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ABSTRACT: The bonding properties and the potential energy surfaces for the chemical
reactions of doubly bonded compounds that have the >E13E15< pattern are studied
using density functional theory (M06-2X/Def2-SVPD). Nine molecules, >E13P< (E13
= B, Al, Ga, In, and Tl) and >BE15< (E15 = N, P, As, Sb, and Bi), are used as model
reactants in this work. Four types of chemical reactions, H2 addition, acetonitrile,
benzophenone [2 + 2] cycloadditions, and dimethylbutadiene [4 + 2] cycloaddition, are
used to study the chemical reactivity of these inorganic, ethylene-like molecules. The
results of these theoretical analyses show that only the >BP< molecule has a weak B
P double bond, while the >AlP< , >GaP< , >InP< , >TlP< , >BN< , >B
As<, >BSb<, and >BBi< compounds are best described as having a strong single σ
bond, instead of a traditional p−p π bond. The theoretical results also show that the
singlet−triplet energy gap can be used to determine the relative reactivity of these doubly
bonded molecules. According to these theoretical investigations, it is predicted that the
order of reactivity is as follows: BP > AlP > GaP > InP > TlP and BN ≪ BP < BAs < BSb < BBi. The
conclusions drawn are consistent with the available experimental observations.

I. INTRODUCTION

Molecules that feature boron−nitrogen or boron−phosphorus
double bonds have long been considered to be isoelectronic to
alkenes, to which they are structurally analogous.1 Although the
similarities between these doubly bonded geometrical struc-
tures are strong, it is evident that both boron−nitrogen and
boron−phosphorus double bonds are more electronically
asymmetric than isoelectronic carbon−carbon double bonds,
because of the differences in the electronegativity of the
former.2 As a result, the chemical relationships may not
generally hold for these species. For instance, it is well accepted
that benzene (with the CC double bond) is isoelectronic and
iso-structural with borazine (with the BN double bond), but
the effect on the related chemical reactions of benzene and
borazine is a matter of debate.3

Recently, Lerner and co-workers reported an experimental
investigation of the chemical behavior of 9-di-tert-butylphos-
phanyl-9-borafluorene, 1 (with the BP double bond).4 It is
found that in the reaction of 1 with gaseous H2 in the toluene
solution at room temperature, a hydrogen addition product is
formed, which demonstrates the ambiphilic character of its B
P bond.4 The cycloaddition reactions of 1 with acetonitrile,
benzophenone, and 2,3-dimethylbutadiene were also demon-
strated, which shows that the boron−phosphorus bond in 1 has
π-character.4

These interesting experimental results prompt this study. If
boron and nitrogen and boron and phosphorus can be
stabilized as inorganic analogues that have a double bond, it
may be possible to extend this to other heteroanalogues that

have a group that contains doubly bonded group 13 (E13) and
group 15 (E15) elements. In fact, as far as the authors are aware,
studies of the development of E13E15 doubly bonded species
are relatively few. In spite of current advances and given the
powerful tools that are available for synthesis, it is surprising
that the reactive activity and the molecular properties of
compounds that have the E13E15 double bonds remain
elusive. Since reactivity with substrates is an extremely
interesting aspect of the nature of the E13E15 double
bonds, 1 is used to systematically determine the chemical
reactivity and the physical properties of compounds that have
E13E15 double bonds. Nine unique E13E15 double-bonded
molecules, >BP< , >AlP< , >GaP< , >InP< , >Tl
P< , >BN < , >BAs<, >BSb<, and >BBi< (see
Scheme 1), are used as model systems in this theoretical work.
These compounds are used because they are all isoelectronic
with ethylene, so they can be expected to show similar chemical
behavior. Since most of such molecules have not been
synthesized and well characterized,5 it is logical to presume
that they could potentially act as doubly bonded species which
would allow further development of the chemistry of inorganic
ethylene-like complexes.
In this work, four types of chemical reactions (eqs 1−4) are

studied using the density functional theory (DFT), in order (i)
to determine the potential inorganic molecules that stabilize an
E13E15 double bond, (ii) to understand the ground state
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geometry in these compounds that feature double bonds, (iii)
to determine the relative reactivity of these inorganic ethylene
analogues, and (iv) to guide any future experimental
investigations of unknown inorganic compounds that contain
an E13E15 double bond.

II. RESULTS AND DISCUSSION

1. The Geometries and Electronic Structures of >E13
E15< Species. All calculations were performed using the
Gaussian 09 package of programs6 at the M06-2X/Def2-SVPD
level of theory (Supporting Information).7,8 Figure 1 shows the
key geometrical parameters of the model reactants (i.e., >B
P< , >AlP< , >GaP< , >InP< , >TlP< , >BN < ,
>BAs<, >BSb<, and >BBi<), which are calculated both
as singlet and as triplet species. Cartesian coordinates,
calculated for the stationary points at the M06-2X level, are
available as Supporting Information.
All of the computations for the model reactants based on the

M06-2X/Def2-SVPD method demonstrate that all of these
molecules possess a singlet ground state. From Figure 1, the
M06-2X calculations predict that the BE15 and E13P
double bond lengths (Å) for the model reactants in the singlet
state are estimated to be 1.429 (BN), 1.838 (BP), 2.015
(BAs), 2.243 (BSb), 2.333 (BBi), 2.225 (AlP), 2.290
(GaP), 2.468 (InP), and 2.478 (TlP), the values of
which agree well with available experimentally determined
lengths for the double bonds: BN (1.403−1.446 Å),3 BP
(1.786−1.859 Å),9 BAs (1.926−2.031 Å),10 AlP (2.342−
2.377 Å,)11 and GaP (2.295−2.423 Å).12 Figure 1 shows that
both E13P and BE15 double bond distances for both the

singlet and the triplet states exhibit a monotonic increase down
the group 15 and 13 elements. This is mainly due to an increase
in the atomic radius of either E13 or E15 in the >E13P< and
>BE15< doubly bonded species. The M06-2X computations
also show that both the E13P and BE15 bond distances are
longer for the triplet than for its corresponding singlet
compound. The reason for this is easily understood by
considering their electronic structures (vide infra).13 Figure 1
also shows that in all cases, the heavier the atom (either E13 or
E15), the more likely it is that a distorted-trigonal-pyramidal
conformation is formed. In particular, the out-of-plane angle
(θ) is quite large for the heaviest >TlP< (59.5°) and >B
Bi< (73.3°) molecules. In fact, it is well-known that the heavier
analogues of the olefins (>E14E14<; E14 = Si, Ge, Sn, and Pb)
do not have a classical planar structure but have a trans-bent
conformation, with pyramidalization of both >E14 frag-
ments.14,15 Similarly, the out-of-plane angles for both the
>E13P< and the >BE15< systems are far from 0° (planar),
which provides strong support for the core-like nature of the ns
(n = 3−6) electrons, as stated earlier.15

Table 1 also shows natural population analyses (NPA) for
both the >E13P< and >BE15< species, including the partial
charges, the Wiberg bond indices (WBI),16 the natural bond
orbital (NBO) analysis,17 the natural resonance theory
(NRT),18 and the bonding dissociation energy (BDE). It is
found that for the >E13P< systems, only the >BP<
molecule has a WBI that is larger than 1 (WBI = 1.45); the
WBI of the other molecules (E13 = Al, Ga, In, and Tl) is less
than 1 (WBI = 0.83−0.99). This implies that the former
molecule has a weaker double bond and the latter species have

Scheme 1
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a strong single bond. Supporting evidence is given by the M06-
2X results for the NBO analyses of the BP bonding
interaction: BI(BP) = 0.646(2s2p1.72)B + 0.763(3s3p1.70)P
(Supporting Information), which strongly suggest that the
predominant bonding interaction between the >B and the P<
fragments originates from 2p(B) ←3p(P) donation. That is to
say, the boron electron deficiency and the σ bond polarity are
partially balanced by the donation of the phosphorus lone pair
to the empty boron p orbital. This, in turn, forms a hybrid π
bond. Indeed, the NBO model that uses the optimized wave
functions shows the presence of a BP π bonding orbital
(Figure 2), which is composed of 20% natural boron orbitals
and 80% natural phosphorus orbitals. This indicates that this π
bond is polarized. In contrast, because the sizes of the p orbitals
in both the E13 and the P atoms are quite different and there is
a large difference between the atomic radius of the E13 and the
P atoms, it is envisioned that when the E13 element becomes
heavier, the p orbitals on Al, Ga, In, and Tl find it somewhat
difficult to overlap with the p orbital in P. As a result, their p−p
π bonding is quite weak, if they exist. Indeed, the NBO analyses
in Table 1 anticipate that the bond order of the >E13P<
species (E13 = Al, Ga, In, and Tl) is approximately 1. For the
natural E13P (E13 = Al, Ga, In, and Tl) π bonding orbital
patterns, see the Supporting Information. As a result, the

theoretical evidence strongly suggests that these Al−P, Ga−P,
In−P, and Tl−P bonds are best described as a single bond,
rather than as a traditional double bond.
However, for the >BE15< molecules, the M06-2X data in

Table 1 show that only the WBI of the >BN < compound is
somewhat less than 1 (WBI = 0.87), but the WBI of the other
species (E15 = P, As, Sb, and Bi) is somewhat larger than 1
(WBI = 1.18−1.47). This shows that these compounds are
better considered as having a strong single bond or a rather
weak double bond. The NBO analyses using the M06-2X
computations shown in Table 1 again provide evidence for the
presence of these chemical bonds.
In Table 1, the NRT analyses of the electron density

demonstrate that for the >E13P< species, only the BP
double bond in the >BP< molecule has a greater covalent
character, as evidenced by the greater covalent part of the NRT
bond order (1.09), compared to its ionic part (0.80). However,
the covalent and ionic characters of all of the other >E13P<
molecules (i.e., >AlP< , >GaP< , >InP<, and >TlP< )
are comparable, with values of 0.48−0.58 and 0.34−0.52,
respectively. The NRT analyses show that the natural bond
order for the >BP< molecule is 1.89, but the natural bond
order for the other >E13P< species is approximately 1. Again,
these theoretical findings agree well with the WBI data for the
NBO analyses. The nonpolar nature of the E13P double bond
is also reflected in the natural population analysis (NPA)
charges, shown in Table 1. However, for the >BE15< species,
the NRT data indicate that only the BN double bond in the
>BN < compound has a greater ionic character (0.69) and a
smaller ionic character (0.39). The NRT values in Table 1 show
that the double bond in the >BAs<, >BSb<, and >BBi<
systems has a greater covalent character and a relatively smaller
ionic character, with values of 0.93−0.89 and 0.11−0.10,
respectively. This may be due to the fact that the differences
between the electronegativity of these elements is small.19

Consequently, the NRT predicts that these B−N, B−As, B−Sb,
and B−Bi bonds are well characterized as a single bond,
whereas the >BP< molecule is recognized as possessing a π
bond. In addition, the NBO analysis of >BE15< shows that
the σ and π components of the BE15 bond are apparently
polarized toward the E15 atoms, as listed in Table 1.
The BDE values calculated using the M06-2X calculations

collected in Table 1 are anticipated to decrease down the group
13 family, from >BP< to >TlP< , and down the group 15
family, from >BN < to >BBi<. These decreases apparently
depend on the E13P and BE15 double bond lengths, as
shown in Figure 1. That is to say, the higher the atomic number
of E13 or E15, the longer is the E13P or BE15 double bond
distance, the smaller is its BDE value, and the easier is it for its
two fragments to fall apart.
For a clearer insight into the nature of the bonding in the

double bond in the series of >E13P< and >BE15< reactants,
the main valence molecular orbitals (MOs) are schematically
outlined in Figures 3 and 4, respectively, using the M06-2X/
Def2-SVPD calculations. In terms of the frontier MOs of the
>E13P< species, Figure 3 shows that the HOMO and LUMO
of >BP< correspond to the B−P π and π* orbitals,
respectively. It should be noted that the out-of-plane angles
(θ) for the >E13P< systems are similar (Figure 1). As a result,
their npπ−3pπ orbital overlap may be considered roughly the
same. Therefore, based on the relativistic effect,15 the
substitution of a single E13 atom in the >E13P< species
decreases the energy of the π bonding orbital, from boron to

Figure 1. Selected geometrical parameters (in Å and deg) for the
model reactants and >E13P< (E13 = B, Al, Ga, In, Tl) and >BE15<
(E15 = N, P, As, Sb, Bi) at both singlet and triplet states calculated at
the M06-2X/Def2-SVPD level of theory. Hydrogens are omitted for
clarity.
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thallium. However, after the E13 substitution, the energy of the
LUMO of >E13P< increases along the series, from >BP<
to >TlP<. The two tendencies should cause the HOMO−
LUMO energy gap for >E13P< increases, as the atomic
number of E13 increases. This result is also reflected on the
trend of the singlet−triplet energy separation, ΔEst (= Etriplet −
Esinglet), of the >E13P< species. The M06-2X computations
demonstrate that the ΔEst (free energy; kcal/mol) of the
doubly bonded >E13P< molecules increases in the order:
32.3 (>BP< ) < 36.9 (>AlP< ) < 42.0 (>GaP< ) < 50.5
(>InP< ) < 51.9 (>TlP< ). In other words, the heavier the
group 13 element (E13), the larger is the ΔEst of the >E13P<
molecule.
Likewise, as seen in Figure 4, the HOMO and LUMO of

>BE15< are respectively in accord with the B−E15 π and π*
orbitals, which are dominantly p-type orbitals with small

contributions from the bonding orbitals of substituents. As
already shown in Figure 1, the M06-2X/Def2-SVPD results
reveal an increasing trend for the θ angle on the E15 atom with
>BN< (2.3°) < >BP< (22°) < >BAs< (59°) < >B
Sb< (69°) < >BBi< (73°); that is, the introduction of the
heavier E15 element in the >BE15< molecule results in greater
pyramidality. A crucial consequence of the heavy E15 atom
participating in the BE15 bond is a significantly reduced 2pπ−
npπ orbital overlap and then partial bond breaking of BE15
double bonds, which can destabilize the HOMO of the >B
E15< compound but stabilize its LUMO from nitrogen to
bismuth. Computational data (Figure 4) are in good agreement
with the trends in the frontier MO levels: the HOMO energy
levels of >BE15< increase from N to Bi, whereas the
corresponding LUMO energy levels decrease in the opposite
direction. As a result, the greater the atomic number of the
group 15 atom (E15), the smaller is the HOMO−LUMO
energy gap of the >BE15< molecule. This trend is also
consistent with that of the singlet−triplet energy splitting ΔEst
of the >BE15< systems. Indeed, the M06-2X calculations
show that that the ΔEst (free energy; kcal/mol) of the >B
E15< compounds decreases in the order: 58.6 (>BN< ) >
32.3 (>BP< ) > 31.8 (>BAs<) > 30.9 (>BSb<) > 29.6
(>BBi<).
In fact, the stability of the inorganic doubly bonded

molecules, >E13P< and >BE15<, can be verified by their
singlet−triplet energy splitting (ΔEst). If the ΔEst is small, then
>E13P< and >BE15< should be kinetically unstable, since

Table 1. Selected Results for the Natural Bond Orbital (NBO) and Natural Resonance Theory (NRT) Analyses of the
Compounds >E13P< (E13 = B, Al, Ga, In, and Tl) and >BE15< (E15 = N, P, As, Sb, and Bi)a,b,c

NBO analysis NRT analysis

molecule NPA partial charge WBI occupancy polarization total/covalent/ionic resonance weight BDEd

>BP< B = 0.54 1.45 σ = 1.97 41.77% (B) 1.89/1.09/0.80 B−P: 11.21% 76.81
P = 0.52 58.23% (P) BP: 88.79%

π = 1.90 20.04% (B)
79.96% (P)

>A1P< Al = 1.70 0.91 σ = 1.97 28.69% (Al) 1.00/0.48/0.52 Al−P: 95.18% 63.52
P = 0.08 71.31% (P) A1P: 4.82%

>GaP< Ga = 0.96 0.99 σ = 1.91 27.82% (Ga) 1.02/0.54/0.48 Ga−P: 92.83% 60.04
P = 0.96 72.18% (P) GaP: 7.11%

>InP< In= 1.52 0.83 σ = 1.86 27.69% (In) 0.97/0.52/0.45 In−P: 94.83% 49.73
P = 0.15 72.31% (P) InP: 5.17%

>T1P< Tl = 1.32 0.84 σ = 1.80 32.58% (Tl) 0.92/0.58/0.34 Tl−P: 95.53% 40.51
P = 0.26 67.42% (P) T1=P: 4.47%

>BN< B = 1.18 0.87 σ =1.96 63.55% (N) 1.08/0.39/0.69 B−N: 89.55% 111.6
N = −0.94 36.45% (B) BN: 10.45%

>BAs< B = 0.63 1.19 σ = 1.97 42.83% (B) 1.03/0.93/0.10 B−As: 10.01% 69.97
As = 0.60 57.17% (As) BAs: 89.99%

π = 1.93 18.62% (B)
81.38% (As)

>BSb< B = 0.53 1.18 σ = 1.95 48.46% (B) 1.00/0.89/0.11 B−Sb: 12.12% 59.46
Sb = 0.91 51.54% (Sb) BSb: 87.88%

π = 1.93 20.23% (B)
79.77% (Sb)

>BBi< B = 0.54 1.12 σ = 1.93 45.70% (B) 1.00/0.89/0.11 B−Bi: 14.90% 52.27
Bi = 0.89 54.30% (Bi) BBi: 85.10%

π = 1.93 19.76% (B)
80.24%(Bi)

aPartial charges obtained by natural population analysis (NPA). bWiberg bond index (WBI). cOccupancy of the corresponding σ and π bonding
NBO. dBonding dissociation energy (BDE), units: kcal/mol. That is, BDE = E(>E13) + E(P< ) − E(>E13P< ) and BDE = E(>B) + E(E15<) −
E(>BE15<).

Figure 2. Natural BP π bonding orbital of 1.
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their HOMO−LUMO energy gaps are also small, so they
readily engage in reactions with other substrates. From the
reactivity point of view, the ΔEst of both the >E13P< and the
>BE15< species can be used to determine whether they are
stable enough to be perceived experimentally. The M06-2X
computations predict that the order of the stability of the
doubly bonded >E13P< and >BE15< inorganic compounds
should be BP < AlP < GaP < InP < TlP and BN
> BP > BAs > BSb > BBi, respectively. These
theoretical conclusions are in agreement with the available
experimental observations. For instance, it has been exper-
imentally reported that 9-di-tert-butylphosphanyl-9-borafluor-
ene 1, which features a BP double bond, is a highly reactive
compound and has the potential to react with many chemical
substances.4 The ethylene-like inorganic molecules that have
the BN double bond have also been extensively synthesized
and well characterized.20 These conclusions mean that it is
predicted that >BAs<, >BSb<, and >BBi< doubly
bonded molecules would not be easily characterized by
experimental instruments, but >AlP< , >GaP< , >In
P< , >TlP<, and >BN< doubly bonded compounds
should be easily distinguished, using an experimental apparatus.
The next sections use the concept of ΔEst to predict the
chemical reactivity of both the >E13P< and the >BE15<
species.
2. The Addition Reactions of the >E13P< Molecules

with Hydrogen, Acetonitrile, Benzophenone, and 2,3-
Dimethylbutadiene. In order to obtain a better under-
standing oft the mechanisms of the addition reactions for the
>E13P< (E13 = B, Al, Ga, In, and Tl) species with reactant-2
(i.e., H2, benzophenone, acetonitrile, and 2,3-dimethylbuta-
diene), as schematically represented in eqs 1−4, DFT is used to

determine their chemical behaviors. The addition mechanisms
can be considered to proceed as follows: reactants (>E13P< +
reactant-2) → transition state → addition product. The relative
free and zero-point energies (kcal/mol) for these stationary
points, calculated at the M06-2X/Def2-SVPD level of theory,
are summarized in Table 2. There are three noteworthy features
of Table 2.
(1) All of the addition reactions for the >E13P< species

studied in this work can be considered as either [2 + 2] (e.g.,
with H2, benzophenone and acetonitrile) or [4 + 2] (e.g., 2,3-
dimethylbutadiene) cycloadditions. It is well established that on
the basis of Woodward−Hoffmann rules for [2 + 2]
cycloaddition reactions,21 a concerted supra−supra process
([2πs + 2πs]) is thermally forbidden. However, it is understood
and widely accepted that the polarization of the double bond
allows a relaxation of these rules.22 That is, the different
electronegativity values for the E13 and P elements signify the
electronic polarity of the E13P double bond. It is expected
that the E13P molecules that undergo [2 + 2] cycloaddition
reactions advance through a concerted, [2πs + 2πs] path, which
is made kinetically favorable by the relaxation of orbital
symmetry restrictions.23 Accordingly, the bimolecular addition
reactions of the >E13P< systems are no longer thermally
forbidden. Indeed, these theoretical computations at the M06-
2X level confirm this prediction. As seen in Table 2 and
Supporting Information, the theoretical findings strongly
indicate that the four types of addition reactions (eqs 1−4)
produce a four-membered-ring cycloadduct or a quasi-four-

Figure 3. Calculated frontier molecular orbital for the singlet >E13
P< (E13 = B, Al, Ga, In, and Tl) species. For more information, see the
text.

Figure 4. Calculated frontier molecular orbital for the singlet >B
E15< (E15 = N, P, As, Sb, and Bi) species. For more information, see
the text.
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membered-ring compound, in a single step, in a concerted
manner, and stereospecifically.
(2) As illustrated in Table 2, the M06-2X results show that

the doubly bonded >E13P< molecules that contain a heavier
E13 atom have a higher activation barrier for the addition
reactions with reactant-2. Similarly, from Table 2, it is apparent
that the doubly bonded >E13P< compounds that have a
heavier E13 atom can lead to a more endothermic (or a less
exothermic) reaction. Simply speaking, the model computa-
tions presented in Table 2 show that the chemical reactivity of
the >E13P< species, which are isoelectronic with ethylene,
decreases in the order BP > AlP > GaP > InP > Tl
P. In reality, to the best of the authors’ knowledge, only the
chemical reactions of the >BP< molecule (1) have been
experimentally reported.4

(3) In this work, the valence bond state correlation diagram
(VBSCD) model, which is based on the work of Shaik et
al.,24,25 is used to determine the key factors that define the
general features of these addition reactions. This model24,25

shows that the stabilization of an addition transition state relies
on the ΔEst of the >E13P< reactant. Namely, a smaller ΔEst
results in a more stable transition state, a lower activation
energy and a faster addition reaction. As stated previously, these
model calculations show an increasing trend in ΔEst: BP <
AlP < GaP < InP < TlP. In fact, the trend for the
ΔEst of the >E13P< species correlates well with the HOMO−
LUMO energy gap, as already shown in Figure 3. From Table
2, it is readily seen that this tendency is in accord with the trend
in barrier heights and with the reaction enthalpies. In brief, if
the ΔEst of the >E13P< molecule is small (and its HOMO−
LUMO energy difference is also small), the doubly bonded

>E13P< molecules are kinetically unstable and allow chemical
reactions (with other substances, e.g., solvents). All of this
theoretical information shows that the ΔEst is crucial to
verifying the chemical reactivity of the >E13P< molecules.

3. The Addition Reactions of the >BE15< Molecules
with Hydrogen, Acetonitrile, Benzophenone, and 2,3-
Dimethylbutadiene. The mechanisms of the addition
reactions of the >BE15< (E15 = N, P, As, Sb, and Bi) species
with reactant-2 (i.e., H2, benzophenone, acetonitrile, and 2,3-
dimethylbutadiene), as given in eqs 1−4, are considered, paying
particular attention to the transition states and the addition
products, themselves. To allow comparisons and to demon-
strate the trends, the energies are expressed relative to the
corresponding reactants, as illustrated in Table 3. There are
three important conclusions to be drawn from these results.

(1) Again, because of the difference in the electronegativity
values of boron and the E15 elements,19 the BE15 double
bond is electronically polar. As discussed previously, this
polarization of the π bonds allows a relaxation of the
Woodward−Hoffmann rules, which anticipate that the [2 +
2] reaction is thermally forbidden.21 However, the M06-2X
computations show that the [2 + 2] and [4 + 2] reactions of
the >BE15< systems are concerted, since only one transition
state is identified and verified for each addition reaction. This is
a true transition state, based on the results of the frequency
analysis. In particular, the calculated results show that all of the
[2 + 2] addition products have a planar four-membered-ring
(or a quasi four-membered-ring) structure (Supporting
Information). This theoretical evidence confirms that the
>BE15< compounds and reactant-2 undergo a one-step

Table 2. Relative Gibbs Free Energies and Relative Zero-
Point Energies (in Parentheses; kcal mol−1) at the M06-2X/
Def2-SVPD Level of Theory for the Process: >E13P< (E13
= B, Al, Ga, In, Tl) + reactant 2 → transition state →
producta (see eqs 1−4)

system >BP< >AlP< >GaP<
>In
P< >TlP<

(1) >E13P< + H2

ΔE‡b 24.0 31.2 39.5 46.0 56.8
(17.0) (23.7) (32.8) (38.4) (49.2)

ΔHc −29.9 −16.4 −13.2 −8.0 −4.5
(−35.9) (−23.4) (−19.6)(−16.6) (−12.3)

(2) >E13P< + Ph2CO
ΔE‡b 29.1 32.7 34.6 37.2 39.0

(14.9) (15.5) (18.7) (20.3) (22.0)
ΔHc −19.6 −10.5 2.1 28.8 29.9

(−34.5) (−28.6) (−13.1) (9.1) (11.6)
(3) >E13P< + 2,3-dimethylbutadiene
ΔE‡b 8.1 12.7 10.5 15.1 21.2

(−8.1) (−1.2) (4.7) (11.9) (6.5)
ΔHc −45.0 −34.4 −28.4 −23.3 −16.6

(−58.9) (−51.0) (−44.2)(−38.7) (−31.2)
(4) >E13P< + acetonitrile
ΔE‡b 8.2 18.4 23.8 24.7 34.5

(−6.1) (4.7) (11.9) (13.1) (20.5)
ΔHc −14.3 −11.9 −3.1 4.0 14.7

(−27.0) (−22.6) (−15.2) (−8.8) (2.0)
aThe M06-2X optimized structures of the stationary points, see
Supporting Information. bThe activation energy of the transition state,
relative to the corresponding reactants. cThe reaction enthalpy of the
product, relative to the corresponding reactants.

Table 3. Relative Gibbs Free Energies and Relative Zero-
Point Energies (in Parentheses; kcal mol−1) at the M06-2X/
Def2-SVPD Level of Theory for the Process: >BE15< (E15
= N, P, As, Sb, Bi) + reactant 2 → transition state →
producta (see eqs 1−4)

system >BN< >BP< >BAs< >BSb< >BBi<

(1) >BE15< + H2

ΔE‡b 55.2 35.3 26.8 24.3 24.0
(47.2) (28.7) (18.3) (15.4) (17.0)

ΔHc 4.1 −8.7 −16.6 −20.7 −29.9
(−3.6) (−15.7) (−23.5) (−28.4) (−35.9)

(2) >BE15< + Ph2CO
ΔE‡b 95.4 29.1 23.6 22.7 16.1

(81.1) (14.9) (8.4) (8.1) (3.8)
ΔHc 40.3 −16.4 −19.6 −22.2 −28.1

(24.5) (−32.4) (−34.5) (−39.1) (−44.2)
(3) >BE15< + 2,3-dimethylbutadiene
ΔE‡b 51.6 12.7 12.5 14.4 7.3

(35.0) (−1.2) (−0.6) (−2.4) (−7.1)
ΔHc 13.4 −22.7 −29.5 −37.0 −45.0

(−3.1) (−36.0) (−44.8) (−44.8) (−58.9)
(4) >BE15< + acetonitrile
ΔE‡b 46.8 28.4 24.7 15.7 14.3

(32.3) (13.9) (13.1) (4.4) (3.6)
ΔHc 2.4 3.3 −9.7 −11.8 −12.9

(−10.4) (−11.8) (−23.5) (−26.6) (−27.6)
aThe M06-2X optimized structures of the stationary points, see
Supporting Information. bThe activation energy of the transition state,
relative to the corresponding reactants. cThe reaction enthalpy of the
product, relative to the corresponding reactants.
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process, so their [2 + 2] and [4 + 2] cycloaddition reactions
lead concertedly to the final adducts. From a geometrical
viewpoint, these [2 + 2] and [4 + 2] addition reactions progress
stereospecifically and result in addition products with retained
stereochemistry.
(2) The energetics presented in Table 3 show that a >B

E15< molecule with a heavier E15 element has a lower barrier
height and produces a more exothermic reaction than a >B
E15< molecule with a lighter E15 atom.26 This is strong evidence
that both the [2 + 2] and the [4 + 2] cycloaddition reactions
are more preferable for a >BE15< reactant that contains a
heaver group 15 element than for one with a lighter pnicogen
atom from the same row.
(3) These theoretical results show that for both the

calculated activation energies and the reaction enthalpies, for
the [2 + 2] and [4 + 2] addition reactions of the >BE15<
compound, the order of chemical reactivity increases as BN
≪ BP< BAs < BSb < BBi. Apparently, this is a
reflection of BE15 bond strength. The heavier the group 15
atom (E15), the larger is its atomic radius and the smaller is the
BE15 bond breaking energy. This, in turn, results in a
decrease in the barrier energies and a more exothermic
bimolecular addition reaction (eqs 1−4). However, the
reactivity of the >BE15< species does not increase from
nitrogen to bismuth. The theoretical data for the >BE15<
systems can be rationalized using the VBSCD model.24,25 As
shown in Figure 4, the HOMO−LUMO energy difference (and
so the ΔEst) for the >BE15< molecules decreases from
nitrogen to bismuth. Similarly to the >E13P< systems, the
theoretical findings strongly suggest that the ΔEst is the crucial
factor in the chemical reactivity of the doubly bonded >B
E15< molecules.

III. CONCLUSION

The mechanisms of four types of addition reactions for doubly
bonded >E13P< (E13 = B, Al, Ga, In, and Tl) and >BE15<
(E15 = N, P, As, Sb, and Bi) systems are studied using the M06-
2X/Def2-SVPD level of theory. This study gives the first
theoretical demonstration of the reaction trajectories and
theoretical estimations of the barrier heights and reaction
enthalpies for [2 + 2] and [4 + 2] cycloaddition reactions. The
relationship between the experimental and the theoretical
studies is very important for the further development of the
chemistry of highly reactive species. For the nine doubly
bonded reactants and the four kinds of addition reactions
studied, the following conclusions can be drawn.
(1) On the basis of both NBO17 and NRT18 analyses, the

theoretical evidence is that the >BP< molecules feature a
weak double bond and the >AlP<, >GaP<, >InP<,
>TlP<, >BN<, >BAs<, >BSb<, and >BBi<
compounds are best characterized as having a strong single σ
bond, instead of a conventional π bond.
(2) The theoretical findings show that the chemical reactivity

of >E13P< systems decreases in the order BP > AlP >
GaP > InP > TlP, whereas the chemical reactivity of
>BE15< species increases in the order BN ≪ BP < B
As < BSb < BBi. The reasons for such trends are
attributed to their HOMO−LUMO energy gap as well as their
corresponding singlet−triplet energy splitting (ΔEst). In other
words, our theoretical study demonstrates that the overall
reactivity of the double bond in both >E13P< and >BE15<
molecules is totally governed by the central elements’ effects as

well as the substituents’ steric effects. These, in turn, would
cause the tendency of their HOMO−LUMO energy gaps.
Experimentalists are encouraged to perform further experi-

ments, to prove these predictions.
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