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Abstract The positive electrostatic potentials (σ-hole) have
been found in ylides CH2XH3 (X = P, As, Sb) and CH2YH2

(Y = S, Se, Te), on the outer surfaces of group VA and VIA
atoms, approximately along the extensions of the C–X and
C–Y bonds, respectively. These electrostatic potentials suggest
that the above ylides can interact with nucleophiles to form
weak, directional noncovalent interactions similar to halogen
bonding interactions. MP2 calculations have confirmed the
formation of CH2XH3···HM complexes (X = P, As, Sb; M =
BeH, ZnH, MgH, Li, Na). The interaction energies, interaction
distances, topological properties (electron density and its
Laplacian), and energy properties (kinetic electron energy
density and potential electron energy density) at the
X(1)···H(10) bond critical points are all correlated with the
most negative electrostatic potential value of HM, indicating
that electrostatic interactions play an important role in these
weak X···H interactions. Similar to the halogen bonding inter-
actions, weak interactions involving ylides may be significant
in several areas such as organic synthesis, crystal engineering,
and design of new materials.
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Introduction

Noncovalent interactions play a critical role in chemistry,
biology and physics [1–3], especially in supramolecular
chemistry [4–7], as molecular assemblies are usually held

together through weak interactions. Interest in new types of
intermolecular interactions, such as σ-hole [8–15] and π-hole
[15, 16] interactions has recently grown.

The “σ-hole” refers to the outer region of depleted electronic
density and positive electrostatic potential Vs(r) along the ex-
tension of the σ-type bond to atom X (X = group IV–VII atom)
[8, 9]. The formation of σ-hole interactions are formed by a σ-
hole and a negative electrostatic potential site B, with the R-
X···B angle close to 180°. For example, the halogen bonding can
be explained as the electrostatic interaction between the positive
electrostatic potential region (σ-hole) and negative sites,
resulting in an interaction angle of nearly 180°. Halogen,
chalogen, pnicogen and group IV interactions are all under the
umbrella of sigma-hole interactions, instead of following a
tendency to view these as separate types of interactions [17–19].

Studies have demonstrated that a variety of condensed-
phase physical properties dependent upon noncovalent inter-
actions can be expressed analytically in terms of certain quan-
tities that characterize the respective molecular surface elec-
trostatic potentialsVS(r ) [20–22]. These quantities include the
most positive and the most negative values of the electrostatic
potentials (VS,max and VS,min, respectively). The VS,max of
σ-holes and the VS,min of Lewis bases have been found to
correlate with empirical measures of noncovalent interactions,
namely, donating and accepting tendencies [23–25].

Since Wittig's pioneering studies on phosphonium ylides,
ylides have attracted continued and continuously increasing
interest. The ylides are of two types based on their relative
stability. i) Non-stabilized ylides: The ylides with electron
donating groups on negatively charged carbon are less stable
and react faster. They also react with dioxygen. Hence the
Wittig reaction with non-stabilized ylides is performed under
inert atmosphere. ii) Stabilized ylides: The ylides with elec-
tron withdrawing groups adjacent to the negatively charged
carbon are more stable. These are usually stabilized by con-
jugation (Scheme 1).
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Stable ylides of sulfur, nitrogen, phosphorus, and other
heteroatoms have been prepared and used in synthetic chem-
istry. Thus, they play important roles in promoting the prog-
ress of physical organic chemistry [26]. Since the ylides have
what are considered hypervalent group V and VI atoms, it
would be of interest to determine whether there are σ-holes
outside pnicogen and sulfur atoms (group Vand VI) along the
C–P and C–S bonds in P-ylides and S-ylides. If so, then there
would be interactions between σ-holes and these kinds of
nucleophiles. Similar to the halogen bonding interactions,
such weak interactions in ylides would be significant in sev-
eral areas such as organic synthesis, crystal engineering, and
design of new materials.

Computational methods

V (r ) is an effective measure for analyzing and predicting
noncovalent interactions [21, 27–34]. V(r ) is the Coulombic
potential felt at any point r in the space surrounding a charge
distribution. For a system of nuclei and electrons, it is defined
as

V rð Þ ¼
X

A

ZA

RA−rj j−
Z

ρ r0ð Þdr0
r0−rj j ( ð1Þ

where ZA is the charge on nucleus A located atRA and ρ (r ) is
the electronic density function of the molecule. V (r ) is posi-
tive in regions where the dominant contribution is from the
nuclei and negative where the dominant contribution is from
electrons. V (r ) is physically observable, and can be deter-
mined experimentally by diffraction techniques [35, 36], as
well as computationally.

In this work, the geometries of the monomers and the
complexes were optimized with ab initio calculations using
second-order Møller-Plesset perturbation theory (MP2) with a
mixed basis set. The aug-cc-pVDZ-PP basis set, which uses
small-core energy-consistent relativistic pseudopotentials to
account for relativistic effects [37], was used for Sb and Te,
whereas for all other atoms the aug-cc-pVDZ basis set was
used. Corresponding frequency calculations were then carried
out at the same level to confirm that the optimized geometries
were true minima on the potential energy surfaces. The coun-
terpoise procedure proposed by Boys and Bernardi [38] was

used to correct the interaction energies while excluding the
inherent basis set superposition error (BSSE); the same pro-
cedure was done to optimize geometries and compute fre-
quencies. All of the aforementioned calculations were
performed using the Gaussian 03 program [39].

In this work, values of V (r ) on the 0.001 and 0.01 au
molecular surfaces of the molecule’s electronic density were
computed using Wave Function Analysis Surface analysis
suite [40]. Topological analyses of electron density based on
the quantum theory of atoms in molecules (QTAIM) [41, 42]
were carried out with the AIMAll program [43].

Results and discussion

The σ-hole in ylides

The VS,max values of CH2XH3 (X = P, As, Sb) and CH2–YH2

(Y= S, Se, Te) on the 0.001 and 0.01 au contours of molecular
electron density were computed, which are collected in
Table 1. For the 0.01 au contour, the VS,max values become
increasingly positive going from lighter to heavier atoms of
groups V and VI, whereas there are no such tendency on the
0.001 au. Moreover, the σ-holes in the electrostatic potentials
maps on the 0.01 au molecular surfaces are more obvious than
those on the 0.001 au. Therefore, the VS,max values on the 0.01
au contour of the CH2XH3 (X = P, As, Sb) and CH2–YH2 (Y=
S, Se, Te) are used to discuss in the following sections.

Figure 1 clearly shows the V(r ) of CH2XH3 (X = P, As, Sb)
on the 0.01 au contour of molecular electron density. For
CH2–XH3, there exists a region of positive local maximum
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Scheme 1 Structures for the
CH2-XH3(X = P, As, Sb) and
CH2-YH2(Y = S, Se, Te) ylides

Table 1 Computed
electrostatic potential
maxima (VS, max) on
0.001au and 0.01au
molecular surfaces
in the ylides

Molecule 0.01au 0.001au

CH2PH3 90.1 30.2

CH2AsH3 98.1 29.3

CH2SbH3 111.2 30.2

CH2SH2 83.9 33.7

CH2SeH2 86.0 29.5

CH2TeH2 96.0 27.8

CH2PF3 120.7 29.3

CH2P(CH3)3 78.1 23.8
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electrostatic potential in the phosphorus side on the extension
of the C–X bond. Figure 2 shows the V (r) for CH2PF3 and
CH2P(CH3)3. –F is the electron-withdrawing group and –CH3

is the electron-donating group. The figure demonstrates that
the σ-hole of ylides could be affected by the substituent on
phosphorus.

The σ-hole is also present in CH2YH2 (Y = S, Se, Te,
Fig. 1). Different from CH2XH3 (X = P, As, Sb), the σ-hole
of CH2–YH2 (Y = S, Se, Te) is not along the extension of the
C–Yaxis; instead, it is closer to the center of the two atoms of
the YH2 group, far from the lone pair of the group. The X and
Yatoms in the ylides are hypervalent, and so the σ-holes on or
near the extensions of C-X and C-Y bond can be compared to
those on hypervalent phosphorus and sulfur in OPCl3, OPBr3
and OS(CH3)2, of which the most positive electrostatic poten-
tials are along the extension of O-P and O-S bonds [9, 17].

Vs,max

CH2PH3

Vs,max

CH2AsH3

Vs,max

CH2SbH3

Vs,max

CH2SH2

Vs,max

CH2SeH2

Vs,max

CH2TeH2

a b

c d

e f

Fig. 1 Electrostatic potentials on
the 0.01 au molecular surfaces:
(a) CH2PH3, (b) CH2AsH3, (c)
CH2SbH3, (d) CH2SH2, (e)
CH2SeH2, (f) CH2TeH2. Color
ranges, in kcal mol−1: red,
more positive than 70; yellow,
30–70; green, -20-30; blue,
more negative than −20.
Position of VS,max is indicated
in black arrows

Vs,max

CH2PF3

Vs,max

CH2P(CH3)3

a b

Fig. 2 Electrostatic potentials on the 0.01 au molecular surfaces: (a)
CH2P(CH3)3, (b) CH2PF3. Color ranges, in kcal mol−1: red,more positive
than 60; yellow, 30–60; green, -20-30; blue, more negative than −20.
Position of VS,max is indicated in black arrows
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The σ-hole interaction between P-ylides and HM (M = BeH,
ZnH, MgH, Li, Na)

It is reasonable to expect that CH2–XH3 (X = P, As, Sb) and
CH2–YH2 (Y = S, Se, Te) molecules interact noncovalently
with nucleophiles approximately along the extensions of the
C–X and C–Y bonds. The objective in this part is to investi-
gate the interaction between the positive V(r ) region (σ-hole)
of P-ylides and the negative V(r ) region of HM. Figure 3
shows the values of V(r ) on the 0.001 au surfaces of HM. The
most negative electrostatic potentials region is outside the
hydrogen atom, along the extension of the H–M bond axis.
The most negative electrostatic potential (VS,min) values of

HM on the 0.001 au surfaces of the molecules are listed in
Table 2.

Equilibrium geometries and interaction energy

The optimized geometry of CH2XH3····HM complex (X = P,
As, Sb; M = BeH, ZnH, MgH, Li, Na) is displayed in Fig. 4.
The hydrogen atom in HM (M = BeH, ZnH, MgH, Li, Na) is
attracted to X (X = P, As, Sb) and forms the X····H bond.

Table 3 shows the interaction energies ΔE , geometrical
parameters, infrared stretching frequencies, and relevant var-
iables of the CH2XH3···HM complexes (X = P, As, Sb; M =
BeH, ZnH, MgH, Li, Na). Values ofΔE obtained at the MP2/

H HBe

Vs,min

H HZn

Vs,min

HZnH

H HMg

Vs,min

HMgH

Vs,min

HLi

LiH

Vs,min

HNa

NaH

Fig. 3 Electrostatic potentials on
the 0.001 au molecular surfaces of
HM (M = BeH, ZnH, MgH, Li,
Na). Color ranges, in kcal mol−1:
red, more positive than 23;
yellow, 10–23; green,0-10; blue,
negative. Position of VS,min is
indicated in black arrows

Table 2 Computed
electrostatic potential
minimum (VS, min) on
0.001au molecular
surfaces in HM

Molecule VS, min (kcal mol-1)

HBeH −15.5
HZnH −17.2
HMgH −24.7
HLi −53.2
HNa −57.1

C P

H
M

Fig. 4 The optimized geometry of the CH2XH3···HM (X = P, As, Sb;M =
BeH, ZnH, MgH, Li, Na)
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aug-cc-pVDZ level were corrected for BSSE and zero-point
vibrational energies. TheΔE values increase in the sequence
of M = BeH, ZnH, MgH, Li, Na, which is in accordance with
the sequence of VS,min of HM in Table 2. More negative
potentials of HM correspond to more stable complexes (more
negative ΔE ). Figure 5 displays the relationship between
ΔE and VS,min of HM. The linear correlation coefficients
are as follows: 0.9977 for CH2PH3···HM, 0.9971 for
CH2AsH3···HM, and 0.9971 for CH2SbH3···HM. These rela-
tionships indicate that the strength of the X···H interaction is
greatly affected by the VS,min of HM.

The X···H distances d (X···H) are listed in Table 3, it may be
compared against the sums of the van der Waals radii of the
respective atoms, which can give a rough indication of the
maximum separation for the nonvalent interaction. In our

study, d (X···H) denotes the distance between the X atom
(X = P, As, Sb) of CH2XH3 and the hydrogen atom of HM.
The d (X···H) values are somewhat greater than the sums of the
van der Waals radii, indicating that the CH2XH3···HM are
weakly bound complexes.

The interaction angles A(C–X···H) range from 162.0° to
168.6°, and are all close to 180°. These angles therefore suggest
that the hydrogen atom of HM is near the extension of the C–X
bond to the X atom that produced the σ-hole. The closeness of
such angles to 180° is one of the characteristic features of the
σ-hole interaction. Their deviation from 180° is due to the
effects of the CH2 group of CH2XH3 [13, 17, 44, 45].

The H–M bonds in the complexes are longer than those in
the respective monomers. The H–M bond-stretching frequen-
cies in the complexes are shifted to higher values compared

Table 3 Interaction energies,
geometrical parameters, and
vibrational frequencies of the
complexes

a The sums of the van der Waals
distances

ΔE , kJ·mol-1 d(X···H), Å A(C-X···H),degree Δd(H-M), Å Δν(H-M), cm-1

CH2PH3···HBeH −3.17 3.210(3.00)a 167.3 0.001 7.04

CH2PH3···HZnH −4.48 3.165 (3.00) 167.2 0.002 2.06

CH2PH3···HMgH −6.67 3.146 (3.00) 167.4 0.005 7.48

CH2PH3···HLi −16.57 3.031 (3.00) 168.3 0.003 21.82

CH2PH3···HNa −19.21 3.023 (3.00) 168.6 0.006 32.83

CH2AsH3···HBeH −3.18 3.308 (3.05) 164.8 0.002 6.22

CH2AsH3···HZnH −4.49 3.256 (3.05) 164.9 0.003 0.99

CH2AsH3···HMgH −6.59 3.240 (3.05) 164.9 0.005 6.03

CH2AsH3···HLi −16.50 3.107 (3.05) 166.2 0.003 18.53

CH2AsH3···HNa −19.32 3.092 (3.05) 166.6 0.006 30.39

CH2SbH3···HBeH −2.90 3.455 162.0 0.001 6.26

CH2SbH3···HMgH −6.08 3.3650 162.4 0.004 6.19

CH2SbH3···HLi −15.45 3.194 163.8 0.003 18.54

CH2SbH3···HNa −18.19 3.172 164.3 0.006 29.83

Fig. 5 Linear relationships
between the interaction energies
ΔE and VS,min of HM. Linear
relationships between the H···X
distances and VS,min of HM
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Fig. 6 Linear relationships
between the H···X distances
and VS,min of HM

C
X

H
M

Fig. 7 Molecular graphs of
CH2XH3···HM (X = P, As, Sb;
M = Li, Na, MgH, ZnH, BeH)

Table 4 Topological and energy properties at the X···H bond critical points of the complexes (all values in a.u.)

ρb λ1 λ2 λ3 ∇2ρb Gb Vb Hb -Gb/Vb

CH2PH3···HBeH 0.0039 −0.0010 −0.0006 0.0155 0.0139 0.0027 −0.0018 0.0008 1.4475

CH2PH3···HZnH 0.0045 −0.0010 −0.0006 0.0176 0.0160 0.0031 −0.0021 0.0009 1.4455

CH2PH3···HMgH 0.0049 −0.0013 −0.0005 0.0187 0.0168 0.0033 −0.0023 0.0010 1.4134

CH2PH3···HLi 0.0065 −0.0017 −0.0004 0.0238 0.0217 0.0042 −0.0030 0.0012 1.3937

CH2PH3···HNa 0.0068 −0.0016 −0.0005 0.0244 0.0223 0.0044 −0.0032 0.0012 1.3811

CH2AsH3···HBeH 0.0037 −0.0011 −0.0007 0.0141 0.0123 0.0024 −0.0016 0.0007 1.4437

CH2AsH3···HZnH 0.0043 −0.0012 −0.0007 0.0162 0.0143 0.0027 −0.0019 0.0008 1.4371

CH2AsH3···HMgH 0.0047 −0.0015 −0.0006 0.0171 0.0150 0.0029 −0.0021 0.0008 1.4030

CH2AsH3···HLi 0.0063 −0.0019 −0.0008 0.0224 0.0196 0.0039 −0.0028 0.0010 1.3669

CH2AsH3···HNa 0.0067 −0.0019 −0.0009 0.0231 0.0203 0.0040 −0.0030 0.0010 1.3500

CH2SbH3···HBeH 0.0034 −0.0010 −0.0007 0.0126 0.0109 0.0021 −0.0014 0.0007 1.4644

CH2SbH3···HMgH 0.0045 −0.0013 −0.0008 0.0155 0.0134 0.0026 −0.0019 0.0007 1.3760

CH2SbH3···HLi 0.0064 −0.0020 −0.0014 0.0213 0.0179 0.0037 −0.0029 0.0008 1.2839

CH2SbH3···HNa 0.0069 −0.0021 −0.0016 0.0222 0.0186 0.0038 −0.0030 0.0008 1.2648
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with those in the respective monomers. These are abnormal
blue shifts of the H–M bond-stretching frequency, which are
not consistent with the H–M bond elongations [46].

Figure 6 displays highly linear relationships between the
d(X···H) and VS,min values of HM in Table 2. The linear corre-
lation coefficients are as follows: 0.9860 for CH2PH3···HM,
0.9863 for CH2AsH3···HM, and 0.9960 for CH2SbH3···HM.
These values indicate that more negative potentials of HM
correspond to lower d(X···H) values and more stable complexes.

QTAIM analyses

Many studies have indicated that the QTAIM theory is very
useful for studying the properties of conventional and uncon-
ventional interactions [47–49]. By means of topological anal-
ysis, features such as critical points and paths of maximum
electron density (atomic interaction lines) can be studied, as
AIM provides a molecular graph representing the bonding
interactions [50].

Fig. 8 Linear relationships
between topological properties at
the BCP and theVs,min of HM. (a)
Electron density ρb and the Vs,min

of HM, (b) Electron density
Laplacian ∇2ρb and VS,min of HM
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Figure 7 shows the molecular graph of the CH2XH3···HM
complex (X = P, As, Sb). The bond critical point (BCP)
between X(1) and H(10) indicates the formation of the
X(1)···H(10) bond. The electron density ρb at the X-H BCP,
the Laplacian of the electron density ∇2ρb, and the total
electron energy density Hb for each complex are presented
in Table 4.

According to the topological analysis of electronic density
distribution in the AIM theory, ρb is used to describe the
strength of a bond. In general, the larger the value of ρb, the
stronger the bond [41]. A negative value of ∇2ρb indicates that
there is a shared interaction (as in a covalent bond), whereas a
positive value indicates the interaction in closed-shell systems,
that is, ionic interactions, van der Waals forces, or hydrogen
bonding [41]. The values of ρb of CH2XH3···HM increases in
the sequence of M = BeH, ZnH, MgH, Li, Na. This trend is in
accordance with the sequence of VS,min values of HM in
Table 2. Figure 8(a) presents the linear relationships between
ρb and VS,min of HM. The linear correlation coefficients are
as follows: 0.9886 for CH2PH3···HM, 0.9887 for
CH2AsH3···HM, and 0.9942 for CH2SbH3···HM. These
values indicate that more negative V(r ) values of HM corre-
spond to larger ρb values and stronger X(1)···H(10) interac-
tion. Figure 8(b) presents the linear relationships between
∇2ρb and VS,min of HM, for which the correlation coefficients
are as follows: 0.9843 for CH2PH3···HM, 0.9843 for
CH2AsH3···HM, and 0.9952 for CH2SbH3···HM. These re-
sults suggest that more negative values of HM correspond to
more positive ∇2ρb values and a more electrostatic character
of the X(1)···H(10) interaction. These relations show that the
topological properties (ρb, ∇2ρb) at the BCPs are correlated
with V (r ).

The kinetic electron energy density Gb, the potential elec-
tron energy density Vb, the electron energy density Hb, and
−Gb/Vb at the X(1)···H(10) BCPs are also listed in Table 4.

Parameters derived from the Bader theory indicate the type of
interaction. Values of ∇2ρb and Hb indicate the nature of the
interaction. In particular, if ∇2ρb is positive butHb is negative,
then the interaction is partly covalent in nature [51, 52]. The
value of −Gb/Vb indicate the regions corresponding to cova-
lent or noncovalent interactions, as it represents the balance
between the positive value of Gb and the negative value of
Vb. If −Gb/Vb is greater than 1, then the interaction is non-
covalent; if it is between 0.5 and 1, then the interaction is
partly covalent; and when it is less than 0.5, then the interac-
tion is a shared covalent one. The data in Table 4 show that the
X(1)···H(10) interactions display the characteristics of closed-
shell noncovalent interactions.

Figure 9 shows the relationship of G b and V b with
V S,min of HM. The trends indicate that more negative
values of V S,min of HM are associated with smaller
values of G b and larger values of V b. These relations
show that the energy properties (Gb, Vb) at the BCPs are
also correlated with V(r ).

Conclusions

(1) Positive V(r ) values have been found on the outer sur-
faces of group VA and VIA atoms of the ylides CH2XH3

(X = P, As, Sb) and CH2YH2 (Y = S, Se, Te), approxi-
mately along the extensions of C–X and C–Y bonds,
respectively. The origins of the V (r ) values can be
explained in terms of the σ-hole concept.

(2) CH2XH3 (X = P, As, Sb) ylide molecules can interact
noncovalently with nucleophiles HM (M = Li, Na, BeH,
MgH, ZnH) approximately along the extensions of the
C–X and. The geometries of the complexes are deter-
mined by the VS,max of the σ-hole region and the VS, min

of the hydrides.

Fig. 9 Linear relationships
between local energy densities
(Gb and Vb) at the BCP of the
H···X bond and VS,min of HM
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(3) The X(1)···H(10) interactions in the CH2XH3···HM com-
plexes (X = P, As, Sb; M = HM) manifest the character-
istics of closed-shell and noncovalent interactions.

(4) The interaction energies, interaction distances, topologi-
cal properties (ρb, ∇2ρb) and energy properties (Gb, Vb)
at the X(1)···H(10) BCPs are all correlated with the
VS,min values of HM, indicating that electrostatic inter-
actions play an important role in weak X···H interactions
in CH2XH3···HM complexes.

(5) Similar to halogen bonding interactions, weak interac-
tions involving ylides may be significant in several areas
such as organic synthesis, crystal engineering, and de-
sign of new materials.
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