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The existence of short intermolecular C-H‚‚‚‚O interactions has
been established since the early 1960s for several molecules though
IR1 and X-ray crystallography.2,3 Following these observations a
variety of theoretical studies, based on semiempirical and ab initio
molecular orbital approaches, have been reported for a series of
C-H‚‚‚‚X (X ) O, N, Cl, F, P, S) hydrogen bonds.4,5 Recently, a
role for C-H‚‚‚‚O bonds in stabilizing cohesive forces within
biological macromolecules has been proposed.6-8

This unusual interaction has therefore a great interest. However,
very few experimental evidences have been found for the presence
of C-H‚‚‚‚O bonds in solution.9,10 In this study we found a strong
intramolecular C-H‚‚‚‚O bond in lactosyoxymethyl-o-carborane
(LCOB, Chart 1),11,12 a potential agent for boron neutron capture
therapy (BNCT),13 by using NMR spectroscopy. In particular,
results showed that the interaction took place between the activated
C2-H of the carboranyl cage14 and the anomeric oxygen of the
glucose ring of lactose (O1′). This hypothesis was confirmed by ab
intio quantum mechanical calculations.

Figure 1 shows the1H{11B} NOESY spectrum in the region con-
taining the cross-peaks between H13R,â and the protons linked to
the boron atoms of the cage (H-B). From the analysis of the peak
position and from their relative intensity, it was possible to establish
an unexpected absence of isocronicity in the carborane cage. In
particular, the large H3/6 signal in the 1D projection shown on top
of Figure 1, was the superposition of two different peaks, separated
by about 10 Hz, and this allowed us to extract important structural
information.

As it can be seen by the cross-peaks labeled with A and B, which
are not aligned in the F2 dimension, each of the two diastereotopic
proton H13R and H13â was connected only to one of the two partially

superposed peaks H3/6. This strongly indicated that the C1-C13 bond
did not freely rotate. Free rotation, should result in two broader
cross-peaks, resonating at identical chemical shift, as it happened
in the case of peak C. This peak showed an apparent symmetry
because H2 is bound to the C2 carborane vertex, which is exactly
in the middle between H3 and H6 (Figure 2). In addition, the lack
of coupling between H2 and H13R/H13â (Supporting Information)
and the different intensity between peaks A and B, confirmed that
the molecule was in a preferred conformation due to the restricted
degree of freedom of the C1-C13 bond.
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Figure 1. 1H{11B} NOESY spectrum of LCOB 2× 10-2 M in C2D5OD,
recorded at 600 MHz and 303 K. Region of the H-B to H2, H13R, and H13â
protons.

Figure 2. (A) View of carboranyl cage along C13-C1 bond of GCOB model
optimized by ab initio calculation. Protons H13R and H13â are indicated as
R andâ, respectively. Glucosyl portion is omitted for clarity. (B) Sketch
of five member ring in which the proposed H-bond is involved.

Chart 1. Structure and Numbering of Lactosyoxymethyl-o-
carborane15 and 1′-Deoxy-o-carboranyl â-C-glucoside
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A similar behavior was observed for the NOESY cross-peaks
between H13R,â and the H4/5 protons (peaks D and E in Figure 1).

All of the above observations could not be explained on the sole
basis of steric hindrance due to the cage substituents, and it was
necessary to assume the formation of a strong H-bond between the
activated C2H and the O1′ atoms. To verify this hypothesis we per-
formed comparative NMR experiments on the 1′-deoxy-o-carboran-
yl â-C-glucoside (dGCOB) (Supporting Information). The substan-
tial difference between LCOB and dGCOB, in the interesting por-
tion of the molecule, is the substitution of O1′ with CH2. The two
molecules show very similar structures, but obviously, they have
different electronic properties in the acceptor group of the H-bond.

With these experiments we found: (i) the chemical shift of the
H2 resonating at 0.26 ppm upfield with respect to the same proton
of a LCOB. A comparative analysis of H2 high-field shift with the
one of the cage H-B protons (0.04-0.06 ppm), strongly suggests
that a major contribution of the deshielding of H2 in LCOB was
caused by the formation of a specific intramolecular CH-O
interaction; (ii) the NOESY spectrum of dGCOB clearly showed
two equivalent cross-peaks (H2-H13R and H2-H13â) that were
absent for the LCOB. This indicated that, contrary to LCOB, the
two H13 diastereotopic protons experienced a close contact with
H2 and suggested that in the dGCOB molecule the O1′ atom was
not forced in the CH‚‚‚‚O bond orientation.

The fact of having observed a C-H‚‚‚‚O bond in solution at
temperature as high as 303 K implies that this intramolecular
interaction should be remarkably strong. To verify its strength we
performed ab initio quantum mechanical calculations on two
different simplified models. One was the glucosyl-carborane
(GCOB) which differs from LCOB by the lack of the distal sugar
(galactose), and the other was the dGCOB.

Torsional driving analysis was performed first by optimizing the
molecule at B3LYP/6-31G** level, and then calculating the single-
point energy, by rotating the C2-C1-C13-O1′ dihedral angle (C2-
C1-C13-C14 in the deoxy molecule) trough steps of 30°.16 In Figure
3 the two torsional energy profiles, for GCOB and dGCOB are
reported. These curves demonstrated that the C-H‚‚‚‚O interaction
gave a major contribute to the structure rigidity. The highest energy
value was calculated for a dihedral angle (150°) in which the C2-H
pointed toward the opposite side with respect to O1′. The theoretical
value of the C-H‚‚‚‚O bond strength could be obtained by the
difference between the energy calculated for GCOB and dGCOB
at 150°. This operation allowed us to remove all contributions to
the total energy due to steric hindrance. The value obtained, 3.87
kcal/mol, is among the highest calculated for this kind of interac-
tion,5 is well above the value of about 1-2 kcal/mol which is
generally accepted,17 and could explain its persistence in solution.

With this conformation the H13R-H3 (rA) and H13â-H6 (rB)
distances were found to be 3.15 and 2.60 Å, respectively. These

values were consistent with the different intensities,IA and IB, of
the corresponding NOESY cross-peaks (peaks A and B in Figure
1).18 In this optimized model, the C2‚‚‚‚O1′ distance was found to
be 2.81 Å (H2‚‚‚‚O1′ distance) 2.43 Å), that is well below the
sum of the respective VdW radii (3.30 Å) and in perfect agreement
with the hypothesis of a H-bond formation.

The geometry of the five-member H2-C2-C1-C13-O1′ ring is
illustrated in Figure 2b. The bent C2-H‚‚‚‚O1′ angle (101°) is to
be considered rather unusual for these types of interactions, that
are known to exhibit some directional requirements. However, in
some cases geometrical arrangements similar to the one found for
LCOB in the present study have been reported.19 For instance, a
five-member cycle containing an intramolecular CHO bond was
proposed in the gas phase.20 It is important to note that almost all
the cases reported in the literature deal with intermolecular
interactions in the solid state. In the present case, in which an
intramolecular interaction occurs, entropic factors may be also
critical to induce the formation of a hydrogen bond which
appreciably deviates from the linear arrangement.
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Figure 3. Torsional energy profile of C1-C13 bond for GCOB (filled
circles) and dGCOB (unfilled circles).
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