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Abstract— Atoms in molecules theory (AIM) was employed to compute the atomic properties for a series of five protonated and neutral
oxacycloalkanes (CH,),0 (n=2-6), on B3LYP/6-311++G(2d,2p) electron distributions. Atomic energies indicate that strain of oxa-
cycloalkanes results from a destabilization of oxygen and hydrogens that is not compensated for by the stabilization of cyclic carbons.
Atomic electron populations point out that cycloalkyloxonium cations are better described by an O—H™ structure than by the widespread use
of the O"—H structure. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

In contrast to the large number of topological studies on
three membered rings (see Refs. 1-5, among others), the
electron density studies on larger rings containing hetero-
atoms, have received little attention.

The present work continues our research into the electron
density properties of alkyl ethers. Our previous work
focused on the evaluation of transferability in linear ethers:®
protonation on linear ethers,” stepwise fluorination on
dimethoxymethane;*®  dimerization —of  dimethoxy-
methane;'© and the topological analysis of substituted
oxacyclopropane.'! The main purpose of this work is to
obtain a theoretical understanding of the properties of
small ring ethers, and their protonated forms, within the
framework of the atoms in molecules theory (AIM).'213
Especially, we aim to analyze the changes in atomic and
bond properties due to the ring formation, and the relation-
ships between those modifications and the ring strain
energy, Egs.™

In the earliest approaches, based on a certain group addi-
tivity scheme,! the strain energy was estimated as the
difference from the heat of formation of the test molecule
and that of a hypothetical strainless reference. The scarcity
of heats of formation prompted the employment of heats of
appropriately chosen chemical reactions. Thus, homo-
desmotic reactions'® which preserve the valence environ-
ment around each atom in the test molecule, are widely
employed in evaluating ring strain. Nevertheless, the defi-
nition of Egg is still a point of controversy in the chemical
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literature and it has to be borne in mind that no definition
hitherto proposed can be considered as generally accepted.
Also, Ers has been ascribed to diverse origins, though
without a rigorous physical basis.

The development of the AIM theory and its associated
unique definition for an atom in a molecule provided the
physical basis for understanding Egs. Thus, the strain energy
of small cycloalkanes was quantitatively ascribed to the
balance between increased stability of the C atoms and
hydrogen destabilizations with respect to a standard methyl-
ene group of a linear n-alkane. These changes in the atomic
energies were explained by electron charge transfers from
hydrogen to carbon atoms, due to the enhanced electro-
negativity of carbon in a cycle, enhancement predicted by
the hybridization model as a consequence of geometry
modifications."*!” In spite of its successful explanation of
Egs in cycloalkanes, no similar studies with the AIM theory
were carried out on small heterocycles.

2. Theory of atoms in molecules and computational
technique

The AIM theory put forward by Bader and collaborators
allows the calculation of atomic properties by integration
of the proper density function within regions, (2, bounded
by a zero flux surface for the gradient of the charge vector
field, which can be identified with molecular atoms (see Ref.
12 and references cited therein). The discussion performed
in this work is based on the calculation of the electron
atomic population of an atom N({2) and its energy E({2).
The AIM theory also defines major elements of molecular
structure in terms of the properties of critical points in the
electron density p. Along the path defined by the maximum
electron density line (MEDL) connecting two bonded atoms
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Table 1. Total energies, virial ratio (vy), vibrational energies (ZPVE), errors in the integrated energies and populations for various cyclic ethers (CH,),O as

obtained from B3LYP/6-311+ +G(2d,2p) wave functions

E (au.) ZPVE (kJ mol™ ") E—SE(2) (k] mol™") v N—YN) (an) SL(Q( (au.)
1 (CH,),0 —153.84181 150.24 —0.05 2.00392 —0.0001 —0.0002
1+ (CH,),OH" —154.14614 184.44 0.89 2.00387 0.0003 0.0006
2 (CH,);0 —193.17190 227.69 —-0.33 2.00412 0.0010 0.0014
2+ (CH,);OH" —193.49516 262.91 1.91 2.00410 0.0018 0.0025
3 (CH,),0 —232.52816 305.76 2.16 2.00424 0.0032 0.0031
3+ (CH,),OH" —232.85570 340.60 3.27 2.00423 0.0037 0.0046
4 (CH,)s0 —271.86043 383.61 3.44 2.00434 0.0049 0.0054
4+ (CH,)sOH" —272.18881 417.98 274 2.00434 0.0044 0.0052
5 (CH,)O —311.17322 458.29 1.37 2.00441 0.0020 0.0017
5+ (CH,)¢OH" —311.50423 495.99 2.58 2.00436 0.0038 0.0042

there exists a critical point for the charge density, termed a
bond critical point (BCP). Whenever a set of bonded atoms
form a cycle, a ring critical point (RCP) appears as a topo-
logical consequence. Properties of interest at the BCP and
RCP critical points are: electronic charge density, p; and
laplacian of the charge density V2p. Another property of
interest at BCPs is the bond ellipticity, defined as e=(A,/
A,—1), where A and A, are, respectively, the largest and the
smallest of the two curvatures of the charge density per-
pendicular to the bond path. Hereafter, local properties at
BCP and RCP are designated by the subscripts b and r,
respectively.

DFT calculations on the five smallest oxacycloalkanes and
their protonated forms were carried out using the Gaussian
94 quantum chemical suite of programs'® at the B3LYP/6-
311++G(2d,2p) level. The evaluation of all local proper-
ties was performed using MORPHY98." The integrations
over the atomic basins were carried out using the AIMPAC
program series.”® Interatomic surfaces were determined by
employing the more accurate PROMEGA surface algo-
rithm, searching up to three intersections between a given
ray originated at the nucleus and the interatomic surface,
and employing a total amount of 720000 quadrature points
per atomic basin.

3. Results and discussion

Table 1 displays the calculated B3LYP/6-311+ +G(2d,2p)
energies, virial ratios (defined as y=—V/T, where V is the
electronic potential energy and T the electronic Kkinetic
energy) and integration errors expressed as differences
between total properties and those obtained by summation
of properties of the fragments [N—Y N()or E—> E({2)]

and as the summation of the integrated values of the lap-
lacian of the charge density in all the atomic fragments
[> L()]. If compared with previous work at similar theo-
retical levels,®®!! the discrepancies in the additivity of
atomic charges and energies from their molecular counter-
parts, are found to be significantly improved. Although in
this case L({2) values have been significantly reduced by
increasing the amount of quadrature points in the atomic
basin, it has to be borne in mind that in general, integration
errorzlfunction and this number display an erratic relation-
ship.

3.1. Structures and bonding

We have restricted our attention to the most stable confor-
mer in each compound, according to previous conforma-
tional studies.’>?* Thus, the geometry of the oxa-
cyclobutane was optimized from an initial conformation
with a non-planar ring. This gave rise to a final C,, planar
structure, whereas a slightly puckered structure was
proposed in a previous X-ray study.”” The planar structure
was confirmed to be a local minimum, since all its frequen-
cies are real. The lowest B3LYP frequency (66.5 cm™ ') is
undoubtedly assigned to the ring puckering vibration.

The C; chair conformers of oxacyclopentane, and oxacyclo-
hexane were also characterized as minima. An approxi-
mately twist-boat conformation of oxacycloheptane was
confirmed as a minimum at this computational level.

Local properties at C—O bond critical points are listed in
Table 2, along with the charge density at the RCP. The
B3LYP/6-311++G(2d,2p) C—-O bond lengths in structures
1 and 2 mirror quite closely their experimental counterparts
(Re_o(1)=1.431 A, and Rc_o(2)=1.449 A).* The agreement

Table 2. Electron density local properties at O—C bond critical points and ring critical points. Distances in angstroms and the remaining properties in a.u.

Compound Rco ARc o Po Voo, € Pr Ui

1 1.4323 0.0021 0.2514 —0.4571 0.4963 0.2058 81.40
1+ 1.5309 0.0536 0.1899 —0.0493 1.0505 0.1748 80.18
2 1.4504 0.0002 0.2505 —0.6254 0.03397 0.0901 36.57
2+ 1.5432 0.0041 0.1809 —0.2112 0.03701 0.0796 39.38
3 1.4357 0.0011 0.2524 —0.6209 0.03245 0.0433 17.34
3+ 1.5388 0.0013 0.1804 —0.2113 0.03067 0.0386 18.82
4 1.4246 0.0008 0.2580 —0.6418 0.01951 0.0211 8.30
4+ 1.5262 0.0006 0.1848 —0.2203 0.01135 0.0185 8.90
5 1.4243 0.0010 0.2583 —0.6355 0.00443 0.0131 5.17
5+ 1.5433 0.0006 0.1773 —0.2015 0.04254 0.0111 5.83
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Figure 1. (a) Contour maps of the Laplacian of the charge density for oxacyclopropane, (b) protonated oxacyclopropane, (c) oxacyclobutane, and
(d) protonated oxacyclobutane. Dotted contour corresponds to 0 a.u. Solid contours are for regions of local charge concentration (V>p<<0) and dashed
lines for regions of local charge depletion (V2p>0). The contours (><103 a.u.) for both £ values are: 2, 4, 8, 20, 40, 80, 200, 400, 800. Bondpaths are
bold lines, charge density BCPs are indicated with squares, triangles represent charge density RCPs. Circles represent nuclei (bold type in-plane, and open face

are projections of out of plane).

with the experimental geometry is only slightly worse for
compound 3 (Rc_o(3)=1.430 A).”

Though empirical relationships between py, and bond length
have been found for several covalent bonds along diverse
homologous series,'>**° the bond lengths of cyclic
compounds depend more on how the cycle can be formed
with minimum strain energy than on the py, values.'' Thus,
that kind of relationships cannot be established along the
series here considered.

The difference between the length of the MEDL connecting
two bonded nuclei and the corresponding geometrical
distance, AR, is also provided in Table 2. We observe that
the curvature of the C—O MEDL is only significant for
compounds 1+ and 2+. On the other hand, C—C MEDLs
are noticeably curved in compounds 1 and 2 (about 0.02 a.u.
in both compounds). Thus, though all the bonds of a small
cycloalkane are substantially curved, the C—C bonds are the
only ones affected in small oxacycloalkanes. The opposite
trend was found for phosphirane and phosphetane where
C-P MEDL were more bent than the C—C ones.”’ As it
was reported in previous works performed at different
computational levels'!" the protonation of oxacyclopropane
results in a change from an outwardly curved structure to an

inwardly one. On the other hand protonation of oxacyclo-
butane transforms a slightly outwardly structure into
another where the only inwardly MEDL are those connect-
ing C* atoms with the corresponding C-O BCP (Fig. 1).
Protonation of oxacyclobutane also gives rise to ring
puckering, yielding a C; structure for 2+.

The ellipticity at C—O BCPs displays very high values in 1
and 1+ that are in contrast to the remaining compounds.
This is a consequence of the smooth rate of fall off
experienced by the charge density in any direction parallel
to the ring surface (the values of the two negative curvatures
for 1 are —0.4899 and —0.3274 a.u., respectively). This fact
and the relatively high value (81.4%) of the ratio, 7,
between the charge density at the RCP, p,, and the average
of the charge density at the peripheral BCPs (Table 2) reflect
that the charge density is highly delocalized over the entire
surface of the rin% in oxacyclopropane. This feature, termed
o-delocalization, 2 is a characteristic of three membered
rings. In fact, n ratio dramatically declines (according to
an exponential relationship) as the ring increases in size
(Fig. 2). The Laplacian of the charge density, that provides
for every point a measure of the local charge concentration
(negative values) or depletion (positive values), can also be
employed to monitor the decrease of charge accumulation
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Figure 2. Plot of the electron density surface delocalization index (7)) vs.
the number of methylene groups (n) in the ring. See text for further details.
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Figure 3. (a) Contour maps of the Laplacian of the charge density for the
perpendicular plane bisecting the molecule, in oxacyclopropane, and (b)
protonated oxacyclopropane. Dotted contour corresponds to 0 a.u. Solid
contours are for regions of local charge concentration (V>p<0) and dashed
lines for regions of local charge depletion (V2p>0). The contours
(><103 a.u.) for both = values are: 0.2, 0.4, 0.5, 2.0, 4.0, 5.0. Bondpaths
are bold lines, charge density BCPs are indicated with squares, triangles
represent charge density RCPs. Circles represent nuclei (bold type in-plane,
and open face are projections of out of plane).

Table 3. Electron population (a.u.) of the skeletal atomic basins in neutral
oxacycloalkanes

Compound NO) N(Ca) N(CB) N(Cvy)

1 8.7775 5.6020

2 8.9528 5.5219 5.9550

3 8.9887 5.5060 5.9358

4 9.0129 5.4880 5.9305 5.9261

5 9.0171 5.4856 5.9335 5.9243
5.4868 5.9389 5.9184

* Two values are given for each position because of C; symmetry.

Table 4. p character for the sp” hybrid orbitals corresponding to the differ-

ent C—H bonds in oxacycloalkanes

Compound n(C*-H) n(CP-H) n(C'-H)
1 2.03

2 2.62 2.76

3 2.65 2.94

4 2.74 3.05 3.13

5 2.80 3.32 3.22

Computed from H-C—H inter-bondpath angles, 6, by using n=—sec 6.

inside the ring, on going from oxacyclopropane to oxa-
cyclobutane (Fig. 1).

Protonation does not significantly alter the conformation of
the cycle if we exclude molecules 1+, that possesses a C;
structure with a non planar ring, and 5+. As with acyclic
ethers,” we observe that protonation leads to stretched
C(a)-O bonds (0.099, 0.093, 0.103, 0.102, and 0.119 A),
whereas the C(a)-C() bonds are shortened 0.013 A by
average (data not shown). Accordingly, in the correspond-
ing protonated compound, the charge density at C—O BCPs
decreases and the Laplacian becomes less negative. It is also
important to notice that the index of charge delocalization
inside the ring remains nearly unchanged after protonation.
Fig. 3 displays the evolution of the laplacian of the charge
density in the perpendicular plane that bisects the molecule
after protonation of oxirane. It can be observed that the
nonbonded charge concentration on oxygen is only slightly
modified by protonation. In fact, V?p(r) at the nonbonded
(3,+3) critical point presents a value of —5.677 a.u. in 1+
(placed at 0.366 A from the nucleus) and —5.746 a.u. in 1
(placed at 0.338 A from the nucleus).

3.2. Integrated atomic populations and energies

According to the hybridization model,** the larger H-C—H
bond angles, the larger the s character of the associated C—H
bonds and therefore the larger the electronegativity of the
carbon with respect to the attached hydrogens. Thus, N(C)
values along the series of cyclic compounds here studied are
expected to display significant variations. All the H-C-H
(C being C%, C*, or C") interpath bond angles experience a
continuous closing from oxacyclopropane to oxacyclo-
heptane (Table 3). This implies that s character of C—H
bonds decreases in the same way, and explains why the
electron populations of every carbon atom decrease from
compound 1 to 5 (Table 4).

N(O) values monotonically increase from 1 to 5 (Table 4).
This can be explained by taking into account that a larger
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Table 5. Atomic energy (kJ mol™') of the skeletal atoms in the neutral
species relative to that for the homologous atoms in butoxybutane

Compound O Cla) C(B) C(v) CHyo) CHy(B) CHy(v)

1 462.1 —135.2 —25.7

2 3190 -—-23.1 5.6 17.1 26.0

3 2216 —163 192 3.4 23.6

4 109.5 13 152 -192 27.1 126 =55
5 59.9 8.4 10.2 74 263 —176 8.4

B3LYP/6-311++G(2d,2p) atomic energies (in au) for butoxybutane
are: E(O)=— 75.8824, E(C%=-37.7658, E(C*=-38.0397, E(C")=
—38.0052, E(C*)=—37.7658.

number of methylene groups in the cycle provides a wider
source for electron withdrawal. As the cycle becomes larger
N(O) approaches its value in a open chain dialkylether. Thus
N(O) in oxacycloheptane (9.017 a.u.) is close to its value in
butoxybutane (9.028 a.u. at the same computational level),
which can be considered a good estimation for the nearly
transferable value of N(O) in dialkylethers.®

E(O) values indicate that the oxygen atom is always
destabilized with respect to butoxybutane (Table 5). Never-
theless, it has to be borne in mind that atomic energies
cannot be compared directly between two molecules if
any of them includes an heteroatom.®** This is due to the
strong dependence on the molecular size (measured by the
summation of the nuclear charges, Z) displayed by atomic
energies along any homologous series other than hydro-
carbons or silanes.* In linear unbranched ethers this
dependence gives rise to differences like 72.2 kJ mol™! in
E(O) between methoxypropane and methoxydecane,® or
34.7 kI mol ™" in the energy of the methyl group that is «
to the oxygen in both molecules.*

The evolution of E(O) with Z in cyclic compounds is oppo-
site to that followed by linear molecules. It can be observed
(Table 5) that the oxygen atom results stabilized by increas-
ing Z. This is not only due to a reduction of the strain energy,
because the same trend is also observed when Z is increased
in alkyl substituted oxacyclopropanes.'' Both facts are on
keeping with the larger electron population of the oxygen
atom in the largest oxacycloalkanes and in the largest alkyl
substituted oxacyclopropanes.

On the contrary, the carbon that are « to the oxygen are
monotonically destabilized when the size of the cycle
increases (Table 5). Once more, it can be related to the
variation in the electron population.

Protonation process is accompanied by a substantial modi-

Table 6. Variations experienced by atomic populations (a.u.) upon proto-
nation

Compound AN(O) S AN(C) > AN(H)* NH+)
1 —0.0095 0.1782 —0.5092 0.3402
2 —0.0056 0.2526 —0.5987 0.3511
3 —0.0257 0.3300 —0.6554 0.3507
4 —0.0387 0.3536 —0.6800 0.3577
5 —0.0419 0.3783 —0.7039 0.3545

* Summation applies to all the hydrogens in the molecule but that attached
to the oxygen after protonation.

Table 7. Variation of the atomic energies (kJ mol ") upon protonation

Compound (6] c* P cY (H)?
1 —94.5 —-201.6 557.0
2 —178.5 —-217.9 15.7 643.5
3 —125.0 —268.6 —-0.5 714.1
4 —64.3 —286.7 —4.2 -84 723.1
5 —12.6 —-310.9 —-6.3 —-31.2 770.3

* Summation of the variations experienced by the hydrogen atoms in the
molecule. The hydrogen attached to the oxygen after protonation has been
excluded.

fication of the charge distribution in all the molecules. In
spite of being bonded to the proton, the changes experienced
by the atomic populations of the oxygen atoms, AN(O)=
Ny +(0)—Nu(0O), are always smaller than those in carbons
and hydrogens (Table 6). It can be observed that, as was
obtained for linear ethers,” the positive charge of the
molecules is partially concentrated on the proton (more
than its 64%) and partially dispersed over the whole
molecule. The majority of the charge dispersal takes place
over the hydrogens, whose atomic electron populations are
reduced in the range of 0.136 a.u. (one of the hydrogens
bonded to each of the C* in 1) to 0.015 a.u. (one of the
hydrogens bonded to one of the CY in 5). These facts
suggests that: (a) cycloalkyloxonium cations are better
described by an O—H" structure than by the widespread
use of the O —H structure; and (b) the ability of hydrogen
atoms to lose electron charge during protonation. Likewise,
it was found that an excess of negative charge is dispersed
over the hydrogen atoms.**’

The stabilization experienced by the molecule upon proto-
nation is concentrated on the cycle (CP in 2 excluded) and
the attached proton, whereas the remaining hydrogens are
significantly destabilized (Table 7). It can be observed that
the largest stabilizations upon protonation always take place
in oxygen and C®. The stabilization of the oxygen atom
diminishes as the number of members in the cycle increases.
At the same time AFE(C®) becomes more negative. Both
facts are again related to the evolution displayed by
AN(L2) in the series.

3.3. Protonation energies

The theoretical protonation energies have been obtained as
the energy difference (AE) between the protonated (MH™)
and neutral (M) forms. The binding energies defined in this
way are affected by the basis set superposition error (BSSE),
because the basis functions centered in the proton may
be used in the wave function of its neutral precursor, there-
fore lowering its molecular energy. The BSSE has been
estimated by the Boys—Bernardi’s counterpoise method.*
A theoretical proton affinity, PA.y.,>’ is obtained after
ZPVE (unscaled) and BSSE correction.

Table 8 shows the theoretical PA values, PA,., and their
components, AE, AZPVE and BSSE, together with the
experimental PA.,, values, for Comparison.4o PA_, values
agree to within 10.8 kJ mol ' of the experimental values,
which supports the reliability of theoretical energies at this
level of calculation as acceptable indices in gas-phase
chemistry.
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Table 8. Binding energies (AE); vibrational energy corrections (AZPVE); basis set superposition error (BSSE); theoretical (PAc) and experimental (PA;)
proton affinities; charges and energies on the proton at the B3LYP/6-311++G(2d,2p) level. Energies in kJ mol ™' and charges in au

Complex AE AZPVE BSSE PA qc PAyp qH") EH")

1+ —799.02 34.20 1.29 763.53 774.2 0.6598 —822.76
2+ —848.72 35.22 1.37 812.13 801.3 0.6489 —872.72
3+ —859.96 34.84 1.23 823.89 822.1 0.6493 —874.82
4+ —862.16 34.37 0.53 827.26 822.8 0.6423 —887.42
5+ —869.07 37.70 1.20 830.17 834.2 0.6455 —891.09

In no case the protonation results in ring-opening, on the
contrary of what is found for alkyl substituted oxacyclopro-
panes.'*! It is also noteworthy the gap between the proto-
nation energy of oxacyclopropane and that for larger
oxacycloalkanes, which contrasts to the continuous evolu-
tion displayed in linear dialkyl ethers.’”

The AIM integrated electronic energy on the proton is also
included in Table 8. As can be seen, this energy exceeds
(<10%) the theoretical protonation energy, playing a
leading role in the process. As it was commented above,
protonation results in a considerable built-up of positive
charge on the attached proton. We also confirm here the
empirical relationships between the protonation energies
and the charge on the attached proton, previously described
in the chemical literature.”** It suggests a dominant role of
the charge transfer rather than dipole interaction in the
protonation affinity of these compounds.

3.4. Strain energies

Strain energies (Tables 9 and 10) have been estimated from
the corresponding homodesmotic reactions (Eq. (1)), at
B3LYP/6-311++G(2d,2p), MP2/6-31+G(d), and HF/6-
311+ +G(2d,2p) theoretical levels. For comparison, we
also provide in Table 10 the experimental values,*® together
with those recently obtained by Dudev and Lim on the basis
of ab initio calculations**

(CH,),0 + 2CH;—~OH + CH;~CH,

i 2CH3—CH2—OH + CH3—O—(CH2)n,2—CH3 (1)

We observe that absolute Egg values are strongly dependent

on the computational level. If we focus our attention,
however, in relative values we observe a fair agreement
between the three sets of values. The negative value of
Egs for oxacyclohexane at the HF level suggests the need
for electron correlation to obtain reliable energies from
homodesmotic reactions. This anomaly was also found to
occur in the homodesmotic determination of strain energies
in methyl substituted oxacyclopropanes.'' It is also impor-
tant to note that oxacyclohexane, often thought as strain-
free, possess about 20 kJ mol ' of strain energy, according
to both MP2 and B3LYP homodesmotic estimations.

We have also tried to estimate Egg as the difference between
the summation of the atomic integrated energies of oxygen
and methylenes in the cyclic molecule and those for homo-
logous groups in the open-chain monoether. In all cases, and
contrary to what was found in cycloalkanes,'>"” the calcu-
lated values were not in line with those obtained by any of
the approaches described above. Why does this method fail?
Many reasons can be invoked: (a) the Z-dependence
displayed by the atomic energies in compounds with highly
electronegative atoms precludes direct comparison of
atomic energies and obtaining nearly transferable atomic
energies, and (b) when Egg is calculated by means of homo-
desmotic reactions, it is also including the differences
between the energy of other groups that do not belong to
the cycle and whose molecular environment is meaningfully
changed in the process (i.e. CH; in ethane and ethanol in
Eq. (1)). This fact is also pointed out by the important
differences obtained for Ers from the diverse possible
homodesmotic processes.''

Nevertheless, AIM E({2) and N({2) values provide a
description of how the ring formation modifies the proper-
ties of each atom. Thus, strain of oxacycloalkanes (as that of

Table 9. Energy (a.u.) and ZPVE (kJ mol ") for the molecules involved in the evaluation of strain energy from homodesmotic reactions

B3LYP HF MP2
E ZPVE E ZPVE E ZPVE
CH,-OH —115.77003 134.29 —115.08565 143.93 —115.35784 137.25
CH;-CH, —79.86098 195.61 —79.25700 206.76 —79.497603 201.33
CH;-CH,-OH —155.10176 209.42 —154.13746 22375 —154.53015 213.99
CH;-O-CH, —155.08371 208.53 —154.11908 222.89 —154.51463 2147
CH;-CH,~O—CH, —194.41532 283.06 —193.17083 302.02 —193.68698 290.85
CH;—(CH,),~O—CH; —233.74108 357.84 —232.21687 381.45 —232.85377 367.44
CH;—(CH,);~O—CH; —273.06694 432.33 —271.26289 406.82 —272.02082 44371
CH;—(CH,),~O— (CH,),CH; —312.39825 506.79 —310.31449 539.56 —311.19298 519.64
1 —~152.91782 161.66 —153.31481 154.07
2 ~191.97097 244.12 —192.48367 23278
3 —231.04871 327.05 —231.68419 313.36
4 —270.10105 409.54 —270.85903 392.71
5 —309.13199 490.03 —310.01380 470.01
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Table 10. Strain energies (kJ mol ") obtained with homodesmotic reactions

Compound B3LYP HF MP2 Ref. 44 Ref. 43
1 103.98 97.28 110.58 125.52 110.04
2 110.82 89.38 122.22 120.08 103.34
3 33.92 2.19 37.52 33.89 22.59
4 20.51 —18.75 20.07 14.23 0

5 69.20 29.94 67.05 36.40 -
cycloalkanes'®'”), whatever this quantity is taken to mean,

results from a destabilization of oxygen and hydrogens that
is not compensated for by the stabilization of cyclic carbons.

4. Concluding remarks

The structural studies of oxacycloalkanes presented here are
in good agreement with the available experimental data and
also support previous theoretical calculations performed at a
lower level of calculation. Concerning oxacyclobutane, the
geometrical optimization from a non-planar ring gave a final
C,, planar structure, whereas a slightly puckered structure
was proposed in a previous X-ray study.

ERs of oxacycloalkanes, as obtained from the homodesmotic
approach at the B3LYP and MP2 levels correlate well with
those obtained from experimental heats of formation. On the
contrary, the HF level does not produce reliable values. The
strong inductive effect of oxygen atom on the alkyl chains
together with the dependence of atomic energies on the
molecular size, prevent us to calculate the Erg from the
AIM integrated energies of a related open chain monoether.
Strain energy of oxacycloalkanes results from a destabiliza-
tion of oxygen and hydrogens that is not compensated for by
the stabilization of cyclic carbons.

More than 64% of the positive charge resulting from the
protonation process is partially concentrated on the proton.
Thus, dialkyloxonium cations are better described by an
O-H" structure than by the widespread use of the O —H
structure. The remaining positive charge is dispersed over
the hydrogen atoms.

There is a good linear relationship between protonation
energies and the charge on the attached proton. It suggests
a dominant role of the charge transfer rather than dipole
interaction in the protonation affinity of these compounds.
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