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The deoxygenation of parent and substituted oxiranes by λ3σ3-
phosphorus reagents has been explored in detail, therefore
unveiling mechanistic aspects as well as regio- and stereo-
chemical consequences. Attack to a ring C atom is almost
always preferred over one-step deoxygenation by direct P-to-O
attack. In most cases a carbene transfer occurs as first step,
leading to a phosphorane and a carbonyl unit that thereafter
react in the usual Wittig fashion via the corresponding λ5σ5-1,2-
oxaphosphetane intermediate. Betaines rarely constitute true
minima after the first C-attack to oxiranes, at least in the gas-

phase. Use of the heavier derivatives AsMe3 and SbMe3 as
oxirane deoxygenating reagents was also mechanistically
studied. The thermodynamic tendency of λ3σ3-phosphorus
reagents to act as oxygen (O-attack) or carbene acceptors (C-
attack) was theoretically studied by means of the thermody-
namic oxygen-transfer potential (TOP) and the newly defined
thermodynamic carbene-transfer potential (TCP) parameters, that
were explored in a wider context together with many other
acceptor centres.

Introduction

The highly strained three-membered ring of oxirane (ring strain
energy, RSE=26.55 kcal/mol)[1] and strong polarization of the
C� O bonds determine that epoxides I (Figure 1) are a class of
active chemicals. Methods for deoxygenation of epoxides
(oxiranes) to alkenes are of paramount importance both in
synthesis[2] and structural determination.[3] Stemming from the
seminal report of Sharpless in 1972 using a stoichiometric
amount of nBuLi and WCl6,

[4] a variety of promoters have been
developed for the effecttive deoxygenation of epoxides,[5]

including phosphanes, silanes, iodides, and heavy metals. The
wide-spread use in several deoxygenation and dehydration
reactions of λ3σ3-phosphorus reagents,[6] namely phosphanes
and phosphites, rely on the formation of the P=O bond as the
driving force. This includes reduction of nitroso and nitro
compounds,[6a,7] as well as the related desulfurization of sulfur-
containing compounds such as disulfides.[8] In 1963 Speziale
et al.[9] proposed the intermediacy of betaines in the reaction of
tertiary phosphanes with epoxides substituted with electron

withdrawing groups, due to their equilibrium with phosphor-
anes and their trapping with external aldehydes. A more
detailed study[10] revealed the formation of cis- and trans-4-
octene from the corresponding cis- and trans oxides, respec-
tively, which could not be explained exclusively by SN2-type
attack of the tertiary phosphane (nBu3P or Ph3P) to the epoxide
C atom. Attack of phosphorus to oxygen was suggested,
leading to an intermediate II (Figure 1), like that proposed by
Denny for episulfides.[11] In 1987 Wong and co-workers stated[12]

that the reported deoxygenation of epoxides to olefins[13] might
go through the betaine intermediate so that a stereochemical
inversion occurs, but without any further evidence. Indeed such
a proposal was refuted by theoretical studies showing that at
least alkyl-substituted oxiranes eliminate a carbonyl unit, thus
behaving as carbene-transfer reagents towards phosphanes,
due to the instability of the C� C bond in betaines.[14] Some
other P(III) reagents lead to different products, such as
chlorohydrin phosphites when using diethylchlorophosphite.[15]

FLP (frustrated Lewis pair) combinations of phosphanes with
boranes induce ring opening of epoxides affording zwitterionic
products III (Figure 1), as recently shown by Slootweg.[16] This
study reveals the high barrier (ΔG� =44.4 kcal/mol) computed
(ωB97X-D/6-31G**) for ring opening by direct P-attack of tBu2P-
CH2-BPh2 to the less substituted ring C atom of methyl oxirane.
Instead, epoxide ring activation by the acidic boron centre
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Figure 1. Proposed structures.
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(ΔG� = +4.3 kcal/mol) facilitates ring opening by nucleophilic
C-attack from a second molecule of the FLP species (ΔΔG� =

11.8 kcal/mol; ΔΔG= � 23.5 kcal/mol), which thereafter intra-
molecularly replaces the initial activating molecule (ΔΔG� =

16.3 kcal/mol; ΔΔG= � 16.4 kcal/mol).
The analogous desulfurization reaction of thiiranes[11] by

tervalent phosphorus reagents was recently studied
computationally[17] and the existence of two different transition
states (TSs) from the direct P···S interaction was demonstrated.
For twelve PZ3 reagents analyzed in the desulfurization of
parent thiirane, a lowest barrier TS (ΔG� =19.9 to 30.3 kcal/mol)
was found for the nucleophilic P-to-S attack, whereas in some
cases a second higher-energy TS (ΔG� =61.9 to 68.9 kcal/mol)
corresponding to the inverse S-to-P attack could be located.
The alternative three-step desulfurization, initiated by nucleo-
philic attack to the ring C atom followed by cyclization of the
thiobetaine and [2+2]-cycloreversion of the 1,2-thiaphosphe-
tane exhibited higher barrier for the first rate-determining step
than the direct P-to-S attack.

As briefly mentioned above, the driving force for the
oxirane deoxygenation reaction is a consequence of both the
relief of oxirane RSE and the exothermicity of the P(III)!P(V)
oxidation process, which was defined against the H2O2/H2O
redox couple via the thermodynamic oxygen transfer potential
(TOP) parameter and computed for a small set of oxophilic
reagents.[18] The analogous thermodynamic sulphur transfer
potential (TSP) parameter[17] was studied for a wider set of
reducing (thiophilic) reagents and defined relative to the S8/S7
redox couple instead of using gaseous (or solvated) S atoms
arising from the solid element.[19] Recently, Kepp reported a
quantitative scale for atomic oxo- and thiophilicity and showed
that oxophilicity inversely correlates with electronegativity and
also with the effective nuclear charge.[20]

Herein a comprehensive high-level computational mecha-
nistic study of the deoxygenation reaction of oxirane with λ3σ3-
phosphorus reagents is presented, together with studies in
representative substituted oxiranes with alkyl or electron with-
drawing groups. A comparison with heavier λ3σ3-pnictogen
derivatives R3Pn (Pn=As, Sb) is included. A ranking of
oxophilicity for a wide set of reducing agents by means of their
computed TOP is presented and compared to a newly defined
thermodynamic carbene-transfer potential (TCP) parameter.

Results and Discussion

Deoxygenation of parent oxirane

The reaction of parent oxirane (1a) with three different PZ3
reagents (2), for Z=Me (a), OMe (b) and Cl (c), were studied as
representative cases of λ3σ3-phosphorus compounds, at the
DLPNO-CCSD(T)/def2-QZVPP//B3LYP-D4/def2-TZVP level of
theory (see Computational Details). Two different mechanistic
pathways were found in all three cases. The direct P-to-O attack
affords ethylene (3a) and the P-oxide derivative (4). On the
other hand, the good leaving group ability of the carbonyl
subunit (7a) favours P-to-C attack that results in carbene

transfer leading to the corresponding phosphorane (6)
(Scheme 1). As previously reported,[14] the betaine (5) intermedi-
ate rarely constitutes a local minimum and readily decomposes
into 6 and 7, over a very low barrier (often not located)
transition state (TS). Thereafter, a normal Wittig reaction occurs
via the usual 1,2-oxaphosphetane (OP) intermediates (8)[14] with
the O atom sequentially in axial (8ax) and equatorial (8eq)
positions around P and finally decomposing into ethylene (3a)
and the P-oxide (4) (Scheme 1).

In case of trimethyl phosphane (2a), the located “betaine”
in the gas phase has rather a 6a ·7a van der Waals complex
structure (dC···C=2.592 Å; dP···O=3.382 Å). Only when including
solvent effects, such as THF or acetonitrile, a proper betaine 5a,
with rather elongated (weak) covalent C� C bonds (1.794 and
1.798 Å, respectively), was located in the potential energy
surface (PES). According to the positive electric charge at the
PMe3 fragment (q=0.268 e, either Mulliken or Löwdin) and the
increase in positive charge at the P atom (ΔqMull=0.178 e)
compared to O (ΔqMull=0.047 e) in the TS for the direct 1a+

2a!3a+4a process, this must result from P-to-O nucleophilic
attack (O-attack pathway in Scheme 1). The latter is much
higher in energy than the TS for the first (rate-determining) step
of the preferred C-attack pathway (ΔΔG�

O/C=9.33 kcal/mol)
(Figure 2).

The latter furnishes trimethyl methylene phosphorane (6a)
and formaldehyde (7a) which then undergo Wittig olefination
through consecutive axial (O position around P) and equatorial

Scheme 1. Mechanistic pathways for the deoxygenation of parent oxirane
1a with P(III) reagents 2 (a, R=Me, b, R=OMe; c, R=Cl).

Figure 2. Computed (DLPNO-CCSD(T)/def2-QZVPP//B3LYP-D4/def2-TZVP) rel-
ative Gibbs energy profile for the deoxygenation of oxirane (1a) with
trimethyl phosphane (2a).
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OPs, in good agreement with previous theoretical studies at
lower[21] or similar[22] computational levels.

Similar results were obtained for the oxirane deoxygenation
using methyl phosphite (2b) (Figure S1) or phosphorus tri-
chloride (2c), although the energy difference for the rate
determining steps for the O vs C-attack decreases (ΔΔG�

O/C=

2.91 and � 0.07 kcal/mol, respectively), so that the direct O-
attack turns out to be slightly preferred in case of PCl3
(Figure 3). In case of PF3 (2d, not shown), the O-attack (ΔG�

O=

53.02 kcal/mol) and carbene transfer pathways (ΔG�
C=

53.01 kcal/mol) are equally kinetically unfavoured although the
overall deoxygenation process is highly exergonic.

The TSs for the C- and O-attack with PCl3 and PF3 exhibits
some multireference character and were therefore evaluated at
the CASSCF-MRACPF/def2-SVPD level (see the Computational
Details), showing essentially an increased preference for the O-
attack, compared to the single-reference method: ΔG�

O/C=

50.16/54.11 and 47.75/53.01 kcal/mol for PCl3 and PF3, respec-
tively. It should also be noted the decreasing overall exother-
micity for the deoxygenation of the same oxirane (1a) substrate
on moving from trimethyl phosphite 2b (ΔG� = � 62.26 kcal/
mol, Figure S1) to phosphorus trifluoride 2d (ΔG= � 47.83 kcal/
mol), to trimethyl phosphane 2a (ΔG� = � 45.88 kcal/mol, Fig-
ure 2) and to phosphorus trichloride 2c (ΔG� = � 39.11 kcal/
mol, Figure 3), which should be related to some decreasing
oxophilicity in the series P(OMe)3>PF3>PMe3>PCl3 (vide infra).

Deoxygenation of substituted oxiranes

Next, the reaction of two 2,3-disubstituted symmetrical and
non-symmetrical oxiranes with PMe3 (2a), as prototypical P(III)
deoxygenation reagent, were studied with emphasis in the
stereochemical outcome and regioselectivity. Both 2,3-disubsti-
tuted oxiranes were chosen with trans configuration, although
the conclusion could be easily extrapolated to the cis config-
ured counterparts.

First, deoxygenation of trans-2,3-dimethyl-oxirane (1b) was
explored. As expected, direct O-attack led to the most stable E-
configured 2-butene (3bE) over the highest TS. Carbene transfer
via C-attack has lower energy barrier and furnishes the methyl-
substituted trimethyl ethylenphosphorane (6d) and

acetaldehyde (7b), that subsequently undergo normal (lithium-
free) Wittig olefination reaction (Figure 4). The threo-OP (only
axial O pseudorotamers were found) is the most stable one and
its TS for formation and decomposition are lower in energy
than those corresponding to the erythro isomer, thus explaining
the experimentally observed preferential formation of the E-
olefin in case of trimethyl phosphoranes.[21] However, it is worth
noting that decomposition of the less stable (less abundant)
erythro-OP (8deryt) is somewhat faster (ΔΔG� =23.08 kcal/mol)
than the threo (8dthre) isomer (ΔΔG� =23.83 kcal/mol).

When the oxirane is not equally substituted at both ring C
atoms, the potential energy surface is far more complicated due
to possible attack of the P(III) reagent not only at O but also at
both (different) C centres, and this is the case for trans-2-cyano-
3-methyl-oxirane (1c) (Figure 5).

Direct attack of PMe3 (2a) to the O atom has two possible
orientations, the one with the P centre aligned with the O� C2
endocyclic bond (C2 stands for the ring C atom bearing the CN
substituent) being favoured by 8.44 kcal/mol.

The preferred (lowest energy) pathway starts by P-attack to
C3 promoting ring opening to give a betaine (5beryt) that
furnishes the erythro-OP (8feryt) and finally decomposes to trans-
2-butenenitrile (3cE) (Figure 5). Betaine 5beryt can also undergo
C� C bond cleavage affording the methyl-substituted phosphor-
ane (6d) and formyl cyanide (7c) that, subsequently can
undergo Wittig reaction following the two possible topological
(ul or lk) approaches leading, to the above mentioned erythro-
OP (8feryt) (path not shown) or to the threo diastereomer (8fthre),
respectively, the latter furnishing the slightly most stable cis-2-
butenenitrile (3cZ). The other possible attack of PMe3 (2a) to the
ring C2 position of 1c is slightly unfavoured compared to C3-
attack and results in carbene transfer affording cyano-methyl-
enphosphorane (6e) and acetaldehyde (7b) as starting point
for a new Wittig reaction pathway via regioisomeric less stable
OPs (8e) (Figure 5). It should be noted that decomposition
(retro-cycloaddition) of the latter is (again) faster for the less
stable erythro (ΔΔG� =7.46 kcal/mol) than for the threo
(ΔΔG� =7.90 kcal/mol) diastereomer.

Figure 3. Computed (DLPNO-CCSD(T)/def2-QZVPP//B3LYP-D4/def2-TZVP) rel-
ative Gibbs energy profile for the deoxygenation of oxirane (1a) with
phosphorus trichloride (2c).

Figure 4. Computed (DLPNO-CCSD(T)/def2-QZVPP//B3LYP-D4/def2-TZVP) rel-
ative Gibbs energy profile for the deoxygenation of trans-2,3-dimethyl-
oxirane (1b) with trimethyl phosphane (2a).
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Deoxygenation with heavier λ3σ3-pnictogen reagents

The above shown deoxygenation of oxiranes with λ3σ3-
phosphorus reagents was finally compared to heavier pnicto-
gen analogues AsMe3 (9a) and SbMe3 (9b), using parent
oxirane (1a) for the sake of simplicity. With both reagents the
direct O-attack is higher in energy than the corresponding C-
attack pathways (Figures 6 and 7) and higher than in case of
the lighter analogue PMe3 (2a) (Figure 2). The overall thermo-
chemistry of the deoxygenation process with PnMe3 reagents
changes from very exergonic for P (Figure 3) to moderately
exergonic for As (Figure 6) and slightly endergonic for Sb

(Figure 7), which speaks for a decreasing oxophilicity for λ3σ3-
pnictogen reagents in the order P>As>Sb (vide infra).

The alternative C-attack of AsMe3 (9a) constitutes the
minimum energy pathway and initially provides, even in the
gas-phase, a true betaine minimum (11) with an elongated yet
covalent C� C bond (1.611 Å). The almost barrierless C� C bond
rotation provides the four membered λ5-1,2-oxaarsetane ring
(13aax, Figure 6), analogous to the genuine Wittig reaction
intermediate (8a, Figure 2). The weakness of the C� C bond in
11 (Mayer bond order,[23] MBO=0.750) determines the very
easy low barrier (ΔΔG� =2.27 kcal/mol) dissociation into the
carbonyl unit 7a and methylene-λ5σ5-arsane 12a, which are the
required components for an arsa-Wittig[24] reaction via the same
intermediate 13aax (Figure 6). No equatorial pseudorotamer
13aeq was located in the PES.

In case of SbMe3 (9b) the C-attack is qualitatively similar
although furnishes the carbene transfer methylene-λ5σ5-stibane
12b intermediate via a van de Waals complex intermediate
12b ·7a (dC···C=2.681 Å; MBO <0.1). The stiba-Wittig reaction of
12b and aldehyde 7a is globally exergonic although [2+2]
cycloreversion of the λ5σ5-1,2-oxastibetane[25] intermediate
(13bax) turns out to be endergonic, most likely due a decreased
stability of the Pn=O bond in case of As (vide infra). Therefore,
13bax is expected to be final (most stable) product (Figure 7).

The relative easiness for the [2+2] cycloreversion seems
not to be connected to instability of the corresponding λ5σ5-1,2-
oxapnictogenetane in terms of their ring strain energy (RSE),
that were computed to be very similar for all three different
pnictogens: 9.37 kcal/mol for 8aax (P) (reported value 9.08 kcal/
mol),[22] 8.81 kcal/mol for 13aax (As) and 9.02 kcal/mol for 13bax

(Sb).

Oxygen atom and carbene group transfer ability

The above-mentioned decreasing deoxygenation ability for
PnMe3 reagents on descending group 15 (P>As>Sb), as well
as within λ3σ3-phosphorus reagents in the order P(OMe)3>
PF3>PMe3>PCl3, is related to some oxophilic property of the

Figure 5. Computed (DLPNO-CCSD(T)/def2-QZVPP//B3LYP-D4/def2-TZVP) relative Gibbs energy profile for the deoxygenation of trans-2-cyano-3-methyl-
oxirane (1c) with trimethyl phosphane (2a).

Figure 6. Computed (DLPNO-CCSD(T)/def2-QZVPP(ecp)//B3LYP-D4/def2-
TZVP(ecp)) relative Gibbs energy profile for the deoxygenation of oxirane
(1a) with AsMe3 (9a).

Figure 7. Computed (DLPNO-CCSD(T)/def2-QZVPP(ecp)//B3LYP-D4/def2-
TZVP(ecp)) relative Gibbs energy profile for the deoxygenation of oxirane
(1a) with SbMe3 (9b).
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reducing PnR3 species and their thermodynamic tendency to
form the corresponding oxidized O=PnR3 products. This relative
trend to uptake an O atom from oxirane or any other O-atom
donor was reported for a small set of compounds, by means of
the Thermodynamic Oxygen (atom transfer) Potential (TOP)[18]

and referred towards the H2O2/H2O redox (O-donor/acceptor)
couple. A similar scale for the sulphur atom transfer ability (TSP)
was later reported using the S8/S7 couple as reference.

[17]

Herein a wide set of acceptor compounds “B:” bearing
either an atomic lone pair (LP) or an unsaturation that is prone
to oxidation by oxygen atom transfer are studied using state-of-
the-art single-reference computational methods, by evaluation
of the enthalpy change corresponding to the reaction B:+
H2O2!B=O+H2O (Figure 8). Obviously, according to this defi-
nition, the couple H2O2/H2O used as reference has TOPH=

0.0 kcal/mol. The “H” superscript refers to the fact that enthalpy
changes are used instead of zero-point corrected energies as
employed in some preliminary reports (although differences are

rather small). The most negative the TOP is, the higher the O-
acceptor character of the left side compound (O-acceptor) of
any given couple. Hence, the O-acceptor of any couple is
thermodynamically able to uptake the O atom from any
oxidized form (right side, O-donor) of any other couple placed
below (less negative TOP) in the scale. Therefore, oxirane can
be reduced to ethylene (highlighted in blue in Figure 8) by
almost any PR3 reagent (including cyclic derivatives), several
model free and complexed phosphinidenes, carbon
monoxide,[26] isocyanides and NHCs (exemplified by 1,3-dimeth-
yl-2-imidazolydene, IMe2). Also, methylene-λ5-phosphane and
AsMe3 could do the job, although with low exothermicity.

One of the most striking results is the one obtained for the
unstable molecule of carbon monosulphide,[27] which turns out
to be an exceptionally powerful O-acceptor (Figure 8), in line
with its reported very high S-acceptor character.[17] Trimethyl
phosphite is also very powerful O-acceptor immediately
followed by phosphinidenes and NHCs. In general, the other

Figure 8. Computed (DLPNO-CCSD(T)/def2-QZVPP(ecp)//B3LYP-D4/def2-TZVP(ecp)) thermodynamic O-transfer potentials.
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typical symmetric P(III) reagents are next placed, in the order
PF3>PMe3>PPh3>PCl3>PBr3@P(NMe2)3, the latter (hexameth-
yl phosphorous triamide, HMPT) being, an exceptional case
with very reduced O-acceptor ability. The significantly lower
(absolute) TOC value in phosphirane compared to the analo-
gous acyclic phosphanes is likely due to the mechanism used
by phosphirane to relieve ring strain by increasing the s
character of the LP at the P atom,[1] thus becoming more
difficult to oxidise, and has also been reported to influence its
higher pyramidal inversion barrier.[28] However, N- and S-
electron donor centres, SbMe3 (vide supra, Figure 7) and the π-
bonds of the C=N and C=O groups are very poor O-acceptors
and indeed, oxidized forms of the latter, oxaziridines[29] and
dioxiranes,[30] respectively, are employed as useful oxidants.

On the other hand, the different behaviour shown by λ3σ3-
phosphorus reagents towards oxirane show that they can not
only act as deoxygenation reagents but can also promote C-
attack, thus behaving as carbene acceptor centres. Therefore,
like TOP, it is interesting to define a thermodynamic carbene
(group) transfer potential (TCP) to measure this ability.

A molecular species displaying carbene group transfer
ability is 2,2,2-trimethyloxaphosphirane (TMOP), that was
reported as intermediate in the PMe3-mediated reductive
dimerization of carbonyl compounds to olefins.[14] Its high
performance as carbene group (H2C:) donor is due to the good
leaving group ability of the O=PMe3 fragment and the
moderately high RSE computed for TMOP (16.93 kcal/mol),
using the same type of appropriate homodesmotic reactions
employed for other three-membered rings,[1,31] somewhat lower
to that reported for the parent λ5σ5-oxaphosphirane (24.08 kcal/
mol).[32] The TCP for any potential carbene acceptor species “B:”
is obtained upon enthalpy change evaluation for the reaction
depicted in Scheme 2.

The resulting TCP values (Figure 9) measure the relative
tendency of accepting a carbene unit from TMOP.

Again, carbon monosulphide, the different model phosphi-
nidenes and NHCs display the highest (most negative) TCP
values. The next group in decreasing carbene-acceptor ability
contains isocyanides and olefin π-bonds, followed by P(III)
reagents which display a wide range of TCP values, with the
best carbene acceptors being P(OMe)3 and P(NMe2)3. Imine and
carbonyl π-bonds display moderate TCP values, whereas the
lowest values correspond to As:, S:, Sb: and N: centres (Figure 9).
The minimum value TCP=0.00 kcal/mol corresponds to the
O=PMe3/TMOP couple, thus O=PMe3 being the weakest carbene
acceptor and 2,2,2-trimetil-oxaphosphirane (TMOP) the stron-
gest carbene donor. A slightly lower carbene donor character
was found for 2,2,2-tris(methoxy)oxaphosphirane (TCP=

� 0.6 kcal/mol, not included in Figure 9), with O=P(OMe)3 being
the carbene-acceptor partner.

As pointed out in the mechanistic studies of oxirane
deoxygenation, the preferred pathway is the result of the
kinetic preference for the O- versus C-attack for any given
pnictogen(III) reagent. Assuming that there might be some
relationship between the kinetic and thermodynamic prefer-
ences, it is worth comparing thermodynamic oxygen-transfer
(TOP) with carbene-transfer (TCP) potentials. From the TOP vs
TCP plot it becomes obvious some roughly linear (or, most
properly, second-order polynomial) correlation showing an
increase in “transfer” ability according to the central acceptor
atom bearing an atomic LP, following the order: N:<Sb:<S:<
As:<P:<C: (Figure 10). Phosphinidenes lie well apart from the
other phosphorus centred acceptors with a remarkably en-
hanced carbene-acceptor ability compared to the best oxygen-
acceptor. Also, hexamethyl phosphorous triamide (HMPT), P-
(NMe2)3, falls well outside the typical region for phosphorus
centred acceptors, owing to its highly decreased O-acceptor
ability compared to its rather high carbene-acceptor features (in
line with other highly basic phosphane derivatives).

The family of π-bond acceptors (C=X) falls in a well-
separated region with moderate carbene-acceptor but very low
O-acceptor properties and displaying a roughly linear correla-
tion following the order C=O<C=N<C=C (Figure 10). Triads
H2O2/H2O/MeOH and CF3CO3H/CF3CO2H/CF3COOMe fall in the
very low TOC part of the plot.

Conclusions

Oxiranes can undergo deoxygenation to olefins using typical
λ3σ3-phosphorus reagents such as trymethyl phosphite and
alkyl- or aryl-phosphanes. Most often (excluding HMPT) there
exists a one-step pathway proceeding by direct P-to-O attack.
However, the lowest energy pathway (except for PCl3) is the
one involving C-attack and promoting, in the most general
case, carbene transfer leading to a methylene phosphorane and
a carbonyl unit. These two molecular fragments then react in
the normal Wittig fashion leading to an olefin and phosphane
oxide via the corresponding 1,2-oxaphosphetane intermediate.
A betaine resulting from the direct C-attack of the phosphane
to oxirane can only exceptionally be located as a minimum in
the gas-phase but its existence is favoured in polar solvents. In
the reaction of substituted phosphoranes with aldehydes,
formation of the most stable threo-1,2-oxaphosphetane is
favoured, thus preferentially leading to the most stable E-
alkene. However, the experimental observed preference for the
Z-alkene in some cases could be explained by the faster
decomposition of the erythro- compared to the threo-1,2-
oxaphosphetane, which seems to be a general behaviour. In
2,3-disubstituted oxiranes with one electron withdrawing
substituent (at C2), the preferred pathway starts by C3-attack
leading to a betaine that furnishes the corresponding 1,2-
oxaphosphetane by low-barrier C� C bond rotation. The use of
heavier analogues AsMe3 and SbMe3 produce qualitatively
similar results, although the deoxygenation is less favoured
both kinetically and thermodynamically, being an endergonic
process in case of SbMe3.Scheme 2. Reference reaction for evaluating TCP.
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The ability to uptake an oxygen atom has been studied for
a variety of O-acceptors by means of the thermodynamic
oxygen-transfer potential (TOP) and compared with the ten-
dency displayed by the same centres to uptake a carbene unit.
The latter is quantified by the newly defined thermodynamic
carbene-transfer potential (TCP). For typical λ3σ3-phosphorus
reagents, the O-acceptor ability varies in the order P(OMe)3>
PF3>PMe3>PPh3>PCl3>PBr3@P(NMe2)3, the latter featuring
lower -TOP than olefins and thus resulting thermodynamically
unable to promote deoxygenation of oxiranes. The TOP scale
also reveals phosphinidenes and carbenes (typically NHCs,
isocyanides and carbon monoxide) as powerful O-acceptors. In
general, the O-acceptor ability (TOC) correlates with the
carbene-acceptor properties (TCP), a remarkable exception
being P(NMe2)3 that keeps some moderate carbene-acceptor
ability despite its low -TOC. The same holds for π-bonds in C=X
species (X: C, N, O) that display reduced O-acceptor but
moderately high carbene-acceptor properties.

Figure 9. Computed (DLPNO-CCSD(T)/def2-QZVPP(ecp)//B3LYP-D4/def2-TZVP(ecp)) thermodynamic carbene-transfer potentials.

Figure 10. Computed (DLPNO-CCSD(T)/def2-QZVPP(ecp)//B3LYP-D4/def2-
TZVP(ecp)) plot of thermodynamic oxygen versus carbene-transfer poten-
tials.
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Experimental Section
Computational details: DFT calculations were performed with the
ORCA electronic structure program package.[33] All geometry
optimizations were run in redundant internal coordinates, with
tight convergence criteria using the B3LYP functional[34] together
with the def2-TZVP basis set[35] and speeded up by means of the
fast and accurate “chain of spheres” RIJCOSX algorithm.[36] The latest
Grimme’s semiempirical atom-pairwise dispersion correction based
on tight binding partial charges (DFT-D4) was included in all
calculations.[37] Harmonic frequency calculations verified the nature
of the computed species featuring none or only one negative
eigenvalues for minima or transition states (TSs), respectively. The
later were checked by performing intrinsic reaction coordinate
calculations.[38] Only when explicitly indicated, solvent effects were
included by means of the conductor-like polarizable continuum
model (CPCM).[39] Energy values were corrected for the Gibbs free
energy correction term at the optimization level and obtained by
the DLPNO method[40] for the “coupled cluster” level with single,
double as well as triple perturbatively introduced excitations
(CCSD(T))[41] and the def2-QZVPP basis set.[35] In almost all CCSD(T)
calculations, the T1 diagnostic was below 0.018 (normally below
0.013) hence assuming negligible multireference character. For the
only four TS structures displaying T1 diagnostic in the range 0.022–
0.024, the energies were recomputed using the CASSCF method[42]

with the multireference average coupled-pair functional (MRACPF)
approach[43] and the def2-SVPD basis set.

Supporting Information

Additional file containing the computed Gibbs energy profile
for the deoxygenation of 1a with 2b, as well as the Cartesian
coordinates and energies for all computed species.
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