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1-Hydro-6-carbaphosphatrane 2 was obtained as a mixture with
its tautomer, 3. Tautomers 2 and 3 were isolated by the
recrystallization from different solvents, respectively, and each
structure was determined by X-ray crystallographic analysis.
Variable-temperature NMR experiments revealed that pentacoor-
dinate 2 and tricoordinate 3 are under the equilibrium, showing
that 3 is more stable. The theoretical calculations found a weaker
transannular PC bond in 2 than in 1-hydro-5-carbaphosphatrane,
1, which can be considered to be the reason 1-hydro-6-carba-
phosphatrane 2 is less stable than its tautomer 3.

Pentacoordinate phosphorus compounds exhibit dynamic
behavior, i.e., nondissociative intramolecular positional
isomerization,1 and in a particular case, dissociative tau-
tomerization.2 These motions usually lead a pentacoordinate
phosphorane to the most stable stereoisomer according to
the apicophilicity rule.3 Recently, several examples of
phosphoranes in the “anti-apicophilic” arrangement, breaking
the apicophilicity rule, have been reported, whose syntheses
were achieved by using multidentate ligands.4 From such a
viewpoint, we have reported the synthesis, structure, and
bonding properties of 5-carbaphosphatrane,1,5 with three
five-membered rings, which has a perfectly “anti-apicophilic”
arrangement, and have shown that a possible tricoordinate
tautomer is not observed spectroscopically. Interest in the
effect of the ring rigidity on the relative stability between

stereoisomers or between tautomers prompted us to develop
a novel tetradentate ligand with three six-membered rings,

which is more flexible than the three five-membered rings
reported previously.5

If the tautomers (e.g., keto-enol tautomers) exist in an
interconverted mixture, the thermodynamically more stable
tautomer can usually be isolated. The thermodynamically less
stable tautomer can sometimes be isolated by kinetic control
but often only by oneway conversion into another tautomer,
such as substitution.6,7 Among tautomerization involving a
phosphorus atom, that between a pentacoordinate phospho-
rane and a tricoordinate phosphine has been extensively
investigated.8 However, Holmes et al. recently reported a
unique tautomerism between a tricoordinate phosphine and
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a hexacoordinate phosphate and isolation of each tautomeric
form by changing a substituent on the phosphorus atom.9

To the best of our knowledge, there is still no example where
both tautomers have been isolated and their structures
decisively determined. Herein, we report the syntheses,
isolation, structures, and dynamic behavior of 1-hydro-6-
carbaphosphatrane2 with three six-membered rings and its
tautomer,3.

Methyl ether 4 was lithiated with 2 equiv of lithium
naphthalenide (LiNaph), and subsequent treatment with
phosphorus trichloride under refluxing condition gave a
bicyclic phosphonite as a result of two intramolecular
cyclization reactions with loss of chloromethane,5,10 which
is oxidized to a bicyclic phosphonate,5, by aqueous H2O2.
A phosphonium salt,6, was obtained by the reaction of5
with 5 equiv of methyl triflate. Treatment of6 with 1 equiv
of lithium tri(t-butoxy)aluminum hydride gave 1-hydro-6-
carbaphosphatrane2 and its tautomer, phosphonite3 as a
mixture.

31P NMR spectra of2 and3 showed the signals atδP -58
and 123, respectively. The signal of2 was observed at a
higher-field region than that of1 (δP 2.7),5 attributable to
the strong electron-donating ability of benzyloxy groups to
the phosphorus center. The1JPH and1JPC values of2 are 882
and 121 Hz, respectively. These values are extraordinarily
large for the coupling constants of apical bonds in usual
phosphoranes and are comparable to those of1 and other
“anti-apicophilic” phosphoranes. In1H NMR spectra, the
P-H proton signal was observed atδ 6.06 in CDCl3,
showing solvents effects (δ 7.13 in C6D6, δ 5.97 in THF-
d8).

Variable-temperature NMR in various solvents was mea-
sured in order to investigate the dynamic equilibrium between
2 and 3. The Keq value for eq 1 is determined over a
temperature range of 307-342 K, and thermodynamic
parameters are estimated from a van’t Hoff plot. They were
also obtained by theoretical calculations on the model
compounds8 and9 (without t-Bu groups) at the B3LYP/6-
31G(d) level (Table 1).11 While 2 is enthalpicly favorable,
3 is more stable due to entropy effects. Taking into
consideration that an analogous trivalent species was not
observed in the case of1, ring expansion from five-
membered ring to six-membered rings destabilizes the “anti-
apicophilic” phosphorane form. In addition, the ratio of2
and3 depends on the polarities of solvents. The tautomer3,
which has a larger dipole moment than2 as predicted by
theoretical calculations, is preferred to2 in a more polar
solvent. Hydrogen bonding between3 and THF may

contribute to its stability in THF.
Single crystals of2 and 3 were obtained by the slow

evaporation of saturated solutions of a mixture of2 and3 in
ether or benzene, respectively. It is interesting to point out
that the ratios of2/3 are 0.4:1 and 0.64:1 in ether and in
benzene, respectively, and3 is the favored tautomer in both
solvents. The reason solvent-dependent crystallization oc-
curred in this system remains unclear.

The structures of2 and3 were definitively determined by
X-ray crystallographic analysis (Figure 1).12,13 To the best
of our knowledge, this is the first example of isolation and
structural determination of both tri- and pentavalent tau-
tomers. 2 has a slightly distorted trigonal bipyramidal
geometry around the phosphorus, and the apical positions
are occupied with hydrogen and carbon atoms, while three
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Scheme 1. Syntheses of2 and3a

a Conditions: (a) 1) LiNaph, 2) PCl3, reflux, 3) aq. H2O2, 45%; (b)
MeOTf, room temperature, 79%; (c) LiAl(O-t-Bu)3H, room temperature,
63%.

Table 1. Thermodynamic Parameters for Eq 1 at 298 K

solvent Keq

∆G°
(kcal/mol)

∆H°
(kcal/mol)

∆S°
(J/(mol K))

exp benzene 1.3 -0.2 3.4 50
CHCl3 2.4 -0.5 2.8 46
THF 4.5 -0.8 2.5 46

calcd 12 -1.5 0.9 34

2(8) y\z
Keq

3(9) (1)
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oxygen atoms are located at the equatorial positions, indicat-
ing that 2 is a 10-P-5 phosphorane in the perfectly “anti-
apicophilic” arrangement. Unlike theC3V structure of1, 2
has a propellerlikeC3 structure due to three six-membered
rings. While the P-H and P-O bond lengths of2 are typical
lengths, as was the case for1, the P-C bond length is slightly
longer than typical values for the apical P-C bond of a
phosphorane.4c

To clarify the bonding properties of perfectly “anti-
apicophilic” phosphoranes, especially about a transannular
P-C bond, an Atoms in Molecules (AIM) analysis14 was
carried out for the model compounds8 and7 without t-Bu
groups at the B3LYP/6-31G(d)//HF/6-31G(d) level. The
results are summarized in Table 2. The electron densities
and Laplacian values for the P-H and P-O bonds of8 are
similar to those of7, except for the larger Laplacian values
of P-O bond in8, indicating a stronger ionic character. On
the other hand, the electron densities and Laplacian values
for the P-C bond of8 are decreased. These results suggest
that the P-C bond of8 is weaker than that of7.

To pursue the question of the P-C bond strengths, further
theoretical investigations were performed15 for the four model
compounds,10-13, containing saturated or unsaturated five-
or six-membered rings optimized at the MP2/6-31G(d) level.
While the six-membered rings in12 took chair conforma-
tions, those of13 with olefin moieties exhibited boat

conformations, quite similar to the crystal structure of2.
Since the olefin models seem useful, MP2/6-31G(d) force
fields were obtained for10-13. The results are summarized
in Table 3.10 and12 with the saturated rings have similar
stretching force constants, 2.89 and 2.72 mdyn/Å, respec-
tively. In the cases of11 and 13, the force constants
decreased to 2.68 and 2.20 mdyn/Å, respectively, indicating
that the P-C bonds are weakened by the introduction of
unsaturated bonds and13has the weakest P-C bond. These
phenomena are probably caused by the strain due to the
planarity of the olefin, and surprisingly, the weakening of
the P-C bond is larger for six-membered rings than for five-
membered rings. Therefore, we can speculate that the
decrease in stability of the pentavalent 1-hydro-6-carba-
phosphatrane species2 (relative to3) is caused by ring strain
in six-membered unsaturated rings.

In summary, we have isolated 1-hydro-6-carbaphospha-
trane2 and its tautomer,3, by solvent-dependent crystal-
lization and demonstrated their dynamic behavior in solution.
X-ray crystallographic analysis showed that2 has the
perfectly “anti-apicophilic” arrangement and2 showed the
spectroscopic properties characteristic for the perfectly “anti-
apicophilic” phosphoranes. Only a small energy difference
between2 and its tautomer3 exists, as revealed by variable-
temperature NMR experiments. Theoretical calculations
(AIM bonding analysis, stretching force constants) suggest
that the observation of tautomer3 is due to a weaker P-C
bond in2 than in1.
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Figure 1. ORTEP drawings of2 (left) and3 (right) with thermal ellipsoid
plot (50% probability). Selected bond lengths (Å) and angles (deg) of2:
P1-C1, 1.934(3); P1-H1, 1.38 (3); P1-O1, 1.595(3); P1-O2, 1.622(3);
P1-O3, 1.615(2); O1-P1-O2, 119.15(13); O1-P1-O3, 119.47(13); O2-
P1-O3, 117.99(13); C1-P1-O1, 96.13(12); C1-P1-O2, 96.38(11); C1-
P1-O3, 95.93(12); H1-P1-C1, 179.6(13).

Table 2. AIM Analyses of 6-Carbaphosphatrane and
5-Carbaphosphatrane

P-C P-O P-H P-C P-O P-H

8 7
F(r) 0.1447 0.1598 0.1899 0.1575 0.1592 0.1905
∇2F(r) -0.3188 0.7513 -0.1622 -0.3737 0.6736 -0.1699

Table 3. Bonding Characteristics of Carbaphosphatranesa

10 11 12 13

Rb 1.907 1.937 1.906 1.939
kc 2.89 2.68 2.72 2.20
md 4.61 3.11 3.10 4.63

a This table contains computational results obtained at the MP2/6-31G(d)
level. b Transannular distance, in Å.c Transannular force constant, in mdyn/
Å. d Dipole moment, in D.
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