9
0 10 20 30 40 50 60 70 Dy-C2 De-C-2
Conformer A (MHz)* 1450.48648(10) 1454.38625(15)
Figure 2. Conformational distribution in free fructose (MP2/maug-cc- B (MHz) 762.129210(91) 762.80204(13)
pVTZ, see also Table S1). C (MHz) 607.20933(45) 604.41366(81)
N 9 8
o (kHz) 0.9 1.2

from the detection of multiple isotopic species, which resulted
in the atomic substitution coordinates for the carbon skeleton
and two hydrogen atoms. An alternative effective structure
calculation consistently reproduced the same conformation.
According to the structural data, the six-carbon ketose adopts
preferentially a f-pyranose “Cs-chair configuration (essentially
equivalent to the 'C, chair of aldoses), with the exocyclic
—CH,—OH hydroxymethyl group equatorial at the anomeric
carbon. Characteristically, all of the hydroxy groups are linked
together by a cooperative network of intramolecular O—H:--O
hydrogen bonds. As observed in Figure 4, even the exocyclic
hydroxymethyl substituent, which could adopt a free
orientation, interacts with the endocyclic O atom (gauche to
06: G+) to behave both as a hydrogen-bond acceptor from
02—H and as a hydrogen-bond donor to the endocyclic 06
oxygen, finally forming a sequence of five correlative hydrogen
bonds O5—H—04-H—03-H—02-H—-01-H—06. This
network is quite unique in the context of free glycans as result
of the additional exocyclic hydroxymethyl. The hydrogen-bond
distances are conditioned in this configuration by the equatorial
(Eq) or axial (Ax) configuration of adjacent hydroxy groups,
following a sequence Ax (OS5)—Eq (04)—Eq (0O3)—Ax (02)
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“Rotational constants (4, B, C). "Number of transitions (N) and rms
deviation (o) of the fit. “Standard error in parentheses in units of the

last digit.

with distances ranging from r, g, = 2.23—2.25 Ato TEq-Eq =
2.37 A. Employing a conventional notation based on Figure 4
and two (+gauche/trans) dihedrals for O1—C1—C2—06 and
H—-01-C1-C2, the observed conformation is oriented
counter-clockwise (cc, viewed from above), so fructose would
be denoted cc-ff-Pyr->Cs-G+G—. Intramolecular hydrogen-
bond networks were previously observed in ribose” and in
other saccharides analyzed vibrationally.”'® The number and
strength of the intramolecular O—H--O hydrogen bonds are
thus the most probable primary factor stabilizing p-fructopyr-
anose, as confirmed by the theoretical conformational search.
While the next three most stable conformers are all B-*Cs-
pyranosides (Figure S1), there are large energetic penalties for
these alternative structures, in sharp contrast with the observed
aldoses where several structures exist simultaneously. In
particular, ribose showed a distribution of both f- and a-
pyranose structures, with a slight preference (<1 kJ mol™) for
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Table 3. Structure of Fructose cc-ff-Pyr *C;”

gas phase
T 7o Te crystal
r(C,—C,) 1.521(19) 1.512 1.526
r(C,—C;) 1.488(27) 1515 1.542
r(C5—C,) 1.577(13) 1.512 1.523
r(C,—Cs) 1.510(6) 1.510 1.529
r(Cs—Cq) 1.538(6) 1.507 1.511
r(Ce—0g) 1422 1.430
r(C,—Dg) 1.081(7) 1.082 1.092
r(C,—Dy) 1.101(10) 1.087 1.092
r(0,-C,) 1418 1414
r(0,-C,) 1.408 1.407
r(0;—C;) 1418 1.420
r(0,~C,) 1.417 1418
r(0s—Cs) 1412 1.426
£(C,—C,—C;) 111(2) 115.2(5) 1132 111.7
£(C,—C4—C,) 109.6(13) 111.6(6) 110.1 111.0
£(C4—C,—C5) 110.7(5) 112.6(2) 110.4 109.2
£(C4—Cs—C) 108.6(4) 107.3(3) 109.1 110.2
£(C3—C—0) 115.4(7) 1122 110.9
£(C,—C,—Dy) 112.5(13) 109.7 110.9
£(C,—Cy— 106.8(15) 109.1 108.2
Dy)
£(C,—C,—0y) 110.4(4) 109.3 110.9
£(C3—C,—0,) 106.5 107.6
£(C,—C5—03) 110.3 108.8
£(C4—C,—0,) 107.6 109.1
£(Cg—Cs—05) 108.8 107.5
r(gl—cz—c3— —174.0(17) —169.6(7) -172.8 —169.5
4,
7(C,—C3—Cy— 50(2) 54.2(10) 55.1 532
Cs)
7(C3—C,—Cs— —52.0(9) —55.8(8) —54.2 —55.0
Ce)
7(C4—Cs—Cy— 54.8 56.8
Os
7(C3—C,—C,— 130.3(10) —S54.4 —178.7
Dy)
7(C;—C,—C,—  —108.2(18) 65.8 —60.7
Dp)
7(C;—C,—C,— —171.5 58.4
1
7(C4—C3—C,— 66.3 68.3
0,
7(Cs—C4—Cy— 178.9 175.3
3
7(Cs—Cs—Cy— —1749 —-175.7
)
r(gé—cs—cs— —66.0 —64.1

s
“Distances and angles in angstroms and degrees, respectively.

the 8 forms. Additionally, 'C, and *C, pyranose chairs were
encountered for the two anomers, although the furanose (a
much more common form in biology) and linear chains were
not detected because of their higher conformational energies
(>9.1 kJ mol™). Conversely, the second most stable MP2
conformation in fructose (cc-f-Pyr-*Cs-G+T), almost identical
to the global minimum except for the position of a single
hydrogen atom breaking the apparently weak hydrogen bond
O1-H:+06 (ry..06 = 243 A), is dramatically destabilizing the
structure by ca. 10 kJ mol ™.

Because of the conformational preference around the most
stable (cc-f-Pyr-*Cs-G+G—) fructose structure, the observation
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Figure 3. A comparison of the substitution (Tables 3 and $13) and ab
initio (Table S14) structures of fructose. The full molecular structure is
the theoretical structure. The smaller dark blue spheres are the

experimental atom positions for the carbon framework and two
substituted hydrogens (note: click model to activate 3D view).

cc-B-pyr-"C,-G+G-

Figure 4. The most stable -Pyr-*Cy conformation of fructose is
stabilized by a network of five O—H--O intramolecular hydrogen
bonds (MP2/maug-cc-pVTZ distances are shown in Table S14). The
G+G— orientation of the exocyclic CH,—OH group is defined by the
01-C1-C2—-06 and H1-01-C1-C2 dihedrals.

dx.doi.org/10.1021/ja312393m | J. Am. Chem. Soc. 2013, 135, 2845—-2852
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of a single conformation in the jet is justified. According to the
(MP2) theoretical calculations, the population of the observed
structure should account for 87.9% of the total population of
free fructose at room temperature, and the second lowest-lying
energy conformer represents only 1.6% of the total population.
The predicted population ratios S-pyr:a-pyr:a-fur:f-fur:linear =
95.9:3.4:0.4:0.3:0.0 show a marked preference for the p-
pyranoside form, in contrast with the observations in ribose
where f-pyr:a-pyr = 65.4:32.5. We did not consider specifically
the possibility of conformational relaxation in the jet to lower-
energy structures separated by low barriers (<S—10 kJ
mol~').*> However, this kind of kinetic process could be
predictable for some conformers, as in the two most stable c-a-
Pyr-°C, conformations differing only in the position of a single
hydrogen atom. The higher stability of the cc-f-Pyr->Cg
configuration is apparent also in the crystal structure, which
maintains the same “Cg conformation. However, the crystal
structure differs in the orientation of the exocyclic hydrox-
ymethyl side-chain (G—G+) and the ring hydroxy groups, most
likely as a result of the strong crystal packing forces. Notably,
the hydrogen-bonding network could not be detected in the
solid state, which outlines the importance of the gas-phase
studies for this central sugar. Solution studies depend on
solvent and experimental conditions, but there is a temperature-
dependent preference for the f-pyranose and p-furanose
conformations in D,O, a-pyranose being barely detectable
(B-pyr:p-fur:a-fur:a-pyr ~ 53:32:10:2)."” In the aprotic solvent
de-DMSO, the f-pyranose form is present in smaller ratio (/-
pyr:f-fur:a-fur:a-pyr &~ 1:2:1:0), an effect previously attributed
to increased intramolecular hydrogen bonding.** Notably our
work here removes previous ambiguities from solvent work that
posed a query about the presence of intramolecular hydrogen
bonding. The sharp disagreement between the clear bias seen in
the present work (which reveals free fructose in the gas phase
for the first time) and that from prior solution studies suggests
that solvent effects are more multifaceted than previously
realized. The likelihood is that dipole effects perturb the
equilibria in DMSO, which are of course absent in our work.
We cannot discard the possibility that kinetic effects may
restrict the freedom of the mutarotation equilibrium that leads
to interconversion of the fructose tautomers, and so our results
may simply reflect the tautomer found in its original form prior
to entering the gas phase. In the absence of catalyst, this
mutarotation is known to be slow, and so gas-phase first-order
mutarotation may indeed be absent even under the conditions
used here.

Some comparisons with previously available information on
molecular conformation of aldoses are tempting. All aldoses
analyzed vibrationally are hexoses (glucose, galactose, man-
nose) or pentoses (xylose) and exhibited several populated
conformations, but locked around the *C; pyranose chair.
Conversely, in the p-ribose pentose, both 'C, and *C,
conformations were observed. Finally, fructose has a well-
defined Cg preferred conformation (equivalent to 'C, in
aldoses). These differences are obviously correlated with the
number and type of substituents in the six-membered ring. The
phenyl hexopyranosides, like phenyl-p-glucopyranoside, share a
common hydroxymethyl substituent at C-S, which is absent in
xylose, ribose, or fructose. Furthermore, these phenyl-sugars
have a locked anomeric carbon (C-1). On the other hand,
fructose displays a hydroxymethyl group in C-1 associated with
the ketose form. As a consequence, the larger conformational
flexibility of ribose could be connected to the lack of an
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exocyclic hydroxymethyl substituent. Unfortunately, the mono-
saccharides for which accurate gas-phase structural information
is available are still scarce, so a general comparison of the
conformational trends does not seem possible at this time.

The experimental rotational parameters provided an effective
benchmark to validate the structural predictions of the ab initio
and DFT methods, which might be useful for future studies of
monosaccharides. In terms of the conformational search
(Tables S1—S3), the B3LYP method systematically favored
the acyclic forms, as in ribose,” and failed to detect the global
minimum. The six most stable B3LYP conformers are open
chains, while the experimentally found structure is predicted at
2.8 kJ mol™". Conversely, MP2 and M06-2X predict that the
most stable linear forms are, respectively, 33 and 28 kJ mol™
above their energy origins. This issue most probably hampers
the use of the B3LYP method for similar compounds. MP2 and
MO06-2X give relatively consistent results, with the first eight
conformers (f-Pyr and a-Pyr) similarly distributed. Also, the
first (/) furanose is predicted at close conformational energies.
The comparison of different basis sets in Table 1 gives
additionally some hints on the different accuracy of the
Dunning’s and Pople’s triple-{ basis sets. Most significantly, the
reduction of computational cost in maug-cc-pVTZ basis set is
barely useful, at least with MP2, because structural accuracy is
below the faster Pople function. The larger aug-cc-pVTZ basis
set gives improved results, but accuracy is still slightly worse
than with the Pople function. Moreover, aug-cc-pVTZ is totally
impractical at this time for the conformational search because
of the much larger computational cost. In conclusion, the
combination of the MP2 method and the Pople basis set
represents an effective compromise for our spectroscopic
predictions. The M06-2X method, despite empirically account-
ing for dispersion, turns out to be not as precise as MP2,
although it could be a good alternative attending accurate and
computational cost. In addition, a large computational effort
was performed to predict the rotational constants in the ground
state (v = 0) using B3LYP/maug-cc-pVTZ, but surprisingly, it
produced worse results than predicting the equilibrium (r,)
rotational constants in Table 1.

The importance and magnitude of steric and hyper-
conjugative effects on ribose and previously studied aldoses
have been barely studied. A natural bond orbital (NBO)
analysis revealed the stabilization of the observed structure by
endo- and exo-anomeric effects associated, respectively, with
n(06)—c*(C2—02) and n(02)—0c*(C2—06) steric and
hyperconjugative interactions, and the dominance of exo-
over the endo-anomeric effect, a behavior previously observed
using a peptidic model."*> The dihedral angle 06—C2—02—H2
of 79.8° is far from the ideal angle of ~60° (i.e., 64° in ribose)
to maximize the exo-anomeric effect. This “anomalous
behavior” is due to the possibility of extending the network
of cooperative hydrogen bonds with an additional interaction
02—H—O01. Moreover, the dihedral angle C2—02—H2-01 is
12.2 versus 0° for an ideal hydrogen bond. In consequence, the
position of H1 in the observed structure adopts a compromise
solution that favors both stabilizations, the interaction O2—H—
O1 and the exo-anomeric effect.

In summary, the observation of a single structure of fructose
in the gas phase can be explained taking into account the
juxtaposition of several effects, the presence of a six-membered
ring, the extra strength produced by the five consecutive
hydrogen bonds, the occurrence of two anomeric eftects, and
the 2Cs-chair configuration. Altogether, these factors favor the

dx.doi.org/10.1021/ja312393m | J. Am. Chem. Soc. 2013, 135, 2845—-2852



Journal of the American Chemical Society

occurrence of the observed conformer over the rest of the
explored structures.

The *C pyranose conformation seen here exclusively is a
striking outcome not in terms of energetic predictions but from
the perspective of the utilization of this structure in biology. It
is rare to find this tautomer, and the most widespread form of
fructose in nature is the furanose or furanoside (as in sucrose)
form. Given the clear bias toward the Cy pyranose tautomer
that we have observed here, it highlights the dramatic effects
that solvent (water) has upon its utilization. Even when found
as a ligand in protein systems, the 2C; pyranose form is rare.
Only four structures exist in the Protein Databank in which this
free form is preferentially sequestered in this tautomer. In three
of those, this form of fructose is merely mimicking other
carbohydrate ligands (such as p-mannose”" or L-fucose®). In
only one structure [PDB 2FA1] is there a potential speculative
role as a functional ligand found bound to the C-terminal
domain®® of a member of the GntR family of transcription
factors that have varied roles in metabolism. Notably in this
structure a highly solvated fructose ligand is held in the *Cs
fructopyranose form by a bifurcated hydrogen from Arg231 to
06 and OHS and from the Glu200 to the OHI. In this
structure, four additional water molecules hydrogen bond to
OH-2,3,4,5, forming an effectively full bridged network. The
next result of this overall interaction with solvent and protein is
that all of the intramolecular hydrogen bonding that we have
observed here for the first time in the naked form of
fructopyranose is lost. Together these data suggest that one
possible reason for the apparently curious absence of
fructopyranose from biology is a propensity to satisfy hydrogen
bonding in an intermolecular manner presumably through
solvation that overwhelms the inherent energetic biases that we
have delineated here. The resultant entropic costs may
therefore drive fructose into furanose and furanoside tautomers
that may be satisfied with fewer partners. A hunger for solvation
may also preclude its ready use as a ligand and would likely lead
to effective acid—base interactions for the catalysis of pyranose-
to-furanose interconversion. All of these factors may explain the
absence of fructofuranose in the gas phase.
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Tables containing the ab initio (S1) and DFT (S2, S3)
conformational searches, the observed list of rotational
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