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Abstract Eight cyclopropane derivatives (� − R) have
been modeled, with R = −H,−CH3,−NH2,−C ≡ CH,

−C ≡ CCH3,−OH,−F and −C ≡ N. All geometries have
been fully optimized at the MP2/ AUG-cc-pVTZ level of
calculations. Natural bond orbital analyses reveal extra p
character (spλ, λ > 3) in the C-C bonds of the cyclopropyl
rings. The banana-like σCC bonds in the rings are described in
detail. Alkene-like complexes between �− R molecules and
hydrogen fluoride are identified. These weakly bonded com-
plexes are formed through unconventional hydrogen bond
interactions between the hydrogen atom in the HF mole-
cule and the carbon–carbon bonds in the cyclopropane ring.
A topological analysis of the electronic charge density and
its Laplacian has been used to characterize the interactions.
The possible relevance of such complexes in the modeling
of substrate–receptor interactions in some anti-AIDS drugs
is discussed.
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1 Introduction

Cyclopropane (C3H6,�) is an interesting molecule which
represents a significant challenge to chemists. Considering
that its C–C–C internuclear angles are 60◦, it has anoma-
lously low strain energy. It is also puzzling that its C–H bond
vibrational frequencies resemble olefins much more closely
than alkanes. Furthermore, cyclopropane undergoes addition
reactions in a similar manner to ethylene [1]. Thus, it could be
expected that this alkene-like behavior of cyclopropane might
lead to the formation of unconventional hydrogen bonded
complexes like those previously described for alkenes and
aromatic compounds [2–5]. Since cyclopropane is present in
the structure of many anti-AIDS drugs, such as nevirapine
and efavirenz, and because hydrogen bonds are known to
play a preponderant role in substrate–receptor interactions
in biological systems, a detailed study of these complexes is
relevant to the proper modeling of such systems.

Trying to understand and explain some of the unusual che-
mical properties of cyclopropane and its derivatives, and to
describe the bonding scheme in a molecule with such acute
bond angles, has occupied chemists for years [6–8]. Different
theoretical treatments have been performed on cyclopropane.
Walsh suggested that bonding results mainly from overlap-
ping of three sp2 hybrids (one on each carbon) pointing
towards the center of the ring, i. e., a three-center two-electron
bond [9]. This suggestion was confirmed by Hoffmann [10].
The “bent bond” model in cyclopropane was introduced by
Coulson et al. [11–13]. Both theoretical and experimental
studies [14–20] have shown that the electron distribution in
the C–C internuclear region is not concentrated along the line
between the nuclei, as in a typical covalent bond, but rather
slightly outside this line.

Rozas et al. [21]. performed a theoretical study of the
complexes formed between hydrogen fluoride and a series of
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π -systems and cyclopropane. They concluded that an “unu-
sual hydrogen bond” between the HF hydrogen atom and
the π -cloud is responsible for the formation of the weakly
bonded complexes.

On the other hand, Natural Bond Orbital (NBO) analysis
[22–26] was originated as a technique for studying hybridi-
zation and covalency effects in polyatomic wave functions,
based on local block eigenvectors of the one-particle density
matrix. NBOs were conceived as a “chemist’s basis set” that
would correspond closely to the picture of localized bonds
and lone pairs as basic units of molecular structure. Ab initio
wave functions transformed to NBO form are found to be
in good agreement with Lewis structure concepts and with
the basic Pauling–Slater–Coulson picture [27,28] of bond
hybridization and polarization. In orbital hybridization, as
originally formulated by Pauling [27] and Slater [28], the
spn hybrids of a central atom depend only on the number of
ligands to be bonded. However, for nonequivalent ligands,
and for unequal or highly strained bond angles, it is necessary
to consider a more general spλ scheme, where λ is generally
a non-integer (for more details see Ref. [22] and references
there in). Accordingly, NBO analysis seems to be an excellent
tool to describe the peculiarities of cyclopropane and its deri-
vatives.

This work has two main goals. One of them is to quantita-
tively characterize the structure and bonding of cyclopropane
derivatives. The second one, and probably the most relevant
one, is to model their alkene-like behavior when they interact
with polar species through unconventional hydrogen bonds.
If our hypothesis is correct, and cyclopropyl groups are sus-
ceptible to form such bonds, the future modeling of several
anti-AIDS drugs enzyme–inhibitor interactions should take
them into account. We have modeled a series of �− R com-
pounds, with R = −H,−CH3,−NH2,−C ≡ CH,−C ≡
CCH3,−OH,−C ≡ N and -F, and their complexes with
an HF molecule. Those compounds with R = −C ≡ CH,
and −C ≡ CCH3 have been included in order to mimic the
cyclopropane chemical environment in the drugs mentioned
above. Topological analyses of the electronic charge density
ρ(r) and its Laplacian, ∇2ρ(r), have also been performed in
order to describe the characteristics of the interactions.

2 Computational details

A series of �−R compounds, with R = −H,−CH3,−NH2,

−C ≡ CH,−C ≡ CCH3,−OH,−C ≡ N and -F, and their
complexes with an HF molecule were modeled. Full geo-
metry optimizations were performed with the Gaussian 98
[29] program using the ab-initio MP2 method and the Dun-
ning’s triple zeta correlation consistent basis sets [30,31] with
diffuse functions (AUG-cc-pVTZ). MP2 stands for Hartree-

Fock calculations followed by a M�ller–Plesset correlation
energy correction [32], truncated at second order [33].

Frequency calculations were carried out for all the
studied systems at the MP2/cc-pVTZ level of theory and
minima were identified by the lack of imaginary frequencies
(NIMAG = 0). Zero point energies (ZPE) and thermal cor-
rections to the energy (TCE) at 298.15 K were included in
the determination of the relative energies.

Natural bond orbital (NBO) analyses were performed
using the NBO 3.1 program [34] as implemented in the Gaus-
sian 98 package. In order to confirm the interactions lea-
ding to the complexes between � -it R compounds and the
HF molecule, a Bader topological analysis [35] of the MP2/
AUG-cc-pVTZ wave functions was also performed and seve-
ral critical points were found. The topological analyses were
computed with the Aim2000 program. [36,37]

3 Results and discussion

3.1 Geometries and molecular orbitals

The atoms’ numbering used throughout this manuscript is
shown in Fig. 1. Some geometrical parameters, correspon-
ding to the optimized geometries are reported in Table 1.
Additional modeling, at the same level of calculation, was
also performed on ethene and ethane for comparison pur-
poses. The C–C bond distances in the cyclopropyl ring are
slightly shorter than in ethane and larger than in ethene.
However, the C–H bond distances in the ring are very close
to the corresponding distance in ethene. On the other hand,
bond angles HCC have values of 111o and 117o for ethane
and ethene, respectively, and the value for the cyclopropyl
ring is closer to that of ethene. The same behavior is obser-
ved for the dihedral angle HCCH, which was found to be
zero for all the studied cyclopropane derivatives.

To gain a better understanding of the electronic structure
of �− R molecules, the molecular orbitals (MOs) were ana-
lyzed. Figure 2 shows some molecular orbitals with π -like
character. These orbitals are close to the HOMO and partially
localized above and below the C1–C2 bond, which suggests

Fig. 1 Atoms numbering
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Table 1 Geometrical parameters from the MP2/ AUG-cc-pVTZ
optimized geometries

Bond distances Bond angles

Ethane CC 1.524 HCC 111.2

CH 1.089 HCH 107.7

Ethene CC 1.333 HCC 121.3

CH 1.081 HCH 117.4

� − H C1C2 1.505 H4C1C2 117.7

C1C3 1.505 H5C1C2 117.7

C2C3 1.505 H4C1H5 115.1

C1H4 1.079

� − CH3 C1C2 1.510 H4C1C2 117.8

C1C3 1.504 H5C1C2 117.4

C2C3 1.504 H4C1H5 115.2

C1H4 1.080

� − NH2 C1C2 1.509 H4C1C2 118.2

C1C3 1.501 H5C1C2 116.8

C2C3 1.501 H4C1H5 116.1

C1H4 1.079

� − C ≡ CH C1C2 1.499 H4C1C2 118.2

C1C3 1.515 H5C1C2 117.8

C2C3 1.515 H4C1H5 115.9

C1H4 1.079

� − C ≡ CCH3 C1C2 1.500 H4C1C2 117.7

C1C3 1.515 H5C1C2 118.1

C2C3 1.515 H4C1H5 115.9

C1H4 1.079

� − OH C1C2 1.517 H4C1C2 118.6

C1C3 1.500 H5C1C2 116.5

C2C3 1.489 H4C1H5 116.1

C1H4 1.079

� − F C1C2 1.522 H4C1C2 119.0

C1C3 1.487 H5C1C2 116.2

C2C3 1.487 H4C1H5 116.1

C1H4 1.079

� − C ≡ N C1C2 1.497 H4C1C2 118.4

C1C3 1.514 H5C1C2 117.8

C2C3 1.514 H4C1H5 115.9

C1H4 1.079

that this bond could show a certain double-bond character.
Their shapes resemble that of the ethylene’s HOMO, which
shows a nodal plane containing the C atoms. The orbitals in
Fig. 2 show nodal surfaces involving the two carbon atoms
with no substituents. Stable complexes were obtained bet-
ween � − R and H–F molecules. Molecular orbitals with a
clear bonding character between the fragments were found.
Some of them are shown in Fig. 3. The ethylene system has
been included for comparison.

Fig. 2 π -like molecular orbitals in cyclopropane derivatives

As in the case of alkenes, the HF hydrogen atom points
towards the C1–C2 bond. The fully optimized geometries
of the complexes are displayed in Fig. 4, together with the
equivalent complex between ethene and HF. They are for-
med through attractive interactions between the H atom in
the hydrogen fluoride molecule and the center of the C1–
C2 bonds. All the interaction distances were found to be in
the vicinity of 2 Å, which is a typical hydrogen bond dis-
tance. They are similar to the ones previously described for
alkene fragments with OH radicals [38–40] and water mole-
cules [4,5]. The C1–C2 distances in the complexes (cplx)
and their differences with respect to the corresponding free
molecules (fm) are reported in Table 2. For all the studied
systems, complex formation causes an elongation of the C1–
C2 and H–F bond distances. The increase in the ethene C–C
bond distance is very small (0.004 Å), while the increase in
the C1–C2 bonds of the cyclopropane derivatives is found to
be around 0.017 Åfor all the modeled systems.

3.2 Stabilization energies

The stabilization energies (Estab) involved in the � − R
+ HF complex formation are reported in Table 3, together
with the Gibbs free energy for the gas phase process. The
values corresponding to the ethene + HF complex forma-
tion have also been included for comparison as well as the
values corresponding to water dimer formation. This table
shows the Estab values without and with zero point energy
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Fig. 3 Some of the molecular
orbitals of the complexes,
showing bonding character
between fragments

Fig. 4 MP2/AUG-cc-pVTZ fully optimized geometries of the � − R
.. H–F complexes

corrections (ZPE) According to our results, electron donor
groups increase the stability of the complexes, while electron
withdrawing groups decrease it. In alkenes, unconventional
hydrogen bonded complexes are stronger in propene than in
ethene [39,40]. Also, positive inductive effects (+I) increase
the alkenes reactivity towards electrophylic reagents. It can
be seen that an analogous behavior is observed in the case
of � − R . . . H − F complexes: alkyl substitution on one
carbon of the three members ring increases the tendency of
cyclopropane derivatives to behave in an alkene-like way.

The stabilization energies involved in the interactions bet-
ween an HF molecule with the modeled �− R were found to
be slightly larger than the interaction with ethene for

Table 2 Relevant bond distances (Å) in the complexes (cplx), and their
differences with respect to the corresponding free molecules (fm)

dcplx
C1−C2 dcplx

H−F dcplx
C1−C2−d f m

C1−C2 dcplx
H−F −d f m

H−F

Ethene 1.337 0.9318 0.004 0.0100

� − H 1.522 0.9313 0.017 0.0095

� − CH3 1.527 0.9320 0.017 0.0102

� − NH2 1.526 0.9313 0.016 0.0095

� − C ≡ CH 1.503 0.9295 0.017 0.0077

� − C ≡ CCH3 1.517 0.9305 0.017 0.0086

� − OH 1.533 0.9305 0.016 0.0086

� − F 1.538 0.9297 0.016 0.0079

� − C ≡ N 1.513 0.9276 0.016 0.0057

R = −H,−CH3 and −NH2. The compound closest in struc-
ture to the anti-AIDS drugs, � − C ≡ CCH3, also presents
a large stabilization energy. In addition, these stabilization
energies are of similar magnitude as the one corresponding
to the water dimer formation (EH2O

stab = −5.18 kcal/mol), at
the same level of theory: MP2/ AUG-cc-pVTZ. Since the
value for the water dimer is in excellent agreement with the
experimental value (−5.4±0.7 kcal/mol [41,42]), and taking
into account the high level of theory employed, these results
are expected to represent a correct description of the actual
chemical behavior of the involved species. Interaction ener-
gies, as well as bond distances, are in the range of regular
hydrogen bonds; therefore, they could be considered as non-
conventional hydrogen bonds.

Since larger stabilization energies represent stronger inter-
actions, it should be expected that the geometrical parameters
described in the previous section reflect this feature. Accor-
dingly, we have plotted the relation between Estab and the H-F
distance in the complexes in order to confirm our results. We
have chosen the HF fragment because it remains the same
in all the studied complexes. Figure 5 shows the expected
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Fig. 5 Relationship between the H–F distance elongation and the sta-
bilization energies

Table 3 Stabilization energies (Estab, kcal/mol) and Gibbs free energy
(�G) of � − R . . . H-F complexes formation

Estab Estab (ZPE) �Ggas

H2O dimer −5.18 −3.08 2.50

Ethene −5.19 −3.24 3.01

� − H −5.16 −3.58 2.64

� − CH3 −5.40 −3.87 3.04

� − NH2 −5.25 −3.78 3.07

� − C ≡ CH −4.13 −2.76 4.00

� − C ≡ CCH3 −4.57 −3.19 3.62

� − OH −4.77 −3.34 3.46

� − F −4.11 −2.75 3.90

� − C ≡ N −2.77 −1.62 4.76

relationship: the larger the H–F distance in the complex, the
stronger is the interaction.

As it can be seen in Table 3, the �G values correspon-
ding to the complexes formation in gas phase are all positive,
suggesting that they are non-viable processes. However, the
value corresponding to the water dimer formation is also
positive (�Ggas = 2.45 kcal/mol), since this kind of com-
plex is not expected to occur in the gas phase but in liquid
one. Accordingly, it seems necessary to change the reference
state a from 1atm to 1 M. Since K P and KC are related by

K P = KC (VM )�n, (1)

where VM represents the molar volume and �n = −1 for a
bimolecular reaction, then

KC = K P VM , (2)

e− �G1M
RT = e− �G1atm

RT VM (3)

and from expression (3) it is evident that

�G1M = �G1atm − RT ln (VM ) . (4)

Table 4 Gibbs free energies and equilibrium constants involved in the
complexes formation in liquid phase

�G1M �G1M+FV K liq
eq

H2O dimer 0.61 −1.93 2.60E+01

Ethene 0.75 −1.42 1.10E+01

� − H 1.15 −1.79 2.06E+01

� − CH3 1.18 −1.39 1.04E+01

� − NH2 2.11 −1.36 9.86E+00

� − C ≡ CH 1.73 −0.43 2.07E+00

� − C ≡ CCH3 1.57 −0.81 3.91E+00

� − OH 2.01 −0.97 5.12E+00

� − F 2.87 −0.53 2.44E+00

� − C ≡ N 0.75 0.33 5.76E-01

This conversion lowers the �Gs by 1.89 kcal/mol, for
bimolecular reactions at 298 K. In addition, the free volume
correction to liquid phase proposed by Benson [43] has also
been included. According to this approach, the ratio between
the reactions in solution and in gas phase, in nonpolar sol-
vents, is

R ∼= n10(2n−2)

e(n−1)
. (5)

But, since the author previously assumed that

R ∼= K sol
x

K gas
x

≡ e− �Gsol
RT

e− �Ggas
RT

, (6)

the combination of expressions (5) and (6) easily leads to

�Gsol ∼= �Ggas − RT
{

ln
[
n 10(2n−2)

]
− (n − 1)

}
. (7)

According to expression (7), �Gsol decreases by
2.54 kcal/mol for a bimolecular reaction (n = 2) at 298 K,
with respect to �Ggas. Table 4 shows the �G values obtai-
ned for standard state of 1 M (�G1M ), and additionally
including the Benson’s free volume correction (�G1M+FV ).
This approach has been successfully used before by Okuno
[44] and Alvarez-Idaboy et al. [45] . It could be worthy to
emphasize that this approach does not account for any direct
interaction between the studied molecules and those of the
solvent, but only for the solvent packing effects. However,
this correction is necessary to avoid the overestimation of
the entropy loss that arises from the complexes formation. In
addition, this correction is general and applies to any solvent
environment. In the same table, values of the corresponding
equilibrium constant have been reported. It can be seen then
for all systems the direct process, i.e, complexes formation,
is favored (Keq > 1), with the exception of � − C ≡ N.
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4 Topological analysis

The topological analysis of the electronic charge density ρ(r)

and its Laplacian, ∇2ρ(r), is a powerful tool to describe the
characteristics of bonds and interactions [19,35,46]. In parti-
cular, the critical points of ρ(r), which present two negative
curvatures and one positive curvature, identify the bonds in
the molecule and will be denoted hereafter as bond criti-
cal points (BCP). The critical points with one negative and
two positive curvatures are associated with the existence of
a ring structure and will be denoted as ring critical points
(RCP). The values of ρ(r) and ∇2ρ(r) at these points pro-
vide quantitative information on the strength and nature of
the bonding and the characteristics of the ring. The Laplacian
of the electronic charge density, ∇2ρ(r), identifies regions
of space wherein ρ(r) is locally concentrated, ∇2ρ(r) < 0,
or depleted, ∇2ρ(r) > 0. In general, negative values of
∇2ρ(r) are typical of covalent interactions, whereas inter-
actions between closed-shell systems are characterized by
positive values of ∇2ρ(r).

Topological analyses are very useful to characterize inter-
molecular interactions such as those described above bet-
ween the HF molecule and the cyclopropane derivatives.
Contour plots of the electron densities, obtained from the
MP2/ AUG-cc-pVTZ wave functions of the modeled com-
plexes are shown in Fig. 6. The complex between ethene and

Fig. 6 Contour plots of the electron densities of the modeled com-
plexes, from the MP2/ AUG-cc-pVTZ wave functions. (�) indicates
bond critical points associated with the HF · · · molecule interactions

Fig. 7 Relationship between the charge density and the stabilization
energies

HF has also been included for comparative purposes. In these
plots, the bond critical points involved in the complexes for-
mation have been marked as black triangles (�). As can be
observed in the figure, all the interactions are characterized
by a bond critical point, confirming the existence of weak
intermolecular hydrogen bond-like interaction between the
pair fragments. It should be noticed that no ring critical point
is observed; therefore, the weak bond is due to an interaction
of the delocalized molecular orbitals of cyclopropane ring
with the H atom of HF, i.e., the π -like molecular orbital is
playing the role that is usually played by the p lone pair orbi-
tal of the donor. The values of ρ(r) and ∇2ρ(r), describing
the interactions, have also been reported in Fig. 6.

It should be expected that a direct relationship exists bet-
ween the charge density in the BCP that characterizes the
interaction between the two fragments at the complex, and the
corresponding stabilization energies. This tendency is shown
in Fig. 7, Larger stabilization energies correspond to higher
values of ρ(r), since both represent stronger interactions.

4.1 Natural bond orbital analysis

To gain a better insight in to the peculiarities of the iso-
propyl derivatives we have additionally performed Natural
bond orbital analyses. This approach comprises a sequence
of transformations from the input basis set {χi } to various
localized basis sets: natural atomic orbitals (NAOs), natural
hybrid orbitals (NHOs), natural bond orbitals (NBOs) and
natural localized molecular orbitals (NLMOs):

I nputbasis → N AOs → N H Os

→ N B Os → N L M Os
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Table 5 Coefficients that
characterize the σC−C bonds
of the studied cyclopropand
derivaties

a X stands for the atom in the R
group directly bonded to C3

H CH3 NH2 C ≡ CH C ≡ CCH3 OH F C ≡ N

σC1−C2

c1 0.7071 0.7071 0.7071 0.7071 0.7071 0.7091 0.7071 0.7071

λ1 3.45 3.59 3.59 3.35 3.37 3.64 3.70 3.30

c2 0.7071 0.7071 0.7071 0.7071 0.7071 0.7051 0.7071 0.7071

λ2 3.45 3.59 3.59 3.35 3.37 3.68 3.70 3.30

σC1−C3

c1 0.7071 0.7073 0.7052 0.6913 0.6938 0.7112 0.7109 0.6843

λ1 3.45 3.31 3.42 3.65 3.60 3.46 3.49 3.77

c3 0.7071 0.7069 0.7090 0.7226 0.7202 0.7030 0.7033 0.7292

λ3 3.45 3.63 3.45 3.69 3.69 3.19 3.04 3.58

σC2−C3

c2 0.7071 0.7073 0.7052 0.6913 0.6938 0.7075 0.7109 0.6843

λ2 3.45 3.31 3.42 3.65 3.60 3.41 3.49 3.77

c3 0.7071 0.7069 0.7090 0.7226 0.7202 0.7067 0.7033 0.7292

λ3 3.45 3.63 3.45 3.69 3.69 3.23 3.04 3.58

σ a
C3−X9

c3 0.7703 0.7146 0.6411 0.7117 0.7107 0.5794 0.5222 0.7095

λ3 2.63 2.19 2.56 2.21 2.20 3.06 3.62 2.45

x9 0.6377 0.6996 0.7674 0.7025 0.7035 0.8151 0.8528 0.7047

λ9 s 2.35 2.07 1.08 1.09 2.26 2.47 0.90

The localized sets may be subsequently transformed to
delocalized natural orbitals (NOS) or canonical molecular
orbitals (MOs). These steps are automated by the NBO com-
puter programs. Each step of the sequence involves an ortho-
normal set that spans the full space of the input basis set and
can be used to give an exact representation of the calculated
wave function and of the average properties of the system.

The NBO for a localized σ bond between atoms A and B
(σAB) is formed from directed orthonormal hybrids h A, hB

(natural hybrid orbitals, NHOs):

σAB = cAh A + cBhB, (8)

σAB = cA
(
spλA

)
A + cB

(
spλB

)
B (9)

and the natural hybrids in turn are composed from a set of
effective valence-shell atomic orbitals (natural atomic orbi-
tals, NAOs) optimized for the chosen wave function.

For cyclopropane (R = −H), the localized σC−C bonds
are identical and can be described by the symmetric NBOs:

σC1C2 = σC1C3 = σC2C3 = 0.7071
(

sp3.45
)

+0.7071
(

sp3.45
)
.

The coefficients that characterize the σC−C bonds of the
studied cyclopropane derivatives are reported in Table 5. An
“extra” p character (λ > 3) is found for all the C–C bonds
in the rings. This extra p character explains the alkene-like
behavior observed in the reaction of cyclopropane deriva-

tives reactions. Of course, this extra p-orbital character in
the ring C–C bonds is achieved at the expense of a smal-
ler p-orbital character in the exocyclic bonds. Table 5 also
shows the polarization coefficients (cA, cB) and the hybri-
dization coefficients (λA, λB) corresponding to the C3–X9
bond in the R group directly bonded to C3, where X repre-
sents the atom in the R group directly bonded to one of the
C atoms in the cyclopropyl ring. Large polarization coeffi-
cients indicate high electronegativities. Accordingly, while
the values of cA and cB corresponding to the σCC bonds in
the rings are very similar; there is a noticeable difference bet-
ween the pair of polarization coefficients associated with the
σC3X9 bonds. There also seems to be a relationship between
the electronegativity of X9 and the λ value corresponding to
C3 in the σC3X9 bond. The larger the electronegativity of X9
(c9), compared to that of the C3 atom (c3), the larger is the
hybridization coefficient of C3 (λ3) in the σC3X9 bond.

NBO analysis also yields information on the direction of
the natural hybrid orbitals. Deviations from the line of nuclear
centers are used to show the changes in the directions of natu-
ral hybrid orbitals, i.e., the bond bendings. Since the bonds
in the cyclopropane rings are often described as banana-like,
we report the bending angle (in degrees) of the bonds with
respect to a line between the nuclei, both in � − R and in
the complexes formed through interactions between the HF
molecule and the cyclopropyl rings (Table 6). The devia-
tion values corresponding to the bonds involved in the com-
plexes formation have also been included in the table, and it
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Table 6 Deviation angles of the
NHO bonds (in degrees) with
respect to a line between nuclear
centers in the free � − R
molecule (fm) and in the
� − R · · · HF complexes (cplx)

NHO H CH3 NH2 C2H C2CH3 OH F CN

hC1

(
σC1C2

)
fm 24.3 25.0 23.7 23.2 22.7 23.9 24.3 22.9

cplx 25.7 25.2 25.2 24.9 24.5 25.4 25.7 24.7

hC2

(
σC1C2

)
fm 24.3 25.0 23.7 23.2 22.7 24.0 24.3 22.9

cplx 25.7 25.2 25.2 24.9 24.5 25.5 25.7 24.7

hC1

(
σC1C3

)
fm 24.3 23.8 22.8 22.6 22.1 23.2 22.7 22.0

cplx 22.1 23.1 22.3 22.7 22.5 25.4 22.1 22.4

hC3

(
σC1C3

)
fm 24.3 23.0 24.2 22.8 23.0 25.2 25.1 22.8

cplx 23.0 22.4 22.8 22.2 21.8 25.5 23.0 22.3

hC2

(
σC2C3

)
fm 24.3 23.8 22.8 22.6 22.1 22.3 22.7 22.0

cplx 22.1 23.1 22.3 22.7 22.5 21.8 22.1 22.4

hC3

(
σC2C3

)
fm 24.3 23.0 24.2 22.8 23.0 24.2 25.1 22.8

cplx 23.0 22.4 22.8 22.2 21.8 22.0 23.0 22.3

Fig. 8 Schematic representation of nuclear centered and deviated
bonds

can be noticed that bending corresponding to C1–C2 bonds
increases when in the complexes, compared to the free mole-
cules, which is an expected consequence of the interaction
with the HF molecule.

It is well known that in acyclic molecules tetrahedral
angles of 109o between sp3 hybridized carbons are prefer-
red, while in the cyclopropyl rings these angles are about 60o,
leading to ring strain. However, the angle deviations repor-
ted above help the cyclopropyl rings to overcome some of the
strain. If the carbon-carbon σ bonds are not localized along
the internuclear axis, but are rather bent outwards from the
line of nuclear centers, then a bond angle much wider than
60o can be achieved (Fig. 8). Let us use the C6H6 mole-
cule as an example. In this case γ = 60o, α = 24.3o and
β = 24.3o. Therefore, γ ′ = 108.3o, which is very close to
the ideal value of 109o . The γ ′ values corresponding to all
the studied cyclopropane derivatives are reported in Table 7.
These values provide an explanation for the anomalously low
strain energy of cyclopropane.

4.2 Relevance in anti-AIDS drug modeling

The magnitude of the stabilization energy arising from the
complexes formation is about 3 kcal/mol, except when R

Table 7 γ ′ values corresponding to the studied � − R molecules

R= H CH3 NH2 C2H C2CH3 OH F CN

C2C1C3 108.6 108.8 106.5 105.8 104.8 107.1 107.0 104.9

C1C2C3 108.6 108.8 106.5 105.8 104.8 106.3 107.0 104.9

C2C3C1 108.6 106.0 108.4 105.6 106.0 109.4 110.2 105.6

groups are highly withdrawing. This value represents about
25% of the substrate–receptor interaction energy of anti-
AIDS drugs containing cyclopropyl groups, which ranges
from −8 to −11 kcal/mol. Thus, they could be relevant to
HIV inhibition. To the best of our knowledge, this kind of
interaction has not been considered in previous structure-
activity modeling [47–49].

In a recent experimental work on efavirenz [50] and phe-
nylethylthiazolthiourea (urea-PETT) [51] analogues, the
influence of cyclopropyl groups on the antiviral activity of
these drugs was studied. Högberg et al. [51] concluded that
cyclopropane urea analogues are more potent than ethyl-
linked urea compounds. Cocuzza et al. [50] studied two series
of efavirenz derivatives: one in which the cyclopropane ring
was replaced by small heterocycles, and another one in which
the whole acetylenic side chain was replaced. According to
their results, compounds in the first series retain most of their
antiviral activity, but it is slightly smaller than that of efavi-
renz. For the compounds on the second series, the authors
reported that unsaturated compounds are the most active.
However, they are all less active than efavirenz, except for
the −CH2CH = C(CH3)2 analogue. Interestingly enough,
this is a non-polar fragment capable of forming unconven-
tional hydrogen bonds.

This experimental evidence, together with the data repor-
ted in this work, suggest that unconventional hydrogen bond
interactions could play an important role in the antiviral
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activity of these drugs. Consequently, future modeling of
their structure–activity relationship should include the cyclo-
propyl interactions described here.

5 Conclusions

Eight cyclopropane derivatives (�− R) have been modeled,
with R = −H,−CH3,−NH2,−C ≡ CH,−C ≡ CCH3,

−OH,−F and −C ≡ N. Their geometries have been fully
optimized at the MP2/ AUG-cc-pVTZ level of calculations.
The cyclopropane derivatives and complexes were additio-
nally characterized by topological and natural bond orbital
analyses. The latter reveal extra p character (spλ, λ > 3) in
all the C–C bonds in the cyclopropyl rings. Moreover,Our
calculations indicate that polar molecules can interact with
cyclopropane and its derivatives in a manner that is similar to
the one in alkenes. Weakly bound complexes are found, with
geometries that resemble those typical of alkenes. Stabiliza-
tion energies that are larger than the one for the ethene · · ·
HF complex are obtained for R = −H,−CH3 and −NH2.

The unconventional hydrogen bond interactions between
�−R and an HF molecule may be relevant to the full unders-
tanding of different chemical processes, not only related to
organic chemistry but also to biological processes, where
polar molecules are susceptible to interact on with molecu-
lar fragments containing cyclopropane rings, such as some
anti-AIDS drugs. According to our results, the possible for-
mation of unconventional hydrogen bond interactions may be
essential in structure–activity studies of systems containing
a cyclopropane ring.
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