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A combination of experimental and theoretical methods have
been used to elucidate the complexation properties of a new
sugar-derived hexadentate ligand, namely methyl 2,3,4-tri-
O-(2-picolyl)-B-D-ribopyranoside (L). The coordination bond
lengths in the complexes with Mn", Co", Ni", and Zn" show
substantial deviations from ideal octahedra with deformation
towards trigonal-prismatic geometries, which is indicative of
a conformationally constrained ligand. The metal-cation-li-
gand interactions were studied for L and the acyclic ana-
logue L’ [1,2,3-tri-O-(2-picolyl)-1,2,3-propanetriol] by spec-
troscopic methods and isothermal calorimetric titrations for
the series Mn", Co", Ni"!, Zn", and Cu'. The results indicate

a stabilization of the complexes obtained with L compared
with L', depending on the nature of the metal. Molecular
modeling studies showed that the presence of the sugar moi-
ety strongly favors conformations compatible with metal
binding, which suggests an entropic origin of the stabiliza-
tion of L complexes with regards to L' complexes. Moreover,
the differences in the metal chelation profiles of L and L’ are
related to the constraints in the sugar group in the metal-
bound structures. This study shows that foreseeing the de-
gree of preorganization of flexible ligands may drive the de-
sign of a new generation of chelating compounds.

Introduction

In many ways, a close analogy can be sketched between
metal complexation and other host—guest interactions.['! To
describe them both, several molecular variables have to be
taken into account. One of the most complex variables is
the relation between the conformational flexibility of the
ligand and the binding strength of the metal cation. For
ligands with a reduced number of low-energy conforma-
tions, relatively straightforward estimations of the binding
affinity of metal cations as well as a direct correlation be-
tween structural and thermodynamic datal® are accessible.
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However, for ligands with a high number of degrees of free-
dom, the correct orientation of the chelating groups be-
comes one of the main issues in metal-ion recognition pro-
cesses.’] According to the original definitions by Cram!* of
ligands as hosts and metal cations as guests, complementar-
ity, the absence of binding-induced strains in the host, and
preorganization, in which the host and guest are already
organized for binding prior to interaction, are difficult to
address in such systems. In these cases, several experimental
approaches can provide evidence for the metal binding and
selectivity. Computational studies can also facilitate a de-
tailed understanding of the processes that occur at the mo-
lecular level. The application of computational methods to
inorganic compounds has already led to numerous suc-
cesses in predicting the impact of the conformation of li-
gands on metal binding and hence on the properties of
complexes.’) However, novel protocols are needed for large
multidentate systems for which ligand folding may have a
major impact on the binding process. Indeed, it is expected
that the ligand will have a large conformational space, as
well as numerous desolvation intermediates corresponding
to different accessible metal coordination states. Simulating
all these molecular events remains highly challenging.
Methods that accurately reflect the electronic properties of
transition metals, that is, ab initio or DFT quantum me-
chanical calculations!® or force-field methods that account
for some electronic character of metals,”-8 are still limited
in reproducing folding processes. Those allowing extensive
conformational exploration, such as standard force-field
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methods, can reproduce more easily the folding space, but
are inaccurate for modeling different metal coordination
steps along the binding process.

Carbohydrates are one of the most readily available class
of biomolecules in nature and are considered as renewable
feedstock for fine chemical synthesis.’! Even though the
conformational properties of chiral carbohydrates are
widely used in organic synthesis,'”) their rational use as
scaffolds to organize Lewis bases for metal complexation
is still rarely exploited.!''] Metal complexes derived from
chemically modified carbohydrates!!?l most frequently com-
prise a coordinating core with appended sugar moieties,!!’]
the latter not being involved in the tuning of the metal bind-
ing. Applications of such complexes range from thera-
peutics!'¥ to asymmetric catalysis.'>) We have recently
shown that sugar moieties can serve as a modular platform
for the complexation of transition-metal cations. In this so-
called glycoligand strategy the sugar affords a well-defined
coordination site for the metal atom. The first examples of
this family of ligands were monosaccharides bearing three
2-picolyl ether moieties,['2 and the concept was further
extended to derivatives of aminodeoxymonosacchar-
ides.[?!-?21 Considerations of the sugar-ring conformations,
as deduced by X-ray structural analysis, were used to ratio-
nalize magnetic anisotropy,l'”! circular dichroism signa-
tures,['821 partial coordination of the ligand to the metal
cation,l') and the formation of supramolecular struc-
tures.??l The synthetic versatility of the glycoscaffold has
recently been exploited for regioselective functionalization
with fluoro-ionophores and hydroxamates leading to artifi-
cial glycosiderophores.[>’! The remarkable properties of the
glycocomplexes suggest that their conformational and dy-
namic properties have a large impact on the metal-binding
process.

In this article we report a detailed case study of the con-
formational implications of a glycoligand derived from a
new scaffold, namely methyl 2,3,4-tri-O-(2-picolyl)-B-D-
ribopyranoside (L), on the metal selectivity by both experi-
mental and theoretical methods. This ligand bears the coor-
dinating 2-picolyl ether moieties in 1,2,3 relative endocyclic
positions in contrast to previously reported ligands contain-
ing a 1,2,4-tri-O-2-picolyl moiety, that is, with one of the
picolyl ether moieties in an exocyclic position.

Polyol-metal complexes have been extensively
studied,?*?3) and their properties are closely related to
those of glycoligands in which the ether groups are coordi-
nated to the metal cation. It is known that in the polyol
series, the o,B,y axial-equatorial-axial (ax—eq-ax) arrange-
ment of hydroxy groups is one of the highest-affinity metal-
complexation sites. In particular, D-ribose has been shown
to display a rich coordination chemistry.*) Methyl B-D-ri-
bopyranoside crystallizes with the 'C,4 sugar-ring conforma-
tion, which in fact contains an ax—eq-ax site at the 2,3,4-
positions.””l The metal selectivity of this arrangement has
also been evidenced by molecular mechanics and depends
mainly on the ionic radii of the metal cations.”®! A sugar-
derived ligand based on a methyl B-D-ribopyranoside scaf-
fold thus appeared to be a promising candidate to study in
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detail the influence of the sugar conformation on the metal
binding. To evaluate the impact of the sugar moiety, par-
ticularly in terms of preorganization and complementarity,
the acyclic ligand 1,2,3-tri-O-(2-picolyl)glycerol (L’) was
also studied.*”!

We report herein the synthesis and experimental study of
the ligand L and its resulting mononuclear complexes with
several 3d late-transition metals. The experimental results
include X-ray crystallographic, spectroscopic and isother-
mal titration calorimetric analyses. Computational studies
were performed by using force-field and DFT calculations.
A protocol combining Monte Carlo sampling and quantum
mechanical calculations was applied to shed light on the
entropic and enthalpic contributions to the metal-ligand
binding. In addition, theoretical calculations provide the
most probable structures of the M—L’ and Cu-L systems.
Our results clearly show that the impact of embedding the
ribopyranoside scaffold in the ligand induces an important
contribution of entropic origin to the overall stabilization
of M-L over M-L’ systems.

European Journal
of Inorganic Chemistry

Results and Discussion

Synthesis of Ligands and Complexes

The synthesis of methyl B-D-ribopyranoside via benzoyl-
ated intermediates was published by Jeanloz et al. in
19481391 and may be considered as a classical procedure in
carbohydrate chemistry. Steric crowding of the benzoyl
groups and the anchimeric assistance of the 2-O-benzoyl
group ensure complete B-selectivity of the glycosidation re-
action. The last step of the synthesis of L is a phase-trans-
fer-catalyzed (PTC) picolylation, as for previously reported
glycocomplexes (Scheme 1).[182% L crystallized slowly (over
several weeks) on storage at 4 °C yielding crystals suitable
for X-ray diffraction experiments.

1) BzCl, py 4B O40Me
D-ribose ' U M,g
2) AcOH/HBr BzO" ™ OBz RO" ~~ “OR
CH,Cl, 0oBz1 OR
> o\ LOMe §'§=ﬁz MeONa, MeOH

@5@@*5&)

Scheme 1. Synthetic pathway to L and L’ under PTC conditions.
Reagents: H,O/toluene, NaOH, ter-amyl-OH, BuyNHSO,. The
numbering of the carbohydrate positions in L is shown. L’ was
obtained similarly (the synthetic details for L" have been published
elsewhere).['7]

The M™ (M = Mn, Co, Ni, Zn) complexes of L were
obtained by treating equimolar amounts of the ligand with
the M salts MY,*6H,0 in ethanolic solution (M = Co, Ni,
Y =NO3; M = Mn, Zn, Y = ClO;, NO3 ). When Y =
ClOy, precipitation was observed immediately, whereas for
Y = NOj, a precipitate was obtained by counteranion me-
tathesis with NH4PFg. The salts of the four complex cations
3309
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could be redissolved by addition of acetone and crystallized
by slow concentration to yield crystals suitable for X-ray
analysis. The structures of [M(L)]Y, (Y = ClO,4, PF¢) have
been solved (see below), but attempts to obtain crystalline
Cu'" complexes were unsuccessful, and no solids could be
obtained by treating L’ with M"Y (M = Mn, Cu, Co, Ni,
Zn) salts by similar protocols.

X-ray Structural Studies

Unlike methyl B-pD-ribopyranoside, L crystallizes in a “C,
chair conformation with an equatorial OMe group and an
eq—ax—eq arrangement at the 2,3,4-positions, inappropriate
for coordination (Figure 1). However, reports in the litera-
ture reveal that the difference in stability between *C; and
1C, chairs is small. In particular, there are several examples
of B-p-ribopyrano derivatives that have different conforma-
tions in the solid phase and in solution.®!] Switching be-
tween “C; and 'C, chairs would convert the 2,3,4 eq-ax—eq
moiety into an ax—eq—ax site, appropriate for coordination
(see above).

Figure 1. Mercury CCDCP?! plot of the structure of L. Ellipsoids
are shown at the 50% probability level with the ribopyranose moi-
ety highlighted. H atoms have been omitted for clarity.

In the structures of [M(L)]Y,, the ligand is in the 'C,4
ring conformation irrespective of the nature of the cation.
Such a conformation results in an ax—eq-ax coordinating
arrangement of the three ether moieties. L thus defines a
neutral fac-N3;05 coordination sphere with Og,,O.q and
O, N chelate cycles. The O.y,,N chelates are helically
folded around the metal cation, thus defining a chirality
element that can be described by the A/A descriptors, as
for tris(bidentate) chelates. Different helical configurations
were observed depending on the metal, as exemplified in
Figure 2 (M = Co, Zn). Moreover, for Mn'" and Ni'! several

Table 1. Structural data for the [M(L)]Y, complexes.

different cationic complexes displaying A and A helical con-
figurations were observed in the crystal lattice (see Fig-
ures S1 and S2 in the Supporting Information). In contrast,
previously published glycoligands bearing three 2-picolyl
ether groups in the 1,2,4 relative positions invariably led to
the observation of a single helical configuration in the solid
state.[!”-181 The lack of coordination stereochemical control
by L is in line with its quasi-symmetric character: If the
OMe group in the I-position were removed, the ligand
would contain a symmetry plane. Structural data for the
metal complexes are presented in Table 1. Detailed crystal-
lographic data are collected in the Supporting Information.

Figure 2. Mercury CCDC!*? plots of the structures of [Co(L)]**
(left) and [Zn(L)]** (right) in the crystals of [Co(L)](PFg), and
[Zn(L)](ClOy,),, respectively. Ellipsoids are shown at the 50% prob-
ability level. H atoms and counterions have been omitted for clarity.

As in one of our previous studies,!'®! we adapted the defi-
nition of the azimuthal angles®) for the description of our
structures (Scheme 2) to characterize the distortion from
octahedral (@ = 60°) towards trigonal-prismatic geometries
(6 = 0°). In the case of complexes of L, there is a pro-
nounced deformation towards the trigonal-prismatic geom-
etry. As shown in Table 1, the distortion is larger for the
Mn'" (d°) and Zn'" (d'°) cations, which display no electronic
preference due to their half-filled or filled d orbitals. In
terms of the variation of the ligand-field stabilization en-
ergy (LFSE), A(LFSE) = 0 for Mn!" and Zn'' between the
octahedral and trigonal-prismatic environments, whereas
this term may disfavor a trigonal-prismatic geometry for the
other metal cations considered here, which vary in the order
A(LFSE, Co") = A(LFSE, Cu') < A(LFSE, Ni'").[3] [n-
deed, the @, values (Table 1) follow this trend, which indi-
cates that there is a balance between the LFSE and confor-

M Mn Co Ni Zn

nl# 2 1 4 1

Helical chirality AIA A 2A2A A

Ore 16.4 30.7 414 24.0

Tonic radii®™ [A] 0.97 0.88 0.82 0.89
Cremer—Pople puckering parameters:34 QT [A], 0[], ¢ [] 0.525, 173.0, 1271 0.529, 175.5, 115 0.539, 175.5, 1941 (.539, 176.1, 132
dy o ave. [A] 2253 2.131 2.09 2.196

dy x ave. [A] 2213 2.091 2.03 2,080

doetn oen® [A] 2.667 2.628 2.646 2.634

[a] Number of nonequivalent cationic units in the lattice. [b] Average value for the nonequivalent cationic units in the crystal lattice. [c]

Average distances between picolyl ether oxygen atoms.
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mational preferences of the sugar-derived ligands. One may
tentatively hypothesize that L is accordingly best suited to
Mn and Zn and worst suited to Ni'l. This loosely correlates
with experimental enthalpic trends (see below). However,
discussion involving LFSE alone is not sufficient to ratio-
nalize the ligand binding.

e .

= Qg = 20,/3

Scheme 2. Definition of the azimuthal angles (adapted from
ref.33]),

As far as the conformation of the pyranoside ring is con-
cerned, the Cremer—Pople puckering parameters®*¥ can be
compared with those of the free ligand L (QT = 0.5965 A,
0 = 4.94°). These values are similar to those computed for
the crystal structure of methyl B-bD-ribopyranosidel?”! (QT
= 0.5666 A, 0 = 176.23°; a difference of 180° was expected
upon ring inversion). Chair-like conformations are ob-
served, resulting in a narrow distribution of average
doethoern distances in the range 2.62-2.67 A between the
picolyl oxygen atoms in chelating mode (see Table 1 and
below for comparison with calculated structures). Note that
the size of the coordinating cavity is determined by these
inter-oxygen distances. Indeed, in the case of the *C; chair
conformation, as in the uncoordinated L, the three oxygen
atoms are further apart from each other than in the 'C,4
chair conformation (see below).

The complexes show distortions from the octahedral and
prismatic hexacoordinate geometries with the M-Ogy,
bonds being longer than those of M-N and the O,,Ocin
and O, N chelate angles being smaller than 90° (see de-
tailed structural data in Tables S2-S4 in the Supporting In-
formation). The M—N and M-O distances do not simply
follow the trend predicted by the hierarchy of the ionic ra-
dii. The most notable exception is observed for the zinc
complex in which the Zn-O distances are 0.06 A longer
than the Co-O distances despite the fact that the ionic radii
of the Co™ and Zn" cations differ by only 0.01 A.*3 The
Zn atom is displaced by 0.346 A from the center of mass of
the coordinating atoms in the direction of the N3 face of
the coordination octahedron, leading to a distorted octahe-
dron. This is in line with the fact that a d!° cation has no
geometric preferences. All these geometric deviations from
octahedral coordination suggest an influence of the rigid
nature of the ribopyranoside scaffold of L. This prompted
us to investigate in depth the complexation behavior of L
and its acyclic analogue L'. In the studies that are reported
hereafter, we focus on the structural variability of the ligand
scaffolds and on the stabilities of the complexes.

NMR Analysis

Ligands and complexes with significant degrees of free-
dom can exhibit substantial structural differences in the so-
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lid state and solution. Therefore, the conformation of the
sugar ring in solution was investigated by conventional 'H
NMR techniques both for L and its [Zn(L)]** diamagnetic
complex. The '"H NMR spectra of L and [Zn(L)](ClO,4),
both recorded in [Ds]acetonitrile are shown in Figure 3.

L Me|

H3
K Ha4

ZnLr**

H2,
H5a

5.5 5 4.5 4 3.5

8/ppm

Figure 3. Partial view (signals of the aliphatic protons) of the NMR
spectra of L and [Zn(L)](ClOy), recorded at 400 MHz in [Ds]aceto-
nitrile.

The '"H NMR spectrum of the complex shows a well-
defined set of signals with notable differences in compari-
son with the 'H NMR signature of the free ligand. The
Haasnoot-Altona equation®”! was used to calculate the
3Jun coupling constants of the sugar ring by using the di-
hedral angles obtained from the crystal structures (Table 2).
Gratifyingly, good agreement between the experimental and
calculated values was obtained. The results show that the
most stable sugar-ring conformations of L and [Zn(L)]** in
solution are the same as those in the crystal, that is, *C,
and 'C,, respectively. They also strongly suggest a unique
or at least overwhelmingly predominant species for both L
and [Zn(L)]?>*. This is further supported by the well-defined
"H NMR spectrum of the paramagnetic [Co(L)](PFs) (Fig-
ure S3). Marked differences in the 'H chemical shifts be-
tween the free ligand and the complex [Zn(L)]** were ob-
served (Table 3). All the signals of the complex were de-
shielded relative to those of L, but not to the same extent:
The protons that are the most deshielded (2-H and 4-H)
experience both the proximity of the positive charge of the
Zn** cation?>3®! and a change from an axial to an equato-
rial positionP? associated with a “C; to 'C4 conversion.

Table 2. Selected coupling constantss for L and [Zn(L)]**.

3Juu coupling constants [Hz]

[Zn(L)I** L
Exp.[al Calcd.[®] Exp.[al Calcd.["!
s 15 23 6.6 7
355 3.7 3.3 2.9 2.9
o 3.7 3.1 23 2.6
Vasw Jasy 20, smalld 27,12 51,77 48,93

[a] From the '"H NMR spectra. [b] Calculated with the Haasnoot—
AltonalP7! equation by using the dihedral angle from the crystal
structure. [c] Unresolved.

3311
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Table 3. Selected chemical shifts for L and [Zn(L)]**.

Oy [ppm] Position Oy [ppm] Position Ad(cx-lig) [ppm] dyy_7n [ATY
[Zn(L)P** L
1-H 5.14 eq 4.72 ax 0.42 4.674
2-H 4.26 eq 3.43 ax 0.83 3.631
3-H 4.66 ax 4.31 eq 0.35 3.837
4-H 4.52 eq 3.73 ax 0.79 3.645
5-H 4.25/3.89 eq/ax 3.80 ax/eq 0.45/0.09 4.759/5.034

[a] Distances as determined by X-ray structural analysis

UV/Vis Spectroscopy

UV/Vis titrations were performed to further ascertain the
formation of single species of [M(L)]** upon complexation
of the ribose-based ligand. Among the four M" ions form-
ing crystallized complexes with L, Co™ and Ni'l were se-
lected, because they have d—d bands sensitive to the coordi-
nation geometry in solution. For cobalt, the addition of L
results in an increase in the intensity of the UV/Vis bands,
and the titration proceeds with a sharp end-point at
1.0 equiv. (Figure S4). More interestingly, in the case of
nickel, the spectral changes upon addition of L result in
clear isosbestic points indicative of a single complexation
event (Figure 4). Indeed, the UV/Vis signature of nickel(II)
is known to be sensitive to geometric distortions, because
they affect the mixing of spectroscopic terms by spin—orbit
coupling.% As for cobalt, no further spectral changes are
observed with excess ligand. These observations further
support the presence of a dominant species in solution with
a 1:1 metal/ligand stoichiometry for the metal complexes.

0 1 S 1 1 !
300 400 500 600 700 800 900
Alnm

Figure 4. UV/Vis titration of a solution of Ni(NOs;), with 0-
1 equiv. of L. No further changes were detected after the addition
of a total of 1.0 equiv. of Ni (102 molL™1).

Isothermal Titraction Calorimetry

Isothermal titration calorimetry (ITC), which provides a
complete thermodynamic characterization of an interaction
in one experiment, is most commonly used in the charac-
terization of interactions between biomolecules. Metal-li-
gand binding has also been explored (see yearly systematic
reviews!*!l and references cited therein). When considering
3312
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metal complexation, ITC is commonly used to study metal-
cation-biological macromolecule interactions.[*”] The inter-
action of metal complexes with biological targets has also
been investigated by using this technique.’! In coordina-
tion chemistry, studies on the complexation of metal cations
by ligands of biological origin,[* including carbo-
hydrates,[*] or with therapeutic interesti*®) have also been
reported in the last few years. In a few studies, ITC results
have been correlated with structural and other physico-
chemical data obtained by more common techniques (for
recent examples, see ref.[*")).

ITC experiments were undertaken to determine the
thermodynamic properties of the complexation of the
glycoligand L with all the cations for which the structures
of the complexes have been resolved by X-ray diffraction
and also the Cu®* cation, for which no structure was suc-
cessfully resolved. To evaluate the impact of the insertion of
the hexadentate architecture of the ligand into a pyranose
scaffold, identical experiments were carried out on the acy-
clic analogue of L, L’ (see Scheme 1). Ethanolic solutions
of the nitrate salts of the metal cations were titrated against
solutions of L or L’ in the same solvent (see the Experimen-
tal Section for details). The results of the ITC experiments
are summarized in Table 4 and Figure 7. Examples of ex-
perimental thermograms are given in Figure S5.

The apparent stabilities of the metal-L’ complexes follow
the conventional Irving-Williams series™® with Mn < Co
< Ni < Cu > Zn. In the case of L, a Ni/Cu inversion is
observed in the hierarchy of the stabilities of the complexes
in comparison with the L’ series, which indicates that L is
not very well adapted for Cu'' complexation. For a given
metal, the complexes of L are always more stable than those
of its acyclic analogue L’. However, the magnitude of the
stabilization is dependent on the nature of the metal cation.
The effects are less marked than those observed in the series
of metal complexes deriving from very rigid ligands (as an
example, see a recent study with bicyclic bispidine li-
gands*?l); however, the results highlight the conformational
properties of L in fine-tuning metal complexation. The sta-
bilization arising from the pyranose-centered nature of L
is highest for the two ions that do not display electronic
preferences for a given geometry, namely Mn™' and Zn'l,
which can be correlated with the distortions towards trigo-
nal-prismatic geometries observed in the solid-phase struc-
tures. Examination of the enthalpic and entropic contri-
butions to the Gibbs energy of formation of the complexes
indicates an intricate behavior with subtle effects due to the
presence of the sugar moiety. The enthalpic term can be

Eur. J. Inorg. Chem. 2012, 3308-3319
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Table 4. Thermodynamic parameters obtained from isothermal calorimetric titrations.[

M L’ L Comparison (A: L — L)

Mn n=134; Kqs=44x10* n=120; Ky =8.1x10° X =543; AAHoy, = 1.5
AHy, = 7.7, -TASy, = -11.2 AHep, = 9.2, -TAS y, = -19.2 ~TAASp, = 8.0

Co n=090 K; =1.9x107° n=091; Kg=23x10° X =83, AAH, = -2.8
AHy, = —11.6; -TAS., = -14.9 AH, = -14.4; -TAS, = -17.3 ~TAAS, = 2.4

Ni n=101; Ks=89x107 n=0.80; Kg = 2.1 X107 X =42; AAH, = +10.5
AHy, = —23.2; -TAScy, = —12.1 AHy, = —12.7; -TASy, = -26.2 ~TAAS, = -14.1

Cu n=0.87; Kg=3.6x107 n=1.03; K4 =2.8x 1077 X =13; AAH,, = +49
AH,, = -28.1; -TAS,, = 8.1 AH ., = -23.2; -TAS¢y, = -13.5 ~TAAS,, = 5.4

Zn n=0.70; Kg=1.1x1073 n=0.76; Kg = 3.6 X 1077 X =30.6; AAH,, = +4.2

AHeyp = —17.3; ~TASoy, = ~10.7

Xp

AH,

Xp

-13.1; -TAS, = -23.8 ~TAAS, = -13.1

[a] Addition of a solution of L or L’ in absolute ethanol to a solution of M(NOs), in absolute ethanol at 20 °C. n = experimental
stoichiometry, X = K4(L')/Ky4(L). Units for AH.y, and —~TAS,,, are kImol"!. An experimental error of +10% is admitted (by repetition

of the same experiment) for Ky and AH,.

either more or less favorable for L compared with L’. In
contrast, the entropic term is always more favorable for the
complexation of L. These findings can be understood by
considering the structures of the ligands, namely the rota-
tion around the bonds common to the chelate cycles and
the pyranoside ring, which are blocked in the case of L. As
degrees of freedom are lost upon coordination, any con-
straint pre-freezing these degrees of freedom in the free li-
gand itself is entropically favorable.['! Enthalpically, the ri-
gidity of the ribose scaffold of L may be detrimental in
some cases in which the metal geometrical preferences are
not matched to those of the ligand or if distances to the
metal cation are constrained to a high value. However, the
detailed variations in the entropic and enthalpic terms upon
complexation is nontrivial. Molecular modeling calcula-
tions were performed to shed light on the molecular basis
for the metal binding of L and L.

Molecular Modeling

An accurate simulation of the binding of metal ions to
ligands displaying numerous conformations in solution is
still a challenging problem for molecular modeling.[3->% Ex-
act representations of the full extent of the solvation/desol-
vation of the separated reactants and the important number
of intermediates that could appear in the overall course of
the binding®!! are important physicochemical variables for
which computational chemistry methods are limited. Com-
bining several molecular modeling techniques can be im-
portant for providing a better atomic representation of the
metal-binding process if structural variables of interest are
appropriately chosen and reasonable assumptions are
made.l5?! Here, to investigate the molecular basis for the dis-
tinct behaviors of L and L’ in metal binding, two different
molecular variables were studied independently. The first
one is the folding of the ligands and their propensity to
adopt conformations adequate for the fixation of the metal
atoms in a hexadentate environment. The second is the vari-
ation in the binding energy of the different metal cations
between [M(L')]>* and [M(L)]** complexes. In our model-
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ing study, the first aspect was addressed by Monte Carlo
calculations on the unbound ligand and the second by per-
forming full atom functional density theory (DFT) calcula-
tions on each of the [M(L')]** and [M(L)]** complexes.

Exploring the Chemical Spaces of the L and L’ Ligands —
Evaluation of Preorganization Profiles

Large conformational samplings on each unbound L and
L’ ligand were performed by using the torsional Monte
Carlo algorithm implemented in the Macromodel pack-
age.’3! Calculations were performed with the OPLS force
field,® including optimized parameters of the sugar as im-
plemented in the Schrodinger distribution. For each ligand,
10000 structures were generated by Monte Carlo (MC) cal-
culation. To determine the number of conformations favor-
able to metal binding, the molecular ensembles were ana-
lyzed on the basis of the average distance between the oxy-
gen atoms of the three picolyl ether groups (O,). Based on
this molecular descriptor, one can see that both L and L’
ensembles are divided into two major subsets (Figure 5).

The first of these subsets contains structures with average
Oein—Oey, distances between approximately 2.80 and 3.00 A,
and the second contains structures with average distances
between 3.30 and 3.75 A. Detailed analysis shows that the
structures of the first subset display their three ethereal pic-
olyl oxygen atoms in a close relative position (ax—eq—ax), as
observed in the metal complexes.

However, for the second subset, one of the Ogy,—O.q, dis-
tances is always much longer than the others, which is sim-
ilar to the X-ray structure of the unbound L ligand (the
average Oy, —Ogq, distance observed for the experimental
structure of L is about 3.3 A). It is clear that in the second
subset of conformations L cannot behave as a hexadentate
ligand towards a single metal cation. For this reason, the
structures of the first subset can be considered as “bound-
like” conformations, whereas those of the second are con-
sidered as “free-like” conformations. Strikingly, for the L
system, all “bound-like” structures display 'C, ring confor-
mations with an ax—eq-ax site, whereas all “free-like” struc-
3313
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Figure 5. Energy (in kJ mol!) vs. average of picolyl oxygen dis-
tances (in A) obtained from Monte Carlo simulations for the hexa-
dentate ligands L (top panel) and L’ (bottom panel).

tures display “C; conformations with an eq—ax—aq site. This
is particularly true for low-energy structures of each subset,
whereas intermediate sugar conformations are observed for
structures that lie in between the two subsets. The relative
populations of “free-like” and “bound-like” subsets are
highly dependent on the molecular architecture of the li-
gand. For L', about 9% of all the structures display
“bound-like” conformations, whereas 90% of them display
“free-like” ones. In contrast, for L, 72% of the structures
are “bound-like”, and 27% are “free-like”. Note also that
for the “bound-like” subset, the distances Og,—O., are in
the range 2.9-3.1 A, whereas in the X-ray structures of the
complexes they are slightly shorter (in the range 2.6-2.7 A).
These “bound-like” conformations may thus be considered
as being on the path to coordination.

Taking into account the energetic considerations, the dif-
ference in energy between the most stable structures of the
“free-like” and “bound-like” conformations of L’ is about
15 kJmol™! (Figure 5), whereas this difference in L is about
8 kImol . The latter is in agreement with experimental evi-
dence showing that the *C, conformation is more stable in
solution (see the NMR Analysis section above). Assimilat-
ing the potential energy with enthalpic tendencies also high-
lights the fact that the insertion of the sugar group into the
ligand scaffold contributes to a stabilization of “bound-
like” conformations. Nonetheless, the most interesting dis-
cussion that arises from the Monte Carlo sampling comes
3314
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in terms of entropic tendencies. To evaluate this magnitude
(see the Experimental Section), the variation in entropy for
the preorganization of the ligand was calculated by using
Equation (1).

ASpreorgA = Sbound-like - Sfree-like (1)

For L', the variation in entropy associated with the or-
ganization of the ligand in a “bound-like” structure is about
~1.47kIJmol "K', whereas for L it is about
+0.82 kJmol 'K''. The corresponding value of AASpeore
between L and L’ is therefore about 2.3 kJmol 'K in
favor of L. This result means that the presence of the ribose
moiety has a large stabilizing impact on the folding of the
hexadentate glycoligand from an entropic point of view.
The predicted entropic magnitudes agree with the general
tendency observed experimentally as the experimental val-
ues of AAS, range from 8 to 47 Jmol 'K ! in favor of L.
It was impossible to reproduce the exact entropic differ-
ences between both ligands. Such discrepancies may arise
from limitations of the model in reproducing explicitly the
solvent effect, or not accounting for the full extent of the
conformational space. However, these calculations demon-
strate that the insertion of a sugar moiety in the ligand scaf-
fold induces a large entropic contribution by a conforma-
tional restriction within a region favorable for complex-
ation, that is, the sugar scaffold improves ligand preorgani-
zation. From this part of the study though we are not able
to discuss the molecular basis for the variation of the
thermodynamic quantities depending on the nature of the
metal.

Density Functional Calculations — Determination of Metal
Selectivities of L Versus L’

Quantum mechanical calculations were performed with
the B3LYP density functionall®>->% to calculate the binding
energies with Equation (2) and the differences in binding
magnitudes of each metal to L and L’ ligands with Equa-
tion (3).

A/Ylheo = complex — (Xunbound ligand + A/isolaled melal) With X=SorH
(@)
AAXpeo = AX(IM(L)]) — AX([M(L)]) 3)

B3LYP geometry optimizations carried out on [M(L)]**
(with M = Mn, Co, Ni, Cu, and Zn) led to structures in
very good agreement with their experimental counterparts
when available (all except Cu). In all the optimized struc-
tures, the sugar moiety remains in the 'C, conformation
and the metal ion is hexacoordinated to the oxygen and
nitrogen atoms of the picolyl ether groups (Figure 6; de-
tailed analyses are reported in the Supporting Information).
As no crystal structures are available for [M(L')]** systems,
B3LYP optimizations were carried out on the structures
generated by adding the metal ion to those conformations
of the L’ ligand obtained by the Monte Carlo search and
selecting the most suitable structure for metal binding. All
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the optimized geometries of the [M(L')]** complexes are
isostructural with the metal ions in a hexacoordinate envi-
ronment with trigonal-prismatic geometry (Figure 6). Only
subtle structural variations appear between the [M(L')]**
complexes in the series.

Figure 6. Ball-and-stick representations of representative structures
of optimized [M(L)]** (top left) and [M(L')]** (top right) and the
best structural overlap between both structures. Examples given for
M = Zn.

Comparison between [M(L)]** and [M(L')]** complexes
shows very high structural matching (see Figure 6 and the
Supporting Information). Indeed, for a given metal, the
variations in the M—O and M—N bond lengths between the
[M(L)]** and [M(L")]** complexes are less than 0.02 and
0.03 A, and the average rmsd is about 0.2 A for all atoms
except those from the sugar moiety. These results reveal that
the [M(L")]** and [M(L)]** systems provide extremely sim-
ilar chelating environments to the metal atoms.

To evaluate thermodynamic quantities, geometry optimi-
zations on a “bound-like” conformation of the ligands were
also performed. These species were generated by removing
the metal ion from the optimized structures of the com-
plexes. Interestingly, the resulting geometries of the opti-
mized L and L’ ligands are very similar to those of the
[M(L)]** and [M(L')]** complexes. In particular, in the
structure of L, the ribose group remains in the !C4 confor-
mation and does not converge to the “C; structure as ob-
served in the crystalline form of the free ligand. This shows
that indeed a preorganized form of this ligand compatible
with metal binding represents a stable local minimum and
corresponds to a !C4 conformation. Analysis of the struc-
tural features of both L and L’ ligands and their compari-
son with their respective complexes reveal that the angle
Cpy—CM—Ocn and O-C,—C,~O are particularly sensitive to
the nature of the ligand and that the binding of the metal
ion should constitute a stronger constraint on L than L’.
This is expected to contribute significantly to the energetic
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differences observed between the metal binding to L and L'
(see the Supporting Information).

To extract thermodynamic data for the metal binding to
L and L', frequency calculations were performed on each
of the isolated reactants and products. Theoretical varia-
tions in enthalpies of binding between L and L’ ligands
[AAH ., obtained from Equations (2) and (3)] vary be-
tween 51.8 and 55.8 kJmol !, respectively (Table S8). The
general trend in enthalpic preferences for L' versus L is in
agreement with experiment. Theoretical values of AAH e,
(Table 4) are clearly not able to reproduce the exact experi-
mental magnitude but still provide very interesting infor-
mation. First, they indicate that the constraints in the
“bound-like” conformation of the ribose moiety in L can
result in an enthalpic penalty with respect to the binding of
the unconstrained L’. The extent of this complementarity
effect depends on the bound metal ion. Moreover, the over-
all enthalpic trend obtained from these calculations repro-
duces the experimental order for AAH, except for the inver-
sion Co/Mn (Figure 7 and Table S8). Analysis of the struc-
tural features of both complexes and ligands suggests that
these differences in the AAH series are loosely correlated
with M-ligand distances, with long distances (Mn, Co, Zn)
leading to weaker constraints on the ribose moiety. Because
of the small values of AAH,,, limitations in both experi-
ment and calculation may explain the differences in abso-
lute values.

L 151 —e—Experimental 48 &
g bt
= . o
3 104 ——Theoretical 38 £
2 3
:5 28 :
Q57 18 2
<

8

0 -
-2

-5 “Mn Co Ni Cu Zn Mn Co Ni Cu Zn
Metalions

Figure 7. Representation of experimental (ITC) and calculated
(DFT) differences in the variation of enthalpy (left) and entropy
(right) upon complexation of L and L'. AAX = Xy 1, — Xy With
X = H or S. For ease of interpretation, values are given relative to
the cobalt systems.

Computational entropies of binding were calculated by
using Equation (1). All the calculated ASy,., values are
negative, irrespective of the ligand or the metal ion, and
hence are consistent with the decrease in the number of
degrees of freedom upon complexation (Table S7). Clearly,
under the experimental conditions, desolvation of both the
metal and ligand species is important, which explains the
positive values of ASe, (from 8 to 48 Jmol 'K™'). How-
ever, considerable attention has been paid yet again to the
values of AAS. The trend in differences in entropy of the
binding of metal atoms to L compared with L’ determined
theoretically is overall in agreement with experimental data
(Figure 7, Table 4, and the Supporting Information). In
particular, cobalt and copper represent a first subset with
the lowest AASie, values of —6.7 and —2.4Jmol 'K!,
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respectively, whereas manganese, nickel, and zinc represent
a second subset with more favorable entropies of binding
to L of about 8 Jmol ' K~! on average. Looking at the first
coordination sphere of the metal ions in the different com-
plexes provides an interesting molecular explanation for this
phenomenon. Although all M—O distances increase from L
to L', the M-N distances fluctuate more: M-N distances
are identical in both [M(L/)]>* and [M(L)]?>* for nickel and
manganese, decrease by 0.013 A for zinc, and by 0.021 and
0.031 A for cobalt and copper, respectively. Other structural
variables account for the full extent of the entropic changes,
but these are most likely to be a distinctive signature for the
better entropy of binding of manganese, nickel, and zinc to
L. In fact, the theoretical calculations overestimated the
value of AASj., for manganese. Although experimental
data show that AAS,,, has an intermediate value with re-
spect to those of Co and Cu on the one hand and Zn and
Ni on the other, calculations show that manganese has the
highest preference for binding to L. At the moment, no
clear molecular picture can be deduced from our calcula-
tions to explain such discrepancies in the behavior of the
manganese system.

As a result of the quantum mechanical approaches used
in this work we have shown that most of the energetic prop-
erties for the metal selectivity of L and L' observed experi-
mentally correlate to the intrinsic properties of the struc-
tures of the complexes. In particular, enthalpy essentially
penalizes the binding of the metal ion to the prebinding
structures of L compared with L’ because of some of the
constraints on the ribose moiety. These constraints are
minor for the Co and Mn species. Entropy favors or penal-
izes binding to L’ as a function of the modification of the
metal-ligand distances and shows that Mn, Ni, and Zn are
more amenable to bind to L. Overall we have shown that
metal-ligand complementarity effects of enthalpic and/or
entropic origin are in good agreement with experimental
results.

Conclusions

For coordination chemists, the prediction and under-
standing of the coordination properties of new ligands is
one of their most challenging tasks. We decided to investi-
gate how entropic and enthalpic variables can impact on
metal binding and selectivity for systems with a substantial
number of degrees of freedom. To address this question, we
chose a ligand L based on a constrained ribopyranoside
scaffold and compared its coordination properties to di-
valent transition-metal cations with a related acyclic ligand
L’ containing the same coordinating site. We combined ex-
perimental approaches in both solution and crystalline
states with computational methods, involving molecular
mechanics and DFT, to study the metal-binding properties
of L and L. In this study we investigated the enthalpic and
entropic impact on metal-ligand selectivity. Interestingly,
both experimental and computational approaches indicated
a preference for the sugar-based ligand versus its acyclic
analogue, which is mainly of entropic origin. We have
3316
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shown that the insertion of a sugar favors preorganized
“bound-like” structures for the free ligand. The shift from
IC, to *C, conformations is the key feature driving the co-
ordination of the ligand. Despite the small energetic experi-
mental and computational differences, quantum mechanics
calculations show that constraints due to the ribose scaffold
modulate metal binding through effects on internal entropy.
These calculations do not provide exact matching between
theoretical and experimental values but correlate very well
with the different enthalpic and entropic trends. It is most
likely that the approach used herein could have a major
influence on the improvement or design of molecular scaf-
folds for multidentate ligands. Overall, this study shows that
foreseeing both the degree of preorganization and metal—
ligand complementarity for flexible systems could drive the
design of new generations of chelating compounds. Sugar-
derived glycoligands were considered to exemplify confor-
mationally nontrivial ligands and are promising scaffolds
for future ligand design.

Experimental Section

General Methods: Reagents and solvents were purchased from
Acros and used without further purification. The synthesis of L’
has been published elsewhere.l!’”7 NMR analyses were performed
with Bruker DRX300 and DRX400 spectrometers, and chemical
shifts (J/ppm) were calibrated relative to residual solvent signals.
IR spectra were recorded with a Bruker IFS66 spectrometer and
ES mass spectra with a Finnigan Mat 95S spectrometer in a BE
configuration at low resolution. Microanalyses were performed at
the CNRS (Gif-sur-Yvette and Vernaison, France). UV/Vis spectra
were recorded with a Cary 300 bio spectrophotometer. Isothermal
titration calorimetry was performed with a MicroCal VP-ITC de-
vice at 20 °C. Thermodynamic parameters were extracted from ex-
perimental data by using the Microcal Origin software (Origin, ver-
sion 7, OriginLab Corporation, One Roundhouse Plaza, North-
ampton, MA 01060 USA, 2002; with macro provided by the con-
structor).

Synthesis of Ribose Precursors: Compounds 1, 2, and 3 were syn-
thesized according to the protocol of Jeanloz et al.B% with very
slight modifications. As these authors stated, the reaction of D-
ribose with benzoyl chloride-pyridine produced a mixture of the
a- and B-pyrano forms of 1,2,3,4-tetra-O-benzoyl-D-ribopyranose,
which both yielded the B-form of the bromide. No purification of
1,2,3,4-tetra-O-benzoyl-D-ribopyranose ~ was  performed. 1,2-
Dichloroethane used as solvent in the published procedures was
replaced by dichloromethane. The unpublished NMR spectral
characteristics of 1, 2, and 3 are reported.

2,3,4-Tri-O-benzoyl-p-D-ribopyranosyl Bromide (1): 'H NMR
(300 MHz. CDCl;): 6 = 8.06 (m, 3 H, H,,), 7.87 (d, J = 7.1 Hz, 2
H, H,,), 7.59 (m, 2 H, H,,), 7.51 (t, J = 7.5 Hz, 1 H, H,,), 7.33 (m,
7 H, H,), 6.70 (d, 3J,, = 0.9 Hz, 1 H, 1-H), 6.15 (dd, 3J,3 = 3J3,4
=4.1Hz, 1 H, 3-H), 5.80 (m, 2 H, 2-H, 4-H), 4.53 (dd, %Js, 5, =
13.9, 3J45. = 0.9 Hz, 1 H, 5a-H), 4.35 (dd, *Js,.5 = 13.9, 3J4 5 =
1.3 Hz, 1 H, 5b-H) ppm. '3C NMR (75 MHz, CDCls): § = 166.1,
165.8, 165.0 (Cq co), 133.5, 133.4, 133.3 (C,p,), 130.1, 130.0, 129.8,
(Cony), 129.7, 129.2, 129.1 (Cyp,), 128.4 (6 C, C,;,), 85.8 (C-1),
71.2, 66.9, 65.5 (C-2, C-3, C-4), 64.5 (C-5) ppm.

Methyl 2,3,4-Tri-O-benzoyl-B-D-ribopyranoside (2): 'H NMR
(300 MHz. CDCl3): 6 = 8.06 (m, 3 H, H,,), 7.87 (d, / = 7.1 Hz, 2
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H, H,), 7.53 (m, 3 H, H,,), 7.32 (m, 6 H, H,,), 5.84 (dd, 3/ =
3J,4=3.8Hz 1 H, 3-H), 5.64 dd, 3> = 3.8, 3J,, = 23 Hz, | H,
2-H), 5.64 (d, 3J,, = 2.3Hz, 1 H, 1-H), 5.54 (m, | H, 4-H), 4.27
(dd, s, 5 = 13.0, 345, = 2.1 Hz, 1 H, 5a-H), 4.12 (dd, 2Js, 5 =
13.0, 3J, 5, = 2.8 Hz, 1 H, 5b-H), 3.54 (s, 3 H, Me) ppm. 3C NMR
(75 MHz, CDCl5): 6 = 166.3, 165.8, 165.0 (Cq o), 133.1, 133.1 (4
C,C,p,), 130.0 129.9, 129.7 (C,p,), 129.7, 128.8, 128.7 (Cy 5,), 128.4
(6 C, Cypip), 99.5 (C-1), 68.7, 67.7, 66.2 (C-2, C-3, C-4), 61.1 (C-
5), 55.7 (Me) ppm.

Methyl B-bp-Ribopyranoside (3): '"H NMR (300 MHz. CD;0D): 6 =
4.63 (d,3J,, = 3.7Hz, 1 H, 1-H), 3.83 (dd, 3J,3 = 3J3, = 3.0 Hz,
1 H, 3-H), 3.77 (m, 2 H, 4-H, 5a-H), 3.68 (dd, 2Js, 5, = 12.1, 3J4 5
= 5.1Hz 1 H, 5b-H), 3.57 (m, 1 H, 2-H), 3.42 (s, 3 H, Me) ppm.
13C NMR (75 MHz, CD;0D): 6 = 100.3 (C-1), 71.1, 69.6, 65.9 (C-
2, C-3, C-4), 61.1 (C-5), 55.7 (Me) ppm.

Methyl 2,3,4-Tri-O-picolyl-p-D-ribopyranoside (L): Compound 3
(2.5 mmol) was dissolved in DMSO (1 mL). 2-Picolyl chloride hy-
drochloride (9 mmol, 3.6 equiv.) was suspended in toluene (5 mL).
Neutralization and concomitant extraction of 2-picolyl chloride in
the toluene phase was performed by pouring satd. aq. Na,CO; into
this suspension until the evolution of gas had ceased. The aqueous
phase was decanted, and the organic phase was added to the triol
solution. (BuyN)*(HSO,) (0.1 equiv.,, 0.25 mmol), tert-amyl
alcohol (0.1 mL), and a 4:1 ground mixture of K,CO3;/NaOH
(2.5 g) were added to the reaction mixture, which was vigorously
stirred overnight after which TLC analysis (AcOEt/MeOH, 9:1)
showed in all cases the complete disappearance of the starting triol
compound. L was recovered by extraction (dichloromethane/water)
followed by solvent evaporation and column chromatography (elu-
tion gradient: AcOEt to AcOEt/MeOH, 9:1). Yield: 787 mg, 72 %.
"H NMR (400 MHz, CD;CN): § = 8.48 (m, *Js,y6py = 4.8 Hz, 2
H, 6-H,,y), 8.45 (d, 1 H, 6-H,yy), 7.70-7.60 (m, 4 H), 7.49 (d, *J3py.4py
= 7.8Hz, 1 H, 3-H,,,, 5-H,), 7.43 (d, 3J3,y4py = 7.8 Hz, 1 H, 3-
Hpy, 5-Hpy), 7.19 (m, 3 H, 5-H,,), 4.85 (Sjarees 2 H), 4.75 (m, 2 H),
4.69 (m, 2 H) (O-CH,-py, 1-H) (sugar-ring protons: see Tables 2
and 3), 3.41 (s, 3 H, Me) ppm. '3C NMR (100 MHz, CD;CN): §
= 160.1, 159.8, 159.5 (C-2,,), 149.8, 149.7, 149.6 (C-6,,), 137.5,
137.4, 137.4 (C-4,,), 122.4, 122.2, 122.1, 121.4 (3 C) (C-5,,, C-3,,,),
102.2 (C-1), 79.3 (C-2), 76.8 (C-3), 76.3 (C-4), 73.8, 72.9, 71.5 (O-
CH,-py), 64.4 (C-5), 56.5 (Me) ppm. MS (EI): m/z (%) = 460.2
(100) [L + NaJ*. IR (KBr dispersion): ¥ = 1594 (vc=y), 1136, 1108,
1072 (8pyering)s 762 (Scpy-n) cm . CoHpyN3060.5H,0 (462.50):
caled. C 64.56, H 6.33, N 9.41; found C 64.73, H 6.24, N 9.26.

Complex Synthesis

Protocol A (M = Mn?*, Zn?*; Y = ClO,): L (87.5, 0.2 mmol) was
dissolved in absolute ethanol (2mL). An equimolar quantity of
[M(ClOy),]-6H>O was dissolved separately in absolute ethanol
(1 mL). The solutions were mixed, which resulted in immediate pre-
cipitation. The precipitate was redissolved by addition of a minimal
volume of acetone. Suitable crystals for X-ray diffraction analysis
were obtained by slow concentration.

[Mn(L)](C104),'H,0: MS (ES, ACN): m/z (%) = 246.1 (10) [L +
Mn]**, 438.2 (3) [L + H]", 460.2 (100) [L + Na]*, 591.0 (6) [L +
Mn + ClO4]*. IR (KBr dispersion): ¥ = 1611 (ve=y), 1159-1015
(Bpy-rings ClO4), 770 (Scpyr) em . CayHy7ClLMnN;045:1.5H,0
(718.36): caled. C 40.13, H 4.04, N 5.85, C1 9.87, Mn 7.65; found
C 40.16, H 3.94, N 5.44, C19.98, Mn 7.83.

[Zn(L)|(C104),: MS (ES, ACN): mi/z (%) = 250.6 (42) [L + Zn]**,
460.2 (100) [L + NaJ*, 600.1 (15) [L + Mn + ClO4J*. IR (KBr
dispersion): v = 1612 (veen), 1170-1020 (8,y-ring: ClO4), 769
(Ocpy-t1) em . CaqHp,CLN;O,5Zn (701.78): caled. C 41.08, H 3.88,
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N 5.99, C110.10, Zn 9.22; found C 41.22, H 3.67, N 5.81, Cl 9.48,
Zn 9.08.

Protocol B (M = Co?**, Ni**; Y = PF¢): L (87.5, 0.2 mmol) was
dissolved in absolute ethanol (2 mL). An equimolar quantity of
M(NO3),*6H,O was dissolved separately in absolute ethanol
(1 mL). Both solutions were mixed. NH4PFg (0.5 mmol, 81.5 mg,
2.5 equiv.) was dissolved in absolute ethanol (1 mL). The addition
of the latter solution resulted in immediate precipitation. The pre-
cipitate was redissolved by addition of a minimal volume of ace-
tone. Suitable crystals for X-ray diffraction analysis were obtained
by slow concentration.

[Co(L)](PFg),: MS (ES, ACN): m/z (%) = 248.1 (100) [L + Co]**,
460.2 (72) [L + Na]*. IR (KBr dispersion): ¥ = 1609 (vc=y), 1144,
1088, 1057, 1020 (Spyring), 838 (s, PFs), 769 (dcpyn) cml.
C,4H,7,CoF,N;05P, (786.35): caled. C 36.66, H 3.46, Co 7.49, N
5.34, P 7.88; found C 36.17, H 3.54, Co 7.31, N 5.36, P 8.11.

[Ni(L)[(PF¢)2: MS (ES, ACN): m/z (%) = 247.6 (42) [L + Ni]?*,
438.2 (3) [L + HJ]*, 460.2 (100) [L + NaJ*, 514.1 (12) [L + Ni +
F]*". IR (KBr dispersion): ¥ = 1615 (vc=n), 1129, 1075, 1062, 1031
(Bpy-ring)s 838 (s, PFs), 769 (8cpy1), 556 (s, PFg) cm.
C,4H»7F 5,N3NiOsP, (786.11): caled. C 36.67, H 3.46, N 5.35, Ni
7.47, P 7.88; found C 36.15, H 3.46, N 5.08, Ni 7.40, P 7.89.

X-ray Crystallography: X-ray diffraction data were collected by
using a Kappa X8 APPEX II Bruker diffractometer with graphite-
monochromated Mo-K, radiation (4 = 0.71073 A). Crystals were
mounted on a CryoLoop (Hampton Research) with Paratone-N
(Hampton Research) as cryoprotectant and then flash-frozen in a
stream of nitrogen gas at 100 K. The temperature of the crystal
was maintained at 100 K by means of a 700 series Cryostream cool-
ing device to within an accuracy of *1 K. The data were corrected
for Lorentzian, polarization, and absorption effects. The structures
were solved by direct methods using SHELXS-9707 and refined
against F? by full-matrix least-squares techniques using SHELXL-
97581 with anisotropic displacement parameters for all non-hydro-
gen atoms. Hydrogen atoms were located on a difference Fourier
map and introduced into the calculations as a riding model with
isotropic thermal parameters. All calculations were performed with
the crystal-structure crystallographic software package WINGX.[*!
The absolute configuration was determined by refining the Flack
parameterl® using a large number of Friedel pairs. The X-ray data
is presented in Table S1 in the Supporting Information. CCDC-
614622 {for [Co(L)](PF¢),}, -837570 {for [Mn(L)](C10,),}, -837571
{for [Zn(L)](ClOy),}, -837572 (for L), and -837573 ({for
[Ni(L)](PFy),} contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccde.cam.
ac.uk/data_request/cif. In the case of [Ni(L)](PF¢),, the presence of
four nonequivalent cationic complexes as well as disordered
counteranions in the lattice did not allow the structure refinement
with R1 < 0.096.

ITC Titrations: ITC titrations were performed at 20 °C with a
MicroCal VP-ITC apparatus. Aliquots (3 pL) of the ligand solution
were added to the solution of the metal salt in ethanol, which were
prepared by dissolution of the M(NO;),*6H,O salts [with the ex-
ception of Cu(NOs),°:3H,0]. An equilibration time of 180 s was
allowed between each addition. As all the complexes described in
this study proved to be labile, the shape of each peak in the ITC
experiment was given only by heat transfers to allow the system to
reach equilibrium. The concentrations of the metal salts and of the
ligands were adjusted to yield total conversion and a good signal/
noise ratio for each experiment and varied between 2 X 10> mol L
and 103molL! for the metal salt and 5X10* and
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2x 102 mol L! for the ligand. As the ionic content of the solutions
was only affected by dilution, the ratio of the activity coefficients
of the solutes was assumed to be constant throughout each mea-
surement.l°!l Examples of a pair of experimental thermograms real-
ized under the same conditions are shown in Figure S5.

Molecular Modeling. Materials and Methods: Monte Carlo calcula-
tions were performed on the ligands with the Macromodel?! pack-
age as implemented in the Schrodinger environment.®?! By using
the MCMM package, all rotational degrees of freedom, including
those leading to changes in the sugar conformation, were selected
as variables in the heuristic run. The force field used for these calcu-
lations is the OPLS-AAP# (2005). For each species, 10000 cycles
were performed, and a geometry optimization of 1000 steps with
a gradient tolerance of 0.05 A2 was performed on each structure.
Redundant structures were removed for rmsd values of 0.1 A. The
final sets of structures for L’ and L number 8206 and 7608, respec-
tively. To calculate the entropic quantities in the MCMM run, hav-
ing defined one macrostate a as a given ensemble of relevant struc-
tures, the Boltzmann population N; of each individual structure
was calculated. The total absolute entropy of the ensemble was
calculated by Equation (4).

/= —RESNIn(N)) “

Quantum mechanical calculations were performed by using the
functional density theory (DFT) with the hybrid functional B3LYP
as implemented in the Gaussian 03 package.[°3! Several other func-
tionals were tested, but B3LYP gave the best agreement between
optimized and experimental structures.l**>3] Moreover, B3LYP has
also been reported to be a good functional for energetic repro-
duction of metal-binding affinities®* and conformational study of
sugar derivatives.[®] The split-valence 6-31g** basis set was used
for C, N, H, and O, and for metal ions the double-zeta basis set
associated with the pseudopotential LANL2DZ was used.[”]

Supporting Information (see footnote on the first page of this arti-
cle): Supplementary crystallographic tables and figures, supplemen-
tary figures for NMR, UV/Vis and ITC experiments, supplemen-
tary figures, tables and discussion on molecular modelling.
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