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Dimerization of Molecular Phosphorus Oxides
Akbar Tellenbach und Martin Jansen*

Highly symmetric, spatially closed molecular compounds
are frequently much less willing to undergo reactions. Such
inhibition of a reaction based on its kinetics may have
considerable effects in the most diverse fields in chemistry.
For instance, in chemical transport reactions involving SiF, as
a component of the gas phase, the thermodynamically
calculated transport rates are not reproduced experimentally,
because the reaction back to the solid is strongly inhibited.!]
In addition, SF4 or CCl, are stable towards water at room
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temperature, although in view of the thermodynamics they
should undergo vigorous hydrolysis.??!

In this respect P,O, appears particularly ambivalent, on the
one hand it adds smoothly as donor ligand or reacts rapidly
with water giving phosphonic acid, on the other hand it is
remarkably resistant to directed ring-opening reactions.
Among the few controlled and selective reactions on the
adamantane-like P,O4 cage are the nitrene insertion! and
several alcoholyses.[* In view of this, the observation reported
herein of a spontaneous dimerization of the monoborane
adduct of P,O¢ without the need for special activation was
unexpected.

In the attempt to crystallize P,O4- BH;,> ¢ which forms in
the stoichiometric reaction of P,O, with Me,S-BH;, at
—30°C in a concentrated toluene solution, we obtained
instead the dimer PgO,,-2BH; (1) as crystalline material
(Scheme 1). After three months single crystals had formed
which were suitable for a crystal structure analysis.”

0°C
2P0, +2 Me,S - BH, — 2P,0, - BH, +2 Me,S
-30°C
toluene
PO,,-2BH, 1

Scheme 1. Synthesis of 1.

The principal building block of 1 is a novel P3O, frame-
work, which evidently originates from the fusion of two P,Og
cages after cleavage of one P—O bond in each cage. As shown
in Figure 1, two P,O4- BH; units were connected through two
common oxygen atoms (O1, O7) in such a manner that the
borane groups point in opposite directions (head —tail link-
age). The dimer is folded along the two bridging oxygen
atoms, resulting in dihedral angles of 151° (P1-O1-O7-P5) and
164° (P4-O7-O1-P8), respectively. The different dihedral

o10

Figure 1. Molecular structure of 1 (ellipsoids for 50% probability).
Selected bond lengths [pm] and angles [°]: P1-B1 187.2(2), P1-O1
158.0(2), P1-02 158.9(2), P1-O3 158.5(2), P2-O2 166.5(2), P2-O4
163.7(2), P2-O5 162.7(2), P3-O3 166.0(2), P3-O4 163.9(2), P3-O6
162.4(2), P4-O5 162.5(2), P4-06 163.2(2), P4-O7 165.6(2), B1-H1 113(4),
B1-H2 101(3), B1-H3 119(3); O1-P1-02 102.1(1), O1-P1-03 103.2(1), O2-
P1-03 104.6(1), P1-O1-P8 126.8(1), P1-O2-P2 131.5(1), P1-O3-P3 135.4(1),
P2-04-P3126.6(1), H1-B1-H2 111(3), H1-B1-H3 117(2), H2-B1-H3 118(2).
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angles reflect an additional twisting about the O4 - 010 axis,
which reduces the molecular symmetry to C,. The P—O bond
lengths vary between 157.8 and 167.1 pm and thus lie in the
expected range for P—O single bonds. As in the monosub-
stituted P,O derivatives P,0.,® P,0,S,° and P,0O,Se, %
starting from the four-coordinate (pentavalent) phosphorus
atom an alternating shortening and lengthening of the P—O
bond lengths is observed compared to those in the unsub-
stituted P,Os molecule (P—O bond lengths 165.3 pm!'):
Looking from P1 or PS5, respectively, the first P-O bond
lengths are on average 158.3, the second ones 166.3, and the
subsequent ones 162.9 pm. The O-P-O bond angles vary
between 95.3 and 104.7°; those at the boron-bearing phos-
phorus atoms tend to be larger than those at the three-
coordinate phosphorus atoms. The B-P-O bond angles range
between 112.5 and 118.2°, the P-O-P bond angles between
126.6 and 138.6°. The B—P bond lengths (187.2 and 186.8 pm,
respectively) are somewhat shorter than those of comparable
borane - phosphite adducts (RO),P - BH; (187.9-189.5 pm;!'?l
R = organic group).

The colorless crystals of 1 are stable at room temperature
and inert conditions, but decompose in the presence of moist
air with vigorous evolution of H,, and are explosive under
pressure even at —80°C. On warming to 70°C a remarkable
decomposition occurs leading to the formation of an orange-
red solid, which is insoluble in toluene, above 250°C
crystalline BPO, (tetragonal) is formed. 3'P NMR spectra
of 1 dissolved in toluene or CH,Cl, demonstrate the
immediate and complete fragmentation into two monomer
units P,O,- BH;.['¥! In the course of the dimerization one of
the longest P—O bonds of the monomers is cleaved, and the
resulting dangling bonds are saturated intermolecularly.
Again, on dissolving the dimer, the longer P—O bonds in the
asymmetric P-O-P bridges between the two P,Os- BH; units
represent the expected point of bond cleavage.

The 3'P-MAS-NMR spectrum of the compound 1 is in
accord with the results of the crystal structure determination,
and shows a strong high-field shift for the isotropic phospho-
rus signals in comparison to the signals of the monomer. All
eight crystallographically independent phosphorus positions
are resolved in the 3P-MAS-NMR spectrum (162.0 MHz,
298 K, 85% phosphoric acid as external standard; 0 =66.9,
70.4, 79.0, 80.7, 81.6, 82.2, 82.8, 84.2). Based on cross-polar-
ization from 'H to P spins as well as on the additional
splitting through coupling to the "B nuclei, the signals at d =
66.9 and 70.4 can be assigned to the boron-bearing phospho-
rus atoms. As expected, the ratio between the intensities of
these signals and those caused by the uncoordinated phos-
phorus atoms ranging from 6 =79.0 to 84.2 is 2:6.

The presence of a previously unknown P;O,, framework in
1 was particularly interesting in terms of the possibility of
providing a route to synthesize P3O, as a new molecular
phosphorus oxide through thermal or chemical abstraction of
the BH; groups. Whereas initial preparative approaches in
this direction have remained unsuccessful, we were able to
detect masses in the mass spectrum of 1 at m/z 451.76 and
439.74, which correspond to P;O,, - BH; and to a P,O¢ dimer,
respectively; in both cases the isotopic patterns observed
confirm the assignment (Figure 2).
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Figure 2. Mass spectrum (EI, 70 eV) of 1 at 373 K. a) Complete mass
range. b) Upper mass range (from m/z 460 magnified 10-fold). m/z (% ):
463.81 (0.6) [PyOp,-2BH"|, 451.76 (12.9) [PyO,,-BH*], 439.74 (12.6)
[PsO,,7], 282.86 (36.6) [PsO5'], 266.85 (83.2) [PsO,7], 248.87 (93.7) [P,O,-
BH,*], 219.88 (85.1) [P,O4*], 203.88 (82.0) [P,O5*], 156.85 (100) [P;0,*],
46.96 (86.0) [PO"].

The discovery of the dimerization of P,O4 now offers the
opportunity to interpret conclusively previously not under-
stood XANES measurements on compounds such as P,0O,,
P,O4S, and P,O4Se. At that time, unexplicable fundamental
and reversible changes of the spectra were recorded in the gas
phase as a function of the temperature. In each case the
spectrum calculated for the isolated molecule was only
obtained at higher temperatures.'! By CI mass spectra of
P,O, we have now been able to prove that this effect is
associated with a dimerization, P,O, exists partially (12.1 % of
the base peak, Figure 3) as a dimer in the gas phase at 323 K.
Also, the 3P NMR spectrum of a saturated toluene solution of
P,O, shows, in addition to the signals of monomeric P,O,
molecules, signals of weak intensity, whose relative intensity
pattern, complicated multiplet structures, and chemical shifts
comparable to those of 1, suggest analogous P,O; dimers.["]

The synthesis of 1 provides the first example of a selective
linkage of molecular phosphorus oxides leading to the
formation of a previously unknown PgO;, framework. The
dimerization detected for P,O4- BH; and P,O; is induced by
the characteric distortion of the P,O4 cage caused by the
attachment of a BH; group or an additional oxygen atom,
respectively. In this process nine P—O bonds in the cage are
significantly shortened, three, in contrast, lengthened. The
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Figure 3. Mass spectrum (CI, methane) of P,O; at 323 K. m/z (%): 472.68
(12.1) [Py0,,H*], 408.68 (4.3) [P,0,,7], 282.81 (9.8) [PsO47], 250.90 (15.7)
[PsO4*], 236.97 (100) [P,0,H*], 219.84 (2.1) [P,O4"].

weakening of these PO bonds as well as the shift of the
electron density to the four-coordinate phosphorus atom
enhances the susceptibility of the P! atoms towards nucleo-
philic attack by oxygen atoms and explains the formation of
dimers with the structure observed in 1. The O-P-O anglesin 1
are on average 100.2° and thus remain almost unchanged
compared to those of the monomeric compounds P,0O,
P,OS,! and P,O¢Sel' (100.0°). In contrast, the average
P-O-P bond angle in 1 of 132.8° is significantly larger than the
corresponding value of 125.6° in the monomeric P,Oq4
derivatives, approaching the bond angles of about 140° that
occur preferentially at the bridging oxygen atoms in strain-
free polyphosphates and polysilicates. At the same time this
widening of the angle at the oxygen atom facilitates larger
P—O double-bond contributions, which is in agreement with
the pronounced high-field shift of the phosphorus signals in
the 3'P-MAS-NMR spectrum of 1 and leads to an additional
stabilization of the cage. Since the number of P—O bonds
remains unchanged by the dimerization, the thermodynamic
driving force is predominantly considered to be the gain of
additional bond enthalpy as a consequence of reduced strain
in the cage, which at low temperatures evidently overcom-
pensates the loss in entropy associated with the dimerization.

The unexpected observation of the spontaneous dimeriza-
tion of molecular phosphorus oxides with an adamantane-like
framework explains originally uninterpretable spectroscopic
findings. Furthermore, they may help to solve other puzzling
aspects of the chemistry of molecular phosphorus oxides. For
example, the slow disproportionation of even highly pure
P,O4 samples, observed on storage, could be induced by such a
dimerization. The fact that the tendency to dimerize initially
increases and then decreases with increasing temperature,
which is confusing at first glance, can be readily understood on
the basis of the interplay between the thermodynamic driving
force, which favors the dimerization at low temperatures, and
the kinetic inertness of the spatially closed monomers.

Experimental Section

All manipulations were carried out in glass apparatus predried under
vacuum and under inert conditions (argon). P,O, was distilled under
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reduced pressure, toluene was heated under reflux over P,O,, and freshly
distilled prior to use.

Me,S-BH; (0.47 mL, 0.38 g, ca. 4.96 mmol; Strem Chemicals, in 5-6%
Me,S excess) was added dropwise under stirring to a cold solution (0°C) of
P,O¢ (1.2 g, 5.46 mmol) in toluene (1.5 mL). The clear, colorless solution
was stirred for 2 h at 0°C, and subsequently freed from Me,S at —10°C
under reduced pressure, until the solution stopped boiling. After storage
for three months at —30°C the almost solidified solution was allowed to
warm to room temperature; the clear, colorless crystals of 1, which were up
to 1 mm in size with a cuboid-like habit, initially remained undissolved. The
crystals were separated from the mother liquor and dried under vacuum at
room temperature. The powder diffractogram of the material obtained in
this way was consistent with the calculated diffractogram of 1, and showed
no other additional phases.

Caution: Solid PgO,,-2BH; is extremely explosive under pressure even
under strict inert gas conditions and cooling to — 80°C (friction- and shock-
sensitive). We recommend that the solid is neither handled in sealed glass
apparatus nor in larger amounts (maximal 1.5 g).
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Dehydrocoupling of Phosphanes Catalyzed by a
Rhodium() Complex**

Volker P. W. Bohm and Maurice Brookhart*

Although catalytic dehydrocoupling of phosphanes has
been reported with Group4 metallocene catalysts
[K(thf),][CpFZrH;] and [Cp,TiMe,] (Cp*=CsMes, Cp=
C;Hjs), these reactions are limited to the activation of primary
phosphanes RPH, in the formation of (cyclic) oligomers and
the cross-coupling of primary and secondary phosphanes with
primary silanes.'3 Late transition metal catalysis of these
types of reaction has only been reported for the coupling of
phosphanes with borane.[

Complexes of the type [Cp*Rh(olefin),] (1) are known to
activate C—H bonds in arenes,’! olefins[ aldehydes,”! and

alkanes,®8 as well as
B—H bonds® and such
\??/ \;?J? activated species have
\\/Rh R ReSi /H/RPH\SiR3 been .incorporated into
R catalytic cycles. The rho-
dium(v) catalyst 2 which is

1 2

a precursor to the frag-
ment [Cp*Rh] has been
used similarly for the activation of C—H bonds in arenes and
alkanes as well as of Si—H bonds.’”) Owing to the lack of
reports on the activation of bonds between hydrogen and
Group 15 elements, we became interested in the reac-
tivity of secondary phosphanes towards the complex
[Cp*Rh{CH,=CH(TMS)},] (1a).[%]
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Heating diphenylphosphane, HPPh,, in the presence of
catalytic amounts of complex 1a in C;Dg at 140 °C results in an
immediate color change of the solution from yellow to red
accompanied by the formation of a new compound with a 3'P
NMR signal at 6 =—13.6 which does not exhibit J(P,H)
coupling. At the same time, the 'H resonance signal for the
P-H proton of HPPh, disappears and a signal for dihydrogen
grows in at 0 =4.46 [Eq.(1)]. As a side reaction, vinyl-
trimethylsilane is partially hydrogenated [Eq. (2)]. The prod-
uct formed was identified by comparison to an authentic
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sample as tetraphenyldiphosphane, Ph,P,.['!l Repeating the
experiment without complex 1a leads to the recovery of
unchanged HPPh,. When an excess of vinyltrimethylsilane is
added to the reaction, the coupling occurs at temperatures as
low as 70°C and hydrogenation of the olefin is observed
rather than the evolution of dihydrogen [Eq. (2)].

To investigate the scope of this catalytic reaction, various
diaryl- and dialkylphosphanes were employed (Table 1).
Reactivity is not sensitive to electronic effects but steric
demand plays a decisive role. Mesityl (2,4,6-Me;C¢H,), tert-
butyl, and cyclohexyl substituents prevent coupling (Table 1,
entries 8, 11, and 13) whereas phenyl, para-anisyl, ethyl, and
isobutyl groups are well-tolerated (Table 1, entries 5, 7,9, and
10). Turnover numbers (TON) as high as 1300 mol product per
mol Rh were achieved with HPPh, (Table 1, entry 6). An
intermediate behavior is exhibited by dicyclopentylphos-
phane which reacts only very sluggishly (Table 1, entry 12).
The rhodium catalyst 1a also tolerates ether functionalities
(Table 1, entries 7 and 17). HPPh, can be coupled in good
yields at 110°C in the presence of vinyltrimethylsilane or 3,3-
dimethyl-1-butene (Table 1, entries 1-4). Lower turnovers in
comparison to those achieved in the high-temperature process
without added olefin are likely due to increased formation of
unreactive 18-electron species bearing olefinic ligands. No
hydrophosphination of the olefin is observed in any case.['
Using phenylphosphane, H,PPh, and para-anisylphosphane in
the coupling reaction does not lead to the formation of
polymeric or oligomeric polyphosphanes. Instead, the two
isomers of diaryldiphosphanes, rac- and meso-ArHP—PHAr,
are formed in equal amounts in low yields (Table 1, en-
tries 14—17). Higher turnovers with primary phosphanes
could be achieved only if the reaction was run in neat
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