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A diastereomeric pair of monocyclic apical H-phosphoranes
(2-exo and 2-exo) has been prepared from a diastereomeric
pair of bicyclic equatorial H-spirophosphoranes (1) with
tBuLi. The thermal cyclization reaction of each dia-
stereomeric apical H-phosphorane gave rise to different dia-
stereomeric O-equatorial anti-apicophilic phosphoranes (3-
exo and 3-endo, respectively) as single products. On the
other hand, the oxidation reaction of each of these apical H-
phosphoranes was complementary to the thermal reaction,

Introduction

Phosphorus plays a vital role in biological systems, such
as in DNA-related transformations, and some synthetically
useful transformations utilize phosphorus-based reagents.
The implications are that many reactions based upon the
transformation of the phosphorus moiety involve pentaco-
ordinate (10-P-5) intermediates, and the nature of these 10-
P-5 states is strongly related to the reactivity and/or selectiv-
ity of the reactions involved.[1] In order to elucidate the ge-
neral principles relating to 10-P-5 species,[2] many stable
model 10-P-5 phosphoranes have been devised and studied.
Two important concepts have been deduced from these
studies: Apicophilicity,[3,4] a thermodynamic characteristic
that rationalizes the relative stability of conceivable dia-
stereomers of which there could, in principle, be up to 20,
and pseudorotation (BPR),[5] a kinetic characteristic that
rationalizes interconversions between stereoisomeric (or to-
pologically isomeric) phosphoranes. These two features are
not unique to phosphorus and are commonly shared by all
pentacoordinate compounds that adopt a trigonal-pyrami-
dal structure.

Although there are some rare cases in which an atom
of lower electronegativity preferentially occupies an apical
position in the presence of an atom of higher electronegativ-
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affording the opposite diastereomeric anti-apicophilic phos-
phorane (3-endo and 3-exo, respectively) as a single product.
The pseudorotation of each of these diastereomeric anti-apic-
ophilic phosphoranes (3-exo and 3-endo) gave rise to dif-
ferent diastereomeric O-apical phosphoranes (4-exo and 4-
endo, respectively) as single products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

ity, all previously known cases involving such species had
been created by imposing special thermodynamic modifica-
tions.[6] However, by utilizing the Martin ligand[7] we have
recently succeeded in preparing spirophosphoranes in
which the more apicophilic oxygen atom and the less
apicophilic carbon atom have reversed places to give “anti-
apicophilic” phosphoranes (O-equatorial C-apical phos-
phoranes) such as I and II (Figure 1), although they are
not particularly stable thermodynamically. Actually, these
unique species are much higher in energy (estimated to be
more than 14 kcalmol–1 less stable) than their O-apical C-
equatorial stereoisomers (phosphoranes with a configura-
tion in which the bidentate binding of the ligand is reversed)
and thus cannot exist under equilibrating conditions.[8]

Owing to this low stability relative to its O-apical isomer,
unorthodox methods for their preparation were re-
quired.[8a,8b] In connection with this previous work, we have
examined diastereomeric anti-apicophilic phosphoranes
analogous to I by using a modified Martin ligand in which
a methyl group replaces one of the trifluoromethyl groups
in one of the bidentate Martin ligands. In doing so we
found that pseudorotation of the O-equatorial isomers to

Figure 1. Examples of anti-apicophilic phosphoranes.
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O-apical isomers could be carried out in a stereospecific
manner. Furthermore, we have discovered that these anti-
apicophilic phosphoranes could also be formed in a stereo-
specific manner by two methods, thermal and oxidative
cyclization, which incidentally were completely complemen-
tary to each other. The details are described herein.

Results and Discussion

According to the method previously described,[7,8b–8d]

monocyclic P–H (apical) phosphoranes 2-exo[9] [JPH

(CDCl3) = 291 Hz] and 2-exo [JPH (CDCl3) = 273 Hz],
which are diastereomeric by virtue of an asymmetric carbon
atom (denoted with an *) in the monodentate aryl substitu-
ent, were prepared (endo/exo = 24:76) by the reaction of H-
phosphorane 1 with about 3 equiv. of tBuLi (Scheme 1). As
one might expect from the highly electronegative nature of
the Martin ligand compared with that of the modified
asymmetric ligand, only diastereomeric phosphoranes bear-
ing the Martin ligand as the bidentate ligand could be ob-
served. Pseudorotation between the two isomeric phos-
phoranes 2-exo and 2-exo was found to be surprisingly slow
at room temperature, although they were monocyclic, thus
allowing separation by TLC.[10] The relative stereochemistry
of the diastereomers was established by X-ray analysis of
the 2-exo diastereomer recrystallized from MeCN (Fig-
ure 2). This species was shown to have an (RP*RC*) config-
uration with intermolecular hydrogen-bonding between the
hydroxy group and a molecule of MeCN. Dissolution of
each of these diastereomers in CDCl3 led to mixtures of
intramolecular (intra) and intermolecular (inter) hydrogen-
bonded isomers with intra/inter ratios of 74 (δP =

Scheme 1. Preparation of 2-exo and 2-exo.

Figure 2. ORTEP drawings of 2-exo, 3-exo, and 4-exo showing the thermal ellipsoids at the 30% probability level. All hydrogen atoms
other than P1–H1 and O2–H2 for 2-exo have been omitted for clarity. The solvent molecule MeCN incorporated into 2-exo has also
been omitted for clarity.
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–14.8 ppm):26 (δP = –45.7 ppm) and 22 (δP = –17.8 ppm):78
(δP = –40.6 ppm) for 2-exo/2-exo.[11]

For the cyclization reaction, first of all, the original
method, namely the thermal reaction in which pyridine was
found to promote the formation of anti-apicophilic phos-
phoranes, was examined. In spite of the fact that there was
a difference in the electronic character of the diastereomeric
apical H-phosphoranes compared with their counterparts
bearing two Martin ligands, the thermal cyclization reac-
tion proceeded similarly and gave only anti-apicophilic
phosphoranes as the products upon heating at 60 °C in pyr-
idine. Furthermore, it was found that the thermal cycliza-
tion reaction of the major diastereomer 2-exo resulted in
the exclusive formation of 3-exo (δP = 3.0 ppm), whereas
the other diastereomer, 2-exo, gave solely the opposite dia-
stereomer, 3-endo (δP = 1.6 ppm), under similar reaction
conditions (Scheme 2).

As for the modified method of preparation using an oxi-
dizing agent, only the anti-apicophilic phosphorane was ob-
served, just as in the thermal reaction, by treating 2 with
nBuLi followed by iodine. Interestingly, however, the oxi-
dative cyclization of 2 gave the diastereomeric spirophos-
phorane 3 opposite to that obtained in the thermal reaction
as the exclusive product. That is, 2-exo gave 3-endo, and 2-
exo afforded 3-exo. Thus, not only were both cyclization
protocols stereospecific, but they were also completely com-
plementary to each other.

The stereochemistry of 3-exo could be assigned by the
presence of a characteristic through-space F–F coupling (J
= 6.6 Hz) in the 19F NMR spectrum between the two CF3

groups on separate ligands that face each other[12] and was
confirmed by X-ray structure analysis (Figure 2). This
coupling was not observed for 3-endo which has a methyl
group facing a CF3 group instead. Although it is possible
for 3-exo and 3-endo to exist in equilibrium with their one-
step pseudorotamers 3�-exo (with tBu as the pivot,
Scheme 3) and 3�-endo (not shown), respectively, no such
isomer nor a dynamic process corresponding to a one-step
pseudorotation could be observed for either diastereomer
even at –80 °C by VT-NMR spectroscopy in toluene. This
indicates that 3-exo and 3-endo are at least 2.7 kcalmol–1[13]
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Scheme 2. Stereospecific and complementary formation of 3-exo and 3-endo. (a) pyridine, 60 °C; (b) nBuLi (2 equiv.), then I2.

more stable than 3�-exo and 3�-endo, respectively. This is
clearly a consequence of the high apicophilicity of the oxy-
gen atom in the Martin ligand. Unlike in the case of sym-
metrical phosphoranes bearing two Martin ligands, the two
1JPC(aryl) values could be observed separately (3-endo:
1JPC(aryl) = 107 and 16 Hz; 3-exo: 1JPC(aryl) = 123 and 16 Hz)
with the smaller values corresponding to the coupling con-
stants for the apical carbon atoms. Thus, it turns out that
our earlier assumption of a coupling constant of about
16 Hz for the coupling between the phosphorus atom and
the apical aryl carbon atom was correct.[8e]

Scheme 3. Equilibrium between 3-exo and 3�-exo.

The stereochemical results for the thermal reaction are
in very good agreement with our previous assumption that
ring closure of the P–H (apical) compounds occurs while
maintaining the ground-state configuration with the oxygen

Scheme 5. Plausible mechanism for the formation of 3-endo under oxidative conditions.
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atom of the ring-opened unsymmetrical aryl group attack-
ing the phosphorus atom from the side opposite the most
electron-withdrawing substituent in the equatorial plane
(aryl in this case), as depicted for 2-exo in Scheme 4.[8e]

Thus, the initially formed anti-apicophilic phosphorane
would be the unobserved 3�-exo, which undergoes pseudo-
rotation to the observed isomer 3-exo.

Scheme 4. Plausible mechanism for the formation of 3-exo under
thermal conditions.

For the oxidative cyclization process, the following
mechanism, exemplified by the reaction of 2-exo, would
seem rational (Scheme 5). The dianionic species A gener-
ated by deprotonation of 2-exo undergoes dissociation of
the P–O (Martin ligand) bond to give tricoordinate B which
equilibrates to a mixture that includes phosphane B�, phos-
phinides C and D, and possibly 12-P-5 species E, all four
of which maintain the same configuration involving three
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P–C bonds and a lone pair on P [in the depicted case: (S)
stereochemistry], just like an ordinary trivalent P species. In
these conformations, the negatively charged oxygen atoms
could be stabilized by interaction with the σ*P–C(aryl) orbit-
als. Whichever may be the reactive species, all could lead
to the same intermediate F upon oxidation by I2, which
subsequently could give 3-endo upon loss of I–.

The thermal pseudorotation of O-equatorial spirophos-
phoranes 3-exo and 3-endo in p-xylene proceeded stereospe-
cifically to give O-apical isomers 4-exo (δP = –13.3 ppm)
and 4-endo (δP = –16.5 ppm), respectively (Scheme 6). The
relative stereochemistries of the two diastereomers of 4 were
determined by difference NOE and confirmed by X-ray
structure analysis of 4-exo (Figure 2).

Scheme 6.

In order to determine whether there was a preference
between the two stereospecific pseudorotation processes (3-
exo to 4-exo and 3-endo to 4-endo), a kinetic examination
was carried out by monitoring the change in the ratio
of 3/4 as a function of time by 19F NMR spectroscopy.
Kinetic measurements of the processes in p-xylene gave
rise to the activation parameters of ∆G‡

298 =
29.1�0.1 kcalmol–1, ∆H‡ = 28.3�0.1 kcalmol–1, and ∆S‡

= –3.3�0.2 cal–1 mol–1 K–1 for the exo series and ∆G‡
298 =

27.4�0.2 kcalmol–1, ∆H‡ = 26.1�0.1 kcalmol–1, and ∆S‡

= –4.6�0.4 cal–1 mol–1 K–1 for the endo series, which indi-
cates that the pseudorotation of 3-endo is faster. Changing
the solvent did not lead to a dramatic change in the pseudo-
rotation rate.[14] Based on the facts that there was essentially
no solvent effect and that the activation entropy was small,
it is likely that bond dissociation is not involved in the rate-
determining step and rationalization using the widely recog-
nized Berry pseudorotation mechanism should be appropri-
ate (Tables 1 and 2).[15]

The unique stereomutation observed here can be com-
pletely accounted for by using the Desargus–Levi diagram
which describes the complete pseudorotation scheme.[16,17]

The spirocyclic nature of the phosphoranes reduces the
number of possible pathways to those depicted with solid
lines.[18] The pathways that the O-equatorial isomers follow
can be reasonably explained by assuming trigonal-bipyram-
idal structures as energy maxima for the high-energy pseu-
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Table 1. The rates of pseudorotation for 3-exo and 3-endo.[a,b]

Solvent T [K] Rate [s–1]
3-exo to 4-exo 3-exo to 4-exo

DMSO 363 (1.04�0.01)�10–5 (9.31�0.03)�10–5

PhCN 363 (1.21�0.01)�10–5 (9.84�0.16)�10–5

p-Xylene 333 – (5.40�0.06)�10–6

343 (1.35�0.03)�10–6 (1.79�0.01)�10–5

353 – (5.50�0.01)�10–5

363 (1.39�0.01)�10–5 (1.55�0.01)�10–4

373 (4.17�0.01)�10–5 (4.11�0.04)�10–4

383 (1.13�0.01)�10–4 –
393 (3.04�0.02)�10–4 –

[a] The process was monitored by 19F NMR spectroscopy. [b] Er-
rors are given as standard deviations.

Table 2. Activation parameters for the pseudorotation of 3-exo and
3-endo.[a,b]

∆H‡ ∆S‡ ∆G‡
298

[kcalmol–1] [cal–1 mol–1 K–1] [kcalmol–1]

3-exo to 4-exo 28.3�0.01 –3.3�0.2 29.2�0.10
3-endo to 4-endo 26.1�0.01 –4.6�0.4 27.4�0.20

[a] p-Xylene was used as the solvent. [b] Errors are given as stan-
dard deviations.

dorotation steps that involve the formation of strained iso-
mers with a bidentate ligand in the equatorial plane (Fig-
ure 3).[2a,19]

Considerations of ring strain and apicophilicity would
put isomer stability in the order of 45(54) � 53(35) �
25(52) � 15(51) � 34(43) � 23(32) � 41(14) � 21(12) (Fig-
ure 3). Thus, the diagram can be used to predict that pseu-
dorotation of 3-exo (14) leads to 4-exo (12) through the
path involving 14–32–51–43–12, whereas that of 3-endo (41)
gives rise to 4-endo (21) via 41–23–15–34–21, which agrees
well with the experimentally observed results. Complete
stereospecificity can thus be attributed to the difference in
stability between 25(52) and 15(51). The latter state should
be more stable owing to the presence of a more electronega-
tive oxygen atom in an apical site. This difference in sta-
bility, according to oxygen atoms of differing electronega-
tivity, parallels that between 3 and 3� already discussed
(�2.7 kcalmol–1, see above). Thus, from the thermo-
dynamic relationship between one-step pseudorotamers of
3, it is not necessarily peculiar that the two pseudorotation
processes were completely stereospecific. On the other
hand, if the difference in electronegativity between the two
oxygen atoms were to be reduced, there would be a possibil-
ity that the pseudorotation processes would no longer be
stereospecific.

Conclusions

We have succeeded for the first time in preparing a dia-
stereomeric pair of anti-apicophilic phosphoranes. The
preparation could be carried out in a stereospecific manner
by using either thermal or oxidative conditions, and inci-
dentally the two methods turned out to be stereochemically
completely complementary to each other. Furthermore,
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Figure 3. Desargus–Levi diagram for spirophosphoranes. Trigonal-bipyramidal species are shown as vertices. Pathways involving 13, 31,
24, and 42 are shown as dotted lines.

pseudorotation of the diastereomeric anti-apicophilic phos-
phoranes also turned out to be stereospecific. These novel
results should shed some light on the not well understood
multistep pseudorotation process of not only 10-P-5 phos-
phoranes but also pentacoordinate species in general.

Experimental Section
General: Melting points were measured with a Yanaco micro-melt-
ing point apparatus and are uncorrected. 1H (400 MHz), 13C
(100 MHz), 19F (376 MHz), and 31P NMR (162 MHz) spectra were
recorded with a JEOL EX-400 spectrometer. 1H NMR chemical
shifts (δ) are given in ppm downfield from Me4Si, determined by
residual chloroform (δ = 7.26 ppm). 13C NMR chemical shifts (δ)
are given in ppm downfield from Me4Si, determined by [D]chloro-
form (δ = 77.0 ppm). 19F NMR chemical shifts (δ) are given in ppm
downfield from external CFCl3. 31P NMR chemical shifts (δ) are
given in ppm downfield from external 85% H3PO4. Elemental
analyses were performed with a Perkin-Elmer 2400 CHN elemental
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analyzer. All reactions were carried out under N2 or Ar. THF and
Et2O were freshly distilled from Na/benzophenone, n-hexane was
distilled from Na, and all other solvents were distilled from CaH2.
Preparative thin-layer chromatography was carried out on plates of
Merck silica gel 60 GF254. Merck silica gel 60 was used for column
chromatography.

[TBPY-5-15]-1-tert-Butyl-1-hydro-1-[2-(2,2,2-trifluoro-1-hydroxy-1-
methylethyl)phenyl]-3,3-bis(trifluoromethyl)-3H-2,1λ5-benzoxaphos-
phole (2-exo and 2-endo): tBuLi in pentane (1.9 mL, 1.12  solu-
tion) was added to a solution of diastereomeric P–H spirophos-
phorane 1 (330 mg, 0.71 mmol, exo/endo = 2:98) in toluene (8 mL)
at 0 °C. After stirring for 1 h, the solution was quenched with aque-
ous 1  HCl and extracted with diethyl ether (3 � 10 mL). The
combined organic layers were dried with MgSO4 and filtered. The
organic solvent was evaporated in vacuo to give a crude mixture of
2-exo/2-exo (diastereomeric ratio 26:74). Purification and dia-
stereomeric resolution were accomplished by thin-layer chromatog-
raphy (silica gel; hexane/CH2Cl2, 3:1) followed by recrystallization
from acetonitrile to give 2-exo (32 mg, 8%) and 2-exo (180 mg,
45%) with incorporation of a solvent molecule.



S. Kojima, M. Nakamoto, K.-y. AkibaFULL PAPER
2-exo: M.p. 91 °C. 1H NMR (CDCl3): rotational isomer a: δ = 1.18
(d, J = 19.5 Hz, 9 H), 1.60 (s, 3 H), 5.94 (d, 2JPH = 291 Hz, 1 H),
7.20–7.45 (m, 5 H), 7.50–7.80 (m, 2 H), 8.57 (m, 1 H) ppm; rota-
tional isomer b: δ = 1.38 (d, J = 23.0 Hz, 9 H), 1.60 (s, 3 H), 5.81
(d, 2JPH = 291 Hz, 1 H), 7.20–7.45 (m, 5 H), 7.50–7.80 (m, 2 H),
8.57 (m, 1 H) ppm. 19F NMR (CDCl3): rotational isomer a: δ =
–79.6 (s, 3 F), –75.9 (q, J = 9.8 Hz, 3 F), –74.1 (q, J = 9.8 Hz, 3
F) ppm; rotational isomer b: δ = –78.2 (q, J = 6.8 Hz, 3 F), –76.1
(qq, J = 6.8, 9.8 Hz, 3 F), –73.5 (q, J = 9.8 Hz, 3 F) ppm. 31P NMR
(CDCl3): rotational isomer a: δ = –40.6 ppm; rotational isomer b:
δ = –17.8 ppm. C24H25F9NO2P (561.06): calcd. C 51.37, H 4.49, N
2.50; found C 51.56, H 4.42, N 2.26.

2-endo: 1H NMR (CDCl3): rotational isomer a: δ = 1.15 (d, J =
20.0 Hz, 9 H), 1.86 (s, 3 H), 5.99 (d, 2JPH = 272 Hz, 1 H), 7.12–
7.82 (m, 5 H), 7.95–8.02 (m, 2 H), 8.65 (m, 1 H) ppm rotational
isomer b: δ = 1.39 (d, J = 23.4 Hz, 9 H), 1.86 (s, 3 H), 5.86 (d, 2JPH

= 268 Hz, 1 H), 7.12–7.82 (m, 5 H), 7.95–8.02 (m, 2 H), 8.65 (m,
1 H) ppm. 19F NMR (CDCl3): rotational isomer a: δ = –78.1 (s, 3
F), –75.7 (q, J = 9.3 Hz, 3 F), –74.1 (q, J = 9.3 Hz, 3 F) ppm;
rotational isomer b: δ = –79.5 (s, 3 F), –75.5 (q, J = 9.9 Hz, 3 F),
–73.7 (q, J = 9.9 Hz, 3 F) ppm. 31P NMR (CDCl3): rotational
isomer a: δ = –45.7 ppm; rotational isomer b: δ = –14.9 ppm.

[TBPY-5-12]-1-tert-Butyl-3�-methyl-3,3,3�-tris(trifluoromethyl)-
1,1�-spirobi[3H-2,1λ5-benzoxaphosphole] (3-exo and 3-endo): A
solution of 2-exo (102 mg, 0.20 mmol) in pyridine (0.6 mL) was
heated at 60 °C for 5 h. The solution was quenched with 1  aq.
HCl and extracted with diethyl ether (3�10 mL). The combined
organic layers were dried with MgSO4 and then concentrated in
vacuo. Purification by PTLC (SiO2; hexane/CH2Cl2, 2:1) quantita-
tively gave 3-exo. Crystals (90 mg, 88%) suitable for X-ray analysis
were obtained by recrystallization from hexane/diethyl ether. The
same procedure was used for the preparation of the other dia-
stereomer, 3-endo.

3-exo: M.p. 118–128 °C. 1H NMR (CDCl3): δ = 1.18 (d, J =
10.5 Hz, 9 H), 1.80 (s, 3 H), 7.44–7.51 (m, 4 H), 7.62 (m, 1 H), 7.80
(m, 1 H), 7.86 (m, 1 H), 7.99 (dd, J = 10.3, 8.3 Hz, 1 H) ppm. 19F
NMR (CDCl3): δ = –81.3 (q, J = 6.6 Hz, 3 F), –75.6 (qq, J = 6.6,
9.9 Hz, 3 F), –73.3 (q, J = 9.9 Hz, 3 F) ppm. 31P NMR (CDCl3):
δ = 3.0 ppm. 1 3C NMR (CDCl3) : δ = 21.9 (d, J = 5.5 Hz,
CF3CCH3), 29.4 (tBu), 43.7 (d, J = 116 Hz), 124.2 (d, J = 5.5 Hz,
arom. CH), 125.4 (d, J = 12.9 Hz, arom. CH), 126.9 (d, J = 5.5 Hz,
arom. CH), 129.7, 130.2 (d, J = 14.7 Hz, arom. CH), 131.5 (d, J =
7.3 Hz, arom. CH), 132.8, 136.0 (d, J = 14.8 Hz, arom. CH), 132.5
(d, J = 123.1 Hz, arom.), 137.3 (d, J = 16.5 Hz, arom.), 139.5 (d,
J = 13.1 Hz, arom.), 140.1 (d, J = 33.1 Hz, arom.), 122.6 (q, J =
287 Hz, CF3), 123.3 (dq, J = 11, 288 Hz, CF3), 124.4 (q, J =
285 Hz, CF3) ppm; the benzyl carbon atoms could not be assigned.
C22H20F9O2P (518.37): calcd. C 50.98, H 3.89; found C 50.96, H
3.62.

3-endo: M.p. 142–148 °C. 1H NMR (CDCl3): δ = 1.24 (d, J =
20.5 Hz, 9 H), 1.44 (s, 3 H), 7.47 (m, 4 H), 7.58 (t, J = 6.3 Hz, 1
H), 7.74 (d, J = 7.3 Hz, 1 H), 7.81 (m, 1 H), 7.89 (t, J = 8.3 Hz, 1
H) ppm. 19F NMR (CDCl3): δ = –79.3 (s, 3 F), –74.7 (q, J = 9.9 Hz,
3 F), –73.7 (q, J = 9.9 Hz, 3 F) ppm. 31P NMR (CDCl3): δ =
1.6 ppm. 13C NMR (CDCl3): δ = 23.1 (CF3CCH3), 29.8 (tBu), 43.7
(d, J = 114 Hz), 123.7 (d, J = 7.4 Hz, arom. CH), 125.3 (d, J =
11.0 Hz, arom. CH), 126.8 (d, J = 7.4 Hz, arom. CH), 129.8 (d, J
= 11.1 Hz, arom. CH), 130.1, 132.2, 132.4 (d, J = 9.2 Hz, arom.
CH), 135.0 (d, J = 14.7 Hz, arom. CH), 134.8 (d, J = 106.6 Hz,
arom.), 136.2 (d, J = 16.5 Hz, arom.), 138.2 (d, J = 34.2 Hz, arom.),
141.0 (d, J = 14.7 Hz, arom.), 122.8 (q, J = 288 Hz, CF3), 123.0
(q, J = 285 Hz, CF3), 125.0 (dq, J = 9.2, 285 Hz, CF3) ppm; the
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benzyl carbon atoms could not be assigned. C22H20F9O2P (518.37):
calcd. C 50.98, H 3.89; found C 51.02, H 3.64.

[TBPY-5-11]-1-tert-Butyl-3�-methyl-3,3,3�-tris(trifluoromethyl)-
1,1�-spirobi[3H-2,1λ5-benzoxaphosphole] (4-exo and 4-endo): A
solution of 3-exo (102 mg, 0.20 mmol) in p-xylene (0.6 mL) was
heated at 90–120 °C for 5–30 h. The solvent was evaporated in
vacuo. Purification by PTLC (silica gel; hexane) quantitatively gave
4-exo. Crystals suitable for X-ray analysis were obtained by
recrystallization from hexane/diethyl ether. The same procedure
was used for the preparation of the other diastereomer, 4-endo.

4-exo: M.p. 161–162 °C. 1H NMR (CDCl3): δ = 1.10 (d, J =
19.1 Hz, 9 H), 1.78 (s, 3 H), 7.44–7.67 (m, 6 H), 8.33–8.45 (m, 2
H) ppm. 19F NMR (CDCl3): δ = –79.7 (s, 3 F), –74.9 (q, J = 9.9 Hz,
3 F), –73.3 (q, J = 9.9 Hz, 3 F) ppm. 31P NMR (CDCl3): δ =
–13.3 ppm. 13C NMR (CDCl3): δ = 20.7 (CF3CCH3), 28.4 (tBu),
39.7 (d, J = 110 Hz, tBu), 123.2 (d, J = 15 Hz), 124.0 (d, J =
15 Hz), 129.3 (d, J = 13 Hz), 130.5 (d, J = 13 Hz), 132.4 (d, J =
20 Hz), 132.5 (d, J = 24 Hz), 136.6 (d, J = 9 Hz), 137.6 (d, J =
9 Hz), 131.2 (d, J = 156 Hz), 133.7 (d, J = 165 Hz), 136.2 (d, J =
18 Hz), 145.0 (d, J = 22 Hz), 122.7 (q, J = 288 Hz, CF3), 122.9 (q,
J = 287 Hz, CF3), 125.2 (q, J = 287 Hz, CF3) ppm; the benzyl
carbon atoms could not be assigned. C22H20F9O2P (518.37): calcd.
C 50.98, H 3.89; found C 51.19, H 3.95.

4-endo: M.p. 144–145 °C. 1H NMR (CDCl3): δ = 1.16 (d, J =
19.5 Hz, 9 H), 1.45 (s, 3 H), 7.44–7.54 (m, 4 H), 7.63 (m, 2 H), 8.32
(t, J = 8.8 Hz, 1 H), 8.44 (d, J = 5.8 Hz, 1 H) ppm. 19F NMR
(CDCl3): δ = –77.5 (s, 3 F), –74.3 (q, J = 9.9 Hz, 3 F), –72.7 (q, J
= 9.9 Hz, 3 F) ppm. 31P NMR (CDCl3): δ = –16.5 ppm. 13C NMR
(CDCl3): δ = 24.9 (CF3CCH3), 28.4 (tBu), 40.7 (d, J = 118 Hz,
tBu), 121.9 (d, J = 16 Hz), 124.3 (d, J = 15 Hz), 129.1 (d, J =
13 Hz), 130.5 (d, J = 15 Hz), 132.5 (d, J = 28 Hz), 132.6 (d, J =
28 Hz), 136.9 (d, J = 7 Hz), 137.5 (d, J = 9 Hz), 130.3 (d, J =
156 Hz), 134.3 (d, J = 158 Hz), 137.0 (d, J = 15 Hz), 146.2 (d, J =
20 Hz,), 122.7 (q, J = 283 Hz, CF3), 122.9 (q, J = 281 Hz, CF3),
125.5 (q, J = 281 Hz, CF3) ppm; the benzyl carbon atoms could
not be assigned. C22H20F9O2P (518.37): calcd. C 50.98, H 3.89;
found C 51.10, H 3.89.

Kinetic Measurements: Samples (ca. 15 mg) dissolved in freshly dis-
tilled solvent (0.5–0.6 mL) were separately sealed in NMR tubes
under N2. The reactions were monitored by measuring 19F NMR
integrals in a variable-temperature mode, and the specified tem-
peratures were maintained throughout each set of measurements
(error within �1 °C).

X-ray Crystal Structure Determination of 2-exo, 3-exo, and 4-exo:
Crystals suitable for X-ray structure determination were mounted
on a Mac Science MXC3 diffractometer and irradiated with graph-
ite-monochromated Cu-Kα radiation (λ = 1.54178 Å) for data col-
lection for 2-exo and 3-exo, and graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å) for data collection for 4-exo. Lattice pa-
rameters were determined by least-squares fitting of 31 reflections
for all compounds in the range 51° �2θ�60°. Data were collected
using the 2θ/ω scan mode. All data were corrected for absorption[20]

and extinction.[21] The structures were solved by a direct method
and refined by full-matrix least-squares methods with the TeXsan
program.[22] All non-hydrogen atoms were refined with anisotropic
thermal parameters. All hydrogen atoms other than that directly
bonded to the phosphorus atom in 2-exo were included in the re-
finement at calculated positions (C–H 1.0 Å) riding on their carrier
atoms with isotropic thermal parameters. The hydrogen bonded di-
rectly to the phosphorus atom in 2-exo was located by using a
difference Fourier map. CCDC-628118 (2-exo), -628119 (3-exo),
and -628120 (4-exo) contain the supplementary crystallographic
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data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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