Can a C-H-O interaction be a determinant of conformation?
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ABSTRACT: Whether non-conventional hydrogen bonds — such as the C-H-O interaction — are a consequence or a deter-
minant of conformation is a long-running and unresolved issue. Here we outline a solid-state and quantum mechanical study
designed to investigate whether a C-H--O interaction can override the significant trans-planar conformational preferences of
a-fluoroamide substituents. A profound change in dihedral angle from trans-planaroccr) to cis-planaroccr), observed on
introducing an acceptor group for a C-H O hydrogen bond, is consistent with this interaction functioning as a determinant
of conformation in certain systems. This testifies to the potential influence of the C-H O hydrogen bond and is consistent
with the assignment of this interaction as a contributor to overall conformation in both model and natural systems.

INTRODUCTION

Conventional hydrogen bonds between main-chain amide
and carbonyl groups are significant contributors to the
structural and catalytic functions of proteins, but less elec-
tronegative atoms such as carbon are often observed in
close proximity to acceptor atoms such as oxygen.!® Chal-
lenges in elucidating the difference between a coincidental
contact (where the two groups happen to lie close together
as a consequence of the structure of the entire molecule)
from an attractive C-H-O contact’ have led to significant
discussion over the true nature of these interactions.®'? For
example, a short C-H O contact in bacteriorhodopsin has
been demonstrated to be non-stabilizing,'*'* whilst it has
been reported that the X-ray crystal structure of a hydrated
tricyclic orthoamide possessed an eclipsed C(sp®)-CHj
group as a consequence of three C-H-O interactions.'™
The C-H:--O interaction has also been proposed to have a
significant influence on the transition states of certain cata-
lytic asymmetric transformations.'”'® This emphasizes that
the context of these interactions is important in determining
their contribution to an overall structural picture. Solid-
state studies of crystals provide a wealth of information
about small-molecule geometry, but betray little about the
energetic aspects of non-covalent interactions, and hence
we reasoned that a combined X-ray study and theoretical
analysis of an unnatural model system could provide in-
sight into the potential strength and conformational influ-
ence of this interaction.

Study design: We have previously demonstrated that a
prolinol-aromatic amine conjugate (Figure 1A) functions as
a robust hydrogen-bonded parallel turn linker in the solid
phase and in solution,zo’21 and we decided to exploit this
template in the design of a test-bed to investigate the con-
formational influence that a C-H O interaction may impose.
We rationalized that substituting the a-position of the
amide in this turn motif with electron withdrawing groups

such as fluorine” would increase the acidity of the a-C-H
proton, with a concomitant increase in the hydrogen bond
donor ability of this group.23
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Figure 1: Previous work and outline of current study.

Work from O’Hagan and co-workers has demonstrated that
a-fluoro amides adopt a trans-planar conformation in the
solid state, with a deep potential minimum of ca. 7 kcal mol
L predominantly as a consequence of an interaction be-
tween the fluorine lone pairs and the N-H o* orbital (Fig-
ure 1B).24’25 Exploring turn segments functionalized with
a-fluoroamides®®*’ would offer an opportunity to investi-
gate whether the C-H O interaction can function as a de-
terminant of conformation®® by overriding the inherent rota-
tional preferences of the fluoroamide substituent (Figure



1C).*? In this paper we describe the solid-state structures
of a series of a-fluoroamides based around a parallel-turn
structure, and through quantum mechanical calculations,
deconstruct the contributions that each non-covalent inter-
action has on the rotational preferences of the fluoroamide
group to show that in certain circumstances the C-H:-O
interaction functions as a determinant of conformation.

RESULTS AND DISCUSSION

(1) Model calculations. To extract the intrinsic rotational
preferences of the fluoroamide group, we focused on 2-
fluoro-N-methylacetamide as a model system. Calculations
were performed at the B3LYP level with a 6-31+G** basis
set, which contains polarization functions on all atoms, and
diffuse functions on the non-hydrogen atoms, thereby offer-
ing a balanced representation of electronic effects. For a
series of dihedral ¢occr) angles the geometry was fully op-
timized, tracing out a rotational profile (Figure 2A) that
shows a clear minimum when the oxygen and fluorine atoms
are opposite one another ((E§0CCF):1800), consistent with
that reported by O’Hagan.24’

®

Energy (kcal mol)

w
B B T T

— Lm—

120 180 240 300 360
Y(0CCF)

T . . {

o
@ 1
o

®

Energy (kcal mol)

0 60 120 180 240 300 360
Y(OCCF)

Figure 2: Computed rotational profiles of model fluoroamides
a) CH3NHCOCH,F and b) CH;:NHCOCHF; as a function of
dihedral angle @occr). Optimized structures are illustrated for
some of the more important geometries.

Rotation of the CHoF group away from this position raises
the energy of the system, and a maximum is reached when
the oxygen and fluorine atom are syn- (¢occr=0°), about 6.5
kcal mol™ higher in energy than the minimum. There is a
shoulder in the profile at a dihedral angle of 60°, when the
CHoF group is staggered relative to the oxygen. In order to
ensure that these results are not a product of a specific theo-
retical method, the structures were reoptimized at the MP2
level with the 6-31+G** basis set. The relative energies
were essentially unchanged, within 0.1 kcal mol”. A con-
siderably larger and more flexible aug-cc-pVTZ basis set
was also applied at the MP2 level leading to some small
changes including a flattening of the barrier to rotation in
the monofluoro substituted case from 6.5 to 5.8 kcal mol™.
When a second fluorine atom is added to the system (Figure
2B),** the highest energy structure - about 4.5 kcal mol™!
higher than the optimized geometry - is when both of these
fluorine atoms are close to the oxygen, with dihedral angles
@occr) of £60°, respectively. This structure is less stable
than that in which one of the fluorine atoms eclipses the
oxygen (with @occr=0°), and the other is moved further
away to 120°. The optimized geometry occurs for
¢occr=161° (and its symmetrical counterpart at 59°),
which is skewed by about 20° from the placement of one
fluorine atom directly opposite the oxygen, probably as a
consequence of the rotational preferences of the other fluo-
rine. As such, the two ¢ occr) dihedral angles of 161° and -
82° are preferable to 180° and -60°, by about 0.5 kcal mol™.
This is consistent with the reported orientation of a
difluoroamide incorporated into a helical B-peptide where
one fluorine is essentially antiperiplanar to the carbonyl
group and the other gauche.35

(2) Solid-state conformations. We focused on the genera-
tion of a group of mono- and difluoroamide derivatives with
a range of hydrogen bond acceptors. We rationalized that
changing the size and electronic nature of the hydrogen
bond acceptor could affect the propensity for the popula-
tion of turn structures. With the intrinsic rotational prefer-
ences of monofluoro- and difluoroamide groups established
through calculation, we examined their conformational pref-
erences in the solid state using X-ray crystallography (Fig-
ure 3). 2-Fluoroacetamide 1 populates a conformation in
the solid state®® in which the C-F bond is trans-planar to
the C=0 with a dihedral angle of 179° essentially identical
to the theoretical model in Fig 2a; monofluoroamide 2, lack-
ing an intramolecular hydrogen bond acceptor, adopts a
similar conformation and both are consistent with the
solid-state conformation described by O’Hagan,* and with
the theoretical model described earlier. In contrast, intro-
ducing a hydrogen-bond acceptor such as a fert-butyl car-
bamate (3, Figure 3C) leads to the population of a parallel
turn-like structure and a profound conformational change to
an orientation where the C-F bond is almost cis-planar to
the C=0 (with a dihedral angle of 4(3)°), close to the calcu-
lated highest energy conformer in the model system (Figure
2A). It is also important to consider whether intermolecu-
lar interactions could affect the internal rotational states of
the fluoroamide functionality. There are extensive intermo-
lecular interactions in the structure of 1, including N-H--O
and C-H---O interactions. For control compound 2, the aryl
group appears to drive the crystal packing, with short wt-5
contacts giving a layered structure.
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Figure 3: Solid-state conformations of monofluoro- and difluoroamides with relevant intramolecular distances (some atoms
omitted for clarity). Variances, where available, are given in parentheses. Positions of hydrogen atoms are calculated.
SDihedral angles for both crystallographically unique molecules are given. *Structure 5 has four crystallographically unique
molecules and the fluoroamide groups in two are highly disordered; geometrical details are provided for one of the ordered
molecules (although all populate a cis-planar arrangement).
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The primary short contacts in the solid state for 3 is an
aryl C-H-F at 3.14A, which lead to a herringbone-like
motif; this is in the vicinity of disordered solvent, which
suggests that the electrostatics in this area of the structure
are not clearly defined. There is also a C-H-+-O contact,
but as in 2, there appears to be no obvious driving force
for packing and the most obvious feature is the aromatic
group that provides a nominally flat packing surface.
Similar conformational effects are observed with different
hydrogen bond acceptor groups: with a sterically less
demanding N-formyl group (4, Figure 3D) the dihedral
angle is 23.3(8)°, and with an iso-butyl group (Figure 3E)
the dihedral angles are -19.6(14)° and -21.0(15)° for the
ordered components. The presence of a hydrogen bond
acceptor (as in Figures 3C-E) also leads to the amide NH
approaching the carbonyl C=0 at distances and geometry
consistent with the presence of a hydrogen bond. A simi-
larly dramatic effect is observed in the difluoroamide sys-
tem (Figure 3F). A turn-like structure is observed for 6,
the difluoro-analogue of 3 with internuclear N-H-O and
C-H--O distances consistent with the presence of hydro-
gen bonds, and resultant dihedral angles ¢occr) of
68.3(14)° and -44.3(10)°, close to the maximum in the
model rotational energy profile (Figure 2B). For 4 there
are more short intermolecular contacts, but these are pri-
marily C-H-~F involving the pyrrolidine ring. These in-
volve the disordered component, suggesting that they are
not a significant driving force for crystal packing. In the
structure of 3 there are also intermolecular C-H:~-O con-
tacts as a consequence of the close proximity caused by
efficient packing of the aromatic groups. Compound 5 is a
structure with extensive disorder and pseudo-symmetry,
and unsurprisingly for a material that is so disordered,
there are few meaningful short contacts. These involve
the hydrogen bond donors and acceptors on the pyr-
rolidine ring, but these would seem to be adventitious
and are not likely to influence the packing significantly.
Compound 6 co-crystallised with ethyl acetate that is
disordered along a channel around a 2; screw axis. In
addition to one or two short contacts between the ethyl

acetate and 6, there are short intermolecular distances
between amethylene C-H in the backbone and the oxygen
of the amide. This is the only structure where there are
any significant directional interactions that could possi-
bly influence the turn structure. Unfortunately, com-
pound 7, that does not possess a hydrogen bond acceptor
group, crystallized with a bound water molecule (Figure
3G) obscuring the inherent rotational preference of the
fluoroamide portion of this material. Difluoroacetamide 8
crystallizes in a conformation in which one of the fluorine
atoms is 24° removed from lying anti- to the amide oxygen
and the other gauche in near })erfect agreement with the
theoretical model in Fig 2b.** Compound 8 also pos-
sesses strong intermolecular N-H-+O interactions, forming
chains that have a strong influence on the crystal packing
but do not appear to influence internal rotation. Aryl
difluoroamide 9 crystallizes with two distinct molecules
in the unit cell, and their conformation is significantly
influenced by intermolecular hydrogen bonding in the
crystal, with intermolecular distances consistent with N-
H-+O and C-H--O interactions. The dihedral angles are
again close to the maximum of the model rotational profile,
opposite to what would be expected, but consistent with
the potential influence of both hydrogen bonds. In addi-
tion, there is a bifurcated intermolecular C-H--F interac-
tion from the phenyl group. In contrast to the other struc-
tures in this report, there is little evidence of any m- in-
teraction; the only evidence of interaction between aro-
matic rings is a C-H- ;w short contact. In general, there are
no clear intermolecular interactions in the crystal that
appear to be responsible for influencing the rotational
states of the fluoroamide moiety for 3 and 6.

(3) Quantum calculations: It is clear that the rotational
profiles of the model fluoroamides are not reflected in the
solid-state  conformations of both mono- and
difluoroamides. A more comprehensive analysis of these
rotational profiles in the context of other functional
groups and interactions, and the ability of C-H--O H-
bonds to influence conformation, was undertaken.
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Figure 4 (A) & (B) Optimized geometries of two minima in the surface of 3 (A) ¢(OCCF) = 170° (B) ¢(OCCF) =215°
(C) Optimized geometry of control molecule 2 (D) & (E) optimized geometries of two minima of 6 in its surface, with
¢(OCCH) = -168° and 20.5°, respectively. (F) Optimized geometry of control molecule 7 (some atoms omitted for clarity).
Distances are in A. (G) X-ray structure of control compound 10. (H) Optimized geometry of control compound 10.

(i) Monofluorosubstituted Systems: Full geometry op-
timization of 3 at the B3LYP/6-31+G** level (Figure 4A)
gave a structure with ¢occr) =170°, close to the 180° ob-
served in the model system; the 10° deviation can be at-
tributed to the consequence of a C-H-'F interaction (Fig-
ure 4A). Repulsion between the carbamate oxygen and
fluorine atoms also plays a significant role, leading to a
weakening of the N-H--O hydrogen bond. A rotational
profile around the OC-CF bond in this molecule reveals a
second minimum at a Qoccr) dihedral angle of -45° in
which a C-H--O bond occurs (length 2.49 A), along with
a shorter N-H--O interaction, consistent with ameliora-
tion of electrostatic re{pulsion. This structure (Figure 4B)
is only 0.9 kcal mol™ higher than the primary minimum
and an energy barrier of less than 1 kcal mol! separates it
from the global minimum; such small energy differences
prevent unambiguous identification of the preferred con-
former. Computational methods at other levels of theory
lead to broadly similar results; for example, SCF computa-
tions, which include no electron correlation, change the
energy difference to 0.4 kcal mol™, whereas including

correlation via MP2 yields a difference of 0.5 kcal mol™.
Reoptimization with the MO06 functional for accurate
treatment of non-covalent interactions verified the pres-
ence of the same two minima (within 0.4 kcal of each
other and within 7° of the B3LYP values) and hence we
are confident that these results are not an artifact of a par-
ticular theoretical method. The stability of this secondary
minimum appears to be influenced by this C-H--O H-
bond, since without it the structure would be as much as
6 kcal mol! higher in energy than the global minimum.
This idea is reinforced in the conformation of 2 (Figure
4C); there is only one minimum on the surface with a
¢(occr) dihedral angle of 180°, coinciding with the theo-
retical model. This is consistent with the C-H--O H-
bonding in 3 leading to the presence of a second minimum
in the surface. However, this structure (Figure 4B) is dis-
tinct from that observed in the X-ray structure: the oxygen
and fluorine atoms of the fluoroamide unit of 3 lie almost
syn- in the X-ray structure but are separated by a dihedral
angle of 45° in the computed minimum. This anomaly can
be readily explained, as rotation about the OCCF torsion



(from 45° to 0°) replaces a single C-H--O H-bond by two
longer C-H---O interactions. The N-H:-O hydrogen bond
is also affected, contracting by 0.05 A, consistent with
strengthening of this interaction. Rotation of the com-
puted geometry to bring it into closer coincidence with
the X-ray structure raises its energy by only 0.6 kcal mol
! well within the regime where intermolecular forces
might exert an influence.

(ii) Difluorosubstituted systems: The strength of C-
H---O H-bonds is directly related to the number of fluorine
atoms adjacent to the donor atom, and hence we antici-
pated that a difluoroamide would be a stronger C-H---O H-
bond donor.”® This is consistent with the geometry of 6
observed by X-ray crystal diffraction where the aC-H is in
close proximity to the carbamate oxygen with a C-H--O
interatomic distance of 2.4 A (C-O distance of
3.274(12)A compared to 3.35(2)A in 3). To probe this, a
full geometry optimization of 6 was carried out using the
B3LYP/6-31+G** approach leading to a structure (Fig-
ure 4D) that exhibits few minor differences to the observed
structure. Remarkably, this is near the maximum of the
rotational profile of the model difluoroamide (Figure 2).
In order to examine this phenomenon more closely, the
terminal CF2H group was rotated around the OCCF tor-
sion, generating a series of structures that were fully op-
timized, tracing out a potential energy curve as a function
of this dihedral angle. This demonstrated that there is a
second minimum on this surface (Figure 4E) that lies
slightly below the energy of the initially optimized struc-
ture (Figure 4D), by 0.1 kcal mol!, and is separated from it
by an energy barrier of 1.5 kcal mol™!. This geometry —
with the fluorine distant from the carbonyl oxygen (¢occr)
=142") - is similar to that expected for a difluoroamide in
the absence of any intramolecular C-H---O interaction; the
¢occr) dihedral angle is within 20° of the optimized
model structure (Figure 2B). In order to probe whether
intramolecular interactions were influencing the intrinsic
preference for OCCF trans-planarity we performed a full
geometry optimization of 7, which lacks an intramolecular
hydrogen bond acceptor (Figure 4F). The @ooccr) angle of
158" and the entire rotational profile is consistent with
that of the model difluoroamide. In both cases, there is a
shallow barrier of about 0.5 kcal mol’ separating two
nearly equivalent minima, and a higher barrier of 4.0 kcal
mol™ that corresponds to placement of the two fluorine
atoms within £60° of the carbonyl oxygen atom. There is
no minimum for 7 that corresponds to the observed geome-
try of 6, and it is likely that this is a consequence of in-
tramolecular interactions, including the C-H--O H-bond.
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The presence of the C-H:-O interaction was also con-
firmed by natural bond order (NBO) analysis that reveals
the charge transfer from the O lone pair to the C-H o* or-
bital, which is a fingerprint of such H-bonds.

As a control, we also examined 10, which is not substi-
tuted with any electronegative atoms in the a-position
(Figure 4G).>" The X-ray structure of this material shows
the expected amide hydrogen-bonded turn structure, but
no evidence of an intramolecular C-H:-O interaction.
Without polarization of the C*-H we did not expect the
amide methyl group to possess a strong rotational de-
pendence upon the OCCH dihedral angle. Calculations of
this molecule show nearly free rotation about the OCCH
dihedral with a very flat rotational profile, with a varia-
tion of less than 0.3 kcal/mol (Figure 4H). This is consis-
tent with the key role of a-electronegative groups in the
formation of influential C-H---O interactions.

These calculations refer to a molecule in the absence of
any neighbors yet intermolecular interactions could per-
turb the equilibrium geometries, leading to differences
between calculated and observed geometries. This was
initially probed with self-consistent reaction field (SCRF)
computations, to examine polarization of the surrounding
molecules reacting to charge distribution within a central
molecule. A dielectric constant of 4.0 was used, consis-
tent with earlier estimates of its value within the confines
of protein-like environments.*® >’ The effects were found
to be quite small, affecting relative energies by only 1 kcal
mol! or less. Taking molecule 6 as an example, po-
larizability effects slightly favor 4D over 4E, leading to
an energy difference of 1.0 kcal mol™. In the case of the
monofluorinated molecule 3, the original energy difference
of 0.9 kcal mol”! between 4A and 4B is reduced and even
reversed, with 4B barely more stable than 4A by 0.1 kcal
mol™!. These results are consistent with examination of
intermolecular interactions in the solid state.

How strong is the C-H:-O interaction? The strength of
an individual H-bond within the context of a larger sys-
tem may be estimated by removing all extraneous atoms to
allow computation of an unambiguous interaction energy.
This approach is derived from a procedure used success-
fully to evaluate C-H--O H-bonds within the confines ofa
protein B-sheet that also contained N-H--O H-bonds.”®
Taking monofluoroamide 3 and removing all atoms except
those directly related to the C-H--*O H-bond, leaves two
fragments that were frozen in their precise relative orienta-
tions (Figure 5).

*f

Figure 5: Reduction of structures of C-H-*O H-bonded minima of a) monofluoro- 3 and b) difluoro 6 substituted molecules
showing smaller systems used to compute H-bond energies (some atoms omitted for clarity). Distances are in A
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The energy of this complex was then compared to the en-
ergies of the isolated monomers, and the difference was
taken as the interaction or C-H-*O H-bond energy. This
led to an energy of 3.0 kcal mol™!, which is relatively
weak in comparison to the steep potential highlighted in
the rotational profile (Figure 2A). This is consistent with
the inability of this specific C-H-*O H-bond to overcome
the natural tendency of the fluorine to orient ¢trans-planar
to the oxygen of the amide. A similar technique was ap-
plied to the difluoroamide 6 and this led to a complexa-
tion energy of 3.5 kcal mol™, close to the 4.0 kcal mol™
potential estimated above. This energy is comparable to
the 4.0 kcal mol™ barrier associated with rotation about
the OCCF torsion (Figure 2B) and hence in this case we
believe that the C-H-O H-interaction plays a significant
role in determining conformation.

CONCLUSION

A range of non-covalent interactions, including hydrogen
bonding and electrostatic repulsion, can significantly
affect the conformations of small molecules. Nominally
weak hydrogen bonds such as the C-H:~O interaction are
often overpowered by other effects but their influence can
be augmented by incorporation of electronegative sub-
stituents adjacent to the donor atom. In this study we
have demonstrated that such activation can influence the
intrinsic  frans-planar preference of a-fluoroamides
through a combination of electrostatic and hydrogen
bonding effects. Violation of the preference for
monofluoro- and difluoroamides to place the amide oxy-
gen and o-fluorine atoms as far away from each other as
possible costs approximately 6 and 4 kcal mol™ respec-
tively, but this may be recouped to some extent by the
formation of intramolecular N-H---O and C-H--O hydrogen
bonds. In the case of the fluoroamides 3 and 6, electro-
static repulsion between the carbamate oxygen and the
fluorine atoms of the fluoroamide favor a conformation in
which C-H--O interactions can play a significant role.
This oxygen-fluorine repulsion alone does not account for
the observed rotameric preference of the fluoroamides, and
calculations of model systems suggest the attractive en-
ergy of the C-H--O interaction to be 3.0 and 3.5 kcal mol
! respectively, for the mono- and difluoroamide systems.
In the case of monofluoroamide 3, a C-H-+O hydrogen
bonded conformation represents a minimum in the rota-
tional profile but this C-H:~O H-bond is relatively weak
and the natural rotational profile of the fluoroamide steep
enough that this is not a determinant of conformation. In
the case of the difluorosubstituted system 6 however, the
C-H-+O H-bond is strong enough relative to the rota-
tional potential to overcome the trans-planar effect, and
hence this constitutes a rare system where, in combination
with the electrostatic effects, the C-H---O H-bond can be
considered a determinant of overall conformation. These
complexation energies are consistent with estimations for
the isolated C-H--O interaction of CH,F> or glycine with
water (both of which are approximately 2.5 kcal mol™)."!
The extra electronegative atom increases the complexation
energy by approximately 0.5-1 kcal mol™;* this is in con-
trast to an unsubstituted system 10, which has essentially
free rotation about the OCCH dihedral. In comparison to
calculation of the strength of a C-H--O interaction in a
membrane protein'? these energies are larger and may re-
flect the relative ease with which a small and relatively
flexible system such as the turn structures described

herein can attain optimum geometrical and distance pa-
rameters. The specific materials examined in this study
demonstrate that a single C-H---O interaction (rather than
an ensemble, as would be expected in a larger system) can
be shown to stabilize an otherwise unfavorable arrange-
ment of atoms. This testifies to the potential influence of
the C-H--O hydrogen bond, and extrapolation of this
tenet to other a-electronegative substituted systems
(such as those in proteins, in which a complex manifold of
interactions are potentially important) is consistent with
the assignment of C-H:--O hydrogen bonds as a signifi-
cant contributor to overall conformation in both model
and natural systems.

METHODS

For full experimental details, X-ray and spectral data, see
Supplementary Information. Low temperature, single
crystal diffraction data were collected on 119 (EH1) at the
Diamond Light Source, using a Nonius Kappa CCD dif-
fractometer”” or an Oxford Diffraction Supernova and were
solved using SIR92* or SuperFlip.*! Refinement was

carried out within the CRYSTALS suite*** and hydro-
gen atoms were refined prior to inclusion in the refinement
using a riding model,** or using ShelXL* where hydro-
gen atoms were located geometrically and repositioned
after each cycle. Dihedral angles and short contacts were
calculated using PLATON.* Calculations were carried
out via the GAUSSIANO3 code.”” The 6-31+G** double-
T quality basis set contains polarization functions on all
atoms, augmented by diffuse functions on heavy atoms;
the larger and more flexible aug-cc-pVDZ basis set was
also used. The B3LYP variant of density functional the-
ory (DFT)** was used as it has had good success in the
past with related molecules.” ™ Complementary calcula-

tions were carried out with M06,”° a recently developed
functional with a focus on non-covalent interactions such
as H-bonds. Second order Mgller-Plesset (MP2) was
used as a more complete means of including electron corre-
lation. The self-consistent reaction field (SCRF) ap-
proach®™ was applied to study the effects of a surround-
ing polarizable medium, with a dielectric constant €. The
polarizable continuum method (PCM)C’O'62 embeds the
solute in a cavity that reproduces the shape of the mole-
cule by a series of overlapping spheres. The particular
variant of this method used here is the conductor polar-
ized continuum model (CPCM)® wherein the apparent
charges distributed on the cavity surface are such that the
total electrostatic potential cancels on the surface. Recent
calculations® have shown that the CPCM variant pro-
vides results that are in good agreement with other ap-
proaches, notably PCM and SCIPCM, in treating the C-
H-O interaction as well as conventional H-bonds.

ASSOCIATED CONTENT

Full synthetic details, 'H and '*C NMR spectra and crystal-
lographic date in .cif format. This material is available free of
charge via the internet at http://pubs.acs.org. The crystal
structure data of 2, 3, 4, 5, 6, 7 and 9 have been deposited in
the Cambridge Crystallographic Data Centre (CCDC refer-
ence numbers 886717, 886718, 886719, 886720, 886721,
886722 and 886724 respectively).
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