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atmosphere. The solution was stirred for 30 min at room temperature and
was closely monitored by thin layer chromatography. The solvent was
removed under vacuum and the residue was dissolved in dichloromethane.
The solution was filtered through Celite to remove the insoluble material
and the solution was subjected to chromatographic workup using silica gel
thin layer chromatography plates. Elution with n-hexane yielded a single
brown band which contained 3 (30 mg, 25%) or 4 (46 mg, 32%).

Compound 3: IR (n-hexane): #(CO)=2083(s), 2050(vs), 2014(vs),
1999(m), 1919(m) cm~'; EI-MS (70 eV, 180°C): m/z (%): 579.7 (6) [M*],
523.7 (24) [MT—2CO], 439.9 (26) [M*—5CO], 411.6 (9) [M*—-6CO],
383.7 (22) [M* —7CO], 355.7 (100) [M* —8CO], 292.7 (52) [M* —8CO —
PS], 227.7 (25) [M*—8CO —PS —Cp]; 'H NMR (250.113 MHz, 298 K,
CDCl;, TMS): 6 =4.90 (d, *J(P,H) = 1.8 Hz, 5H); *'P NMR (101.256 MHz,
298 K, CDCl;, 85% H;PO, ext.): d=260.7; m.p. 136-137°C; elemental
analysis (%) calcd for C;;H;CrFe,O4PS;: C 26.9, H 0.86; found: C 26.2, H
1.3.

Compound 4: IR (n-hexane): #(CO)=2075(s), 2042(vs), 2006(vs),
1991(m), 1985(s), 1920(m) cm~'; EI-MS (70 eV, 180°C): m/z (%): 721.8
(7) [M*], 665.8 (20) [M*—2CO], 581.7 (21) [M*—5CO], 497.8 (100)
[M*—-8CO], 432.7 (12) [M* —8CO — Cp], 321.8 (34) [M* —2Fe —8CO —
Cp]; '"H NMR (250.113 MHz, 298 K, CDCl;, TMS): 6 =4.88 (d, *J(PH) =
2.01 Hz, 5H); 3P NMR (101.256 MHz, 298 K, CDCl;, H;PO, ext.): 6 =
235.1 (s, J(P.Se) =95.9 and 269 Hz); m.p. 142-143°C; elemental analysis
(%) caled for C;3HsCrFe,O4PSe;: C 21.6, H 0.69; found: C 21.5, H 1.15.
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About the Chemistry of Phosphorus
Suboxides**

Bernd Engels,* Anna R. Soares Valentim, and
Sigrid D. Peyerimhoff

While the molecular phosphorus subsulfides P,S;, P,S,, and
P,Ss; are well known,!l various attempts to prepare the
corresponding molecular phosphorus suboxides have failed
so far. In its polymeric form phosphorus suboxide “P,O” was
already mentioned in 1832P but in molecular form P,O has
been detected only in rare gas matrices.®’! Using IR spectro-
scopy combined with ab initio calculations!* it was possible to
identify the geometries of three different isomers of P,O. The
energetically most favorable isomer of P,O possesses a planar
five-membered ring (isomer I in Table 1), while a terminal
(isomer IIT in Table 1) and a bridged-bonded isomer (isomer
II in Table 1), which are closely related to the tetrahedral
structure of the P, molecule, were found to lie much higher in
energy.l"l

While the structure of P,O is known, very little is known
about its chemistry. For the other phosphorus suboxides P,O,,
(n=2-5), even structural information is missing. The ques-
tion why phosphorus subsulfides have been prepared, but
analogous oxides could not be isolated is generally answered
by the statement that P—O bonds are more stable than P—S
bonds, however, detailed thermodynamical data of phospho-
rus suboxides are not known. In order to extract a building-up
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Table 1. Structures and calculated energies [kcalmol~']. The energies are given relative to the lowest lying isomer of the respective summation formula. The

dark centers represent oxygen.
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principle for phosphorus suboxides the present study deter-
mines the geometrical structure and the relative energy of
various isomers of compounds with the summation formula
P,O, (n=1-6); the corresponding heats of formation are
computed to gain more insight into the chemistry of
phosphorus suboxides.

Due to its unusual bonding a prediction of the most stable
isomers of P,O, (n=2-5) represents a difficult task. P,O
already illustrates the problem. Its most stable isomer
possesses an entirely different structure than that of the
tetrahedral P, while those isomers structurally related to the
tetrahedron lie higher in energy. To ensure that the lowest
energy isomer is found in the present study a simulated
annealing procedureP! is used as a first step to obtain the
geometrical parameters of a large number of local minima on
the potential energy surface (PES) of the respective summa-
tion formula. In the second step the energetically low-lying
isomers of this set are determined by single point density
functional theory (DFT) calculations.! Finally, the geome-
tries of the lowest lying isomers are refined using the DFT
approach.’ 8

Table 1 contains the calculated relative stabilities of various
P,O, (n=1-6) isomers and includes sketches of the respec-
tive geometrical structures.’) In addition to the known
isomers of P,O" Table 1 presents data for a structure (isomer
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IV) closely related to the most stable isomer of P,O, (see
below). For P,O¢ we included in addition to the well-known
cage structure information on two possible low-lying isomers
(Table 1). According to our calculations, the most stable
isomer of P,O, has an unexpected structure. It is composed of
an isosceles P; triangle and one O-P-O chain. The base of the
triangle has a bond length of 2.05 A, while the two other
bonds are somewhat longer (2.2 A). The P—O bond connect-
ing the P; triangle with the O-P-O fragment is found to be
1.75 A. The P—O bond lengths within the O-P-O fragment are
1.64 A (inner) and 1.50 A (terminal), respectively. The reason
for the stability of this isomer may lie in the P; triangle which
was found in many stable P, clusters.'’! Isomer II of P,O, is
about 4 kcalmol™! less stable than isomer Il according to the
present calculations. Its structure is closely related to the most
stable isomer of P,O. Isomer I of P,0,, which is about
6 kcalmol! less stable than the most stable isomer, can be
related to the P, tetrahedron by replacing two P—P bonds by
P-O-P units. Isomer IV, which possesses one terminal P—O
bond, is less stable by about 15 kcalmol~!. In their study,
McCluskey and Andrews) computed further isomers of the
type of isomer V, but as shown by our computations such
structures are even less stable than the structures discussed so
far. While the structural relationships between the isomers of
P,, P,O, and P,O, are quite complicated, the building-up
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principle for the higher phosphorus suboxides P,O, (n>3) is
straightforward. The energetically low-lying isomers of these
phosphorus suboxides are related to the most stable isomer of
P,O;, which is composed of a PO; unit and a P; ring. The
structures of the low-lying isomers of P,O, (n>3) are
obtained either by inserting the additional oxygen atom into
one of the P—P bonds, that is by replacing a P—P bond by a
P-O-P unit or by adding an oxygen atom in a terminal
position. Energetically, the former isomers are found to be
always lower than the latter. Examples for these rules are
P,O, (isomer I in comparison to isomer III) and P,O; (isomer
I compared to isomers II-IV). Similarly, for P,O¢ only the
cage structure (isomer I) but not the structure with terminally
bonded oxygen (e.g. isomer IT) is known.['” Tsomer II of P,O,
is not directly related to isomer I of P,O; but to its isomer II.
However, while for P,O; isomer II is about 28 kcalmol™
higher in energy than isomer I, for P,O, the energy gap
between isomers I and II is about zero.

From our computed data, the basis for the structural and
energetic rules discussed above become clear. For oxygen-rich
compounds P,O, (n>4) the stability of the P-O-P unit (i.e.
two P—O single bonds) in comparison to the stability of one
P—P single and one terminal P=O double bond, determines
the structures of the energetically most favorable isomers.
According to our calculations isomers possessing terminal
oxygen atoms lie about 1525 kcalmol~! above those isomers
with a P-O-P unit. For P,O, clusters possessing fewer oxygen
atoms the P; ring represents an additional stabilizing struc-
tural unit, which can be seen from the energy difference
between isomer I and II of P,O; (28 kcal mol~!). Both isomers
possess the same number of P-O and P—P bonds but only
isomer I possesses a P; ring. Both, isomers I and II of P,O,
possess also the same number of P—O and P—P bonds; in
contrast to P,O; neither of these isomers contains a P ring,
and in line with our arguments, both structures are found to be
essentially equal in energy. In addition the similar stability of
both isomers suggests that the question whether the P—P
bonds are adjacent or not is of minor importance.

The P, ring stabilizes also isomer III of P,O,. Formally
isomer III is obtained from isomer I by replacing one P-O-P
unit by one P—P single bond and one terminal P—O bond.
While for P,Os and P,O4 such a replacement leads to a
destabilization of about 20 kcalmol~, in the case of isomer I
and III of P,O, a destabilization of less than 10 kcalmol~! is
computed. Nevertheless, the stabilization effect of the P; ring
strongly depends on its substituents. One example is the
energy difference between isomer III and V of P,O,
(~15 kcalmol™?). In isomer III the P; ring is an equilateral
triangle with P—P bond lengths of about 2.24 A. In isomer V
the C;, symmetry is distorted by the terminal oxygen atom.
While the P—P bonds adjacent to the terminal P—O bond do
not change (2.25 A) significantly, the base of the triangle
elongates by about 0.2 A. As already discussed, the energet-
ical ordering of oxygen-rich phosphorus suboxides P,O, (1 >
4) is determined by the stability of the P-O-P unit. Never-
theless, in these compounds the stabilizing effect of the P; ring
is also found. One example is P,Os, which possesses three
isomers differing only in the position of the terminal P—O
double bond. While the stabilities of isomer II and III (in
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which the P—O bond is adjacent to two or three P-O-P units,
respectively) are nearly equal, the energy gap to isomer IV (in
which the P—O bond is adjacent to one P-O-P unit) is
predicted to be 9 and 7 kcalmol, respectively. These differ-
ences are much smaller than those predicted between isomer
IIT and V of P,O, underlining again the stability of the P; ring.
For P,0O¢ the energy difference between the respective
isomers (isomer II and III) is somewhat larger than for P,O;
(5 kcalmol~!) and our computations predict the reverse
ordering, that is the isomer in which the P—O bond is adjacent
to three P-O-P units is more stable than the isomer in which
one P—P bond is in the neighborhood of the terminal P—O
bond. Besides structural information about larger compounds
(ie. P,O, with m>4 and n=1—-2m), the thermodynamic
and the kinetic stability of the clusters are of great interest.
The stability of the various compounds with respect to the
most stable elementary form[** are summarized in Figure 1.
As expected, Figure 1 shows that the thermodynamic stability
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Figure 1. Heat of formation [kcalmol~!] for the computed P,O, isomers.

of phosphorus suboxides increases strongly along the series
P,O,. This strong gain in energy is perhaps one of the main
reasons for the difficulties in the attempts to prepare
phosphorus suboxides. Besides the increasing thermodynamic
stability along the P,O, series, we also expect that the
polymerization to amorphous phosphorus oxides (i.e. to
P,O, compounds with n>>4) is also thermodynamically
favorable.

In summary we have discussed energetically low-lying
isomers of phosphorus suboxides of the summation formula
P,O, (n=1-6) and extracted structural factors which deter-
mine the relative energy of such compounds. With these data
the nature and the stability of various possible bonding types
(P—P bonds, P—O single and double bonds, P; rings) could be
analyzed. In addition, we computed the heat of formation for
the various clusters to obtain a key for the experimental
difficulties in the preparation of phosphorus suboxides. The
findings of the present work are helpful for further inves-
tigations of phosphorus suboxides, for example for the study
of larger compounds (P, O, compounds with m>>4). The
understanding of the chemistry of these compounds is
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important to gain insight into polymerization processes which
hamper the synthesis of molecular phosphorus suboxides. A
comparative study of phosphorus suboxides and phosphorus
subsulfide is underway.
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Although combinatorial chemistry was dominated by solid-
phase synthesis during its first decade,? the solution-phase
synthesis remains to show indisputable advantages, for
example, in respect to the versatility of reactions applicable
and the accumulated knowledge of synthetic protocols.
Ideally, a synthetic strategy should be able to combine these
merits with the advantages of solid-phase synthesis protocols,
such as the possibility to use reagents in high excess, to
remove them by filtration, and to employ automated multiple
synthesizers. This combination can be realized in polymer-
assisted solution-phase (PASP) synthesis either by using
scavenger resins or by the implementation of polymeric
reagents.’-! Especially desirable is the substitution of chem-
icals which are highly toxic, explosive, or difficult to handle
during preparation, reactions, work-up, waste disposal, and in
large amounts. Many alkylating agents, such as diazoalkanes,
sulfate esters, sulfonate esters, and alkyl halogens belong to
this group of hazardous compounds.l®! Solid-supported sulfo-
nate esters have been employed in alkylations of amines and
thiols at elevated temperatures under basic conditions.”]

Elemental nitrogen is an excellent leaving group in
alkylations. Therefore we focused our efforts on introducing
anovel concept of alkylating polymers based on the release of
carbenium ions and nitrogen from precursors bound to
insoluble polystyrene gels. The alkylating species are gener-
ated from solid-phase-bound 3-alkyl-1-aryltriazenes under
acidic conditions and we demonstrate their use as very
reactive, mild, and versatile alkylation reagents.[! The chem-
istry and applications of triazenes have a long history dating
back to the 19th century. %I Their alkyl derivatives are stable
entities unless treated with acid."~'¥l They fragment into
radicals when moderately heated,!'"] under irradiation!™ or by
one-electron oxidation.!""!

Electron-rich triazenes have higher reactivity,'” and there-
fore para-alkoxy-substituted anilines were selected as effi-
cient starting materials. Solid-supported triazenes have been
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