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’ INTRODUCTION

Fundamental structural problems in organic chemistry, like
the understanding of the forces leading to the relative stabiliza-
tion of the different conformers in ethane and butane, are
currently under intense research.1 C(sp3)�H 3 3 3Y contacts are
formed when the axial proton of a cyclohexane or any cyclohex-
ane derivative in the chair conformation is replaced by substi-
tuent Y. The C�Hax 3 3 3Yax contacts are a textbook prototype of
steric hindrance in organic chemistry. Calculations from Baer-
ends group in ethane conformers showed that steric crowding is
consistent with stronger Pauli repulsions.1a In a recent work,2 the
contacts between axial substituents Y and axial C�H bonds in
cyclohexane derivatives, which are generally termed as only steric
(van der Waals spheres crowding), were revisited. It was striking
that the calculations located the overlap interactions n(Yax) f
σ*(C�Hax), that is, it was reported for the first time that the
C�Hax 3 3 3Yax contacts are improper hydrogen bonded
contacts3�6 even in the most common axial cyclohexane deriva-
tives (methyl cyclohexane, cyclohexanol, etc).2,7 Improper or
weak H-bonded X�H 3 3 3Y contacts, which include often C�H
donating groups, can cause mostly a shortening of the X�H
bond in contrast to the elongation observed for strong polar
hydrogen bonding (X, Y = N, O, F).3�5

A significant part of that paper2 encompassed structures with
contacts in which the improper hydrogen bonding character was
enhanced because of a linker group. It was predicted that the
orbital interaction n(Yax)f σ*(C�Hax) and the strength of the
hydrogen bonding contact would be increased by the addition of
an appropriate bridging fragment X between the axial substituent
Yax and the cyclohexane carbon C-1 and by constraining the
conformation in such a way that the Xax�Y bond vector bisects
the cyclohexane ring and the lone pair orbital(s) (or electron
cloud in general) of substituent Y can transfer electron charge to
the σ*(C�Hax) antibonding orbitals (see the right-hand part
structure depicted in Scheme 1).2

It was therefore intriguing for us to find experimental evidence
for H-bonded contacts based on the different strength of
H-bonding interactions that the calculations predicted for the
different cyclohexane derivatives.

When an axial substituent is attached to the cyclohexane ring, a
major effect of the C�Hax 3 3 3Yax contact in the 1H NMR
spectrum is to increase the difference between the chemical
shifts of the axial and equatorial protons within the γ-methylene
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ABSTRACT: C�Hax 3 3 3Yax contacts are a textbook prototype
of steric hindrance in organic chemistry. The nature of these
contacts is investigated in this work. MP2/6-31þG(d,p) calcu-
lations predicted the presence of improper hydrogen bonded
C�Hax 3 3 3Yax contacts of different strength in substituted
cyclohexane rings. To support the theoretical predictions with
experimental evidence, several synthetic 2-substituted adaman-
tane analogues (1�24) with suitable improper H-bonded C�Hax 3 3 3Yax contacts of different strength were used as models of a
substituted cyclohexane ring. The 1H NMR signal separation, Δδ(γ-CH2), within the cyclohexane ring γ-CH2s is raised when the
MP2/6-31þG(d,p) calculated parameters, reflecting the strength of the H-bonded C�Hax 3 3 3Yax contact, are increased. In
molecules with enhanced improper H-bonded contacts C�Hax 3 3 3Yax, like those having sterically crowded contacts (Yax = t-Bu) or
contacts including considerable electrostatic attractions (Yax = O�C or OdC) the calculated DFT steric energies of the γ-axial
hydrogens are considerably reduced reflecting their electron cloud compression. The results suggest that the proton Hax electron
cloud compression, caused by the C�Hax 3 3 3Yax contacts, and the resulting increase in Δδ(γ-CH2) value can be effected not just
from van der Waals spheres compression, but more generally from electrostatic attraction forces and van der Waals repulsion, both
of which are improper H-bonding components.
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unit. In the present work, we examine whether the changes in the
proton signal separation within the cyclohexane ring γ-CH2

group are resulted from improper H-bonded C�Hax 3 3 3Yax
contacts of different strength.8 To observe this effect, the 1H
NMR spectrum of the axial conformer of the desired cyclohexane
derivative, being accessible only at low temperatures when ring
inversion is a slow process,9 requires analysis if the existing
population of the axial conformer and spectral resolution
permits.

However, 2-adamantane derivatives represent models of axi-
ally substituted cyclohexanes;10 in these molecules, substituent Y
is axial in the adamantane cyclohexane ring 10-20-30-40-50-90
(Scheme 2). This observation motivated us to synthesize and
analyze calculated parameters and the 1HNMR spectra of several
2-adamantane analogues as models of the relevant parent cyclo-
hexane derivatives, which represent a subset of the structures
included in Scheme 1. In the present work our aim was (a) to
check, using the appropriate model systems, if changes related to
the proton C�Hax chemical shift follow changes in the MP2/6-
31þG(d,p) calculated parameters, reflecting the strength of the
improper H-bonded contact C�Hax 3 3 3Yax interaction

8 and (b)
to investigate the nature of the fundamental for organic chem-
istry C�Hax 3 3 3Yax contacts using the results of MP2 theory

and a recent DFT steric analysis model, which will be described
below.

’RESULTS AND DISCUSSION

In this work, the 2-adamantane analogues 1�24 (Scheme 2)
were prepared as models of the relevant parent cyclohexane
C�Hax 3 3 3Yax contacts.

2 The 1H NMR spectra of the adaman-
tane derivatives 1�24 enabled a study on how the proton
chemical shifts of the γ-methylene were affected by the various
C�Hax 3 3 3Y contacts; the proton signal separation within the
cyclohexane ring γ-CH2 group,Δδ(γ-CH2), is the experimental
quantity that was obtained simply enough by measuring the
proton resonance separation within the 40,90-CH2

11 in the 1H
NMR spectra of compounds 1�24 recorded easily at 298 K.12

The study of intramolecular hydrogen bonding contacts using
NMR spectroscopy has inherent difficulties related to the
definition of the reference system. In addition to the simplicity
in obtaining the spectra at 298 K and in the data interpretation,
the models used in this work provide an additional benefit. In the
unsubstituted cyclohexane chair, the axial proton is located
upfield with respect to the geminal equatorial proton, so the
chemical shift difference between axial and equatorial protons is
negative. A C�Hax 3 3 3Yax contact will mostly shift the axial
proton resonance in a downfield direction making Δδ(γ-CH2)
smaller and more positive. In each cyclohexane ring subunit of
the parent adamantane, the protons of a CH2 group are
chemically equivalent, that is, the Δδ(γ-CH2) value is zero in
the parent “unperturbed” adamantane molecule (Scheme 2, Y =
A = H). A C�Hax 3 3 3Yax contact will result in a positive value of
Δδ(γ-CH2) that will certainly be higher in magnitude than that
of the relevant cyclohexane molecules. The situation is similarly
convenient for the evaluation of the changes in hybridization,
bond length, charges, and DFT steric energies (see below for the
description).

As was mentioned above, the contacts between the axial
substituents Y and the axial C�H bonds in cyclohexane deriva-
tives were traditionally considered to include only van der Waals
spheres crowding (which is usually attributed to Pauli repul-
sions1a) and similarly the observed boost in chemical shift
differences, Δδ(γ-CH2), was attributed to steric compression.
This picture will be re-examined through the evidence provided
in this work.12

It has been proposed that the identification of a delocalization
interaction n(Y)f σ*(C�H) or σ(C�H)f σ*(C�H) assures
the presence of an improper hydrogen bonded contact.7 In an
improper H-bonded contact, the calculated parameters that
reflect its strength are the increase in % s-character, the contrac-
tion of the C�Hax bonds, and the energy values of hyperconju-
gative interactions; an increase in proton positive charge is also
consistent with a boost in strength of a H-bonded contact.

The suggestion that the variance of the strength of the
improper H-bonding contact follows the observed Δδ(γ-CH2)
values will be investigated by calculating (a) the increase in %
s-character and the contraction of the C�Hax bonds relative to
the equatorial bonds in the cyclohexane-subunit of the adaman-
tane ring and the magnitude of the hyperconjugative n(Yax) f
σ*(C�Hax) interaction(s), which locate theoretically an impro-
per H-bonded contact, using natural bond orbital analysis7a and
(b) the steric energies of the interacting atoms inside the contact
C�Hax 3 3 3Yax using Liu’s recent DFT steric analysis model13

according to which the total energy comes from the independent

Scheme 1. General Structure of Cyclohexane Derivatives
with C�Hax 3 3 3 Y�Xax Contacts (Right-Hand Structure)
Favoring Enhanced Improper H-Bonded Interactions
(Blue Dotted Lines) Compared to the C�Hax 3 3 3 Yax

Contacts (Left-Hand Structure)

Scheme 2. Synthetic Adamantane Derivatives 1�24 that
Provide Models to Study Cyclohexane Improper H-Bonded
C�Hax 3 3 3Yax Contacts using

1H NMR Spectroscopy and
Theoretical Models
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contribution of three effects—steric, quantum, and electrostatic.
Using this DFT steric analysis approach, the steric effect is
precisely defined by the Weizs€acker kinetic energy14 as will be
described below and also in the Methods section. Liu’s partition
scheme was applied in molecules 1�24 to calculate the DFT
steric energies of the γ-hydrogens included by the C�Hax 3 3 3Yax
contacts.
NBO and Proton Chemical Shifts Analysis. The proton

signal separation values within the cyclohexane ring γ-CH2

group, that is, the proton resonance separation values within
the 40,90-CH2, Δδ(γ-CH2), recorded easily at 298 K for mole-
cules 1�24 are included in Table 1.
The geometries of the conformational ground states of

molecules 1�24 were optimized using the MP2 theory to
include electron correlation effects and the 6-31þG(d,p) basis
set.15 The natural bond orbital (NBO) analysis,7a which analyzes
the molecular wave function to a set of localized bond and lone
pair orbitals, was applied at the geometry-optimized structures of
the global minima at the same level of theory (MP2/6-31þG**).
The NBO analysis revealed that in all of the molecules the
C�Hax 3 3 3Y contacts cause an increase in % s-character and a
contraction of the C�Hax bonds relative to the equatorial bonds
and an increase in proton positive charge of axial relative to
equatorial hydrogens in the cyclohexane-subunit of the adaman-
tane ring [the corresponding values of Δ% s-char. = (% s-char.
C40�Hax � % s-char. C40�Heq), Δr40 = r(C40�Hax) �
r(C40�Heq), Δr90 = r(C90�Hax) � r(C90�Heq) and Δq =
q(H40ax) � q(H40eq) or q(H90ax) � q(H90eq) are included in
Table 1].16 In compounds 1�24, the C�Hax 3 3 3Y contact
distances were smaller than the sum of the van der Waals
radii17 of the relevant atoms which is always encountered in
H-bonded contacts. The existence of hyperconjugative interac-
tions n(Y) f σ*(C�Hax) in molecules 1�24 was examined by
theNBOmethod at theMP2/6-31þG** level of theory (and also
at the B3LYP/6-31þG**, see ref 16 and the Supporting In-
formation). The calculations located overlap interactions in all
compounds 1�24, suggesting the presence of improper hydro-
gen bonding in C�Hax 3 3 3Y contacts (see Table 1 and Tables
S1�S3 in the Supporting Information). Although the first effects,
that is, the inequality rH 3 3 3Y < rvdw,Hþ rvdw,Y, the increase in the%
s-character, and the contraction of the C�H bond, are common
in improper H-bonded contacts,18 the identification of a covalent
component in a C�H 3 3 3Y contact, that is, the calculation of a
hyperconjugative interaction n(Y)f σ*(C�H), is diagnostic for
the presence of improper hydrogen bonding.7 However, the
degree of hyperconjugative electron transfer is only one of the
effects contributing to improper hydrogen bonding, the strength
of which is also reflected by the increase in the % s-character and
the contraction of the C�Hax bond length.
In compounds 2 and 3, the calculations predicted a dihydro-

gen bonding19 interaction in the C�Hax 3 3 3H�Calkyl contacts;
electron density from the orbital σ(C�H) of the Lewis base
C�H delocalizes into the antibonding orbital σ*(C�H) of the
Lewis acid C�H. The presence of attractive C�H 3 3 3H�C
interactions in the alkane dimers was theoretically predicted
some years ago,20 and it has been recently proposed that the
identification of a delocalization interaction σ(C�H) f σ*-
(C�H) assures the presence of a dihydrogen bonded contact.21

The strength of the dihydrogen-bonded interaction of the
C�Hax 3 3 3H�C contact increases on going from the primary
methyl to the tertiary t-Bu group. This is reflected from the
shorter C�H 3 3 3H�C distances and the higher increase in the

% s-character, the contraction of the C�Hax bonds relative to the
equatorial bonds of the cyclohexane-subunit of adamantane ring
and the higher values of second order perturbative energies
(Table 1). Comparison of the second order perturbative inter-
actions revealed that the stronger orbital interaction
σ(C�H)alkylf σ*(C�Hax) (E = 0.59 kcal mol�1 in 3 compared
to 0.24 kcal mol�1 in 2) resulted from the more effective orbital
overlapping; while the energy difference between the inter-
acting orbitals is similar in all cases (εσ*(C-Hax) � εσ(C-Hax) =
1.40�1.41), the matrix elements <σ|F|σ*> are larger on going
from 2 (Y = Me) to 3 (Y = t-Bu) (0.016 au in 2 vs 0.026 au in 3,
see Table S1 in the Supporting Information). The stronger
dihydrogen bonding interaction C�Hax 3 3 3H�C in 3 compared
to that of 2 causes a larger proton chemical shift separation within
the cyclohexane ring γ-CH2 group; the signal separation Δδ(γ-
CH2) was 0.50, and 0.45 ppm in compounds 3 and 2 respectively
(Table 1).
When the acceptor group is Y = OR, NR2 and the second row

lone-pair bearing heteroatom is directly connected to the cyclo-
hexane ring-subunit, the weak interaction [n(Yax) f σ*-
(C�Hax), E e 0.63 kcal mol�1] is located,22 which
nevertheless indicates the presence of a hydrogen bonded
C�Hax 3 3 3Yax contact. The hyperconjugative interaction effi-
ciency was increased on going from Y = F and OH or OMe to
NH2 orNMe2, which is consistent with the basicity order of these
groups. The % s-character and the contraction of the C�Hax

bonds relative to the equatorial bonds follow the same order.
While the calculated effect of lone pair bearing heteroatom raises
from oxygen and fluorine to nitrogen, the value of the proton
signal separation within the cyclohexane ring γ-CH2 group
Δδ(γ-CH2) is 0.45 ppm in 11 (Y = NH2) and 0.53 and 0.54
ppm in 14 (Y = F) and 6 (Y = OH), respectively. It seems that
this order of experimental values is not consistent with the
greater improper hydrogen bonding efficacy of nitrogen in 11.
However, the experimental value reflects the averaging between
three low energy conformers with the global minimum having
the lone pair bisecting cyclohexane ring and the other two, being
a little higher in energy, having a N�H bond instead orienting
inside the cyclohexane ring. Indeed, the stronger effect of lone
pair bearing nitrogen is manifested experimentally in 12 (Y =
NMe2) with Δδ(γ-CH2) = 0.79 ppm, since this compound is
conformationally homogeneous with nitrogen lone pair bisecting
cyclohexane ring. In nitrile 4, a CH/π improper hydrogen
bonding interaction is present as suggested from calculated and
experimental values.
An alkyl group at the geminal cyclohexane C-1 position pushes

the axial group toward C�Hax bond and reduces the contact
distance C�Hax 3 3 3Y. This buttressing effect resulting in the
enhancement of the hyperconjugative energy and the other
characteristic improper hydrogen bonding interaction para-
meters (Δ% s char., Δr). The value of Δδ(γ-CH2) increases
consistently from 0.54 ppm in 6 (Y = OH, A = H) to 0.63 ppm in
8 (Y = OH, A = Me) and 0.79 ppm in 9 (Y = OH, A = t-Bu).
Upon capping heteroatom lone pair, in the acetylated derivatives
10 (Y = OAc, A = H) and 13 (Y = NHAc, A =H), the strength of
the contact is seriously reduced and the relevant values ofΔδ(γ-
CH2) are 0.25 and 0.28 ppm, respectively.
When the interacting atom of the Y group in C�Hax 3 3 3Y

contacts (Scheme 1, Table 1) changes from a second row to a
third row lone-pair bearing heteroatom23 (Y = SR, Cl in
compounds 15�17), a substantial elongation of contact dis-
tances by 0.2�0.5 Å and an increase in contact angles by 5�6� is
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calculated (θ(C�Hax 3 3 3Yax = 102�103�)). The interaction
energy E[n(Yax) f σ*(C�Hax)] increases by 0.2�0.7 kcal
mol�1 because of the more effective orbitals overlapping
(Fnσ*).

24 Comparison of the NBO results for the relevant
interactions n(Yax) f σ*(C�Hax) revealed that the energy
difference between the interacting orbitals is a little bit lower
(i.e., by 1.1-fold), but more significantly the matrix elements
<n|F|σ*> have much higher values (1.7-fold) in the third row
heteroatom bearing contacts (for example εσ*(C-Hax)� εn(S) =
1.22 au vs εσ*(C-Hax)� εn(O) = 1.09 au and <n|F|σ*> = 0.017 au
vs <n|F|σ*> = 0.029 au in compounds 6 and 16, respectively,
see Table S1 in the Supporting Information).
Calculations on the complexes of hydrogen fluoride withH2O,

H2S, H2CdO and H2CdS showed the preference of sulfur for a
more “perpendicular” direction of approach to the donor atom.25

In addition, a statistical analysis of C�H 3 3 3X�R (X = halogen)
and C�H 3 3 3 SR2 contacts in crystal structures showed that their
directionality disperses down to 120� compared to that of
C�H 3 3 3OR2 contacts at 180�; in their highest incidence C�H

3 3 3OR2 contacts occur at 2.78 Å, C�H 3 3 3 SR2 at 3.21 Å and
C�H 3 3 3Cl-R at 3.17 Å.26 Recent comparative studies of the
hydrogen bonded dimers Me2O 3 3 3HOMe, Me2S 3 3 3HOMe and
S 3 3 3HN showed that sulfur can be an almost equally good hydrogen
bond acceptor as oxygen.27 In agreement with these observations, the
calculations predicted the stronger hyperconjugative interactions for
the C�H 3 3 3S contacts in compounds 16, 17, where the contact
atom of the axial substituent is tetrahedral sulfur, compared to their
oxygen analogs 6, 7 (see also Tables S1, S3 in the Supporting
Information). The examined experimental value of Δδ(γ-CH2)
increases consistently from 0.53 and 0.54, 0.54 ppm in 14 (Y = F)
and 6, 7 (Y =OH,OMe respectively) to 0.70 (Y =Cl) and 0.68, 0.67
ppm (Y = SH, SMe) in compounds 15 and 16, 17, respectively.
The adamantane derivatives 18�24,12 synthesized as models of

the structure cy-Xax�Y (see the right-hand part of Scheme 1) will be
considered (Scheme 3).28 The effect of the Xax�Y bond when it
bisects the cyclohexane ring and interacts more effectively with both
the C�Hax bonds of cyclohexane ring will be examined compara-
tively to compounds 1�17. Again, the strength of the improper
H-bonded contacts and the relevant changes in experimental values
of Δδ(γ-CH2) will be analyzed.
The transition from compound 6 to compound 18 results in

increased contact C�Hax 3 3 3O angles (θC-Hax 3 3 3O = 96� in 6 to
θC-Hax 3 3 3O = 119� in 18) and reduced contact distances (by
∼0.2�0.3 Å, Scheme 3) giving rise to more effective orbital
overlapping (Scheme 4) and increased hyperconjugative ener-
gies by ∼1 kcal mol�1, when the stronger orbital interactions
n(O)f σ*(C�Hax) for each compound are compared, because
of the 2-fold higher matrix elements (<n|F|σ*> = 0.020 au in
compound 6 vs 0.040 au in compound 16, see Table S1,
Supporting Information) (Schemes 3 and 4). Thus, the improper
H-bonding interactions strengthen considerably since the
CMe2�OH group is conformationally homogeneous and the
C�OH bond bisects cyclohexane ring, resulting also in a
significant raise of the % s-character, the contraction of the
C�Hax bonds relative to the equatorial bonds and the axial
proton positive charge changes (the values of theΔ% s-char. and
Δq and of the C�Hax bond contraction changes from ∼0.7 and
18me and∼�3 Å in 6 to∼1.5, 38me and�6 Å in 18) (Table 1,
Scheme 3). The signal separation Δδ(γ-CH2) was 0.54 in 6
whereas in compound 18 was 0.65 ppm (Table 1).
In the acetyl derivative 19 and the cyclohexanone derivatives

22, 24, the CdO bond eclipses the cyclohexyl C20-C30 bond

favoring improper H-bonding interactions with only one
C�Hax bond compared to the compounds 21 and 23 in which
the CdO bond bisects cyclohexane ring allowing the oxygen
lone pair electrons and the π-bond of the carbonyl group to
transfer electron charge to both C�Hax antibonding orbitals,
according to the calculated hyperconjugative energies
(Scheme 3, see Table 1 and Table S1 of the Supporting
Information). In the cyclobutanone derivative 20, the CdO
bond vector also bisects the cyclohexane ring, but the contact
distances are 0.1 � 0.3 Å longer resulting in weaker improper

Scheme 3. Improper Hydrogen Bonded C�Hax 3 3 3O Con-
tacts (Colored in Blue) in Some Axial Cyclohexane Models
Including Gradual Structural Changes That Are Useful for
Comparisons of the H-Bonding Strength

Scheme 4. Graphical Display of the Most Important Orbital
Interactions n(O)f σ*(C�Hax) for the Transition from 6 to
18; the Most Important Hyperconjugative Donations in 18
Are Clearly Depicted
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H-bonded C�Hax 3 3 3O contacts with respect to the cyclopen-
tanone derivative 21 (Table 1). It is interesting to analyze
comparatively the magnitude of some second order perturbative
interactions. For example, the stronger orbital interaction n(O)f
σ*(C�Hax) in spirocyclopentanone derivative 21 (E = 1.20 kcal
mol�1) compared to 0.45 and 0.53 kcal mol�1 in spirocyclobu-
tanone derivative 20 and spirocyclohexanone derivative 22,
respectively, resulted from themore effective orbital overlapping;
while the energy difference between the interacting orbitals is
similar in all cases (εσ*(C-Hax) � εn(O) = 1.18�1.21 au), the
matrix elements <n|F|σ*> are larger on going from 20 or 22 to 21
(0.021 au in 20 and 0.022 au in 22 vs 0.035 au in 21, see Table S1
in the Supporting Information). In cyclopentanone derivatives
21 and 23, the % s-character, the axial proton positive charge, and
the contraction of the C�Hax bonds relative to the equatorial
bonds (Table 1) are also considerably stronger than those in
compounds 19, 20, 22, and 24. The stronger H-bonded contacts
cause a more pronounced redistribution of electronic shielding
within the cyclohexane ring γ-CH2s effecting higher values of
proton chemical shift separation within the cyclohexane ring γ-
CH2 group. Indeed, in compounds 19, 20, 22, and 24, the signal
separation Δδ(γ-CH2) was 0.20, 0.56, 0.44, and 0.59 ppm
whereas in compounds 21 and 23 it was 1.04 or 1.25 ppm
respectively (Table 1).8 It is also striking to note the related
calculated (Δ% s-char. and bond contraction values) and experi-
mental values (Δδ(γ-CH2)) reflecting the stronger H-bonded
contacts due to the CdO bonds in 21 and 23 compared to the

C�O bond in 19; in the former case, a more efficient interaction
is allowed, because in addition to the oxygen lone pair(s) the π-
bond of the carbonyl group electrons can also interact with
C�Hax bonds.
According to Table 1, the contact distances for compounds 2

and 4�17 range from 2.25 to 2.89 Å� and the angles vary from
95.6 to 113.2�. For compounds 3 and 18�24, the contact
distances vary from 2.12 to 3.17 Å� and the angles from 117.1
to 131.6�, due to the presence of Xax bridge, which allow a more
significant improperH-bonded interaction inside theC�Hax 3 3 3Yax
contact (see Schemes 1, 3).
DFT Steric Analysis.The steric effect is one of themost widely

used qualitative concepts in chemistry. According to Liu’s DFT
steric analysis,13,14 the steric effect is quantitatively defined by the
Weizs€acker kinetic energy which can be expressed as

ES½FðrÞ� � TW½FðrÞ� ¼ 1
8

Z jr½FðrÞ�j2
FðrÞ ð1Þ

where F(r) is the electron density of the system, and 3F(r)
denotes the density gradient. This Weizs€acker kinetic energy term
shows the amount of kinetic energy compression that is applied to
electrons in a given nuclear configuration as measured by the
change in the electron density gradient normalized to the total
density (it can be viewed as the corresponding boson kinetic
energy where no Pauli principle exists).13,14 The application of this
description of steric effect has already recently applied successfully
to describe the shape of model systems, some internal barriers of
small organic molecules, SN2 reaction barriers and the thermo-
dynamic stability of branched compared to linear alkanes.29

In order to investigate the C�Hax 3 3 3Yax contacts with addi-
tional theoretical models, calculations of the DFT steric energies
of the γ-axial hydrogens, that is, the 40ax, 90ax-H that interact with
Yax group, were performed based to eq 1. DFT steric energies
were calculated at B3LYP/6-31þG(d,p) level according to eq 1;
atomic contributions were computed after decomposition of
molecular steric energies in single-atom components30 (according
to eq 4�7, see the computational chemistry details in Methods
section for the description of the theoretical model). The resulting
values of Table 2 are in agreement with the ranking of the improper
H-bonding strength presented above and provide the background
for useful comparisons between the nature of the substituent and the
nature of the C�Hax 3 3 3Yax contacts, as will be discussed into the
next paragraphs.
The DFT steric energy values of equatorial hydrogens 40eq,

90eq-H that are not directly interacting with Yax group are similar
and equal to those of the unperturbed adamantane molecule 1
(Y = H). The DFT steric energies of 40ax, 90ax-H were reduced,
due to their improper hydrogen bonding interactions with Yax
substituent. In compound 2, the C�Hax 3 3 3Me contact reduces
the DFT steric energies by ∼0.007 au compared to the adaman-
tane molecule 1; with respect to the methyl group, the t-Bu
substituent in compound 3 caused a ∼2-fold higher reduction in
the DFT steric energies of the γ-axial hydrogens, that is, the steric
energies were reduced by 0.013 au with respect to the adamantane
molecule 1. The CH/π improper hydrogen bonded contacts in
nitrile 4 caused a little-bit lower reduction in DFT steric energies
compared to those effected from themethyl group in compound 2.
We recall that differences in DFT steric energy or the

Weizs€acker kinetic energy correspond to differences in kinetic
energy compression that is applied to electrons effected from the
different substituent Y.

Table 2. Steric Energies of the γ-Axial Hydrogens Included in
the Various Improper H-Bonded C�Hax 3 3 3Yax Contacts of
the Adamantane Derivatives 1�24

ES[F(rB)]

molecule H4ax H9ax H4eq H9eq

1 (Y = H, A = H) 0.485 0.485 0.485 0.485

2(Y = Me, A = H) 0.478 0.478 0.483 0.483

3 (Y = t-Bu, A = H) 0.472 0.468 0.483 0.482

4 (Y = CN, A = H) 0.476 0 0.476 0.483 0.484

5 (Y = CN, A = Me) 0.472 0.472 0.483 0.483

6 (Y = OH, A = H) 0.478 0.479 0.485 0.484

7 (Y = OMe, A = H) 0.478 0.478 0.484 0.484

8 (Y = OH, A = Me) 0.476 0.476 0.484 0.484

9 (Y = OH, A = t-Bu) 0.475 0.473 0.482 0.482

10 (Y = OCOMe, A =H) 0.478 0.478 0.484 0.484

11 (Y = NH2, A = H) 0.476 0.476 0.484 0.484

12 (Y = NMe2, A = H) 0.473 0.473 0.483 0.483

13 (Y = NHAc, A = H) 0.477 0.477 0.483 0.484

14 (Y = F, A = H) 0.482 0.481 0.484 0.484

15 (Y = Cl, A = H) 0.471 0.471 0.483 0.484

16 (Y = SH, A = H) 0.470 0.471 0.484 0.483

17 (Y = SMe, A = H) 0.469 0.471 0.484 0.484

18 (Y = CMe2OH, A = H) 0.463 0.467 0.481 0.480

19 (Y = COMe, A = H) 0.475 0.466 0.483 0.483

20 (Y,A = CO(CH2)2) 0.472 0.472 0.483 0.483

21 (Y,A = CO(CH2)3) 0.468 0.464 0.482 0.482

22 (Y,A = CO(CH2)4) 0.465 0.473 0.481 0.483

23 (Y,A = COCH2C6H4) 0.465 0.463 0.482 0.482

24 (Y,A = CO(CH2)2C6H4) 0.462 0.473 0.481 0.482
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In compounds 6 (Y = OH), 11 (Y = NH2), and 14 (Y = F),
DFT steric energies were reduced by ∼0.007�0.009 au with
respect to the adamantane values; an additional reduction in
DFT steric energies was calculated for the NMe2 group in
compound 12 compared to NH2 group in compound 11. The
buttressing effect of methyl and t-Bu substituents pushing the
contact atom closer to γ-axial hydrogens and resulting in low-
ering further the DFT steric energies of γ-axial hydrogens is
observed, through comparison of the corresponding contacts in
compounds 6 and 8, 9 and in compounds 4 and 5.
In compounds 15�17, the DFT steric energies were smaller

by ∼0.015 au when compared to those in adamantane molecule
1. Thus, when the interacting atom of the Y group in C�Hax 3 3 3Y
contacts changes from a second row (Y = OR, NH2, F in
compounds 6, 7, 11, 14) to a third row lone-pair bearing
heteroatom (Y = SR, Cl in compounds 15�17), steric energies
were reduced by ∼0.006�0.011 au.
The same reduction but more pronounced is observed when

compounds 6 (Y = OH) and 18 (Y = CMe2OH) are compared,
where the DFT steric energies of the γ-axial hydrogens are
reduced by 0.011�0.015 au through the change OH f
CMe2OH; similarly when going from compounds 19, 20, 22,
24 to 21, 23, the DFT steric energies of the γ-axial hydrogens
that are involved in improper H-bonding contacts are reduced by
0.007�0.013 au. Thus, in compounds 18 and 21, 23, the DFT
steric energies were smaller by∼0.020 au with respect to those in
the adamantane molecule 1.
In all the cases considered it seems that the DFT steric

energies are reduced at the expense of the increase in improper
hydrogen bonding interaction.
In improper hydrogen bonding contacts the major C�H bond

shortening contributors, which are the der Waals spheres repulsive
forces and the increased electrostatic attraction between the positive
H and negative C, prevail the lengthening contributors of the C�H
bond, that is, the attractive interactions between the positiveH of the
C�H dipole and the electron-rich acceptor group Y and the
hyperconjugative electron donation n(Y) f σ*(C�H).4,5

It is striking to compare compounds 3 and 18, 21, 23 bearing
significant improper hydrogen bonding contacts, according to the
results included in Table 1. In compound 3, the bulky t-Bu, which
effects the largest der Waals spheres crowding in γ-axial hydro-
gens, triggers a reduction in their DFT steric energies by ∼0.015
au compared to the relevant values in the adamantane molecule 1.
In compounds 18, 21, and 23, which bear the most important
improper H-bonded contacts, DFT steric energies were reduced
even more, that is, by∼0.020 au with respect to adamantane 1. In
compounds 18, 21, and 23, the C�Hax 3 3 3O contacts, which are
included in the six-membered ring H40ax�C40�C30�C20�Cax�O
(or the correcponding ring which contains 90ax-CH groups instead
of the 40ax-CH groups, see Scheme 5), should be more relaxed
from der Waals spheres repulsion compared to the C�Hax 3 3 3
(CH3)2�CMe contacts in compound 3 (Scheme 5).
The data suggest that the t-Bu group in the C�Hax 3 3 3 t-Bu

contact (compound 3) effects a compression in proton Hax

electron cloud which can be attributed mainly to der Waals
spheres repulsion, whereas in the C�Hax 3 3 3O contacts of
compounds 18, 21, and 23 electrostatic attractive forces are also
likely to effect the compression. Thus, in the latter compounds
the compression of protonHax electron cloud can also be effected
by electrostatic attraction (a) from the electron-rich acceptor
group C�O or CdO and (b) from the negative C of C�Hax

bond. The significant electropositive character of H in the cases

of compounds 18, 21, and 23, that is, the electrostatic character
of these C�Hax 3 3 3O contacts, is consistent with the highest
calculated Δq charge values (Table 1).
It is striking that particularly in compounds 21 and 23, Δδ(γ-

CH2) values are significantly higher, that is, 1.04 and 1.25
ppm respectively, compared to 3. The traditional picture in the
literature is that C�Hax 3 3 3Yax contacts and the downfield shifts
of the γ-axial hydrogens are caused from van der Waals spheres
repulsion. Although the origin of the shielding tensors that
determine chemical shifts are under research in general,31 the
present data suggest that the increase in Δδ(γ-CH2) value,
caused by C�Hax 3 3 3 Yax contacts, can be effected not just
from der Waals spheres repulsion, but more generally from
electrostatic attraction and der Waals spheres crowding forces,
both of which are improper H-bonding components.

’CONCLUSIONS

To summarize, in the present work, experimental evidence
was presented associated with improper cyclohexane H-bonded
contacts C�Hax 3 3 3Yax of different strength from using the
NMR spectra of the prepared 2-substituted adamantane deriva-
tives 1�24, which represent the necessary cyclohexane models.
The proton signal separation within the cyclohexane ring γ-CH2s
raises when the strength of the improper hydrogen bonding
interactions in the C�Hax 3 3 3Yax contacts is increased.

Of considerable interest was the experimental and theoretical
investigation of structures with contacts in which the improper
hydrogen bonding character can be enhanced through a linker
group, that is, the cyclohexane analogues Adam-Xax�Y 3,
18�24. The strongest improper H-bonded contacts were ob-
served in molecules 21 and 23, where the Xax�YtCdO bond
vector bisects the cyclohexane ring subunit allowing the forma-
tion of a six-membered ring between the contact atoms O and
γ-Hax; significant signal separation, that is, 1.04 and 1.25 ppm,
respectively, was measured, being consistent with the increased
improper H-bonding character of these contacts.

It is striking that in compound 3, with the bulky t-Bu effecting
the largest van der Waals repulsion to γ-axial hydrogens, the
reduction in DFT steric energies, which measures the electron
cloud compression, was ∼0.015 au compared to the relevant
values in the adamantane molecule 1 and the Δδ(γ-CH2) value
was 0.50 ppm. In compounds 21 and 23, which bear the most
important improperH-bonded contacts, DFT steric energies were
reduced even more, that is, by ∼0.020 au with respect to
adamantane molecule 1, and the Δδ(γ-CH2) values were 1.04
and 1.25 ppm, respectively. In the later molecules, C�Hax 3 3 3O
contacts include less van derWaals spheres crowding.The electron
cloud compression of theγ-axial hydrogens and the large chemical
shift separations should be resulted from the electron cloud

Scheme 5. Depiction of the Geometrical Features for the
Improper H-Bonded C�Hax 3 3 3Yax Contacts Included by the
Cyclohexane Ring Subunits 10-20-30-40-50-90 in Compounds 3,
18, and 21
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withdraw of Hax from the negative C of the C�Hax bond and the
acceptor group O�C or OdC; the enhanced electrostatic char-
acter of these contacts is consistent with the largest positive
charges of γ-axial protons between the compounds in the series
1�24. It is expected that in all molecules 1�24 bearing different
substituents Y, a balance between van derWaals spheres repulsion
and electrostatic attractive forces should work.

’METHODS

Synthesis of Molecules 1�24. Compounds 6, 7, and 10�15
were synthesized according to conventional methods described several
times in the literature.32 Thus, compound 6 can be prepared through the
NaBH4 reduction of 2-adamantanone in ethanol; methylation of 2-ada-
mantanol 6 with CH3I/NaH in DMF afforded the methyl ether 7;
compound 11 was prepared through the Raney-Ni catalytic hydrogena-
tion of 2-adamantanone oxime in ethanol; Borch-Hassid reductive
amination of 2-adamantanamine 11 afforded the N,N-dimethyl deriva-
tive 12; the treatment of 2-adamantanol 6 or 2-adamantanamine 11with
CH3COCl/Et3N in ether afforded the acetylated derivatives 10 or 13
respectively; the 2-fluoroadamantane 14 can be prepared through treat-
ment of the alcohol 6 with DAST in CH2Cl2 at�78 �C; the treatment of
2-adamantanol with SOCl2 afforded the 2-chloroadamantane 15.

For the preparation of the 2-methyl-2-adamantanol 8 and the 2-t-Bu-
2-adamantanol 9 the reaction of 2-adamantanone with methyl magne-
sium bromide or with t-BuLi respectively in ether can be used.33

For the synthesis of the ketone 19, the 2-cyanoadamantane was used
as a starting material (Scheme 6); 2-cyanoadamantane can be pre-
pared through reaction of 2-adamantanone with tosyl methyl isocy-
anate in the presence of sodium ethoxide or potassium tert-butoxide;
compound 5 was synthesized through methylation of the carbanion of
2-cyanoadamantane.32c,34 Reaction of 2-cyanoadamantane with methyl
lithium afforded the 2-acetyl adamantane 19. Further reaction of 19
with methyl lithium afforded the tertiary alcohol 18 which represents a
new compound (see Supporting Information for details of the prepara-
tion procedure and its 1H and 13C spectrum).

The preparation of compounds 8, 933 and 16, 1735 and 20�2232c and
23, 2436 has been reported in the literature.
NMR Experiments. NMR experiments were conducted (i) on a

400 MHz machine operating at 400.13 MHz for obtaining the 1H NMR
spectra and (ii) on a 200 MHz machine operating at 50.32 MHz for the
13CNMR spectra at 298 K. The 1HNMR experiments were run at 298 K
(400 MHz) by dissolving 5 mg of compound in 0.5 mL of CDCl3. The
13C NMR experiments were run at 298 K (50 MHz) by dissolving
20�30 mg of the compound in 0.5 mL of CDCl3.

1H chemical shifts (δ)
are reported in ppm relative to the residual CHCl3 signal at 7.26 ppm (s).

The 1D 1H spectra (400 MHz) were acquired using a spectral width
of 12 ppm, 2 s relaxation delay between cycles, 16 transients, 32K data
points zero-filled to 64K data points before Fourier transformation (FT)
and baseline correction. The 1D 13C spectra (50 MHz) were recorded
using 3 s relaxation delay, 512 transients, 64K data points, and 3 Hz line
broadening prior to FT. DEPT-135 spectra (50 MHz) were obtained
using 2 s relaxation delay, 800 transients, 32K data points, and 3 Hz line
broadening prior to FT. The 2D experiments were run in CDCl3
solutions (400 MHz) at a concentration of 0.02 M using a relaxation
delay of 1.2 s. The assignments of 1H and 13C signals were achieved by
the combined use of DEPT, 2DCOSY andHMQCexperiments. For the
assignment of the 1H NMR spectra, see also ref 11.
Computational Chemistry Details. All structures were fully

optimized at theMP2/6-31þG** (and B3LYP/6-31þG**)15 level using
the GAUSSIAN 03 package (see Supporting Information). Frequency
calculations were also performed at the B3LYP/6-31þG** to locate
minima; no imaginary frequencies were located.

(a). NBO Analysis. The NBO 4.0 program38 was used as implemen-
ted in the GAUSSIAN 03 package (see Supporting Information for
the reference). NBO analysis was realized at the MP2/6-31þG**
level. The NBO analysis transforms the canonical delocalized
Hartree�Fock (HF) MOs into localized orbitals that “are closely
tied to chemical bonding concepts”. This process involves se-
quential transformation of nonorthogonal atomic orbitals (AOs)
to the sets of “natural” atomic orbitals (NAOs), hybrid orbitals
(NHOs) and bond orbital (NBOs). Each of these localized basis
sets is complete and orthonormal. Importantly, these sets also
describe the wave function in the most “economic” way since
electron density and other properties are described by the minimal
amount of filled orbitals in the most rapidly convergent fashion.
Filled NBOs describe the hypothetical, strictly localized Lewis
structure.

The interactions between filled and antibonding (or Rydberg)
orbitals represent the deviation of the molecule from the Lewis structure
and can be used as a measure of delocalizations. This method can give
energies of hyperconjugative interactions from the standard second-
order perturbation approach:

Eð2Þ ¼ � pn
ÆnjFjσ�æ2
εσ� � εn

or� pσ
ÆσjFjσ�æ2
εσ� � εσ

¼ � pn
F2nσ
Δεσ�n

or � pσ
F2σσ
Δεσ�σ

ð2Þ

where Fnσ* is the Fockmatrix element between the n andσ* NBOorbitals,
εn and εσ* are the energies of n and σ*NBO’s, and pn is the population of
the donor n orbital. A threshold of 0.10 kcalmol�1 for printing second order
perturbation energies was used (the default value is 0.50 kcal mol�1).
Detailed descriptions of the NBO calculations are available.36�39

(b). Steric Effect Calculations. Liu recently proposed an energy
partition scheme within the framework of density functional theory,
assuming that the electronic energy comes from three independent
effects—steric, electrostatic, and quantum (due to the exhange and
correlation interaction)13 according to eq 3:

E½F� ¼ ES½F� þ Ee½F� þ Eq½F� ð3Þ

where the steric contribution is found to be the Weizs€acker kinetic
energy as described in the Introduction14 (eq 1):

ES½FðrÞ� � TW ½FðrÞ� ¼ 1
8

Z jr½FðrÞ�j2
FðrÞ ð1Þ

To obtain local values for this property for the purpose of probing the
steric effect in certain region of a molecular system, integration can be
performed over a particular region of the space to obtain its contribution
to the global value.30 By taking appropriate atomic domains defined in
one or another way, one can define the atomic contributions to the steric
energy, ES,i[F(r)]:

ES, i½FðrÞ� � 1
8

Z
Ωi

jr½FðrÞ�j2
FðrÞ dr ð4Þ

Scheme 6. Synthesis of Compound 18a

aReagents and Conditions: (a) EtONa, TOSMIC, EtOH, THF, r.t., 2 h
(quant.); (b) (i) MeLi, ether, Ar, 0 �C, then r.t. 90 min (ii) acetone, HCl
6N, reflux 2 h (78%); (c) (i) MeLi, ether, Ar, 0 �C, then r.t. 12 h (ii)
NH4Cl(aq), 0 �C (78%).
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in such a way so that:

ES½FðrÞ� ¼ ∑
N

i¼ 1
ES, i½FðrÞ� ð5Þ

The fuzzy Voronoi polyhedra were used to define the atomic
domains. It consists of the decomposition of the integral of eq 4 over
the 3D space into a sum of integrations over single-atom components
using a weight functionωi(r) for nucleus i in the system at every point of
space r in such a way that:

∑
N

i¼ 1
ωiðrÞ ¼ 1 ð6Þ

In this scheme, the numerical integration of ES[F(r)] is determined as
a sum of coordinates ES,i[F(r)]:

ES½FðrÞ� ¼ ∑
N

i¼ 1
ES, i½FðrÞ� = 1

8 ∑
N

i¼ 1

Z
Ωi

ωiðrÞjr½FðrÞ�j2
Fr

dr ð7Þ

where ωi(r) has the value 1 in the vicinity of its own nucleus, but
vanishes in a continuous and well-behaved manner near any other
nucleus. The atomic weights used here are derived from the fuzzy
Voronoi polyhedra proposed by Becke, tuned by the Brag-Slater set of
atomic radii and following Becke’s suggestion to increase the radius of
hydrogen to 0.35 Å�. Such atomic definition has already been successfully
applied for the calculation of overlap populations, bond orders, valences,
or in several molecular energy decomposition schemes.

The steric energy and its atomic contributions were evaluated at the
B3LYP/6-31þG(d,p)15 level of theory using the optimized MP2/6-
31þG(d,p) geometries, and the wave functions and densities obtained
from the Gaussian 03 program. Each atom has been integrated using
Chebyshev’s integration for the radial part (40 points) and Levedev’s
quadrature (146 points) for the angular part. This level of methodology
allows achieving accuracies of the order of 10�5 au. Additional informa-
tion and references can be found in ref 30.

’ASSOCIATED CONTENT
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