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Why are Phosphole Oxides Unstable? The Phenomenon of Antiaromaticity as
a Destabilizing Factor
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It is shown that the great instability of phosphole oxides can
be attributed to their antiaromatic characters. The aromatic—
antiaromatic switch in the course of the oxidation of phos-
pholes, which may be fine-tuned by P substituents, increases
the reactivity toward dimerisation, leading to the correspond-

ing 7-phosphanorbornene rings. The degree of antiaromatic-
ity of these stable compounds is examined and quantified on
a linear aromatic and antiaromatic scale.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

The aromaticity of phospholes has been questionable for
a long time,'"?l and the commonly accepted view is that
they have a very weak aromatic character.[?! Earlier studies
found that their aromatic stabilization energies (ASEs) are
roughly 30-60 kJmol™!, which is considerably lower(>#
than in the nitrogen analogue, pyrrole (70-130 kJmol).3-4
The lack of aromaticity is due to the pyramidal geometry
around the P atom; the lone electron pair cannot participate
in the delocalization. The high inversion barrier of the
phosphorus pyramid prevents inversion or flattening.[’! The
weak aromaticity may also be attributed to the hyperconju-
gation of the exocyclic 6(P-Y) bond.! Several studies have
found that, in contrast with the stability of phospholes (e.g.,
1), phosphole oxide derivatives (e.g., 2) exhibit an unusual
instability.[®”] The phosphole oxides obtained on oxidation
of the phospholes undergo regio- and stereospecific Diels—
Alders-type [4 + 2] dimerization reactions to afford exclu-
sively 7-phosphanorbornene ring systems 3 (Scheme 1).[6:8]
A theoretical study showed that the reaction is kinetically
controlled and that only one structure 3 with the given con-
figuration can be formed."

Other experimental findings revealed that phospholes 4
are stable for days, but their oxidized derivatives 5 are un-
stable under the same conditions and are rearranged to 6
(Scheme 2).I71 The instability of 5 was explained by a weak
antiaromaticity.”? These compounds are important, as they
can be used as multifunctional materials for organic light-
emitting diodes (OLEDs).['!
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It seemed to be interesting to study the theoretical back-
ground of the driving force for the classical 1 — 2 — 3
transformation; the phenomenon of antiaromaticity may
obviously be an important factor in the reaction sequence.
The determination of the antiaromatic character of 2 and 5
by traditional means, however, is not simple. The NICSI'!]
values show significant deviation from the usual values due
to the shielding effect of the P atom,[” while BIRD in-
dexes®¥ were also found to be unsuitable.”? It was a chal-
lenge for us to elaborate a method for the reliable and quan-
titative characterization of the antiaromaticity of phosphole
chalcogenides.

2. Computation Methods

The B3LYP/6-31G,['”l B3LYP/6-31G(d) and B3LYP/6-
311++G(2d,2p) levels of theory were used for this work,
with the aid of the Gaussian03 program.!'3] The computed
enthalpies and Gibbs free energies with respect to the values
at 298.14 K are summarized in Table S1.
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3. Results and Discussion

3.1. Quantification of Aromaticity and Antiaromaticity

Levels of antiaromaticity have been quantified in terms of
hydrogenation reactions [Figure 1; Equation (1)].14 The de-
pendent variable y, measuring the percentage of aromaticity
or antiaromaticity and running between benzene (+100%)
and cyclobutadiene (—100%) has been defined as a linear
function of the relative enthalpy of hydrogenation [Equa-
tion (1) and Equation (2)]. This methodology also requires
reference hydrogenation reactions, as shown in Figure 1 for
benzene and cyclobutadiene, as well as for 1 and 2,™ where
m = 0.6496 and b = —1.9273 at the B3LYP/6-31G(d) level
of theory.¥l

AAHu; = AHwm[1] - AHpo[11] )]
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Figure 1. Definition of aromaticity percentages.
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Figure 2. Aromaticity/antiaromaticity diagrams for 1 (A and B) and 2 (C and D) computed at the B3LYP/6-31G(d) level of theory.
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The calculated aromaticity and antiaromaticity percent-
ages of la—e and 1h-1 are summarized in Tables I and 2.
The values are in good agreement with expectation and the
previously reported data.’# As can be seen, phospholes are
of weak aromatic character, but in accord with earlier expe-
riences (shown), 1e (and 11) possess the highest aromaticity
percentage values (Figure 2).!Y1 This is due to the flattened
P atom, which makes a significant aromatic delocalization
possible.l'Y The OMe and F substituents (1f, 1g, 1m, 1n),

Table 1. Computed AAHyy, values (kJmol ') and calculated aroma-
ticity/antiaromaticity percentages for compounds 1 at the B3LYP/
6-31G(d) level of theory.

Y R=H R = Me
AAHy, % AAHy» %

H a 3129 1840 h 1696 9.09

Me b 2197 1234 i 2174 1220

Ph ¢ 1570 8.27 i 1525 7.98
24,6-Me-CgH, d 3434 2038 k2785 1616
24,6-Bu-CgH,ll e 4665 28.38 1 4333 2622
OMe f 458 490 m 324 403

F g 111 915 n 962 818

[a] Modelled by a 2,6-di-tert-butyl-4-methylphenyl group.

Table 2. Computed AAHyy, values (kJ mol') and calculated aroma-
ticity/antiaromaticity percentages of compounds 2 at the B3LYP/6-
31G(d) level of theory.

Y R=H R = Me
AAHy, Y% AAHy, %

H a 1712 -13.05 h 3331 2357
Me b 1644  -12.60 i -38.83  -27.15
Ph c -21.84  -16.12 i -37.65  -26.39
2,4,6-Me-C¢H, d 2354 1722 k 4364 3027
2,4,6-Bu-CeHyl*l e -12.90  -10.31 1 -13.15  -10.47
OMe f 249 -18.16 m 4705 3249
F g 26.54 -19.17 n 4313 2994

[a] Modelled by a 2,6-di-fert-butyl-4-methylphenyl group.
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however, change the aromaticity to a very weak antiaromat-
icity, which may explain the failure to prepare these deriva-
tives.

As proposed earlier, the 6>—c* transformation of the P
atom by oxidation switches the weak aromaticity of 1 to a
medium antiaromatic character in 2. It seemed to be inter-
esting to investigate the phosphole chalcogenides
(Scheme 3), in which Z = S (13) and Se (14), and to com-
pare these instances to the Z = O case (2¢). A significant
decrease in the antiaromatic character can be seen in the Z
= 0, S, and Se periodic order (Figure 3). A more strongly
electron-withdrawing atom causes a larger antiaromaticity.

Z=0 (2¢)
P S (13)
7 ph Se (14)
Scheme 3.
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Figure 3. Aromaticity/antiaromaticity percentages of 2¢, 13 and 14.

The antiaromaticities of 2, 13 and 14 can be explained
by their resonance structures (I and II), in which I and II
represent a nonaromatic and an antiaromatic ring system,
respectively (Figure 4B). Resonance structure II contains a
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P atom with positive charge, which allows continuous 4rn-
conjugation. This situation shows a close analogy with bor-
ole, in which the empty p. orbital of the B atom plays a role
in the antiaromaticity (Figure 4).['3] The “ratio” of reso-
nance structures I and II results in the final extent of antiar-
omaticity. A similar situation was revealed earlier in the
case of heterophosphetes.[!6]

VO aromatic  §B antaromatic
b {en) / 6\ :1 )\ Z 4N 14 47:5
I A N
by bz Y 62 Y
1 bl gq314 I

Figure 4. Analogy between A) pyrrole and 1, and B) borole and 2,
13 and 14, with 6m and 4n conjugated electron systems, respectively.

The types of computed molecular orbitals (MOs) for
pyrrole, 1a, 2a and borole are shown in Figure 5. The MOs
and their energy levels of 2a show a significant correlation
with the same MOs of antiaromatic borole; that is, the
shapes and symmetries of HOMO — I, HOMO, LUMO and
LUMO + 1 for 2a are very similar to the corresponding
MOs of borole. However, the shapes and symmetries of
these MOs in 2a and 1a differ markedly from each other,
reflecting the different electronic structures and molecular
properties. The MOs and the energy levels of 1a correlate
with those of the aromatic pyrrole.

Table 1 shows that the presence of an electron-donating
group, such as Y = Me, decreases the antiaromatic charac-
ter (2b, 2i), in relation to the presence of electron-with-
drawing groups, such as Ph and F substituents (2g, 2n). In
the case of the Me group, the possible hyperconjugative ef-
fect may decrease the antiaromaticity. It worth mentioning
that the presence of the strongly electron-donating OMe
group causes higher antiaromaticity, which may be ex-
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Figure 5. A) Schematic representation of selected molecular orbitals of pyrrole, 1a, 2a and borole (¢'—c analogue; ©'—n analogue).
B) Schematic representation of the MO energy levels for pyrrole, 1a, 2a and borole computed at the B3LYP/6-31G(d) level of theory.
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Figure 6. Various arrangements of the substituted phenyl group in 2¢, 2j, 2d, 2k, 2e and 2.

plained by the presence of the electronegative O atom. Only
2e and 21 exhibit significantly smaller antiaromatic charac-
ters. These lower values can be attributed to the different
arrangement of the substituted phenyl group, relative to 2¢/
2j and 2d/2k (Figure 6). When the substituted phenyl group
is forced to occupy an orthogonal position to the P=0O
bond, the p. atomic orbital on the C! atom in the phenyl
group is able to overlap with the empty d,»_ > or d.. atomic
orbital through combination with p, of the P atom. This
overlap decreases the antiaromaticity of the phosphole ring
through charge transfer, because in this special geometry
the substituted phenyl group becomes electron-donating
towards the electron-deficient P atom, as represented by the
resonance structures (I and II, Figure 6 and Figure 7).

o 9@ " ,9@ H
=2 AN J AN
- -
H H H H
I I m
2a
/9 OG> /O,@
Bu / tBu
=24 > DN &N
tBu! fBu tBu
Bu Bu Bu
1 I 11
2e

Figure 7. Resonance structures (I, IT and III) of 2¢ and 2e.

In the unsubstituted cases (2¢, 2j), the phenyl group is
parallel with the P=O bond, so the p. atomic orbital on C!
is not able to overlap with the empty d,- > or d.. atomic
orbitals of the P atom. This type of phenyl group behaves as
an electron-withdrawing group, and the second resonance
structure (II) does not exist (Figure 6 and Figure 7).

To confirm this theory, a rotational experiment was elab-
orated on molecule 2¢, in which a y torsion angle is defined
by O=P!-C!"-C?' as defined in Figure 6. By rotating the Ph
group around the P-C bond from y = 0°, the conforma-
4768
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tional minimum of 2¢, to y = 90° [2¢(90°)], which is the case
in 2e, one can outline potential energy and antiaromaticity
percentage curves correlating with the y torsion angle (Fig-
ure 8). As Figure 9 shows, the rotation curves along the y
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Figure 8. Correlation between conformational energy changes (left,
AH,.), as well as antiaromaticity percentages (right, %) against y
computed at the B3LYP/6-31G(d) level of theory.
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Figure 9. Comparison of the conformational energy changes
(AH,o) of 2¢, 10c and 12¢ along y, computed at the B3LYP/6-
31G(d) level of theory.
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torsion angle for 10c and 12¢ exhibit the higher maximum
values, by 4 and 7 kImol™!, respectively. The 7 kJmol™! for
12 is roughly equal with the aromatic stabilization energy
(ASE) released during the rotation.

The interaction between the phosphole ring and the Ph
ring is depicted in Figure 10, where the two different rota-
mers [2¢ and 2¢(90°)] exhibit dramatically different MOs
(HOMO - 1, HOMO). The overlap between the atomic or-
bitals of the P and C!" atoms in 2¢(90°) is significant in
HOMO - 1, where the corresponding d and p orbitals show
significantly higher values than those in 2¢. This overlap
between the C and P atomic orbitals may be explained as a
charge transfer from the Ph ring to the phosphole oxide
ring. It can be represented by the sums of the natural bond
orbital (NBO) charges of all atoms involved in the two rings
separately (Figure 10). A significant decrease in the group
charge (-0.012) for the phosphole oxide can be observed
when the y is turned from 90° to 0°.

2¢(90)

HOMO

HOMO-1

4

F,j? H B
Jra >
r “@
H H

Figure 10. HOMO and HOMO - 1 MOs of 2¢ with different y
torsion angles with group NBO charges (in box).

Finally, it is worth mentioning that phosphole oxides
with R = Me substituents exhibit significantly larger anti-
aromaticity percentages than phosphole oxides with R = H
substituents (Table 1).

European Journal
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3.2 Energetics of the Reaction Sequence 1 — 2 — 3

In the first step, 1 is oxidized to afford 2, which is fol-
lowed immediately by the second step, in which 2 undergoes
a Diels—Alder-type [4+2] dimerization leading to 3
(Scheme 1).1%81 In spite of the formation of the antiaromatic
products, the oxidation is highly exothermic [Table S1, AG,
= (-270) — (-330) kJmol']. The exothermic formation of
an antiaromatic species may be unexpected, but comparison
of the range of the AG,_,, values with the AG;_,9 and
AGy_,q5 values [Table S1, (-330) — (-370) kImol '] corre-
sponding to the oxidation of 7 and 9 unambiguously re-
flects the fact that the oxidation of nonaromatic 7 and 9,
yielding the nonantiaromatic 10 and 12, gives significantly
larger AG,, values.

The dimerization of the relatively unstable 2 involves one,
usually low- or moderate-energy, transition state [Table 3,
AHYi, 11.55-47.41 kImol ';  AGhim 76.15—
102.94 kJmol™'], which allows the reaction to proceed at
low temperature (0-10°C). The large negative entropy
change values can be attributed to the bimolecular reaction,
but these values may be lower in solution, due to the hin-
dered molecular translation and rotations, relative to the
gas-phase situation, lowering the AG¥;,, values as well. Both
the AHY;,, and the AGY;,,, values are in a relatively narrow
range. Although the energetics of the reaction explain the
process well, one may outline the change in the aromaticity/
antiaromaticity along with the reaction profile of the trans-
formation of 1 — 2 — 3 (Figure 11), where the aromatic
character of 1 is switched to antiaromatic on oxidation, re-
sulting in 2. The final product should be 3, a nonaromatic
species because of the four tetrahedral sp? C atoms in the
framework, discontinuing the conjugated electron system.
The antiaromatic characters of phosphole oxides signifi-
cantly reduce the activation parameters of the dimerization
of phosphole oxides, relative to the same dimerization reac-
tion of slightly aromatic phospholes. The difference is ca.
70 kJmol ! [at the B3LYP/6-31G(d) level of theory]. The
disappearance of the antiaromaticity during the reaction
can be considered the main driving force, but the steric hin-
drance has a significant impact as well. In the cases of 2e
and 2l, the bulky groups significantly increase the activation
parameters, which one may expect from their antiaromatic-
ity percentages.! Finally, we may conclude that the slow

Table 3. AH}im, AGhim (kJmol™!) and AS%;,, (Jmol' K1) values for the dimerisation of 2 at the B3LYP/6-31G(d) level of theory.

R=H R = Me
Y 2 — 3TS 2-3 2 — 3TS 2-3
AHjim AGhim  AShkm  AHgm  AGgim ASim AH}im  AGhm  AShnm  AHgm  AGgm  ASgim
H a 1155 76.15 -216.69 -266.65 -202.77 -21447 | h 3434 9246 -194.94 -258.08 -193.34 -217.33
Me b 1666 81.57 -217.70 -246.31 -182.85 -213.05 i 2591 88.66 21048 -236.96 -172.52 -216.34
Ph ¢ 37.03 97.35 -202.33 -237.78 -165.11 24395 i 44.03  101.09 -191.38 -227.00 -161.66 -219.35
2,4,6-Me-CgH, d 4158 98.19 -189.85 -250.52 -186.15 -216.13 | k 42.83 97.83  —190.01 -240.87 -172.52 -216.34
2,4,6-tBu-CgHLP e 41.13  97.01 18225 -279.76 —-192.45 -291.02 1 4741 100.80 -179.01 -272.88 -186.08 —291.32
OMe f 2499 8535 -202.43 -286.35 -221.84 -216.65 | m 31.33 86.45 -184.89 -277.50 -214.14 -212.76
F g 0.34 99.39  -198.05 -249.77 -185.35 21624 | n 47.17 10294 -187.05 -239.50 -174.35 -218.71
[a] Modelled by a 2,6-di-zert-butyl-4-methylphenyl group. [b] The thermodynamic corrections are calculated at HF/3-21%*.
Eur. J. Org. Chem. 2007, 4765-4771 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjoc.org 4769
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transformation of 2e and 2I° can be attributed to a slower
oxidation process, rather than to the rate of dimerization.
The slow oxidation is due to the bulky R substituents,
which hinder the oxidation of 1e and 1l to 2e and 2L

oxidation , dimerization Y- P-‘O +
1 I R = 2 R
. vl
- ] \\ : ITS d’P\Y
L | AGy, =(-270) - (-330) ! . X
£ \ ' i~ K
2 N AGyin = +76 - 102
1S} sedecca s ——e el
< 1 Ay
' .
; AGiiny = (-165) - (-205),
. V3
[ T —
z =2\ +28.38%
3 b
E 1 :
=1 [
=) [
E . +8.27% 0%
0
L i
&z \ . -10.31% /
-2 -
oo© ( 1
< g s -16.12%

Figure 11. Reaction profile and aromaticity/antiaromaticity profile
for the transformation of 1 — 2 — 3. The dashed boxes indicate
the range between the minimum and maximum values computed
at the B3LYP/6-31G(d) level of theory.

4. Conclusions

Our results have shown unambiguously that phosphole
oxides possess significant antiaromatic character, which can
be fine-tuned by the P substituents. Phosphole sulfides and
selenides proved to be somewhat less antiaromatic. De-
pending on the O=P'-C!"-C?’ torsion angle, it was shown
that a phosphorus-bound phenyl group may behave either
as an electron-withdrawing (parallel with P=0), or as an
electron-donating group (orthogonal with P=0) toward the
P=0 group. In the latter case, charge transfer take place
from the Ph ring towards the phosphole oxide ring. The
antiaromatic characters of phosphole oxides significantly
reduce the activation parameters of the dimerization of
phosphole oxides, so the driving force of this reaction is the
abolition of the antiaromaticity of the starting molecule.

Supporting Information (see also the footnote on the first page of
this article): Tables SI-S5 contain the computed energies (E), zero
point energies (Epg), internal energies (U), enthalpies (H) and
Gibbs free energies (G) in hartree and entropies (S) in calmol ' K!
at various levels of theories for compounds 1-14. Table S6 shows
the xzy coordinates of compounds 1 and 2.
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