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1,3,2-dioxaphospholane with hexafluoroacetone

Vladimir F. Mironov,* Mudaris N. Dimukhametov, Igor A. Litvinov and Aidar T. Gubaidullin

A. E. Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center
of the Russian Academy of Sciences, 420088 Kazan, Russian Federation. E-mail: mironov@iopc.ru

DOI: 10.1016/j.mencom.2022.09.015

Reaction of 2-[(2-methylcarbonyl)phenyloxy]-4,4,5,5-tetra-
methyl-1,3,2-dioxaphospholane  with  hexafluoroacetone
leads to the simultaneous formation of two P—C/P—O-cage
phosphoranes. The P-C-cage species does not convert to the
P—O-cage one neither under the kinetically (3 years,
20-25°C, dichloromethane) nor under the thermo-
dynamically controlled conditions (110 °C, toluene, 8 h).
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Pentacoordinated phosphorus derivatives attract the attention of
researchers due to several reasons. They are intermediates in the
nucleophilic  substitution reactions at tetracoordinated
phosphorus,! among which the reactions of phosphorylation and
dephosphorylation occur in living cells.? Phosphoranes are the
intermediates in the Mitsunobu reaction,? the Kukhtin-Ramiretz
reaction,* the ligand coupling reaction at pentacoordinated
phosphorus,® desulfurization with trialkyl phosphites,® and in the
synthesis of isoquinolines from alkynes, nitriles and
triphenylphosphine.” Phosphoranes have recently been shown to
be intermediates in the unusual carbofluorination of alkynes
with acyl fluorides and phosphines,® as well as coupling reaction
of acyl fluorides, silylenols, and alkynes leading to variously
functionalized 1,3-dienes.® Much attention is paid both to the
development of new methods for the synthesis of phosphoranes™®
and to the study of their structure!! and chemical properties.1?

In recent years, we have been developing a new method for
the synthesis of cage phosphoranes based on the intramolecular
cascade reactions of cyclic P™ derivatives containing a carbonyl
group in the exocyclic substituent.!® Cage phosphoranes are
convenient models for studying the reactivity of pentacoordinated
phosphorus derivatives due to the rigidity of the structure, which
limits intramolecular ligand rearrangements at the phosphorus
atom. We have shown that P-C-cage phosphoranes can undergo
P-CO/P-OC rearrangement which proceeds with a high
stereoselectivity through a possible intermediate of the
oxaphosphirane type.1

In this work, in order to study the boundaries of this
rearrangement, we subjected hexafluoroacetone to the reation
with special P"' derivative, 2-[(2-methylcarbonyl)phenoxy]-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 1, containing a
carbonyl group in a spatially rigid exocyclic substituent. The
reaction of dioxaphospholane 1 with hexafluoroacetone was
carried out under two different conditions: (a) in dichloromethane
and (b) in tetrachloromethane as solvents at —40 °C with a two-
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fold excess of hexafluoroacetone. The process in variant (a) gave
the mixture of P-C- and P-O-phosphoranes 2, 3 (Scheme 1) in
the ratio 5:9 (see also Online Supplementary Materials,
Figure S43). These compounds reveal the same molecular ion
peak 448 in the electron ionization (EI) mass spectrum, which
confirms their isomeric composition consisting of one molecule
of phospholane 1 and one molecule of hexafluoroacetone. Both
compounds were isolated by fractional crystallization
from various solvents. Their structures were determined by
IH, BF-{'H}, 3P—{'H}, BC-{'H}, ¥ C-{*H}-dept, 1°C NMR
spectroscopy as well as X-ray diffraction study (Figures 1
and 2)."

T Crystal data for 2 at 100 K. C;7H;4FcOsP (M = 448.29), monoclinic,
space group P2;/c, at 100(2) K, a=12.8493(7), b=9.8769(5)
and c¢=15.0305(9) A, B=99.350(2)°, V=1882.20(18) A3, z=4,
egre = 1.582 g cm=3,  p(MoKor) = 0.231 mmt,  F(000) = 920. 38897
reflections were measured and 5968 independent reflections (R;,; = 0.038)
were used in a further refinement. The refinement converged to
WR, =0.0869 and GOF=1.03 for all independent reflections
[R; = 0.0349 was calculated against F for 4971 observed reflections with
I >20(1)].

Crystal data for 2 at 296 K. C;7H;gF¢OsP (M = 448.29), monoclinic,
space group P2/c, at 296(2) K, a=12.972(6), b=9.919(4)
and c¢=15.183(7) A, B=99.482(6)°, V=1926.9(15) A3, Z=4,
egie = 1.545 g cm=3,  p(MoKo) = 0.226 mmt,  F(000) = 920. 16448
reflections were measured and 3783 independent reflections (R,; = 0.048)
were used in a further refinement. The refinement converged to
WR, =0.1011 and GOF=1.024 for all independent reflections
[R; = 0.0618 was calculated against F for 2797 observed reflections with
I >20(1)].

Crystal data for 3 at 296 K. C;7H;gF¢OsP (M = 448.29), monoclinic,
space group P2;/c, at 296(2) K, a=14.320(4), b=10.422(3)
and c=12.856(4) A, $=94.930(4)°, V=1911.6(10)A3 Zz=4,
egie = 1.558 g cm=3,  p(MoKa) = 0.228 mm=L, F(000) = 920. 14497
reflections were measured and 3744 independent reflections
(Rint = 0.032) were used in a further refinement. The refinement converged
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Scheme 1
The process apparently begins with a cheletropic phosphorane 2 under kinetically controlled conditions

[1+2]-cycloaddition and leads to an intermediate A, a three-
membered oxaphosphirane with a pentacoordinated phosphorus
atom. The subsequent transformations can include both the
breakage of the P-O bond (pathway 1) and P-C bonds
(pathway 2) (see Scheme 1). When pathway 1 is realized, cage
phosphorane 2 is formed through the P*~C-O- bipolar ion
intermediate B. Process 2 leads to a cage pentaalkoxyphosphorane
3 via P*-O-C- bipolar ion intermediate C. Both pathways 2
and 1 are irreversible, i.e. heating of P-C-species 2 in toluene
(110 °C, 8 h) does not afford compound 3, the product of the
PV-C-0O - PY-0O-C rearrangement. We have previously found
this compound among the PY-C-products of the reaction between
4,5-dimethyl-2-(2-0x0-1,2-diphenylethoxy)-1,3,2-di-
oxaphospholane or 4,4,5,5-tetramethyl-2-(2-oxo0-1,2-diphenyl-
ethoxy)-1,3,2-dioxaphospholane with hexafluoroacetone.®
Under these hard conditions, compound 2 would decompose
into the starting dioxaphospholane 1 and hexafluoroacetone (see
Online Supplementary Materials, Figure S42). This unusual fact
was evidenced from 3IP-{'H} NMR spectroscopy study when
chemical shift corresponding to the P™ derivative (0p 139.1 ppm)
appeared. Long-term (more than 3 years) storage of P-C-

to WR,=0.0889 and GOF = 1.03 for all independent reflections
[R; = 0.0355 was calculated against F for 2763 observed reflections with
I>20(1)].

The X-ray diffraction data for the crystals 2 (296 K) and 3, were
collected on a Bruker Smart Apexll CCD diffractometer at room
temperature [296(2) K], and for 3 (100 K) were collected on a Bruker
Kappa Apex || CCD diffractometer at low temperature [100(2) K], in the
o and ¢-scan modes using graphite monochromated MoKa
(A =0.71073 A) radiation. Data were corrected for the absorption effect
using SADABS program.'® Data collection: images were indexed and
integrated using the APEX2 data reduction package.'® The structures
were solved by direct method using SHELXT? and refined by the full
matrix least-squares using SHELXL programs'® in the program package
WinGX.2 Hydrogen atoms in all structures were inserted at calculated
positions and refined as riding atoms. Analysis of the intermolecular
interactions was performed using the program PLATON.2 Mercury
program package?! was used for figures preparation.

CCDC 2149603-2149605 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

(dichloromethane solution at 20-25 °C) also did not lead to its
isomerization into P-O-species 3. This indicates the irreversible
nature of both the P-O bond cleavage process in intermediate A
(pathway 1) and P-C-phosphorane 2 formation.

The reaction of dioxaphospholane 1 with hexafluoroacetone in
tetrachloromethane unexpectedly afforded three derivatives with
a pentacoordinated phosphorus atom, namely, cage phosphoranes
2 and 3 (5:2) and spirophosphorane 4 in which the phosphorus
atom was included in an eight-membered cycle. The EI mass
spectrum contains two peaks corresponding to the products’
molecular ions of 1:1 reactant composition (448) and that of 1:2
(614), the ratio of phosphoranes (2+3)/4 having been 14:5.

The formation of spirophosphorane 4 occurs along pathway 3
(see Scheme 1) which includes the enolization of the
methylcarbonyl group in the bipolar ion C followed by the
proton transfer to the carbanion center of the (CF3),C~ moiety.
The more stabilized bipolar ion D that is generated would
undergo the aldol reaction with the second molecule of
hexafluoroacetone to form bipolar ion E which is further
converted into spirophosphorane 4. It was not possible to isolate
compound 4, however, its main structural fragments such as
hexafluoroisopropyl group, gem-trifluoromethyl fragment and
methylene group, were identified by °F—{'H}, H, 3P—{1H}
and 3P NMR methods. In the 3'P—{*H} NMR spectrum, it
corresponds to a singlet (6p —64.5 ppm), which turns into a
doublet in the 3P NMR spectrum (3Jycop 14.6 Hz) (see Figures
S6 and S7).

In the 1F—{'H} NMR spectrum (Figure S8), compound 4
shows two quartets (O —77.69 and —78.50 ppm, *Je 10.0 Hz)
corresponding to the gemtrifluoromethyl fragment (AgXs-
system), and two multiplets (0 —74.03 and —74.14 ppm, “Jee
8.6 Hz) corresponding to the hexafluoroisopropyl substituent
(AgB3-system). In the low-field region of *H NMR spectrum, a
doublet of septets (6 5.41 ppm, 3Jpocy 14.5 Hz, 3Jgccy 5.9 Hz)
and two broad singlets (6 5.40 and 5.94 ppm) appear being
typical of the proton in the hexafluoroisopropyl substituent
fragment and non-equivalent protons of the methylene group in
the CHAHX-C(O) fragment.

According to X-ray study (see Figuresl and 2), the
phosphorus atom geometries in both molecules 2 and 3 appear
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Figure 1 Geometry of molecule 2 in the crystal (PRCY/PECR-
diastereoisomer, PLCZ-enantiomer is shown). Non-hydrogen atoms are
shown as thermal ellipsoids with a probability of 50%. Hydrogen atoms are
shown as spheres of arbitrary radius. Selected bond lengths (A) and bond
angles (deg): P1-O! 1.636(1), P1-02 1.6039(8), P1-O° 1.6072(9), P}-08
1.6679(9), P*-C7 1.936(1), O'-P-0? 95.73(5), O*-P*-0° 91.75(4), O'-P-08
167.12(5), O-P1-C7 89.10(5), 02-P1-0° 114.43(5), 0>~P-08 96.89(4),
0?-P1-C7 106.75(5), 03-P*-08 113.81(7), O8-P1-C’ 84.80(5).

Figure 2 Geometry of molecule 3 in the crystal (PiCYPLCR-
diastereoisomer, PiC¥%-enantiomer is shown). Non-hydrogen atoms are
shown as thermal ellipsoids with a probability of 30%. Hydrogen atoms are
shown as spheres of arbitrary radius. Selected bond lengths (A) and bond
angles (deg): P*-O! 1.632(2), P1-0? 1.611(2), P1-0% 1.590(2), P-O7
1.634(2), P-08 1.669(2), O-P-0? 89.57(8), O-P-0° 92.06(8),
0O'-P1-07 89.64(8), O'-P'-08 176.30(8), 0>-P1-0% 122.98(9), 0?-P*-0’
108.90(8), O*~P*-08 94.07(8), O°-P-07 128.10(8), O3-P-08 85.39(7),
07-P1-0°% 89.82(7).

as slightly distorted trigonal bipyramids. The O and O® atoms
are in the axial position in both structures; moreover, the
O-P™-08 bond angles are 176.29(8)° and 167.14(5)°,
respectively. Some distortion of the phosphorus configuration in
molecule 2 can be explained by the steric reasons, namely, the
proximity of trifluoromethyl and methyl substituents to the
polycyclic scaffold. The sum of the bond angles at phosphorus in
the planar base of the bipyramid of structures 2 and 3 is close to
the ideal 359.67(4)° and 358.98(6)°. The P1-O8 axial bond
length in both molecules is the same within the experimental
errors [1.6683(8) and 1.669(2) A]; the axial P!-O* bond length
is somewhat shorter [1.637(1) and 1.632(2) A]. The equatorial
P—O bonds have a shorter length within 1.590(2)-1.634(2) A, the
P!—C7 bond length in molecule 2 is 1.936(1) A. Despite the
isomeric differences in the structures of phosphoranes 2 and 3,
the conformation of the bicyclooctane backbone is the same in
both molecules (see Online Supplementary Materials, Figure S3).
The conformation of the six-membered heterocycle
P102C3C*C>08 can be described as sofa-O? (or envelope-08),
the PLO2C3C*C® fragment is approximately planar, and the O8
atom deviates from this plane by the 0.778(3) A for 2 and
0.841(4) A for 3.

According to the PLATON program, the five-membered
dioxaphospholane ring P108C>C%07 of molecule 3 has a twist
conformation, and the corresponding 1,3,5-dioxaphospholane
ring P1O8C508C” of molecule 2 is defined as an envelope-O¢,
although the overlap of these fragments is almost complete. The
conformation of the seven-membered ring P1O?C3C*C508C7 in
molecule 2 can be described as a sofa with the deviation of the
0% and C” atoms from the remaining planar five-atom fragment
by 1.333(3) and 1.529(3) A, respectively. The 7-membered cycle
P10O2C3C*C®07 in the molecule 3 also adopts sofa conformation:
the P1O2C3C*C® fragment is planar; the C® and O® atoms are

deviated from it by 1.279(4) and 1.389(4) A. The conformation
of the spiro-linked dioxaphospholane ring P1O°C1°C!0®2 in
both molecules is envelope-C1°, but in molecule 3 the C° atom
deviates towards the O7 atom (closer to the trifluoromethyl
substituents), while in the molecule 2 it deviates towards the O?
atom, opposite to closely spaced trifluoromethyl substituents.

In summary, the reaction outcome of 2-[(2-methylcarbonyl)-
phenyloxy]-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 1 with
hexafluoroacetone depends on the nature of the solvent. Cage
P—C and P-O phosphoranes 2 and 3 with the ratio of 5:9 are
formed in dichloromethane. In tetrachloromethane, along with
the formation of compounds 2 and 3, an aldol reaction occurs
with the participation of the methylcarbonyl group of reactant 1
and leads to the spirophosphorane derivative, namely,
2-[(1,1,1,3,3,3-hexafluoropropan-2-yl)oxy]-4',4',5',5'-tetra-
methyl-4,4-bis(trifluoromethyl)-4,5-dihydro-6H-25-spiro-
[benzo[d][1,3,2]dioxaphosphocine-2,2'-[1,3,2]dioxaphos-
pholan]-6-one 4. Under both kinetically and thermodynamically
controlled conditions the rearrangement of P-C-cage
phosphorane 2 into P—O-cage species 3 does not occur.

Authors thank the staff at the Joint Spectral-Analytical Center
for Physicochemical Studies of the Structure, Properties and
Composition of Substances and Materials of the Kazan Scientific
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Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.09.015.
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