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Introduction

In recent years there has been considerable interest in
anionic ligand arrangements containing Group 15/nitrogen
frameworks.[1] The most exten-
sively studied class of these spe-
cies are the dianions [{RNE(m-
NR)}2]

2� (E=P,[2] As, Sb, Bi[1a]),
which have been shown to coor-
dinate a broad range of metal
ions with retention of their di-
meric E2N2 units.[1] For the
phosphorus homologues, how-
ever, dimerization of [(RN)2P]�

monoanions into [{RNP(m-
NR)}2]

2� dianions can depend
on the steric demands of the or-
ganic substituents (R)

(Scheme 1). Thus, the complex [{[tBuNP(m-NtBu)]2}2]Li4 (1)
(Scheme 2a) contains [{tBuNP(m-NtBu)}2]

2� ions,[2b] whereas
[{[R(Mes)N]2PLi}2] (Mes=2,4,6-Me3C6H2; R=1-adamantyl,
tBu) contain [{R(Mes)N}2P]� ions (Scheme 2b).[3]
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Abstract: The unique structure of [(tBuN)2PK]¥ (2) (containing [(tBuN)2P]� mono-
anions) is in stark contrast to the previously reported Li+ analogue [{[tBuNP(m-
NtBu)]2}2]Li4 (1) (containing the dimeric [{tBuNP(m-NtBu)}2]

2� ion). DFT and
31P NMR spectroscopic studies reveal that the formation of the monoanion ar-
rangements are most thermodyamically favored for Li, Na, and K, 1 being the
product of kinetic control and 2 being the product of thermodynamic control.

Scheme 1. Notional equilibrium between the [{RNP(m-NR)}2]
2� ion and [(RN)2P]� ions.

Scheme 2. a) Structure of the ’double-cubane’ aggregate [{[tBuNP-
(m-NtBu)]2}2]Li4 (1); b) Structure of [{[R(Mes)N]2PLi}2] (Mes=2,4,6-
Me3C6H2; R=1-adamantyl, tBu).
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In rare cases sterically uncongested dianions can undergo
ring opening into monoanions. The coordination require-
ments of GaIII have been invoked to explain the presence of
a [(tBuN)2P]� ion in [{PhNP(m-NPh)}2Ga{P(NtBu)2}]

[4]

(Scheme 3a), whereas the presence of intramolecular Lewis
base functionality results in trapping of this anion in
[{tBuNP(m-NtBu)2PN(2-py)}Li2{LiP(NtBu)2}] (2-py=2-pyri-
dyl)(Scheme 3b).[5]

We report here the surprising discovery that the reactions
of [{tBuN(H)P(m-NtBu)}2] with BnM (M=Na, K) in toluene
result exclusively in the formation of the [(tBuN)2P]� ion. In
situ NMR spectroscopic studies and DFT calculations indi-
cate that the selection of the [(tBuN)2P]� ion in the heavier
alkali-metal complexes is thermodynamically controlled,
whereas the formation of the [{tBuNP(m-NtBu)}2]

2� ion in
the previously reported Li derivative is kinetically control-
led.

Results and Discussion

The reaction of the macrocyclic aminophosphazane {[P(m-
NtBu)]2NH}4]

[6] with excess BnK (8 equiv) (Bn=CH2Ph) in
toluene at reflux was undertaken in an attempt to obtain the
tetraanion [{[P(m-NtBu)]2N}4]

4�, by deprotonation of the
four N-H protons within the ring (Scheme 4). However,
[(tBuN)2PK]¥ (2) was isolated unexpectedly as the major
product, resulting from the fragmentation of the P�N-
bonded arrangement of the precursor. Although the mecha-
nism of this reaction is unknown, we attribute this outcome

to the low acidity of the N-H protons, which results from
shielding of the macrocyclic core by the tBu periphery. For
example, [{[P(m-NtBu)]2NH}4] is unreactive towards a range
of organoalkali metal reagents (such as MeLi or tBuLi) at
room temperature or under reflux in toluene.

Intrigued by the formation of a [(tBuN)2P]� ion in 2, we
undertook the reaction of [{tBuN(H)P(m-NtBu)}2]

[2a] with
excess BnK (1:8 equiv, respectively). No reaction occurs at

room temperature in toluene.
However, under prolonged
(12 h) reflux 2 is generated
almost exclusively (Scheme 5),
as shown by in situ 31P NMR
studies of the reaction mixture.
The room-temperature
31P NMR spectra of reaction
solutions consist of a singlet at
d=356.7 ppm for the
[(tBuN)2P]� ion, with little or
none of [{tBuN(H)P(m-NtBu)}2]
remaining (ca. d=89.6 ppm)
and with none of the
[{tBuNP(m-NtBu)}2]

2� ion being

present (ca. d=125 ppm[2b]) (in toluene/[D6]acetone capilla-
ry). Chemical shifts of about d=340±395 ppm have been ob-
served previously for [(RN)2P]� ions.[2±5] The highly de-
shielded nature of the P centers in these species has been
used to suggest a charge-separated, N�-P+-N� structure for
the monoanions.[7a] However, more recent studies have indi-
cated that the high values of the chemical shifts may result
from more complicated effects, such as efficient mixing of
the P lone pair and p* orbitals in the NPPPN frame-
work.[7b,c] The formation of a [(tBuN)2P]� ion in 2 contrasts
dramatically with the formation of the [{tBuNP(m-NtBu)}2]

2�

ion in the room-temperature lithiation of [{tBuN(H)P(m-
NtBu)}2] with nBuLi (complex 1, Scheme 2a).[2b] Complex 2
is highly moisture-sensitive and despite repeated attempts,
using flame-dried glassware and rigorous inert-atmosphere
procedures, 2 could only be isolated as a solid contaminated
by small amounts of the starting material [{tBuN(H)P-

(m-NtBu)}2], which is always
generated during filtration and
handling. Prolonged storage of
toluene solutions during crystal-
lisation also resulted in the
generation of [{tBuN(H)P(m-
NtBu)}2] together with 2, po-
ssibly as a consequence of
deprotonation of solvent. For
this reason satisfactory elemen-
tal analysis could not be ob-
tained.

Scheme 3. Structures of a) [{PhNP(m-NPh)}2Ga{P(NtBu)2}] and b) [{tBuNP(m-NtBu)2PN(2-py)}Li2{LiP(NtBu)2}]
(2-py=2-pyridyl), containing the [(tBuN)2P]� ion.

Scheme 4. Attempted reaction of the tetramer [{P(m-NtBu)}2(m-NH)]4 with PhCH2K.

Scheme 5. Formation of 2.
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An in situ 31P NMR spectroscopic study of the reaction of
[{tBuN(H)P(m-NtBu)}2] with excess PhCH2Na in toluene
using the same procedure as for 2 also showed the exclusive
formation of the [(tBuN)2P]� ion (d=367.0) (+25 8C in tolu-
ene/[D6]acetone capillary). Intrigued by a previous brief
report that prolonged reflux of [{tBuN(H)P(m-NtBu)}2] with
nBuLi (1:2 molar equivalents) gives the cage [Li2{tBuNP(m-
NtBu)}2]2[{(tBuN)2P}Li], consisting of a [{tBuNP(m-
NtBu)}2]

2� ion and a [{tBuN)2P}]� ion,[1b,8] we decided to re-
investigate the Li system. The in situ 31P NMR spectrum of
the reaction solution formed by the addition of
[{tBuN(H)P(m-NtBu)}2] to nBuLi (1:2 molar equivalents)[2b]

at 0 8C in toluene ([D6]acetone capillary) shows the almost
quantitative formation of [{[tBuNP(m-NtBu)]2}2]Li4 (1).
However, after 16 h reflux resonances characteristic of the
[(tBuN)2P]� ion are observed (d=376.3±392.3 ppm), togeth-
er with those of other species including the cyclic phospha-
zane [{[P(m-NtBu)]2(m-NtBu)}2]

[2b] as a major product (d=
119.4 ppm). The presence of three resonances in the
[(tBuN)2P]� region [at d=392.3(s), 381.2 (s) (minor),
376.3 ppm (s)], suggests that more than one Li complex of
this ligand is generated. Further reflux (up to 40 h) results in
more of 1 being converted into the monoanion and [{[P(m-
NtBu)]2(m-NtBu)}2] (the overall
conversion of 1 into other prod-
ucts being about 50% as deter-
mined by integration of the
spectrum). The results on the
Na and K systems indicate that
the [(tBuN)2P]� ion is thermo-
dynamically more stable than
the dianion counterpart. In the
case of Li, the rate of conver-
sion of the dianion into the
monoanion is considerably
slower and the reaction is far
less selective. Nonetheless, the
NMR spectroscopic study of
the reaction of nBuLi with
[{tBuN(H)P(m-NtBu)}2] suggests
that the [(tBuN)2P]� ion is ther-
modyamically preferred to the
dianion.

To provide further support
for the conclusions drawn pri-
marily from NMR spectroscop-
ic studies, the low-temperature
X-ray structure on 2 was ob-
tained. Despite repeated at-
tempts, crystals of the Na ana-
logue could not be grown. De-
tails of the data collection and refinement of 2 are listed in
Table 1, with Table 2 giving selected bond lengths and
angles.

The structure of 2 shows that the complex is constructed
from [{(tBuN)2PK}2] dimer units (Figure 1a) in which the
two symmetry-related K+ ions are m2-bridged by both of the
N centers of each of the [(tBuN)2P]� ions (K(1)�N(1)
2.909(4) ä). These dimers then associate into an elaborate

three-dimensional network by bonding of each of the K+

ions to the P center of a neighboring [(tBuN)2P]� ion
[K(1)�P(1C), K(1F)�P(1) 3.342(3) ä (Figure 1a and 1b)].
The association of the dimer units is reinforced by relatively
short, agostic C(-H)¥¥¥K interactions (3.55 ä) with the Me
groups of these anions (ca. 3.5±4.0 ä in a range of organo-
potassium compounds[9]). Despite the previous suggestion of
high positive charge carried by the P atom in [(RN)2P]�

Table 1. Crystal data and refinement of [(tBuN)2PK]¥ (2).

formula C8H18KN2P
MW 212.31
crystal system cubic
space group Im3≈

Z 12
a [ä] 15.9435(18)
V [ä3] 4052.8(8)
m(MoKa) [mm�1] 0.474
1calcd [Mgm�3] 1.044
T [K] 180(2)
total reflections 7521
unique reflections (Rint) 375 (0.068)
R1, WR2 [I>2s(I)] 0.0437, 0.1275
R1, WR2 (all data) 0.0509, 0.1339

Table 2. Selected bond lengths [ä] and angles [8] for [(tBuN)2PK]¥ (2).

K(1)�N(1,1B) 2.909(4) P(1)�N(1,1B) 1.587(5)
K(1F,1)�P(1,1C) 3.342(3)
N(1)-K(1)-N(1B) 51.6(2) K(1)-N(1)-K(1A) 66.8(1)
N(1)-K(1)-N(1D) 90.9(2) N(1)-P(1)-N(1B) 105.9(4)
N(1)-K(1)-N(1A) 113.2(1)

Figure 1. a) [(tBuN)2PK]2 dimer units in 2. Symmetry used to generate atoms: A: 1�x, 1�y, �z ; B: x, y, �z ;
C: 1=2�z, 1=2�x, 1=2�y ; D: 1�x, 1�y, z ; E: 1=2 +z, 1=2 +x, �1=2 +y ; F: 1=2�y, 1=2�z, 1=2�x ; G: 1=2 +y, 1=2 +z, �1=2 +

x. b) Architecture of the lattice, showing one unit cell (phosphorus and potassium atoms only shown; N, C and
H atoms are omitted for clarity).
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ions,[2±5,7a] the K�P contacts linking the dimer units in 2
(3.342(3) ä) are typical of those observed in structurally
characterized K phosphides (range ca. 3.23±3.66 ä[10]). The
involvement of the P centers in metal bonding is a particu-
larly novel feature of 2 that has not previously been found
in any metal complex containing [(RN)2P]� ions.

DFT (B3LYP) calculations[11] were performed on the
monoanion species [{(tBuN)2PM}2] (M=Li, (1a); K (2a)),
the cubanes [{tBuNP(m-NtBu)}2M2] (M=Li, (1b); K (2b)),
and the double-cubanes [{[tBuNP(m-NtBu)}2M2}2] (M=Li,
(1); K (2c)) (all at 298.15 K). Owing to the complexity of
these calculations and to the computer time required, calcu-
lations on the Na systems were not undertaken. Geometry
optimizations and frequency analyses were performed using
the Gaussian 98 software program.[11a] A cc-pvdz[11b] basis
set was employed for all atoms in the dimer and cubane
molecules. The lithium and potassium basis sets were ob-
tained from the Extensible Computational Chemistry Envi-
ronment Basis Set Database.[11c] The DFT optimizations and
frequency calculations were performed using a B3LYP[12d]

functional employing the INT=ULTRAFINE parameter to
define the numerical grid.

Figure 2 shows the geometry-optimized structures of the
Li species 1, 1a, and 1b and the K species 2a±2c, together
with selected bond lengths and angles. Optimization of 1
was performed by using the coordinates obtained from the
X-ray data on the complex as a starting point. The geome-
try-optimized structure is very similar to that found experi-
mentally,[2b] consisting of the association of two cubane units
and with a tetrahedral arrangement of the four Li+ ions at
the center of the cage. Although the calculated P�N bond
lengths in the [{tBuNP(m-NtBu)}2]

2� ions of 1 (terminal P�N
1.836±1.844 ä, bridging P�m-N 1.698±1.698 ä) are longer
than those found in the X-ray structure (terminal P�N
1.743(9)±1.797(9) ä, P�m-N 1.644(9)-1.655(9) ä), the calcu-
lated N�Li bond lengths (range 2.062±2.160 ä), the P-N-P
(96.58) and N-P-N [82.78] angles within the P2N2 ring units,
and the exocyclic m-N-P-N(tBu) angles (101.0±107.48) are all
very similar to those found in the experimental structure (cf.
N�Li range 2.03(3)±2.19(3) ä, P-N-P range 96.0(4)±98.2(5)8,
N-P-N 81.7(4)±83.3(6)8, exocyclic m-N-P-N(tBu) range
103.0(4)±105.0(5)8).[2b] Optimization of the K analogue 2c
was undertaken using the coordinates of 1 as the starting
point, by replacing the Li+ ions with K+ ions. There is no

Figure 2. DFT (B3LYP) geometry-optimized structures of [{(tBuN)2PM}2] (M=Li (1a); M=K (2a)), [{tBuNP(m-NtBu)}2M2] (M=Li (1b); M=K (2b)),
and [{[tBuNP(m-NtBu)]2M2}2] (M=Li (1); M= K (2c)). Bond lengths [ä] and angles [8] for 1: m-N�P 1.838±1.844, Nterminal�P 1.697±1.698, m-N�Li 2.158±
2.160, Nterminal�Li 2.062±2.071; N-m-P-N 82.7, P-m-N-P 96.5, N-P-NtBu 101.0±107.4. For 2c : m-N�K 3.293±3.284, N�K 2.695±2.606, K¥¥¥K 3.613±3.614, N-m-
P-N 79.8, P-m-N-P 93.7.
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experimental data available on 2c ; however, the geometry-
optimized structure of this species is strikingly similar in its
architecture to those of [{CyNE(m-NCy)}2]2Na4] (Cy=cyclo-
hexyl; E=As,[12a] Sb[12b]), containing a square-planar Na4 ar-
rangement at the center of the cage. This arrangement con-
trasts with the tetrahedral pattern found in the Li complexes
[{CyNE(m-NCy)}2]2Li4]

[12c,d] which have similar solid-state
structures to 1, and has been attributed to the effect of the
increase in the ionic radius of the coordinated metal ion.
Thus, the optimized structure of 2c is entirely consistent
with previous experimental observations concerning the
structural changes occurring in this type of double-cubane
cage for the heavier alkali metals. Geometry optimization of
the K mononanion species 2a was performed using the ex-
perimental coordinates of the units found in the X-ray struc-
ture of 2 as the starting geometry. The most stable calculat-
ed structure of this isolated species is similar to the units
found in the solid-state structure of 2, however, in the calcu-
lated model the N-P-N planes of the two [(tBuN)2P]� anions
are staggered by 24.28 with respect to each other (rather
than being eclipsed, as in the experimental crystal structure
of 2). This arrangement results in an unsymmetrical pattern
of N�K bond lengths in 2c (N�K 2.772±3.069 ä) compared
to uniform N�K bond lengths found in the units of 2 in the
solid state (N�K 2.909(4) ä). The adoption of a staggered
arrangement in 2a appears to be the result of steric repul-
sion between the tBu groups of the two [(tBuN)2P]� ligands.
The calculations on the analogous Li species 1a (using the
experimental coordinates for 2 as the starting geometry and
replacing K+ with Li+) give a very different arrangement to
that found in the K monoanion model 2a. The presence of
shorter Li�N bonds in 1a results in increased steric repul-
sion between the two [(tBuN)2P]� ligands than occurs in 2a,
and in the adoption of a completely staggered arrangement
(in which the planes of the N-P-N units are approximately
perpendicular). The adoption of two different bonding
modes for the [(tBuN)2P]� ions (m-N/m-N and terminal-N/
terminal-N) is of interest in regard to the structures of the
dimers [{[R(Mes)N]2PLi}2] (Mes=2,4,6-Me3C6H2; R=1-ada-
mantyl, tBu)[3] mentioned previously (Figure 2b). In the
latter, only a terminal-N/terminal�N bonding mode is ob-
served for both monoanion ligands owing to the presence of
even greater steric crowding in these complexes.

Figure 3 shows the thermodynamic data obtained from
the DFT calculations, and the values of DE, DH, and DG
for the interconversions between the various models for Li
and K. The relative stabilities found for the Li and K

models are both in the order monoanion > double-cubane
> cubane. Although the association of cubanes 1b into the
double-cubane 1 is accompanied by a favorable enthalpy
change (DH=�6.5 kcalmol�1), this is outweighed by an un-
favorable entropy change, making this association thermo-
dynamically disfavored (DG=++12.6 kcalmol�1). In contrast,
the alternative rearrangement 1b!1a is highly thermody-
namically favorable on both entropic and enthalpic grounds
(DG=�25.2 kcalmol�1). There is a marginally greater pref-
erence for the monoanion model 2a for the K systems than
is found for the Li analogue (1a) (i.e., DG=�41.5 kcal -
mol�1 for 2c!2î2a, cf �37.8 kcalmol�1 for 1!2î1a). It
can be noted, however, that the self-assembly of the rela-
tively unhindered K species 2a into the three-dimensional
network of 2 would result in an increase in coordination
number of K+ to five and would undoubtedly lead to an
even greater thermodynamic preference for this arrange-
ment. In contrast, this option is unlikely for the Li counter-
part 1a since intermolecular P±Li association (in a manner
akin to that occurring for 2 in the solid state) will be disfa-
vored by steric shielding of the Li+ ions.

Conclusion

The combined results of in situ NMR spectroscopic studies
and DFT calculations show that the monoanion arrange-
ment of 2 is thermodynamically controlled. However, the
formation of the dianion arrangement in the previously re-
ported complex 1 is kinetically controlled. This could be as
a result a lower overall activation energy for association of
2î1b!1 compared to the cycloreversion 1b!1a. This
study highlights the potentially broad importance of thermo-
dynamic and kinetic control on the structures of anionic
Group 15/nitrogen frameworks for the first time.

Experimental Section

All manipulations were carried out under dry argon. Glassware was
flame dried. Toluene was freshly distilled over Na/benzophenone.
[{tBuN(H)P(m-NtBu)}2] was prepared by using the literature method,
from the reaction of PCl3 and tBuNH2.

[2a] In situ 31P NMR studies on re-
action mixtures were undertaken using a Bruker AM400 NMR spectrom-
eter. Samples were withdrawn from reactions by syringe and placed in
thin-walled, 528pp NMR tubes together with a [D6]acetone capillary in
order to obtain a lock. Samples were referenced to 85% H3PO4 in D2O.
A Perkin-Elmer Paragon 1000 spectrophotomer was used in IR studies.

Synthesis of 2 : In a typical reaction [{tBuN(H)P(m-NtBu)}2] (2.0 g,
5.74 mmol) in toluene (100 mL) was added to a suspension of PhCH2K
(6.0 g, 46.1 mmol) in toluene (100 mL). The mixture was stirred at room
temperature (2 h) then brought to reflux (12 h). The mixture was filtered
(Celite, P3) to give an orange solution. The solvent was removed under
vacuum to give 2 as a tan-colored solid. Yield 0.72 g (59% based on
[{tBuN(H)P(m-NtBu)}2] supplied). The contamination of this material
with small amounts of [{tBuN(H)P(m-NtBu)}2] made it impossible to
obtain satisfactory elemental analysis. NMR spectroscopic investigations
were undertaken using solvents that were dried using a Na mirror and
degassed prior to use. IR (Nujol, NaCl): ñ [cm�1]=1200 s, 1121 s, 1014 s,
922 w, 839 s, 747 m, 726 m, 704 w (air-exposure gave a sharp band at
3676 cm�1 for K±OH str. and a collection of weak N±H str. bands (3726±
3341 cm�1) for [{tBuN(H)P(m-NtBu)}2], with the rest of the spectrum
being almost identical to that for 2 apart from the band at 1200 cm�1

Figure 3. Interconversion of the Li models (1a, 1b, and 1) and the K
models (2a, 2b, and 2c) (units in kcalmol�1).
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shifting to 1216 cm�1 and that at 1121 cm�1 shifting to 1088 cm�1).
1H NMR (400 MHz, [D6]benzene, +25 8C): d=1.54 (s) (cf. d=1.11 ppm
(d., 3JP,H=0.2 Hz, major) in toluene with [D6]acetone capillary) (tBu, 2);
31P{1H} NMR (161.975 MHz, [D6]benzene, +25 8C), d=356.7 (s) (major,
2) (cf. d=354.0 ppm in toluene with [D6]acetone capillary), 90.8 ppm (s)
(minor [{tBuN(H)P(m-NtBu)}2]) (cf. d=89.6 ppm in toluene with [D6]ace-
tone capillary). Crystals of 2 are obtained in low yield by prolonged stor-
age of toluene solutions at �20 8C (several weeks). This commonly also
produces crystals of [{tBuN(H)P(m-NtBu)}2] as a result of hydrolysis or
deprotonation of the solvent.

In situ NMR studies of the Li and Na systems : The reaction of
[{tBuN(H)P(m-NtBu)}2] with nBuLi was performed in the manner descri-
bed in reference[2b]. NMR samples were withdrawn by using a syringe,
and a [D6]acetone capillary was used to obtain a lock. All 31P{1H} spectra
were recorded at 0 8C (161.975 MHz) to resolve the resonances for intact
1 from those for the cubane 1b (as noted in reference [2b]). Initial reac-
tion mixture: d=131.2 (s) [{tBuNP(m-NtBu)}2Li2] (1b) (lit. [D8]toluene,
ca. d=128[2b]), 127.5 (s) intact [{[tBuNP(m-NtBu)]2}2]Li4 (1) (lit. [D8]tolu-
ene, ca. d=125[2b]), other minor resonances at d=129.2±128.8 and
162.3 ppm (s). After 40 h reflux: d=392.3 (s), 381.2 (s) (minor), 376.3 (s),
181.0 (d) (12.4 Hz), 99.4 (d) (12.4 Hz), 160.5 (s) 129.4 (s), 129.1 (s), 127.3
(s), 119.4 (s) [{[P(m-NtBu)]2(m-NtBu)}2] (lit. [D8]toluene, 117.2[2b]), other
minor resonances d=76.2±6.0 ppm.

The reaction of BnNa with [{tBuN(H)P(m-NtBu)}2] (8:1 molar equiva-
lents) was carried out in exactly the same way as the method used for 2
(using the same scale, duration and temperature). 31P{1H} NMR (+25 8C,
toluene/[D6]acetone capillary), d=367.0 ppm (s) (no other resonances).

X-ray crystallography on 2 : Data were collected on a Nonius KappaCCD
diffractometer. The structure was solved by direct methods and refined
by full-matrix least squares on F2.[13] CCDC-218517 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Center, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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