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Abstract
Four-membered heterophosphetes such as oxaphosphetes, thiaphosphetes, and azaphosphetes have long been considered desirable target mole-
cules for organic chemists because of their interesting structural features. In spite of extensive investigation, only one azaphosphete and one thia-
phosphete have been synthesized to date. In this paper, two possible conformers of these four-membered rings, as well as their open-ring
phosphorane forms with a set of exocyclic substituents and a few ring heteroatoms were studied by molecular computations. The results sug-
gested that the relative stability of these compounds is strongly dependent on the electronic effect of the exocyclic P-substituents. Three different
types of exocyclic substituents X were recognized. However, only the strong electron-withdrawing substituents (X¼F, CN, OCN, SCN) were
able to stabilize the ring forms, providing the possibility to design stable heterophosphetes on the basis of the present computational results.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In spite of nearly a century’s effortdfrom Kekulé 1871 to
Breslow and Dewar 1965dto synthesize cyclobutadiene, these
attempts have proved to be unsuccessful.1,2 Only theoretical
chemistry was able to explain this failure by introducing the
concept of antiaromaticity as a new phenomenon. The synthe-
sis of these antiaromatic compounds has long been considered
as desirable target of preparative chemistry in order to experi-
mentally examine their strange chemical properties, but only
a few compounds could be prepared and studied successfully.
One of the examples may be the phosphole oxides and sul-
fides, which are proved to be antiaromatic phosphorous
containing compounds.3 Earlier studies4 revealed that four-
membered heterophosphetes (1A and 1B) belong to the family
of antiaromatic compounds and therefore cannot be isolated.
This is in contrast to their saturated versions, the
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heterophosphetanes (2). Usually the corresponding cis (3) or
trans (3*) isomers of b-functionalized phosphoranes can be
isolated,5 rather than oxaphosphetes 1. The overall process
and structures may be summarized by Scheme 1. In principle,
heterophosphetes (1) may adopt two distinct conformations.4

The phosphorouseheteroatom bond (P1eY2) can be either
equatorial (1A) or apical (1B). The interconversion of the
two forms falls into the domain of pseudorotation.6,7 The
strong conjugation between P1 and Y2 interacting with the
C3]C4 double bond may result in certain antiaromatic char-
acter of 1.4 An equatorial Y2 can participate in a more exten-
sive conjugation, therefore 1A with an equatorial Y possesses
stronger antiaromaticity, than 1B having an apical Y2, which
is rather non-conjugative.4 In contrast to the ring-opening of
1, an analogous ring-opening of 2 cannot be observed, as 4
does not represent a minimum on the potential energy surface
(PES).4 Only the two heterophosphetes (5,6) shown in Figure 1
have been reported in the literature as stable compounds.8,9

According to X-ray crystallography,8 the N/P distance in 5
is 2.170 Å, which is considerably longer than the sum of the
covalent radii (1.06 Åþ0.75 Å¼1.81 Å).
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Preliminary results suggested, however, that the chemical
stability of 1 may be influenced by the electronic effect of
the Y heteroatom and the exocyclic P-substituent (X).4 In
the present study, an intensive search has been carried out to
find the proper combinations of Y and X that result in stable
and isolatable 1, in order to prepare and examine the physical
and chemical properties of this compound.

The exact description of the aromatic or antiaromatic chara-
cter of ring structures can be examined by different scales
such as the HOMA index,10 NICS values,11,12 and enthalpies
of isodesmotic reactions, resulting in an aromatic stabilizing
energy (ASE).13 The determination of the antiaromatic charac-
ter of heterophosphete 1 is not simple by traditional means.
HOMA index requires reference bond distances for com-
pletely aromatic and non-aromatic ring systems containing
the same atoms in the ring. The NICS values show significant
deviation from the usual values computed for carbocycles,
which is due to the larger shielding effect of the large P
atom combined with small ring size. It should be noted that
the NICS(1) values are influenced by the exocyclic X substit-
uents on P1 atom due to the steric proximity of the position X
as well as the point 1 Å above the ring center. The results of
homodesmic reactions may also be misleading, as the config-
uration around the P atom changes during the ring-opening
reactions. A further possibility is that aromaticity and antiaro-
maticity are characterized by a common and universal linear
scale based on the enthalpy of hydrogenation (see DHH2 and
DDHH2 in Fig. 2) when cyclobutadiene and benzene are con-
sidered as �100% and þ100%, respectively.14 This methodo-
logy compares the hydrogenation reaction of the examined
compound [DHH2(examined)] with that of a properly chosen
reference reaction where an unsaturated analogue of the aro-
matic compound that does not possess any aromatic or antiaro-
matic character is also hydrogenated [DHH2(ref.)] as shown in
Figure 2.

The extent of antiaromaticity of 1A and 1B has been
measured in terms of the following hydrogenation reactions
(Eqs. 1e4)14 depicted by Figure 2.4

DHH2ðexam:Þ ¼ H½2ðX;YÞ� � fH½1ðX;YÞ� þHðH2Þg ð1Þ

DHH2ðref:Þ ¼ H½2ðX;CH2Þ� � fH½1ðX;CH2Þ� þHðH2Þg ð2Þ

DDHH2 ¼ DHH2ðexam:Þ �DHH2ðref:Þ ð3Þ

Aromaticity¼ mDDHH2 þ b ð4Þ

where m¼0.6844 and b¼1.8637 at B3LYP/6-311þþG(2d,2p)
level of theory.14
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These equations are valid for both A and B conformers. It
should be noted, however, that 2A(X,CH2) and 2B(X,CH2)
are identical due to the internal symmetry. Previously the anti-
aromaticity values were determined for 3�3¼9 heterophos-
phete congeners containing three ring heteroatoms (Y¼NH,
O, S) and three exocyclic substituents (X¼F, Cl, CN) at
B3LYP/6-311þþG(2d,2p) level of theory,4 indicating that
their aromaticity values cover the area from �35% to þ10%.

The present study aims to explore the effect of various
structural features, such as electron-withdrawing (EWG) and
electron-donating (EDG) substituents on the intrinsic stability
of heterophosphetes. Both the kinetic (transition states, TS)
and thermodynamic stabilities (Gibbs free energy differences,
DG) are investigated for each X and Y to evaluate, which com-
bination of substituents would stabilize 1A or 1B as possible
synthetic targets. For this reason, three Y groups were used
(NH, O, S) in combination with 12 X substituents, covering
both electron-withdrawing (EWG: F, Cl, Br, CN, OCN,
SCN, Ph) and electron-donating groups (EDG: OMe, SMe,
NMe2, Me) and H. One may propose putative energy profiles
(Fig. 3) depending on the stabilizing and destabilizing effects
of X and Y. The regular line (Case I) indicates a situation
where the energy level of 3 is considerably lower than 1A
and 1B. Consequently, heterophosphetes cannot be synthe-
sized. The bold line (Case II) indicates a situation in which
1B is lower on the energy scale than 3; in this case, 1B does
Figure 3. Two putative energy profiles for two alternative cases of the 1A/
1B/3/3* reaction path defined in Scheme 2.

Table 1

Computed relative and transition states Gibbs free energies (DG) for heterophosph

NH O

DG1A/3� DG1B/3� DG3/3� DG1A/3�

F 4.2 �15.8 �9.6 30.6

Cl 26.4 7.0 �4.9 56.3

Br 28.3 11.4 �3.4 58.3

CN 4.2 �36.5 d 26.1

OCN �25.2 �53.5 d 9.1

SCN 20.1 �14.8 d 42.7

OMe 78.0 d �12.0 104.0

NMe2 131.0 d �11.2 143.3

SMe 84.7 d 4.2 99.2

H 62.2 d �28.4 d

Me 107.23 d �24.64 111.68a

Phb 159.27 d �17.75 d

a 1A is a stationary point with one imaginary frequency.
b Computed at B3LYP/6-31þþG(d,p) level of theory.
not undergo ring opening to afford 3, and therefore 1B might
be synthesized. In fact, one or both minima of heterophos-
phetes 1A and 1B could be annihilated on the PES due to
unfavorable combinations of the substituents, and these struc-
tures therefore cannot be synthesized.

2. Computational methods

Several theoretical methods and a number of basis sets
were applied in this study, including HF, DFT(B3LYP),15

and different high electron-correlation methods. The thermo-
dynamic functions (H, G) were calculated at 298.14 K using
the Gaussian03 program16 at the same levels of theory. For
the sake of clarity and simplicity, references to 1A, 1B, 3,
and 3* that have different heteroatoms (Y) and exocyclic sub-
stituents on phosphorous (X), are made as 1A(X,Y), 1B(X,Y),
3(X,Y), and 3*(X,Y). For a selected family of compounds
(X¼F and Y¼NH, O, S) {1A(F,Y); 1B(F,Y); 3(F,Y); 3*(F,Y)}
more accurate calculations have also been performed at
the BHandHLYP/6-311þþG(2d,2p),17 MP2(FC)/6-311þþ
G(2d,2p),18 G3MP2,19 CCSD/6-31þþG(d,p),20 and CCSD(T)/
6-311þþG(3df,2dp)//CCSD/6-31þþG(d,p)21 levels of theory.
Relative energy values of 1A, 1B and 3 (DE) as compared to 3*
as the reference, computed at the various levels of theory,
were plotted against those obtained at the high CCSD(T)/
6-311þþG(3df,2dp)//CCSD/6-31þþG(d,p) level of theory
(Tables S1eS6 and Fig. S1). If one considers the CCSD(T)
method as the reference method, then the most inaccurate are
the HF and MP2, the B3LYP and BHandHLYP methods pro-
vide more reliable results, while CCSD and G3MP2 are the
best. Finally, a compromise was made between accuracy and
economy, and the promising B3LYP/6-311þþG(2d,2p) level
of theory was used for the present work, where a 4(hetero-
atom)�12(exocyclic)�6(4minimaþ2TS)¼288 structures were
optimized. The optimized enthalpies and Gibbs free energies at
298.14 K were computed with respect to reference structure 3*.
(Tables 1 and 2, Tables S1 and S2). Compound 2B in most cases
does not represent a minimum on the potential energy surface.
In these cases, the optimized 2B structures with one imaginary
etes for X¼F, OMe and F indicating relative stabilities

S

DG1B/3� DG3/3� DG1A/3� DG1B/3� DG3/3�

�8.8 �7.7 �5.0 �27.8 d
7.7 �5.6 17.3 �7.6 �4.4

d �4.6 18.3 �5.6 d

�31.1 d �3.4 �48.9 d

�39.4 d �42.0 �60.6 d
�3.7 d 4.4 �27.3 d

d �15.9 84.3 d �9.0

d �16.3 138.2 d �11.4

d 1.9 74.3 d �1.5

d �23.2 d d �37.7

d �27.55 d d �23.7

d �17.51 d d �9.3



Table 2

Summary of the computed relative enthalpies for heterophosphetes

X Y CH2 NH O S

F 1A>1B<3<3* 1A>1B<3<3* 1A>1B<3<3* 1A>1B<3<3*

Cl, Br 1A>1B>3<3* 1A>1B>3<3* 1A>1B>3<3* 1A>1B>3<3*

CN, OCN, SCN 1A>1B<3* 1A>1B<3* 1A>1B<3* 1A>1B<3*

OMe, NMe2, SMe 1A>3<3* 1A>3<3* 1A>3<3* 1A>3<3*

H, Me, Ph 1A>3<3* 1A>3<3* 3<3* 3<3*

The italicized number indicate the global minimum of the PES, based on computations carried out at B3LYP/6-311þþG(2d,2p) level of theory.
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frequency were used in the calculation of DHH2 values for
1B/2B.

3. Results and discussion

In this section, we discuss the thermodynamic and kinetics
aspects of all 1A, 1B, and 3 structures containing three differ-
ent ring heteroatom moieties (Y¼NH, O, S) and for 12 exocy-
clic substituents (X¼H, Me, Ph, OMe, NMe2, SMe, F, Cl, Br,
CN, OCN, SCN).

3.1. Thermodynamic aspects

The relative energetics of the four possible structures (1A,
1B, 3, and 3*) measure thermodynamic stability, while the two
transition states 1B-TS (belonging to 1A/1B) and 3-TS (be-
longing to 1B/3) define kinetic stability. The thermodynamic
stability of the 1A and 1B species can be measured in two
ways. From the synthetic perspective, the Gibbs free energy
change of the ring-opening (1/3) is a critical parameter,
which quantifies whether compound 1 undergoes a ring
Figure 4. 3D PESs associated with Type I: X¼F, Y¼O (A), X¼Cl, Y¼O (B), X

X¼Me, Y¼O (F).
opening or not. In several cases, neither structure of 1, nor 3
exist. At the same time, 3* always exists. From the thermody-
namics point of view, 3* can be used as a common reference
state and the stabilities of 1A, 1B, and 3 can be measured and
compared with respect to 3*. Hence, relative values of all
thermodynamic functions, including Gibbs free energies
were calculated with respect to 3*, implying that
DG(3*)¼DH(3*)¼TDS(3*)¼0.00 kJ/mol. Compound 3 is ex-
pected to exist if both values are exothermic, while compound
1 is expected to be the stable structure if the two values are
endothermic. Secondly, by examining the 3�12 3D PESs
(six representative PESs are displayed in Fig. 4), one can
distinguish three clusters of substituents that may be classified
as Type I (F, Cl, Br, CN, OCN, SCN), Type II/A (NMe2, OMe,
SMe), and Type II/B (H, Me, Ph) substituents. The effect
of these clusters differs not only quantitatively, but also in
the basic topology of the PESs. The existence of structures
1A, 1B, and 3 strongly depends on the type of substituents
applied.

(a) Electron-withdrawing groups (EWG) such as halogens,
CN, OCN, and SCN belong to Type I substituents, which are
¼Br, Y¼O (C), Type II/A: X¼OMe, Y¼O (D), Type II/B: X¼H, Y¼O (E),
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able to stabilize both 1A and 1B to occupy distinct energy min-
ima (Fig. 4AeC). The stronger EWGs yield less exothermic and
more endothermic ring-opening DG values for 1A and 1B, re-
spectively. In some cases in the presence of strong EWGs such
as CN, OCN, and SCN, the minimum of 3 is annihilated and
merges into 1B, resulting in very stable four-membered rings.
As was discussed previously, in all cases, 1A lies at a higher en-
ergy level than 1B, suggesting that 1B would be more favorable
from the point of view of synthesis (see Tables 1 and 2, as well as
Tables S1 and S2). According to thermodynamic stability, struc-
ture 1B with substituents F, CN, OCN may be possible targets for
the synthesis of stable heterophosphetes.

(b) The class of Type II/A substituents consist of strong
electron-donating groups (EDG) and conjugative groups with
lone electron pairs on the first atom of X (NMe2, OMe and
SMe). Substituents of Type II/A only exhibit 1A, 3, and 3*
as a true minima, although the DG1A/3 and DG1A/3� values
are high and exothermic (>100 kJ/mol). Interestingly, Type II/
A substituents are unable to stabilize 1B; therefore, these struc-
tures do not represent a stationary point in the downward trend
of a PES (Fig. 4D). Instead, around the position of 1B, the sur-
face is rather flat and horizontal, indicating that this point is
almost a stationary point.

(c) Finally, the non-conjugative H, Me, and Ph groups with-
out lone pairs belong to the Type II/B substituent class, which de-
stabilizes both 1A and 1B heterophosphetes. In the case of these
substituents, there are no minima for any of species 1B, and
among 1A structures, only 1A(H,NH) and 1A(Me,NH) repre-
sent a true minima (Fig. 4E and F); 1A(Me,O) lies on a stationary
point with one imaginary frequency and is therefore a transition
state. In these cases, the ring-opening DG1A/3 and DG1A/3�

values are also highly exothermic (>100 kJ/mol) (Table 2). It
should be mentioned that 1B is positioned on a completely
downward trend of a PES, without any horizontal portions.

For three substituents (Y¼F, OMe, Me), DG values are
summarized for illustrative purposes in Table 1, while all other
relevant values are given in Tables S1 and S2. In order to un-
derstand how the different types of substituents may influence
the topology of the 3D PESs, the antiaromaticity of structures
1A and 1B should be investigated.

3.2. Kinetic aspects

The variation of substituents X and heteroatom Y in the het-
erophosphete results in dramatic changes in the ‘reaction
profile’ (Scheme 2), which is the minimal energy pathway seg-
ment (MEP) of the PES (Fig. 4) from 1A toward 3. The energy
profiles of three different types of substituents (Type I, II/A,
and II/B) also show markedly different patterns, and are con-
trolled by the antiaromatic character of 1A as shown in Fig-
ure 5, Table 3 and Table S2. When both 1A and 1B exist
(Type I), these two minima are linked by pseudorotation
(Fig. 5A). Pseudorotation may be represented by the dihedral
angle c¼XaxialeP1eY2eC3. Thus, c by definition is 180� for
1A, and 120� for 1B, while c is optimized to 172� in 1B-TS,
as shown in Table 3 and Table S2. The activation Gibbs free
energies are rather low ðDGs

1B-TS ¼ 3e12 kJ=molÞ,6a which
means that the rate of the transformation of 1A to 1B is
very fast and the DGs

1B-TS value does not depend markedly
on the antiaromaticity of 1A. This low energy TS can be traced
to the chemical process (1A/1B-TS/1B), where the antiar-
omaticity decreases dramatically. The greater stability of 1B
and the low DGs

1B-TS value makes the isolation of 1A kineti-
cally impossible since the structure of 1B cannot be frozen
with only a 10 kJ/mol barrier height. The energy gap between
1B and 3 is also rather low ðDGs

3-TSz5e18 kJ=molÞ because
of the complete vanishing of remaining weak antiaromatic
character. This allows for a fast ring-closing/ring-opening re-
action. From the kinetic point of view, it is not possible to
trap either 1A or 1B if 3 is the thermodynamically preferred
structure. However, when 1B is more stable than 3, 1B may
be isolated. In the case of substituents of Type II/A, 1A is in
fact, a minimum; therefore a low barrier TS appears
ðDGs

1B-TSz6e8 kJ=molÞ after 1A.
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Scheme 2. Reaction mechanism of the transformation of the 1A/1B/3/

3* process.

However, because of the absence of a stable 1B, the mini-
mum energy pathway (MEP) leads directly to 3 (Fig. 5B). As
was mentioned before, in the case of substituents of Type II/B,
1A does not exist for Y¼O and S. However, when Y¼NH, 1A
is a real minimum with very low stability. The energy profile is
therefore very simple (Fig. 5C).
3.3. Antiaromatic character of 1A and 1B

The aromaticity/antiaromaticity percentage of compounds
1A and 1B with X¼F, Cl, CN and Y¼O, NH, S were exami-
ned earlier,4 where 1A was shown to be antiaromatic in con-
trast to the non-aromatic or slightly antiaromatic 1B (see
Fig. 1). As was shown in Section 3.1, structures 1B always
proved to be more stable than 1A, namely the energy differ-
ences between 1A and 1B with Y¼O, NH, S, were always
negative [DHpseudo(1A/1B)¼(�20 kJ/mol)e(�60 kJ/mol)],
which was attributed to the annihilation of the antiaromatic
character during the pseudorotation process of 1A/1B.4

However, in the cases of the pseudorotation of non-aromatic
2A to non-aromatic 2B, these values proved to be around



Figure 5. Schematic representations of the energetic profile of the 1A/1B/3 transformation with different types of substituents denoted by X. The vertical axis

is DG (kJ/mol) and the horizontal axis is the reaction coordinates in arbitrary units.
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zero [DHpseudo(2A/2B)¼(�6 kJ/mol)e(þ2 kJ/mol)]. Analo-
gously to the pseudorotation of 2A/2B, the pseudorotation
of 1A(X,CH2)/1B(X,CH2) also exhibits relatively small
values [DHpseudo(1A/1B)¼(�5 kJ/mol)e(�10 kJ/mol)], for
the cases when Y¼O, NH, S. While 1A(X,CH2) and
1B(X,CH2) can be considered to be non-aromatic compounds,
the large DHpseudo(1A/1B) values for heterophosphetes
Y¼O, NH, S justify their significant antiaromaticity. Here,
we report the antiaromaticity percentage of compounds 1A
and 1B with 12 exocyclic substituents (X) (Table 4). As was
defined earlier, compounds 1(X,CH2) are considered to be
non-aromatic reference compounds for the calculation of aro-
maticity percentages. The calculated aromaticity/antiaromaticity
data for the 2�3�12 1A and 1B structures summarized in
Table 4 reveal two important points. At first (point a), 1A
with exocyclic substituents (X) of Type II/A and Type II/B ex-
hibits significantly lower antiaromaticity percentages, than 1A
with Type I substituents (Fig. 6). Secondly (point b), the ques-
tion arises why the more antiaromatic 1A with Type I substit-
uents possesses larger thermodynamic stability values
(endothermic DG1A/3� values) instead of the less antiaromatic
1A with Type II/A and II/B substituents.

(a) The less antiaromatic character of 1A with Type II/A and
Type II/B substituents, X may be attributed to the chemical
character of X (Scheme 3). The lone pair on X may result in
an ‘exoconjugation’ between X and P1 atom. This



Table 3

Computed activation Gibbs free energies (DGs, kJ/mol) and key geometric parameters (cC3eY2eP1exa and rP1eY2 in Å) of selected transition states linking 1A and

1B, as well as 1B and 3, computed at B3LYP/6-31þþG(2d,2p)

NH O S

1A/1B-TS 1B/3-TS 1A/1B-TS 1B/3-TS 1A/1B-TS 1B/3-TS

DGs cC3eO2eP1eXa (�) DGs rP1eO2 DGs cC3eS2eP1eXa (�) DGs rP1eS2 DGs cC3eN2eP1eXa (�) DGs rP1eN2

F 7.23 172.6 8.49 2.360 3.60 172.1 5.89 2.448 5.21 167.7 d d

Cl 9.63 170.9 17.96 2.260 4.26 170.7 14.77 2.211 7.85 165.6 3.66 3.001

Br 10.93 169.7 4.27 2.240 4.63 169.2 d d 8.98 164.5 d d

CN 5.48 175.1 d d 4.98 176.2 d d 4.57 173.2 d d

OCN 4.68 175.4 d d 4.34 175.1 d d 4.02 173.9 d d

SCN 4.21 176.2 d d 4.10 176.4 d d 3.78 174.1 d d
OMe 12.34 171.3 d d 4.57 168.6 d d 5.91 165.5 d d

NMe2 11.25 171.3 d d 5.10 168.1 d d 6.18 164.1 d d

SMe 8.36 171.3 d d 4.87 169.1 d d 5.91 165.2 d d

H 1.66 180.0 d d d d d d d d d d
Me 7.73 171.1 d d d d d d d d d d

Pha d d d d d d d d d d d d

a 1A is a stationary point with one imaginary frequency.

Table 4

Computed aromaticity/antiaromaticity percentages for 1A and 1B congeners

Type X NH O S

1A 1B 1A 1B 1A 1B

I F �49.6 �14.3 �40.1 �7.3 �26.8 �4.5

Cl �45.1 �6.4 �34.6 5.3 �22.9 6.2

Br �42.2 2.5 �31.5 20.6 �20.0 10.2

CN �40.3 7.2 �34.1 10.2 �22.5 14.7

OCN �57.5 �41.5 �49.6 �20.2 �31.1 �23.7

SCN �45.7 �24.8 �52.2 �21.0 �32.1 �12.1

II/A OMe �27.3 d �19.9 d �30.8 d
NMe2 �4.8 d �3.2 d 1.0 d

SMe �17.7 d �17.9 d �4.4 d

II/B H �20.1 d d d d d

Me �21.5 d �14.8a d d d
Phb d d d d d d

a Stationary point with one imaginary frequencies.
b Computed at the B3LYP/6-31þþG(d,p) level of theory.
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‘exoconjugation’ competes and decreases the unfavorable in-
ternal conjugation between P1 and Y2, and lowers the weight
of the antiaromatic resonance structure (1A-II). The opposite
effect can be recognized in the cases of Type I substituents,
where the internal conjugation is increased by the strong
EWG substituents due to the larger polarization of the
P1eY2 bond, resulting in an increase in the weight of the anti-
aromatic resonance structure (1A-II). This effect is reflected in
the P1eY2 atomic distances, where the shortest bond lengths
can be identified in the case of Type I substituents (Scheme 3),
while in structures 1A with substituents of Type II/A and Type
II/B the bond distances are significantly longer by 0.06 Å, than
in 1A with substituents of Type I (Table S5). It can be also seen
that the P1eY2 bond lengths (d) of 1B are systematically lon-
ger by w0.05 Å than those of 1A when both ring structures
exist, referring to the larger degree of antiaromaticity of 1A,
than 1B.

Structural changes as measured by the P1eY2 bond length
(d) show direct correlation with the calculated antiaromaticity
percentages of 1A and 1B (Fig. 6), and are in a good agree-
ment with the hypothesis that shorter P1eY2 bond lengths in-
crease antiaromaticity. However, in the case of Y¼S, the
points belonging to 1A and 1B represent different lines that
are roughly parallel to each other. One may conclude that
structure 1B results in a less antiaromatic ring structure than
1A due to the different symmetry of the overlapping atomic
orbitals on P1 and Y2. This is the first case, when a quantitative
relationship was established between antiaromaticity and the
bond lengths.

(b) To solve the apparent contradiction of why the less anti-
aromatic 1A exhibits increased chemical instability (exother-
mic DG1A/3� value), the whole 1A#3#3* chemical
equilibrium should be taken into consideration (Scheme 4).
One may consider the energy level of 1A(X,Y) as the zero
position. The DG1A/3 and DG1A/3� values then reflect the
absolute energy levels of 3(X,Y) or 3*(X,Y), and are con-
trolled by the EWG/EDG properties of the X substituents. It
was concluded earlier that 1A with substituents of Type I is



Figure 6. Correlation of DG for 1A and 1B with the atomic distances of

P1eY2 (r). The points with * (in the case of X¼CN) are omitted from the

fitting; A: Y¼NH; B: Y¼O; C: Y¼S.
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more antiaromatic than 1A with substituents of Type II/A.
Therefore, one may conclude that substituents of Type I pre-
sumably destabilize structure 1A (Fig. 7). Structures 3(X,Y)
and 3*(X,Y) may be represented by two resonance structures
(3-I)/(3*-I) and (3-II)/(3*-II) (Scheme 4). The EWG prefers
the 3-I/3*-I phosphorane-type resonance structure, while in
the case of the EDG, the (3-II)/(3*-II) ylide-type resonance
structure dominates.

Irrespective of X, the Y moiety is electron-withdrawing
(NH, O or S) in both cases, and the more conjugated (3-II)/
(3*-II) ylide-type resonance structure represents the more
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favorable form. This situation is represented by the Natural
Bond Orbital (NBO) atomic charges of the Y atom in 3*, as
shown in Table 5, where Type I substituents exhibits signifi-
cantly lower negative values, than Type II/A and II/B substitu-
ents, which are close to each other. Due to the delocalization
between X and Y through the conjugated X3eP]CeC]Y
backbone, the chemical structure where the ylide-type reso-
nance structure (3-II)/(3*-II) dominates is more favorable,
than resonance structure 3-I/3*-I. From these data, it can be
concluded that electron-donating and conjugative groups of
Type II/A and non-conjugative II/B substituents stabilize, while
strong electron-withdrawing groups of Type I destabilize struc-
tures 3 and 3* (Fig. 7). This means that electron-donating and
conjugative groups of Type II/A and non-conjugative groups of
Type II/B substituents stabilize structures 3 and 3* to a larger
extent than structure 1A, decreasing the DG1A/3 and
Table 5

Computed NBO atomic charges of the Y atom in 3* congeners

Type X/Y NH O S

I F �0.664 �0.571 �0.055

Cl �0.648 �0.564 �0.049

CN �0.622 �0.539 þ0.012

II/A OMe �0.712 �0.624 �0.173

NMe2 �0.721 �0.634 �0.195

SMe �0.687 �0.608 �0.144

II/B H �0.709 �0.616 �0.156

Me �0.734 �0.645 �0.221

Pha �0.755 �0.642 �0.221

a Computed at B3LYP/6-31þþG(d,p) level of theory.

Figure 8. Correlation of thermodynamic stability of 1A ðDG1A/3� Þ with calcul

A: Y¼NH, B: Y¼O, C: Y¼S, D: all Y.

Figure 9. Correlation of DG1A/3� values 1A [B3LYP/6-311þþ(2d,2p
DG1A/3� values (more exothermic) of this ring-opening reac-
tion (Figs. 7 and 8).

An opposite effect can be recognized for Type I substitu-
ents. In this case, the Type I electron-withdrawing substituents
destabilize structures 3 and 3* to a larger extent than structure
1A, increasing the DG1A/3 and DG1A/3� values (more endo-
thermic) of this ring-opening reaction.
3.4. Substituent effects

The electronic effect (EWG/EDG properties) can be de-
scribed by the well-known spara

22 Hammett constant23

(Fig. 9AeC), which is widely used to measure the reactivity
of substituted benzenes.24 Here we present, as Figure 9AeC
indicates, spara parameters show a relatively good linear corre-
lation with DG1A/3� values for Y¼NH, O, and S. It is worth
mentioning that the slopes of the fitted lines for different Y
constituents are almost the same. This may mean that the basic
chemical phenomenon is independent from the chemical prop-
erties of Y. The different y-intercept values are, however, char-
acteristic for Y¼NH, O, and S (see the fitted equations in
Fig. 9AeC). EWG/EDG properties are usually considered as
a combination of the inductive (þI/�I) and a conjugative or
resonance (þR/�R) effect25 (Table 6), with each having
clearly different roles. As Table 6 shows, 1A exists only
when the P-substituent (X) possesses certain conjugative ef-
fects (Type I and Type II/A), which may decrease the antiaro-
matic character via external conjugation. The existence of 1B,
requires electron-withdrawing character for P-substituents
ated percentage aromaticity at the B3LYP/6-311þþ(2d,2p) level of theory.

)] with spara Hammett parameter; A: Y¼NH, B: Y¼O, C: Y¼S.



Table 6

A comparison of various substituents with stability and preferred conforma-

tions of simple heterophosphete

Type I

(F, Cl, Br, CN,

OCN, SCN

Type II/A

(OMe, NMe2, SMe)

Type II/B

(H, Me, Ph)

Inductive effect Strong Medium/weak Weak

Conjugative effect Strong Strong Weak

Existing structurea 1A, 1B, 3, 3* 1A, 3, 3* (1A), 3, 3*

Most stable 1B 3 3

a With a minimum of the PES.
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(Type I). The non-conjugative and weakly electron-donating
substituents of Type II/B cannot stabilize either 1A or 1B.

Finally, the percentage of aromaticity/antiaromaticity also
shows a relatively good correlation with the spara Hammett
constant. From these data, one may conclude that a stronger
EWG causes a larger antiaromaticity percentage.

3.5. Ring strain of heterophosphetes

The ring strain of heterophosphates [2A(Me,Y),2B(Me,Y),
where Y¼NH, O, S] was determined by isodesmic ring-open-
ing reaction (IR) with C2H6 molecule in terms of DHIR. Com-
paring the DHIR values obtained for compounds 2 with the
similar values of cyclobutane (7) and its different congeners
(7e11) one may conclude that while compounds 7e11 posses
relatively large exothermic values (Scheme 5) that refers to
their significant ring strain. At the same time, heterophosphe-
tanes 2 exhibit endothermic values, indicating that these four-
membered ring structures are not really strained. The lack of
ring strain in 2 can be attributed to the pentavalent P atom,
which prefers the rectangular bond angles. As expected,
compound 11 containing S atom results in smaller DHIR value
than those of C, N, and O atoms containing 7, 9, and 10 in
the same position. However, in the case of non-strained
Y
Y

Y P

X

X
X

Y P

X

X
X

Y P
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Scheme 5. Isodesmic reaction of 7e11 and 2. Computed enthalpies (DHIR, kJ/

mol) of the isodesmic reactions of 7e11, 2A and 2B, computed at B3LYP/

6-311þþG(2d,2p); DHIR(1)¼DHIR(2)�21.53 kJ/mol.
heterophosphetes 2, the effect of the S atom is already not
very significant. The direct determination of ring strains for
compounds 1 by isodesmic reaction is not possible, because
the calculated DHIR values of 1 contains the combination of
the ring strain and the antiaromatic stabilization energy. The
difference in DHIR values computed for 7 and 8 indicates an
increased ring strain by the introduction of one double bond
into a four-membered ring (21.53 kJ/mol). These data can be
considered as an estimation of the ring strain in compounds
1, subtracting this 21.53 kJ/mol value from DHIR values of 2
(Scheme 5). The estimated DHIR values of 1 are around zero
(Scheme 5), referring that these rings are absolutely non-
strained.

4. Conclusion

By studying the electronic effects of three ring heteroatom
(Y) and 12 exocyclic substituents (X) on the stability of both
conformers (1A or 1B) of heterophosphetes, the following
pattern has emerged.

1 The 12 exocyclic substituents studied formed three clus-
ters (Type I, Type II/A, and Type II/B) on the basis of their
potential energy surface. Strong electron-withdrawing
P-substituents (X) (Type I) stabilize both 1A and 1B ring
structures, creating an isolable molecule from synthesis.
The electron-donating P-substituents of Type II/A, as
well as non-conjugative P-substituents Type II/B stabilize
the ring-opened structures (3); hence, heterophosphetes
with these substituents are not a good target for synthesis.

2 The complete energy profile of the 1A/1B/3/3* re-
action sequences were studied for 12 X substituents and
three heteroatoms, revealing the overall thermodynamic
and kinetic consequences. Due the fact that all TSs are
low, therefore all reaction steps are comparably fast (the
kinetic stability is low), consequently the thermodynamic
stability may control and determine the stability of form-
ing products.

3 There is a virtual contradiction where the more antiaro-
matic 1A has larger thermodynamic stability. This could
be solved by the detailed study of the whole equilibrium
of 1A#1B#3#3*.

4 The electron-donating/withdrawing and conjugating ef-
fects of exocyclic substituents (X) can be quantified by
the Hammett spara constant.
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