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Abstract

The observed equilibrium interconversion between open ethylene phosphites and bicyclic spirophosphoranes is recognized

as the result of a new insertion reaction of phosphite P(III) into the labile H–O bond of the hydroxyethyl ester, a process more

typical to electron deficient species as carbenes or nitrenes, and akin to oxidative additions of transition metals. Energy

relationships between species along the reaction path are studied by MO RHF, MP2(full), and MP4SDTQ, as well as DFT

calculations, and usually predict 2-hydroxyethyl ethylene phosphites 1 more stable than strained tetraoxo-[10-P-5]-

spirophosphoranes 2, contrary to known experiments. The results of DFT calculations could be referred to underestimation of

nondynamic electron correlation in the unfavorable four-electron three-center axial fragment of spirophosphoranes, and thereby

spurious prediction of their lower stability. This interpretation of the DFT results is corroborated by CAS SCF vs. MC-QDPT2

calculations.

q 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Bicyclic tetraoxo spiro-[10-P-5]-phosphoranes

are important synthetic reagents providing facile

routes to numerous biologically active organic

phosphate esters such as herbicides, pesticides,

plant growth regulators [1–3], as well as phos-

phorylating agents in nucleotide chemistry [4].

Their reactions are closely related to the transester-

ification processes of RNA and DNA [4,5], due to

the easily, albeit slowly established equilibrium [6]

between their half open 1 and cyclic 2 forms, see

Scheme 1.

Particularly intriguing is the case of 2-hydro-

xyethyl phosphite esters 1, X ¼ : (a lone electron pair)

with tri-coordinate phosphorus, which exist in equili-

brium with the closed spirophosphorane form 2,

X ¼ H, having five-coordinated phosphorus. The

latter reaction has been related recently to phosphate

transesterification reactions [5–8] catalyzed by RNA

catalysts, ribozymes [9,10]. Spirophosphoranes are

good mimics of five-coordinated transition structures

and/or intermediates in phosphate ester hydrolysis

[11]. There is, however, an important difference
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inherent to the latter models of spirophosphoranes:

while five-coordinated anionic phosphate transition

structures and intermediates are significantly less

stable than initial reaction complexes of parent four-

coordinated phosphate esters, neutral spirophosphor-

anes are usually more stable than tri-coordinated

phosphite esters. The equilibrium ratio of spiropho-

sphorane 2 vs. ethylene-hydroxyethylphosphite 1 is

higher at low temperatures, and is 3:2 in dimethyl-

formamide, respectively, 9:1 in CH2Cl2 at room

temperature [6,12–14], with thermodynamic par-

ameters of DG0 ¼ 20:65 kcal mol21; DH0 ¼ 2:5 �

kcal mol21; and DS0 ¼ 10:6 entropy units, as deter-

mined by 1H NMR [12]. Note, however, that there is

no rapid interconversion of 1 to 2 and vice versa at

room temperature, and no dynamic NMR process is

reported between 260 and 70 8C [12]. Instead, the

ligand exchange reaction in a substituted spiropho-

sphorane equilibrates in ca. 20 h at 70 8C [13], thus

indicating the typical conditions for the interconver-

sion. Thus, spirophosphorane opening vs. closure

reactions are similar in terms of observable rates to

e.g. phosphate hydrolysis reactions, known as extre-

mely slow [14].

Kinetic data on intramolecular phosphite to spiro-

[10-P-5]-phosphorane conversions usually indicate

monomolecular processes [6,12,13,15]. Therefore, the

ring closure of hydroxyethyl phosphite esters can

certainly be considered an intramolecular reaction. To

understand the mentioned experimental results, and

thereby add mechanistic insight to the formation and

energetics of cyclic intermediates of phosphate

hydrolysis, we study theoretically two possible

mechanistic alternatives to achieve the equilibrium

in the case of hydroxyethyl ethylene phosphite 1, and

tetraoxo spiro-H-phosphorane 2, namely

(i) a ‘transesterification’ mechanism with attack of

the nucleophilic b-hydroxyl oxygen at phos-

phorus with reaction path involving the transition

structure B, Fig. 1, and subsequent hydrogen (or

proton) O–P migration, and

(ii) a ‘cyclization’ mechanism with phosphine

insertion into the O–H bond of the 20-

hydroxyethyl ester 1, following a reaction

path via transition structure A.

The commonly assumed driving force to the

solvolysis of closed ring ethylene phosphates and

phosphates [7,8] to give open hydroxyethyl esters is

the enhanced ring strain of five-membered ethylene

phosphate, respectively, phosphite or phosphonate

esters. The same driving force is considered the

reason for the enhanced solvolysis rate of ethylene

phosphates and phosphites as related to alkyl esters.

One would therefore expect that open chain ethylene

phosphates or phosphites would be more stable than

strained ring ethylene esters, and even more so

compared to spirophosphoranes. The factor opposing

the ring strain with the latter compounds could be, e.g.

the accumulation of electronegative oxygen atoms

around phosphorus. However, while PF5 has indeed

the stabilized trigonal bipyramidal structure, the same

ruling is unclear in the case of four (as is the case with

spirophosphorane 2; the fifth substituent is a H) or five

oxygen substituents. Therefore, along with the two

interconversion mechanisms mentioned above, invol-

ving the transition structures A and B, Fig. 1, we also

examine the relative stabilities of all phosphorus

species involved in these reactions by ab initio MO

RHF, MP2, and MP4, and multiconfigurational

MCSCF and MC-QDPT2, as well as by DFT

calculations.

Scheme 1. The phosphite–spirophosphorane equilibrium.
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2. Computational details

Theoretical relative energies of all species, rep-

resented on Scheme 1 and Fig. 1, are studied using

several gaussian basis sets, starting with the moderate

size 6-31 þ G* [16], a mixed basis set (hereafter

termed as Gen*) with 6-31G functions for C, H, O,

and a polarized MC [17] basis set for phosphorus.

Next we use the fully polarized triply split

valence basis sets 6-311G(d,p) [17], as well as

the 6-311þþG(d,p). Our highest is another mixed

basis set, consisting of cc-pVTZ [18] on P, and 6-

311G** on the remaining atoms, hereafter denoted as

Gen** to estimate the basis set dependence of

calculated relative energies of studied phosphorus

species. The effects of dynamic electron correlation

are systematically evaluated by MP2(fc) and

MP2(full) geometry optimization [19], and by single

Fig. 1. Theoretical bond lengths and angles, Å and degrees, of 20-hydroxyethyl- ethylenephosphite 1, and spiro-[10,P,5]-phosphorane 2,

B3PW91/ 6-311G**, with the MP2(full)/6-311G** values in italic.
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point MP4SDTQ [20] calculations at the MP2(full)

geometries. DFT geometries and energies are

evaluated using a variety of functionals, starting

with a generalized gradient GGA functional BP86,

including the B88 exchange functional [21] and the

P86 correlation functional [22]. In addition, we use

several hybrid functionals—the popular B3LYP [23]

as well as the combinations B3PW91 [24], and BH

and HPW91 [24,25]. These calculations are carried

out using GAUSSIAN 98 [26], and NWChem [27].

Solvent effects within the CPCM (COSMO) scheme

[28] are evaluated using GAUSSIAN 98. IRC calcula-

tions [29], and geometry optimizations at the

MP2(full)/6-311G** and CAS SCF/6-311G** [30]

(eight electrons in eight active orbitals, 8 £ 8) levels,

as well as single point 12 £ 12 CAS SCF/6-311G**

and MC-QDPT2 at the 8 £ 8 CAS SCF geometries are

done with the aid of GAMESS-US [31]. Details in

orbital selection for the CAS [30] are discussed along

with the results.

3. Results and discussion

3.1. Stationary structures on the C4H9O4P potential

energy surface

Calculated RHF, DFT and MP2 absolute and

relative energies are listed in Tables 1,2 and 4. The

calculated geometry parameters of the tetraoxo spiro-

[10-P-5]-phosphorane 2 closely approach the known

X-ray structures of a spiro-[10-P-5]-dioxophosphor-

ane [6] and a spiro-[10-P-5]-tetraoxo phosphorane

[15]. The theoretical, Fig. 1, as well as the

experimental X-ray structures [6,15] are slightly

distorted trigonal bipyramids with a central P atom.

The O–P–O fragment of spirophosphorane 2 is

predicted almost linear with an angle of ca. 1758,

while the experimental value is around 1798. The

equatorial O–P–O angle is predicted at ca. 1138,

while the experimental value is ca. 1218. The two

ethylene bridges, forming the five-membered rings,

do not cause distortion of the theoretical structure

towards a square pyramid [32], but to the contrary, the

fragment O– P– O is slightly bent towards the

equatorial hydrogen atom, that is, calculations predict

the trigonal bipyramid somewhat distorted towards a

tetrahedron with oxygen atoms at the vertices, Fig. 1.T
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3.2. Interconversion via direct nucleophilic attack

of phosphite on the hydroxyl bond

The geometry of the located transition structure A

for the ring closure of tetraoxo-[10-P-5]-spiropho-

sphorane, Fig. 2, MOLDEN [33], together with its

electron density distribution, Fig. 3, indicate that the

dominating role in the cyclization process is played by

phosphite electron pair insertion into the O–H bond

followed by proton abstraction akin to carbene

insertions. Note specifically the typical three-mem-

bered ring arrangement of P, H, and O atoms with

distances of 1.501 Å, P–H, 1.419 Å, O–H, and

2.163 Å, P – O, and the 95.68 P – H – O angle,

B3LYP/6-311G**, Fig. 1, A. MP2/6-311G** predicts

approximately the same geometry. Another charac-

teristic indicating the almost complete proton abstrac-

tion by phosphite phosphorus in TS A is the

natural bond orbital occupancy [34] P–H of 1.929,

HF/6-31 þ G*, slightly smaller than the NBO occu-

pancy of the P–H bond in P-protonated 20-hydro-

xyethyl-ethylene phosphite 1, 1.961. Charge

reorganization from 1 to 2 via TS A, Fig. 3, indicates

smooth increase of electron density on H moving from

the b-hydroxyl group in 1 to phosphorus in 2. In TS B

however, the electron density on the migrating H is

apparently at a minimum, and H is even closer to a

naked proton than in starting 1. To the contrary, H in

the spirophosphorane 2 bears some negative charge.

Thus, the alternative transesterification reaction

path for the intramolecular conversion of neutral

hydroxyethyl ethylene phosphite 2 via TS B is a

genuine transphosphinylation, see Figs. 1 and 3. The

characteristic geometry parameters of TS B are P–O

distances of 2.062 and 2.081 Å, O–H distances of

1.073 and 1.368 Å, and O–P–O angle of 66.28, HF/6-

31 þ G*. The MP2/6-311G** geometry is roughly

the same. Though having lower activation enthalpy,

Fig. 2. Optimized transition structures for the two viable mechanisms of phosphite 1 to spirophosphorane 2 interconversion, HF/6-311þþG**.
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the intramolecular transphosphinylation can be con-

sidered a side process to the ring closure of the

hydroxyethyl phosphite ester 1 into the spiropho-

sphorane 2, which accumulates during the reaction

being the lowest possible minimum [4,12,13]. The

located unsymmetrical transition structure B rep-

resents the conversion path for the phosphite ester into

its symmetrically opposite counterpart with a single

ring. We confirm this also by MP2/6-311G(d,p)

intrinsic reaction coordinate, IRC [29], calculations

for the two transition structures A and B, shown in

Fig. 2.

3.3. Interconversion via transesterification

and symmetry considerations

Tetraoxo-[10-P-5]-spirophosphorane 2 has an

almost perfect trigonal-bipyramidal structure of

symmetry C2; Fig. 1, with the symmetry axis

coinciding with the P–H bond. Indeed, there are

three (MP2) or two (DFT) other possible structures of

low symmetry Cs; 3, 4, and 5, with the symmetry

plane containing the P – H bond and bisecting

either the space between two ethylenedioxy frag-

ments, Fig. 4, or the mentioned fragments themselves.

The latter symmetry orientation, however, could not

originate from TS B. As shown in Fig. 4, the

structures 3, 4, and 5 represent the ‘movement’ of

hydrogen along the Cs plane starting from the closest

point between ‘left and right’ TS B, and approaching

the central phosphorus. The latest of these structures,

5, has actually an almost square-pyramidal arrange-

ment of substituents at P, with H on the top, and the

four oxygen atoms at the base of the pyramid.

However, vibrational analyses show that all studied

Cs structures possess multiple imaginary

frequencies and thus cannot represent any minima

on the corresponding potential energy surface,

Fig. 3. Mulliken charges and dipole moments of hydroxyethyl ethylenephosphite 1, 1-H-tetraoxo-[10-P-5]-spirophosphorane 2, their

interconnecting TS A, and the transphosphorylation TS B, RHF/6-311G** and B3PW91/6-311G**.
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PES.The same is valid for the C2v rectangular

pyramidal structure 6 with three imaginary frequen-

cies, which is closest to a square-pyramidal species.

Table 3 lists the corresponding relative energies of

mentioned symmetrical structures along with the

number of corresponding imaginary frequencies.

The possible presence of a symmetry plane

bisecting the space between the two ethylenedioxy

rings formally opens the opportunity for the existence

of a symmetry directed interconversion path of open

phosphites 1 to spirophosphoranes 2 and vice versa.

The obvious candidate for an entry point to such a

symmetry determined cross-section of the PES is the

hydrogen-bonded ‘transesterification’ TS B: by sym-

metry, a ‘left’ and a ‘right’ TS B are equivalent. Thus,

a two-dimensional view on the computed

energy profiles might create the expectation for

a symmetrical intermediate. However, a more detailed

consideration of its structure indicates that there are at

least two reasons why a symmetry-directed path for

the interconversion of 1 to 2 and vice versa is at best

of little probability. Mathematically, the crossover

point of the multidimensional potential energy sur-

face, PES, on the symmetry plane between the two

first order saddle points, the “left” and “right” TS B,

should be a higher (second, at least) order saddle

point. Chemically, as far as the interconversion path

between the left and right TS B would be the proton

shift in a hydrogen bonded system, the crossover point

on the symmetry plane should be a local (unidimen-

sional) maximum on the energy profile, hence no

intermediate (a true local minimum on the PES)

which could be expected on a two-dimensional

potential energy surface to virtually represent

Fig. 4. Symmetry constrained pseudo-stationary species on the spirophosphorane 2 mirror symmetry plane, with two views of the approximately

square pyramidal 5; optimized MP2/6-311G** structures.
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a stationary point. Accordingly we conclude that on

the true multidimensional PES of hydroxyethyl

ethylene phosphite 1–[10-P-5]-1H-spirophosphorane

2 interconversion any multistep hydrogen migration

mechanism is nonexistent. One should add that TS B

is a true transesterification transition structure, and its

transition vector (or imaginary vibrational mode) is

not the discussed proton shift either, but rather the P–

O bond formation/cleavage.

Calculations of the described symmetry-directed

cross-section of the PES are carried out using MP2, as

well as B3LYP and B3PW91 at the 6-311G(d,p) basis

set level. Included are also other structures with

retained symmetry elements. Among these are the

aforementioned approximately square-pyramidal

forms with Cs; C2, as well as of C2v symmetry, none

of which are local minima, but rather higher other

saddle points, see Table 3 and Fig. 4. MP2/IRC

calculations starting from located stationary points 3,

4, and 5 on the Cs-symmetry plane show that the

higher eigenvectors of their corresponding force

constant matrices define steepest descent directions,

which reduce the symmetry of the corresponding

species to C1. Thus, among the symmetric forms of

the conversion hydroxyethyl ethylene phosphite to

tetraoxo-[10-P-5]-spirophosphorane there are no hid-

den isomers or intermediates of the studied half-open

to spiro interconversion. In addition, DFT searches

along the Cs symmetry plane, starting from the TS B

do not locate species 3 and 4 either, while identifying

the structure 5 as the transition structure for

pseudorotation of the spirophosphorane 2. No local

minima are located in between the other described

higher order saddle points on the PES as well, see

Table 3.

3.4. A mechanism with direct proton transfer

to phosphorus

To rule out the participation of, e.g., external

proton sources in the actual liquid phase conversion of

open 20-hydroxyethyl-ethylene phosphites into corre-

sponding spirophosphoranes, we additionally carry

out MP2 and DFT 6-31 þ G* calculations of proto-

nated species to investigate the possible transform-

ations thereof. Hydroxyethyl-ethylene phosphite 1 has

several protonation sites, and the respective number of

possible mono-protonated species 7–11, Scheme 2.

Calculations of these, the one protonated at phos-

phorus, as well as the species protonated at a ring

oxygen, are carried out to establish their relevance to

the studied phosphite to spirophosphorane isomeriza-

tion, Scheme 2.

B3LYP and MP2 6-31G* searches for saddle point

structures show that the P-protonated species cannot

undergo ring closure. Protonation of phosphite ester

oxygen atoms, too, leads to open intermediates

(B3LYP/6-31G*), virtually possessing symmetry

elements, or a half-closed species, still a local

minimum, owing its relatively stable protonated

ethylene phosphite ring to hydrogen bonding with

an adjacent oxygen atom, Scheme 2, the species

arising from 8 and 11. All of these intermediates

correspond to transphosphinylation reactions (or,

more generally, phosphoric ester exchange, transpho-

sphorylation), which is to show again that protonated

phosphites cannot undergo ring closure to correspond-

ing spirophosphoranes.

Calculations of deprotonated 1 and 2 in turn

produce a single species - the anion of 2, denoted as

12, Scheme 2, which we interpret as a strong

indication of coordination deficiency, if not electron

deficiency, of phosphite P(III), leading to immediate

cyclization of the alcoholate anion, corresponding to

1. The calculated proton affinities of protonated

species, Scheme 2, are significantly lower than the

value obtained for the phosphoranide [35] anion 12.

The only source of protons in the liquid equilibrium

mixture of 1 and 2 are the half-open 1 and the spiro

form 2 themselves, as is the case in aprotic solvents as

CH2Cl2. Thus, we conclude that experimental kinetic

data, interpreted as belonging to monomolecular

reactions [6,12,13,15], and the present exploration

of protonation–deprotonation paths for the conver-

sion of hydroxyethyl ethylene phosphite 1 to spir-

ophosphorane 2 and vice versa in our calculations

support unequivocally the characterization of the

studied reaction as a phosphorus(III) insertion into the

labile O–H bond. What we find is that propensity for

insertion reactions can arise from coordination

deficiency of a second row atom, P, in the way it

arises from electron deficiency of first row atoms (C,

N, O) in carbenes, nitrenes, or oxenes. This is

supported also by the HOMO electron density map

of TS A, Fig. 5, which resembles those of transition

structures for nucleophilic carbene insertion (as well

J. Kaneti et al. / Journal of Molecular Structure (Theochem) 633 (2003) 35–4842



as for the Arbuzov reaction), with the lone electron

pair on phosphorus taking the dominant part in the

ensuing structural reorganization.

The energy profile of the outlined phosphite 1 -

spirophosphorane 2 equilibrium requires first of all

reliable evaluation of energies of the involved stable

species, 1 and 2. Calculated optimum RHF and DFT

energies with all used basis sets indicate the partially

open hydroxyethyl ethylene phosphite 1, Fig. 1, a

little more stable than the closed tetraoxo-[10-P-5]-

spirophosphorane 2, Table 1. However, these results

are contrary to experimental determinations of the

equilibrium ratio of the open 1 vs. the closed form 2 in

solution, 1:9 in CH2Cl2 and 2:3 in dimethyl

formamide or pyridine. These ratios correspond to

DG0; free energy differences, of 0.3–1.5 kcal/mol in

Scheme 2. Protonated and deprotonated species of hydroxyethyl ethylene phosphite 1, and [10-P-5]-1H-spirophosphorane 2. Proton affinities

are given in kcal/mol (B3LYP/6-31 þ G*, see Table 2; for the phosphoranide anion 12 also the B3PW91/6-311þþG** value is given in

parentheses).
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favor of the spirophosphorane 2. Limited account for

the solvent effect of water using the COSMO model

[28] (CPCM in GAUSSIAN 98) at the RHF/6-

31 þ G* level with no account for electron corre-

lation, see Table 1, predicts the open phosphite 1 more

stable than the closed spirophosphorane 2. These

results apparently indicate that the higher stabilities of

spirophosphoranes vs. ethylene phosphites are not due

to solvent effects. The lower dipole moment, Fig. 3, of

spirophosphorane 2 than phosphite 1 accounts cor-

rectly for their increased equilibrium ratio in less

polar solvents [6,12–14].

Spirophosphorane 2 features the axial three-center

O–P–O four-electron fragment, see Fig. 1, which

may be expected to pose problems with DFT

calculations, due to its similarity to the typical

transition structure of SN2 reactions [36]. However,

notwithstanding the analysis of Baerends and cow-

orkers [36], while GGA DFT overstabilizes the SN2

trigonal–bipyramidal structures with pure carbon pz-

orbitals, our GGA DFT calculations show trigonal–

bipyramidal spirophosphorane 2 destabilized with

respect to 1. The participation of dz2-orbitals of

phosphorus in the present case instead of pz orbitals in

three-center four-electron SN2 transition structures, or

e.g. s-orbitals in two-center-three-electron bonds,

should change the sign of the exchange contribution

to the energy difference between 1 and 2 and possibly

precondition the result of this calculation by as much

as 1.8 kcal/mol in the wrong direction, Table 2. This

analysis is corroborated by the DFT finding of a low-

lying pseudorotation TS for spirophosphorane 2, only

some 8 kcal/mol higher than the stable structure itself,

while the corresponding structure on the calculated

MP2 PES is as high as ca. 170 kcal/mol and is not a

transition structure (the corresponding Hessian FC-

matrix has three negative eigenvalues, Table 3), thus

indicating a rigid trigonal bipyramidal structure of the

spirophosphorane 2 on the computed MP2 energy

surface, with no capability for pseudorotation.

On the other hand, calculations using recently

developed hybrid functionals, approximating long-

range correlation effects using the Coulomb hole

approximation for weakly inhomogeneous electron

gas on the basis of PW91, e.g. B3PW91 [37,38],

furnish improved predictions of the energy relation-

ships and geometries of transition states. Conse-

quently, we chose B3PW91/6-311G** to reevaluate

energies of 1 and 2. Thus we reproduce experimental

data somewhat better than with the GGA functional

BP86 or with B3LYP by predicting the correct sign of

the small energy difference of closed spirophosphor-

ane 2 and open phosphite 1 with the former ca. 3 kcal/

mol more stable, Table 2. The calculations with the

hybrid combination BHandHPW91/6-311G**

[22–24] predict 2 by 2.3 kcal/mol more stable than

Fig. 5. HOMO electron density map of transition structure A, RHF/6-31 þ G*.
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1 at the 6-311G(d,p) basis set level, which is probably

an overestimation of the experimentally observed

effects.

Less clear are the results of our MP2 and MP4

calculations on open 20-hydroxyethyl-ethylene phos-

phite 1 and spiro-[10-P-5]-phosphorane 2. While the

MPn perturbation expansion covers systematically the

dynamic correlation energy, it is known from analyses

by Cremer and coworkers [39] that MP2 somewhat

exaggerates electron pair correlation. Accordingly,

MP2/6-311G** (and MP2/Gen**) calculations

strongly favor spirophosphorane 2 over open phos-

phite 1, by 7.7 (respectively 6.9) kcal/mol.

The theoretical prediction is reversed in MP4SDTQ/

6-311G** calculations, Table 4. Using the parallel to

DFT GGA calculations, we relate the result of

MP4SDTQ/6-311G**//MP2(full)/6-311G** calcu-

lations, which slightly favor (by 1.2 kcal/mol) the

open phosphite 1 over spirophosphorane 2, to

negligence of nondynamic electron correlation in

MPn: Once again, calculations using a more flexible

basis set on phosphorus, MP4SDTQ/Gen**//

MP2(full)/6-311G**, predict spirophosphorane 2 as

favored by 4.8 kcal/mol over open phosphite 1

(2798.732236 a.u., 2, vs. 2798.724523 a.u., 1). The

latter difference should be considered overestimated

Table 3

An energy cross-section for the H-migration along the Cs-symmetry plane of the PES for the hydroxyethyl ethylene phosphite 1–tetraoxo-[10-

P-5]-spiro-phosphorane 2 interconversion. Absolute energies in a.u., relative energies in kcal/mol (E0 ¼ 2798:81259 a:u:; MP2/6-311G**;

2800.2658, B3LYP/6-311G**; 2800.0369, B3PW91/6-311G**)

Species MP2/6-311G(d,p) B3LYP/6-311G(d,p) B3PW91/6-311G(d,p)

Energy Nimag Energy Nimag Energy Nimag

TS B 2798.75218 1 2800.21168 1 2799.98213 1

37.9 34.0 34.4

3 2798.48801 2

203.2

4 2798.40660 2

254.8

5 2798.54515 (C2) 3 2800.25172 1 2800.02611 1

2798.55123 ðCsÞ 3 8.8 6.8

,170

6 2798.51995 ðC2vÞ 3 2800.24816 3 2800.02238 3

183.6 11.1 9.1

Table 2

Theoretical DFT and relative energies of species involved in the phosphite 1 (relative energy 0 kcal/mol)—spirophosphorane 2 equilibrium with

various functionals, a.u.

Species BP86 6-311G** B3LYP 6-31 þ G* B3LYP 6-311G** B3PW91 6-311G** B3PW91 Gen** BHandHPW91 6-311G**

1 2800.28878 2800.13096 2800.26580 2800.03690 2800.06368 2798.92306

0.0 0.0 0.0 0.0 0.0 0.0

2800.26167

2.6a

TS A 2800.22363 2800.05741 2800.19157 2799.96464 2799.99119 2798.84265

40.9 46.2 46.6 45.3 45.5 50.5

TS B 2800.24491 2800.07372 2800.21168 2799.98213 2800.00473 2798.85817

27.5 35.9 34.0 34.4 37.0 40.7

2 2800.28598 2800.12921 2800.26259 2800.03666 2800.06846 2798.92665

1.8 1.2 2.0 0.1 23.0 22.3

a The anti-periplanar (O–C–C–O) conformer of open phosphite 1
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for the same reason as the former MP4 result, and is

indeed higher than found by experiments.

Thus, theoretical energy relationships in studied

phosphite–spirophosphorane pairs are very sensitive

to both electron correlation and basis set effects, as

shown by our DFT calculations with GGA and recent

hybrid functionals, as well as by RHF and MPn

calculations using the Gen* and Gen** basis sets.

Provision of an extended set of polarization functions

on P, and a polarized basis of moderate size for the

rest of atoms in considered molecular species, enables

correct (although virtually due to cancellation of

errors) predictions of energy relationships even at the

RHF/Gen** level of theory, Table 1.

To finally check the interpretation of all factors

governing the stability and interconversions of

ethylene phosphites 1 to spirophosphoranes 2, and

vice versa, we carry out MC SCF (CAS SCF)/6-

311G** [30] calculations of 1, 2, and their connecting

transition structure, TS A, as well as of the

transesterification transition structure, TS B. The

expected result is to verify the trends in energy

relationships of open 1 vs. spiro-compound 2, as well

as between the transphosphorylation TS A and

phosphite insertion TS A structures, as deduced

from DFT and single configuration MO calculations.

Indeed, we cannot even attempt achieving any

completeness of the multiconfigurational calculations

due to the sheer size of the studied molecular species.

Even with a restricted configuration space, the orbital

selection is difficult due to the fact that the 10 highest

occupied MO’s of [10-P-5]-1H-spirophosphorane 2

are oxygen lone pair and s-CO orbitals, as well as 4

out of the 6 lowest virtual orbitals are s**-CH

orbitals. Thus we are forced to select the active

configuration space on purely computational grounds,

based on considerations of computing time and

available scratch disk space. With the aim to at least

find some tendencies in calculated correlation correc-

tions, we test two expansions, denoted hereafter as

(8 £ 8), i.e. eight electrons on eight orbitals, and

(12 £ 12), i.e. 12 electrons in 12 orbitals, evenly taken

as the highest occupied and lowest virtual MO’s, see

Table 4. The comparison of (8 £ 8) CAS SCF

energies, for which geometry optimization is feasible,

and dominantly accounting for the nondynamic

electron correlation, shows the closed spirophosphor-

ane 2 by as much as 14 kcal/mol more stable than the

partially open phosphite 1. The limited perturbational

account for dynamic electron correlation in (8 £ 8)

MC-QDPT2 inverses the sign of this energy relation-

ship by almost as much, 9 kcal/mol. Even though the

active correlation space accounted for is only eight

electrons in eight orbitals, these calculations reveal

that nondynamic electron correlation stabilizes h5-P

relative to h3-P, and vice versa, dynamic correlation

brings about stabilization of h3-P (and possibly h4-P

as well) relative to h5-P. This deduction is confirmed

by the calculated relative energies of TS A and TS B

as well: CAS SCF significantly stabilizes the ‘almost

h5-P’ TS A, with the migrating H almost completely

attached to P, and reduces the predicted activation

Table 4

Correlated MO absolute and relative energies of species involved in the phosphite 1 (relative energy 0 kcal/mol)—spirophosphorane 2

equilibrium, a.u. and kcal/mol

Species MP2-full

6-311G**

SP MP4SDTQ

6-311G**

8 £ 8

CAS SCF

6-311G**

SP 8 £ 8 MC-

QDPT2

6-311G**

SP 12 £ 12

CAS SCF

6-311G**

SP 12 £ 12 MC-QDPT2

6-311G**

1 2798.81259 2798.65500 2797.11964 2798.55772 2797.19477 2798.55863

0.0 0.0 0.0 0.0 0.0 0.0

TS A 2798.73435 2798.57560 2797.09220 2798.47721 2797.11692 2798.43807

49.1 49.8 17.2 50.5 48.9 75.7

TS B 2798.75218 2798.59460 2797.05003 2798.47797 2797.12438 2798.47885

37.9 37.9 43.7 50.0 44.2 50.1

2 2798.81405 2798.65316 2797.14220 2798.54271 2797.22993 2798.54355

20.9 1.2 214.2 9.4 222.0 9.5

MP4SDTQ/6-311G** calculations are done at the MP2(fu)/6-311G** geometry. All MC-QDPT2 (8 £ 8), CAS SCF (12 £ 12) and MC-

QDPT2 (12 £ 12)s data are calculated at the corresponding CAS SCF (8 £ 8) geometries.
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energy of phosphite insertion significantly below the

value predicted for the ‘almost h4-P’ TS B,

the transphosphorylation TS. Conversely, MC-

QDPT2 over the same correlation space ‘restores’

the expected relationship between activation energies

of 1–2 ring closure/opening vs. mirror 1–1 conver-

sions within the range of expectations, given by DFT

and MPn calculations.

The data obtained with the (8 £ 8) active configur-

ation space are essentially reproduced at the higher

level of electron correlation, using the (12 £ 12)

active space, with the exception that the (12 £ 12)

CAS SCF energy gap between 1 and TS A is in line

with MPn results. In fact, the majority of activation

energies, calculated here for the mirror transpho-

sphinylation 1–1, with the exception of (8 £ 8) MC-

QDPT2, are well within the range of theoretical

values obtained for phosphate ester reactions [8,14,

40]. The predicted activation energies for the

phosphite insertion reaction 1-2, even including the

exceptionally low (8 £ 8) CAS SCF value, are in turn

significantly higher than values obtained for less

reactive carbene (e.g. vinylidenes: little, if any,

reaction barriers) insertion reactions [41]. We con-

sider the exceptionally low activation energy, pre-

dicted by present CAS SCF calculations for TS A,

already having the ‘hypervalent’ coordination at P, as

one more indication of the importance of balanced

account of electron correlation effects in calculations

of molecular species and reactions involving atoms

with high (or ‘hypervalent’) coordination numbers.

4. Conclusion

The intramolecular cyclization of partially open

phosphite esters, P(III), to spirophosphoranes, P(V), is

shown to proceed by a mechanism of phosphite

insertion into the labile O–H bond in b-position

relative to the PO group. The revealed mechanism is

similar to insertion mechanisms of carbenes or

nitrenes, and indicates that propensity for insertion

reactions can arise from coordination deficiency of P

in the manner it arises from electron deficiency of first

row elements.

Computationally, the results of the explored

various levels of theory underscore the necessity of

carefully balanced account of electron correlation

effects to properly reproduce the experimental

energy relationships in the studied P(III)–P(V)

interconversion reaction. Overestimation of second

order Møller–Plesset perturbational corrections from

electron correlation leads to spurious results at both

single and multiconfigurational levels of MO theory.

Thus, best correspondence to experimental data is

obtained using DFT with the Perdew–Wang corre-

lation functional, and sufficiently large gaussian basis

sets, at least 6-311G(d,p), preferably augmented with

additional basis functions on phosphorus.
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