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Abstract DFT calculations have been performed on the
derivatives of formula CH2OP2 to determine their total
energy, the relative energy between the isomers and their
geometry. Among compounds with a P-C-P linkage, the
most stable one is the 2-hydroxy-1,2-diphosphirene II.1, a
three-membered heterocycle with a P=C unsaturation. The
phosphavinylidene(oxo)phosphorane HP=C=P(O)H IV.5
(which has the same skeleton as the experimentally
obtained Mes*P=C=P(O)Mes*) lies 36.30 kcal mol-1 above
it. The least stable compounds are carbenes; the singlet
carbenes are more stable than the triplet ones.

Keywords DFT calculations . Heteroallenes . NBO
analysis . Phosphavinylidene(oxo)phosphorane isomers

Introduction

The geometric and electronic structure of various types
of phosphorus compounds is now well known. In the
field of doubly-bonded compounds, it is the case of

phosphaalkenes -P=C< which have been intensely stud-
ied [1–4].

For phosphorus derivatives which possess two cumulat-
ed double bonds, such as heteroallenic derivatives -P=C=E
(E = C, N, P, O) [5–7], ab initio calculations have been
reported on the parent 1,3-diphosphaallene HP=C=PH, on
several XP=C=PX (X = H, F, Cl) models [8, 9], on
azaphosphaallene HP=C=NH, [8, 10] and on phosphake-
tene HP=C=O [11]. The results on the geometries, the
substituents’ effect on the stability of these heteroallenes and
their isomers, their configurational stability, their electronic
structure and several other molecular properties have been
studied and compared to those of phosphaalkenes -P=C< and
also to carbodiimides -N=C=N-.

We have been interested in the synthesis, characteriza-
tion and reactivity of a new type of diphosphaallenes and
have reported the synthesis and characterization of the
phosphavinylidene(oxo)phosphorane Mes*P=C=P(O)Mes*
(Mes*=2,4,6-tri-tert-butylphenyl), the first diphosphaallene
containing both λ3σ2 and λ5σ3 phosphorus atoms [12].
Such system offers potential use as transition metal ligands
and elucidation of its electronic structure should provide
insight into the nature of heteroallenic compounds, leading
to the design of better synthetic routes. The presence of two
phosphorus atoms in a molecule with different bonding to
carbon or oxygen atoms might induce electronic effects
influencing the structural parameters and stability of such
derivatives.

This paper reports density functional theory (DFT)
calculations on the HP=C=P(O)H model and its isomers
of the general formula CH2OP2 in order to determine the
most stable systems and thus most likely to be experimen-
tally obtained. The main geometrical parameters of all these
derivatives are also reported. Although calculations have
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been performed on all the possible isomers, we limit our
presentation to cyclic and acyclic derivatives with a P-C-P
linkage.

Methods

Starting structures were built with GaussView 4.1 [13].
Geometries were optimized using the Gaussian 09 software
package [14], at the B3LYP/6-311++G(d,p) level of theory
using the default convergence criteria. Single-point calcu-
lations were also performed using high-correlation (CCSD/
SDQ/6-31 G*) and Moeller-Plesset (MP4/6-31 G*) meth-
ods in order to see if the results are in agreement with the
DFT data. Vibrational analyses confirmed that all geome-
tries shown here represent true minima.

Results and discussion

Depending on the skeleton, the results have been grouped
in different series: cyclic series with four-membered rings
(I), two series containing three-membered rings (a PPC
cycle (II) and a PCO cycle (III)), and a non-cyclic series
with a PCP skeleton (IV) (Scheme 1). We have long been
interested in the field of heteroallenes of the type P=C=E′,
particularly 1,3-diphosphaallenic compounds [5–7, 12]; thus,
the current discussion will be focused on derivatives
containing the P-C-P unit. All of the other possible isomers
were also found, but this discussion will only refer to cyclic
or non-cyclic structures built starting from the above
mentioned moiety. Where several conformers were identi-
fied, only the most stable of them is reported. The isomers
studied include doubly- or triply-bonded derivatives as well
as carbenes.

Figure 1 presents the relative energies of all of the
investigated structures optimized with DFT method. The
optimized structures of the isomers are presented in Table 1
together with relevant geometrical data.

The most stable of all the possible isomers with a P-C-P
linkage was found to be the three-membered heterocycle 2-
hydroxy-1,2-diphosphirene II.1 (Table 1). Thus, energies of
all the isomers discussed in this paper are given relative to
its total energy. Figure 1 is instructive from an experimental

point of view, as it illustrates seven structures within
∼10 kcal mol-1 of the reference energy, suggesting a wide
variety of isomers may be accessible experimentally and
very close in energy to each other, which offers promise but
also warns of difficulties in isolating pure compounds in
good yields. However, substitution with bulky groups at
both P1 and P2 should have an important effect on the
stabilization of these derivatives and should thus allow a
better control of the synthetic route towards the desired
target.

In the four-membered ring series, the most stable isomer
is the 2 H-1,2,4-oxadiphosphete (I.1) with a relative energy
of 4.74 kcal mol-1 in relation to II.1. Three-membered
heterocycles with a PCO ring skeleton are calculated to be
less stable than the ones with a PPC ring (for example
29.33 kcal mol-1 for III.1).

In the case of open-chain structures, the most stable com-
pounds are IV.1 and IV.2 (Z, E isomers of HP=CH-P=O),
followed by the phosphaacetylenic derivatives IV.3 and IV.4
(7.83 and 15.09 kcal mol-1, respectively) and the phosphavi-
nylidene(oxo)phosphorane IV.5 (36.30 kcal mol-1). For all the
series investigated, the carbenoid structures are the most
unstable isomers (generally 45 to 84 kcal mol-1 higher in
energy than the three-membered ring derivative II.1).

Scheme 1 Cyclic series with four-membered rings (I), two series
containing three-membered rings (a PPC cycle (II) and a PCO cycle
(III)), and a non-cyclic series with a PCP skeleton (IV)

Fig. 1 Relative B3LYP/6-311++G(d,p) energies (in kcal mol-1) for
the investigated CH2OP2 isomers
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Table 1 Selected bond lengths (Å) for CH2OP2 isomers

I 1 2 3 4 5
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PH

1 2
1 2

H2
C
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O
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C

P
O

P

1 2

HP
C

PH
O

1 2

HP
C

PH
O

2H-1,2,4-
oxadiphosphete

oxadiphosphetane
-2,4-diyl diradical,

triplet

oxadiphospheta
ne-2,4-diyl

diradical, singlet

1,2,4-
oxadiphosphetan-3-

ylidene, trans,
singlet

1,2,4-
oxadiphosphetan-
3-ylidene, trans,

triplet
P1-C 1.681 1.882 1.866 1.755 1.808
P1-O 1.699 1.710 1.679 1.723 1.728
P2-C 1.821 1.882 1.866 1.754 1.808
P2-O 1.725 1.710 1.679 1.723 1.728
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hydroxydiphosphir
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diphosphiren-3-ol diphosphiran-3-
one trans

2H-diphosphiren-
3-ol

1H-diphosphirene-
1-oxide

P1-C 1.664 1.865 1.872 1.660 1.753
P2-C 1.784 1.865 1.872 1.828 1.691
P1-P2 2.243 2.044 2.323 2.313 2.181
P-O 1.698 - - - 1.493
C-O - 1.404 1.187 1.332 -

II 6 7 8 9
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oxide

hydroxy-
diphosphiren-3-
ylidene, singlet

hydroxy-
diphosphiran-3-
ylidene, triplet

hydroxy-
diphosphiren-3-
ylidene, triplet

P1-C 1.765 1.800 1.745 1.656
P2-C 2.060 1.725 1.771 1.803
P1-P2 1.982 2.081 2.409 2.199
P-O 1.486 1.638 1.659 1.635
C-O - - - -

III 1 2 3

1 2

PHCHP

O
1 2

PH2CP

O

1 2
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H

O CH

P

phosphinylidene-
oxaphosphirane

isomer Z

phosphinyl-
oxaphosphirene

oxaphosphiran-3-
yl-phosphinylidene

singlet
P1-C 1.806 1.695 1.890
C-O 1.333 1.293 1.439
P1-O 1.789 2.052 1.708
P2-C 1.686 1.829 1.745

J Mol Model (2011) 17:1719–1725 1721



Singlet structures were calculated to be more stable than
the triplet ones. For example I.4 was calculated to be
12.98 kcal mol-1 more stable than I.5 (with the hydrogen
atoms in a trans position relative to the four-membered
ring). For the cis-structures (investigated, but not shown in
Table 1, the difference is somewhat smaller (around
7 kcal mol-1)).

A model of the bis(supermesityl)phosphavinylidene
(oxo)phosphorane Mes*P=C=P(O)Mes* (Mes*=2,4,6-
tri-tert-butylphenyl) [12], shown experimentally to be
stable at room temperature, is found among those shown
in Table 4 - HP=C=P(O)H IV.5,- and is not among the most
stable CH2OP2 derivatives. In principle, there are several
possibilities whereby Mes*P=C=P(O)Mes* could rearrange
to structures predicted more stable in Table 1: by a
cyclization of the C=P=O unit (to lead to the structures of
the type III.1), by a migration of the organic group from a
phosphorus to the adjacent carbon atom (to form analogues
of IV.1 or IV.2), or by migration of the substituent to the
second phosphorus or the oxygen atoms (to form phos-
phaacetylenic compounds like IV.3 and IV.4). All the
resulting structures are calculated to be more stable in the
case of the model compounds. The stability of the
diphosphaallene Mes*P=C=P(O)Mes* is probably due to
steric reasons. For instance, in a structure of the type IV.1
and IV.2, the presence of two extremely bulky supermesityl

groups on adjacent atoms (P and C) is unlikely, as well as a
very hindering group on the central carbon atom. The fact
that phosphaacetylenic derivatives were calculated to be
among the most stable structures is not surprising since
phosphaalkynes RC≡P are well known [15–17], and their
stabilization is possible even in the absence of a bulky
group such as a supermesityl.

Ab initio calculations (HF/4-31 G and HF/DZP-11s7p2d/
6s4p2d for the P atom) performed on models with the
CH2P2 formula placed a diphosphirene structure (a three-
membered ring with a P=P double bond and a CH2 group)
as the most stable of the series [9]. The authors conclude
that stable non-cyclic structures are the ones containing the
maximum number of C-H bonds, while P-H bonds have the
tendency to destabilize the molecules. The hybridization of
the carbon atom also influences the models’ stability: the
presence of an sp3 carbon atom leads to a more stable
structure, while an sp2 one has the opposite effect.
However, this pattern does not apply in our case, most
likely due to the presence of the oxygen atom.

Calculated P=C, P=P, P=O and P≡C distances are in the
normal range for multiple-bonded phosphorus atoms. The
P≡C bond lengths in IV.3 and IV.4 (1.554 and 1.547 Å) are
slightly longer than that measured by X-ray for Mes*C≡P
(1.516(13) Å [18]), but in agreement with values reported
in the gas phase [19].

Table 1 (continued)

IV 1 2 3 4 5
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ethyl)-phosphine

(phosphinylidynem
ethyl)phosphine

oxide

phosphavinylidene
(oxo)phosphorane

P1-C 11.682 .685 1.554 1.547 1.638
P2-C 11.828 .829 1.778 1.781 1.621
P2-O 11.499 .500 1.681 1.491 1.489

6 7
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H2P C P

O
1 2

H2P C P

O

(phosphinylmethyli
dyne)phosphine

oxide, singlet

phosphinylmethylid
yne)phosphine

oxide, triplet
P1-C 1.664 1.756
P2-C 1.657 1.767
P1-O 1.499 1.520
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For the diphosphaallene HP=C=P(O)H IV.5, the calcu-
lated P-C-P angle (170.1°) and the P=C bond lengths
(1.638 Å for the trivalent phosphorus atom and 1.621 Å for
the pentavalent one) are in agreement with experimental
data [19]. A comparison with the geometrical parameters of
Mes*P=C=P(O)Mes* is not possible, since its X-ray
structure has not been determined, but they are similar to
those reported for other heteroallenes, for example
Mes*P=C=P(O)Mes* measured through X-ray diffraction
(172.52°, 1.630 and 1.634 Å, see Table 2) [20]. In all
heteroallenic structures, the E=C=E′ bond angle (E, E′: Si,
Ge, P, As) is never the ideal 180° but slightly more acute
[5–7]. This is also obtained for the model compound IV.5
(for which the value of the P-C-P angle is 170.1º), which
would imply that the lack of linearity is not the effect of
packing in the solid state, but a property inherent to the
electronic structure of the diphosphaallene. To verify this
further, we examined at the same level of theory model
compounds including the allene H2C=C=CH2 and its
analogues obtained by replacing one or two terminal atoms
with N or P. The geometry was linear, as expected, in the
sole case of the allene. The replacement of only one
terminal carbon atom with either N or P leads to a 5º
deviation, while in the case of 1,3-diazaallene and 1,3-
diphosphaallene -P=C=P-, the angle is around 170º. The
NBO analysis shows in the case of the 1-aza- and 1-
phosphaallenes (-E=C=C<, E = N, P) interactions between
the lone pairs on the heteroatom and vacant antibonding

orbitals (of both σ and π symmetry) localized on the C = C.
In the case of the diphosphaallenes, charge transfers from a
lone pair of one phosphorus atom to a σ antibonding orbital
localized on the C-P bond involving the other phosphorus
are present, these interactions forcing the P-C-P angle to
narrow. This type of interaction is also present for the
discussed derivative IV.5 between the lone pair of the λ3σ2

P and an antibonding orbital of σ symmetry on λ5σ3 P-C;
the orbitals involved are represented in Fig. 2.

The data of Table 2 show that the P-C-P angle is as
expected highly dependent on the nature of the substituents
on the phosphorus atom and of its hybridization [20–25]. A
very strained angle of 115.05º has been reported for i-
Pr2NP=C=PPh2Ni-Pr2 [23], a derivative containing dicoor-
dinated trivalent and tetracoordinated pentavalent phospho-
rus atoms in the PCP backbone. Thus, it can be seen that
for λ5σ3-P=C=P-λ3σ2 and λ3σ2-P=C=P-λ3σ2 derivatives,
the experimental data are in fair agreement with the
structural parameters calculated herein.

The Mulliken charges calculated for IV.5 are given in
Fig. 3.

The difference between the calculated charges on the two
phosphorus atoms are in agreement with the experimental
data: the P = C double bond containing the λ5σ3 phosphorus
atom is computed to be more polarized than the one with the
λ3σ2 phosphorus atom and is indeed more reactive towards
even weakly acidic derivatives. This has been experimentally
observed by the preferential addition of water to the λ5σ3 P =
C double bond in Mes*P=C=P(O)Mes* [12].

Fig. 2 NB orbitals involved in second order interactions contributing
to the narrowing of the P-C-P angle in IV.5: (a) lone pair on P, (b) σ
antibonding orbital on the P-C bond

Table 2 Relevant geometrical parameters determined through X-ray diffraction on linear P-C-P systems

Compound Ref. Compound Ref. 

 

13 

 

14 

 

15 

 

16 

 

17 

 

18 

Fig. 3 Mulliken charges calculated for isomer IV.5
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The model compound Mes*P=C=P(O)Mes* has also been
investigated at the B3LYP/6-311++G(d,p) level of the theory,
and the geometry parameters are similar to those obtained for
HP=C=P(O)H: 1.635 Å for the P1-C bond, 1.620 Å for P2-C
and 1.497 Å for the P-O distance, and also in agreement with
the experimental values shown for the compounds in Table 2.
The energy difference between Mes*P=C=P(O)Mes* and the
Mes*-substituted derivative II.1 decreases to 23.11 kcal mol-1

when compared to the hydrogen-substituted analogues
(36.30 kcal mol-1). This could be an argument in the favor
of the stabilization offered by steric hindrance in such
compounds, which was observed experimentally, since
Mes*P=C=P(O)Mes* has been obtained and isolated.

Single point calculations have also been performed for
all isomers by higher correlation methods CCSD(SDQ) and

MP4 with the 6-311++G(d,p) basis set, in order to compare
them with DFT calculations. The results maintain the
relative energy ordering, with the exception of structures
IV, for which IV.3 is found to be the minimum of the
series. The structure of interest IV.5 is higher in energy
than the II.1 model compound by 39.08 kcal mol-1

(CCSD/6-311++G(d,p)) and 37.90 kcal mol-1 (MP4
(SDQ)/6-311++G(d,p)), respectively. The calculated ener-
gies are given in Table 3.

For the acyclic series, the Wiberg bond order [26] has
also been calculated at the B3LYP/6-311++G(d,p) level,
and a NBO [27] analysis was performed. The results are
given in Table 4. For the model compound HP=C=P(O)H
IV.5, the calculated bond orders are 1.89 for the λ3σ2 P-C
bond and a lower order, of 1.57, for the λ5σ3 P-C one. As
expected, for the triplet state IV.7, the bond orders are much
smaller than for the singlet state IV.6.

The lower bond order is explained by the NBO analysis
which shows that second-order interactions occur between
the lone pairs on the O atom and the antibonding orbitals of
both σ (represented in Fig. 2) and π symmetry localized on
λ5σ3 P-C bond (Fig. 4) leading to a population of the latter
and thus the lowering of the bond order.

Summary

Although the phosphavinylidene(oxo)phosphorane HP=
C=P(O)H is calculated to be one of the least stable isomers
of the CH2OP2 formula (if we exclude carbenes and
phosphinidenes), its corresponding bis(supermesityl) sub-
stituted derivative Mes*P=C=P(O)Mes* has been experi-
mentally obtained, while the other possible isomers were
not stabilized until now. It should be possible to obtain
three-membered ring heterocycles with P=C or P=P double

Fig. 4 NB orbitals involved in second order interactions lowering the
order of the λ5σ3 P-C bond: (a) lone pair on O, (b) π* on the P-C bond

Table 3 Relative energies (in kcal mol-1, compared to II.1) obtained
with high-correlated methods

Structure R.E.(kcal/mol)

CCSD/6-311++G(d,p) MP4(SDQ)/6-31++G(d,p)

I.1 3.70 3.28

I.2 18.04 18.71

I.3 23.16 21.88

I.4 70.84 71.36

I.5 78.15 85.16

II.1 0.00 0.00

II.2 8.22 8.40

II.3 12.69 18.51

II.4 16.16 16.25

II.5 17.15 16.06

II.6 22.11 20.47

II.7 52.07 52.36

II.8 67.61 70.52

II.9 85.60 87.48

III.1 30.08 29.15

III.2 44.89 43.73

III.3 63.46 63.55

IV.1 5.04 3.68

IV.2 6.84 5.53

IV.3 3.89 3.52

IV.4 10.77 9.45

IV.5 39.08 37.90

IV.6 56.36 55.53

Table 4 Wiberg bond orders for acyclic isomers of CH2OP2

IV 1 2 3 4 5 6 7 

 
  

 

 

 

 

 

P1-C 1.80 1.80 2.70 2.76 1.89 1.55 0.64 
C-P2 0.94 0.96 1.02 0.89 1.57 1.68 0.59 
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bonds and acyclic compounds with a P=C-P or a P≡C unit,
which are calculated to be more stable, pending a judicious
choice of substituents.

Acknowledgments This work was supported by Consiliul National al
Cercetarii Stiintifice din Invatamantul Superior (CNCSIS), project
number PNII - ID_PCCE_140/2008. J.E. is thankful for partial financial
support from European Cooperation in Science and Technology (EU
COST) Action number CM0802 PhoSciNet. Radu Silaghi-Dumitrescu
(Babes-Bolyai University) is thanked for useful discussions.

References

1. Appel R, Knoll F, Ruppert I (1981) Phospha-alkenes and Phospha-
alkynes, Genesis and Properties of the (p-p)π-Multiple Bond. Angew
Chem Int Ed Engl 20:731–744. doi:10.1002/anie.198107311

2. Phospha-alkene und Phospha-alkine, Genese und Charakteristika
ihrer (p-p)π-Mehrfachbindung. Angew Chem 93:771-784.
doi:10.1002/ange.19810930908

3. Fluck E (1980) Compounds of phosphorus with coordination
number 2. In: Grayson M, Griffith EJ (eds) Topics in phosphorus
chemistry, vol 10. Wiley, New York, pp 193–284

4. Kroto HW (1982) Tilden Lecture. Semistable molecules in the
laboratory and in space. Chem Soc Rev 11:435–491. doi:0.1039/
CS9821100435

5. Escudié J, Ranaivonjatovo H, Rigon L (2000) Heavy Allenes and
Cumulenes E=C=E′ and E=C=C=E′ (E=P, As, Si, Ge, Sn; E′=C,
N, P, As, O, S). Chem Rev 100:3639–3696. doi:10.1021/cr990013z

6. Escudié J, Ranaivonjatovo H, Bouslikhane M, El Harouch Y,
Baiget L, Cretiu Nemes G (2004) Phosphasila-, phosphagerma-,
and phosphaarsaallenes -P=C=E (E=Si, Ge, As) and arsa- and
diarsaallenes -As=C=E′ (E′=C, As). Russ Chem Bull 53:1020–
1033. doi:10.1023/B:RUCB.0000041301.62839.ba

7. Escudié J, Ranaivonjatovo H (2007) Group 14 and 15 Hetero-
allenes E=C=C and E=C=E′. Organometallics 26:1542–1559.
doi:10.1021/om0610086

8. Nguyen MT, Hegarty AF (1985) Structures and properties of
carboimidophosphene (HP=C-NH) and carbodiphosphene (HP=
C=PH). An ab initio study. J Chem Soc Perkin Trans 2:2005–
2012. doi:10.1039/P29850002005

9. Fitzpatrick NJ, Brougham DF, Groarke PJ, Nguyen MT (1994)
Effect of Fluorine and Chlorine Substituents on Stabilities of
Diphosphaallene, Diphosphirene, and Phosphanylphosphaalkyne
Isomers (XX′CP2 Species with X, X′=H, F, and Cl). Chem Ber
127:969–978. doi:10.1002/cber.199412706022

10. Yoshifuji M, Niitsu T, Toyota K, Inamoto N, Hirotsu K, Odagaki
Y, Higuchi T, Nagase S (1988) X-ray structure of a sterically
protected 1-aza-3-phosphaallene. Polyhedron 7:2213–2216.
doi:10.1016/S0277-5387(00)81807-0

11. Nguyen MT, Hegarty AF, McGinn MA, Ruelle F (1985) Structure
and properties of phosphaketene (H–P=C=O): phosphorus versus
oxygen protonation? J Chem Soc Perkin Trans 2:1991–1997.
doi:10.1039/P29850001991

12. Septelean R, Ranaivonjatovo H, Nemes G, Escudié J, Silaghi-
Dumitrescu I, Gornitzka H, Silaghi-Dumitrescu L, Massou S (2006)
Phosphavinylidene(oxo)phosphorane Mes*P(O)=C=PMes*: a
Diphosphaallene Featuring λ5σ3- and λ3σ2-Phosphorus Atoms.
Eur J Inorg Chem 2006:4237–4241. doi:10.1002/ejic.200690043

13. Dennington II R, Keith T, Millam J, Eppinnett K, Hovell WL,
Gilliland R (2003) GaussView, Version 4.1. Semichem Inc,
Shawnee Mission, KS

14. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B, Petersson
GA, Nakatsuji H, Caricato M, Li X, Hratchian HP, Izmaylov AF,
Bloino J, Zheng G, Sonnenberg JL, Hada M, Ehara M, Toyota K,
Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O,
Nakai H, Vreven T, Montgomery JA Jr, Peralta JE, Ogliaro F,
Bearpark M, Heyd JJ, Brothers E, Kudin KN, Staroverov VN,
Kobayashi R, Normand J, Raghavachari K, Rendell A, Burant JC,
Iyengar SS, Tomasi J, Cossi M, Rega N, Millam JM, Klene M,
Knox JE, Cross JB, Bakken V, Adamo C, Jaramillo J, Gomperts
R, Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Martin RL, Morokuma K, Zakrzewski VG, Voth
GA, Salvador P, Dannenberg JJ, Dapprich S, Daniels AD, Farkas
O, Foresman JB, Ortiz JV, Cioslowski J, Fox DJ (2009) Gaussian
09, Revision A.1. Gaussian Inc, Wallingford

15. Bergsträsser U (2005) Triple-bonded Heteroatom Derivatives
Other than Nitriles with Another Heteroatom Attached to the sp
Carbon Atom. In: Katritzky AR, Taylor RJK (eds) Comprehensive
Organic Functional Group Transformations II, vol 5. Elsevier,
Oxford, pp 1099–1111

16. Regitz M, Binger P (1988) Phosphaalkynes – Syntheses,
reactions, coordination behavior. Angew Chem Int Ed 27:1484–
1508. doi:10.1002/anie.198814841

17. Markovski LN, Romanenko VD (1989) Phosphaalkynes and
phosphaalkenes. Tetrahedron 45:6019–6090. doi:10.1016/S0040-
4020(01)85121-8

18. Arif AM, Barron AR, Cowley AH, Hall SW (1988) Reaction of
the phospha-alkyne ArCP (Ar=2,4,6-t-Bu3C6H2) with nucleo-
philes: a new approach to 1,3-diphosphabutadiene synthesis. J
Chem Soc Chem Commun 171-172. doi:10.1039/C39880000171

19. Lide DR (ed) (2009-2010) CRC Handbook of Chemistry and
Physics, 90th edn. CRC Press, Boca Raton, Florida

20. Karsch HH, Reisacher HU, Muller G (1984) Molecular Structure
of a 1, 3-Diphosphaallene: (2, 4, 6-t-Bu3C6H2)P=C=P(2, 4, 6-t-
Bu3C6H2), a Phosphorus Analogue of Carbon Disulfide. Angew
Chem Int Ed Engl 23:618–619. doi:10.1002/anie.198406181

21. Schubert U, Kappenstein C, Milewski-Mahrla B, Schmidbaur H
(1981) Molekül- und Kristallstrukturen zweier Carbodiphosphor-
ane mit PCP-Bindungswinkeln nahe 120&#x00B0. Chem Ber
114:3070–3078. doi:10.1002/cber.19811140914

22. Hardy GE, Kaska WC, Chandra BP, Zink JI (1981)
Triboluminescence-structure relationships in polymorphs of hex-
aphenylcarbodiphosphorane and anthranilic acid, molecular crys-
tals, and salts. J Am Chem Soc 103:1074–1079. doi:10.1021/
ja00395a014

23. Martin D, Gornitzka H, Baceiredo A, Bertrand G (2005) C-
Phosphoniophosphaalkenes as Precursors of 1σ4, 3σ2-
Diphosphaallenes: scope and limitations. Eur J Inorg Chem
2005:2619–2624. doi:10.1002/ejic.200500014

24. Shevchenko IV, Mikolenko RN, Lork E, Röschenthaler G–V
(2001) Interaction of some methylenediphosphanes with hexa-
fluoroacetone and hexafluorothioacetone dimer. Eur J Inorg Chem
2001:2377–2383. doi:10.1002/1099-0682(200109)2001:9<2377::
AID-EJIC2377>3.0.CO;2-3

25. Kato T, Gornitzka H, Baceiredo A, Bertrand G (2000) Synthesis,
structure, and reactivity of a 1σ4, 3σ2-diphosphaallene. Angew
Chem Int Ed Engl 39:3319–3321. doi:10.1002/1521-3773
(20000915)39:18<3319::AID-ANIE3319>3.0.CO;2-M

26. Wiberg KB (1968) Application of the pople-santry-segal CNDO
method to the cyclopropylcarbinyl and cyclobutyl cation and to
bicyclobutane. Tetrahedron 24:1083–1096. doi:10.1016/0040-
4020(68)88057-3

27. Glendening ED, Badenhoop JK, Reed AE, Carpenter JE,
Bohmann JA, Morales CM, Weinhold F (2001) NBO 5.0.
Theoretical Chemistry Institute, University of Wisconsin

J Mol Model (2011) 17:1719–1725 1725

http://dx.doi.org/10.1002/anie.198107311
http://dx.doi.org/10.1002/ange.19810930908
http://dx.doi.org/0.1039/CS9821100435
http://dx.doi.org/0.1039/CS9821100435
http://dx.doi.org/10.1021/cr990013z
http://dx.doi.org/10.1023/B:RUCB.0000041301.62839.ba
http://dx.doi.org/10.1021/om0610086
http://dx.doi.org/10.1039/P29850002005
http://dx.doi.org/10.1002/cber.199412706022
http://dx.doi.org/10.1016/S0277-5387(00)81807-0
http://dx.doi.org/10.1039/P29850001991
http://dx.doi.org/10.1002/ejic.200690043
http://dx.doi.org/10.1002/anie.198814841
http://dx.doi.org/10.1016/S0040-4020(01)85121-8
http://dx.doi.org/10.1016/S0040-4020(01)85121-8
http://dx.doi.org/10.1039/C39880000171
http://dx.doi.org/10.1002/anie.198406181
http://dx.doi.org/10.1002/cber.19811140914
http://dx.doi.org/10.1021/ja00395a014
http://dx.doi.org/10.1021/ja00395a014
http://dx.doi.org/10.1002/ejic.200500014
http://dx.doi.org/10.1002/1099-0682(200109)2001:9<2377::AID-EJIC2377>3.0.CO;2-3
http://dx.doi.org/10.1002/1099-0682(200109)2001:9<2377::AID-EJIC2377>3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20000915)39:18<3319::AID-ANIE3319>3.0.CO;2-M
http://dx.doi.org/10.1002/1521-3773(20000915)39:18<3319::AID-ANIE3319>3.0.CO;2-M
http://dx.doi.org/10.1016/0040-4020(68)88057-3
http://dx.doi.org/10.1016/0040-4020(68)88057-3

	Theoretical study of structural patterns in CH2OP2 isomers
	Abstract
	Introduction
	Methods
	Results and discussion
	Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


