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ABSTRACT

1,1,1,5,5,5-Hexafluoro-2-hydroxy-2-pentene-4-one re-
acted diastereospecifically with phosphonous acid di-
chlorides, RPCl2 (R 4 Me, Et, iPr, tBu, Me3SiCH2,
PhCH2, Ph) to give in a concerted mechanism ther-
mally stable tricyclic k5r5P phosphoranes containing
two five- and one six-membered ring. In one case, hy-
drolysis gave 3,5-dihydroxy-2-oxo-1,2k5r4-oxaphos-
phalane, whereas methanol added to the double bond
in the six-membered ring furnishing two isomeric
phosphoranes. When 1,1,1-trifluro-2-hydroxy-2-pen-
tene-4-one was reacted with RPCl2 (R 4 Et, Me3SiCH2,
PhCH2, Ph), diastereomerically pure regioisomeric
phosphoranes were obtained. The solid-state molecu-
lar structures of three k5r5P species exhibited two ox-
ygen atoms in the axial position of a slightly distorted
trigonal-bipyramidal geometry at phosphorus. Sur-
prisingly, the two CF3 groups bonded to an sp3-hybrid-
ized carbon were in a cisoid arrangement, having clos-
est nonbonding F • • •F distances of 301.4 or 273.5 pm.
These findings reflect the “through-space” F-F coupling
constants of the tricyclic phosphoranes (JFF 4 4.0–7.0
Hz) in solution. The solid-state structure of the phos-
pholane revealed the two hydroxy groups to be directed
to one side of the five-membered ring. q 1998 John
Wiley & Sons, Inc. Heteroatom Chem 9:173–181,
1998
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INTRODUCTION

The phosphites (R1O)2POR2 or (R1O)2PNCO (R1 4 R2

4 Me, Et; R1–R1 4 CH2–CH2, CMe2–CMe2, R2 4 Me)
have been reported to react with 1,1,1,5,5,5-hexa-
fluoro-2-hydroxy-2-pentene-4-one to furnish either
1,2k5r5-oxaphospholenes [1] or bicyclic k5r5P phos-
phoranes [2], a class of compounds also obtained by
reaction of the phosphites with the tautomer of
1,1,1-trifluoropentane-2,4-dione [2]. Phosphonous
acid dichlorides R3PCl2 (R3 4 Et) underwent reac-
tion with pentane-2,4-dione to give rise to 2-ethyl-4-
methyl-6-methyl-6-methylene-1,3,2k3r3-dioxaphos-
phorin-4-ene [3]; in the case of R3 4 Ph and in re-
action with dibenzoylmethane, a tricyclic k5r5P
trioxaphosphorane was obtained, whose structure
has been discussed in terms of two carbon atoms in
apical and three oxygen atoms in equatorial posi-
tions of a trigonal bipyramid based on 1H and 13C
NMR spectral data. This compound isomerized
above 308C to a phosphinic acid ester [4]. Similarly,
thermally stable tricyclic phosphoranes were synthe-
sized from 1,1,1,5,5,5-hexafluoro-2-hydroxy-2-pen-
tene-4-one and the dichlorides R3PCl2 (R3 4 CH2Ph,
Ph) [5]: Here we describe the extension of this work
to R3 4 Me, Et, iPr, tBu, Me3SiCH2, with hydrolysis
and methanolysis of one selected phosphorane. The
reaction of 1,1,1-trifluoropentane-2,4-dione, offering
different regioselective reaction pathways, with
R3PCl2 (R3 4 Et, Me3SiCH2, PhCH2, Ph) taking into
account the two tautomeric forms, is also a part of
the present investigation.
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SCHEME 2SCHEME 1

RESULTS AND DISCUSSION

In the presence of an auxiliary base, reactions of (Z)-
1,1,1,5,5,5-hexafluoro-2-hydroxy-2-pentene-4-one
(1) with the phosphonous acid dichlorides, RPCl2 (2)
[R 4 Me (a), Et (b), iPr (c), tBu (d), Me3SiCH2 (e),
PhCH2 (f), Ph (g)], gave moisture-sensitive tricyclic
trioxaphosphoranes 3 (see Scheme 1): 3a–d as yel-
low liquids, crystallizing between 10–158C, and 3e–
g as colorless solids. Nevertheless, the very fast for-
mation of compounds 3 might have prevented us
from obtaining NMR spectroscopic evidence for
phosphonite A, proposed as a precursor for the con-
certed diastereospecific reaction. Trapping experi-
ments using hexafluoroacetone failed but had been
successful in a similar reaction [6]. Due to bulkier
substituents, the reactions of the dichlorides 2c and
2d required higher reaction temperatures and longer
reaction times than did 2a, b, f, and g. Hydrolysis
experiments were carried out in one case, namely
with compound 3g (R 4 Ph), resulting in the deg-
radation of the tricyclic system with formation of 1
and the solid, nonhygroscopic 3,5-dihydroxy-2-oxo-
1,2k5r4-oxaphospholane 4, which could be isolated
after fractional crystallization. Surprisingly, with
methanol, the tricyclic system was preserved. A Mar-
kovnikov addition across the double bond in the six-
membered ring from both possible sides took place,
creating one more chiral center to yield the two iso-

meric phosphoranes, 5A and 5B. The other double
bond in the five-membered ring was not attacked
(see Scheme 1).

The reactions of the phosphonous acid dichlo-
rides, RPCl2 (2) [R 4 Et (b), Me3SiCH2 (e), PhCH2

(f), Ph (g)], with the tautomer [7] of 1,1,1-trifluoro-
pentane-2,4-dione 6 were conducted at 08C and am-
bient temperature, respectively, due to the lower
reactivity of 6. Since two different HO functions are
present in the two tautomeric (Z) forms of 6, three
different intermediate phosphonites might have
been expected, but we found only two, namely, B and
C, to give diastereoselectively two regioisomeric
phosphoranes 7 and 8 in the ratio 4.2:1 (7b:8b), 6.7:1
(7e:8e), 7.2:1 (7f:8f), and 10.1:1 (7g:8g) with CF3 in
the bridge-head position in both cases (see Scheme
2). These findings account for a slight preference for
the tautomer having the hydroxyl group at C(4) and
a considerable influence of the substituent at phos-
phorus. Isomers 7 and 8 could be separated by frac-
tional crystallization.

The X-ray diffraction investigation of the triox-
aphosphorane 3e (Figure 1 and Table 1) showed that
the substituents at phosphorus are arranged in a tri-
gonal bipyramid (two oxygen atoms in axial, one in
equatorial, and two carbon atoms in equatorial po-
sitions) whose distortion originated from different
bond lengths and bond angles of the apical and equa-
torial substituents [apical: P(1)–O(6) 170.9, P(1)–
O(2) 173.4(4) pm; equatorial: P(1)–C(16) 176.5(5)
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FIGURE 1 Molecular structure of compound 3e.

TABLE 1a Selected Bond Distances (pm) of Compounds
3e, 5A, and 7g

3e 5A 7g

P(1)–O(2) 173.4(4) 173.6(4) 171.8(5)
P(1)–O(6) 170.9(4) 170.5(4) 168.4(4)
P(1)–O(10) 163.2(4) 161.5(3) 163.2(5)
P(1)–C(5) 187.8(5) 188.2(3) 187.0(7)
P(1)–C(R) 176.5(5) 178.8(3) 180.1(7)
C(7)–C(8) 148.8(4) 152.9(5) 149.3(10)
C(7)–C(14) 152.0(11) 152.8(7) 151.3(10)
C(8)–C(9) 132.6(9) 151.9(5) 130.4(10)
C(9)–O(10) 135.8(8) 143.3(7) 140.1(8)
C(9)–C(15) 148.4(10) 154.8(8) 146.1(13)
O(6)–C(7) 138.9(7) 137.7(4) 141.1(9)

TABLE 2 Selected Bond Distances (pm) and Bond Angles
(8) of Compound 4

P(1)–O(1) 148.0(3) C(1)–O(4) 141.1(5)
P(1)–O(2) 159.1(3) C(1)–C(2) 152.5(6)
P(1)–C(1) 183.5(4) C(3)–O(3) 135.3(5)
P(1)–C(6) 176.6(4) O(2)–C(3) 145.8(5)
O(1)–P(1)–O(2) 114.7(2) O(2)–P(1)–C(1) 94.1(2)
O(1)–P(1)–C(1) 113.3(2)

FIGURE 2 Molecular structure of compound 4.

TABLE 1b Selected Bond Angles (8) of Compounds 3e, 5A,
and 7g

3e 5A 7g

O(2)–P(1)–C(5) 87.8(2) 88.3(2) 87.7(3)
O(2)–P(1)–O(6) 173.2(2) 172.4(1) 174.1(3)
O(2)–P(1)–O(10) 87.4(2) 86.9(2) 87.8(2)
C(5)–P(1)–O(6) 85.5(2) 84.5(2) 86.6(3)
C(5)–P(1)–O(10) 108.9(3) 110.2(1) 109.6(3)
O(6)–P(1)–O(10) 93.3(2) 93.5(2) 95.3(2)
O(2)–P(1)–C(R) 92.3(2) 92.9(2) 92.3(3)
O(6)–P(1)–C(R) 93.4(2) 93.5(2) 90.8(3)
O(10)–P(1)–C(R) 118.6(2) 119.1(1) 115.8(3)
C(5)–P(1)–C(R) 132.4(3) 130.7(2) 134.5(3)
C(7)–C(8)–C(9) 116.7(6) 109.7(4) 118.3(6)
C(8)–C(9)–C(15) 125.1(6) 110.8(3) 126.8(7)
P(1)–C(5)–C(4) 102.6(4) 104.2(2) 103.9(5)

and P(1)–C(5) 187.8(5) pm; C(5)–P(1)–C(16)
132.4(3)8, O(10)–P(1)–C(5) 108.9(3)8, O(6)–P(1)–O(2)
173.2(2)8]. The phosphorus atom was located 2.07
pm below the C(16)–C(5)–O(10) plane toward O(2).
The puckering parameters [8] indicate that the six-
membered ring P(1)–O(6)–C(7)–C(8)–C(9)–O(8)
shows a half-boat conformation (Q 4 63.1 pm, U 4
59.38, h 4 57.48), the five-membered ring P(1)–O(2)–
C(3)–C(4)–C(5) an envelope (E0, Q 4 34.8 pm, U 4
354.78), and the anellated five-membered ring P(1)–
O(6)–C(7)–O(11)–C(5) a distorted twist conforma-
tion (1T → 1E, Q 4 48.5 pm, U 4 195.28) [8,9]. The
C–C and C4C bond lengths were found in the
expected range [10]. The two CF3 groups, C(13)F3

and C(14)F3, are in the cisoid position with a closest
nonbonding F(133) • • •F(142) distance of 301.4 pm
(slightly more than twice the van der Waals radius
of fluorine, 140 pm) possibly accounting for the
“through-space” coupling JFF 4 4.2 Hz, observed in
the solution 19F NMR spectrum of 3e (see discussion
of the NMR data). The dihedral angle P(1)–C(5)–
C(4)–H was found to be 157.48 correlating with the
3JPH value of 23.3 Hz measured in the 1H NMR
spectrum.

The oxaphospholane 4 (Figure 2 and Table 2)
showed a tetrahedral coordination at phosphorus
with a P(1)–O(1) double bond distance of 148.0(3)
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FIGURE 4 Molecular structure of compound 7g.FIGURE 3 Molecular structure of compound 5A.

pm [10]. The great difference in the P(1)–O(2)
[159.1(3) pm], P(1)–C(1) [183.5(4) pm], and P(1)–
C(6) [176.6(4) pm] bond lengths gave rise to the
small endocyclic angle O(2)–P(1)–C(1) [94.1(2)8]. An
envelope conformation (4E, Q 4 38.9 pm, U 4 1508)
was found for the five-membered ring. The two HO
groups are on one side of the ring, the two CF3 groups
on the other. There was observed a short intramo-
lecular hydrogen bond between H(4) and P(1)–O(1)
(179.6 pm).

The geometry of phosphorane 5A was deter-
mined to be similar to that of compound 3e (Table 1
and Figure 3). As expected, the main difference arose
from the saturated six-membered ring, which has a
boat conformation (Q 4 77.7 pm, U 4 101.48, h 4
239.28), with elongated C(8)–C(9) [151.9(5) pm] and
C(9)–O(10) [154.8(8) pm] and smaller angles C(7)–
C(8)–C(9) [116.7(6)8] and C(8)–C(9)–C(15)
[110.8(3)8], respectively. The two five-membered
rings were found to be in a twist-conformation
[P(1)–O(2)–C(3)–C(4)–C(5), 4E → 4T0, Q 4 32.3 pm,
U 4 177.68; P(1)–O(6)–C(7)–O(11)–C(5) 0T1, Q 4
49.8 pm, U 4 15.58)]. The phosphorus atom is lo-
cated 1.36 pm below the plane C(5)–O(10)–C(21) and
located toward O(2). Compared to compound 3e, the
closest nonbonding F(133) • • •F(142) distance was
considerably shorter with 273.5 pm, caused by the
change in geometry of the six-membered ring. The
JFF value was found to be 7.1 Hz. The dihedral angle
P(1)–C(5)–C(4)–H was found to be 1161.38 correlat-
ing with the 3JPH value of 29.9 Hz observed in the 1H
NMR spectrum.

Like the other two tricyclic phosphoranes, 3e

and 5A, the single-crystal X-ray structure analysis of
7g showed a distorted trigonal bipyramid (Figure 4,
Table 1). The main features of the geometry were
similar to those of compound 3e, the conformation
of the six- and two five-membered rings [P(1)–O(6)–
C(7)–C(8)–C(9)–O(8) being half-boat, Q 4 63.9 pm,
U 4 54.48, h 4 53.48); P(1)–O(2)–C(3)–C(4)–C(5), 0E
→ 0T4, Q 4 37.8 pm, U 4 356.48; P(1)–O(6)–C(7)–
O(11)–C(5), 1T, Q 4 46.7 pm, U 4 205.08] [8,9]: The
position of the phosphorus atom was found to be
3.00 pm below the plane C(5)–C(21)–O(10) and lo-
cated toward O(2). The dihedral angle P(1)–C(5)–
C(4)–H was found to be 157.48 correlating with the
3JPH value of 31.0 Hz measured in the 1H NMR
spectrum.

Only one set of signals was observed for com-
pounds 3, 7, and 8 (see Tables 3 and 4) proving the
diastereospecific formation. The 31P NMR shift val-
ues were found in the expected range for k5r5-triox-
aphosphoranes [11]: The CF3 groups at C(5) and C(7)
were in a cisoid arrangement (including 5), also
found in the solid-state structures of 3d and 5A. The
19F NMR spectra for compounds 3 and 5A exhibited
four signals due to four magnetically inequivalent
CF3 groups, three resonances close together in the
range 177 \ 179 ppm, the fourth one having a quad-
ruplet structure, being located 10 ppm upfield (188
ppm), and assigned to the acetal carbon C(7). The
coupling constants JFF [4.2–4.9 Hz (3a–g) and 7.0 Hz
(5A and 5B)] appear again in the signals for C(5)F3

where an additional 3JPF coupling gives rise to a dou-
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TABLE 3 1H, 19F, and 31NMR Parameters of Compounds 3a–g (J is given in Hz)

R
C(4)H
(3JPH)

dH
a

C(8)H C(3,9)F3

dF
a

C(5)F3

(JPF, JFF) C(7)F3 dP
a

3a Meb 5.87 6.34 177.54, 178.53 178.35 188.43c 12.0
(29.5) (7.4, 4.5)

3b Etd 5.74 5.88 177.06, 178.53 178.35 188.43 13.0
(29.8) (7.4, 4.5)

3c iPre 5.94 6.10 177.90, 178.90 177.40 188.70 13.9
(27.0) (7.2, 4.6)

3d tBuf 5.91 5.95 178.14, 179.27 177.64 189.04 14.6
(26.2) (7.2, 4.6)

3e CH2SiMe3
g 5.82 5.96 177.60, 178.41 178.44 188.50 13.8

(23.3) (8.0, 4.3)
3f CH2Phh 5.37 5.93 177.10, 178.50 177.70 188.20i 5.2

(30.4) (7.4, 4.9)
3g Phj 5.98 6.04 177.10, 178.30 177.80 188.10 18.4

(29.9) (8.1, 4.5)
aHigh-field shifts from TMS, CCl3F, and 85% H3PO4 were given negative signs.
bdH 4 2.20 (CH3, 2JPH 4 16.5).
c3JHF 4 0.9.
ddH 4 1.41 (CH3), 2.55 (CH2, 2JPH 4 16.5, 3JHH 4 7.7).
edH 4 1.50 (CH3), 3.00 (CH, 3JHHH 4 7.0).
fdH 4 1.35 (CH3).
gdH 4 0.14 (CH3), 1.80 (CH2).
hc.f. Ref. [5]; dH 4 3.90 (CH2, 2JPH 4 16.7), 7.4–8.7 (C6H5).
ic.f. Ref. [5]; dH 4 7.3–8.4 (C6H5).

TABLE 4 1H, 19F, and 31NMR Parameters of Compounds 7b, e–g and 8b, e–g (J is given in Hz)

R C(3,9)H

dH
a,b

C(4)H
(3JPH) C(8)H C(9)F3

dF
a

C(5)F3

(3JPF, JFF) C(7)F3 dP
a

7b Etc 1.63, 1.93 5.63 5.10 178.60 179.50 8.3
(30.6) (8.1, —)

8b Et 179.10 188.80 4.2
(8.0, 4.6)

7e CH2SiMe3
d 1.57, 1.79 5.74 5.00 177.80 179.60 9.5

(31.0) (8.3, —)
8e CH2SiMe3 179.10 188.50 4.9

(8.3, 4.0)
7f CH2Phe 1.60, 1.87 5.80 5.10 178.10 178.90 1.4

(30.3) (8.2, —)
8f CH2Ph 178.30 188.30 12.6

(8.1, 5.2)
7g Phf 1.70, 1.95 5.90 5.20 178.00 178.90 110.2

(30.0) (8.3, —)
8g Ph 178.40 188.30 114.4

(8.3, 5.1)
aHigh-field shifts from TMs, CCl3F, and 85% H3PO4 were given negative signs.
bSignals for isomers 8 have low intensities and are partially overlapped by signals from isomers 7.
cdH 4 1.51 (CH3), 3.40 (CH2).
ddH 4 0.21 (CH3), 2.0–2.4 (broad, CH2).
edH 4 3.83 (CH2), 7.3 (C6H5).
fdH 4 7.4–8.4 (m, C6H5).
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blet of quadruplets. There is obviously a “through-
space” interaction (see discussion of the solid-state
molecular structures of 3d and 5A), since a through-
bond mechanism would involve six or seven single
bonds. No JFF coupling was observed, as expected in
phosphoranes 7, the molecule having no CF3 pairs
in the necessary vicinity. Similar nonbond coupling
phenomena of CF3 groups facing each other were
previously found in a tricyclic system [12] and a spi-
rophosphorane where the 19F–19F homocorrelated
2D NMR spectrum could prove this assumption [13].
Characteristic for the compounds 3 and 7 were the
dH values for the vinylic protons, C(4)H (5.4–6.0, in-
cluding 5A) and C(8)H (5.9–6.1 for 3, 5.0–5.2 for 7).
The reason for the relatively large coupling constants
3JPH (23.3–31.0 Hz) may be the large P-C-C-H dihe-
dral angle [14], found in three cases by X-ray struc-
ture analysis.

EXPERIMENTAL

The appropriate precautions for handling moisture
and oxygen-sensitive compounds were observed
throughout this work. Analyses: Mikroanalytisches
Laboratorium Beller Göttingen. MS: Varian-MAT
CH 7A spectrometer at 70 eV (EI). NMR: Bruker AC
80 instrument at 80.13 MHz (1H, standard TMS),
75.39 MHz (19F, standard CCl3F), and 32.44 MHz (31P,
standard 85% H3PO4). High-field shifts from TMS,
CCl3F and 85% H3PO4 were given negative signs. The
single-crystal X-ray structure determination was
performed on a Siemens P4 diffractometer using
graphite-monochromated Mo-Ka radiation (k 4
71.073 pm) in a x/2h scan. The structure was solved
by direct methods and refined by full-matrix least
squares using SHELXTL PLUS (VMS). Compounds
3f and 3g were prepared according to literature pro-
cedures [5].

General Method for the Synthesis of
Phosphoranes 3a–3g, 7b,e–g, and 8b,e–g
(see Table 5)

To a solution of stoichiometric amounts of 1 or 6 and
triethylamine in 50 mL of diethyl ether, each of the
compounds 2 dissolved in 20 mL of diethyl ether was
added. The triethylammonium chloride formed was
filtered off and the solvent removed in vacuo.

3,5,7,9-Tetrakis(trifluoromethyl )-1-methyl-2,6,10,
11-tetraoxa-1-phospha(V )tricyclo-[5.3.1.01,5]-undeca-
3,8-diene (3a). MS (508C); m/z (%): 460 (59) [M`],
441 (10) [M 1 F]`, 363 (56) [M 1 CF3CO]`, 253 (83)
[M 1 CF3C(O)CHC(O)CF3]`, 233 (28) [M 1
CF3C(O)CHC(O)CF3 1 HF]`, 139 (32) [CF3C-

(O)CH2CO`], 69 (100) [ ], and other fragments.`CF3

Anal. calcd for C11H5F12O4P (460.11): C, 28.71; H,
1.10; F, 49.55; P, 6.73. Found: C, 28.73; H, 0.91; F,
49.60; P, 6.73.

3,5,7,9-Tetrakis(trifluoromethyl )-1-ethyl-2,6,10,
11-tetraoxa-1-phospha(V )tricyclo-[5.3.1.01,5]-undeca-
3,8-diene (3b). MS (208C); m/z (%): 474 (14) [M`],
455 (4) [M 1 F]`, 377 (38) [M 1 CF3CO]`, 267 (23)
[M 1 CF3C(O)CHC(O)CF3]`, 139 (40)
[CF3C(O)CH2CO`], 69 (100) [ ], and other frag-`CF3

ments. Anal. calcd for C12H7F12O4P (474.14): C, 30.40;
H, 1.49; F, 48.08; P, 6.53. Found: C, 30.52; H, 1.47; F,
48.20; P, 6.70.

3,5,7,9-Tetrakis(trifluoromethyl )-1-[(1-methyl )
ethyl]-2,6,10,11-tetraoxa-1-phospha(V )tri-cyclo-
[5.3.1.01,5]-undeca-3,8-diene (3c). MS (608C); m/z
(%): 488 (12) [M`], 469 (4) [M 1 F]`, 69 (23) [ ],`CF3

43 (100) [(CH3)2CH`], and other fragments. Anal.
calcd for C13H9F12O4P (488.17): C, 31.99; H, 1.86; F,
46.70; P, 6.34. Found: C, 32.30; H, 1.87; F, 46.20; P,
6.40.

3,5,7,9-Tetrakis(trifluoromethyl )-1-[(1,1-dimeth-
yl )ethyl]-2,6,10,11-tetraoxa-1-phospha-(V ) tricyclo-
[5.3.1.01,5]-undeca-3,8-diene (3d). MS (508C); m/z
(%): 502 (1) [M`], 487 (4) [M 1 CH3]`, 405 (1) [M
1 CF3CO]`, 139 (5) [CF3C(O)CH2CO`], 69 (8) [ ],`CF3

57 (100) [(CH3)3C`], and other fragments. Anal.
calcd for C14H11F12O4P (502.02): C, 33.48; H, 2.21; F,
45.40; P, 6.17. Found: C, 33.72; H, 2.16; F, 45.00; P,
6.24.

3,5,7,9-Tetrakis(trifluoromethyl )-1-trimethylsil-
ylmethyl-2,6,10,11-tetraoxa-1-phospha-(V )tri-cyclo-
[5.3.1.01,5]-undeca-3,8-diene (3e). MS (208C); m/z
(%): 532 (19) [M`], 517 (32) [M 1 CH3]`, 435 (46)
[M 1 CF3CO]`, 265 (100) [M 1 CF3C(O)CHC(O)CF3

1 SiMe3]`, 75 (83) [Me2SiCH2]`, 69 (87) [ ], and`CF3

other fragments. Anal. calcd for C14H13F12O4PSi
(532.30): C, 31.59; H, 2.46; F, 42.83; P, 5.82. Found:
C, 31.67; H, 2.33; F, 43.20; P, 5.75.

The X-ray structural study of compound 3e [15],
C14H13F12O4PSi (532.30) [single crystal 0.4 2 0.6 2
0.7 mm, orthorhombic P212121 with a 4 908.4(3), b
4 1028.6(3), c 4 2340.6(6) pm, V 4 2186.3(11) Å13,
Z 4 4, D(calc) 4 1.617 Mg/m3, absorption coefficient
0.300 mm11, difference electron density 0.48 e •A13

and 10.49 e • Å13], was carried out in a 2 h-range 5.0–
50.08 at 296 K, reflections collected 6356, indepen-
dent reflections 2872 (Rint 4 1.23%), observed reflec-
tions 1538 [F . 3.0r(F)]; goodness of fit 0.67; final R
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TABLE 5 Experimental Details for the Preparation of Compounds 3a–3e, 7b,e–g, and 8b,e–g

R
Reactants
[g (mmol )]

Reaction Time (h)/
Temperature (8C)

Mp
(8 )

Yield
[g (%)]

3a Me
2a: 3.8 (32)
1: 13.5 (64) 3 / 130 18 6.2 (58)a

3b Etb
2b: 3.3 (25)
1: 10.4 (50) 3 / 120 7.1 (60)

3c iPrb

2c: 3.4 (23)
1: 9.8 (46) 48 / 20 9.3 (81)c

3d tBub

2d: 4.6 (29)
1: 12.0 (58) 36 / 20 3.6 (25)

3e CH2SiMe3

2e: 4.9 (26)
1: 10.8 (52) 4 / 0 67 8.5 (61)a

7b/8b Etb,d

2b: 3.7 (28)
6: 8.6 (56) 4 / 120 7.7 (75)

7e/8e CH2SiMe3
b,e

2e: 3.3 (18)
6: 5.4 (35) 12 / 20 7.0 (94)

7f/8f CH2Phb,f

2f: 4.8 (25)
6: 10.5 (50) 3 / 0 55 8.7 (81)

7g/8g Phb,g

2g: 5.1 (29)
6: 9.2 (58) 2 / 0 61 9.1 (76)

aRecrystallized from n-hexane and chloroform.
bViscous liquid, bp or mp not determined.
cRecrystallized from n-hexane / diethylether (3:5).
d7b:8b 4 4.2:1.
e7e:8e 4 6.7:1.
fIsomer 7f could be isolated by fractionating crystallization from diethylether; 7f:8f 4 6.7:1.
gIsomer 7g could be isolated by fractionating crystallization from diethylether; 7g:8g 4 10.1:1.

values R 4 3.49%, wR 4 2.68%; R value (all reflec-
tions) 8.02%, wR 4 3.75%, largest difference peak
0.22 e • Å13, largest difference hole 10.26 e • Å13.

2-Oxo-2-phenyl-3,5-dihydroxy-3,5-bis(trifluoro-
methyl )-1,2,k5r4-oxaphospholane (4). To a solution
of 5.22 g (10 mmol) of 3g in 20 mL of diethyl ether,
0.36 g (20 mmol) of water was added at 08C. After
the mixture had been allowed to stand for 5 hours at
ambient temperature, the volatile materials were re-
moved in vacuo. The remaining colorless solid was
recrystallized from acetonitrile yielding 1.10 g (30%)
4 (mp 1228C). MS (1108C); m/z (%): 332 (42) [M 1
H2O]`, 331 (32) [M 1 H2O 1CF3]`, 161 (55)
[C6H5P(O)(F)OH`], 141 (100) [C6H5P(O)OH`], 77
(98) [C6 ], 69 (57) [ ], and other fragments. 1H` `H CF5 3

NMR (CD3CN): d 4 3.00 [broad, 2H, CH2], 4.65
[broad, 2H, OH], 7.50–8.25 [m, 5H, C6H5]. 19F NMR
(CD3CN): d 4 173.54 [s, 3F, C(5)F3], 184.34 [s,
C(3)F3], 31P NMR (CD3CN): d 4 55.4. Anal. calcd for
C11H9F6O4P (350.15): C, 37.73; H, 2.59; F, 32.55; P,
8.85. Found: C, 37.90; H, 2.71; F, 32.50; P, 9.00.

The X-ray structural study of compound 4 [15],
C11H9F6O4P (350.15) [single crystal 0.35 2 0.6 2 0.4
mm, monoclinic P21/n with a 4 1450.2(5), b 4
589.9(5), c 4 1583.0(5) pm, b 4 96.57(3)8, V 4
1345.3(7) Å13, Z 4 4, D (calc) 4 1.729 Mg/m3, ab-
sorption coefficient 0.292 mm11, difference electron

density 0.30 e • Å13 and 10.20 e • Å13], was carried
out in a 2 h-range 5.0–50.08 at 153 K, reflections col-
lected 2794, independent reflections 2347 (Rint 4
1.48%), observed reflections 1629 [F . 4.0r(F)];
goodness of fit 0.67; final R values R 4 3.49%, wR
4 2.68%; R value (all reflections) 8.02%, wR 4
3.75%, largest difference peak 0.51 e • Å13, largest dif-
ference hole 10.55 e • Å13.

3,5,7,9-Tetrakis(trifluoromethyl )-9-methoxy-1-
phenyl-2,6,10,11-tetraoxa-1-phospha(V )-tricyclo-
[5.3.1.01,5]-undeca-3-ene (5). To a solution of 3.6 g
(0.007 mmol) of the phosphorane in 30 mL of diethyl
ether, 0.5 g (0.014 mmol) of methanol was added at
08C. After 2 hours, the solution was allowed to warm
to ambient temperature and was then stirred for 12
hours. The volatile materials were removed in vacuo.
The remaining yellow solid containing the two iso-
mers 5A and 5B (A:B 4 1:1) underwent a fractional
crystallization from diethyl ether/hexane (1:1) solu-
tion; 1.3 g (32%) 5A was obtained as a colorless solid
(mp 868C). MS (5A) (208C); m/z (%): 554 (28) [M`],
539 (9) [M 1 F]`, 523 (3) [CH3CO]`, 457 (17) [M 1
CF3CO]`, 443 (19) [M 1 CF3C(O)CH2]`, 331 (43) [M
1 CF3C(O)CH2C(OCH3)CF3]`, 263 (25) [M 1
CF3C(O)CH2C(OCH3)CF3 1 CF3]`, 77 (100) [C6 ],`H5

and other fragments. 1H NMR (5A) (CDCl3): d 4 2.70
[s, 2H, CH2], 3.00 [q, 3H, CH3], 6.00 [d, 1H, C(4)H,
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3JPH 4 29.9 Hz), 7.40–8.60 [m, 5H, C6H5]. 19F NMR
(CDCl3) (5A): d 4 177.37 [s, 3F, C(3)F3], 177.42 [dq,
3F, C(5)F3, 3JPF 4 7.5, JFF 4 7.0 Hz], 185.10 [s,
C(9)F3], 189.00 [q, 3F, C(7)F3, JFF 4 7.0 Hz]; (5B)
(CDCl3): d 4 176.62 [s, 3F, C(3)F3], 177.20 [dq, 3F,
C(5)F3, 3JPF 4 7.8, JFF 4 6.9 Hz], 185.50 [s, C(9)F3],
188.50 [q, 3F, C(7)F3, JFF 4 6.9 Hz]; 31P NMR
(CDCl3) (5A): d 4 114.9 (q); (5B) 113.0. Anal. calcd
for C17H11F12O5P (554.23): C, 36.84; H, 2.00; F, 41.14;
P, 5.59. Found: C, 36.98; H, 2.35; F, 40.50; P, 5.74.

The X-ray structural study of compound 5A [15],
C17H11F12O5P (554.23) [single crystal 0.5 2 0.45 2
0.7 mm, triclinic P with a 4 981.8(2), b 41̄
1003.4(3), c 4 1243.7(4) pm, a 4 70.59(2), b 4
78.54(2), c 4 61.04(2)8, V 4 1009.8(5) Å13, Z 4 2, D
(calc) 4 1.823 Mg/m3, absorption coefficient 0.276
mm11], was carried out in a 2 h-range 5.0–55.08 at
153 K, reflections collected 10150, independent re-
flections 4655 (Rint 4 1.02%), observed reflections
3156 [F . 6.0r(F)]; goodness of fit 2.49; final R values
R 4 5.91%, wR 4 6.85%; R value (all reflections)
9.42%, wR 4 10.35%, largest difference peak 0.61
e • Å13, largest difference hole 10.52 e • Å13.

Attempted Thermolysis of Compound 3g.
Compound 3g (3.5 g, 6.8 mmol) was heated for 20
hours at 508C. No decomposition was observed.

Attempted Trapping of Intermediate A (R 4 Me).
The reaction mixture (see Table 5) was cooled to
608C 20 minutes after the start of the reaction, and
10.6 g (64 mmol) of hexafluoroacetone was added.
After the mixture had been warmed to ambient tem-
perature for 2 hours and the volatile materials re-
moved in vacuo, only compound 3a was found.

3,7-Dimethyl-5,9-bis(trifluoromethyl )-1-ethyl-
2,6,10,11-tetraoxa-1-phospha(V )tri-cyclo-[5.3.1.01,5]-
undeca-3,8-diene (7b) and 3,9-Dimethyl-5,7-
bis(trifluoromethyl )-1-ethyl-2,6,10,11-tetraoxa-1-
phospha(V )tri-cyclo-[5.3.1.01,5]-undeca-3,8-diene
(8b). MS (7b, 8b) (608C); m/z (%): 366 (45) [M`],
347 (5) [M 1 F]`, 323 (5) [M 1 CH3CO]`, 154 (22)
[CF3C(O)CH2C(O) ], 69 (87) [ ], 43 (100)` `CH CF3 3

[CH3CO`], and other fragments. Anal. calcd for
C12H13F6O4P (366.20): C, 39.36; H, 3.58; F, 31.13; P,
8.46. Found: C, 39.71; H, 3.60; F, 31.00; P, 8.52.

3,7-Dimethyl-5,9-bis(trifluoromethyl )-1-tri-
methylsilylmethyl-2,6,10,11-tetraoxa-1-phospha(V )
tri-cyclo-[5.3.1.01,5]-undeca-3,8-diene (7e) and 3,9-Di-
methyl-5,7-bis(trifluoro-methyl )-1-trimethylsilyl-
methyl-2,6,10,11-tetraoxa-1-phospha(V )tri-cyclo-
[5.3.1.01,5]-undeca-3,8-diene (8e). MS (7e, 8e)
(608C);m/z (%): 424 (1) [M`], 409 (1) [M 1 CH3]`,

405 (1) [M 1 F]`, 352 (18) [M 1 Me3SiCH2]`, 139
(22) [CF3C(O)CH2CO`], 69 (28) [ ], 43 (100)`CF3

[CH3CO`], and other fragments. Anal. calcd for
C14H19F6O4PSi (424.35): C, 39.63; H, 4.51; F, 26.86; P,
7.30. Found: C, 39.71; H, 4.70; F, 27.00; P, 7.22.

3,7-Dimethyl-5,9-bis(trifluoromethyl )-1-phenyl-
methyl-2,6,10,11-tetraoxa-1-phospha(V )tricyclo-
[5.3.1.01,5]-undeca-3,8-diene (7f) and 3,9-Dimethyl-
5,7-bis(trifluoromethyl )-1-phenylmethyl-2,6,10,
11-tetraoxa-1-phospha(V )tri-cyclo-[5.3.1.01,5]-un-
deca-3,8-diene (8f). MS (7f, 8f) (408C); m/z (%): 428
(3) [M`], 409 (1) [M 1 F]`, 385 (1) [M 1 CH3CO]`,
231 (8) [M 1 CF3C(O)CH2C(O)CH3 1 CH3CO]`, 91
(100) [C6H5 ], 43 (33) [CH3CO`], and other frag-`CH2

ments. Anal. calcd for C17H15F6O4P (428.27): C, 47.68;
H, 3.53; F, 26.62; P, 7.23. Found: C, 47.46; H, 3.65; F,
26.30; P, 7.38.

3,7-Dimethyl-5,9-bis(trifluoromethyl )-1-phenyl-
2,6,10,11-tetraoxa-1-phospha(V )tri-cyclo-[5.3.1.01,5]-
undeca-3,8-diene (7g) and 3,9-Dimethyl-5,7-
bis(trifluoromethyl)-1-phenyl-2,6,10,11-tetraoxa-
1-phospha(V)tri-cyclo-[5.3.1.01,5]-undeca-3,8-diene
(8g). MS (7g, 8g) (308C); m/z (%): 414 (93) [M`],
395 (11) [M 1 F]`, 371 (52) [M 1 CH3CO]`, 329 (23)
[M 1 CF3O]`, 317 (13) [M 1 CF3CO]`, 261 (17) [M
1 CF3C(O)CHC(O)CH3]`, 231 (20) [M 1
CF3C(O)CHC(O)CH3 1 CH2O]`, 154 (42)
[CF3C(O)CH2C(O) ], 77 (24) [C6 ], 69 (79)` `CH H3 5

[CF3], 43 (100) [CH3CO`], and other fragments.
Anal. calcd for C16H13F6O4P (414.24): C, 46.39; H,
3.16; F, 27.52; P, 7.48. Found: C, 46.25; H, 3.18; F,
27.50; P, 7.37.

The X-ray structural study of compound 7g [15],
C16H13F6O4P (414.24) (single crystal 0.4 2 0.5 2 0.7
mm, monoclinic P21/n with a 4 803.6(3), b 4
783.5(3), c 4 2814.4(9) pm, b 4 97.15(3)8, V 4
1758.3(11) Å13, Z 4 4, D (calc) 4 1.565 Mg/m3, ab-
sorption coefficient 0.237 mm11, was carried out in
a 2 h-range 5.0–50.08 at 296 K, reflections collected
3787, independent reflections 3116 (Rint 4 1.27%),
observed reflections 1450 [F . 4.0r(F)]; goodness of
fit 1.47; final R values R 4 6.62%, wR 4 6.59%; R
value (all reflections) 15.00%, wR 4 10.01%, largest
difference peak 0.38 e • Å13, largest difference hole
10.40 e • Å3.
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