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Abstract

A B-oxophosphorane/ylide (2a) and an oxaphosphete (3a), the product and the possible intermediate of an inverse Wittig type
reaction of 1-(2,4,6-triisopropylphenyl-)1,2-dihydrophosphinine oxide with dimethyl acetylenedicarboxylate were studied by quan-
tum chemical calculations. The reaction of the title reagents following either a traditional [4 + 2] cycloaddition protocol to afford
phosphabicyclo[2.2.2]octadiene 5 or a novel route yielding eventually B-oxophosphorane/ylide 2 was evaluated by energy calcula-
tions. The mechanism for the formation of intermediate 3a, was refined by HF/6-31G* transition state calculations. Analysis of
the HOMO-LUMO orbitals of the reagents justified the reactivity experienced.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The dynamically developing discipline of P-heterocy-
clic chemistry has attracted much attention recently [1].

Organophosphorus compounds with a sterically
demanding substituent on the phosphorus atom are of
special importance, as a bulky group affects the proper-
ties, stability and hence the reactivity of the parent mol-
ecule due to, mainly, steric effects [2].

Leading by different considerations, we aimed at the
synthesis of P-heterocycles having a bulky substituent,
such as a 2,4,6-trialkylphenyl group on the heteroatom.
On one hand, arylphospholes with a flattened P-pyra-
mid were prepared that exhibited aromatic character
[3]. On the other hand, model compounds with sterically
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congested P-substituent were utilised during the evalua-
tion of the mechanism for the fragmentation-related
phosphorylations by phosphabicyclo derivatives [4].

The presence of the trialkylphenyl group on the phos-
phorus atom may bring about a novel reactivity of the
P=0 moiety. It was found that the interaction of cyclic
phosphine oxides, such as 2,3-dihydro- and 2,3,
4,5-tetrahydro-1H-phosphole oxides, as well as with
1,2-dihydrophosphinine oxides bearing a 2,4,6-trialkyl-
phenyl substituent on the phosphorus atom (1) and dial-
kyl acetylenedicarboxylate (DAAD) gave, surprisingly,
B-oxophosphoranes (2) that can be regarded to be stabi-
lised phosphonium ylides (Scheme 1) [5,6].

The only criterion of the novel reaction affording
B-oxophosphoranes/ylides is the presence of an elec-
tron-donating trialkylphenyl substituent on the phos-
phorus atom of the phosphine oxide. As a result of
this, the P=O group is capable of reacting with
DAAD.
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The reactivity of the stabilised phosphonium
ylides (2) was in accord with their chemical structure
[7].

In this paper, the results of quantum chemical calcu-
lations are discussed in the context of the mechanism of
the novel reaction of cyclic phosphine oxides and dialkyl
acetylanedicarboxylate.

2. Results and discussion

2.1. Calculations on the geometry of a
dihydrophosphinine-based [-oxophosphoranelylide

The simplified version (2a*) of a representative prod-
uct (2a) has now been evaluated by HF/6-31G* calcula-
tions. The perspective view of the most stable
conformers together with the geometrical data selected
is shown in Fig. 1. In the lack of single crystal analysis,
all information is valuable on the geometry of the new
products. On the other hand, phosphorane/ylide 2a* is
a distinguished compound from the point of view the
content of this paper (see later).

P CO,Me
Me j
Me=~co,Me

2.2. Oxaphosphetes as possible intermediates in the
reaction of cyclic phosphine oxides and DMAD

The reaction of cyclic phosphine oxides bearing a
2,4,6-trialkylphenyl substituent on the phosphorus atom
(1) with DMAD affording phosphorane/ylide 2 was as-
sumed to involve an intermediate of oxaphosphete type
(3) formed by the reaction of the P=O group and the
acetylenic moiety. Ring opening of the strained oxa-
phosphete (3), that may adopt different conformations
(in 3; the oxygen atom occupies an axial position, while
in 3, the oxygen is equatorial (Fig. 2)) gives the phospho-
rane/ylide (2) [8]. This kind of reaction has never been

Q e Q)
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Fig. 2. Possible intermediates in the reaction of cyclic phosphine
oxides and dialkyl acetylenedicarboxylate.

Fig. 1. Geomentry of 2a* obtained by HF/6-31G* calculations. Selected bond distances (A): P,-C,, 1.833; C,—C;3, 1.510; C5-Cy4, 1.323; C4—Cs, 1.472;
Cs-Cs, 1.326; Co-Py, 1.809; P—C,, 1.768; C,—Cg, 1.421; P1-C;/, 1.844; P—0O: 2.806. Bond angles (°): P1—C>—C;, 112.2; C,-C5-Cy, 123.5; C3-C4—Cs,
1223, C4*C5*C6, 1245, C5*C5*P1, 1211, CZ—PI—Cy, 1080, Pl—Cu—CB, 1119, P17C27C3*C4, 367, Cz*C3*C4*C5, —29, C3*C4*C5*P1, 42, CZ,PI,

C]'*Cz/, 573, C27P]7CE17CB7 1685, C37C27P17C1/, 762, P|*Ca*CB*O, 1.4.
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observed before. On the basis of analogies [9,10], first we
thought to have the spirocyclic oxaphosphetes (3) in
hand [11]. The chemical properties of the products and
the results of quantum chemical calculations suggested,
however, that phosphoranes/ylides 2 were formed [5,6].

Oxaphosphete 3a; that is somewhat more stable than
the other species (3;) was evaluated by HF/6-31G* ab ini-
tio calculations. The perspective view together with a
selection of the bond angles is shown in Fig. 3. The sum
of the deviations from the ideal angles (90°, 120° and
180°) in the TBPis 61.1, indicating a significant distortion
around the central phosphorus atom. On the other hand,
the oxaphosphete ring itself is also remarkably strained.

2.3. Dual reactivity of 1-aryl-1,2-dihydrophosphinine
oxides towards DMAD; mechanism for the formation of
the B-oxophosphoranes via oxaphosphetes

The model reaction of 1-(2,4,6-triisopropylphenyl)-
1,2-dihydrophosphinine oxide (4a) with DMAD was

3ax*

studied in detail. It is known that instead of giving
a Diels—-Alder cycloadduct (5a), the reaction of 4a
with DMAD yields a phosphorane/ylide (2a), presum-
ably via oxaphosphete 3a, as an intermediate
(Scheme 2/T).

HF/3-21G* calculations showed that the activation
enthalpy (TS3) was lower for the formation of the oxa-
phosphete (3a;) (12.8 kcal/mol), than that (TS;) for the
[4 + 2] cycloadduct (5a) (31.6 kcal/mol). At the same
time, the reaction enthalpy for the formation of 5a is
—60.9 kcal/mol, while that for the oxaphosphete (3a,)
is only 9.1 kcal/mol. This species (3a,) can be stabilised
easily (AH” = 0.05 kcal/mol obtained by PM3) to pro-
vide phosphorane/ylide 2a with a reaction enthalpy of
—7.1 kcal/mol (Fig. 4).

As a comparison, the energy profile of the two kinds
of reaction of 1-phenyl-1,2-dihydrophosphinine oxide 4b
with DMAD was also calculated. In contrast to the
reaction of the triisopropylphenyl starting material
(4a), the cycloaddition of the phenyl derivative (4b) is

CO,Me

Fig. 3. Bond angles in the trigonal bipyramid of 3a; calculated by HF/6-31G* calculations.
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(b) the novel route
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Fig. 4. Energy profile of the possible routes (A and B) for the reaction of 1,

with DMAD.

known to result in the formation of the Diels Alder
cycloadduct (5b) (Scheme 2/11) [12].

The activation-(TS;) and reaction enthalpies (31.5
and —59.0 kcal/mol, respectively) calculated for the
Diels Alder reaction of 4b with DMAD were almost
the same, as those obtained for the similar reaction
of 4a. It is no wonder that the triisopropylphenyl to
phenyl change does not affect significantly the 4 + 2
route, as the aryl group is not close to the reaction
centers involved. The other route starting with 4b
and giving the corresponding P-phenyl oxaphosphete
(3b,) was characterised by an activation enthalpy of
21.3 (TS4) and by a reaction enthalpy of 17.2 kcal/
mol, while for the ring opening leading to the phenyl-
phosphorane (2b), the reaction enthalpy is —16.5 kcal/
mol (Fig. 4).

The activation enthalpy is by 9 kcal/mol smaller for
the novel reaction of 4a affording oxaphosphete (3a,),
than that for the similar reaction of 4b. In other words,
the formation of the oxaphosphete and then that of the
phosphorane is faster for the triisopropylphenyl- than
for the phenyl substituted case. This must be due to
the presence of the isopropyl groups on the phenyl ring.
The trends in Fig. 4 look as if the pathway leading even-
tually to phosphorane (2a or 2b) is determined by kinetic
control, while the Diels Alder route giving adducts 5a or
5b is determined by thermodynamic control. It is an
experimental fact that in case of a triisopropylphenyl
substituent, the dihydrophosphinine oxide reacts fast
with DMAD according to the novel protocol. At the
same time, the interaction of phenyl-dihydrophosphi-
nine oxide 4b with DMAD gives rather a phos-
pha[2.2.2]bicyclooctadiene (5b) than an oxaphosphete
(3by) (and subsequently phosphorane 2b) can be ex-
plained by assuming the reversibility of the reaction step
resulting in the formatin of 3d,.

2-dihydrophosphinine oxides 4b (dotted line) and 4a (continuous line)

The transition states leading to oxaphosphete 3a,
(TS3) and to cycloadduct 5b (TS,) were also calculated
by the HF/3-21G* method and are shown as 6 (Fig. 5)
and 7 (Fig. 6), respectively, together the geometrical
data selected. In transition state 6, the CH, group is in
the axial position. Another, but thermodynamically by
1.1 kcal/mol less stable species, having the CH = unit
in the axial position, may also be formed. In this case,

Fig. 5. Geometry of the transition state in the reaction of the P=0
moiety of 1-(2,4,6-triisopropylphenyl)-1,2-dihydrophosphinine oxide
4a with DMAD calculated by the HF/3-21G* method. Selected
distances (A): 0,-C4, 1.608; P,—C3, 2.865; O—P», 1.552; C3-Cy4, 1.256;
P>-Cs, 1.799; Cs—Cg, 1.514; C—C5, 1.319; C;—Cg, 1.488; C4—Co, 1.332;
P,-Cy, 1.810; P,-Cy, 1.774. Bond angles (°): P,—~Cs—Cg, 112.8; Cs—Cg—
C7, 1243, C(,—C7—Cg, 1255, C7—C3—C9, 1221, O]-Pz-C_g, 588, Pz—Cg—
C4, 677, O]*szcl', 1153, 01*P27C5*C6, —810, P2*01*C4*C3 174,
O]*Pz*CQ*Cg, 863, 017P27C1/*C2', 165.5.
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Fig. 6. Geometry of the transition state in the Diels—Alder reaction of
1-phenyl-1,2-dihydrophosphinine oxide 4b with DMAD obtained by
RHF/6-31G* calculations. Selected distances (A): C4—Cs,2.489; Cs—Cy,
2088, C5—C(,, 1230, Pz—C3, 1822, Pz—Cl, 1812, C3—C4, 1508, C4—Cg,
1.361; Cs—C5, 1.413; C,—C,, 1.387; P,-C;,, 1.817. Bond angles (°): P~
C3—C4, 1128, C3—C4—C8, 1259, C4—C8—C7, 1234, Cg—C7—C1, 1178, C]—
C6*C5, 1146, C4*C5*C6, 1055, O—szClr, 11081, C17C67C5*C4, —0.8;
Pz*C37C47Cg, 172, Cz/*C1'7P27C3, 7284, O*P27C37C4, —101.9.

activation enthalpies of 17.8 and 21.3 kcal/mol were ob-
tained for the formation of 3a, and 3b,, respectively. At
the same time, the reaction enthalpies were 16.3 and 18.3

2501

kcal/mol, respectively, in the latter instance. In transi-
tion state 6, the distance between the oxygen of the
P=0 group and the acetylenic carbon atom is 1.61 A,
while that between the phosphorus and the other acety-
lenic carbon is 2.87 A.

Consequently, formation of the f-oxophosphoranes/
ylides (2) is possible according to the following general
mechanism (Scheme 3). The oxygen atom of the P=0
group may attack one of the acetylenic carbon, to afford
intermediate 9 via transition state 8 that can be exempli-
fied by 6. Ring closure of species 9 may lead to
oxaphosphete 3, that is stabilised by the rupture of the
P-O bond to give the final product 2. This means that
the formation of the oxaphosphete 3, is more probable
via a stepwise sequence involving intermediate 9, than
by a direct [2 + 2] cycloaddition with a rather asymmet-
ric transition state.

2.4. HOMO-LUMO calculations on the 1-aryl-1,2-dihy-
drophosphinine oxide and DMAD reactants

The HOMO and LUMO orbitals for the reactants 4a,
4b and DMAD were calculated by HF/3-21G* calcula-
tions and are shown in Figs. 7-9, respectively. An
overlap is possible between the LUMO of 1-triiso-pro-
pylphenyl-1,2-dihydrophosphinine oxide (4a) and the
HOMO of DMAD justifying the novel reaction between
the P=0 function of P-heterocycle 4a and DMAD. In

. P—O P
A Xg T (a7 X0 | > AT 0 A e oA \1
| | h—
1 ) ! Vi
+ / o= 0
— 8 9 % 2
Scheme 3.

HOMO
Fig. 7. HOMO-LUMO orbitals of 1-(2,4,6-triisopropylphenyl)-1,2-dihydrophosphinine oxide 4a.

LUMO
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HOMO

LUMO

Fig. 8. HOMO-LUMO orbitals of 1-phenyl-1,2-dihydrophosphinine oxide 4b.

<

HOMO

}

LUMO

Fig. 9. HOMO-LUMO orbitals of dimethyl acetylenedicarboxylate.

this respect, the modest lobe around the P=0 function is
important. At the same time, for 4b, the possibility of an
overlap is negligible. Hence, the lobe theory seems to be
in accord with the novel reactivity of the triisopropyl-
phenyl substituted model compound 4a. Moreover, it
can be seen that the [4 + 2] cycloaddition is also allowed
by the overlap between the LUMO of DMAD and the
HOMO of both 1,2-dihydrophosphinine oxides (4a
and 4b), because the interactions between these frontier
orbitals are stronger than between the HOMO of
DMAD and the LUMO of 4a and 4b. (The differences
between the LUMO of DMAD and the HOMO of 4a
and 4b were found to be 0.432 eV and 0.447 eV, respec-
tively. The same differences between the HOMO of
DMAD and the LUMO of 4a and 4b were found to
be 0.510 eV and 0.519 eV, respectively.)

3. Experimental
3.1. Quantum chemical calculations

The structure of the stable molecules were calculated
by full geometry optimization at the level of semiempir-
ical quantum chemical method PM3 implemented in
MoPAcC 93 [13] and ab initio method using HF/3-
21G*//HF/3-21G* and HF/6-31G*//HF/6-31G* basis
in GAUSSIAN 98 [14]. The transition states were calcu-
lated by the method of eigenvalue following (PM3)
and QST2 method (ab initio) [14]. Force matrices were

found to be positive definit at the stable molecules and
had one and only one negative eigenvalue (imaginary
frequency) in the transition state. The structures were
drawn by MoLDEN [15]. The molecular orbitals (HOMO
and LUMO) were depicted by MOLEKEL [16].

Acknowledgement

This project was supported by the Hungarian Scien-
tific Research Fund (OTKA, Grants No. T042479 and
T0432190). T.K is grateful for the support from MU
0094/2002.

References

[1] F. Mathey (Ed.), Phosphorus—Carbon Heterocyclic Chemistry:
The Rise of a New Domain, Pergamon/Elsevier, Amsterdam,
2001.

[2] M. Yoshifuji, Main Group Chem. News 6 (1998) 20.

[3] Gy. Keglevich, in: O.A. Attanasi, D. Spinelli (Eds.), Targets in
Heterocyclic Systems, Italian Society of Chemistry, vol. 6, 2002, p.
245.

[4] Gy. Keglevich, H. Szelke, A. Tamas, V. Harmat, K. Ludanyi,
A.Gy. Vasko, L. Toke, Heteroatom Chem. 13 (2002) 626.

[5] Gy. Keglevich, H. Forintos, T. Kortvélyesi, L. Toke, J. Chem.
Soc., Perkin Trans. 1 (2002) 26.

[6] Gy. Keglevich, T. Kortvélyesi, H. Forintos, A.Gy. Vasko, V.
Izvekov, L. Toke, Tetrahedron 58 (2002) 3721.

[7] Gy. Keglevich, H. Forintos, A. Ujvari, T. Imre, K. Ludanyi, Z.
Nagy, L. Toke, J. Chem. Res. (2004) 432.



G. Keglevich et al. | Journal of Organometallic Chemistry 690 (2005) 2497-2503 2503

[8] Gy. Keglevich, T. Kortvélyesi, H. Forintos, S. Lovas, J. Chem.
Soc., Perkin Trans. 2 (2002) 1645.

[9] N. Kano, J.H. Xing, A. Kikuchi, S. Kawa, T. Kawashima,
Phosphorus, Sulfur, Silicon 177 (2002) 1685.

[10] T. Uchiyama, T. Fujimoto, A. Kakehi, I. Yamamoto, J. Chem.
Soc., Perkin Trans. 1 (1999) 1577.

[11] Gy. Keglevich, H. Forintos, A. Szollosy, L. Toke, Chem.
Commun. (1999) 1423.

[12] L.D. Quin, J.-S. Tang, Gy.S. Quin, Gy. Keglevich, Heteroatom
Chem. 4 (1993) 189.

[13] J.J.P. Stewart, MoPAC 93 (Revision V. 2), Fujitsu Ltd., Tokyo,
1995.

[14] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery,
R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.D.
Daniels, K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V.

Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala,
Q. Cui, K. Morokuma, D.K. Malick, A.D. Rabuck, K.
Raghavachari, J.B. Foresman, J. Clioslowski, J.V. Ortiz, B.B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham,
C.Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres,
C. Gonzalez, M. Head-Gordon, E.S. Replogle, J.A. Pople,
GAUSSIAN 98, Revision A.7, Gaussian, Inc., Pittsburgh, PA,
1998.

[15] G. Schaftenaar, J.H. Noordik, J. Comput.-Aid. Mol. Des. 14

(2000) 123.

[16] P. Flikiger, H.P. Liithi, S. Portmann, J. Weber, MOLEKEL 4.3,

Swiss Center for Scientific Computing, Manno, Switzerland,
2000-2002.



	A quantum chemical study on the reaction of 1-aryl-1,2-dihydrophosphinine oxides with dimethyl acetylenedicarboxylate
	Introduction
	Results and discussion
	Calculations on the geometry of a dihydrophosphinine-based \beta-oxophosphorane/ylide
	Oxaphosphetes as possible intermediates in the reaction of cyclic phosphine oxides and DMAD
	Dual reactivity of 1-aryl-1,2-dihydrophosphinine oxides towards DMAD; mechanism for the formation of the  beta -oxophosphoranes via oxaphosphetes
	HOMO ndash LUMO calculations on the 1-aryl-1,2-dihy-drophosphinine oxide and DMAD reactants

	Experimental
	Quantum chemical calculations

	Acknowledgement
	References


