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Ab initio investigations of the reaction profiles for the base-catalyzed methanolysis of amino-2-
thiono-1,3,2-oxathiaphospholane suggested that ring opening with a retention of configuration at
phosphorus would be energetically favorable, which provides a reasonable interpretation for the
chemo- and stereoselectivity that have been determined experimentally for the reaction of
diastereomerically pure 2-[(1-(R-naphthyl)ethyl)amino]-2-thiono-1,3,2-oxathiaphospholane. Nu-
cleophilic attack at phosphorus will lead to a trigonal bipyramidal (TBP) pentacoordinate
phosphorane intermediate, and pseudorotation will then occur concomitantly with collapse of the
TBP intermediate. Thus, pseudorotation is strongly coupled with the reaction coordinate for the
substitution pathway. This finding suggests that substitution with a retention of configuration
can occur even though a TBP species resulting from pseudorotation fails to exist as an intermediate.

Introduction

The stereocontrolled synthesis of nucleic acids with
phosphorothioate linkages has recently received consid-
erable interest. 5′-O-Dimethoxytrityl-nucleoside 3′-O-(2-
thiono-1,3,2-oxathiaphospholane) gives dinucleoside 3′,5′-
phosphorothioate upon treatment with 5′-OH nucleoside
under base-catalyzed conditions.1-3 This reaction makes
it possible to synthesize diastereomerically pure nucleo-
side with a 3′,5′-phosphorothioate linkage. However, the
stereochemical outcome of the ring opening of five-
membered 1,3,2-oxathiaphospholane was unclear, and
the absolute configuration at phosphorus was unable to
be assigned.
A recent X-ray crystallography analysis by Uznanski

et al.2 has revealed that the DBU-catalyzed ring opening
of diastereomerically pure 2-[(1-(R-naphthyl)ethyl)amino]-
2-thiono-1,3,2-oxathiaphospholane (1a) occurs with a
retention of configuration at phosphorus (eq 1).2 Base-
catalyzed methanolysis of (Rp,Rc)-1,3,2-oxathiaphos-
pholane 1a, followed by S-methylation of the intermedi-
ate, gave (Sp,Rc)-O,S-dimethylN-[1-(R-naphthyl)ethyl]phos-

phoramidothioate (3a) in a nearly quantitative yield.
Thus, the precursor of (Sp,Rc)-3a should be anionic
(Sp,Rc)-2a.

Westheimer’s guidelines are commonly accepted for the
mechanism of nucleophilic substitution at tetrahedral
phosphorus.4,5 Attack of a nucleophile will lead to a
trigonal bipyramidal (TBP) pentacoordinate intermedi-
ate. Both the attacking and leaving groups will occupy
axial positions in the TBP intermediate (axial entry and
axial departure). The TBP intermediate is nonrigid and
may undergo a rapid rearrangement of ligand positions
via Berry pseudorotation.6-8 This process involves con-
certed inward bond bending of both axial ligands and
outward bending of two equatorial ligands (excluding
that used as a pivot) to yield another TBP intermediate
in which the axial and equatorial ligand pairs have
exchanged positions. A square pyramidal transition state
is postulated for pseudorotation. In addition, the diequa-
torial five-membered ring in a TBP phosphorane species
is highly strained and quite unlikely.5,9
According to Westheimer’s guidelines, pathways A-C

in Scheme 1 are possible for the nucleophilic ring opening
of 1,3,2-oxathiaphospholane.2 Pseudorotation in the TBP
intermediate is mandatory for a retention of configura-
tion at phosphorus (Scheme 2).4,5,10 Thus, only reaction
pathway A, which involves axial entry, pseudorotation,
and axial departure, resulting in the intermediate ITHA,
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followed by elimination of thiirane, is consistent with the
chemo- and stereoselectivity that have been determined
experimentally for the ring opening of 1,3,2-oxathiaphos-
pholane.2,3 However, the TBP intermediate ITBPA which
results from pseudorotation would seem to be signifi-
cantly unstable compared with the original TBP inter-
mediate ITBPB: both sulfur and nitrogen ligands are less
apicophilic than the oxygen ligand.5,9,11-14 Indeed, Holm-

es’ model for calculating conformational energies in
pentacoordinate phosphorus compounds5,9 suggests that
ITBPA should be 10.0 kcal/mol higher in energy than ITBPB.
The ab initio work of Lim and Tole in 1992 suggested

a new mechanism for the base-catalyzed hydrolysis of
methyl ethylene phosphate.15,16 They found that the
reaction coordinate of the attack of hydroxide anion at
phosphorus is strongly coupled with pseudorotation in
the gas phase. Contrary to Westheimer’s guidelines,
their observation suggests that concerted pseudorotation
and formation/cleavage of an equatorial bond in TBP
species is a viable mechanism for nucleophilic substitu-
tion with a retention of configuration at phosphorus. This
observation was also extended to the hydrolysis of methyl
aminoethylenephosphonate17 and sulfate esters.18

By using a model system 1b (eq 1), we examined ab
initio reaction profiles with respect to pathways A-C
(Scheme 1), as well as a pathway for concerted pseudoro-
tation (indicated by the broken arrow in Scheme 1). The
investigation described here extends the mechanism
suggested by Lim and Tole to nucleophilic ring opening
of 1,3,2-oxathiaphospholane and provides a reasonable
interpretation for the chemo- and stereoselectivity that
have been determined experimentally.2,3 Thus, even
though the TBP species resulting from pseudorotation
fails to exist as an intermediate, substitution with a
retention of configuration at phosphorus is still possible.

Details of Computation

All calculations used the Gaussian 92 software package.19
In some cases, the Gaussian 94 software package20 and the
Spartan software suite21 were used. The split valence basis
set with polarization and diffuse functions (6-31+G(D)) was
used. We optimized all structures at the Hartree-Fock (HF)
level and then evaluated the energies of each stationary point
by MP2 (frozen core) single-point calculations. In specific
instances, we performed geometry optimizations at the MP2
level and then evaluated MP4(DQ) energies (frozen core) at
the MP2 geometries. Geometry optimizations used the stan-
dard convergence criteria in the software.19,20 Frequency
calculations (analytical method for HF and numerical method
for MP2) were carried out for all stationary points to ensure
adequate convergence. In addition, natural bond orbital
(NBO) analyses22-27 were carried out for several stationary
points. We examined the energetic consequences of hyper-
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Scheme 1. Possible Pathways for the
Base-Catalyzed Methanolysis of

Oxathiaphospholane 1ba

a ψ indicates a pseudorotation process.

Scheme 2. Commonly Accepted Mechanism for
Nucleophilic Substitution Reactions at

Phosphorusa

a (a) Axial entry and axial departure without pseudorotation
(in-line mechanism) results in an inversion of the configuration
at phosphorus. (b) Westheimer’s guidelines suggest a mechanism
which involves axial entry, pseudorotation, and axial departure
for a retention of configuration at phosphorus resulting from
nucleophilic displacement.
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conjugative delocalization by deleting the off-diagonal Fock
matrix elements in the NBO basis.
A continuum dielectric model has been employed to evaluate

the solvation effects on the hydrolysis of phosphates16,17,28,29
and sulfates.18 In a continuum dielectric model, a solute
molecule is placed in a cavity immersed in a continuous
medium with a dielectric constant ε. The simplest model is
the Onsager reaction field model. Despite its simplicity (a
spherical cavity and considering just a dipole), the Onsager
model has been found to be useful for qualitatively reproducing
solution-phase behavior.30-33 Interaction between the dipole
in the solute molecule and the electric field due to the induced
dipole in the medium will lead to net stabilization.
We used the Onsager model to estimate the solvation effects

on the transition states, as well as on the most stable TBP
intermediate. The ring opening of 1,3,2-oxathiaphospholane
1a was observed in a pyridine/acetonitrile or benzene/aceto-
nitrile solvent system.1-3 The dielectric constant of acetonitrile
(ε ) 36.7) was used for these calculations. The cavity radii
were calculated using the quantum mechanical method34 for
gas-phase structures. The geometries of the stationary points
were optimized at the HF level by using the recommended
values for the cavity radii, which were 0.5 Å larger than those
computed for a contour of 0.001 electrons/bohr3. Relative
stabilities of the stationary points were evaluated at the HF
geometries using the common cavity radius (4.6 Å).
Nomenclature. We identify structures in the following

manner. I, Ts, and IL represent intermediates, transition
states, and long-range ion-dipole minima, respectively. Pdt
is a product resulting from elimination of a thiirane or oxirane
molecule. Subscripts A, B, and C indicate possible reaction
pathways (Scheme 1). Superscripts TBP and TH following I
distinguish between trigonal bipyramidal and tetrahedral
structures. Subscripts of t and g distinguish between confor-
mational isomers with regard to the methoxyl group in the
TBP intermediates (trans and gauche relative to the endocyclic
sulfur atom). Superscripts n and x following TS represent
transition states for cleavage/formation of endocyclic and
exocyclic bonds, respectively, in the TBP intermediates. These
transition states are also characterized by the subscripts P-O
or P-S, indicating cleavage/formation of the P-O or P-S bond.
The transition states for elimination of thiirane and oxirane
molecules are identified by the superscripts elim-T and elim-
O, respectively.

Results

Conformation of 1b and Its Anion. Only one
conformer was found for 1b. The HF-optimized bond
lengths and bond angles in the 1,3,2-oxathiaphospholane
ring in 1b were in good agreement with those for the
X-ray crystallographic structure of 1a.35,36
The anion of 1b had two distinct conformers, in which

the N-H bond is cis and trans relative to the exocyclic

sulfur atom. The energy difference between these con-
formers is insignificant. Due to the negative charge on
the nitrogen atom, the P-N bond is shorter than that in
neutral 1b. Conversely, the bonds between phosphorus
and the other three ligands are lengthened.
Long-Range Complexes of 1b/1b Anion andMeO-/

MeOH. We were able to locate minima of the long-range
ion-dipole complexes. While two energetically identical
minima were found for the complex of 1b anion and
methanol [IL(1b- + MeOH)], the complex of 1b and
methoxide anion [IL(1b + MeO-)] had only one mini-
mum. In these ion-dipole complexes, methanol or meth-
oxide anion was located opposite the exocyclic P-S bond.
Among the four ligand atoms of phosphorus, the exocyclic
nitrogen atom in 1b or 1b- was closest to the oxygen
atom of methanol or methoxide anion. Since methanol
is much smaller than 1b, deprotonation of methanol
results in significantly greater destabilization than depro-
tonation of 1b in the gas phase. Thus, gas-phase calcula-
tions suggested that the ion-dipole complex IL(1b +
MeO-) was much higher in energy than IL(1b- + MeOH).
Based on HF and MP2 calculations, this difference in
energy is 15.5 and 12.1 kcal/mol, respectively.
TBP Intermediates. Four minima were located for

the TBP structures corresponding to ITBPB: the torsional
isomers with regard to the exocyclic P-OMe bond
(ITBPB(g), ITBPB(t), ITBPB(-g)) and an isomer with the nitrogen
atom inverted (I′TBPB(g)). HF and MP2 calculations
suggested that the conformational isomer ITBPB(g), which
has a gauche methoxyl group relative to the endocyclic
sulfur, was the most stable. In all of the structures for
ITBPB, the lone pair of the equatorial nitrogen was located
almost coplanar to the equatorial ligands. This geometric
feature should give rise to optimal π-bonding hypercon-
jugative interaction of the nitrogen lone pair with the two
other equatorial ligands.9,11-14

Meanwhile, neither ITBPA nor ITBPC, in which the sulfur
atom occupies an axial position, could be located on the
HF potential energy surface: geometry optimizations
resulted in cleavage of the endocyclic P-S bond to yield
tetrahedral species.
Transition States for Cleavage/Formation of the

P-O and P-S Bonds in ITBPB(g). In the transition
states for formation/cleavage of exocyclic and endocyclic
P-O bonds (TSxP-O and TSnP-O), the phosphorus atom
showed geometric features halfway between the tetra-
hedral tetracoordinate and TBP pentacoordinate states.
The intrinsic reaction coordinate calculations indicated
that the transition state TSxP-O was connected to ITBPB(g)
and IL(1b + MeO-). Thus, these transition states can
be considered saddle points on the reaction coordinate
for the in-line process.
We located two transition-state structures for cleavage

of the endocyclic equatorial P-S bond, in which the lone
pair on the nitrogen atom is antiperiplanar and syn-
periplanar, respectively, relative to the exocyclic P-S
bond. The former transition state TSnP-S was slightly
lower in energy than the latter TS′nP-S. The structures
of the transition states TSnP-S and TS′nP-S are character-
ized more accurately as square pyramidal phosphorus
rather than either TBP or tetrahedral phosphorus. The
exocyclic sulfur atom occupies the apical position in the
square pyramid. The structure with square pyramidal
phosphorus is a transition state for pseudorotation. Im-
portantly, the TBP species ITBPA, which is believed to be
an intermediate resulting from pseudorotation (pathway
A), did not represent a local energy minimum. Thus, the
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transition state TSnP-S should be a saddle point not only
for the pseudorotation in ITBPB but also for cleavage of
the equatorial P-S bond. The intrinsic reaction coordi-
nate analysis indicated that the reaction coordinate for
cleavage of the P-S bond was strongly coupled with that
for pseudorotation in the TBP intermediate ITBPB.
Tetrahedral Intermediates. The tetrahedral inter-

mediates and the subsequent stationary point structures
that were considered for reaction pathway C are enan-
tiomers of those for reaction path A. Therefore, we
hereafter only consider the stationary points along
pathways A and B.
Due to conformational freedom in the â-thioethyl or

â-oxyethyl side chain, several rotational isomers are
possible for tetrahedral intermediates. We used AM1
Hamiltonian for systematic conformational analysis and
then performed HF geometry optimizations for rotational
isomers with the lowest energy. In the optimized struc-
tures of ITHA and ITHB, either the thio anion or the oxy
anion at the terminus of the side chain was located close
to one of the N-H protons. In addition, the thio or oxy
anion was almost collinear to the N-H bond. These
geometric features suggest favorable intramolecular elec-
trostatic interactions between the negative charge at the
terminus of the side chain and the N-H protons. Indeed,
MP2 optimization starting from the HF geometry of ITHB
resulted in a hydrogen shift from the nitrogen atom to
the oxygen atom at the terminus of the â-oxyethyl side
chain.
Transition States for the Elimination of Thiirane

and Oxirane. Elimination of thiirane or oxirane from
the tetrahedral intermediates ITHA and ITHB occurs via
an SN2-type nucleophilic attack of thio/oxy anion at the
carbon atom. We were able to locate four transition
states for the elimination of thiirane (TS’selim-T) and four
other transition states for the elimination of oxirane
(TS’selim-O). The four transition states for each process
were energetically comparable. Departing thiirane and
oxirane moieties were located in either the syn or anti
region of the resulting phosphoramidothioate PdtA and
phosphoramidodithioate PdtB (Chart 1). Two transition
states, which had different directions for the thiirane/
oxirane moiety, were found for both syn and anti depar-
ture. It is noteworthy that the transition states TS’selim-O
were significantly higher in energy than TS’selim-T.
Long-Range Complexes of the Products. As for

the reactants, long-range ion-dipole minima were found
for the products. Thiirane and oxirane molecules were
located in the syn region (see Chart 1) of phosphorami-
dothioate PdtA and phosphoramidodithioate PdtB. The
complex IL(PdtA + thiirane) resulting from pathway A
is asymmetric (C1). The molecular plane of thiirane was
significantly tilted from the nonbridging O-P-S plane
of PdtA. The nonbridging oxygen atom in PdtA was

located closer to oxirane than the nonbridging sulfur
atom. The ion-dipole minimum [IL(PdtB + oxirane)]
resulting from pathway B has Cs symmetry due to
molecular symmetry. The oxirane molecule was located
nearly coplanar to the S-P-S plane of PdtB. Rotating
oxirane by 90° yields another Cs structure, IL′(PdtB +
oxirane), which was found to be a transition state with
slightly higher energy.
Conformation of the Products. Thiirane and ox-

irane had only one structure with C2v symmetry. Phos-
phoramidothioate PdtA had three distinct conformers, in
which the methoxyl group adopted a gauche, -gauche,
or trans conformation relative to the amino group (Pdt1A,
Pdt2A, and Pdt3A). The energies of these conformers were
comparable. Meanwhile, phosphoramidodithioate PdtB
had a mirror plane in the global minimum (Cs structure).
Another Cs structure was found to be a transition state
(Pdt′B).
Transition-State Structure with a Ligand Ar-

rangement Corresponding to ITBPC. The TBP inter-
mediate ITBPC, which has been postulated along reaction
pathway C, could not be located on the potential energy
surface. The TBP structure with a ligand arrangement
corresponding to ITBPC was possible merely as a saddle

Chart 1. Syn and Anti Regions of the Phosphate
Moiety

Scheme 3. Reaction Pathways Suggested by ab
Initio Calculationsa

a The transition-state structures are shown in parentheses.

5796 J. Org. Chem., Vol. 62, No. 17, 1997 Uchimaru et al.



point (TSSN(P)2). A frequency calculation analysis sug-
gested a one-step addition-elimination mechanism: nu-
cleophilic attack of methoxide collinear to the endocyclic
P-S bond should occur in concert with breaking of the
P-S bond. The geometric features of TSSN(P)2 indicated
that the transition state had highly asynchronous char-
acter. The length of the forming exocyclic P-O bond in
TSSN(P)2 was significantly longer than that of the corre-
sponding P-O bond in the most stable TBP intermediate
ITBPB(g) (2.623 vs 1.762 Å for the MP2 geometries). In
contrast, the breaking P-S bond in the axial position was
even shorter than the equatorial P-S bond in ITBPB(g)
(2.169 vs 2.186 Å).
Solvation Effects. We carried out HF geometry opti-

mizations through the Onsager model for the six transi-
tion states TSxP-O, TSnP-O, TS1elim-O, TSnP-S, TS1elim-T, and
TSSN(P)2, as well as for the most stable TBP intermediate
ITBPB(g). The Onsager model did not significantly alter
the gas-phase geometries. For the TBP intermediate
ITBPB(g), the differences between the gas-phase and solu-
tion-phase geometries were less than 0.01 Å and 1° for

bond lengths and bond angles, respectively. Comparable
differences were found for the transition states TSnP-S.
Slightly larger differences were observed for other transi-
tion states.37

The Onsager model calculations provided an estimate
of solvation energies for the stationary points. The
transition states TSxP-O, TS1elim-T, TS1elim-O, and TSSN(P)2
were found to be better solvated than the TBP intermedi-
ate ITBPB(g). On the other hand, the solvation energies
for the transition states TSnP-S and TSnP-O were compa-
rable to that for the TBP intermediate ITBPB(g) and were
relatively small (see Figure 3).

(37) For the transition states TSxP-O and TSnP-O, the breaking/
forming P-O bonds were shortened by 0.204 and 0.098 Å, respectively,
in the solution phase compared with those in the gas phase. Similarly,
the forming P-O bond and the breaking P-S bond in TSSN(P)2 were
shortened by 0.076 and 0.014 Å, respectively. Meanwhile, the Onsager
model suggested transition states TS1elim-T and TS1elim-O, with breaking
O-C and S-C bonds 0.108 and 0.111 Å longer than the corresponding
gas-phase geometries. Conversely, the forming C-S and C-O bonds
are 0.064 and 0.053 Å shorter in the solution phase.

Figure 1. Structures of the stationary points along the lowest energy paths for reaction pathways A′, B, and C′. The gas-phase
[HF and MP2 (in brackets)] and solution-phase (in parentheses) geometric parameters are given in Å and degrees.
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Discussion

Our results point to the three reaction pathways
summarized in Scheme 3. These pathways correspond
to pathways A-C in Scheme 1. Figure 1 shows the
optimized structures of the stationary points along each
pathway. First, the collinear attack of methoxide will
occur from the side opposite the endocyclic P-O bond,
resulting in the TBP intermediate ITBPB through the
transition state TSxP-O. Pseudorotation in ITBPB will occur
concomitant with cleavage of the endocyclic P-S bond
via the transition state TSnP-S to immediately give the
tetrahedral intermediate ITHA, without forming ITBPA
(pathway A′ in Scheme 3; indicated by the broken arrow
in Scheme 1). No TBP minimum with a ligand arrange-
ment of ITBPA was located on the potential energy surface.
Concerted pseudorotation and cleavage of the equatorial
P-S bond in the TBP intermediate ITBPB is noteworthy.
A similar addition-elimination mechanism along with
pseudorotation was originally suggested by Lim and Tole
for hydrolysis of neutral methyl ethylene phosphate.15,16
Second, collapse of the TBP intermediate ITBB in the in-
line mechanism may result in the tetrahedral intermedi-
ate ITHB (pathway B). Finally, attack of methoxide
collinear to the endocyclic P-S bond may cause immedi-
ate ring opening of 1,3,2-oxathiaphospholane to yield the
tetrahedral intermediate ITHC via the transition state
TSSN(P)2 (pathway C′, Scheme 3). Elimination of thiirane
or oxirane will convert the tetrahedral intermediate ITHA,
ITHB, or ITHC to phosphoramidothioate PdtA or PdtC or
phosphoramidodithioate PdtB.
Not only in the gas phase but also in the solution

phase, pathway A′ will be preferred over either pathway
B or C′ (Figures 2 and 3). In our highest level calcula-
tions (MP4(DQ)), the relative energies of the stationary

points appear to converge in this respect (Table 1). The
transition state (TSSN(P)2 along pathway C′) for the attack
of methoxide collinear to the endocyclic P-S bond was
7.2 kcal/mol higher in MP4 energy than that for collinear
attack from the side opposite the endocyclic P-O bond
(TSxP-O). The transition states TSnP-O and TSelim-O along
pathway B were higher in energy by 12.2 and 32.4 kcal/
mol, respectively, than the corresponding transition
states along pathway A′ (TSnP-S and TSelim-T). Thus,
pathway A′ for the addition-elimination mechanism
concerted with pseudorotation followed by elimination of
thiirane is most likely for the nucleophilic ring opening
of 1,3,2-oxathiaphospholane. This mechanism is consis-
tent with the experimentally determined chemo- and
stereoselectivity. The preference for the TBP ligand
arrangement of ITBPB over those of ITBPA and ITBPC is
consistent with the general guidelines of apico-
philicity.9,11-14 A bulky substituent prefers an equatorial
position.5 Since the compound used for this experiment
(1a) had a large R-naphthylethyl group on the nitrogen
atom, the TBP ligand arrangement of ITBPA, with the
nitrogen ligand in an axial position, should be highly
improbable for the actual system.
The significant energy difference between pathways A′/

C′ and B can be interpreted as arising from the difference
in polarizability and electronegativity between oxygen
and sulfur atom. Since the oxygen atom is less polariz-
able than the sulfur atom, oxy anion is disfavored over
corresponding sulfur anion. Thus, the tetrahedral in-
termediate ITHB, with a negative charge on the oxygen
atom at the terminus of the chain, is much higher in
energy than the corresponding intermediate ITHA with a
negative charge on the sulfur atom at the same location.
The energy difference between ITHA and ITHB (HF, 33.1;

Figure 2. Gas-phase profiles of the potential energy surface. The energies of each stationary point relative to the TBP intermediate
ITBPB(g) are shown: (a) solid lines, calculated at the level of MP2/6-31+G*//HF/6-31+G* [corrected for zero-point energies (scaled
by a factor of 0.8929) calculated at the HF level] and (b) broken lines, calculated at the level of MP4(DQ)/6-31+G*//MP2/6-31+G*
(corrected for zero-point energies calculated at the MP2 level).
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MP2, 20.2 kcal/mol) is significantly reduced when one of
the protons on the nitrogen atom has been transferred
to the terminal oxygen or sulfur atom (I′THA and I′THB;
HF, 5.5; MP2, 8.8 kcal/mol).
In addition, the magnitude of hyperconjugative stabi-

lization in the tetrahedral phosphorus component changes
significantly when the P-O bond is replaced with the
P-S bond. The P-O bond is shorter than the P-S bond.
Moreover, since oxygen is more electronegative than
sulfur, the P-O bond has a higher ionic character than
the P-S bond. The lobe on the outer face of the
phosphorus atom is larger for the P-O antibond than
for its P-S counterpart. As a consequence, the oxygen
lone pairs and the P-O antibond have greater overlap
with other unfilled antibonding and filled bonding orbit-
als, respectively, compared with the sulfur lone pairs and
the P-S antibond. Thus, hyperconjugative stabilization
is considerably greater for the P-O component than for
the P-S component. The magnitude of this hypercon-
jugative stabilization can be evaluated by deleting the

off-diagonal Fock matrix elements in the NBO basis. The
stabilization energies due to hyperconjugation associated
with the lone pairs on the oxygen/sulfur atom and the
P-O/P-S antibond in the P-XCH2 component were
calculated to be 137 and 86 kcal/mol, respectively, for ITHA
(X ) O) and ITHB (X ) S). The same trend was observed
for hyperconjugative stabilization associated with the
P-O and P-S components in the final products PdtA and
PdtB (185 and 111 kcal/mol, respectively).

Conclusions

We carried out theoretical investigations on the mech-
anism of base-catalyzed methanolysis of 1,3,2-oxathia-
phospholane (eq 1). Our gas-phase ab initio calculations
suggested that reaction pathway A′ (Scheme 3) should
be the most energetically favorable among the possible
pathways shown in Scheme 1. The TBP intermediate
ITBPB, which results from nucleophilic attack of methoxide
anion at the phosphorus atom, will undergo concerted
pseudorotation and cleavage of the endocyclic P-S bond
to immediately give the tetrahedral intermediate ITHA.
No local minimum was found on the potential energy
surface for the TBP structure ITBPA, which is expected
from the pseudorotation of ITBPB. Onsager model calcula-
tions suggested that the gas-phase reaction profiles
should not be altered intrinsically in the solution phase
(Figure 3). Thus, reaction pathway A′, in which addi-
tion-elimination in concert with pseudorotation is fol-
lowed by elimination of thiirane, is the most likely
mechanism for the nucleophilic ring opening of 1,3,2-
oxathiaphospholane. This mechanism enables us to
interpret the experimentally determined chemo- and
stereoselectivity for the ring opening of 1,3,2-oxathia-
phospholane.

Figure 3. Gas-phase and solution-phase (broken lines) potential energies of the transition states relative to the TBP intermediate
ITBPB(g). The energies were evaluated at the MP2 level at the HF geometries [corrected for zero-point energies (scaled by a factor
of 0.8929) calculated at the HF level].

Table 1. Relative Energies of the Stationary Points (in
kcal/mol)

//HF/6-31+G* a //MP2/6-31+G* b

structure EHF EMP2 EMP2 EMP4(DQ)

TSxP-O 21.23 24.88 23.25 23.48
ITBPB(g) 0.00 0.00 0.00 0.00
TSnP-S 7.35 8.84 9.65 9.41
TSelim-T -8.27 9.27 6.28 5.28
TSnP-O 17.67 22.01 22.23 21.64
TSelim-O 29.42 36.53 35.80 37.69
TSSN(P)2 27.77 31.75 30.34 30.70
a Corrected for zero-point energies calculated at the HF level

(scaled by a factor of 0.8929). b Corrected for zero-point energies
calculated at the MP2 level.
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Lim and Tole first reported that addition-elimination
in concert with pseudorotation was a viable reaction
coordinate for substitution with a retention of configu-
ration at a phosphorus atom.15,16 A concerted pseudoro-
tation mechanism has been reported for other related
systems.17,18 Our results extend their mechanism to
nucleophilic ring opening in the 1,3,2-oxathiaphospholane
system. Thus, even though the TBP species resulting
from pseudorotation is significantly unstable compared
with the original TBP intermediate and fails to exist as
an intermediate, substitution can occur with a retention
of configuration at phosphorus. In such cases, pseudoro-
tation will occur in concert with substitution: bending
of the bonds of both the axial and equatorial ligands in
the TBP species should be coupled with the reaction
coordinate for the substitution. Indeed, if pseudorotation
causes replacement of the original apicophilic axial
ligands with others that are less apicophilic, then the new
TBP will fail to represent a local energy minimum.14,38,39
The findings described here provide interesting implica-

tions for the chemistry of phosphoranes, especially with
regard to the mechanism of the hydrolysis of phosphates
and related derivatives.
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