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Abstract: High-level ab initio and DFT methods up to MP2/6-31-+G**//B3LYP/6-31G* and B3LYP/6-
311++G**//B3LYP/6-31G* levels have been used to assess the relative energies of 17 different structures of
D-glucose and 13 different structures of 4-deoxy-4-fluprglucose. The structures were confirmed to correspond

to minima on the potential energy surface at the RHF/6-31G* level. Solvation Model 5.4/AM1 was used to
calculate the effects of aqueous solution. The substitution of a OH grpapFbatom does not much change

the shape and electrostatic potential around corresponding conformers, but in the gas phase it destabilizes the
cooperative network of intramolecular hydrogen bonds. This destabilization mostly affects structures with a
chain of intramolecular hydrogen bonds oriented counterclockwise, as fluorine is unable to donate a hydrogen
bond and therefore causes a gap in the chain. In contrast, for clockwise-oriented networks of hydrogen bonds,

the fluorine can act as an acceptor at the end of a

chain of cooperative hydrogen bonds. A slightly higher

energy of anomeric and exo-anomeric stabilization is another effect of substituting the fourth hydroxyl group
by a fluorine atom im-glucose, observed both in the gas phase and in aqueous solution. For this reason, the
o. anomers contribute more to the equilibrium population of structures of 4-deoxy-4ftughocose than
D-glucose. In aqueous solution, batkglucose and its 4-deoxy-4-fluoro analogue are present as a mixture of
mainly three corresponding structures. This indicates that 4-deoxy-4-flugioeose is a good substitute for
D-glucose in terms of its biochemical and biological activity. Moreover, this suggests that, for molecules with
limited conformational freedom, the substitution of a OH groy@l- atom is very likely to lead to a potential

new drug. In contrast, it had already been shown

that, for conformationally labile aliphatic compounds,

replacement of a hydroxyl by a fluorine increases conformational diversity, so the fluorine-containing aliphatic
molecules were not likely to be an example of a successful drug design. On the other hand, this work shows
that, among molecules with limited conformational freedom, such as cyclic compounds, one is very likely to

find targets for a successful rational drug design.

Introduction

Fluorine-substituted analogues of naturally occurring and
biologically active organic compounds have become the focus
of increasing interest:1-1° They are thought to provide
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insight into the interactions with enzymatic binding sitéJhus,

it has already become a common practice in bioorganic
chemistry to replace a hydroxyl group for a fluorine to generate
a fluorinated enzyme substrate or inhibitor in a given enzymatic
processS 7 The rationale for such a strategy stems from
similarities betwer a F atom and a OH group, with particular
reference to polarity as well as the close isosteric relationship
between fluorine and oxygér:2 Consequentlya F atom is
considered to be a good substitute of a OH group because it
introduces a small steric disturbarfo®nce introduced, the high
carbon-fluorine bond enerdy renders the substituent relatively
resistant to metabolic transformatidherefore, fluorinated
analogues are potentially useful in studies of metabdlidand
some of them in clinical diagnostié$:®> Although several
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groups of compounds were studiet; 1° carbohydrates seem
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utilized in studies on various enzymatic reactions. TReNMR

to attract most of the attention. Among carbohydrates, there aretechnique with 3-deoxy-3-fluoro-glucose as molecular probe
a number of successful examples where substitution of a OH is used in studies of metabolism of sugar&® in muscles, the
group lty a F atom resulted in a compound which possessed liver, and eyes. Positron emission tomography (PET) wWif|{

biochemical and biological activity.

Carbohydrates, apart form being blood group determirfnts,
are important in many biological processes: cell adhe%ion,
hormone-receptor binding? and lymphocyte homing and
migration2® Especiallyb-glucose is involved in energy me-
tabolism and storageand thus is of utmost importance for all
living organisms*

Recently, nucleotides and nucleosides containing carbohy-
drates in which OH groups were substituted by F atoms attracted

2-deoxy-2-fluorop-glucose is widely utilized in studies on
cancer cell$® in detection of cance¥, 62 its diagnosi$3~70
therapy planning! predicting the prognosés,’# and monitor-
ing effects of treatmeft 8! in various types of cancer.
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medicines, as they have anticancer acti¢kty’® Some are active
against various viruses, including hepatitis’833 Epstein-
Barr3* Varicella zosteP? and HIV36-3° Oligonucleotides whose

sugar residues are modified by replacement of a OH group by

a F atom were shown to be useful in gene ther&@p§2 They
may form triplexes with DNA, which can block unwanted
genes’®41 They may also be used as ribozymes, eliminating
unwanted RNA, and thus preventing synthesis of mutant or
oncogenic proteing43
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Figure 1. a andf annomers ob-glucopyranose and -furanose: (a)
o-D-glucopyranose, (hj-p-glucopyranose, (ax-b-glucofuranose, and
(d) s-p-glucofuranose.

Recently, due to its essential role in living organisms,
D-glucose has attracted much attention from computational
chemist$27°5 On the basis of experimental results, it is
commonly believed that the lowest energy formoeglucose
is the six-membered cyclic structure af-glucopyranose.
However, some computational studies, utilizing density func-
tional theory (DFT) at B3LYP/6-31G** leve®® performed by
Ma et al., indicated that the lowest energy fornpeglucose is
fur GGGG the five-membered structure ofglucofuranos#
(see Figure 1). Later, those results were corrected by Lii et al.,
using the larger basis set 6-3t1G(2d,2p)% With this basis

Hoffmann and Rychlewski

tions for structures with intramolecular hydrogen bonds with
strong electrostatic componenifs.

Because sugars are of utmost importance for various bio-
chemical and biological processes, and the usefulness of
deoxyfluorosugars, we have decided to study the effects of
substituting a OH groupyba F atom forp-glucose, which is
crucial for living organisms. This continues our efforts to study
the effects of substituting a OH group b F atom with the use
of computational methods. In our previous study we examined
aliphatic compoundsderivatives of R R)-tartaric acid, its ester,
and its primary and tertiary amid@slt was shown that the
substitution of a OH groupyba F atom resulted in an increase
of conformational freedom of the studied molecules. Therefore,
it was concluded that potential new drugs are not likely to be
found among deoxyfluoro analogues of aliphatic compodads.
The studied aliphatic deoxyfluoro analogues, in contrast to the
parental compounds, were present at room temperature as a
mixture of several conformers; thus, only a fraction of the
mixture of deoxyfluoro analogues could mimic the biochemical
and biological activity of molecules containing OH groups.
Further, it was hypothesized that among molecules with limited
conformational freedom, like cyclic compounds, the substitution
of a OH group ly a F atom should not lead to changes in shape
and electrostatic potential around a molecule. Therefore, in this
study, in the context of rational drug design, we focused on
D-glucose to examine the effects of substituting a OH group by
a F atom for cyclic compounds.

Computational Methods

set, the lowest energy structures possessed the usual for |, his study we utilized the geometries of lowest energy structures

D-glucose, a six-membered ring ofglucopyranose. Such a

of p-glucose obtained by Barrows et 9% Damm et alS! and Ma et

discrepancy was explained by Lii et al. as an effect of basis setal—in all, 17 different structures af-glucose. Further, to examine

superposition err§? and by Hoffmann et al. as the result of
the necessary inclusion of diffuse functions in energy calcula-
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the effects of substituting a OH groupy la F atom, we replaced the
OH group attached to the fourth carbon by fluorine.

Geometry optimization and vibrational analyses were performed at
the RHF/6-31G* level for all these structures. Further, the geometries
were reoptimized at the B3LYP/6-31G* level in order to take into
account effects of dynamic correlation of electrons on geometric
parameters. Finally, single-point energies were calculated at the B3LYP
and MP2 levels with the large and flexible 6-38+G** basis set-
triple valence with two sets of diffuse and two sets of polarization
functions. These results, together with the results of vibrational analysis,
were combined in order to obtain relative Gibbs free energies in the
gas phase (egs 1la, 1b).

G5og « = E(B3LYP/6-31H+G**//B3LYP/6-31G*) +
AGvibfrm(T) (1&)

Goog k = E(MP2/6-31H1+G**//B3LYP/6-31G*) +
AGvib—rot(T) (1b)

The usual Boltzman formalism was utilized in assessing equilibrium
population of conformers in the gas phase (eq 2), and the percent of
structure X was cacluated as

exp(—G3/RT)

%(X) = x 100%

3 exp(-GFRT)

@)

To assess free energies of solvation in water, a semiempirical,
guantum chemical program AMSOL6.%8vas utilized with the AM1-

(96) Hoffmann, M.; Rychlewski, Lomput. Methods Sci. Techn2D0Q
7, 59-63.

(97) Hoffmann, M.; Rychlewski, J.; Rychlewska, ll. Am. Chem. Soc.
1999 121, 1912-1921.
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SM5.4 model, using the AM3 Hamiltonian. In the SM5.4 methd&103
solvation effects are included via two terms. The first accounts self-
consistently for polarization of the solvent on the basis of a distributed
monopole representation of solute charges with dielectric screening.
The second term is proportional to the solvent-accessible surface area,
with a set of proportionality constants which depend on the local nature
of the solute for each atom’s or group’s interface with the solvent. To
calculate the percent of a conformer X in a solution, eq 2 was also
utilized, but the Gibbs free energy of solvation was added to the
composite Gibbs free energy of the isolated molecule.

Ab initio and DFT calculations were carried out with the Gaussian94
program suité%* and semiempirical SM5.4 calculations were carried
out with the AMSOL6.5.3 progrartf. All calculations were performed
on a Cray J-916 at the Poznan Supercomputing and Networking Center.

G-g+

Results and Discussion

Nomenclature. The conventional designations aof and
are used for specification of anomer stereochemistry (see Figure

1). For pyranose rings the next capital letter describes the Tt
stereochemistry of the hydroxymethyl groug:— corresponds  Figure 2. Perspective view of thex-D-glucopyranose structures,
to the torsion angle O(6)C(6)—C(5)—O(5) of about—60°, G+ presenting the meaning of the two first letters used to characterize the

to the angle of about 80 and T to the angle of about 180 pyranose structure. The first capital letter describes the rotation around
The following letter describes the relative position of the the€ C5-C6 bond.The torsion angle G&6-C5-05 is about 6dfor

hvdroxvl hvdrogen of the hvdroxvmethvl aroum—. a+. and the G+, —60° for the G—, and 180 for the T structure. The second
Y yl hydrog Y y yl groug—, g, letter describes the rotation around the-@& bond. The torsional

t correspond to the torsion angle—l@(G)—C_(G)—C(S) of about angle H-06—C6—CS5 is about 66, —6C°, and 180 for the g+, g—,
—60°, 60°, and 180, respectively (see Figure 2). These tWO angt conformers, respectively.
letters are then separated by a slash, followed by edtharcc
designators, which describe the cooperative network of intramo-
lecular hydrogen bonds as running clockwise or counterclock-
wise, respectively (see Figure 3). After the second slash comes
the letter describing the relative orientation of the anomeric
hydroxyl hydrogen, that isy—, g+, andt, which corresponds
to a torsion angle HO(1)—C(1)—C(2) of about—60°, 60°, and
18C, respectively. The remaining four structureedlucose,
possessing a disfavored five-membered furanose ring (see Figure lec/ el
1), were designed as in the original work of Ma ef@l. Grg-recig* Grg-relt

(i) Gas PhaseThe relative energies of various structures of Figure 3. Perspective view of th&s+g—/cc/gt and G+g—/clit
p-glucose obtained during calculations up to the B3LYP/6- structures obx-p-glucopyranose, showing the cooperative network of
311++G**//B3LYP/6-31G* and MP2/6-313%++G**//B3LYP/ intramolecular hydrogen bonds running counterclocwise/, and
6-31G* level§3 are summarized in Table 1. Rovibrational ~clockwise,/cl/.
contributions to the free energies at 298 K, calculated at the

RHF/6-31G* level, are also presented in Table 1. Table 2 4 kcal/mol higher than energies of six-membered pyiranose rings
presents the corresponding data for analogous structures okt the B3LYP/6-31%+G**//B3LYP/6-31G* and MP2/6-
4-deoxy-4-fluoroe-glucose. ) ) 311++G**//B3LYP/6-31G* levels. But in the case of B3LYP/
Furanose versus Pyranose Ringst is clear that the relative  §.31G* calculations, the furanose rings are erroneously similar
energies of five-membered furanose ringpaflucose are over iy energy to pyranose rings. This failure of B3LYP/6-31G*
(98) Hawkins, G. D.; Giesen, D. J.; Lynch, G. C.; Chambers, C. C.; calculations had already been explained by basis set superposi-
Rossi, I.; Storer, 3. W.; Li, J.; Rinaldi, T. Z. D.; Liotard, D. A.; Cramer, C.  tion errof® or, alternatively, by necessity of inclusion of diffuse

J.; Truhlar D. G. AMSOL, Version 6.5.3 (based in part on AMPAC, Version ; ; ; ; ; ;
271, by D. A Liotard. E. F. Healy, J. M. Ruiz, and M. J. S. Dewar, and on functions in the basis set when calculating relative energies of

EF, by F. Jensen, University of Minnesota, 1998). structures with strong hydrogen bonds, which were present in
(99) (a) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. structures with furanose rings.
J. Am. Chem. S0d.985 107, 3902-3909. (b) Dewar, M. J. S.; Zoebisch, The geometrical parameters of hydrogen bonds as well as
E. G.J. Mol. Struct. (THEOCHEM})L98§ 180, 1-21. o
(100) Chambers. C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G. €lectron densities between protons and acceptors calculated
J. Phys. Chem1996 100, 16385-16398. according to the Mulliken scheme, which can be used to asses
(101) Giesen, D. J.; Gu, M. Z; Cramer, C. J.; Truhlar, D.JGPhys. the strength of hydrogen bofdare presented in Table 3. For
Cha%]'zl)gggseelr’]’sg ZJ& Eig/vlkins, G. D.: Cramer, C. J.: Truhlar, DTi&or. clarity, data for only three structures are presented GGGG
Chem. Acc1997 98, 85-109. anda Tg+/cc/gt of b-glucose, andt Tgt/cc/gt of 4-deoxy-
(103) Chambers, C. C.; Giesen, D. J.; Cramer, C. J.; Truhlar, 3. G.  4-fluoro-p-glucose. For the bonding scheme of hydrogen bonds,
Phys. Chem1997 101, 2061-2069. we utilize the notation proposed earlféwhich indicates the

104) Frisch, M. A.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W_; X
Jor(mso)n, B. G.; Robb, M. A.; Cheeseman, Jg R. Keith, T. Petersson, . hydrogen bond motif as proposed by Etter et%land also
A.; Montgomery, J. A.; Raghavachari, K.; Al.-Laham, M. A.; Zakrzewski, shows donor and acceptor groups.
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; (105) For an explanation of graph set notation, see: (a) Etter, M. C.
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Am. Chem. Sod 982 104, 1095-1096. (b) Etter, M. C.; MacDonald, J.
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- C.; Bernstein, JActa Crystallogr.1990 B46, 256-262. (c) Etter M. C.
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision C.3; Gaussian Acc. Chem. Re499(Q 23, 120-126. (d) Bernstein, J.; Davis, R. E.; Shimoni,
Inc.: Pittsburgh, PA, 1995. L.; Chang, N. L.Angew. Chem., Int. Ed. Engl995 34, 1555-1573.
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Table 1. p-Glucose: Relative Energies (kcal/nmfognd Percent of Low-Energy StructuresmfGlucose in the Gas Phase and in Aqueous
Solution

ZPE? TCG® AG%s3ivp AG%p2 Gl % aqua % aqua
B3LYP B3LYP MP2 (kcal/ [kcall  (kcall % gas (kcall % gas (kcal/ B3LYP MP2
structure  6-31G* 6-311++G** 6-311++G** mol) mol] mol)  B3LYP mol) MP2 mol) SM5.4-AM1 SM5.4-AM1

o G—gt/cclgt  0.55 0.11 0.00 0.52 0.89 0.19 19 0.00 30-13.83 7 14
o G+g—/cclgt  0.74 0.00 0.14 0.47 0.80 0.00 26 0.06 27-14.38 25 32
o Tgt/cclgt 0.00 0.06 0.48 0.68 1.14 0.40 13 0.73 9-13.28 2 2
o G—g+/clit 1.45 111 0.87 0.48 0.79 1.09 4 0.77 8—13.66 1 3
o Tt/clit 1.56 1.29 1.40 0.51 0.91 1.40 2 1.42 3—13.09 0 0
o Tt/cl/g+ 3.99 3.09 3.14 0.35 0.67 2.96 0 2.92 0-14.47 0 0
p G—gticclg— 2.31 0.95 1.19 0.13 0.36 0.50 11 0.66 10-14.08 6 7
B G+g—/cclg— 2.60 0.88 1.36 0.08 0.27 0.34 14 0.74 9-15.06 45 32
B Tgtlcclg— 1.95 1.05 1.79 0.26 0.57 0.82 6 1.48 2—-13.90 3 1
B Tg+/cclgt 2.52 2.02 2.87 0.13 041 1.62 2 2.39 0-14.37 2 1
B Ti/clit 4.81 3.75 4.15 0.05 0.28 3.23 0 3.55 0—-14.63 0 0
B Tt/cllg— 5.22 3.90 4.63 0.00 0.18 3.27 0 3.92 0-15.27 0 0
p G—gticclgt  3.05 2.06 2.36 0.01 0.18 1.43 2 1.66 2-15.10 7 7
Fur o GGGG 2.47 4.73 5.21 0.47 0.46 4.39 0 4.78 0-11.28 0 0
Fur f GGGG 0.12 4.37 4.07 0.60 1.05 4.62 0 4.24 0—-12.54 0 0
Fur a GGTG 5.75 4.97 6.36 0.37 0.00 4.16 0 5.48 0—14.00 0 0
Fur § GGTG 2.86 4.88 4.08 0.60 0.66 4.73 0 3.85 0-12.64 0 0

a Relative energies calculated with respect to the lowest energy structure in a given method (for B3LYP/6-88G1,53254; for B3LYP/6-
311++G**, —687.404647; and for MP2/6-3%H-G**, —685.649073 Hartree}.Zero-point energy; the lowest value was equal to 0.214462 Hartree.
¢Thermal correction to Gibbs free energy at 298 K; the lowest value was equal to 0.177343 Hartree.

Table 2. 4-Deoxy-4-fluorop-glucose: Relative Energies (kcal/nfond Percent of Low-Energy StructuresmfGlucose in the Gas Phase
and in Aqueous Solution

ZPE TCG* AGOBQ,LYP AGOMP2 Gosoh/ % aqua % aqua
B3LYP MP2 (kcal/  (kcal/  (kcal/ %gas (kcall %gas (kcall B3LYP MP2
structure 6-311++G**  6-31H++G** mol] mol)] mol) B3LYP  mol) MP2 mol) SM5.4-AM1 SM5.4-AM1

o G—g+/cclgt 0.69 0.75 1.05 1.62 0.75 15 0.81 16 —13.40 20 32
o Gt+g—/cclgt 0.87 1.20 0.96 147 0.78 14 1.10 10 —13.67 30 32
o Tgt/ccl/gt 2.30 3.06 1.01 1.59 2.32 1 3.08 0 —14.16 5 2
o G—gt/clit 0.00 0.00 0.96 157 0.00 54 0.00 65 —11.47 3 5
o Tt/clit 5.13 5.57 052 0.78 4.34 0 4.79 0 —13.36 0 0
o Tt/cl/g+ 6.38 6.82 0.38 0.54 5.36 0 5.80 0 —14.34 0 0
B G—g+icclg— 1.64 2.03 0.63 1.07 1.14 8 1.53 5 —13.26 8 7
B G+g—/cclg— 1.84 2.46 0.54 0.91 1.18 7 181 3 —13.89 22 14
B Tgt+lcclg— 3.40 4.47 0.56 0.99 2.82 0 3.89 0 —14.35 3 1
B Tagt/cclgt 4.47 5.62 0.43 0.82 3.72 0 4.87 0 —14.83 1 0
B Ti/clit 7.68 8.41 0.05 0.12 6.23 0 6.96 0 —14.75 0 0
p Ttlclig— 7.41 8.51 0.00 0.00 5.85 0 6.95 0 —15.21 0 0
B G—g+/cclgt 2.82 3.26 0.50 0.89 2.14 1 2.58 1 -14.24 8 7

a Relative energies calculated with respect to the lowest energy structure in a given method (for B3LYP/6-31G1,71271; for B3LYP/6-
311++G**, —711.4275000; and for MP2/6-311-G**, —709.644818 Hartree}.Zero point energy; the lowest value was equal to 0.200347
Hartree.c Thermal correction to Gibbs free energy at 298 K; the lowest value was equal to 0.162937 Hartree.

Table 3. Hydrogen Bonding Parameters for the GGGGand a Tgt+/pw/gt+ Structures ob-Glucose and 4-Deoxy-4-fluorn-glucose

compound structure hydrogen bonding type - H—A D—H-A population
Dp-glucose fur GGGG S(7)[O*H — Of H] 2.725 1.782 160.1 0.0493
p-glucose fur GGGG S(6)[C* H — O* H] 2.789 1.965 140.5 0.0284
Dp-glucose fur GGGG S(5)[CH— O*H] 2.672 2.082 117.3 0.0201
p-glucose fur GGGG S(5)[CF H— O°H] 2.624 2.104 111.7 0.0197
p-glucose o Tg+/pwigt S(6)[C*H— O*H] 2.803 2.012 137.2 0.0178
4-deoxy-4-fluoro-p-glucose o Tgt/pwigt S(6)[CFH—F] 2.818 2.049 134.8 0.0170
p-glucose o Tg+/pwigt S(5)[O*H — O H] 2.719 2.197 112.4 0.0160
4-deoxy-4-fluoro-p-glucose o Tgt/pwigt S(5)[GH— O'H] 2.733 2.224 111.3 0.0153
4-deoxy-4-fluoro-p-glucose o Tg+/pwigt S(5)[CH— O?H] 2.871 2.382 110.5 0.0132
p-glucose o Tg+/pw/gt S(5)[C*H — O?H] 2.909 2471 107.3 0.0115
p-glucose o Tg+/pwigt S(5)[C*H — O° H] 2.822 2.368 108.0 0.0105

From Table 3 it is clear that hydrogen bonds present in the accepting oxygen O(6) is0.78 €, and that of the donating
fur GGGG structure ofp-glucofuranose are strong hydrogen hydrogent+0.52 €. For other structures af-glucose, in which
bonds. The proton acceptor distance for the S(7)[O(3)H weaker hydrogen bonds were present, the corresponding charges
O(6)H] hydrogen bond, which closes a seven-membered ring, were of about-0.75 andt-0.46 €, respectively. Thus, the S(7)-
is only 1.782 A, and the donetproton—acceptor angle is over  [O(3)H — O(6)H] hydrogen bond has a strong electrostatic
16C°. The Mulliken population analysis at the 6-31G* basis set component. Therefore, it is of no further surprise that for proper
shows that electron density between the hydrogen and oxygendescription of the relative energy &ir GGGG structure one
is 0.049 e, which also proves that this hydrogen bond is a must use a basis set augmented with diffuse functions (more
strong one. It should also be noted that the point charge of thedetailed discussion is presented in ref 96).
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Fluorine as Hydrogen Bond Acceptor.Table 3 shows that
for thea Tg+/cc/gt structure the two hydrogen bonds, the S(6)-
[O(6)H — O(4)H] present im-glucose and the S(6)[O(6)H
F(4)] present in 4-deoxy-4-fluorp-glucose, are very similar
with respect to geometrical parameters and the electron popula-
tion between the proton and the acceptor. The electron popula-
tion between the proton and the acceptor, obtained in Mulliken
analysis, is equal to 0.018 and 0.017 fer H---O and H--F
hydrogen bonds, respectively. Further, the pretaaceptor
distance is 2.012 and 2.049 A, and the deranoton—acceptor
angle is 137.2and 134.8 for hydroxyl and fluorine accepting
the hydrogen bond, respectively. It should also be noted that
the other intramolecular hydrogen bonds present irotfigH/
cc/gt structure ofb-glucose and its deoxyfluoro analogue are
weaker. Therefore, the answer to a question that has arisen lately,
whether covalently bonded fluorine is capable of accepting
hydrogen bond&1%6.1%%s positive, but the accepting ability of
covalently bonded fluorine is lower than that of oxygen. Our
results are in line with the results of ab initio calculations for
systems with intermolecular hydrogen bonds, which indicated
that, although oxygen is a better acceptor, fluorine may accept
hydrogen bond&1% The experimental evidence for whether a
fluorine atom acts as an acceptor of hydrogen bonds is limited.
Statistical analyses of the Cambridge Structural Database
showed that short GFH—X contacts are extremely rapé%
On the other hand, some studies provide support forH-
bonding!®109-114 For example, it was suggested that a hydrogen
bond with fluorine as an acceptor controls an enzymatic
transformation of UDP-4-deoxy-4-fluoroglucose by UDP glu-
cose dehydrogenasand that the fluorine atom of 2-deoxy-2-
fluoro-o-myo-inositol-1,4,5-triphosphate accepts the hydrogen
bond from the cellular receptér.

Cooperative Intramolecular Hydrogen Bonds.In the case

of Dp-glucopyranose, the lowest energy structures have a

counterclockwise network of intramolecular hydrogen bonds.
Structures with cooperative intramolecular hydrogen bonds
oriented clockwise are about 1 kcal/mol higher in energy. In
contrast, in the case of 4-deoxy-4-fluaveglucose, the lowest
energy structure, thee G—g+/cl/t, has cooperative intramo-

lecular hydrogen bonds oriented clockwise, and the structures

with counterclockwise-oriented hydrogen bonds are 0.7 kcal/
mol higher in energy. However, othésl/ structures are much
higher in energy-over 5.5 kcal/mol, which indicates that the
G—gt/cl/t structure constitutes an exception. Indeed, ¢he
G—g+/cl/t structure of 4-deoxy-4-fluore-glucose is the only
structure which has four intramolecular hydrogen benalher
structures of 4-deoxy-4-fluoro-glucose have three or two
hydrogen bonds. Moreover, in tlee G—g-+/cl/t structure, the

J. Am. Chem. Soc., Vol. 123, No. 10, 202313

Glec a G-g+/cc/g+
gas: 19 %, solution: 7 %

FGlc o G-g+/cc/g+
gas: 15 %, solution: 20 %

Gle a G+g-/cc/g+
gas: 26 %, solution: 25 %

FGlc fG+g-/cc/g-
gas: 7 %, solution: 22 %

Gle 8 G+g-/ec/g-
gas: 14 %, solution: 45 %

FGlc o G-g+/clit
gas: 54 %, solution: 3 %

Gle a G-g+/cl/t

gas: 4 %, solution: 1 %
Figure 4. Structures ob-glucose and its deoxyfluoro analogue which
contribute the most to the equilibrium population at room temperature
in the gas phase or in aqueous solution. Glc stands-ffiucose and
FGlc for 4-deoxy-4-fluorce-glucose.

energies and populations of conformers mfglucose and
4-deoxy-4-fluorop-glucose both in the gas phase and in
solution.p-Glucose in the gas phase is present as a mixture of

end of a chain of three cooperative intramolecular hydrogen

case of 4-deoxy-4-fluoro-glucose, the lowest energyG—g-+/

bonds (see Figure 4). Tables 1 and 2 present the relative freeCl/t structure constitutes over 50% of the population. It is worth

(106) Dunitz, J. D.; Taylor, RChem. Eur. J1997 3, 89—98

(107) Moran, S.; Ren, R. X.-F.; Rumney, S., IV; Kool, E. J. Am.
Chem. Soc1997 119 2056-2057.

(108) Evans, T. A.; Seddon, K. Rhem. Commuril997 2023-2024.

(109) Phelps, M. E.; Hoffman, E. J.; Sterlin, C.; Huang, S. C.; Robinson,
G.; McDonald, N.; Schelbert, H.; Kuhl, D. H. Nucl. Med1978 19, 1311~
1319.

(110) Mattos, C.; Rasmussen, B.; Ding, X.; Petsko, G. A.; Ringe, D.
Nat. Struct. Biol.1994 1, 55-58.

(111) Hughes, D. L.; Sieker, L. C.; Bieth, J.; Dimicoli, J. I.. Mol.
Biol. 1982 162 645-658.

(112) Takahashi, L. H.; Radhakrishnan, R.; Rosenfield, R. E., Jr.; Meyer,
E. F., Jr,; Trainor, D. AJ. Am. Chem. Sod.989 111, 3368-3374.

(113) Sierra, I. L.; Papamichael, E.; Sakarelos, C.; Dimicoli, J. L.; Prange,
T. J. Mol. Recognit199Q 3, 36—44.

(114) Pham, M.; Gdaniec, M.; Polonski, 7. Org. Chem.1998 63,
3731-3734.

mentioning that thisa. G—g+/cl/t structure for b-glucose
constituted less than 8%. Such a significant impact of replace-
ment of the fourth OH by F is due to the fact that a cooperative
network of intramolecular hydrogen bonds is much more
destabilized for the counterclockwigec/ arrangement, where
fluorine, unable to donate a hydrogen bond, acts as a stopper
of the cooperative chain. For the clockwisd arrangement of
intramolecular hydrogen bonds, the fluorine atom accepting a
hydrogen bond is placed at the end of a system of cooperative
hydrogen bonds.

Anomeric Effect. For pairs of structures (fx G—g+/cc/gt
andp G—g+/ccl/g—, (i) oo G+g—/cc/gt andf G+g—/ccl/g—,
and (iii) a Tgt+/cc/g+ andp Tg+/cc/g—, one can observe the
energetic consequences of the anomeric effect (see Tables 1
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Table 4. Mean Unsigned Error (kcal/mol) of Various Methods
Compared to Composite Energies Obtained by Barrows ¥t al.

level of theory mean unsigned error

RHF/6-31G(d) 0.2
B3LYP/6-31G(d) 0.9
MP2/6-31G(d) 1.0
CCSD/6-31G(d)//IMP2/6-31G(d) 0.8
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) 0.1
MP2/6-31H+G(d,p)//B3LYP/6-31G(d) 0.2
E composité 0.0

aE composite= E(MP2/cc-pVTZ//MP2/cc-pVDZ)+ [E(CCSD/6-
31G(d)//MP2/6-31G(d)— E(MP2/6-31G(d))]+ [E(RHF/cc-pvQZz//
MP2/cc-pVDZ) — E(RHF/cc-pVTZ/IMP2/cc-pVDZ)].

and 2). All of these structures possess the same number of

intramolecular hydrogen bonds and gain stabilization from the
exo-anomeric effect. Thus, for these structures of begfucose
and its deoxyfluoro analogue, the only varying factor is the
presence or absence of anomeric stabilization DFglucose at
the B3LYP level, thex-anomers are favored over their corre-
sponding3-anomers by about 0.9 kcal/mol, whereas at the MP2
level they are favored by 1.1 kcal/mol. Essentially the same
energy of anomeric stabilization was found by Barrows &P al.
In the case of 4-deoxy-4-fluor-glucose, the anomeric stabi-
lization is even greater. At the B3LYP level it accounts for up
to 1.0 kcal/mol, and at the MP2 level it accounts for up to 1.3
kcal/mol. Therefore, slightly (by 0.1 kcal/mol) increased ano-
meric stabilization is a result of substituting a 4-OH group by
a F atom inp-glucose.

Exo-Anomeric Effect. Forp-glucose in a pair of Tt/cl/g—
andp Tt/cl/t structures, th@ Tt/cl/t one has four intramolecular
hydrogen bonds, whereas {idt/cl/g— one has only three but
gains additional stabilization from the exo-anomeric effect. For

Hoffmann and Rychlewski

Table 5. Point Charges Obtained via the CHELPG Procedure for
the Fourth OH Group ob-glucose and the Fluorine Atom of
4-Deoxy-4-fluorop-glucose for Three Corresponding Structures of
D-Glucose and Its Deoxyfluoro Analogue

structure atom/group charge
o G+g—/pwig+ 0(4) —0.749
H(O4) 0.488
OH —0.261
F(4) —0.269
o Tgt+/pwig+ O(4) —0.760
H(O4) 0.489
OH —-0.271
F(4) —0.270
o G—gt+/zwit O(4) —0.755
H(O4) 0.476
OH —0.279
F(4) —0.296

the B3LYP and MP2 methods, respectively. This demonstrates
that the quality of the results obtained from the density functional
theory (DFT) hybrid method, i.e., B3LYP, and from ab initio
MP2 calculations is very similar. However, at the 6+3tG**

basis set, the computational time needed to make single-point
calculations for 4-deoxy-4-fluoro-glucose on the Cray J916
was 366 and 750 min for B3LYP and MP2 methods, respec-
tively. This further proves the conclusion of Lozynski et al.,
that “B3LYP approach provides the shortest way to MP2
results"11>Moreover, as was demonstrated earlier (vide supra),
for proper description of relative energies mglucose struc-
tures, including glucofuranose structures, one must use a basis
set augmented with diffuse functions. All in all, B3LYP/6-
311++G**//B3LYP/6-31G* and MP2/6-31++G**//B3LYP/
6-31G* levels of theory provide a description of relatives

D-glucose, the structure stabilized by the exo-anomeric effect energies of structures efglucose almost as accurately as the

is 0.3 kcal/mol higher in energy (see Table 1). That means tha
the energy of exo-anomeric stabilization is slightly lower (0.3
kcal/mol) than the energy of an additional intramolecular
hydrogen bond. In contrast, for 4-deoxy-4-fluareglucose the

p Ttlcl/g— structure, which has two hydrogen bonds and gains
stabilization from the exo-anomeric effect, is 0.2 kcal/mol lower
in energy than th@ Tt/cl/t one with three hydrogen bonds (see

Table 2). This means that the exo-anomeric effect for 4-deoxy-

4-fluorod-glucose is 0.5 kcal/mol stronger than that for
D-glucose, or that the additional hydrogen bond between OH
groups is 0.5 kcal/mol weaker in 4-deoxy-4-fluareglucose
than inp-glucose.

Reliability of Different Models. Table 4 provides a break-
down of model reliability ranked by mean unsigned error in
predicted energies relative to the global minimum, compared
to the composite, high level of theory, quantum mechanical
energies obtained by Barrows et’@lThat is, energy computed
according to the equation

comp

E E(MP2/cc-pVTZ/IMP2/cc-pVDZ)t+

[E(CCSD/6-31G*/IMP2//6-31G*)-
E(MP2/6-31G*)]+
[E(RHF/cc-pVQZ/IMP2/cc-pVDZ —

E(RHF/cc-pVTZ/IMP2/cc-pVDZ)] 3)

The mean unsigned error for the 6-31G* basis set equals 1.0,

0.9, and 0.8 kcal/mol for the MP2, B3LYP, and CCSD methods.
For energies calculated with the use of the 6-8+1G** basis

set for geometries optimized at the B3LYP/6-31G* level, the
mean unsigned error is much lower: 0.1 and 0.2 kcal/mol for

tvery high quantum mechanics composite level employed by

Barrows et af?

Electrostatic Potential. Table 5 presents point charges
obtained by fitting to electrostatic potential by the CHELIPG
method for three structures pfglucose and 4-deoxy-4-fluoro-
D-glucose. For clarity, the charges on the fourth OH group of
D-glucose and the F atom of its 4-deoxyfluoro analogue are
presented. The CHELPG method is thought to produce charges
that successfully model the electrostatic potential field sur-
rounding a moleculé!’ Therefore, this method is particularly
suited for description of electrostatic interactions of the molecule
with the outside world.

As is clear from Table 5, the sum of charges attributed to
the oxygen and hydrogen of the fourth OH group is almost equal
to the charge of the F atom in the corresponding structure of
4-deoxy-4-fluorop-glucose. Therefore, the substitution of a OH
group ty a F atom in the case af-glucose does not much
change the electrostatic potential around the corresponding
molecules ofb-glucose and its deoxyfluoro analogue.

(i) Aqueous Solution. The Gibbs free energies and the
percent of a structure in equilibrium population in aqueous
solution are also presented in Tables 1 and Dfgiucose and
its deoxyfluoro analogue, respectively. The aqueous solvation
free energies®auqq listed in these tables span a range of about
4.0 and 3.7 kcal/mol fop-glucose and its deoxyfluoro analogue,
respectively. The weighted (by the percent in water solution)
average solvation energy as calculated by the SM5.4/AM1

(115) Lozynski, M.; Rusinska-Roszak, D.; Mack, H.-I.Phys. Chem.
A 1998 102 2899-2903.

(116) Breneman, C. M.; Wiberg, K. B. Comput. Chen199Q 11, 361.

(117) Wiberg, K. B.; Rablen, P. R. Comput. Chenml993 14, 1504
1518.
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Table 6. Percent ofa. and Anomers ofp-Glucose and
4-Deoxy-4-fluorop-glucose As Calculated in the Gas Phase at the
B3LYP/6-31H+G(d,p)//B3LYP/6-31G(d) Level and in Water
Solution with the Use of the SM5.4/AM1 Model

itself 4748 The shape and electrostatic potential around corre-
sponding structures of both molecules are very similar, so if
aldose reductase would preferably recognizeanomers as
substrates, then 4-deoxy-4-fluobeglucose should be a better

compound anomer  das phase (WQO‘"’I‘&?;?L(‘OSA)) substrate, as there are moge anomers in an equilibrium
P gasp population of 4-deoxy-4-fluore-glucose tham-glucose.
p-glucose o 64% 36%
B 36% 64% .
4-deoxy-4-fluoroe-glucose o 83% 58% Conclusions
B 17% 42%

Our studies showed that the substitution of a hydroxyl group
by a fluorine atom fop-glucose does not much change either
method is—14.6 kcal/mol forp-glucose and-13.7 kcal/mol ~ the shape of the corresponding structuresoaglucose and
for 4-deoxy-4-fluorop-glucose. That isp-glucose is better ~ 4-deoxy-4-fluoroe-glucose or the electrostatic potential around
solvated than its deoxyfluoro analogue by almost 1 kcal/mol. these molecules.

Three structuresq. G—g-+/cclgh, a G+g—/cc/g—, and B However, in the gas phase, it influences the cooperative
G+g—/cc/g—, contribute the most to the equilibrium population Network of intramolecular hydrogen bonds. Such a replacement
of p-glucose at room temperature (see Figure 4). An aqueous©f the fourth OH by F introduces a gap in the cooperative
solution of p-glucose decreases the populationcofinomers network of counterclockwise-oriented intramolecular hydrogen

o G—g+/cclgh structure decreases from 19% to 7% and the Structures with a cooperative network of hydrogen bonds running

percent of thgg G+g—/cc/g— structure increases from 14% to
45%.

The same (as fop-glucose) three structures, G—g+/cc/
g+, a G+g—/cc/g—, andf G+g—/cc/g—, contribute the most
to the equilibrium population of 4-deoxy-4-fluomglucose in
solution. An aqueous solution most significantly affects the
population of thea. G—g+/cl/t structure, which is lowest in

energy in the gas phase, mainly due to the fact that it has one
intramolecular hydrogen bond more than other structures. This

is also the reason this G—g+/cl/t structure is solvated about

clockwise, the fluorine atom is placed at the end of the chain
of hydrogen bonds, and because it acts as an acceptor only, it
does not obstruct the cooperativity. Therefore, for 4-deoxy-4-
fluoro-n-glucose in the gas phase, the structure with a clockwise-
oriented network of intramolecular hydrogen bond<;—g+/
clit, is the most populated. This is a completely different picture
than that obtained far-glucose, where structures with hydrogen
bonds arranged counterclockwise are definitely favored over
the “clockwise” ones.

On the other hand, in aqueous solution, where intermolecular

2 kcal/mol worse than other structures. Intramolecular hydrogen hydrogen bonds decrease stabilization from intramolecular

bonds in water solution must compete with intermolecular ones.

Moreover, they interfere with intermolecular hydrogen bonds
with water molecules. Therefore, the percent of th&—g+/

cl/t structure drops from 54% in the gas phase to only 3% in
aqueous solution. The percent of {h&+g—/cc/g— structure

of 4-deoxy-4-fluorop-glucose increases from 7% to 22%, but
in an aqueous solution af-glucose this structure constitutes
up to 45%. The contribution of the G+g—/cc/gt structure is
30% and 25% for 4-deoxy-4-fluom-glucose and-glucose,
respectively.

o versusf Anomers. Table 6 presents the ratios afto
anomers ob-glucose and its deoxyfluoro analogue as calculated
in the gas phase at the B3LYP/6-321G**//B3LYP/6-31G*
level and in water solution with the use of the SM5.4/AM1
model.

The experimental ratio oft to f anomers ofb-glucose in
aqueous solution is 36%:64%8 exactly the same as the

calculated value. However, such an excellent agreement betwee

theory and experiment is most probably coincidental. If the
SM5.4/PM3 model were used instead of the SM5.4/AM1 model,
a ratio of 46%:54% would be obtained, which is still in good
agreement with the experimental value. Although water solution
favors f anomers, in the gas phase theanomers constitute
about 64% wherea8 anomers constitute about 36%. These
results are in line with other calculatioffs.

In the case of 4-deoxy-4-fluorp-glucose in the gas phase,
the calculated ratio oft to 5 anomers is 83%:17%, and that in

aqueous solution is 58%:42%. This means that the replacemen

of the fourth OH group ob-glucose ly a F atom results in an
increase in the amount of anomers both in the gas phase and
in solution. This effect may explain why 4-deoxy-4-fluove-
glucose is a better substrate for aldose reductasentiggucose

(118) Angyal, S. JAngew. Chem., Int. Ed. Engl969 8, 157-166.

ones-as they compete with thenrfor both p-glucose and
4-deoxy-4-fluorop-glucose the same three structures with a
counterclockwise-oriented array of hydrogen bord§—g+/
cc/gt, o G+g—/cc/gt, andf G+g—/cclg—, are undoubtedly
favored. This means that in aqueous solution at equilibrium at
room temperature, the same structures-gfucose and 4-deoxy-
4-fluoroo-glucose are prevalent. In contrast, in the case of
aliphatic compoundsdeoxyfluoro analogues oR(R)-tartaric
acid—the substitution of a OH groupyba F atom resulted in
profound changes in the conformational preferences. That is,
the fluorine-containing molecules were present as a mixture of
several conformers, whereas for the parent compounds the
conformational diversity was very limitecusually only one
conformer predominated. This study shows that for cyclic
compoundsp-glucose and 4-deoxy-4-flum-glucose, the sub-
stitution of a OH group a F atom should lead to a deoxyfluoro
analogue which possesses biochemical and biological activity.
r#ndeed, it was experimentally demonstrated that 4-deoxy-4-
luoro-p-glucose is a better substrate for aldose reductase than
p-glucose?’#8 This fact can be easily explained, providing
aldose reductase recognizesanomers as its substrates. For
4-deoxy-4-fluorop-glucose,a. anomers constitute up to 58%,
whereas fom-glucose they constitute only 36%.

All'in all, for molecules with limited conformational freedom,
such as cyclic compounds, the substitution of a OH group by a
F atom does not much change the shape and the electrostatic
properties of these molecules. However, as indicated previously,
{or conformationally labile aliphatic compounds the replacement
of a OH by a F leads to profound changes in conformational
preferences and to greater conformational divefSityfluorine
atom, unlike a hydroxyl group, cannot donate hydrogen bonds,
which stabilize the overall structure of the molecule, thus
limiting its conformational freedom. In particular, this affects
aliphatic compounds. In contrast, for cyclic compounds, covalent
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