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The thermal stability of a o>A3-oxaphosphirane is computationally explored with regard to their ring-
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this four-membered ring, from the initial erythro to the most stable threo diastereomeric pair, enables
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Introduction

The structure and high reactivity of three-membered rings have
fascinated both experimental and theoretical chemists over the
years." These qualities have led to the synthesis and character-
isation of numerous small-sized organic® and inorganic® het-
erocycles in recent decades. The high reactivity and instability
of these species arises mainly from the high ring strain energy
(RSE), which is key, for example, in ring-opening polymerisa-
tions of oxiranes and other small-sized rings,* and in ring-
opening reactions.” Oxiranes (epoxides)® are of paramount
importance in molecular organic and polymer chemistry, but
only one example of the heavier three-membered ring analo-
gues oxasiliranes I’ (Fig. 1) was reported so far. Similarly,
oxaziridines® are versatile organic reagents, but their heavier
analogues, c>)A*-oxaphosphiranes II are almost unexplored
even though, owing to their extraordinary structural and elec-
tronic flexibility, organophosphorus compounds are highly
versatile reagents with a fundamental role in today’s synthetic
chemistry.® Part of their structural versatility may be considered
to derive from their diagonal analogy in the periodic table with
carbon, which led to the coining of the expression ‘Phosphorus:
the carbon copy’.*° On the contrary, P-ligated versions of oxapho-
sphiranes III'! are firmly established since the early discover by
Mathey using epoxidation of phosphaalkene P-complexes,* the
phosphinidene complex transfer reaction to carbonyls'® and
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[2+2] cycloreversion to the most stable final E-phosphaalkene as the final deoxygenation product.

the most recent and convenient protocol using Li/Cl-phosphi-
nidenoid complexes."* Also, c”A*-oxaphosphiranes IV derivatives
have been known for a long time as unstable intermediates in the
reaction of alkyl phosphites or phosphanes with carbonyl com-
pounds, earlier proposed by Perkow,'® Ramirez,'® Mironov'” and,
theoretically, later by Espinosa Ferao.'® Only in one case, reported by
Barrans,"® a *'P-NMR signal at —25 ppm was attributed to a type IV
intermediate, but without providing further analytical data. Even a
c*\>-oxaphosphirane P-imide V was prepared from iminopho-
sphanes and fluorinated ketones.” Recently, the first example of
an unligated 6°A>-oxaphosphirane II was prepared by decomplexa-
tion of a kP-pentacarbonylmolybdenum(0) complex HI using
bis(diphenylphosphino)ethane (DPPE), and only adduct formation
with borane and various reactions under oxidative conditions were
explored.”® Even more recently, the decomplexation was most con-
veniently achieved with N-methyl imidazole and a wider set of
reactions thoroughly studied showing an interesting reactivity fea-
ture of the P fragment behaving as a formal singlet phosphinidene,
albeit being still part of the ring.**

Several preliminary theoretical studies on oxaphosphiranes
have already highlighted the ease of P-complexation®* and their
high ring strain energy (RSE).>* Indeed, strained small hetero-
cycles are prone to undergoing ring-opening reactions by the
action of external initiators, as occurs at the heart of oxirane
chemistry® and as has also been shown recently with very

\ / / M, / N, N/
Si R R R R
I I I v v

Fig. 1 Heavier group 14 and 15 three-membered rings, including those
with higher coordination at phosphorus; external lines denote organic
substituents.
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simple model oxaphosphiranes.>®” The latter have revealed
their potential to also undergo closed-shell isomerisation reac-
tions by breaking one of their endocyclic bonds, with prefer-
ential cleavage of the endocyclic C-O bond over the P-C bond.**
In addition, the recent report on the PZ; reagent-promoted
deoxidation of oxiranes to alkenes*® makes oxaphosphiranes an
interesting potential source of phosphaalkenes.

Herein, theoretical results on endocyclic bond cleavage pro-
cesses and reactions of an unligated 3,5-difluorophenyl-substituted
oxaphosphirane towards P(um) reagents are reported.

Results and discussion

A simplified model of a potentially accessible derivative bearing
a tert-butyl group as a P-substituent and the experimentally
used 3,5-difluorophenyl group as a C-substituent*' (1) was
chosen to explore the thermal stability of the ring by looking
at the cleavage processes of the three endocyclic bonds
(Scheme 1). The cleavage of the C-O bond exergonically pro-
duced the open-chain ¢*\>-isomer phosphaalkene P-oxide 2 in
a kinetically favoured process (Fig. 2). Phosphaalkene P-oxides
(alkylidene(oxo)phosphoranes) are phospha-analogues of nitro-
nes®*® (imine N-oxides), that are useful intermediates in
chemical synthesis and formally derived from C-O cleavage
in the much more strained oxaziridine rings (computed RSE =
26.4 kecal mol ™" for the parent ring).>” This isomer 2 is stable
towards dissociation (after intersystem crossing, ISC) into the
triplet carbene 3° and tert-butyl phosphinidene oxide 4. In
contrast, cleavage of the P-C bond gave rise to the zwitterionic
species 5 in an endergonic process with a moderately high
activation barrier (34.5 kcal mol™"). Although not experimen-
tally observed so far in free oxaphosphiranes, the related C-O
and P-C bond cleavage processes constitute the initial step in
many reactions displayed by their k-P-complexes.>® The less
favoured ring opening process was found to be the P-O bond
cleavage leading to the endergonic dissociation into aldehyde 6
and triplet state phosphinidene 7° (Fig. 2), with high
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Scheme 1 Studied ring-opening reactions from oxaphosphirane 1.
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Fig. 2 Computed (CPCM(tol)/PWPB95-D3/def2-QZVPP) relative Gibbs
free energy profile for endocyclic bond cleavage processes in 1.

intersystem crossing energy. The first step is very much related
to the observed singlet phosphinidene-like reactivity of the
oxaphosphirane P fragment.*' These results show that oxapho-
sphirane 1 is stable towards the cleavage of its P-C and P-O
bonds, but the most labile C-O bond only displays significant
kinetic protection (AG* = 29.4 keal mol ™).

Next, the reaction of 1 with different trivalent phosphorus
compounds (PMe;, P(OMe); and P(NMe,);) 8a-c was explored.
First, the abstraction of the O atom from oxaphosphirane 1 by
the P(m) reagent was studied, leading to the formation of
phosphane oxides 9 and phosphaalkene 10, owing to the
assumed trans stereochemistry of the starting oxaphosphirane
(Scheme 2). According to the very recent published work on the
deoxygenation of oxiranes,> it seems reasonable to posit that
this reaction occurs by direct nucleophilic attack of the phos-
phorus centre of the PZ; reagent to the O atom of oxapho-
sphirane 1. The values reported in the aforementioned work on
Thermodynamic Oxygen atom transfer Potentials (TOPY, the
superscript ‘H’ referring to the use of enthalpies for energy
evaluation) allow for predictions. Here, three PZ; reagents were
tested, PMe; 8a (TOP™ = —100.1 kcal mol '), P(OMe); 8b
(TOP" = —113.9 kcal mol'), and P(NMe,); 8c (TOP" =
—111.1 kecal mol "), and they should be able to deoxygenate
oxaphosphiranes, which are the oxidized species of the redox
couple with the corresponding phosphaalkene (TOP® =
—63.7 kcal mol™' reported for 2,2,2-trimethyloxaphosphi-
rane).””*° Indeed, at the calculation level used in this
work  (CPCM(tol)/PWPB95-D3/def2-QZVPP), a TOP" of
—73.1 kcal mol™" has been estimated for the 10%/1 redox pair
and —99.6, —109.0 and —110.1 kcal mol™* for the 8/9 redox
pairs for PMe;, P(OMe); and P(NMe,)s, respectively, versus the
H,O/H,0, pair used as a reference. Consistent with these TOP"
oxophilicity parameters, and the difference ATOP" = —26.5,
—35.9 and —37.1 kcal mol™' for PMe;, P(OMe); and
P(NMe,);, respectively, markedly exergonic values have been
obtained for the deoxygenation of 1 (AG = —31.8, —38.7 and
—40.8 keal mol™", respectively), with very energetic transition
states, the kinetically most favourable case being that of PMe;
(Scheme 2). These results demonstrate that the use of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Scheme 2 Computed (CPCM(tol)/PWPB95-D3/def2-QZVPP) pathways in the reaction of 1 with phosphanes 8. Relative Gibbs free energies (kcal mol™)
in square brackets and colour coded according to the phosphane used: blue (8a), red (8b) and green (8c).

phosphorus compounds PMe;, P(OMe); and P(NMe,); to form
phosphaalkenes from oxaphosphiranes could be experimen-
tally feasible, but only under very harsh conditions.

Approach of the P(m) reagent 8 to oxaphosphirane 1 takes
places by interacting the basic P centre of 8 with one of the two
lobes of the LUMO, mostly located at a phosphorus p-type
atomic orbital, of 1,>' and leading to an encounter complex 1-8.

Taking PMe; as a case in point, its interaction with 1 can be
predicted using DFT-rooted parameters®’ related with Pearson
theory of hard and soft acids and bases (HSAB).*' The (local)
quadratic difference in softness (AS)* is much lower for the
interaction with the ring P atom (0.14) than with the O (1.62) or

Po o\ Py

Vip (elAS)
o

VSCCpp,

VSCCrea) ‘
0 1
bond path

1-8a
Fig. 3 Computed (B3LYP/def2-TZVPP//CPCMI(tol)/PBEh-3c) structure of

van der Waals complex 1-8a'® and variation of the Laplacian of the

electron density along the P---P bond path for 1.8a‘ (black) and 1-8a'
(red).
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C (1.96) ring atoms. Also, the initial interaction energy AEjy,,
resulting from two-step sequential chemical potential-
equalization and reshuffling of the charge distribution,*?
points to a most favourable initial interaction with P over O
and C (—87.1, —42.5 and —40.9 kcal mol ", respectively).
Indeed, the attack of 8a to the O atom of 1 to promote
deoxygenation was found to required formation of the encoun-
ter complex 1-8a(®) with rather exothermic P---P interaction
(AEzpg = —23.6 kcal mol ™, AGy = 8.4 kcal mol ™). However,
another similar most stable encounter complex 1-8a(©) was
found at the C-side of the ring (AEzpg = —25.7 kcal mol %,
AGye) = 7.1 keal mol ™). Both initial species 1-8a display a P- - -P
pattern corresponding to a van der Waals complex according to
a recent definition,*® on the basis of the small positive value of
Laplacian of the electron density at the bond critical points
(BCPs) and the relative position of the donor (Pp) and acceptor
(P,) valence-shell charge concentration (VSCC) bands at both
sides of the BCP (Fig. 3).>*

The alternative reaction of the phosphorus attack of the PZ;
reagent 8 at the ring C atom of the oxaphosphirane 1 starts
from the van der Waals complex 1-8©) and gives rise to the
zwitterionic species (betaines) 11 (Scheme 2). Compared to O-
abstraction, this process is thermodynamically less favourable,
although the activation barriers are noticeably smaller, making
them the kinetic products of reactions with PZ;. These betaines
can cyclise to the corresponding 1,2,4-oxadiphosphetanes 127
through a process with low activation barrier, which in turn,
may undergo a [2+2] cycloreversion producing the elimination
of the phosphane oxide O—PZ; (9) and leading exergonically to

New J. Chem., 2024, 48, 20119-20125 | 20121
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a phosphaalkene, the product of the oxaphosphirane 1 deox-
ygenation, but now with the opposite Z-configuration (10%). In
the case of oxiranes, also the attack of PZ; to the O atom
(deoxygenation) is less favoured than to the ring C atom but, in
the latter case, carbene transfer with the elimination of the
carbonyl component (PZ; — R,C = PZ;) usually occurs due to
the low stability of the betaine C-C bond.>® The other possible
[2+2] cycloreversion in erythro 1,2,4-oxadiphosphetanes 127
leads to phosphorane 13 and phosphinidene oxide 4. A variety
of [2+2] cycloreversion reactions in related 1,2-oxaphosphe-
tanes with the P centre in different oxidation states and
coordination numbers have recently been reported,®® the
c°A\>-P centre being the most favoured for P—0O bond for-
mation. Recombination of 13 and 4 through the opposite
molecular face in one of the reagents would give rise to the
diastereomeric 1,2,4-oxadiphosphetane 12", hence opening
the path to phosphaalkene 10 by loss of phosphane oxide 9
(Scheme 2). All herein studied [2+2] cycloreversion reactions of
1,2,4-oxadiphosphetanes 12 affording phosphorane 13 and
phosphinidene oxide 4 were found to be barrierless processes.

Using the reaction of 1 with PMe; (8a) as a case in point, the
latter behaves as a nucleophile as demonstrated by the (Mulli-
ken) electric charge transferred from the phosphane to the
oxaphosphirane in the TS for both the O- (Ag™ = 0.31¢) and
C-attack (Ag™ = 0.25¢). The initial betaine formation (1 + 8a —
11a®?) is the rate-determining step, all subsequent steps having
lower activation barriers (Fig. 4) which would lead to the
formation of the most stable E-phosphaalkene (10%). The
Z-isomer 10” would be formed somewhat faster, following a
slightly lower energy profile, but the activation energy for the
reverse reaction (10% + 9a — 12a°”) is almost identical to that of
the initial step (Fig. 4). Hence, in the required thermal regime
all the subsequent steps could reach equilibrium and thus
favour the overall preferential formation of the more stable
phosphaalkene 10°. As expected, cleavage of both diastereo-
meric 1,2,4-oxadiphosphetanes (12a) to the corresponding
phosphaalkene (10) occurs through less stable intermediately
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formed isomers with the ring O atom in the equatorial position
around the trigonal bipyramidal 6°A>-P atom (12a~°9). Worth
mentioning is that the regioselectivity of the [2+2] cycloaddition
of 13a and 4 can be explained in terms of the lower quadratic
difference in local softness (2.99) compared to the other (not
shown) interaction that would lead to regioisomer 1,2,3-oxadi-
phosphetane (6.47).

In the case of the reaction of P(OMe); (8b) with 1 (Fig. 5),
although the potential energy surface is qualitatively similar,
excepting the higher barrier for the initial rate-determining
step, formation of the Z-phosphaalkene from the initially
produced 1,2,4-oxadiphosphetanes (12b®”) is kinetically disfa-
voured compared to the alternative [2+2] cycloreversion afford-
ing 13b and 4, which in turn opens the lower energy pathway
finally leading to the most stable E-phosphaalkene 10 (Fig. 5).
No O-equatorial isomers were found for these 1,2,4-oxadi-
phosphetanes 12b, but three different rotamers for the
P-methoxy substituents were located for each diastereomer.

Finally, when the phosphorus reagent is P(NMe,);, the
activation energies for both possible pathways are in between
those of the reactions with PMe; and P(OMe); and following the
same preference for the attack to the ring C atom over the O
atom attack (Fig. 6). In this case, the initially formed erythro
1,2,4-oxadiphosphetane 12¢“? is rather destabilized and is
converted into the most stable threo isomer 12¢” through
two consecutive barrierless [2+2] cycloreversion and [2+2]
cycloaddition steps, hence enabling the preferential formation
of the most stable E-phosphaalkene 10" (Fig. 6).

Moreover, the reductive potential reported for the unsubsti-
tuted o*A*-oxaphosphirane itself (TOP™ = —90.6 kcal mol ),>®
to be converted into the corresponding P-oxide, must be
sufficient to deoxygenate the oxaphosphirane ring (vide supra).
Indeed, at the working level of theory, the TOP" for the
1/14 pair is —93.8 kcal mol ™" and the disproportionation of
two molecules of 1 to give 10° and the corresponding
oxaphosphirane P-oxide 14 was computed to be exergonic by
AG = —23.8 kecal mol .
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Fig. 4 Computed (CPCM(tol)/PWPB95-D3/def2-QZVPP) relative free Gibbs energy profile for the reaction of 1 with PMes.
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Fig. 6 Computed (CPCM(tol)/PWPB95-D3/def2-QZVPP) relative free Gibbs energy profile for the reaction of 1 with P(NMe,)s.

Computational methods

DFT calculations were performed with the ORCA electronic struc-
ture program package (version 4.2.1).>® All geometry optimizations
were run in redundant internal coordinates with tight convergence
criteria, in the gas phase and using Grimme’s dispersion-corrected
composite PBEh-3¢ level.*® For the mechanistic studies (i.e., exclud-
ing TOP" evaluations that were computed in the gas phase),
solvent (toluene) effects were taken into consideration with the
CPCM solvation method,*” as implemented in ORCA. Harmonic
frequency calculations at the optimization level were used to obtain
thermal correction contributions and verified the nature of ground
or transition states (TS) having all positive frequencies or only one

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

imaginary frequency, respectively. TS structures were further con-
firmed by following the intrinsic reaction path in both directions of
the negative eigenvector. Final energies were obtained by means of
single-point energy calculations with the double-hybrid-meta-GGA
functional PWPB95,*® the Grimme’s semiempirical D3 correction®
and the def2-QZVPP basis set,*® using the RIJK approximation.*'
The topological analysis was performed with the electron density at
B3LYP/def2-TZVPP and using the Multiwfn program.**

Conclusions

The stability of the o°A*-oxaphosphirane ring system
towards thermal ring cleavage was theoretically explored for

New J. Chem., 2024, 48, 20119-20125 | 20123
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trans-3-(3,5-difluorophenyl)-2-tert-butyl-oxaphosphirane. Only the
C-O bond cleavage is slightly exergonic (AG = —9.6 kcal mol )
and proceeds over a moderate barrier (AG* = 29.4 kcal mol™?).

Reaction of this derivative with P(m)-reagents leading to a
deoxygenation (P — O attack) is always kinetically disfavoured
(by 7.3-9.6 keal mol ). The preferred P — C attack is the rate-
limiting step of the stepwise, alternative deoxygenation involving
betaine formation, and a ring-closure to give an erythro-1,2,4-
oxadiphosphetane, while [2+2]-cycloreversion affords the less stable
Z-configured phosphaalkene. The stable E-phosphaalkene deriva-
tive can be easily accessed through the barrierless alternative
oxadiphosphetane [2+2]-cycloreversion which opens the path to
the [2+2]-cycloaddition to yield the threo diastereomer. In the
thermal conditions required for overcoming the first rate-limiting
step, the equilibrium conditions should favour the formation of the
most stable E-phosphaalkene as the major final product. Further
mechanistic investigations on the thermodynamically favoured
oxaphosphirane disproportionation leading to a phosphaalkene
and an oxaphosphirane P-oxide are currently ongoing.
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