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a b s t r a c t

The first example of a hexacoordinate phosphorus compound [S{6-t-Bu-4-Me-C6H2O}2]2P+(Cl��C3H4N2)
with two S?P bonds is reported. This compound can be construed as an oxophosphonium salt with dou-
ble intramolecular coordination by sulfur atoms. X-ray structure reveals a facial arrangement of the
ligands with two coordinating sulfur atoms cis to each other. The S?P distance of 2.334 (1) Å is one
among very short coordinate bond distances between sulfur and phosphorus.

� 2009 Elsevier B.V. All rights reserved.
Cyclic phosphorus compounds bearing hexacoordinate phos-
phorus [1] are much less numerous in number than analogous
hexacoordinate metal complexes. However, there are several
interesting examples of this class of compounds wherein phospho-
rus is cationic (e.g. 1–2), neutral (e.g. 3) or anionic (e.g. 4). Com-
pound 1, reported by Cavell and coworkers several years ago, is
a unique example in which two trans oriented PIII?PV coordinate
bonds exist [2]. Compounds 2 and 4, reported by Lacour and
coworkers, are useful as efficient NMR chiral shift reagents [3].
The neutral species 3 was synthesized by our group in connection
with our efforts to check the reaction of PIII compounds with dial-
kylazodicarboxylates while probing the nature of intermediate
species present in the first stage of the Mitsunobu reaction [4].
Numerous neutral hexacoordinate compounds with the S?PO5

or PO4N skeleton have also been reported during the past decade
by Holmes and coworkers [5]. These compounds are all formally
hypervalent and we have been interested in such phosphorus
derivatives [6]. In this context, we report herein the synthesis of
a novel S?P S compound with double coordination at phospho-
rus. Although the coordination can occur at acidic phosphonium
center, coordination by two sulfur atoms onto a phosphorus, as re-
ported here, is unprecedented.
ll rights reserved.
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When S(6-t-Bu-4-Me-C6H2O)2PCl (5) [7,5c] was treated with DIAD,
the hexacoordinate phosphorus compound 6 was formed [7]. When
this in situ generated 6 was reacted with pyrazole, we obtained a
crystalline compound 8 and subsequently another solid (labeled
as 7). The additional diol moiety in 8 must have come from ligand
reorganization for which literature precedence is available [8].
The crystalline compound 8 [ca 10%; d(P) �58.4] exhibits two unu-
sual coordinate S?P linkages (Scheme 1; see below for X-ray struc-
ture). The phosphorus in this species can be termed as hypervalent
[9]. This novel compound gave clean spectra with a single
31P NMR signal at d �58.4. In comparison to the P?P P bonded 1
[d (Phexacoordinate) �107.8], this value for hexacoordinate phosphorus
in 8 is much downfield, but it is known that sulfur connected phos-
phoranes do appear downfield [10]. In principle it should be possi-
ble to prepare compound 8 by starting with PCl5 and two moles of
the diol in the presence of pyrazole. However, we could not isolate
it by this means (even in the presence of excess of pyrazole to drive
the reaction forward) probably because of hydrolytic instability of
the intermediates [31P NMR evidence] [11].

The solid labeled as 7 showed three peaks in the 31P NMR spec-
trum [d �83.4 (80%), �93.5 (5%) and �96.7 (15%)]. There was some
broadening in 31P NMR spectrum at low temperatures, but we
could not conclude whether 7 is a pure product or a mixture of
products (1H NMR was complicated). Multiple 31P NMR signals
indicating the existence of geometrical isomerism in solution for
structurally (X-ray) characterized compounds are not uncommon
for this class of compounds as is evident in the case of 6. We can
only say that at least one of the isomers is likely to be a species
analogous to 3 [d �89.8].

In an effort to compare these compounds with other sulfur con-
taining phosphoranes, we have also conducted the oxidative addi-
tion reactions using 10–11 as shown in Scheme 2 and isolated
compounds 12–13 [12]. Looking at the data as represented by 14
[13] and related compounds [4,6b,14,15], it is difficult to ascertain
whether 12 and 13 have S?P coordination or not, but because the
–OCH2CH2SH group may not be able to render the phosphorus suf-
ficiently acidic to have the hexacoordination we assign pentacoor-
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dination to 12–13. So far we have not succeeded in obtaining
suitable crystals of 12–13 for X-ray structure determination.

Compound 8 represents the first example of a hexacoordinate
phosphorus compound with S?P S double coordination (Fig. 1,
Table 1) [16,17]. All previously known compounds had only one
P S bond. The geometry is essentially octahedral with facial
arrangement of the two fused rings, but the two sulfur atoms are
cis to each other. This arrangement is different from that observed
in 1 wherein the two coordinating phosphorus atoms are trans to
each other. The molecule crystallizes in the C2/c space group with
only half the molecule in the asymmetric unit. The two equivalent
P S coordinate bonds are quite strong [2.334 (1) Å] and are com-
parable to that in the chloro precursor 6 [2.317 (1) Å] [4], but much
shorter than several other neutral hexacoordinate compounds with
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Table 1
Selected interatomic distances (Å) and angles (�) for 8 with esd’s in parentheses.

P–O(1) 1.6694(16) P–O(20) 1.6351(17)
P–O(10) 1.6694(16) P–S 2.3343(9)
P–O(2) 1.6352(17) P–S0 2.3343(9)
N1–H(N1) 0.86a H(N1)� � �Cl 2.30a

N(1)� � �Cl 3.140(3)

O(1)–P–O(10) 173.59(12) O(2)–P– S0 91.36(6)
O(1)–P–O(2) 94.20(8) O(10)–P–O(20) 94.20(8)
O(1)–P–O(20) 90.20(8) O(10)–P–S 88.71(6)
O(1)–P–S 86.53(6) O(10)–P– S0 86.53(6)
O(1)–P–S0 88.71(6) S–P–O(20) 91.36(6)
O(2)–P–O(10) 90.20(8) S–P–S0 83.90(4)
O(2)–P–O(20) 93.39(12) O(20)–P–S0 175.19(7)
O(2)–P–S 175.19(7)
N(1)–H(N1)� � �Cl 166.7a

a H(N1) is fixed by geometry and hence for the corresponding distances/angles
esd’s are not given.
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only one P S bond [5]. Between the two sets of the P–O bonds,
with O trans to S and O trans to O, the distances to the former
are shorter. The essential difference in geometry between this
S?P S bonded compound 8 and Cavell’s P?P P compound 1 is
that while the coordinating P atoms in 1 are trans, the coordinating
sulfur atoms in our compound 8 are cis to each other as shown in
Fig. 2. Both these compounds can be construed as oxophospho-
nium salts with additional two coordinate bonds for which there
is no precedence. The stability of 8 is slightly enhanced by the
hydrogen bonded chloride (to pyrazole NH) ion.
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Fig. 2. A drawing showing the disposition of coordinating phosphorus atoms in 1
and sulfur atoms in 8.
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Fig. 3. Molecular structure of 14�3/2C4H8O showing all non-hydrogen atoms;
solvent atoms are not shown. Selected bond lengths (Å) and bond angles (�) P–O(1)
1.5966(18), P–O(2) 1.6505(18), P–O(3) 1.8012(18), P–O(4) 1.6587(18), P–N(1)
1.644(2), O(1)–P–O(2) 94.83(9), O(1)–P–O(3) 81.03(9), O(1)–P–O(4) 124.99(10),
O(2)–P–O(3) 166.02(9), O(2)–P–O(4) 83.94(9), O(2)–P–N(1) 101.05(10), O(3)–P–
O(4) 87.53(9), O(1)–P–N(1) 118.85(11), O(3)–P–N(1) 92.60(10), O(4)–P–N(1)
115.25(11).
The X-ray structural analysis of 14 (Fig. 3) was performed
mainly for comparison of the solution state 31P NMR and solid state
structures as mentioned above [16–18]. Here, the phosphorus has
highly distorted trigonal bipyramidal geometry (more towards
square pyramidal). It is likely that the two methyl groups of the
2,6-lupetidine group projecting in the same direction have dis-
torted the geometry at phosphorus significantly.

To summarize, the first example of a hexacoordinate phospho-
nium salt 8 with two S?P bonds is reported. Apart from the char-
acterization of a new type of structural entity, this observation
should be helpful in assessing the coordination tendencies of phos-
phorus to form a hexacoordinate state that might assist in describ-
ing the mechanistic action of phosphoryl transfer enzymes [19].
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Appendix A. Supplementary material

CCDC 722265 and 722394 contain the supplementary crystallo-
graphic data for compounds 8 and 14. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. Supplementary data
associated with this article can be found, in the online version, at
doi:10.1016/j.inoche.2009.04.013.
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