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Abstract

Two mechanistic pathways for chalcogens transfer from P(V) to P(III) compounds were explored using density functional theory
calculations and for both of them the corresponding transition states were identified. The calculations showed that transfer of sulfur
and selenium proceeds most likely via an X-philic attack of the phosphorus nucleophile on the chalcogen, while for the oxygen trans-
fer reaction, a mechanism involving a three-membered cyclic transition state is equally likely.
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1. Introduction

The transfer of chalcogens from P(V) to P(III) com-
pounds was first discovered by Gottlieb in 1932 [1]
and since then it has been used for the preparations of
various P(V) derivatives containing either sulfur [1] or
selenium [2-4]. Alternatively, this reaction can be used
to reduce P(V) compounds into the corresponding
P(III) derivatives [3-10]. Although the transformations
involving transfer of sulfur or selenium are rather com-
mon, there are only a few reports in literature on the
oxygen transfer reaction [11,12] and these involve exclu-
sively phosphine oxides with at least one leaving group
as donors.

One can envisage two likely mechanisms for the
chalcogens transfer reactions (Scheme 1). Mechanism
1, which involves a nucleophilic attack of a P(III) species
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on the phosphorus centre of a P(V) compound that may
proceed via a three-membered cyclic transition state,
and Mechanism 2, which is an X-philic attack of a
P(IIT) compound on the chalcogen of the P(V) species
and involves a linear transition state. The former mech-
anism, postulated for the selenium exchange reaction [2],
could account for the fact that oxygen transfer is facili-
tated by the presence of strong electron-withdrawing
groups [11,12], while the later one, was claimed to be
consistent with the observed a second order kinetics
for the sulfur transfer process [8] and it was also pro-
posed for the oxygen transfer from phosphorus oxychlo-
ride to trialkylphosphine [13].

To gain further insight into the chalcogen transfer
process and to determine through which mechanism
these reactions proceed, we undertook a theoretical
study using density functional theory calculation on
the model reactions showed in Scheme 2. We also hoped
that the knowledge gained will be helpful in a rational
design of new, effective chalcogen transferring and
reducing reagents for phosphorus compounds.
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2. Computational methods

All DFT calculations were performed with Gaus-
SIAN98 package [14] using the B3LYP [15-17] method
of density functional theory at the 6-31G* level of the-
ory. All transition states were found by relaxed poten-
tial energy surface scanning along the reaction
coordinate and then optimized by TS optimization.
All stationary points were characterized as minima
or transition states by analytical frequency calcula-
tions. Visualization of the orbitals was carried out
with GaussView 3.0.

Our optimized geometries of the starting materials
show reasonable to good agreement with the experimen-
tally determined structures reported in the literature
[18]. Selected structural data and energies are collected
in Table 1. Whenever experimentally determined data
were available, these values have been included for
comparison.

It was found that in vacuum some reactants gain sta-
bilisation by forming contact complexes, probably
through electrostatic interactions of the dipoles of the
molecules. To make a meaningful comparisons between
the reactions investigated, the contact complexes of all
the reactants and the products were calculated and used
as starting structures for the reactions. The energy data
for these complexes are summarised in Table 2.

To get some insight into possible interactions
between P(V) and P(III) substrates during chalcogens

Table 1

Geometries™® and energy of starting materials

Molecule  Energy, H  0O-point E, kcal/mol P =X, A P-Y, A Z-Y,A /XPY,° ZYPY, ° /PYZ,°
H,P ~343.1403  15.2024 1.424 (1.412) 93.37 (93.36)

H;PO —418.3577 19.5875 1.494 1.420 117.61 100.17

H;PS —741.3326 18.2595 1.9603 1.4184 118.10 99.62

H;PSe —2742.5239 17.8801 2.0999 1.4178 118.30 99.37

Me;P —461.0984 71.1797 1.8673 (1.847) 99.35 (98.6)

Me;PO -536.3530  74.1125 1.5013 (1.489)  1.8350 (1.771) 11424 (113.1) 10431 (105.9)

Me;PS -859.3223  73.0894 1.97182 (1.959)  1.8405 (1.798) 114.56 (113.2)  103.94 (105.8)

Me;PSe —2860.5123 72.6015 2.1103 (2111) 1.8421 (1.786) 114.85 (113.1) 103.60 (105.7)

MeO;P —686.7641 80.6503 1.6540 1.4264 105.18 132.88
MeO;PO —762.0471 84.8259 1.4789 1.6076 1.4412 115.38 103.01 119.99
MeO;PS —1085.0046 83.4280 1.9334 1.6160 1.4401 116.21 102.01 120.69
MeO;PSe —3086.1646 81.9194 2.0578 1.6228 1.4305 111.42 107.46 131.97

% Mean values are quoted.
® Measured structure from litterature is given within () when availible.
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Table 2
Energies of contact complexes

Contact complex Energy, H 0-point E, kcal/mol
H;PO H;3P —761.5005 35.2935
H;PS H;P —1084.4728 33.5494
H;PSe H;P —3085.6654 33.2494
Me;PO MeO;P —1223.1313 155.6822
Me;PS MeO;P —1546.0977 154.3262
Me;PSe MeO;P —3547.2991 154.5506
MeOs;PO MesP —1223.1519 156.6844
MeO;PS Me;P —1546.1078 155.1035
MeO;PSe Me;P —3547.3038 155.2194

exchange process, first we investigated geometry of the
frontier molecular orbitals of our model systems. Since
Mechanism 1 and Mechanism 2 (see Scheme 1) involve
an attack of a phosphorus nucleophile, geometry of
HOMO of a P(III) species and LUMO of the corre-
sponding chalcogenides (Fig. 1), may provide a qualita-
tive way to determine if the proposed mechanisms are
reasonable.

Inspection of Fig. 1 shows that LUMO for phosphine
sulfide and phosphine selenide are similar in shape and
feature strong lobes pointing straight out from the chalco-
gen, that may invite a nucleophilic attack on this centre.
The other part of the orbitals centred on the phosphorus
seems to be buried inside the occupied orbitals, and thus
may be less accessible for nucleophilic attack.

LUMO for phosphine oxide differs significantly from
those of the corresponding sulfide and selenide. This
LUMO is more diffuse and has different geometry than
LUMO of the other chalcogens. Interestingly enough,
for phosphine oxide LUMO + 1 has the appearance that
is very close to those of the LUMO of the sulfide and the
selenide, although, this orbital is more centred on the
phosphorus. Taking these into account, one may expect
that for phosphine oxide, both phosphorus (Mechanism
1) and oxygen centre (Mechanism 2) may be available
for attack of the phosphorus nucleophile.

LUMO phosphine oxide

LUMO + 1 phosphine oxide

3.2. Transition states of chalcogens transfer

The transition state structures for the investigated
reactions were localised by incremental scanning of the
potential energy surface along the reaction coordinates.
For the X-philic attack (Mechanism 2) this was done by
varying the distance between the attacking phosphorus
nucleophile and the corresponding chalcogen, and in
the instance of Mechanism 1, by varying the distance be-
tween the phosphorus nucleophile and the phosphorus
centre in chalcogenides. This strategy worked well for
Mechanism 2 (the attack at the chalcogen), for which
we could pinpoint roughly the whereabouts of the tran-
sition state and perform optimisation to the TS.

In the case of Mechanism 1, this protocol was more
troublesome and the curvature could not be mapped
well enough to get a rough idea of the transition states
whereabouts. For this reason exhausting frequency cal-
culations were performed along the reaction coordinates
and when negative frequencies corresponding to move-
ment along the reaction coordinate were found, these
structures were used as starting point for the TS
optimisation.

The transition state structures of X-philic attack on
the chalcogens (Mechanism 2) show a striking difference
between the transfer of sulfur and selenium, on one
hand, and the transfer of oxygen reaction, on the other
one (Fig. 2). For the reactions involving transfer of sul-
fur and selenium the corresponding transition states are
almost completely linear, while that for the oxygen
transfer, it is bent and resembles more the transition
states for Mechanism 2 (vide infra and Fig. 3). All the
localised transition states structures were identified as
true TS by analytical frequency calculations that re-
vealed only one negative frequency corresponding to
the movements along the reaction coordinates. The en-
ergy and the selected geometrical data of these transition
states are summarized in Table 3.

LUMO phosphine selenide

Fig. 1. Frontier molecular orbitals for phosphine chalcogenides and phosphine.
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Fig. 2. Localized TS of the chalcogens exchange reactions for
Mechanism 2. (a) H;PO + H3P; (b) H;PS + HsP; (c) H3PSe + H5P;
(d) (MeO);PO + Me;P; (e) (MeO);PS + MesP; (f) (MeO);PSe + Me;P.

Fig. 3 shows examples of transition state structures
for chalcogen transfer reactions proceeding through
Mechanism 1. For the reactions between
H;P=Ch + HsP, no transition states could be localised
along the reaction coordinates involving the initial
nucleophilic attack at phosphorus centre. Instead, only
three-membered cyclic TS corresponding to the edge at-
tack of the phosphorus nucleophile on the P=Ch bond
were found, which indicate that in vacuum these are
essentially cycloaddition reactions.

“»

@ @

The transition states localised were characterised by
frequency calculations and their geometry and energy
data are summarized in Table 4.

3.3. Activation energies of the reaction

In the energy diagrams, energies of all contact com-
plexes were set to 0 regardless of their initial values to
facilitate comparison of the activation energies of differ-
ent reactions. All energies were compensated for the
zero point vibrational energy.

Fig. 4 shows the energy diagrams for the edge attack
of phosphorus nucleophile on the P=Ch bond (Mecha-
nism 1). From this data, it is apparent that activation
energies for all investigated reactions are very high
(above 50 kcal/mol) and contrary to the experimental
data, the energy barriers are similar for all of the chalc-
ogens. This alone is a strong indication that Mechanism
1 cannot be a general mechanism for chalcogens transfer
reactions.

In contrast to these, activation energies for the X-phi-
lic attack (Mechanism 2) showed the expected trend for
the investigated chalcogenides (Fig. 5). Thus, the reac-
tions involving transfer of oxygen had very high activa-
tion energy (ca. 56-69 kcal/mol), while those for sulfur
and selenium transfer, were significantly less energy
demanding (for sulfur, ca. 7-20 kcal/mol, and for sele-
nium, ca. 4-10 kcal/mol). This trend is in agreement
with the observed reactivity of phosphine chalcogenides
in the chalcogen exchange reactions between P(V) and
P(IIT) compounds. The activation energy for the sulfur
transfer reaction was of the same order of magnitude
as the activation energy for the reaction of triphenyl-

S D X

Fig. 3. Localized TS of the chalcogens exchange reactions for Mechanism 1. (a) H;PO + H;P; (b) H3PS + H3P; (¢) H3PSe + H5P.

Table 3
Geometries® and energy of transition states for Mechanism 2

Transition state Energy, H 0-point E, kcal/mol P-X, A P-X, A Py, A PLY, A /PXP, ° Negative frequency
H;P-O-PH; —761.4129 34.2360 1.8057 130.71 —724.96
H;P-S-PH; —1084.4421 33.1964 2.3704 179.95 —351.23
H;P-Se-PH; —3085.6505 33.22939 2.4734 180 —201.45
MeO;P'-O-P*Me; —1223.0451 154.3283 1.7196 1.9298 1.6803 1.8521 134.93 —625.55
MeO;P'-S-P*Me, —1546.0640 154.3262 2.3524 2.4027 1.6422 1.8513 177.14 —334.02
MeO;P'-Se-P>Me; —3547.2781 154.0133 2.4376 2.5155 1.6398 1.8518 173.72 —174.74

% Mean values are quoted.
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Table 4

Geometries® and energy of transition states for Mechanism 1

2575

Transition state Energy, H 0-point E, kcal/mol P-X, A P-P, A /PXP, ° Negative Frequency
o) —761.4119 36.5292 1.7402 2.2343 79.88 —486.59
N
H,P-PH,
S
N —1084.3732 34.8956 2.2922 2.3402 61.39 —557.62
H;P-PH;
Se
n —3085.5743 34.2927 2.4318 2.3799 58.59 —538.87
H;P-PH;
& Mean values are quoted.
TS
X
— . - - [V V. ——
7'y
X=Se; R,, R=H
............... X=S; R,R,=H 61.17 56.11 | 54.35
----- X=0; R, R;=H
v \4 v
Contact
complex

Fig. 4. Activation energies (in kcal/mol) of the reactions R§X + R;P for Mechanism 1.

X=Se; R,, R,=H

X=Se; R,=Me, R,=OMe
X=S; R,,R=H

X=S; R;=Me, R,=OMe
X=0; R,, R=H

X=0; R;=Me, R,=OMe

Contact
complex

oo 69.34

55.94

Fig. 5. Activation energies (in kcal/mol) for the reactions R2X + RiP for Mechanism 2.
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phosphine sulfide and tributylphosphine reported in lit-
erature [8] (~22.3 kcal/mol).

It is worth noting, however, that for the oxygen trans-
fer, activation energies of the reaction H;P=—0O + H;P
for Mechanism 1 and Mechanism 2 are both similar
(ca. 54.4 and 55.9 kcal/mol, respectively), and favour
only slightly the exchange process via Mechanism 1.

4. Conclusions

From the nine transition states localised and charac-
terized, we got the activation energies for two alternative
mechanisms for the chalcogens transfer reactions from
P(V) to P(IIT) compounds. The results strongly suggest
that transfer of sulfur and selenium proceeds most likely
via a direct attack of the phosphorus nucleophile at the
chalcogen centre and involves a linear transition state.
By this mechanism, the transfer of sulfur and selenium
can safely be assumed to proceed stereospecifically with
retention of configuration at phosphorus centres.

For the oxygen transfer reaction, however, the results
are somewhat inconclusive since attack of a phosphorus
nucleophile on the chalcogen and on the phosphorus
centre of a P(V) component have similar activation ener-
gies. This energetic barrier is very high and effectively
prevents reduction of P(V) phosphoryl compounds or
oxidation of P(III) derivatives by phosphoryl com-
pounds, except for special cases.
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