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Ab initio molecular orbital calculations of the @-methyldiphosphono-tetrahydropyran dianid) &nd the

complex of magnesium with @-methyldiphosphono-tetrahydropyré?) ére used to model the conformational
behavior of the sugardiphosphate linkage in suganucleotides. The geometry and energy of each conformer
were calculated at different basis set levels, from 6-31G* to cc-pVTZ(H) using the SCF, DFT/B3LYP,

and LMP2 methods. The vibrational frequencies were calculated at the HF/6-31G* level and the zero-point
energy, thermal, and entropy corrections were evaluated. The results of conformational analyaad ®f

clearly show that interactions of the diphosphate linkage with thé Mgtion alter the conformational
preferences about the anomeric and the diphosphate linkages. These changes influence the overall 3D shape
adopted by nucleotidesugars and, therefore, might have consequences for their functions in biological
processes. The effects of solvation and of the full first hydration shell of the metal on the stability of relevant
conformers have also been calculated. The results show that a delicate balance between intramolecular and
intermolecular interactions determines the conformational equilibrium around the-gliphosphate linkage.

As a result, the sugaidiphosphate linkage can adopt several different conformations depending on the
environment.

1. Introduction methylphosphono-tetrahydropyran anion that has been termed
the reverse exo-anomeric effect. Interactions with the sodium
counterion completely modified these conformational features.
Similarly, results on the dimethyl diphosphate dianion and the
magnesium dimethyl diphosphate showed considerable effects
on the structure and relative energy of the conformers when
thesis of the saccharide part of glycoconjugates. Glycosyltrans-the metal cation was prese_nt. AS a C(_)ntlr_1uat|on of these studies,
jve present here an extensive investigation of the structural and

ferases transfer a sugar from sugar-donor substrates, mos nformational behavior of th iohosphate link
commonly nucleotide-diphosphate-sugars, to a specific sugar-.CO ormational behavior of the sugaliphosphate age

; . including the effects of interactions with the Rigdivalent
%C(tf g tg;rizi;?gitfhg(r)r\;]vgregl%2?%'233:;42;53;:‘;yoizleogggved cation. The influence of the first coordination sphere of théMg

. : . - cation on the conformational properties of the complex will also
charide structures formed by these reactions constitute |mportantbe explored. The resuls of thiFs) inF\)/estigation provi dz information

binding determinants involved in biological processes related on the conformational equilibrium around the sugeiphos-
fo cancef. The pyrophosphate group of nucleotidsugars acts phate linkage that should be crucial for the design of glycosyl-

as the leaving group in the transfer of a sugar residue to an .
g group 9 transferase inhibitors Moreover, these results could be used

acceptor-molecule. It is also thought that the bond cleaved in o :
the sugarphosphate linkage is activated by complexation with as benchmarks for the parametrization and testing of molecular
force fields for molecules containing this segment of atoms.

a divalent cation. Despite the importance of nuclectisiegars
in the catalytic mechanism of glycosyltransferases, their 2 Models and Computational Procedures
structural behavior has not yet been well understood. The
conformation adopted by the sugatiphosphate linkage largely
determines the 3-D structure of nucleotigRigars. Therefore,
the characterization of this linkage is a prerequisite to a deeper
understanding of nucleotidesugar properties. Recently, as a
first step in this direction, we have performed the ab initio
conformational analyses of the suganonophosphate linkage
and the diphosphate linkatjesing the 20-methylphosphono-

The diphosphate functional group occurs in a variety of
biological molecules and has an important role in many
biological reactions. In nucleotidesugars, for example, the
diphosphate group links a sugar residue with a nucleoside. It is
well-known that nucleotidesugars are involved in the biosyn-

The conformational behavior of the diphosphate functional
group linked to the anomeric carbon in hexopyranosides has
been studied by ab initio methods using theD2nethyl-
diphosphono-tetrahydropyran dianiot) @nd the magnesium
2-O-methyldiphosphono-tetrahydropyran complgxds models.
Structures of the compounds with axially oriented diphosphate
groups are illustrated in Figure 1 together with UDP-GICNAc
tetrahydropyran anion, sodium @-methylphosphono-tetra- [uridine 3-(2-acetamido-2-deoxy-D-glucopyranosyl pyrophos-

hydropyran, the dimethyl diphosphate dianion, and magnesiumphate_)] _representing the nuc_leotide-diphosphate-sugars. For a
dimethyl diphosphate as models. The results revealed an unusuaﬁjescrlptlon of the atoms (Figure 1) we have used the atom

conformational preference around the-€21 bond in the 2o- number!ng as in _the carbohydrate nomenclature, whgre the
anomeric carbon is denoted as C1, etc. By analogy with the

* Corresponding author. On leave of absence from the Institute of glycosidic linkage O_f oligosaccharides, we will use the term
Chemistry, Slovak Academy of Sciences, Bratislava, Slovak Republic.  “sugar—phosphate linkage” for the CG101-P3 bonds. Two
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Figure 1. Schematic representation of)(uridine diphosphat®

acetylglucosamine (the highlighted part has been modeled in this work),

(b) 2-O-methyldiphosphono-tetrahydropyran dianidy énd €) mag-
nesium 20-methyldiphosphono-tetrahydropyran complé@x (

dihedral angles define the conformation around this linkage.
The rotation about the anomeric €01 linkage is described
by the dihedral angl® [® = $(O5-C1-01-P3)], and the
orientation about the G1P3 bond, by the dihedral angh
[W1 =W, (C1-01-P3-04)]. Orientations of the diphosphate
group are described by two dihedral andliés[W, = W, (01—
P3—-04—P5)] andW; [Ws = W3 (P3—04—P5-06)]. Finally,

the dihedral angl&V, [W, = W, (O4—P5-06—C)] describes
the orientation of the terminal methyl group which in this case
models the methylene group of the nucleoside part of stigar
nucleotides. The conformation of compouridand 2 is then
described using five torsion anglds, Wi, W, W3, and W,.
Three staggered orientations about the-Oll and P-O bonds
are denoted as G (synclinal, gauche?)6d (antiperiplanar,
trans, 180), and mG -synclinal,—gauche;—60°), respectively.

Andre et al.

The vibrational frequencies were calculated at the HF/6-31G*
level and the zero-point energy, thermal, and entropy corrections
were evaluated. The relevant conformers were also calculated
using a hybrid HartreeFock-density functional scheme, the
adiabatic connection method B3LYRf density functional
theoryt® (DFT). We utilized the standard 6-31G** and
6-31++G** basis sets for the geometry optimization. Single
point calculations were carried out with the cc-pVTZ{-f
basis set forl. Local MP2 calculatior’d (LMP2) were then
performed on these geometries with the cc-pVTZ(-f) basis

set forl and with the 6-3%+G** basis set for2. The electron
correlation effects were treated by means of DFT/B3LYP and
LMP2. The solvent effects on the conformational equilibrium
have been investigated with a self-consistent reaction field
method? as implemented in Jaguar at the DFT/B3LYP/6-31G**
level, using the PoisserBoltzmann solver and including
empirical corrections to repair deficiencies in both the ab initio
and continuum solvation models. Solvation calculations were
carried out for two solvents, namely cyclohexane=(2.023)
and water € = 80.37) using the geometries calculated in the
gas phase.

3. Results and Discussion

A. 2-O-Methyldiphosphono-tetrahydropyran Dianion (1).
The conformation of the sugadiphosphate and diphosphate
linkages in the 22-methyldiphosphono-tetrahydropyran dianion
(1) is described by five internal rotational degrees of freedom
associated with the G101, O1-P3, P3-04, O4-P5, and P5
06 bonds (Figure 1b). The assumption of three staggered
conformers for each bond would generate 243 ¢@nformers
to be considered. Therefore, a systematic grid search using high-
level ab initio calculations of these conformers would require
excessive computer time. We utilized then the results on
structurally related models, the @imethylphosphono-tetra-
hydropyran aniohand the dimethyl diphosphate dianidas a
guide to restrict the conformational spacelofThe study of
the 20-methylphosphono-tetrahydropyran anion gave important
information on the preferred orientations observed about the
sugar-phosphate linkageX, W, dihedral angles), whereas the
study of both the 23-methylphosphono-tetrahydropyran anion
and the dimethyl diphosphate dianion provided data on the more
favorable conformation of the diphosphate linkagds @nd
W; dihedral angles). The combination of all this information
significantly reduced the number of conformers by generating
only 100 starting structures for geometry optimization. Three
staggered conformations around the—@11 bond had been
calculated for the 2>-methylphosphono-tetrahydropyran anion,
namely, the sc, ap, andsc orientations. Conformers adopting

The eclipsed orientations about these bonds are denoted as ¢he—sc orientation about the G101 bond had a higher relative

(synperiplanar, cis,~0°), A (anticlinal, ~12¢°), and mA
(—anticlinal, ~—120), respectively. In this notation, e.g.,
AGTmGmA means that the anglds W,, W, W3, andW, are
approximately in the anticlinal (ac, A), synclinal (sc), or gauche
(G), antiperiplanar (ap) or trans (T)synclinal (sc), or
—gauche (mG), and-anticlinal (—ac, mA) conformation,
respectively.

The ab initio calculations were carried out with the Turbomole
95.% and GAMESS programs using standard basis sets. The
optimization of the geometry was performed at the SCF level
with the 6-31G* basis set. The geometry was fully optimized
using the gradient optimization routines of the program without
any symmetry constraints. For several relevant mininharid

energy (6.79.4 kcal/mol) due to the presence of unfavorable
steric interactions of the phosphate group with the pyranoid ring
atoms. We presumed that such interactions might be more severe
for the larger diphosphate group. Indeed, preliminary calcula-
tions of several conformers with thesc orientation showed
that the optimization changed the orientation around the C1
01 bond from the-sc to the ap conformation. Therefore, during
the generation of the starting conformations Iofthe —sc
orientation for the® dihedral angle has not been considered.
The calculated relative energies and dihedral angles of the final
HF/6-31G* minima are gathered in Table 1.

As can be seen from Table 1, the optimization of the 100
starting structures at the HF/6-31G* level led to 37 distinct

2, more extensive calculations using different methods and minima. The energies of all minima cover a relatively small

different basis sets were performed using the Jaguar proyram.

interval of 8.5 kcal/mol. This suggests that the sugdiphos-
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TABLE 1: Ab Initio Relative Energy (kcal/mol), and
Position of Conformational Minima of the
2-O-Methyldiphosphono-tetrahydropyran Dianion (1)
Calculated at the HF/6-31G* Level

conformer [} v, v, W, v, AE

AAMGMAG 104.1 107.7 —59.9 —101.8 73.3 0.00

AGGAMG 153.5 83.9 63.7 93.1 —-76.8 0.73 ,
AAGGG 135.4 91.3 46.8 18.3 75.6 1.24 ;233
AAMGMGMG 1089 1016 —452 -385 —-70.5 1.28 AAMGMAG AGGAMG /
TmMGAGMG 173.3 —55.8 90.8 74.1 —-87.1 1.77

AAMGAMG 97.2 1103 —-60.1 1356 —66.2 2.25

TAMAMGMG 162.6 91.9-134.4 —-475 —-62.7 2.61

TGTGmMA 162.4 89.1-150.4 72.6 —92.7 2.69

TGTmAG 159.5 83.3—-172.4 —111.2 70.5 2.76

GmAMGmMGG 88.4 —922 —-69.8 -—-74.1 88.7 2.80

TmGAGG 176.5 —55.6 90.0 54.8 53.8 3.02

TmGmGmGG —-176.3 —-345 —-715 —67.2 87.2 3.28

TmGmGCmG —-175.8 —448 -—-57.0 —-27.2 -71.7 3.39

TmGGmMAG 159.2 —89.3 72.5 -133.4 68.1 3.47

AMAMGMGMG 90.2 -108.1 —-59.1 -46.7 —62.8 3.50

AAMATG 137.6 94.6 —111.4 —177.7 66.3 3.58

GTGAMG 72.1 158.7 58.4 96.9 —78.4 3.79

TmGAAT 173.6 —54.5 100.5 100.5-169.7 3.97

TmGATMG 173.9 —54.9 99.7 —168.5 —66.7 3.98 AAGGG AAMGMGMG
AMAGGG 103.6 —136.6 35.1 47.0 64.0 4.18

TMGTAMG 156.9 —59.9 —175.9 103.7 —73.9 4.52

AAMGAT 98.8 106.6 —48.9 1084 179.1 4.63

AMAMGTMG 100.7 —91.5 -70.9 1639 —68.9 5.04

TAGTG 157.2 106.3 63.5 179.9 64.5 5.04

TTAMGA 173.5 —153.5 100.1 —42.6 95.2 5.34

GmATMAG 73.8 —92.7 157.4 -—-91.7 77.2 5.57

TGGmMAT 150.8 85.7 69.4—143.4 —179.5 5.59

GTGmAG 69.4 159.4 58.8—132.5 68.0 5.75

TmGmMAGG 151.2 —65.0 —120.4 59.0 65.0 5.96

GmATMGmMG 73.5 —90.8 163.7 —46.4 -64.0 6.11

TTTGG 173.3 —152.0 167.0 33.2 71.7 6.27

TmAAMGMG 174.4 —149.2 103.2 —-50.3 —71.7 6.28 TMGAGMG

TmGATT 175.3 —-57.8 95.0 —161.2 —180.0 6.50

GATGG 75.4 1422 158.7 35.8 68.9 6.74 Figure 2. Representation of the hydrogen-bonding patterns observed
TATAG 161.4 97.4 —176.2 99.4 828 7.14 for the five lowest energy conformers of the®methyldiphosphono-
GmMAMGTT 895 —91.0 -—-71.5 1519 177.2 7.82 tetrahydropyran dianiorlj calculated at HF/6-31G* level. Dashed lines
TmGmGAT —1748 —-33.7 —68.9 145.0-178.3 8.50 show the CH...O hydrogen-bonding interactions. Bond lengths are given

in angstroms.
aE = —950 507.26 kcal/mol. g

phate linkage inl is quite flexible but that this flexibility is very close, within 1.3 kcal/mol. From Table 1, it is clear that
restricted to a small part of the potential energy hypersurface. the sc orientation around the €D1 bond is not favored.
Analysis of the results also indicates that transitions between Indeed, it appears that from 37 final minima, only seven of them
different conformers about the ©6P4-05-P5-06 bond adopted the gauche conformation about the-O1 bond. The
sequence require a concerted rotation about at least two bond$owest energy conformer (GmAMGmMGG) with the sc orientation
with the sole exception of th#, dihedral angle, which describes is 2.8 kcal/mol above the AAMGmAG conformer, which is the
the free rotation of the external methyl group. Results of the lowest energy conformer for the ac orientation.

present study show, as for the@methylphosphono-tetrahy- Previous high-level ab initio calculations performed on
dropyran anion, an unusual conformational behavior of the monophosphate derivatives have shown a clear preference of
sugar-diphosphate linkage. The diphosphate group linked to the P-O bonds in the €0—P—0—C bond sequence for the
the anomeric carbon prefers the anticlinalle®®, ac) over the sc conformation. For diphosphate linkages, results have shown
synclinal orientation about the anomeric-©6@1 bond. Such a  a similar dominance of the sc orientation for the® bonds in
preference for the ac conformer about the-@i1 bond the O-P—0O—P—-0 bond sequence. As can be seen in Table 1,
observed in sugarphosphate linkages is uniqgue among the only a few conformers adopted the ap orientation around the
conformations of glycosyl compoundsand this phenomenon  P—O bond. This conformation appears to be considerably less
has been named theverse exo-anomeric effetThe anticlinal stable than the sc orientation. In general, phosphate derivatives
conformers around the G101 bond can be divided into two in their anionic forms exhibit a strong preference for the sc over
groups. The first and more frequent corresponds to the so-calledthe ap conformation around the-® bond, in accordance with
trans conformation® ~ 150°) observed ina-glycosyl com- the general anomeric effect. However, in contrast with the results
poundst The second and less frequent group ¢ 100°) on the dimethyl diphosphate dianion, one of the@bonds in
represents a unique conformation for the anomeric bond. The 1 is usually shifted from the sc to the ac conformation. The (sc,
four lowest energy conformations (AAMGMAG, AGGAMG, ac) or (-sc, —ac) arrangements of the 6P3—04—P5-06
AAGGG, and AAmMGmGmMG) show the same orientation around segment are present in the two lowest energy conformers
the C1-01 bond with® ~ 104—-15% (ac) and around the G1 (AAMGMAG and AGGAMG) with ¥, W3) = (—60°, —102)

P3 bond with®1 ~ 83—108& (sc, ac) (Figure 2). These four and (64, 93), respectively. The next two conformations
lowest energy conformers exhibit a clear deviation from the (AAGGG and AAmMGmMGmMG) present another conformation
ideal gauche position (sc, 80and their relative energies are  around the PO—P segment, namely, the sc, sc ansc, —sc.
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TABLE 2: Comparison of the ab Initio Relative Energies (kcal/mol) of Selected 29-Methyldiphosphono-tetrahydropyran
Dianion (1) Conformers Calculated by Different Methods

method conformer

energy geometry AAMGMAG AGGAMG AAGGG AAMGMGMG TmGAGMG
HF 6-31G* 6-31G* 0.00 0.73 1.24 1.28 1.77
HF 6-31++G** 6-31G* 0.00 0.54 0.29 0.36 1.90
HF cC-pVTZ(-fr++ 6-31G* 0.00 0.54 0.43 1.00 1.88
HF 6-31++G** 6-31++G** 0.00 0.51 0.51 1.34 2.00
HF ce-pVTZ(-f++ 6-31++G** 0.00 0.32 0.41 1.11 1.90
DFT/B3LYP 6-31G** 6-31G** 0.00 0.67 0.86 0.70 1.26
DFT/B3LYP 6-3H-+G** 6-31G** 0.00 0.73 0.64 0.49 1.67
DFT/B3LYP ce-pVTZ(-f{t+ 6-31G** 0.00 0.65 0.49 0.59 1.83
DFT/B3LYP 6-3H-+G** 6-31++G** 0.00 0.73 0.64 0.49 1.67
DFT/B3LYP cc-pVTZ(-fH-+ 6-31++G** 0.00 0.51 0.44 0.77 1.67
LMP2 cc-pVTZ(-f++ 6-31G* 0.30 0.00 0.08 0.52 1.51
LMP2 ce-pVTZ(-f+-+ 6-31++G** 0.14 0.00 0.36 0.68 1.75

The corresponding values of dihedral angles aré,(48) and extremities and the conformation of this molecule is then not

(—45°, —39°), respectively. All these arrangements correspond influenced by the presence of a sugar unit. The main factor
to conformations observed for the dimethyl diphosphate dian- controlling the overall conformation of such a molecule is the
ion.3 On the basis of the relative energy of these conformers, flexibility around the P-O—P segment. For the dimethyl
we assume the potential energy surface about‘Z W3 diphosphate dianion, the preferred arrangement for th®-©
dihedral angles to be very flat. Thus, interactions with the O—P—O bond segment¥, andW; dihedral angles) is (sc, sc)
environment (protein, counterion, or solvent) can change the or its symmetrically related<sc, —sc). Despite a slight shift
conformational preferences around these linkages quite signifi- from the ideal “staggered” position, the dimethyl diphosphate
cantly. dianion exhibits a similar preference for the synclinal conforma-
Inspection of the three-dimensional structure of the lowest tion around the phosphate linkage as well as almost identical
energy conformations df reveals the presence of stabilizing intramolecular hydrogen-bond patterns. Both phosphate groups
interactions between phosphate oxygen atoms and one of theare stabilized by CH...O{P) interactions involving the two
hydrogens attached to a carbon atom, i.e-HC.O hydrogen- external methyl groups.For instance, the lowest energy
bonding interactions. Among the low-energy conformers, dis- conformers (NGGGmMG and GGGG) of the dimethyl diphos-
tinct hydrogen-bonding patterns are observed. These patternghate dianion show the presence of two symmetrical short
are closely related to the conformation observed around thecontacts @y, o = 2.3 and 2.4 A, respectively) involving each
sugar-phosphate linkaged and W; dihedral angles). For  of the phosphate groups with the farthest methyl group.
instance, the four lowest energy conformers (AAmMGmMAG, Obviously, the occurrence of€H...O(—P) interactions in these
AGGAMG, AAGGG, and AAmGmGmMG) with the (ac, ac) structures is not fortuitous and it definitely points out the role
orientation around the sugaphosphate linkage, display similar  they may have in the stabilization of phosphate derivatives. Such
hydrogen-bonding patterns. As can be seen in Figure 2, wherelong-range hydrogen-bonding interactions have often shown
selected conformers are shown, three CH...O interactionstheir great importance in crystal engineeriig®
involving charged phosphoryl oxygen atoms of both phosphate  Recent calculations on carbohydrate model compoiaais!
groups with several hydrogens are usually present in this groupdimethyl diphosphafé suggested that calculations with the
of conformers. The relevant geometrical parameters for the 6-31G* basis sets at the HF level provide a reasonable set of

different interactions displayed in Figure 2 are-€1...0— conformational energies and geometries. Our recent calculations
P3dy.o~24 A Oc_n o~ 100-11C), CH3...0-P3 4.0 on the sugarmonophosphate linkageand the diphosphate
~2.3-2.4 A, 6c.0~ 130-155), and C2-H2...0-P5 @O4.o linkage* also support this suggestion. On the other hand, because
~ 2.3-2.4 A, 6c_p.o ~ 130-15C°). The lowest energy a dianion is involved in the system investigated, the inclusion
conformer with the ap conformation around the-@11 linkage, of diffuse functions should give more reliable reséftThere-

TmGAGMG, displays a distinct hydrogen-bonding motif (Figure fore, to test the reliability of the results calculated at the
2). Three CH...O interactions are again found, though they HF/6-31-G* (272 basis functions) level, we have run a series
involve different atoms. The geometrical parameters character-of calculations on five representative conformers, namely
izing the interactions shown in Figure 2 are -€41...0-P5 AAMGMAG, AGGAmMG, AAGGG, AAMGMGmMG, and
(..o~ 2.5 A, Oc—p.0 ~ 125), CH3...0-P3 (4.0 ~ 2.3— TmMGAGmMG, at the HF/6-3t+G** (384 basis functions),
2.4 A 6c_h. .o~ 147) and C2H2...0-P3 @dy.0 ~ 2.3-2.4 HF/cc-pVTZ(-f++ (676 basis functions), and LMP2/cc-
A, Oc_n.0 ~ 12C°). The geometrical parameters observed are pVTZ(-f)++ levels. Density functional theory based on adia-
characteristic of CH...O hydrogen-bonding interactions described batic connection arguments, which incorporates an admixture
in the literature*1>The comparison of both patterns observed of Hartree-Fock exchange in a linear combination with the
reveals very similar short (€)H...O contacts, but different  usual density functional ingredierftshave been shown to
phosphoryl oxygen atoms are involved in each case. Theseprovide good quality geometries. We also utilized the DFT/
patterns can almost be considered as inverted. Clearly, theB3LYP/6-31G** (308 basis functions) and the DFT/B3LYP/
different conformations of the pyrophosphate group are stabi- 6-31++G** levels for geometry optimization and the DFT/
lized by such interactions. B3LYP/cc-pVTZ(-f{H+ level for single point calculations of
To clarify the importance of these interactions in the the energy. The results of these calculations are gathered in the
stabilization of anionic phosphate derivatives, we have comparedTables 2 and 3.
these patterns with similar structural features observed in the The selected geometrical parameters for five conformers of
dimethyl diphosphate dianion. The dimethyl diphosphate dianion 1 are listed in Table S1 of the Supporting Information. The
is a symmetric molecule terminated by methyl groups at both results show that the change in geometry when going from the
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TABLE 3: Summary of the Corrections to the Calculated Free Energy Differences (ZPEAGyiprot , AG(Cyclohexanegon,
AG(water)son), Energies AE), and Estimated Free Energies AGgas AGeyciohexane AGwater)® for the AAMGmMAG, AGGAMG,
AAGGG, AAmMGMGmMG, and TMGAGmMG Conformers of 2-O-Methyldiphosphono-tetrahydropyran Dianion (1) in the Gas
Phase, Cyclohexane, and Water at 298 K (kcal/mol)

method AAMGMAG AGGAmMG AAGGG AAMGmMGmMG TmGAGmMG
ZPE HF/6-31G* 121.28 120.64 122.17 120.86 120.49
AGibrrot HF/6-31G* —28.20 —28.11 —28.10 —28.18 —27.86
AG(cyclohexane),y DFT/B3LYP/6-31G** —89.84 —90.05 —88.11 —89.82 —88.57
AG(waterkon DFT/B3LYP/6-31G** —204.14 —205.44 —200.81 —203.71 —202.74
AE HF/cc-pVTZ(-{++/16-31++G** 0.00 0.32 0.41 1.11 1.90
AGgas 0.24 0.00 1.63 0.94 1.04
AGeyciohexane 0.40 0.00 2.09 0.76 1.26
AGuwater 1.49 0.00 4.78 2.16 2.48
AE DFT/B3LYP/cc-pVTZ(-f++//6-31++G** 0.00 0.51 0.44 0.77 1.67
AGgas 0.05 0.00 1.47 0.41 1.25
AGeyciohexane 0.20 0.00 1.94 0.23 1.48
AGuater 1.30 0.00 4.63 1.73 2.70
AE LMP2/cc-pVTZ(-fy++/16-31++G** 0.14 0.00 0.36 0.68 1.75
AGgas 0.69 0.00 1.90 0.84 1.85
Achclohexane 0.85 0.00 2.36 0.65 2.07
AGuater 1.94 0.00 5.05 2.15 3.28

8 AGgas = AE + ZPE + AGuibirot; AGeyciohexane= AGgas + AG(cyclohexanay; AGuater = AGgas + AG(Waterkqy

HF/6-31G* level to the HF/6-3t+G**, DFT/B3LYP/6-31G** is well documented?® To provide insight into the importance
or DFT/B3LYP/6-3H+G** levels is rather small. Usually the  of solvent effects on the stability of the sugghosphate linkage
change in any torsional angle is less thafl. & exception is, conformers, we have calculated the solvation energies for seven
however, the®; torsional angle of the AAmMGmmGmMG and selected conformers ol using the DFT/B3LYP/6-31G**
AGGAmMG conformers where larger differences were observed. method and the Jaguar progrdnthese results together with
Differences in the bond angles calculated at all levels of theory the calculated zero-point vibrational energies, the thermal
are within 5. Comparison of bond lengths revealed that the energies, and the entropies at the HF/6-31G* level are given in
trends observed in the geometries at the HF/6-31G* level remain Table 3. These values were combined with tRE values
at the HF/6-31++G**, DFT/B3LYP/6-31G** and DFT/B3LYP/ calculated at different basis sets in order to give different
6-31++G** levels. It is noteworthy, however, that the HF/  estimates 0AGgas AGeyciohexane 8NA AGyater Examination of
6-31G* bonds are systematically shorter than the DFT/B3LYP/ the data in Tables 2 and 3 clearly revealed that after considering
6-31G** bonds. For example, the-€ bond is typically shorter  the thermodynamic corrections, the AGGAmMG is the preferred
by 0.02 A (1.376-1.398 A versus 1.3981.419 A) and the PO conformer. At the three highest levels of theory used, HF/
single bond lengths are typically 0.68.04 A shorter (1.61:2 cc-pVTZ(-f)++//6-31++G**, DFT/B3LYP/cc-pVTZ(-H)++//
1.652 A versus 1.6481.703 A). Such a systematic difference  6-31++G**, and LMP2/cc-pVTZ(-TH+//6-31++G**, the gas
was also noticed in previous calculatiénand is likely a phase relative energies at®.32,4+0.51, and—0.14 kcal/mol,
characteristic of the 6-31G* basis set. Further expansion of the respectively. After including the zero-point vibrational energies,
basis set by adding diffuse functions does not alter bond lengths.thermal energies, and entropies, the calculations predict the
Indeed, the bond lengths observed at HF/6-31G* versus HF/ relative free energies of the AGGAMG conformer to-h@.24,
6-31++G** levels and at DFT/B3LYP/6-31G** versus DFT/  —0.05, and—0.69 kcal/mol, respectively. As can be seen in
B3LYP/6-31++G** levels, are roughly the same. Table 3, theres a 2 kcal/mol variation in the predicted solvation
Table 2 presents the relative energies for the seven conformersenergies of the conformers in cyclohexane solution and a 5.5
of 1 calculated at the different levels. A comparison of the kcal/mol variation in aqueous solution. Calculated solvation free
relative energies shows that an increase of the basis set decreasemergies in water (from-200.8 to —205.4 kcal/mol) are in
energy differences. The HF/6-31G* energies display the largestaccordance with the value 6f195.8 kcal/mol calculated by
differences observed (up to 0.9 kcal/mol) compared with the the polarized continuum model for the pyrophosphate diaffion.
LMP2/cc-pVTZ(-fy++//6-31++G** results. Inclusion of the The preference for the AGGAmMG conformer is clearly more
diffuse functions into the basis set, i.e., 6-31G* versus pronounced in solution than in the gas phase. Both cyclohexane
6-31++G**, significantly decreases these differences. This is and water stabilize this conformer since, at the highest level of
also observed for single point calculations when using the HF/ theory, this conformer is preferred by 0.65 kcal/mol in cyclo-
6-31G* geometry. These findings together with the large hexane and by 1.94 kcal/mol in water.
deviations observed in thk; dihedral angle of some conformers B. Magnesium 20-Methyldiphosphono-tetrahydropyran
suggest that the basis sets with diffusion functions are more Complex (2). The inclusion of a magnesium cation into
appropriate than the 6-31G* basis set for accurate prediction moleculel introduces new conformational variables such as
of the structure and relative energy of dianionic diphosphate the possibility of several locations for the Rigwith respect to
systems. Despite the general agreement, both HF and DFT/the diphosphate group.This considerably complicates the
B3LYP methods erroneously predict the lowest energy con- conformational analysis of the magnesiur®2nethyldiphospho-
former compared to the LMP2 method. The LMP2/cc- no-tetrahydropyran comple2) (Figure 1c) compared tb. To
pVTZ(-f)++//6-31++G** results show a preference for the restrict the complexity of the conformational space to a more
AGGAMG conformer over the AAMGMAG by 0.14 kcal/mol. manageable dimension, we have used previous results on a
At all levels of HF and DFT/B3LYP calculations, the related model, the magnesium dimethyl diphosphate complex.
AAMGMAG is predicted as the lowest energy conformer. This The favored conformations of the diphosphate linkae &nd
preference increases from 0.3 to 0.7 kcal/mol. W3 dihedral angles) and the locations occupied by the magne-
The influence of the solvent on the relative stability of sium cation in this molecule have been used as templates to
conformers around the G101 bond in carbohydrate derivatives generate the starting structures for geometry optimizatidh of
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TABLE 4: Ab Initio Relative Energy (kcal/mol) and the
Position of Conformational Minima of the Magnesium
2-O-Methyldiphosphono-tetrahydropyran Complex (2) at the
HF/6-31G* Level

MgZ+
conformer (O] Wy W, Wy W, coordn AE
GMAGMAMG 87.3-133.7 617 -91.9 -755 A 0.0 GmAGMAmG (A)

GMAGTmMG 86.4 —131.5 78.1-178.9 —-595 B 4.13

GmMAGTG 87.1-1324 779 1786 551 B 4.56

GGMGTG 48.2 64.4 -87.9 1782 583 B 4.92

GGMGTmMG  43.7 68.3 —-85.6 —177.5 —-56.1 B 5.54

GmAGTT 86.7 —132.4  78.0—179.9 —177.7 B 5.67 201

GGmGTT 46.1 66.7 —86.6 —177.9 1751 B 6.36 187 “G7199

GmGmMATG 78,5 —83.9 —105.3 176.2 48.0 C 9.67 GMGMATG(C 2.00

GMGTMAMG 689 —79.4 1745 -96.8 —69.7 D 981 © GmGTMAMG (D)

AmMGmATMG 923 —-78.7 —-97.3 174.1 —53.2 C 9.86

GGTmAMG  66.4 425 17411032 —-795 D 10.21

GGmMATG 70.0 60.9-112.0-178.1 60.7 C 1031

GGTAG 765 416 1755 1108 814 D 10.40

AATMAMG 118.6 100.1 177.3-1035 -77.7 D 10.61

AGTMAMG 1447 86.9-179.6 —108.9 —825 D 10.64

GMGTAG 849 —82.6 —179.8 109.7 847 D 10.72 GGAGG (E

AMGMATG 1419 —70.6 —109.7 179.8 588 C 10.93 (E) GGGAG (F)

AATAG 132.8 91.0 179.0 109.8 79.9 D 11.16

GGmMATMG 69.1 60.9-111.3 —176.7 —58.4 C 11.28

GmGmATT 85.3 —85.5 —104.4 177.8 1722 C 11.31

GGATMG 51.0 405 111.0 179.1-56.2 C 11.37

GmGTMAG  65.6 —86.3 —172.0 —125.6 62.6 D 11.42

ATATMG 108.1 171.4 109.7-177.8 —-51.9 C 1152

GGTmAMA  68.0 406 178.9-113.7 -1483 D 11.57 GTGAG (G)

GGTAMG 66.1 37.8 169.8 126.0-64.3 D 11.58 . . L.

GMGTMAT 710 —-84.6 —178.0 -112.7 —161.7 D  11.60 F_|g_ure 3 Representation of the seven Rﬁgcoordlnaglon patterns

AMGTMAMG 1450 —51.5 —179.3 —108.9 —83.8 D 1172 visible in the structures of the magnesiunD2methyldiphosphono-

GMGTAMG 678 —-87.1 1705 1303 -664 D 12.06 tetrahydropyran complex) calculated at HF/6-31G* level. The letter

GGTMAG 73.2 46.3—175.1 —125.4 665 D 12.13 illustrates the type of coordination referred to in Table 2 and dashed

AMGMATT 128.4 —73.9 —107.8 178.8 174.8 c 12.16 lines connect magnesium with the coordinated oxygen atoms. Bond

GGATG 48.1 36.8 100.5-177.1 495 C 12.19 lengths are given in angstroms.

AGATMG 119.4  46.3 130.3 171.2-56.7 C 12.30

gG'L"A'_‘Fg 1;1;1-3 9%7-55—117331-3—1%2617 6535';34 DC 15-235’6 A, B, and G involve an additional oxygen atom not present in
m . — . . . . . H H H

AMGTMAMA 1470 —42.0 —179.6 —110.1 —1498 D 1289 the structure of the magnesium dimethyl diphosphate, these

AAMATG 1447 906-1332 —168.4 580 C 13.08 arrangements were not observed for that médehe most

AMGTMAG 1459 —38.8 —171.3 —-1258 66.8 D 14.00 favorable conformation around the-®—O bonds found for

AAMATMG 1355  93.7-1254 —171.3 —498 C 14.35 the magnesium dimethyldiphosphate complex, (ac, ap), corre-

$G"A“:_'I_r11_' 1155373 1555—113216-36—113-169:1%-3 8 ig‘s‘g sponds to arrangement C @f This arrangement is also the
m N . . . . . . H .

GGAGG 502 465 1289 405 723 E 1759 lowest energy conformation that does nqt involve the ring

GGGAG 550 617 486 1149 744 F 1876 Oxygen atom and therefore can be more directly related to the

GTGAG 547 1542 56.0 1147 845 G 60.22 structure of the magnesium dimethyldiphosphate complex.
aE = —1075852.61 kcal/mol. The two lowest energy arrangements, A and B, are character-

ized by interactions of the magnesium cation with the ring
As in the case for, the —sc orientation around the GD1 oxygen atom. In the lowest energy conformer (GmAGmMAmMG,

bond ) has not been considered in the selection of the starting group A), the M@" cation interacts with two additional oxygen
structures. However, all three staggered orientations ofthe  atoms, one from each phosphate group, whereas three additional
andW, dihedral angles have been assumed. Using this approachpxygen atoms are involved in the conformers of group B.
47 starting structures were generated. Optimization of the Despite this, the relative energies of the group B conformers
geometry led to 43 final structures. The relative energies and are 4-7 kcal/mol. The highest energy arrangement (60 kcal/
geometrical parameters of the relevant HF/6-31G* minima are mol), the group G, also involves interactions of thea¥gation
summarized in Table 4. The relative energies of all the with the ring oxygen atom, but in this case the coordination of
conformers except one are distributed in an interval of 19 kcal/ the metal is with two oxygen atoms from the same nearest

mol. phosphate group. This conformation, however, exhibits a very
The structural analysis of the 43 minima revealed that they unfavorable orientation of the phosphate group with respect to
could be grouped into seven different patterns of?MgO the pyranose ring. For groups C and D, three phosphoryl oxygen

coordination classified as-AG in Table 4. Each of the seven atoms coordinate the magnesium cation. A survey of all the
arrangements shown in Figure 3 displays a particular conforma-minima of 2 reveals that the €H...O hydrogen-bond interac-
tion around the PO—P segment ¥2, W3). Four groups, tions, such as those observed in the anionic form, are not
namely A, E, F, and G, consist only of one conformer. Minima preserved in the presence of a counterion. Only a few very weak
listed in Table 4 are characterized by the coordination ofMg  CH...O hydrogen-bond interactions can be seen in arrangements
with three oxygen atoms. Exceptions are minima belonging to where the metal coordination involves interactions with the ring
the group B where four oxygen atoms coordinate 2NMg oxygen atom such as in patterns A, B, and G. In the metal
Surprisingly, interactions with the ring oxygen are preferred over complex, interactions of the different oxygen atoms with the
those with the phosphoryl oxygen atoms. Since the arrangementsounterion clearly dominate over hydrogen-bonding interactions.
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TABLE 5: Comparison of the ab Initio Relative Energies (kcal/mol) of Selected Magnesium
2-O-Methyldiphosphono-tetrahydropyran Complex (2) Conformers Calculated by Different Methods

energy geometry GmAGMAMG GmAGTmMG GGMGTG GmGmMATG GmGTmAMG
HF 6-31G* 6-31G* 0.00 4.13 4.92 9.67 9.81
HF 6-31++G** 6-31G* 0.00 5.00 5.75 9.48 9.97
HF 6-31++G** 6-31++G** 0.00 5.06 5.73 9.33 9.93
DFT/B3LYP 6-31G** 6-31G** 0.00 2.13 3.58 12.56 12.04
DFT/B3LYP 6-3H-+G** 6-31G** 0.00 3.67 4.17 11.62 11.38
DFT/B3LYP 6-3H+G** 6-31++G** 0.00 3.55 4.08 11.21 11.38
LMP2 6-31++G** 6-31G** 0.00 2.76 4.98 11.92 12.30
LMP2 6-31++G** 6-31++G** 0.00 2.12 3.75 10.15 10.70

TABLE 6: Summary of the Corrections to the Calculated Free Energy Differences (ZPEAGyipro;, AG(cyclohexanegoy,
AG(water)sqy), Energies AE), and Estimated Free Energies AGgas AGeyciohexane AGwater)? fOr the Selected Magnesium
2-O-Methyldiphosphono-tetrahydropyran Complex (2) Conformers in the Gas Phase, Cyclohexane, and Water at 298 K
(kcal/mol)

methods GmAGMAMG GmAGTmMG GGmMGTG GmGmMATG GmGTmAMG

ZPE HF/6-31G* 127.36 128.64 130.01 127.07 126.92
AGyibrrot HF/6-31G* —26.30 —26.56 —24.99 —27.82 —27.63
AG(cyclohexaney DFT/B3LYP/6-31G** —18.64 —14.82 —16.08 —22.62 —22.82
AG(waterkoy DFT/B3LYP/6-31G** —63.59 —48.80 —59.80 —76.24 —66.84
AE HF/6-31++G** 0.00 5.06 5.73 9.33 9.93
AGgas 0.00 4,57 8.03 9.58 9.59
AGgyciohexane 0.00 8.39 10.59 5.40 5.41
AGuyater 3.28 22.63 15.10 0.00 9.62

E DFT/B3LYP/6-3H-+G** 0.00 3.55 4.08 11.21 11.38
AGyas 0.00 4.57 8.04 9.40 9.61
AGeyciohexane 0.00 8.40 10.60 5.42 5.43
AGyater 3.26 22.62 15.08 0.00 9.62
AE LMP2/6-31++G** 0.00 2.12 3.75 10.15 10.70
AGgas 0.00 3.14 7.71 8.34 8.93
AGgyciohexane 0.00 6.96 10.27 4.36 4.75
AGyater 4.31 22.24 15.81 0.00 10.00

8 AGgas = AE + ZPE + AGuibirot; AGeyciohexane= AGgas T AG(cyclohexanein; AGwater = AGgas + AG(Waterko.

Calculated geometrical parameters for five conformer2 of  smaller, compared to those bfthey show a surprisingly large
are listed in Table S2 of the Supporting Information. Comparison variability with differing conformations. In cyclohexane, the
of these data revealed that in the cas@,dhe influence of the solvation energy varies by 8 kcal/mol and in water as much as
basis set on the conformer geometry is smaller compared to28 kcal/mol. As a consequence, the conformational preference
that calculated forl. For example the inclusion of diffuse is shifted from GmAGmMAMG in the gas phase and cyclohexane
functions into the basis set of the HF or DFT/B3LYP methods to the GmGmMATG conformer in water. Unfortunately no
does not alter the bond length values. Similarly, variations of experimental data are available for a comparison. However,
bond angles and torsional angles are rather small and do notbecause the same approach correctly predicts kKaevalues
exceed 2 and B, respectively. Electron correlation effects, for a large set of different molecul€sye expect the solvation
treated by means of DFT/B3LYP, result mainly in the lengthen- energies to be reasonably well predicted.
ing of the C-O and P-O bonds by 0.020.04 A. The The interaction energy of a cation with the first shell of
coordination pattern and the location of the representative |igands is stronger than watewater or ligand-ligand interac-
minima remain the same. The comparable relative energy tions2! As a result, the first coordination shell of a cation in
resulting from Single point calculations of the different conform- aqueous solution is well-defined and metal cations may possib|y
ers also implies a similarity in the structures calculated using have a full coordination shell. The most common first coordina-
different basis sets and the HF and DFT/B3LYP methods. tion shell of Mg+ is a six-coordinated octahedron and the
However, the relative energy of the conformers appears to beenergetics of the interactions of Rgwith water, formamide,

influenced by the electron correlation effects. Using the LMP2/ and formate ligands has been studied using ab initio mefi33@s.
6-31++G** results as a benchmark, it is evident that the relative Erom the coordination patterns observed 2ofTable 4), it is

energy of the GmMAGTmG and GGMGTG conformers decreasesclear that the oxygen atoms of theC2methyldiphosphono-
by 2-3 kcal/mol compared to the HF/6-31-G** results tetrahydropyran dianiorily interacting with M@ only occupy
(Table 5). These two structures are more compact than the three fraction of the binding sites accessible in the first coordination
other conformers given in Table 5 suggesting that dispersion shell of the metal. Assuming an octahedral geometry for the
interactions are not adequately described in these complexes af1g2+, two to three binding sites are not occupied in the different
the HF level. conformers of. To evaluate the effect of the first coordination
A number of different contributions to the free energy of each shell of Mg?™ on the stability o2, calculations were performed
conformer in the gas phase and in two solvents are given in on several conformers @fin which the first coordination shell
Table 6. It is clear that their influence on the conformational was saturated by the addition of water molecules. Though the
equilibrium for 2 is more pronounced than in the caselof size and the polarity of a ligand determines the magnitude of
Thermodynamic contributions stabilize the GmAGmMAmMG, metal-ligand interactiond? we restricted the binding ligands
GmMGmMATG, and GmGTmAmMG conformers up to 6 kcal/mol. to water molecules. On the basis of the diphosphitg?"
Though the absolute magnitudes of solvation energies arecoordination patterns described in Table 4, we have selected
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TABLE 7: Ab Initio Relative Energy (kcal/mol), Binding Energy Per One Water Molecule (kcal/mol), and the Position of the
Magnesium 2:0-Methyldiphosphono-tetrahydropyran Complex (2) Conformers in Clusters with Nyaer Water Molecules at the
HF/6-31G* Level

starting conformers cluster conformation D W, W, W, W, AE BE?

Two Water MoleculesNwaters= 2)

GGmMGTG GGmMGTG 52.5 62.4 —93.1 -177.1 58.9 0.00 30.6
Three Water MoleculeNyaters= 3)

GmMAGMAmMG, GmAGTMG GmAGmMAMG 849 —133.3 87.3 —149.7 —67.0 0.00 29.2

ATATMG AMAGTMG 93.8 —141.5 96.6 -171.1 —54.9 2.78 32.0

GmGmMATG GmGmMATG 77.4 —-82.1 -97.0 171.6 53.4 6.59 30.3

GmGTmAmMG GmGTmAmMG 70.7 —80.9 172.5 —-91.4 —68.2 6.68 30.3
Four Water MoleculeSNyaters= 4)

GGAGG GGAGG 57.7 —80.5 171.8 68.6 66.4 0.60 30.0

GGGAG GGGAG 172.5 107.1 60.9 113.4 76.6 3.20 29.5

GTGAG GTGAG 57.1 174.9 70.8 97.8 80.9 33.26 32.4

aBE is a crude estimate of the binding energy for a single water calculated as BJE(cluster)— E(2) — NwaeE(Water)]Nyawer with E(water)
= —47 697.56 kcal/mol’ E = —1 171 303.99 kcal/moE E = —1 219 032.65 kcal/moF E = —1 266 745.00 kcal/mol.

GGMGTG (B)

Two water molecules (Nwaters = 2)

GmMAGMAMG (A) ATATmMG (C) GmGmATG (C) GmGTmMAmMG (D)

Three water molecules (Nwaters = 3)

~%
mo 7213
"452.13 01! Y200
?;‘:’{4 Q’l'f(;‘!&?.ﬂ
?7: 2081, ,
R4
GGGAG (F) GTGAG (G)

Four water molecules {(Nwaters = 4)

Figure 4. Representation of the eight clusters of the magnesiu®ar2ethyldiphosphono-tetrahydropyran compl@x\ith full first coordination
shell of the metal calculated at HF/6-31G* level. Dashed lines connect magnesium with the coordinated oxygen atoms. Bond lengths are given in
angstroms.

nine representative conformers, namely GmAGmMAMG (group possible octahedral symmetry and thus maximize the binding.
A), GmMAGTmG (group B), GGMGTG (group B), GmMGmMATG The clusters do not possess an ideal octahedral symmetry due
(group C), GmMGTmAMG (group D), ATATmG (group C), to the different nature of the ligands and to some conformational
GGAGG (group E), GGGAG (group F), and GTGAG (group constraints of the sugadiphosphate linkages. Nevertheless, all
G). The first coordination shell was filled out by two, three, or clusters examined present four oxygen atoms (two from water
four water molecules, and these clusters were optimized at themolecules and two frorfl) in nearly the same plane as the ¥g
HF/6-31G* level. The starting geometry for the clusters was ion. This arrangement reduces the ligatidand repulsive
based on the HF/6-31G* optimized structure of a given interactions. The distance between the metal and water oxygens
conformer with the oxygen atoms of the water molecules placed varies from 2.0 to 2.2 A. From the data in Table 7, it can be
in the unoccupied sites of an octahedron. The results areseen that the estimated binding energies are roughly in the range
summarized in Table 7 and the optimized structures are shownof 29—33 kcal/mol. We have not attempted to evaluate more
in Figure 4. Comparison of data given in Tables 4 and 7 shows accurately the binding energies because this is not the primary
clearly that the orientations about the sugdiphosphate aim of this paper and it would require extensive calculations of
linkages in the clusters are changed compared to those observedeveral other contributior’8. The saturation of the unoccupied

for 2when the Mg@" coordination is incomplete. The difference octahedral sites by water molecules results in a decrease in the
in some dihedral angles can be as large a$. 6lhese relative energy of the conformers. These results imply that a
adjustments somehow allow the given cluster to adopt the bestmagnesium complex with the pyrophosphate functional group
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in nucleotide-sugars may adopt different conformations de- anion (1) and the magnesium @-methyldiphosphono-tetra-
pending on the structural features imposed by the arrangementhydropyran ) calculated by different ab initio methods. This
of the ligands in the first coordination shell of the metal. material is available free of charge via Internet at http://

pubs.acs.org.
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