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The Chemical Bond in Polyphosphides: Crystal Structures, the Electron
Localization Function, and a New View of Aromaticity in P,>~ and P5~

Florian Kraus and Nikolaus Korber*!*!

Abstract: The incongruent solvation of
M'P; species (M' = K, Rb, Cs) in
liquid ammonia leads to a broad varie-
ty of polyphosphides such as P;’~, P>~
and the putatively aromatic P,>~ and
P;~, which we investigated by using
NMR spectroscopy and single-crystal
X-ray structure analysis. The structures
of Cs,Py2NH;, (K@[18]crown-6);-
K;(P;)»10NH;,  Rb;P;7NH;,  and
(Rb@[18]crown-6);P,-6NH; are dis-

cussed and compared. The electron lo-
calization function ELF is used in a
comparison of the chemical bonding of
various phosphorus species. The varian-
ces of the basin populations provide a
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well-established measure for electron
delocalization and therefore aromatici-
ty. While comparable variance is calcu-
lated for P,>~ and Ps~ it is observed in
the lone pairs rather than in the basin
populations of the bonds as in the pro-
totypical aromatic hydrocarbons such
as benzene or the cyclopentadienide
anion. For this behavior, the term
“lone pair aromaticity” is proposed.

Introduction

Despite its problematic definition, aromaticity is a well-
known concept in chemistry!>? and is best established for
classic hydrocarbons such as benzene C¢H,, the cyclopenta-
dienide anion CsHs;~ (Cp~), or the cyclobutadiene dianion
C,H/". In recent years, the concept of aromaticity and
Hiickel’s rule has been expanded to some inorganic com-
pounds of the main group elements such as the polyhedral
boranes, S,N,, or S,>* which may also be readily explained
by the Wade—Williams rules, the Zintl-Klemm-Busmann
concept, or Parthé’s valence-electron concentration
rules.’? If one takes the diagonal relationship between
phosphorus and carbon into account—or the principle of
isolobality—one would expect structural and topological ho-
mologies of their respective compounds. For phosphorus—
phosphorus single bonds, examples of this homology are es-
pecially prominent, as expected. This can be seen in the re-
lationship between the (cyclo)alkane series and the (cyclic)
polyphosphane or polyphosphide series, > as well as in
oligocyclic polyphosphides, for example, the heptaphospha-
nortricyclane anion P,>~ (Figure 1) or the trishomocubane-
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Figure 1. Structures of the polyphosphide anions P,*~ and P,*".

shaped P, >~ (Figure 1) ion with nortricyclane™ C;H,, and
trishomocubane™ C,;H,, as their respective hydrocarbon
analogues.

As is to be expected, examples of phosphorus—phosphorus
multiple or partial multiple bonds are less common, but
they are found by invoking the P-C diagonal relationship
again. Thus, the phosphorus analogue of benzene is P—an
allotrope of phosphorus—which was discovered in the gas-
eous phase by mass spectrometry.'®! No structure could be
assigned, however, but ab initio calculations show the benz-
valene structure as a global minimum for anionic, neutral,
and cationic hexaphosphorus compounds.'”?”! P¢ rings are
found as building blocks of organometallic complexes such
as [{(7-Cp*)MJ,(u-Py)] (Figure 2) (Cp* = pentamethyl-
cyclopentadienyl, M = V,221 Mo P w28y,

A class of extremely moisture- and air-sensitive com-
pounds containing isolated P¢*~ rings (point group 6/mmm)

LWILEY

L

5945



CHEMISTRY:

A EUROPEAN JOURNAL

is found in the binary polyphos-
phides MLYP, (M' = K[BU
Rb,P231 Cs; Figure 3).

No solvates of these cyclo-
pe=p hexaphosphides are known as
yet, since P¢*~ is far too reactive
and disproportionates in solu-
tion (glyme, ethylenediamine)
to a complex mixture of poly-
phosphides and  hydrogen-
(poly)phosphides. We  have
shown by *'P NMR spectrosco-

Figure 2. Structure  of  [{(n’-
Cp)MEL(un®P)] M =V,
Mo, W).

-

Figure 3. Structure of the K,P¢>~ unit in a-K,Pg.!

py that several different products are obtained in the reac-
tion of M',P¢ with liquid, anhydrous ammonia.

A well-documented ion with partial multiple bond charac-
ter is the 6m aromatic cyclopentaphosphide anion P57
(Figure 4), the phosphorus analogue of Cp~. Py~ has been
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Figure 4. a) Ps~ and some organometallic complexes (b,c) containing it as
a ligand.

characterized by its chemical shift in *'P NMR spectra.*"]
Ps™ is also a well-known ligand in organometallic complexes
which have been structurally analyzed by single-crystal
X-ray diffractometry. Abundant examples include the
ferrocene-like [(n>-Cp*)M(n’-Ps)] M = Fe,®! Ru, Os;
Figure 4b) and the triple-decker [{(’-Cp*)Cr}),(n’>-Ps)]”
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(Figure 4c) by Scherer etal., and the fullerene-like
[{Cp*Fe(n’m'm'm'm'm'-Ps)}1o{ CuCl};o{Cu,Cls)s-
{Cu(CH,CN),}s]J* by Scheer etal. However, neither a
binary phosphide containing an isolated cyclo-Ps~ nor a cor-
responding solvate has been obtained in the crystalline state
so far.

Recently, the homologue of the 6z aromatic cyclobuta-
dienyl dianion P,>~ (point group D,,) has been synthesized
as an ammoniate by the reaction of diphosphane(4) and
cesium in liquid ammonia. It may also be obtained as a crys-
talline by-product by reaction of white phosphorus in THF
with cesium at —78°C, followed by substitution of the THF
by ammonia.*! A very convenient way of producing
Cs,P,-2NH; has now been found, by ammonolysis of Cs,Ps,
while K,P¢ and Rb,P; yield a broad variety of (hydrogen)po-
lyphosphides (see below). Another synthetic route to
Cs,P,-2NHj is by treatment with cesium of the dried, black,
glass-like product of the reaction of diphosphane(4) with
liquid ammonia, and condensation of ammonia on it. P,2~
was known previously as a distorted ligand in organometal-
lic complexes having D,, or C,, (kite-like) symmetry
(Figure 5).43 Butterfly-shaped P,*~ (bicyclo[1.1.0.]tetra-

/\N/b<gg P ;\./ o (@)-crcon
P P
P<P/P @ P\‘@

Figure 5. Drawings of organometallic complexes containing the P,-ligand.

phosphide dianion) is obtained by reductive opening of
P,.’*7 Four-membered planar phosphorus rings with D,,
symmetry can also be found in the skutterudite-type struc-
ture of CoP;.*%>

Here, we will focus on the P¢*~ phosphorus ring as an
educt for a variety of reactions in liquid ammonia, and on
the cyclotetraphosphide anion P,*, its synthesis, its thermal
stability, and its putative aromaticity viewed with the elec-
tron localization function ELF.

Results and Discussion

Ammonolysis of Cs;Ps: When Cs,P4 reacts with liquid am-
monia, Cs,P,-2NHj is formed as a crystalline product, which
we reported recently as the main product of the reaction of
diphosphane(4) with cesium followed by solvation in liquid
ammonia.”"! The formal reaction equation [Eq. (1)] could be
established by NMR spectroscopy.

15Cs,P, + 12NH, — 21Cs,P,-2NH, + 6CsPH, + 12CsNH,

1)
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Structure of Cs,P+2NH;: All the atoms reside on the
common 4e position of space group P2,/a. Two crystallo-
graphically inequivalent phosphorus atoms P(1) and P(2)
are bonded to each other (P-P = 2.146(1) A). By symme-
try, two additional phosphorus atoms, P(1)#3 and P(2)#3,
are generated with a bond length of 2.1484(9) A to P(1).
Thus, a four-membered, necessarily planar phosphorus ring
with bond angles of 89.76(4)° and 90.24(4)° is formed
(Figure 6). The bonds are shorter than the 2.219 A P—P
single bond in diphosphane(4) but significantly longer than
the 2.034 A P=P double bond in bis(2,4,6-tri-tert-butylphe-
nyl)diphosphene.””! In other homoatomic polyphosphorus
anions (for example, P;>~, Figure 11 below), P—-P bond
lengths span a range from 2.12 A to 2.29 A, with the shorter
bonds reaching from the triangular P-P-P base to the for-
mally negatively charged, twofold bonded phosphorus
atoms.?! Thus, the P—P bond length in P, is not valid as a
criterion of aromaticity. The cyclotetraphosphide anion P>~
is coordinated by eight symmetrically equivalent cesium cat-
ions; for Cs—P distances see the caption of Figure 6. The n'-
like coordinating cesium ions Cs(1) and Cs(1)#3 are
3.4118(6) A above and below the P,>~ plane and are shifted
about 0.18 A away from the center of the ring toward P(1).
The coordination number of the cesium cation is nine (Fig-
ure 6b). As already mentioned, its coordination is n*-like
with a molecule of P,>~ but also n’-like with Cs—P distances
of about 3.67 and 3.89 A and two times 1'-like to two other,
symmetrically equivalent cyclotetraphosphide anions with
Cs—P distances of approximately 3.75 and 3.76 A. The nitro-
gen atom N(1) of a molecule of ammonia of crystallization
coordinates with the cesium cation with a distance of
3.264(3) A. With N-N distances of more than 3.6 A, N—
H--N hydrogen bonding is not likely. The multitude of ionic
and coordinative interactions present lead to the three-di-
mensional network structure of this compound (Figure 6c¢).

Further ways to synthesize Cs,P,2NH;: Diphosphane(4)
P,H, reacts with liquid ammonia in the —78°C to —40°C
range yielding a mixture of the ammonium polyphosphides
(NH,),H,Pyy, (NHy),Py6, (NH,)3Pyo, and (NH,);P5;. Removal
of NH; leads to a black solid consisting of a mixture of hy-
drogen-free polyphosphides that are richer in phospho-
rus.! Treatment of this black solid with various amounts
of cesium in liquid ammonia below —40°C leads to mixtures
of Cs,P,2NH; and Cs;P,-3NH; as the only crystalline prod-
ucts, which we have reported previously.*"*¥ 'H and
SIP{'H} NMR spectroscopy provide evidence that the solu-
tion contains only P,>~ and PH, . Another method for the
synthesis of Cs,P,2NH; is reaction of cesium with white
phosphorus in THF at —78°C and exchange of the solvent
with liquid ammonia. Cs;P;3NH; is the main product;
Cs,P,2NH; is only obtained as a by-product. *'P NMR spec-
troscopy shows the only two phosphorus species present in
solution are P,>~ and PH, " In view of the chemical shift
dependence of the cyclotetraphosphide anion on the coun-
terion,?>*] we searched for cesium—phosphorus coupling in
the '*Cs NMR of this solution at —40°C (0.5m CsBr in D,O
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Figure 6. Projections of the coordination sphere of the P,>~ anion (a) and
of the cesium cation (b). c¢) Projection of the unit cell on the ab plane.
Selected bond lengths [A]: P(1)-P(2) 2.146(1), P(1)-P(2)#3 2.1484(9),
P(1)—Cs(1) 3.7665(8), P(1)—Cs(1)#3 3.7023(7), P(1)—Cs(1)#5 3.8937(8),
P(1)-Cs(1)#7 3.7529(8), P(2)—Cs(1) 3.7089(8), P(2)—Cs(1)#3 3.7651(7),
P(2)—Cs(1)#6 3.7587(7), P(2)—Cs(1)#8 3.6742(9). Thermal ellipsoids are
drawn at the 70 % probability level. Symmetry transformations to gener-
ate equivalent atoms: #1: x—'/, —y + ', z; #2: x—1, y, z; #3: —x + 1,
—y, —z; 84 x,y, 7 + L #5 —x, —y, —z; #6: x + 'S, —y + h, 23 #T:x, ,
-1 #8:x + Ly, z; #9: —x + 1, —y, —z + 1; #10: —x + 'f, y—'h, —2;
#11: —x + 'S,y + b, —2z.

at 25°C as external standard). We encountered a singlet of
the cesium cation (chemical shift 6 = 107.69; signal width
~20 Hz). So, if Cs—P coupling is present, it should be small-
er than 20 Hz.
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Thermal stability of the cyclotetraphosphide anion P, :
After confirming the presence of P, in liquid ammonia in
our initial report on the cyclotetraphosphide anion P,>~ in
Cs,P,2NH;*! the same fused NMR tube was kept at
—40°C for one year and five months, after which the
3'P NMR spectrum at —40°C still showed the P,>" singlet (J
= 349 ppm), and additionally the PH,  triplet (0 =
—270 ppm) and a small singlet at 6 = —0.06 ppm which
may stem from a phosphorus oxide species generated from
the small amounts of moisture in the system. The 'H NMR
spectrum showed the presence of PH,” and amide NH, .
After this experiment, the fused NMR tube was stored for
two months at room temperature. A subsequent *'P NMR
spectrum recorded at —40°C still showed the presence of
the species mentioned above, but with more amide and less
PH, present. The P,>~ ion is stable up to at least +50°C in
liquid ammonia solution, as was again confirmed by
3P NMR analysis at —40°C after the fused NMR tube had
been stored at +50°C for one month. However, a small
new signal at 6 = —238 ppm was observed and no more
PH,™ could be detected in the *'P and 'H NMR spectra, but
a large amide signal was present. Consequently, it may be
concluded that PH,™ deprotonated the ammonia and accu-
mulated as monophosphane(3) (PH;) in the gas phase in the
fused NMR tube. Storage of the fused NMR tube at
+100°C unfortunately led to explosion of the tube. As we
feared an explosion due to overpressure of the fused NMR
tube in the NMR instrument, all our *’P NMR spectra were
recorded at —40°C. Thus, a fast temperature-dependent
equilibrium of P,;>~ with some other poly- or hydrogenpoly-
phosphides cannot be ruled out. However, we have not en-
countered any indication of such a phenomenon.

Slow removal of the ammonia of Cs,P,2NH; leads to an
X-ray-amorphous yellow-gray product. After this powder
had been kept in a sealed glass ampoule for three weeks at
500°C, the X-ray powder diffraction pattern showed the
presence of cesium phosphide(4/6) (Cs,P¢) and an amor-
phous second component which may have been red phos-
phorus—a red substance like the latter covered the walls of
the ampoule. This leads to the formal reaction equation

[Eq. )]

4Cs,P, - 2NH; — 2Cs,P, + 4P + 8NH, 2)

Unfortunately, crystals have not yet been obtained from
this reverse conproportionation.

Further reactions of Cs /P, in liquid ammonia: In the reac-
tion of cesium phosphide(4/6) with lithium in the presence
of [18]crown-6 in liquid ammonia at —40°C, the catena-tri-
hydrogentriphosphide P;H;*~ is formed as red, needle-
shaped crystals of (Cs@[18]crown-6),(P;H;)-7NH;, which
will be reported elsewhere.

Ammonolysis of K,P;: When potassium phosphide(4/6) is
dissolved in dry liquid ammonia, one observes a slightly
blue solution turning green and finally yellow. *'P{'H} and
"H NMR spectroscopy provide evidence that K,Pg dispro-
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portionates in liquid ammonia into Ps~, P,>", P, P>,
PH,", and other poly- or hydrogenpolyphosphides we have
not been able to identify yet. Up to now, P;;>~ has been ac-
cessible only by the solid-state route and to our knowledge
it has never been generated in solution.

Storage of the yellow solution at —40°C leads to the for-
mation of transparent yellow crystals which redissolve at
—78°C, and which we have not yet been able to isolate for a
single-crystal structure analysis.

Structure of (K@[18]crown-6);K;(P;),-10NH;: Using
[18]crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) for the
generation of more stable crystals in this reaction, we could
isolate (K@[18]crown-6);K;(P;),-10NHj; in the form of plate-
shaped orange crystals as the only solid product. *'P NMR
shows the presence of P;>~ and PH,™ in the mother liquor.
In the crystal structure, the phosphorus atoms of the hepta-
phosphanortricyclane anion P,>~ reside on the common posi-
tion (Wyckoff letter 2i) of the space group PI. Selected
bond lengths and angles of the P,”~ cage are shown in
Table 1; for a comparison with other P,*~ cages, see

Table 1. Bond lengths and angles of the heptaphosphanortricyclane
anion P,*~ and its coordination to potassium ions.

P(1)-P(2) 2.1866(8) P(1)-K(3)#5 3.5646(8)
P(1)-P(3) 2.1905(8) P(3)-K(3)#5 3.3178(8)
P(1)-P(4) 2.1985(8) P(3)-K(3)#3 3.3414(7)
P(2)-P(6) 2.1446(8) P(4)-K(3)#5 3.4739(7)
P(3)-P(7) 2.1446(9) K(2)-P(2) 32772(7)
P(4)-P(5) 2.1427(9) K(2)-P(4) 3.5072(7)
P(5)-P(7) 2.2617(8) K(2)-P(6) 3.6368(7)
P(5)-P(6) 2.2852(8) K(2)-P(5) 3.8000(8)
P(6)-P(7) 2.3038(8) K(4)-P(2) 3.2794(6)
K(4)-P(3) 3.3305(7)
K(4)-P(6) 3.4493(6)
K(4)-P(7) 3.5177(7)
P(2)-P(1)-P(3) 101.30(3) P(4)-P(5)-P(6) 105.30(3)
P(2)-P(1)-P(4) 102.70(3) P(2)-P(6)-P(5) 105.52(3)
P(3)-P(1)-P(4) 102.10(3) P(2)-P(6)-P(7) 105.57(3)
P(6)-P(2)-P(1) 98.36(3) P(3)-P(7)-P(5) 105.04(3)
P(7)-P(3)-P(1) 99.20(3) P(3)-P(7)-P(6) 103.63(3)
P(5)-P(4)-P(1) 98.03(3) P(7)-P(5)-P(6) 60.88(2)
P(4)-P(5)-P(7) 106.11(3) P(5)-P(6)-P(7) 59.06(2)
P(5)-P(7)-P(6) 60.06(2)

Figure 11 (below) and Table 2. The experiment shows the
shortest bonds to be those from the triangular base to the
formally negatively charged phosphorus atoms, ! which is
confirmed here.

The P;?~ anion is coordinated by four potassium ions
(Figure 7). Potassium ion K(2) coordinates in an mn*like
manner to the formally negatively charged phosphorus
atoms P(2) and P(4) and the phosphorus atoms P(5) and
P(6) of the triangular base of the cage. K(3)#5 is more than
4.6 A away from the phosphorus atoms of the triangular
base, which results in an n’-like coordination to the apical
phosphorus atom P(1) and the two formally negatively

Chem. Eur. J. 2005, 11, 59455959
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Table 2. Comparison of the P,*~ ions in the compounds under discussion.

(K@[18]crown-6);- Rb;P;7NH; (Rb@[18]crown-6);-
K;(P;), 10NH; P,6NH;
height 4 [A] 3.0092(8) 2.987(2) 3.024(2)
mean dis- 2.284 2.281 2291
tance a [A]
mean dis- 2.144 2.137 2.146
tance b [A]
mean dis- 2.192 2.182 2.198
tance ¢ [A]
ratio Q = h/a 1.318 1.309 1.319
angle y [°] 98.53 98.17 98.90
angle 0 [°] 102.03 102.45 101.71

e) N(2)#3
P(6)43 PE)

P(3)#3 F(E)
N(2)
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charged atoms P(3) and P(4). K(3)#3 coordinates n'-like at
a distance of 3.3414(7) A from P(3). Potassium ion K(4) re-
sides on the special 1f position and coordinates n*like to
the phosphorus atoms P(2), P(3), P(6), and P(7). The coor-
dination sphere of the potassium ions is quite heterogene-
ous. K(1) is located on the special le position and is coordi-
nated by a molecule of [18]crown-6. K(1) is also coordinated
by a molecule of ammonia N(1) and its equivalent by sym-
metry, N(1)#1, yielding a coordination number of eight. Po-
tassium ion K(2) is also coordinated by a molecule of
[18]crown-6 which bonds to a molecule of ammonia N(1)#2
by N—H--O hydrogen bonding. Potassium ion K(3) coordi-

C(2)

N

JC({5)#1

. Cla)#
|

‘c(3pe
Of1)#1

S g
capr [
C{2y#1

N{1)#1

P(3)42

Figure 7. Projection of the coordination sphere of the P,>~ ion (a) and the potassium ions K(1) (b), K(2) (c), K(3) (d), and K(4) (e). Hydrogen atoms of
the crown ether molecules are omitted for clarity. Thermal ellipsoids are drawn at the 70% probability level. Symmetry transformations to generate
equivalent atoms: #1: —x + 1, —y + 1, —z; #2:x+1,y, z; #3: —x + 3, —y, —z + L; #5:x—1,y, 2; #8: —x + 2, —y, —z.
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nates with two symmetrically equivalent P;*~ cages in an n'-
and n’-like fashion and to two molecules of ammonia N(2)
and N(3). In addition to its n*like coordination to the phos-
phorus cage, potassium ion K(4) is bonded to two molecules
of ammonia N(2) and N(2)#3 (Figure 7e).

Figure 8 shows a projection of the unit cell on the bc
plane, indicating the relative arrangement of the structural

OIIZ071T X

Figure 8. Projection of the unit cell on the bc plane. Hydrogen atoms of
the crown ether molecules are omitted for clarity. Thermal ellipsoids are
drawn at the 70 % probability level.

Table 3. Some crystallographic data of the structures presented.

elements in (K@[18]crown-6);K;(P,),x10NHj; that have been
discussed. For crystallographic details, see Table 3.

Ammonolysis of Rb,P,: structure of Rb;P,7NH;: Rb,P;
reacts with liquid ammonia at —40°C to yield yellow, plate-
shaped crystals of Rb;P,7NH; as the only solid product.
Rb;P,7NH; has also been synthesized previously in our
group by congruent solvation of Rb;P; in liquid ammonia.!
In the crystal structure, all the atoms reside on the common
8c position of the space group Pbca. The P>~ ion shows typ-
ical P—P bond lengths in the range 2.130(2)-2.198(2) A from
the apical phosphorus atom to the formally negatively
charged phosphorus atoms, 2.274(2)-2.290(2) A from the
latter to the trigonal base, and 2.179(2) to 2.189(2) A in this
basal plane. For a comparison of the heptaphosphanortricy-
clane anions discussed here, see Table2 and Figure 11
below. The rubidium cation Rb(1) is coordinated by four
molecules of ammonia at distances from 3.099(5) to
3.332(5) A, and n'- and n*like by two crystallographically
inequivalent P,"-cages at distances of 3.454(1) and within
the range 3.500(1)-3.8(1) A, respectively (Figure 9). Rb(2)
also coordinates n*like to the heptaphosphanortricyclane
anion with bond lengths of 3.538(1)-3.608(1) A. Additional-
ly, it is coordinated by five molecules of ammonia N(1),
N(2), N(3), N(4), and N(6) at distances between 3.013(5)
and 3.347(5) A (Figure 9b). Finally, Rb(3) is coordinated by
three molecules of ammonia at distances of 3.110(5)—
3.361(5) A and coordinates n*-like to the phosphorus cage.

(K@[18]crown-6);K;(P;),-10NH; Rb;P;-7NH; (Rb@[18]crown-6]);P,-6 NH; Cs,P,2NH,
empirical formula C,3H5, K5NsO4P; H,,N,P;Rb; C5sHggNO,sP;Rb; H(Cs,N,P,
molecular mass [gmol '] 815.73 592.44 1368.34 4.71
crystal system triclinic orthorhombic triclinic monoclinic
space group P1 Pbca Pl P2//a
a[A] 10.3419(7) 17.802(1) 9.7111(9) 6.6580(7)

b [A] 12.25(8) 17.894(1) 14.715(1) 12.579(1)

c[A] 17.258(1) 13.398(1) 22.817(2) 6.7026(7)

a[°] 107.621(8) 90.0 100.29(1) 90.0

Al 104.491(8) 90.0 96.34(1) 106.18(1)

v [°] 97.386(8) 90.0 90.19(1) 90.0

VA% 1964.6(2) 4267.9(5) 3187.6(5) 539.11(9)

V4 2 8 2 2

Peatea [Mgm 7] 1.397 1.844 1.419 2.611

T [K] 1(2) 1(2) 1(2) 1(2)

F(000) [e] 856 2288 1404 380

u(MoK,) [mm™'] 0.677 7.370 2.531 7.287

0 range [°] 2.59-28.08 2.24-27.89 2.09-25.95 3.16-25.96

measured/independent/observed 34768/8819/7017 17743/4819/3813 22503/11499/6383 9093/1259/1189

(I>20(1)) reflections

Rin 0.0461 0.0522 0.0620 0.0575

h, k, [ range —13/13, —16/16, —22/22 —22/20, —23/23, —11/11, —17/18, —-27/27 —8/8, —16/16, —8/8
—17/12

R(F) (all data) 0.0504 0.0592 0.0894 0.0206

wR(F?) (all data) 0.1091 0.1098 0.0900 0.0477

S 0.951 1.104 0.783 1.144

data/parameter/restraints 8819/427/6 4819/8/420 11499/682/3 1259/49/0

(AO) max 0.001 0.001 0.002 0.000

APpax [ A7 0.481 1.008 0.501 0.812

APuin [6 A7) —0.381 —0.842 —0.535 —0.504
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Figure 9. Projections of the coordination spheres of the rubidium cations Rb(1) and Rb(3) (a) and Rb(2) (b). c,d) Projection of one of the [Rby(NH;),]**
clusters, which is interconnected via N—H-+N hydrogen bonding (dashed bonds) forming one-dimensional infinite strands parallel to the ¢ axis (c) and a
projection of the unit cell on the ab plane (d). Thermal ellipsoids are drawn at the 70 % probability level. Symmetry transformations to generate equiva-
lent atoms: #2: x + o, =y + o, =z #7: —x,y + =z 4+ U #8:x 4+ oy, —z 4+ s #9:x, —y + o, 2= #10: —x + 'y, y—" 2.

The coordination of ammonia molecules to rubidium cations
leads to the formation of rubidium—ammonia clusters, com-
position [Rby(NH;),]**, in which N(1) acts as a p*-like bridg-
ing ligand; N(2), N(5), N(6), and N(7) bridge p*like be-
tween the rubidium cations. These clusters are interconnect-
ed by N—H--N hydrogen bonding forming one-dimensional-
ly infinite strands parallel to the ¢ axis (D = donor, A =
acceptor) (Figure 9): N(5)—H(5C)-~N(4)#9 with D—H
0.84(2) A, H-A = 2.41(3) A, D--A = 3.216(8) A, XDHA
= 163(6)°, N(5)-H5 A)--N(3)#9 with D-H = 0.84(2) A,
H-+A = 2.77(4) A, DA = 3.470(8) A, XDHA = 142(5)°.
Since the P;>~ ions are coordinated by rubidium cations,
with Rb(1) and Rb(3) interconnecting crystallographically
equivalent phosphorus cages, this also leads to the formation
of one-dimensionally infinite strands parallel to the ¢ axis
(Figure 9c¢). Crystallographic details are in Table 3.

Chem. Eur. J. 2005, 11, 5945-5959
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Structure of (Rb@[18]crown-6);P,-6 NH;: Reaction of rubi-
dium phosphide(4/6) with an excess of [18]crown-6 in liquid
ammonia at —40°C leads to thin yellow needle-shaped crys-
tals of (Rb@[18]crown-6);P,-6NH; which are obtained as
the only solid product. All atoms reside on the common 2i
position of the space group P1.

The P—P bond lengths in the basal plane of the P;>~ anion
of this structure are 2.274(2), 2.299(2), and 2.301(2) A, re-
spectively, those from the phosphorus atoms in the basal
plane to the formally negatively charged ones are 2.145(2),
2.145(2), and 2.148(2) A, and the bond lengths from the
latter to the apical phosphorus atom are 2.188(2), 2.194(2).
and 2.209(2) A. For a comparison of the P,>~ ions discussed
here, see Table 2 and Figure 11 below. The cage anion is co-
ordinated by three rubidium cations. Rb(1) and Rb(2) coor-
dinate n*-like at distances of 3.643(2)-3.743(2) A to two
phosphorus atoms of the basal plane and 3.340(1) to
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Figure 10. Foreshortened projection of the P;*~ ion showing its coordination by rubidium cations (a), and projections of the coordination spheres of the
rubidium ions Rb(1) (b), Rb(2) (c), and Rb(3) (d); hydrogen atoms of the crown ether molecules are omitted for clarity; projection of the unit cell on
the bc plane (e). Thermal ellipsoids are drawn at the 70 % probability level. Symmetry transformations to generate equivalent atoms: #2: x—1,y + 1, z;

#3:x + 1,y-1, z.

3.510(1) A to two formally negatively charged phosphorus
atoms. Rb(3) coordinates n-like at distances of 3.790(2) A
to the apical phosphorus atom P(1) and 3.518(1) and
3.510(1) A to the formally negatively charged atoms P(2)

5952
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and P(4) (Figure 10). Each of the three rubidium cations is
coordinated by a molecule of [18]crown-6 with Rb—O dis-
tances in the 3.008(3) to 3.364(4) A range, leading to coordi-
nation numbers of ten for Rb(1) and Rb(2). Rb(3) also has

Chem. Eur. J. 2005, 11, 5945-5959
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a coordination number of ten since it is additionally coordi-
nated by the nitrogen atom N(4) of a molecule of ammonia
of crystallization  (Figure 10). In all, a neutral
[Rb([18]crown-6)(NH;)],[Rb([18]crown-6)(NH;),|P; unit is
generated by the coordinations mentioned. On the opposite
side of each crown ether molecule a molecule of ammonia is
bonded by N-H--O hydrogen bonding with O--H distances
from 2.2 to 2.7 A approximately. As the distance between
the two molecules of ammonia N(5) and N(6)#2 is only
about 3.36 A, hydrogen bonding may be inferred, but we
were not able to locate the hydrogen atoms on these atoms.
N-H:-N-hydrogen bonding from N(2) to N(5) and to N(6)#2
and from N(3) to N(6) and to N(5)#3 should also be present,
with N--N distances being only around 3.3 A (Figure 10).
Thus, hydrogen bonding interconnects the [Rb([18]crown-6)-
(NH;)],[Rb([18]crown-6)(NH;),]P; units leading to the
structure shown in Figure 10. Crystallographic details are in
Table 3.

Further reactions of Rb,P; in liquid ammonia: In the reac-
tion of Rb,Ps with liquid ammonia in the presence of an
excess of PPh,Br, dark red needle-shaped crystals of
(PPh,),(HP,)-3NH; are obtained. NMR spectrometric analy-
sis of this solution shows only the presence of the tetraphe-
nylphosphonium ion PPh,*, arguably due to the low solubil-
ity of (PPh,),(HP;)-3NH;. This compound is also readily
prepared by the reaction of K;P; with a proton-charged ion-
exchange resin in the presence of PPh,Br in liquid ammo-
nia.[®”

In the presence of lithium and [18]crown-6, Rb,P, reacts
in liquid ammonia at —40°C to yield yellowish-green
needle-shaped crystals of the hydrogen polyphosphide (Rb@
[18]crown-6),(PsH;)-7NH;, which will be reported else-
where.

Comparison of the P;>~ species obtained: To compare the
P, anions presented here and to put them into context
with other heptaphosphanortricyclane species in the litera-
ture, we use the height # and the mean bond lengths a, b,
and ¢ (Figure 11).8) The ratio Q = h/a may be used to

quantify the ionicity of the P;*~

; cage. Q values in the range of

/F:’a c about 1.30 to 1.36 denote ionic

@P /“J 3 P@ P,* as found in all the species

\ q:h b presented here, whereas values

\ B of 1.40 and higher show the

P@ /aP presence of covalency as, for

P example, in P;(SiMe;);. In ionic

Figure 11. Structural drawing Pn,’~ cages (Pn = P, As, Sb),

of the P,>~ cage with designa-
tors of bond lengths and
angles inscribed.!®!

the angle y is found to be
smaller than the angle J; the re-
verse is true for covalent spe-
cies.®*®! For the designation
scheme used, see Figure 11.

The Q ratios are very similar, with values around 1.31
(Table 2). With values between 98° and 99°, the y angles are

Chem. Eur. J. 2005, 11, 5945-5959
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smaller than the J angles (approximately 102°). This fits
well with the ionic description of these compounds.

The chemical shift and aromaticity of the cyclotetraphos-
phide anion P,’": Examination of P,>~ and other aromatic
polyphosphides by NMR experiment is not trivial, since in-
formation cannot be gained on the molecular size and shape
in these compounds. For aromatic polyphosphides one ex-
pects a singlet in the low-field region. Depending on its
counterion, the concentration, and the temperature, we ob-
serve the chemical shift of the signal we assign to P,/ in
P NMR spectra at 6 = 327.8 (K*, —60°C), 345.4 (Cs™,
—35°C), and 343.0 ppm (Cs*, —60°C). The basis of our as-
signment of this chemical shift to P, rests, first, on the
plausibility of a twofold negatively charged aromatic system
showing a low-field singlet with a chemical shift that is less
than the chemical shift of the aromatic Ps~, which is about
468 in the 'P NMR spectrum.*" Second, there was good
agreement between the chemical shift of P,>~, found by
quantum-chemical calculations (6 = 359.6 ppm) at the HF/
aug-cc-pVTZ level of theory, with the observed chemical
shift of approximately 345.*"1 A treatment within the HF
method is only permitted since the CI coefficient of the
RHF wavefunction is 0.972 in calculations at the [22,16]-
CAS level for P,>"; for calculations of the chemical shift on
the HF level of other tetrapnictogen dianions, the weight of
the RHF wavefunction in a multiconfigurational approach
needs to be evaluated first."”

Based on the NMR experiment these findings substantiate
the aromaticity of P,>".

Furthermore, P,>~ has the same set of ;T molecular orbitals
as the prototypical aromatic species such as benzene or the
cyclopentadienide anion.[*]

To gain further insight into the chemical bonding and the
aromaticity in polyphosphides such as P,>~ and Ps~, we used
the electron localization function ELF. Within its model it
has been shown that the degree of delocalization of elec-
trons can be calculated and attributed to the aromaticity in
compounds such as benzene, the cyclopentadienide anion,
and aromatic, heteroatom-substituted, five-membered
rings."74

ELF calculations: With calculations of the electron localiza-
tion function (ELF)"7¥ and a population analysis of the re-
sulting ELF basins including their population variances, we
tried to gain a deeper understanding of the chemical bonds,
lone pairs, and bond orders in polyphosphides such as P,
P,;>", in the aromatic polyphosphides P,>~ and Ps~, and in
white phosphorus P,. As a standard phosphorus—phosphorus
single bond we used the central P—P bond in the known but
not vyet isolated hexaphosphane(8) (H,P),P—P(PH,),
(Figure 12) and compared its disynaptic valence basin popu-
lation (denoted V(P,P)), its variance, and standard deviation
with the phosphorus—phosphorus bonds of the polyphos-
phides mentioned. PsHg seems to be a suitable choice for a
standard P—P single bond in polyphosphorus compounds, as
the two central phosphorus atoms are connected to two
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a)

Figure 12. Projection of the structure (a) and the ELF of a molecule of
P¢H; with #(r) = 0.78 (b). Core basins are omitted, monosynaptic va-
lence basins are color-coded red, disynaptic valence basins green, and
protonated disynaptic valence basins yellow.

other phosphorus atoms each and not to hydrogen atoms as
in P,H,. The lone pairs, that is, the monosynaptic valence
basins on the two central phosphorus atoms of PsHg (de-
noted V(P)), are also used as a standard for comparison of
the monosynaptic valence basins of the other polyphos-
phides.

In the population analysis of P¢Hg (Table 4), C(P) denotes
the core basin of phosphorus; its population (in electrons, e)
is close to 10e, as expected. The population of the monosy-
naptic valence basin V(P) is 2.14, and is thus larger than 2

Table 4. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P¢Hj.

Basin! Population o o

c(P) 10.04 0.48 0.69
V(P) 2.14 0.99 0.99
V(PP) 1.89 1.07 1.03

[a] C(P) is the mean core basin, V(P) is the mean monosynaptic valence
basin and V(P,P) is the disynaptic valence basin of the central phospho-
rus atoms.

www.chemeurj.org
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with a variance ¢® close to 1. The disynaptic valence basin
population (1.89¢) is smaller than 2 with a variance of 1.07.

Table 5 contains the population analysis for the hepta-
phosphanortricyclane anion P;*~ (Figure 13). In comparison
with P¢Hg, the monosynaptic valence basins on the three
basal phosphorus atoms are 1.07-fold more populated
(2.30e) with a 1.01-fold higher variance (1.00) as in hexa-
phosphane(8). Thus, the basal lone pairs in P;>~ are very
similar to the lone pairs on the central phosphorus atoms in
P¢H;. The two monosynaptic valence basins on a formally
negative-charged phosphorus atom show a population of
1.98 ¢ with a variance of 0.96, being 0.93-fold less populated
with a lower variance than in our reference lone pair. The
monosynaptic valence basin on the apical phosphorus atom

Table 5. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P;>~, and comparison with hexaphosphane(8).

Basin!®! Population o o

cP) 10.06 0.43 0.66
V(Poss) 2.30 1.00 1.00
V(') 1.98 0.96 0.98
V(P o) 213 0.93 0.96
V(P,. Py) 171 1.00 1.00
V(P,, P’) 1.94 1.08 1.04
V(P'.P,) 1.84 1.03 1.01
scaled V(P,) 1.07 1.01 1.01
scaled V(P?) 0.93 0.97 0.98
scaled V(P,) 1.00 0.94 0.97
scaled V(P,, Py) 0.90 0.93 0.97
scaled V(P,,, P 1.03 1.01 1.01
scaled V(P’, P,) 0.97 0.96 0.98

[a] C(P) is the mean core basin of the phosphorus atoms, V(Py,) or V-
(P,,) denotes the mean monosynaptic valence basins of the three basal
phosphorus atoms, V(P’) is the mean monosynaptic valence basin of the
three formally negatively charged P atoms, V(P,ca) or V(P,) is the mon-
osynaptic valence basin of the apical phosphorus atom. V(P,, P,), V(P,,
P%), and V(P’, P,) are the corresponding mean disynaptic valence basins.
“Scaled” refers to values obtained through division by the corresponding
P H; values.

Figure 13. Projection of the ELF of the P;*~ ion with 5(r) = 0.85. Core
basins are color-coded turquoise, monosynaptic valence basins red, and
disynaptic valence basins yellow.
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shows the same population as the one in the reference spe-
cies with a slightly smaller variance. The basal phosphorus—
phosphorus bonds are 0.90-fold less populated and have a
lower variance than the reference P—P bond. The disynaptic
valence basin between a basal and a formally negative-
charged phosphorus atom is 1.03-fold more populated; the
variance is 1.01-fold higher than in the reference. The P—P
bond from the apical P atom to a formally negative-charged
one is 0.97 times the population of PHg with a 0.96-fold var-
iance.

Quite similar results are obtained for the trishomocubane-
shaped P,;*~ (Figure 14). All the populations of the mono-
and disynaptic valence basins and all its variances are very
similar to the corresponding ones in the reference com-

Figure 14. Projection of the ELF of the P,;°>~ anion viewed along the C;
axis with #(r) = 0.78. Core basins are color-coded turquoise, monosynap-
tic valence basins red, and disynaptic valence basins yellow.

Table 6. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P;;>" and comparison with hexaphos-
phane(8).

Basin!® Population o o

P 10.06 0.43 0.66
V(P) 2.09 0.89 0.94
V(P) 1.99 0.96 0.98
V(P o) 2.15 0.92 0.96
V(P.P) 1.89 1.02 1.01
V(P, P") 1.89 1.05 1.02
V(P.P) 1.89 1.02 1.01
scaled V(P) 0.98 0.90 0.95
scaled V(P%) 0.93 0.97 0.98
scaled V(P,) 1.00 0.93 0.96
scaled V(P, P) 1.00 0.95 0.97
scaled V(P, P") 1.00 0.98 0.99
scaled V(P, P,) 1.00 0.95 0.97

[a] C(P) is the mean core basin of the phosphorus atoms, V(P) denotes
the mean monosynaptic valence basins of the six threefold bound phos-
phorus atoms, V(P’) is the mean monosynaptic valence basin of the three
formally negatively charged P atoms, and V(P,c.) or V(P,) is the mean
monosynaptic valence basin of the two apical phosphorus atoms. V(P, P),
V(P, P%), and V(P, P,) are the corresponding mean disynaptic valence
basins. “Scaled” refers to values obtained through division by the corre-
sponding P¢Hg values.
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pound (Table 6). Consequently, it can be concluded that the
chemical bonds and the lone pairs in the two polyphos-
phides P;>~ and P,;>" are not very different from those in
our phosphane model.

A comparison of white phosphorus (Figure 15) with PsHg
shows only small differences (Table 7), too. The monosynap-

Figure 15. Projection of the ELF of a molecule of P, with n(r) = 0.85.
Core basins are color-coded turquoise, monosynaptic valence basins red,
and disynaptic valence basins yellow.

Table 7. Population in electrons, population variance, and standard devi-
ations of the ELF basins of P, and comparison with hexaphosphane(8).

Basin! Population o o

C(P) 10.02 0.4 0.66
V(P) 2.52 111 1.05
V(P, P) 1.64 0.99 0.99
scaled V(P) 1.18 1.12 1.16
scaled V(P, P) 0.87 0.93 0.96

[a] C(P) is the mean core basin of the phosphorus atoms, and V(P) de-
notes the mean monosynaptic valence basin. V(P, P) is the mean disynap-
tic valence basin. “Scaled” refers to values obtained through division by
the corresponding P¢H; values.

tic valence basins of P, are 1.18-fold more populated and
the variance is 1.12-fold higher, and therefore the disynaptic
valence basin is 0.87-fold less populated with a 0.93-fold
lower variance than hexaphosphane(8), which may indicate
the ease of bond cleavage in white phosphorus.

In the putatively aromatic polyphosphides P,>~ and Ps~
the situation is strikingly different (Figure 16). Comparing
their aromaticity with classic aromatic hydrocarbons such as
benzene, one expects a large population of the disynaptic
valence basins with a high variance indicating the delocaliza-
tion of the electrons;”"’ for example, for benzene the pop-
ulation of the C—C disynaptic valence basin is 2.80e (close
to 3) with a variance of 1.32. In P,*", the population of the
disynaptic valence P—P basin is only 2.10e with a variance
of only 1.13, thus being only 1.11 times more populated with
a 1.06-fold higher variance as in the hexaphosphane(8) mol-
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Figure 16. Projections of the ELF of P,>~ (a) and Psy~ (b) with n(r) =
0.78. Core basins are color-coded turquoise, monosynaptic basins red,
and disynaptic basins yellow.

Table 8. Population in electrons, population variance, and standard devi-
ations of the ELF basins of the aromatic P,>~ and comparison with hexa-
phosphane(8).

Basin!® Population o’ o

C(P) 10.06 0.43 0.66
V(P) 331 131 1.14
V(P, P) 2.10 1.13 1.06
scaled V(P) 1.55 1.32 1.15
scaled V(P, P) 1.11 1.06 1.03

[a] C(P) is the mean core basin of the phosphorus atoms, and V(P) de-
notes the mean monosynaptic valence basin. V(P, P) is the mean disynap-
tic valence basin. “Scaled” refers to values obtained through division by
the corresponding P¢H; values.

ecule (Table 8). The disynaptic valence basins in Ps~ show a
similar trend with a population of 2.19e and a variance of
1.15, just 1.16-fold more populated with a 1.07-fold higher
variance than in PgHg (Table 9). Thus, the P—P bonds in P,>~
and Ps~ look more like the single bond in P¢Hg and show no
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Table 9. Population in electrons, population variance, and standard devi-
ations of the ELF basins of the aromatic Ps~ and comparison with hexa-
phosphane(8).

Basin!®! Population o o

2 10.03 0.44 0.66
V(P) 2.96 1. 111
V(P, P) 2.19 1.15 1.07
scaled V(P) 1.38 1.24 1.11
scaled V(P, P) 1.16 1.07 1.04

[a] C(P) is the mean core basin of the phosphorus atoms, and V(P) de-
notes the mean monosynaptic valence basin. V(P, P) is the mean disynap-
tic valence basin. “Scaled” refers to values obtained through division by
the corresponding P¢Hj values.

sign of the high electron delocalization found in benzene or
the cyclopentadienide anion.

However, the monosynaptic valence basins of P,>~ and
P~ differ markedly from their P{H; analogue. On the one
hand, the shape of the lone pairs of P>~ and Ps is com-
pletely different from the lone pairs in PHg, P*~, P;,°, or
P,, as they are bent around the ring (Figure 16). On the
other hand, the population of the monosynaptic valence
basins is 3.31 e with a variance of 1.31 in P,*~ and 2.96¢ with
a variance of 1. in Ps~. Thus, P,>~ shows a 1.55-fold more
populated monosynaptic valence basin and a 1.32 times
higher variance than the two central monosynaptic valence
basins of PsHg. Ps~ shows a 1.38-fold higher population and
a 1.24 times larger variance of its monosynaptic valence
basins than in the reference compound. The same phenom-
enon is observed for the cyclotetrasulfur dication S,* where
the disynaptic (S—S) valence basins have a population of
1.81e (&> = 1.03), and the monosynaptic valence basins
show a population of 3.63e with a variance of 1.41, indicat-
ing the site of electron delocalization in this aromatic
system. Additionally, calculations of the covariance matrix
elements for the aromatic species P>, Ps~, and S,°* show
the contribution of the monosynaptic valence basins (lone
pairs) to their variance to be higher in value than the contri-
bution of the disynaptic valence basins to their variance,
which confirms the delocalization.” For the nonaromatic
molecules PHy, P,, P,°~, and P,;*~, the situation is reversed.

In summary, the population and the variance of the mono-
synaptic and the disynaptic valence basins of P;>~, P;;>~, and
the reference species PgHy are similar to each other, which
indicates similar P—P single bonds and a similar lone pair
character in all these species.

Since aromatic hydrocarbons have a high population and
a high variance in the C—C bonds due to their aromaticity,™
the aromatic P>~ and Ps~ should show the same behavior.
However, the phosphorus-phosphorus bonds in P,>~ and P5~
are similar to those in P¢Hg, P;>~, and P;;>~ which is unex-
pected. The high population and the high variance are
found in the lone pairs of P,>~ and Ps~, indicating them to
be the relevant electronic features for aromaticity in these
species.

We conclude that the source and the phenomenology of
aromaticity in P;>~, Ps~ and S/, viewed by the ELF
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E method, differs from the aro-
PP C e .
6 IID maticity in aromatic hydrocar-
bons, and we propose the term
Figure 17. Structural  formula “lone-pair  aromaticity for

of P2": the circle denotes the these  heteroatom  aromatic
cyclic electron sextet on the compounds (Figure 17)_

outside of the phosphorus ring

system.

Experimental Section

All the work was done with moisture and air excluded in an atmosphere
of purified argon. Liquid ammonia was dried and stored over sodium
metal. [18]Crown-6 was purified by sublimation.

NMR spectra were recorded with a variable temperature, multicore
Avance Bruker spectrometer ("H: 400 MHz). All *'P spectra used liquid
ammonia (300 uL) with [Dg]THF (100 puL) as solvent and were taken in
the 0 range +600 to —600 at —60°C and —35°C. The external references
were phosphoric acid (85 %) for *'P and TMS for 'H spectra.

Synthesis of diphosphane(4): Diphosphane(4) was produced by hydrolyz-
ing calcium phosphide in a modified apparatus according to Baudler.*
All operations with diphosphane(4) are performed in a dark room using
weak red light only.

Synthesis of Rb;P,: Rb;P; was synthesized from distilled rubidium and
electrograde red phosphorus according to the literature.”

Synthesis of My;P; (M = K, Rb, Cs): Tantalum ampoules were charged
with stoichiometric amounts of distilled metal and electrograde red phos-
phorus and were sealed under argon. Placed in evacuated Schlenk tubes,
the ampoules were heated to 500°C in tube furnaces for approximately
13 days.’"%! The purity of the greenish-black powders was assayed by X-
ray powder diffractometry (STADIP powder diffractometer (Stoe &
Cie), Cug,, radiation, Ge single-crystal monochromator, Debye-Scherrer
geometry, linear position-sensitive detector, Si as the external standard,
indexing and refinement with the WinXPOW software).””!

Ammonolysis of K,P: Potassium phosphide(4/6) (100 mg) was dissolved
in dry ammonia (10 mL). The blue solution became green, then finally
yellow. A portion (about 500 pL) of this solution were transferred via a
cooled capillary into a dry NMR tube and mixed with dry [Dg]THF
(100 pL). 'H NMR (400 MHz, NH,, [Ds]THF, TMS ext., —60°C): 6 =
—1.46 (d, 'J(PH) = 140 Hz, PH,"), 5.44 (s, NH,"), 6.46 (s, ?), 7.64 ppm
(s, 7); *'P{'"H} NMR (162 MHz, NH;, [Dg]THF, H;PO, ext., —60°C): 6 =
465.7 (s, Ps7), 327.8 (s, P;27), 175.0 (m, P,;*7), —112.4 (m, P,;*"), —4.4 (m,
P,*7), —59.0 (m, P;*7), —110.0 (m, P;7), —160.0 (m, P;"), —21.3 (m, ?),
—86.9 (m,?), —135.0 ppm (m,?).

Synthesis of (K@[18]crown-6);K;(P,),x10NH;: Potassium phosphide(4/6)
(100 mg; 0.29 mmol) and [18]crown-6 (310 mg: 1.17 mmol, 4 equiv) were
placed in a flame-dried Schlenk tube and ammonia (15 mL) was con-
densed on the reagents. After seven days of storage at —40°C, yellow,
plate-shaped crystals were obtained which were subjected to low-temper-
ature single-crystal X-ray analysis on a Stoe IPDS diffractometer (graph-
ite monochromator, Moy, radiation, A = 0.71073 A). The structure was
solved in space group P1 with the SHELXS-97 program by direct meth-
ods.™®! After anisotropic refinement of the non-hydrogen atoms using
SHELXL-97, an absorption correction was performed using DELrefABS
from the PLATON program package.”*! Hydrogen atoms on crown
ethers and on ammonia molecules coordinating with potassium ions were
refined isotropically using a riding model. The hydrogen atoms on free
ammonia molecules were located by Fourier cycling techniques and re-
fined isotropically using restraints. After the refinement converged, a
search for additional symmetry using PLATON and KPLOT had a nega-
tive result.®™¥! Crystallographic details are in Table 3. CCDC-266648
contains the supplementary crystallographic 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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Synthesis of Rb;P;7NH;: Dry ammonia (10 mL) was distilled onto rubi-
dium phosphide(3/7) (500 mg) in the reaction vessel at —78°C. After stor-
age at —40°C for several weeks, yellow, plate-shaped crystals were
formed which were analyzed on a Stoe IPDS diffractometer (graphite
monochromator, Mok, radiation, 1 = 0.71073 A). The structure was
solved with SHELXS-97 using direct methods in space group Pbca. After
anisotropic refinement of the non-hydrogen atoms using SHELXL-97, an
absorption correction was performed using DELrefABS from the
PLATON program package.””*! Hydrogen atoms were located using
Fourier cycling methods and refined isotropically with restraints em-
ployed. Crystallographic details are in Table 3. Further details of the crys-
tal structure investigation are available from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), (fax:
(4+49)7247-808-666; e-mail: crysdata@fiz.karlsruhe.de) on quoting the
depository number CSD 4158.

Synthesis of (Rb@[18]crown-6);P,-6 NH;: A Schlenk tube was charged
with rubidium phosphide(4/6) (100 mg; 0.19 mmol), [18]crown-6 (200 mg;
0.78 mmol), and dry liquid ammonia(10 mL). After three months’ storage
at —40°C, yellow, needle-shaped crystals were obtained and subjected to
X-ray single-crystal analysis on a Stoe IPDS diffractometer (graphite
monochromator, Moy, radiation, A = 0.71073 A). The structure was
solved in space group P1 with the SHELXS-97 program using direct
methods.”®! After anisotropic refinement of the non-hydrogen atoms
using SHELXL-97, an absorption correction was performed using DEL-
refABS from the PLATON program package.”* Hydrogen atoms on
crown ethers and on ammonia molecules coordinating with rubidium
ions were refined isotropically using a riding model. On some of the free
ammonia molecules the hydrogen atoms were located by Fourier cycling
techniques and refined isotropically using restraints. After the refinement
converged, a search for additional symmetry using PLATON and
KPLOT had negative results.*®! Crystallographic details are in Table 3.
CCDC-266649 contains the supplementary crystallographic 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.

Synthesis of Cs,P,2NH; using diphosphane(4): A Schlenk tube was
charged with distilled cesium (1.1 g; 8.27 mmol), and diphosphane(4)
(2 mL) was condensed into the tube at —78°C. After the evolution of gas
ceased, dry ammonia (10 mL) was condensed onto the product, yielding
a yellow solution. After the reaction mixture had been stored at —40°C
for some days, yellow, cube-shaped crystals formed which were subjected
to X-ray structure analysis on a Stoe IPDS diffractometer (graphite mon-
ochromator, Mog,-radiation, 1 = 0.71073 A). The structure was solved
with SHELXS-97 using direct methods in space group P2,/a. After aniso-
tropic refinement of the non-hydrogen atoms using SHELXL-97 an ab-
sorption correction was performed using DELrefABS from the
PLATON program package.””*) Hydrogen atoms were located using
Fourier cycling methods and refined isotropically. Crystallographic details
are in Table 3. Further details of the crystal structure investigation are
available from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen (Germany), (fax: (4+49)7247-808-666; e-mail: crys-
data@fiz.karlsruhe.de) on quoting the depository number CSD 413072.
Synthesis of Cs,P,2NH; using Cs,P,: Reaction of cesium phosphide(4/6)
(100 mg) with liquid ammonia (10 mL) at —78°C and storage for one
month led to clean formation of Cs,P,2NHj in the form of yellow, cube-
shaped crystals, as evidenced by determination of the cell parameters of
some of the crystals on the Stoe IPDS diffractometer. A portion (about
500 puL) of this solution was transferred via a cooled capillary to a dry
NMR tube and mixed with dry [Dg]THF (100 pL). '"H NMR (400 MHz,
NH;, [Ds]THF, TMS ext., —35°C/—60°C): 6 = —1.43/—1.41 (d, 'J(PH)
= 140 Hz, PH,"), 5.16/5.44 ppm (s, NH,); *'P{'H} NMR (162 MHz, NH;,
[Dg]THF, H;PO, ext., —35°C/—60°C): 6 = 346.4/343.0 (s, P,*"), —269.2/
—266.9 ppm (s, PH,"); *'P NMR (162 MHz, NH,, [Dg]THF, H;PO, ext.,
—35°C): 6 = 346.4 (s, P;”"), —269.2 ppm (t, 'J(PH) = 140 Hz, PH,").
Synthesis of Cs,P,2NH; using the black reaction product of diphos-
phane(4) and ammonia: A Schlenk tube was charged with distilled
cesium (1.26 g; 9.84 mmol), the black product (343 mg) of the P,H,~NH;
reaction, and liquid ammonia (10 mL) at —78°C. After storage at —40°C
for one month, orange, needle-shaped crystals of Cs;P;-:3NH; and yellow,
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cube-shaped crystals of Cs,P,2NH; were obtained, as evidenced by de-
termination of the cell parameters of some of the crystals on the Stoe
IPDS diffractometer. A portion (about 500 uL) of the solution was trans-
ferred via a cooled capillary into a dry NMR tube and mixed with dry
[Dg]THF (100 uL). 'HNMR (400 MHz, NH,, [DJTHF, TMS ext.,
—35°C): 6 = —1.46 (d, J(PH) = 140 Hz, PH,"), —2.18 ppm (s, ?);
SIP{'H} NMR (162 MHz, NH;, [Ds]THF, H;PO, ext., —35°C): 6 = 345.4
(s, P#), —267.54 ppm (s, PH,").

Theoretical procedures: All the geometries were optimized by the Gaus-
sian03 package at the HF level of theory and 6-311 ++ G(3df,3pd)**!
was applied as a basis set. To assure the usage of ground-state geometries
in all calculations, the Hesse matrix was checked for the absence of imag-
inary entries.

The electron localization functions and basin populations were calculated
with the ToPMoD package; a resolution of at least 0.1 A was used
throughout the calculations.®” !

For visualization, MOLEKEL 4.0 and MOLDEN" were used.
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