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Abstract
The diphosphatetrylenes {(Dipp)(R')P}2E [R' = Mes, E = Ge (1Ge), Sn (1Sn); R' =
CH(SiMe3)2, E = Sn (2Sn)] have been isolated and characterized by multinuclear and variable
temperature NMR spectroscopy and X-ray crystallography [Dipp = 2,6-iPr2C6H3, Mes =
2,4,6-Me3C6H2]. All three compounds crystallize as discrete monomers with two pyramidal
phosphorus centers. However, variable-temperature 31P{1H} NMR spectroscopy indicates
that both 1Ge and 2Sn are subject to dynamic exchange between this form and a form
containing one planar and one pyramidal phosphorus center in solution. In contrast, 1Sn
retains two pyramidal phosphorus centers in solution and exhibits no evidence for exchange
with a form containing a planar phosphorus center. The related compound
[{(Me3Si)2CH}2P]2Sn (3Sn) was isolated in very low yield and was shown by X-ray
crystallography to possess one planar and one pyramidal phosphorus center in the solid state.
DFT calculations reveal that the conformations of 1Ge, 1Sn, and 2Sn observed in the solid
state are significantly stabilized by the delocalization of electron density from the aromatic
rings into the vacant p-orbital at the tetrel center. Thus, for diphosphatetrylenes possessing
aromatic substituents at phosphorus, stabilization may be achieved by two competing
mechanisms: (i) planarization of one phosphorus center and consequent delocalization of the
phosphorus lone pair into the vacant tetrel p-orbital, or (ii) pyramidalization of both
phosphorus centers and delocalization of aromatic π-electron density into the tetrel p-orbital.
For 3Sn, which lacks aromatic groups, only the former stabilization mechanism is possible.
Introduction
While diaminocarbenes and their heavier group 14 analogues (diaminotetrylenes (R2N)2E; E
= Si, Ge, Sn, Pb) are well known,1 the chemistry of the corresponding phosphorus-substituted
species (diphosphacarbenes (R2P)2C and diphosphatetrylenes (R2P)2E) is much less well
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developed.2-9 This may chiefly be attributed to the large barrier to planarization of
phosphorus compared to nitrogen (for comparison, the inversion barriers of NH3 and PH3 are
approximately 25 and 150 kJ mol-1, respectively),10 which inhibits π-overlap between the
phosphorus lone pair(s) and the vacant p-orbital at the tetrel center, barring one of the
primary means of stabilization of these species. Nonetheless, a small number of
diphosphacarbenes and an increasing number of diphosphatetrylenes have been reported.2-9
While the known diphosphacarbenes exhibit near-planar phosphorus centers (and consequent
P=C π-overlap),2 the corresponding diphosphatetrylenes are typically isolated as dimers
containing a P2E2 core (A), or else as monomers containing pyramidal phosphorus centers
(B),3-9 which do not exhibit any tendency towards P=E π-interactions; until recently,
diphosphatetrylenes containing a planar phosphorus center (C) were unknown (Chart 1).

Chart 1
In this regard, we recently reported the first example of a diphosphagermylene
[{(Dipp)2P}2Ge] (I) that is stabilized by a Ge=P π-interaction and have subsequently shown
that a similarly-stabilized diphosphastannylene [{(Dipp)2P}2Sn] (II) is accessible [Dipp =
2,6-iPr2C6H3].11,12 However, a small change to the ligand was found to significantly alter the
geometry of the phosphorus centers in these compounds: while both I and II and the
analogous diphosphagermylene [{(Trip)2P}2Ge] (III) crystallize with one pyramidal and one
planar phosphorus center, the corresponding diphosphastannylene [{(Trip)2P}2Sn] (IV)
crystallizes with two pyramidal phosphorus centers [Trip = 2,4,6-iPr3C6H2].12 In these
compounds the steric bulk of the ligands is associated with the ortho-isopropyl groups, since
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the para-isopropyl groups of the Trip ligands point away from the tetrel centers; it therefore
appears that the difference between Dipp and Trip substituents in these compounds, and the
consequent preference for a configuration containing two pyramidal phosphorus centers in
IV, is electronic in origin.
In order to investigate further the impact of the steric and electronic properties of the
substituents on the configurations of the phosphorus centers to which they are bound, and
thus the stabilization mechanism of the resulting diphosphatetrylenes, we have prepared a
series of such compounds possessing two different substituents at each phosphorus center.
We report herein the synthesis of these compounds, their solid state structures and their
solution behavior, along with a DFT study of the bonding in these species.
Results and Discussion
Treatment of either GeCl2(1,4-dioxane) or SnCl2 with two equivalents of in situ
generated [(Dipp)(Mes)P]Li(THF)3 (1Li)13 in THF gave the diphosphatetrylenes
[(Dipp)(Mes)P]2Ge(n-hexane)0.5 (1Ge) and [(Dipp)(Mes)P]2Sn (1Sn), after crystallization
[Mes = 2,4,6-Me3C6H2]. In spite of the moderate isolated yields, 31P{1H} NMR spectra of
the crude solutions indicate that 1Ge and 1Sn are essentially the sole phosphorus-containing
products from these reactions. The solid-state structure of 1Ge is shown in Figure 1; with the
exception of the solvent of crystallization, 1Sn is isostructural with 1Ge.
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Figure 1. Molecular structure of 1Ge with 40% probability ellipsoids and with H atoms and
solvent of crystallization omitted for clarity. Selected bond lengths (Å) and angles () for
1Ge [values for isostructural 1Sn in square brackets]: P(1)-E 2.3977(4) [2.5882(4)], P(2)-E
2.3978(4) [2.5847(4)], P(1)-C(1) 1.8588(14) [1.8520(15)], P(1)-C(13) 1.8600(14)
[1.8570(15)], P(2)-C(22) 1.8573(14) [1.8515(15)], P(2)-C(34) 1.8613(14) [1.8610(15)], P(1)E-P(2) 91.873(13) [91.994(12)], C(1)-P(1)-C(13) 104.06(6) [105.58(7)], C(1)-P(1)-E
113.28(5) [108.99(5)], C(13)-P(1)-E 77.61(4) [78.02(5)], C(22)-P(2)-C(34) 106.50(6)
107.53(7)], C(22)-P(2)-E 111.18(5) [110.04(5)], C(34)-P(2)-E 73.12(4) [73.81(5)].

Both 1Ge and 1Sn crystallize as discrete monomers with a V-shaped P-E-P core [P(1)Ge(1)-P(2) 91.873(13), P(1)-Sn(1)-P(2) 91.994(12)]. The two phosphorus atoms in both
1Ge and 1Sn adopt a pyramidal geometry [sum of angles at P = 294.95 and 290.80 (1Ge),
292.59 and 291.38 (1Sn)] and the P-Ge and P-Sn distances [P(1)-Ge(1) 2.3977(4), P(2)-
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Ge(1) 2.3978(4) Å; P(1)-Sn(1) 2.5882(4), P(2)-Sn(1) 2.5874(4) Å] are typical for a PGe(II)/Sn(II) -bond.2-9
Compounds 1Ge and 1Sn are chiral at each of the phosphorus centers, crystallizing as a
racemic mixture of RR and SS diastereomers. In each compound, the smaller mesityl
substituents occupy the pseudo-axial positions and these groups are significantly canted
towards the tetrel atoms, such that the C(ipso)-P-Ge/Sn angles are 77.61(4) and 73.12(4)
(1Ge) and 78.02(5) and 73.81(5) (1Sn). This leads to short C(ipso)Ge/Sn distances of
2.7008(14) and 2.5736(14) Å (1Ge) and 2.855(2) and 2.7315(14) Å (1Sn), which are
significantly shorter than the sum of van der Waal’s radii of the respective elements (sum of
radii for C and Ge = 3.8 Å, for C and Sn = 3.95 Å).14 The acute C(ipso)-P-E angles and short
C(ipso)…E distances suggest a significant interaction between the π-electron density of the
mesityl rings and the vacant p-orbital at the tetrel center, which serves to mitigate the electron
deficiency of the tetrel center; this is confirmed by DFT calculations (see below). Similar
short C(ipso)Ge/Sn contacts have been observed previously in the closely related
diarsatetrylenes [{(Dipp)2As}2E] (E = Ge, Sn).15 In light of these results, we have reevaluated the structure of the previously reported [{(Trip)2P}2Sn],12 which also contains two
pyramidal phosphorus centers. This reveals a similar, although less pronounced, canting of
two of the aromatic rings towards the tin center, resulting in relatively short C(ipso)Sn
distances of 2.9813(1) and 2.882(2) Å and acute C(ipso)-P-Sn angles of 82.37(7) and
79.20(8)°.
The room temperature 1H and 13C{1H} NMR spectra of 1Ge are consistent with a
single ligand environment. However, at lower temperatures the 1H NMR spectrum of 1Ge
exhibits multiple, overlapping, broad signals, consistent with the presence of more than one
species. More information may be gleaned from the variable-temperature 31P{1H} NMR
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spectra of 1Ge (Figure 2). At room temperature the spectrum consists of a relatively sharp
singlet at -6.5 ppm (A); as the temperature is reduced, this signal broadens and moves to
higher field, eventually decoalescing at -60 °C into two signals at -42.9 (B) and
approximately 12 ppm (C), with the latter signal extremely broad. As the temperature is
reduced to -90 °C, peak B sharpens and peak C decoalesces into two, equal, but low
intensity, broad singlets at 79.3 (D) and -51.6 ppm (E). Based on our earlier observations of
the achiral diphosphagermylenes I and III, we attribute this behavior to the operation of two
independent equilibria, one of which (a) interconverts a configuration with two pyramidal
phosphorus centers and a configuration with one pyramidal and one planar phosphorus
center, and a second equilibrium (b) which interconverts the planar and pyramidal
phosphorus centers within the latter configuration (Scheme 1).16 At room temperature rapid
exchange is observed, leading to a time-averaged spectrum, while, at low temperatures
signals are observed for the configuration with two pyramidal phosphorus centers (B) and for
the planar (D) and pyramidal (E) phosphorus centers of the alternative configuration. From
the spectra it is clear that the configuration with two pyramidal phosphorus centers
predominates at low temperatures. Similar behavior was observed for compounds I and III;
however, for both of these compounds the low-temperature 31P{1H} NMR spectra exhibit, in
addition to signals corresponding to the configuration with one planar and one pyramidal
phosphorus center, two signals which we attributed to different conformations of the
configuration with two pyramidal phosphorus centers. We tentatively attribute the presence
of a single signal due to the pyramidal/pyramidal form in the low temperature 31P{1H} NMR
spectrum of 1Ge to the differing sizes of the substituents at the two phosphorus centers,
which might favor a single conformation at low temperature.
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Figure 2. Variable-temperature 31P{1H} NMR spectra of 1Ge in d8-toluene.

Scheme 1.

The NMR spectra of 1Sn exhibit rather different behavior. At room temperature the 1H
NMR spectrum of 1Sn (Figure 3) exhibits a single set of signals, consistent with a structure
containing two pyramidal phosphorus centers. These signals broaden and decoalesce as the
temperature is reduced, until, at -90 °C, the spectrum exhibits four signals due to the CHMe2
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groups of the Dipp substituents, three signals due to the methyl groups of the mesityl
substituents and five signals due to the aromatic protons. We do not attribute this behavior to
similar dynamic processes to those observed for 1Ge, since the 31P{1H} NMR spectrum of
1Sn is essentially invariant and the 31P-119Sn coupling constant remains relatively modest
over the same temperature range (25 °C: P = -53.5 ppm, JPSn = 850 Hz; -80 °C: P = -59.7
ppm, JPSn = 820 Hz; see the Supporting Information). These latter spectra are consistent with
the presence of two pyramidal phosphorus centers over the entire temperature range. In light
of this, we attribute the dynamic process responsible for the variable-temperature 1H NMR
spectra of 1Sn to restricted rotation about the P-C(aryl) bonds due to the steric demands of
the aryl substituents, such that, at low temperatures, within each (Dipp)(Mes)P ligand each of
the ortho-methyl groups of the mesityl substituents and each of the methyl and methine
groups of the isopropyl moieties of the Dipp substituents are inequivalent. It is also notable
that the 119Sn NMR spectrum of 1Sn consists of a well-resolved triplet at 476 ppm (JPSn = 850
Hz), whereas for II and IV no 119Sn signal could be observed at room temperature because of
the dynamic processes they are subject to and the inherently broad nature of the 119Sn signals
in these species.
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(a)

(b)
Figure 3. 1H NMR spectra of 1Sn at (a) 25 °C and (b) -90 °C.

Thus, we believe that, while 1Ge exhibits some propensity for planarization at one of
the phosphorus centers, this is not the case for 1Sn. This is counter to previous reports that
the barrier to inversion at phosphorus is lower when coordinated to tin compared to the less
electronegative germanium or silicon,17 but is consistent with our DFT calculations (see
below). The behavior of 1Sn also contrasts with the behavior of II and IV in solution, which
show clear evidence for a dynamic equilibrium involving a planar phosphorus center.
However, even for 1Ge it appears that the relative concentration of the planar/pyramidal form
is very low. This suggests that the propensity of diphosphatetrylenes to adopt a configuration
with a planar phosphorus center is at least partially dependent upon the steric demands of the
substituents at phosphorus, with greater steric bulk favoring a planar configuration. In order
to explore this hypothesis further, we set out to synthesize the bulkier alkyl/aryl-substituted
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tetrylenes [{(Me3Si)2CH}(Dipp)P]2E [E = Ge (2Ge), Sn (2Sn)] and the peralkyl-substituted
[[{(Me3Si)2CH}2P]2E] [E = Ge (3Ge), Sn (3Sn)] (we note, however, that replacing an aryl
group with a silicon-substituted alkyl group is likely also to have an effect on the electronic
properties of the phosphorus centers). Compounds 2Ge/Sn should be more hindered than
1Ge and 1Sn, whilst still retaining an aryl group which may participate in stabilizing
C(ipso)E contacts, while 3Ge/Sn have very bulky substituents which do not permit
alternative stabilization mechanisms other than planarization at phosphorus. The steric
properties of the ligands may be quantified using the concept of the percent buried volume
(%Vbur), which is defined as the percentage of a sphere of radius 3.5 Å around the metal
centre that is occupied by a given ligand;18 for comparison, the %Vbur for the two ligands
(Dipp)(Mes)P and {(Me3Si)2CH}(Dipp)P are 69.0 and 76.8, respectively.
The reaction between {(Me3Si)2CH}PCl219 and one equivalent of DippLi(OEt2),11,20
followed by one equivalent of LiAlH4 gave the secondary phosphine {(Me3Si)2CH}(Dipp)PH
(2H) in excellent yield as a colorless oil. Treatment of 2H with nBuLi in THF at -78 °C,
followed by warming to room temperature and crystallization from a mixture of diethyl ether
and light petroleum gave [{(Me3Si)2CH}(Dipp)P]Li(THF)3 (2Li) in good yield as yellow
blocks. Compound 2Li crystallizes as discrete monomers in which the lithium ion is
coordinated by the phosphorus atom of the ligand and three molecules of THF in a distorted
tetrahedral geometry (Figure 4). The structure of 2Li is typical of sterically hindered lithium
phosphides, such as the closely related [{(Dipp)2P}Li(THF)3].13,21
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Figure 4. Molecular structure of 2Li with H atoms omitted for clarity. Selected bond
lengths (Å) and angles (deg.): P(1)-Li(1) 2.563(4), P(1)-C(1) 1.851(2), P(1)-C(13) 1.909(2),
Li(1)-O(1) 2.000(4), Li(1)-O(2) 1.982(4), Li(1)-O(3) 1.990(4), Li(1)-P(1)-C(1) 103.86(11),
Li(1)-P(1)-C(13) 127.90(11), C(1)-P(1)-C(13) 105.24(10).

The room temperature 1H and 13C{1H} NMR spectra of 2Li are rather broad, but are
consistent with the solid-state structure. However, the 31P{1H} and 7Li NMR spectra of 2Li
(Figure 5) indicate a dynamic exchange process to be operative in solution. At room
temperature the 31P{1H} NMR spectrum of 2Li in d8-toluene exhibits a single broad signal at
-117.9 ppm (F). As the temperature is reduced this signal broadens further until, at -20 °C, it
decoalesces into a 1:1:1:1 quartet at -116.9 ppm (G, JPLi = 82 Hz) and a rather broad multiplet
at -127.2 ppm (H) in an approximate 11:1 ratio. As the temperature is reduced further, signal
G sharpens and signal H decreases in intensity, until, at -80 °C, it is barely resolved. The
room temperature 7Li NMR spectrum of 2Li exhibits a single singlet at 1.2 ppm (J) and this
broadens and decoalesces as the temperature is reduced such that, at -20 °C, the spectrum
consists of a sharp doublet (K, JPLi = 82 Hz) and a very broad, low intensity triplet (L, JPLi =
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67 Hz) in an approximate 1:10 ratio. The foregoing is consistent with a dynamic equilibrium
between a monomer and a dimer or higher oligomer containing a P2Li2 unit, in which the
monomer is favored at low temperatures.

(a)
Figure 5. Variable-temperature (a)

(b)
31

P{1H} and (b) 7Li NMR spectra of 2Li in d8-toluene

(*free phosphine 2H).

The reaction between two equivalents of 2Li and one equivalent of SnCl2 gave the
corresponding diphosphastannylene [{(Me3Si)2CH}(Dipp)P]2Sn (2Sn) as dark green prisms
after crystallization from cold toluene. The corresponding reaction between 2Li and
GeCl2(1,4-dioxane) gave a dark red solution which exhibited a broad singlet in its 31P{1H}
NMR spectrum at 23.9 ppm, consistent with the formation of a diphosphagermylene;
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however, we were unable to obtain a solid sample of this compound due to its very high
solubility in even the most non-polar solvents such as hexane or hexamethyldisiloxane.
Compound 2Sn crystallizes as a V-shaped monomer with a P-Sn-P angle of
91.548(15)° (Figure 6). Like 1Ge and 1Sn, compound 2Sn crystallizes with two pyramidal
phosphorus centers and is thus chiral at each of these, crystallizing as the rac diastereomer in
which the two Dipp groups occupy the pseudo-axial positions. The P-Sn distances
[2.5726(5) and 2.5810(5) Å] and the P-Sn-P angle are similar to those observed for 1Sn. In
2Sn only one of the two aromatic rings is significantly canted towards the tin atom, such that
the C(ipso)-P-Sn angle is 78.75(6) (the second Dipp group lies further from the tin center,
with a C(ipso)-P-Sn angle of 95.56(6)°). This leads to a relatively short C(ipso)Sn distance
of 2.877(2) Å, once again suggesting substantial delocalization of the aromatic π-electron
density into the vacant 5p orbital at tin. The presence of a single C(ipso)Sn contact in 2Sn,
rather than the two interactions observed for each of 1Ge and 1Sn is attributed to the
increased steric bulk of the phosphide ligand in 2Sn.

Figure 6. Molecular structure of 2Sn with H atoms omitted for clarity. Selected bond
lengths (Å) and angles (): P(1)-Sn(1) 2.5726(5), P(2)-Sn(1) 2.5810(5), P(1)-C(1) 1.8711(19),
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P(1)-C(13) 1.8778(18), P(2)-C(20) 1.8716(19), P(2)-C(32) 1.8792(18), P(1)-Sn(1)-P(2)
91.548(15), C(1)-P(1)-C(13) 106.56(8), C(1)-P(1)-Sn(1) 95.56(8), C(13)-P(1)-Sn(1)
108.51(6), C(20)-P(2)-C(32) 109.45(8), C(20)-P(2)-Sn(1) 78.75(6), C(32)-P(2)-Sn(1)
114.30(6).

In contrast to 1Sn, the solution behavior of 2Sn closely resembles that of II and IV.
The room temperature 31P{1H} NMR spectrum of 2Sn in d8-toluene (see Supporting
Information) consists of a broad singlet at -30.2 ppm exhibiting tin satellites (JPSn = 1030 Hz).
As the temperature is reduced, this signal begins to broaden and move to higher field, such
that, at -20 °C, the spectrum consists of a very broad singlet at -35.0 ppm (fwhm ca 300 Hz).
This signal then begins to sharpen as the temperature is reduced further until, at -90 °C, the
spectrum consists of a reasonably sharp singlet at -39.4 ppm exhibiting tin satellites (JPSn =
920 Hz). The increasingly negative chemical shift and smaller 31P-117/119Sn coupling constant
observed as the temperature is reduced, suggest a dynamic equilibrium between a
configuration containing two pyramidal phosphorus centers and one containing one planar
and one pyramidal phosphorus center, of which the former predominates, especially at lower
temperatures.
In 1984 Lappert and co-workers reported that the reaction between two equivalents of
[{(Me3Si)2CH}2P]Li (3Li) and SnCl2 in diethyl ether at room temperature did not give the
corresponding diphosphastannylene; instead, 3Li acted as a reducing agent to give elemental
tin and the persistent phosphinyl radical {(Me3Si)2CH}2P˙.22 We have now found that the
reaction between two equivalents of 3Li and SnCl2 in THF at -78 °C yields a red solution
containing dark solids, which we presume to be elemental tin. However, filtration and
removal of solvent from the filtrate yields a sticky red solid, from which dark red crystals of
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the diphosphastannylene [{(Me3Si)2CH}2P]2Sn (3Sn) spontaneously crystallize.
Unfortunately, due to the manner of isolation and the extremely soluble nature of this
compound (even in non-polar solvents such as hexane or hexamethyldisiloxane), only a very
small number of crystals of 3Sn were isolated from this reaction and insufficient material was
available for full characterization. Nonetheless, we were able to obtain a crystal structure of
3Sn. This shows that 3Sn crystallizes as a discrete V-shaped monomer [P-Sn-P
101.614(18)], with one pyramidal and one planar phosphorus center [sum of angles at P(1) =
359.52, P(2) = 311.98] (Figure 7).

Figure 7. Molecular structure of 3Sn with H atoms and minor disorder components omitted
for clarity. Selected bond lengths (Å) and angles (): P(1)-Sn(1) 2.4287(5), P(2)-Sn(1)
2.6226(5), P(1)-C(1) 1.854(2), P(1)-C(8A) 1.866(6), P(2)-C(15) 1.894(2), P(2)-C(22)
1.891(2), P(1)-Sn(1)-P(2) 101.614(18), C(1)-P(1)-C(8A) 101.7(2), C(1)-P(1)-Sn(1)
114.34(7), C(8A)-P(1)-Sn(1) 143.48(19), C(15)-P(2)-C(22) 100.99(11), C(15)-P(2)-Sn(1)
97.80(6), C(22)-P(2)-Sn(1) 113.19(8).

The P(1)-Sn(1) distance of 2.4287(5) Å is approximately 0.16 Å, or 7%, shorter than
the P(2)-Sn(1) distance of 2.5810(5) Å, consistent with substantial multiple bond character in
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the former. However, it should be noted that a portion of the decrease in the P-Sn distances
on going from a pyramidal to a planar phosphorus center may be attributed to the change in
hybridization of the phosphorus atom from sp3 to sp2; this effect has been described
previously for a series of boryl-substituted phosphorus compounds in which there is the
potential for a similar P=B π-interaction.23
While we were unable to obtain sufficient material for a full characterization of 3Sn, a
31

P{1H} NMR spectrum of the crude reaction mixture indicates that 3Sn is the dominant

diamagnetic phosphorus-containing material (see the Supporting Information). The spectrum
consists of a singlet at 43.2 ppm exhibiting tin satellites (JPSn = 1900 Hz). The relatively lowfield chemical shift and large 31P-117/119Sn coupling constant of this compound strongly
suggest that there is a large component of the planar/pyramidal configuration at room
temperature (see above); this is supported by DFT calculations (see below).
We also attempted the reaction between two equivalents of 3Li and one equivalent of
GeCl2(1,4-dioxane). However, while a 31P{1H} NMR spectrum of the dark red, crude
reaction mixture exhibited a broad singlet at 49.9 ppm, consistent with the formation of the
corresponding diphosphagermylene [{(Me3Si)2CH}2P]2Ge, we were unable to isolate this
material in the solid state, due to its high solubility in non-polar solvents, and so were unable
to undertake further characterization.
In order to gain insight into the relative stabilities of the different configurations of
1Ge, 1Sn, 2Sn and 3Sn and to further probe the relative stabilizing effects of the P-E πinteractions and arene…E contacts, we have carried out a DFT study of these molecules.
Each of 1Ge, 1Sn and 2Sn possesses two different substituents at each phosphorus center,
and so, for the geometries containing a planar phosphorus atom, four potential stereoisomers
are possible. In these isomers the planar phosphorus center may have either substituent syn to
the second phosphorus lone pair, while the pyramidal phosphorus center may have either R or
- 17 -

S stereochemistry (Figure 8). For the geometries of 1Ge, 1Sn and 2Sn containing two
pyramidal phosphorus centers, both rac- and meso-diastereomers are possible and, for each of
the rac isomers, either substituent may occupy the pseudo-axial positions.
For 1Ge our DFT calculations reveal a rather shallow potential energy surface. The
geometry corresponding to that found by X-ray crystallography [1Ge(pyr_a1)] is more stable
than the majority of alternative geometries by between 1.0 and 11.4 kJ mol-1, with only
1Ge(plan_a1) lying to significantly higher free energy (20.9 kJ mol-1; Figure 9). However,
the most stable geometry of 1Ge is derived from a starting configuration corresponding to
1Ge(plan_a2), but which converges to a geometry containing two near-planar phosphorus
centers (see Supporting Information); even this latter geometry is more stable than
1Ge(pyr_a1) by just 7.1 kJ mol-1. The foregoing is consistent with the operation of a
dynamic equilibrium in solution which interconverts the planar/pyramidal and
pyramidal/pyramidal forms, as observed by variable temperature 31P{1H} NMR spectroscopy
(see above). The preference for a geometry corresponding to 1Ge(pyr_a1) in the solid state
is also consistent with the above, since the difference in free energy between the majority of
conformations is rather small and since crystal packing effects may be significant.
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Figure 8. Possible geometries for 1Ge, 1Sn and 2Sn.

For 1Sn the most stable geometry [1Sn(pyr_a1)] corresponds to that observed in the
solid state. While the alternative geometries containing two pyramidal phosphorus centers
are close in energy to 1Sn(pyr_a1), the geometries containing a planar phosphorus center lie
between 24.0 and 39.1 kJ mol-1 higher in free energy. This is consistent with the preference
of 1Sn for a geometry corresponding to 1Sn(pyr_a1) in the solid state and the preference for
a structure containing two pyramidal phosphorus centers in solution, as observed by variable
temperature 31P{1H} NMR spectroscopy.
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G/kJ mol-1

Figure 9. Relative free energies of the calculated geometries of 1Ge, 1Sn, and 2Sn (values
in kJ mol-1 are relative to the geometry corresponding to the solid sate structure in each case).

For 2Sn geometries 2Sn(pyr_a2), corresponding to the structure observed in the solid
state, and 2Sn(plan_a2) are essentially isoergonic. The remaining geometries are
significantly higher in free energy (we were unable to locate a stable minimum energy
geometry corresponding to 2Sn(pyr_b1), possibly due to steric effects). The similar free
energies of 2Sn(pyr_a2) and 2Sn(plan_a2) are again consistent with the variable
temperature 31P{1H} NMR spectra of 2Sn, which indicate a rapid dynamic equilibrium
between a form containing two pyramidal phosphorus centers and a second form containing
one pyramidal and one planar phosphorus center.
In contrast to the above, DFT calculations on 3Sn show a strong energetic preference
(52.4 kJ mol-1) for the form containing one planar and one pyramidal phosphorus center.
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Natural Bond Orbital (NBO) analysis of the configurations of 1Ge containing a planar
phosphorus center [1Ge(plan_x)] indicate that the Ge-P(planar) interactions may be
described as consisting of a - and a π-bond. The Ge-P(planar) bonds have Wiberg Bond
Indices (WBIs) of 1.275-1.346, consistent with significant multiple bond character (see the
Supporting Information, Table S2). These contrast with the purely -bonded GeP(pyramidal) bonds, which have WBIs in the range 0.875-0.933. The exception to this is
provided by 1Ge(plan_b2), which converges to a geometry in which the two phosphorus
centers approach a planar configuration [sum of angles at P = 354.01 and 354.58°] and which
has WBIs for the Ge-P bonds of 1.171 and 1.170.
NBO analyses also reveal that geometries 1Ge(plan_a1), 1Ge(plan_a2), and
1Ge(plan_b1) are additionally stabilized by delocalization of the largely s-character lone pair
at germanium into the *-orbital of the C-P(planar) bond which is directed towards the rear
of the molecule, resulting in an unusual push-pull stabilization of the diphosphagermylene.
For such delocalizations the E(2) energy, calculated from second order perturbation theory
analysis, provides an approximate measure of the stabilization afforded by each
delocalization; for the Ge(lone pair)→P-C(*) delocalizations in 1Ge(plan_x) the E(2)
energies range from 33.4 to 51.5 kJ mol-1.
For the minimum energy geometries of 1Ge containing two pyramidal phosphorus
centers [1Ge(pyr_x)] the calculated WBIs for the Ge-P bonds range from 0.738-0.765,
consistent with a single bond in each case. The close approach of one or more of the
aromatic rings in these geometries is reflected in WBIs for the GeC(ipso) interactions
which are significantly greater than zero [typically around 0.1]. In support of this apparent
weak bonding interaction, NBO analyses indicate substantial delocalization of electron
density from the aromatic rings into the formally vacant 4p orbital on germanium, resulting in
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occupation of this orbital by approximately 0.2 of an electron. For 1Ge(pyr_x) the sums of
the pertinent E(2) energies for the arylGe delocalizations range from 218.5 to 232.3 kJ
mol-1 (see Table S2 in the Supporting Information).
A similar situation is found for 1Sn, although, in three of the four possible geometries
containing a “planar” phosphorus center, this atom is somewhat more pyramidal than is
observed in 1Ge [sum of angles at “planar” P = 341.89, 346.62, 353.43, and 359.84°].
According to the NBO analyses, the bonding in these geometries is best described as arising
from a P-Sn -bond, supplemented by partial delocalization of electron density from the
phosphorus lone pair into the vacant 5p-orbital at tin, rather than a true +π bond. This
results in a weaker Sn-P interaction, with WBIs ranging from 0.956-1.144, compared to
WBIs of 0.757-0.876 for the second, purely -type, Sn-P(pyramidal) bond. The P-Sn πinteraction results in occupation of the formally vacant tin 5p orbital by between 0.38 and
0.40 of an electron. Once again, stabilization due to the P-Sn π-interaction is supplemented
by delocalization of the tin lone pair into a P-C *-orbital at the planar phosphorus center
[range of E(2) energies 7.5-43.5 kJ mol-1].
For the geometries of 1Sn containing two pyramidal phosphorus centers NBO analyses
indicate some delocalization of the electron density from the adjacent aromatic rings,
although this is somewhat less than was found for the similar geometries of 1Ge [the sums of
the pertinent E(2) energies for the aryl…Sn delocalizations range from 147.3 to 163.6 kJ
mol-1]. These delocalizations result in population of the formally vacant 5p orbital by
between 0.16 and 0.17 of an electron.
The planar phosphorus centers in the minimum energy geometries 2Sn(plan_x) are
significantly more planar than in the majority of the corresponding geometries of 1Sn [range
of the sum of angles at planar P = 353.88-357.56° for 2Sn], leading to more substantial
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delocalization of the phosphorus lone pairs from the planar phosphorus atoms into the
formally vacant 5p-orbital on tin. This leads to population of the 5p-orbitals by between 0.37
and 0.40 of an electron and WBIs for these bonds of between 1.199 and 1.232. The increased
planarity of these phosphorus atoms and the consequent increase in the P-Sn multiple bond
character may be attributed, at least in part, to the greater steric bulk of the (Me3Si)2CH group
in comparison to a mesityl substituent, which enforces greater R-P-Ar angles. Of the two
configurations of 2Sn containing two pyramidal phosphorus centers, only one, 2Sn(pyr_a2)
is able to form C(aryl)…Sn contacts. However, for this form, which corresponds to the solidstate structure, only one of the aryl rings appears to be canted towards the tin center [C(aryl)P-Sn angles 83.79 and 96.84°], and even this is considerably less than that observed in the
corresponding minimum energy geometries of 1Sn and 1Ge, suggesting significantly reduced
stabilization via this mechanism. This is confirmed by the low value for the sum of E(2)
energies for the delocalization of electron density from this aromatic ring into the formally
vacant 5p orbital at tin [sum of pertinent E(2) energies = 40.1 kJ mol-1].
For the geometry of 3Sn containing a planar phosphorus center, 3Sn(plan), the SnP(planar) bond has a WBI of 1.281, while the Sn-P(pyramidal) bond has a WBI of 0.794,
suggesting substantial multiple bond character in the former. Indeed, NBO analysis suggests
that this bond is best described as being comprised of a true +π combination. Stabilization
by this π-interaction is supplemented by delocalization of the tin lone pair into one of the P-C
*-orbitals [E(2) energy 28.2 kJ mol-1], again suggesting an unusual push-pull stabilization
mechanism. For the geometry of 3Sn containing two pyramidal phosphorus centers,
3Sn(pyr), the Sn-P WBIs are 0.838 and 0.819, consistent with single bonds. Since 3Sn has
no aromatic substituents, opportunities for further stabilization of 3Sn(pyr) are limited,
consistent with the high relative free energy of 3Sn(pyr) in comparison to 3Sn(plan);
however, two of the methyl hydrogen atoms in 3Sn(pyr) lie in close proximity to the tin
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center and NBO analysis indicates that there is delocalization of the C-H -bonding electron
density into the formally vacant tin 5p-orbital, with E(2) energies for these delocalizations of
28.2 and 17.7 kJ mol-1.
Conclusions:
Monomeric diphosphatetrylenes may adopt a configuration possessing either two
pyramidal phosphorus centers or one planar and one pyramidal phosphorus center. The
present study suggests that the preference for one or other of these configurations is
determined by a delicate balance between (i) the strength of the potential P=E π-interaction,
(ii) the potential for arene…E interactions, (iii) the barrier to planarization at phosphorus, and
(iv) the steric demands of the substituents. Sterically bulky substituents (e.g. Dipp,
(Me3Si)2CH) tend to favor a planar phosphorus geometry (e.g. I, II, III, 3Sn)), while the
presence of aromatic substituents enables arene…E interactions which can compete with any
potential P=E π-interactions (e.g. 1Ge, 1Sn, 2Sn).
For 1Ge these factors are finely balanced, such that there is no strong preference for
either configuration: in the solid state 1Ge crystallizes with two pyramidal phosphorus
centers, whereas in solution a dynamic equilibrium between this form and a configuration
containing one planar and one pyramidal phosphorus center operates. In support of this, DFT
calculations indicate a very shallow potential energy surface. Compound 1Ge is very similar
to I/III but has one Dipp group on each phosphorus atom replaced by a smaller Mes
substituent. The difference in structural preference may, therefore, be attributed to the greater
steric bulk around the phosphorus centers in I and III, which enforces greater Ar-P-Ar and
Ar-P-Ge angles and so lowers the barrier to planarization at the phosphorus center, favoring a
configuration with one planar and one pyramidal phosphorus atom in these compounds.
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For 1Sn there is a strong preference for a configuration possessing two pyramidal
phosphorus centers, both in the solid state and solution. While it may be expected that the
presence of a more electropositive tin atom adjacent to phosphorus might lower the barrier to
planarization of the latter center, it appears that the lower steric bulk of the ligands in 1Sn,
coupled with the poorer P=Sn π-overlap in the planar configuration and the strong arene…Sn
interactions in the pyramidal form, significantly favor the latter configuration.
For 2Sn there is again no strong preference for a particular configuration, with the
minimum energy configuration, which possesses a planar phosphorus center, being
essentially isoergonic with a form containing two pyramidal phosphorus centers. In this case,
only one significant arene…Sn interaction is observed in the form containing two pyramidal
phosphorus centers, making the configuration with a planar phosphorus center more
competitive.
Finally, in contrast to the above, 3Sn exhibits a very strong preference for the
configuration with one planar and one pyramidal phosphorus center. This may be attributed
to the very bulky substituents at phosphorus and the absence of competing arene…Sn
interactions in the configuration possessing two pyramidal phosphorus centers.
Overall, we conclude that, while P=E π-interactions can significantly stabilize
diphosphatetrylenes, they are not necessarily essential and are competitive with arene…E
interactions in these compounds.
Experimental Procedure:
General: All manipulations were carried out using standard Schlenk and dry-box
techniques under an atmosphere of dry nitrogen or argon. THF, diethyl ether, toluene, nhexane, methylcyclohexane and light petroleum (b.p. 40-60°C) were dried prior to use by
distillation under nitrogen from sodium, potassium, or sodium/potassium alloy, as
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appropriate. THF was stored over activated 4A molecular sieves; all other solvents were
stored over a potassium film. Deuterated toluene was distilled from potassium and CDCl3
was distilled from CaH2 under argon; all NMR solvents were deoxygenated by three freezepump-thaw cycles and were stored over activated 4A molecular sieves. DippLi(OEt2),20
(Mes)(Dipp)PH,13 and {(Me3Si)2CH}PCl219 were prepared according to previously published
procedures. n-Butyllithium was purchased from Aldrich as a 2.5 M solution in hexanes and
its concentration accurately determined by titration before use. All other compounds were
used as supplied by the manufacturer.
1

H and 13C{1H} NMR spectra were recorded on a Bruker AvanceIII 500 spectrometer

operating at 500.16 and 125.65 MHz, respectively, or a Bruker AvanceIII 300 spectrometer
operating at 300.15 and 75.47 MHz, respectively; chemical shifts are quoted in ppm relative
to tetramethylsilane. 7Li, 31P{1H} and 119Sn{1H} NMR spectra were recorded on a Bruker
AvanceIII 500 spectrometer operating at 194.38, 202.35 and 186.59 MHz, respectively;
chemical shifts are quoted in ppm relative to external 0.1 M LiCl, 85% H3PO4 and Me4Sn,
respectively.
Due to the air- and moisture-sensitive nature of the reported compounds, satisfactory
elemental analyses could not be obtained; however, bulk purity is confirmed by multinuclear
NMR spectroscopy for each compound (see the Supporting Information).
Synthesis of (Dipp){(Me3Si)2CH}PH (2H): To a cold (-10 °C) solution of
{(Me3Si)2CH}PCl2 (3.08 g, 11.8 mmol) in diethyl ether (50 mL) was added, dropwise, a
solution of DippLi(OEt2) (2.85 g, 11.8 mmol) in diethyl ether (20 mL). The resulting pale
yellow solution containing pale solids was allowed to warm to room temperature and was
stirred for 1 h. The mixture was cooled to 0 °C and solid LiAlH4 (0.44 g, 11.7 mmol) was
added in portions. This mixture was allowed to warm to room temperature and was stirred
for 1 h. The mixture was cooled to 0 °C and degassed water (50 mL) was added slowly. The
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product was extracted into light petroleum (3 x 15 mL) and the combined organic phases
were dried over 4 Å molecular sieves. The solution was filtered and the solvent was removed
from the filtrate under vacuum to give a pale yellow oil. Impurities were removed by
vacuum distillation (100 °C/ 1 x 10-3 Torr) to leave the product as a pale yellow oil. Yield:
3.33 g, 80%. 1H NMR [CDCl3, 298 K]: δ -0.02 (s, 9H, CH(SiMe3)(SiMe3)), 0.11 (s, 9H,
CH(SiMe3)(SiMe3)), 0.60 (d, JHH = 5.8 Hz, 1H, CH(SiMe3)(SiMe3)), 1.25 (d, JHH = 6.8 Hz,
6H, CHMeMe), 1.26 (d, JHH = 6.8 Hz, 6H, CHMeMe), 3.76 (m, 2H, CHMeMe), 4.40 (dd, JPH
= 218.5 Hz, JHH = 5.8 Hz, 1H, PH), 7.11 (d, JHH = 7.6 Hz, 1H, ArH), 7.12 (d, JHH = 7.6 Hz,
1H, ArH), 7.29 (t, JHH = 7.6 Hz, 1H, ArH).

13

C{1H} NMR [CDCl3, 298 K]: δ 1.00 (d, JPC =

3.6 Hz, CH(SiMe3)(SiMe3)), 1.30 (d, JPC = 6.2 Hz, CH(SiMe3)(SiMe3)), 9.20 (d, JPC = 47.2,
CH(SiMe3)(SiMe3)), 24.18 (CHMeMe), 25.27 (CHMeMe), 32.72 (d, JPC = 14.4, CHMeMe),
123.30 (d, JPC = 3.1 Hz, Ar), 129.39 (Ar), 133.38 (d, JPC = 24.0 Hz, Ar), 153.72 (d, JPC = 12.1
Hz, Ar).

31

P NMR [CDCl3, 298 K]:  -96.0 (d, JPH = 218.5 Hz).

Synthesis of [(Dipp){(Me3Si)2CH}P]Li(THF)3 (2Li): To a cold (-78 °C) solution of
(Dipp){(Me3Si)2CH}PH (0.75 g, 2.13 mmol) in THF (10 mL) was added a solution of nBuLi
in hexanes (2.3 M, 0.9 mL, 2.07 mmol) and this mixture was allowed to warm to room
temperature. The resulting red solution was stirred for 30 min and the solvent was removed in
vacuo. The sticky orange solid was dissolved in a mixture of diethyl ether (5 mL) and light
petroleum (5 mL) and this solution was stored at -25 °C overnight, yielding large orange
crystals of 2Li. The supernatant was removed by filtration, the orange crystals were washed
with cold (0 °C) light petroleum (10 mL) and residual solvent was removed under vacuum.
Yield: 0.50 g, 41%. 1H NMR [d8-toluene, 253 K]: δ 0.42 (s, 18H, CH(SiMe3)2), 0.93 (s, 1H,
CH(SiMe3)2), 1.32 (m, 12H, THF), 1.48 (d, JHH = 6.6 Hz, 12H, CHMe2), 3.36 (br. m, 12H,
THF), 4.94 (br. s, 2H, CHMe2), 7.18 (m, 3H, ArH). 13C{1H} NMR [d8-toluene, 253 K]: δ
1.87 (d, JPC = 5.4 Hz, CH(SiMe3)2), 8.08 (JPC = 66.3 Hz, CH(SiMe3)2), 25.29 (THF), 25.58
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(CHMe2), 32.86 (d, JPC = 15.1 Hz, CHMe2), 68.12 (THF), 122.03, 122.95, 152.21 (Ar),
153.63 (d, JPC = 57.5 Hz, Ar). 7Li NMR [d8-toluene, 253 K]: 2.0 (t, JLiP = 67 Hz), 0.5 (d, JLiP
= 82 Hz) in a 1:10 ratio. 31P{1H} NMR [d8-toluene, 253 K]: -116.9 (q, JLiP = 82 Hz), -127.2
(br. m) in an 11:1 ratio.
Synthesis of {(Dipp)(Mes)P}2Ge∙(n-hexane)0.5 (1Ge): To a solution of
(Dipp)(Mes)PH (0.81 g, 2.59 mmol) in THF (20 mL) was added a solution of nBuLi in
hexanes (1.1 mL, 2.53 mmol). The resulting red solution was stirred for 1 h and then added,
dropwise, to a solution of GeCl2(1,4-dioxane) (0.30 g, 1.30 mmol) in THF (20 mL) and this
mixture was stirred for 1 h. The solvent was removed in vacuo from the resulting dark red
solution to give a sticky red solid. The product was extracted into n-hexane (20 mL) and
filtered. The filtrate was reduced in volume to 5 mL and deposited large pale red crystals of
1Ge suitable for X-ray crystallography on standing at room temperature overnight. A second
crop of crystals was obtained by storing the mother liquor at -25 °C for 1 day. The
supernatant solution was removed by filtration, the crystals were washed with cold (-10 °C)
n-hexane (5 mL) and the residual solvent was removed under vacuum. Combined yield of
crystals: 0.34 g, 35%. 1H NMR: [d8-toluene, 298 K]: δ 0.88 (t, JHH = 7.0 Hz, 3H, n-hexane),
1.02 (d, JHH = 6.8 Hz, 24H, CHMe2), 1.21-1.28 (m, 4H, n-hexane), 2.06 (s, 6H, p-Me), 2.40
(s, 12H, o-Me), 3.44 (m, 4H, CHMe2), 6.73 (s, 4H, ArH), 7.00 (d, JHH = 7.5 Hz, 4H, ArH),
7.10 (m, 2H, ArH). 13C{1H} NMR: [d8-toluene, 298 K]: δ 14.35 (n-hexane), 21.09 (p-Me),
23.11 (n-hexane), 24.88 (t, JPC = 9.2 Hz, o-Me), 25.03 (CHMe2), 32.05 (n-hexane), 33.80 (t,
JPC = 5.8 Hz, CHMe2), 124.00, 128.51, 130.93 (Ar), 131.30 (t, JPC = 12.0 Hz, Ar), 136.16 (t,
JPC = 6.4 Hz, Ar), 138.52 (Ar), 144.51 (t, JPC = 4.6 Hz, Ar), 153.11 (t, JPC = 4.2 Hz, Ar).
P{1H} NMR: [d8-toluene, 298 K]: δ -6.5 (br. s).

31

Synthesis of {(Dipp)(Mes)P}2Sn (1Sn): To a solution of (Dipp)(Mes)PH (0.83 g, 2.66
mmol) in THF (15 mL) was added a solution of nBuLi in hexanes (2.3 M, 1.2 mL, 2.76
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mmol). The resulting red solution was stirred for 1 h and added to a cold (-78 °C) solution of
SnCl2 (0.25 g, 1.33 mmol) in THF (15 mL), with the light excluded. The solution was
allowed to warm to room temperature and the solvent was removed in vacuo. The product
was extracted into methylcyclohexane (30 mL), the solution was filtered, and the filtrate was
reduced in volume to 5 mL. Storage of this solution at -25 °C for 1 week gave large purple
crystals of 1Sn suitable for characterization by X-ray crystallography. The supernatant
solution was removed by filtration and the purple crystals were washed with cold (0 °C) light
petroleum (5 mL) and the residual solvent was removed under vacuum. Yield: 0.27 g, 27%.
1

H NMR [d8-toluene, 298 K]: δ 0.97 (d, JHH = 6.7 Hz, 24H, CHMe2), 2.06 (s, 6H, p-Me), 2.43

(s, 12H, o-Me), 3.18 (sept, JHH = 6.7 Hz, 4H, CHMe2), 6.80 (s, 4H, ArH), 6.96 (d, JHH = 7.8
Hz, 4H, ArH), 7.05 (d, JHH = 7.8 Hz, 2H, ArH). 13C{1H} NMR [d8-toluene, 298 K]: δ 21.14
(p-Me), 24.77 (CHMe2), 25.49 (t, JPC = 11.0 Hz, o-Me), 33.56 (t, JPC = 5.5 Hz, CHMe2),
123.50, 127.50 (Ar), 129.33 (m, Ar, partially obscured by solvent peak), 132.26 (Ar), 136.98
(m, Ar), 137.82 (Ar), 144.92 (t, JPC = 4.5 Hz, Ar), 152.48 (t, JPC = 4.4 Hz, Ar). 31P{1H} NMR
[d8-toluene, 298 K]: δ -53.5 ppm (J119SnP = 855 Hz, J117SnP = 816 Hz). 119Sn{1H} NMR [d8toluene, 298 K]: δ 476 (t, JSnP = 855 Hz).
Synthesis of [(Dipp){(Me3Si)2CH}P]2Sn (2Sn): To a cold (-78 °C) solution of
(Dipp){(Me3Si)2CH}PH (0.63 g, 1.79 mmol) in THF (15 mL) was added a solution of nBuLi
in hexanes (2.3 M, 0.8 mL, 1.84 mmol). The mixture was allowed to warm to room
temperature and was stirred for 30 mins. The resulting red solution was added, dropwise, to a
cold (-78 °C) solution of SnCl2 (0.170 g, 1.79 mmol) in THF (15 mL) and this mixture was
allowed to warm to room temperature. The solvent was removed in vacuo from the resulting
orange solution to give a sticky orange solid. The product was extracted into toluene (10 mL)
and the solution was filtered. The volume of the filtrate was reduced to 5 mL and this
solution was stored at -25 °C for 1 week to give dark green crystals of 2Sn. The supernatant
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was decanted and the residual solvent was removed from the remaining solid under vacuum.
Yield: 0.25 g, 34%. 1H NMR [d8-toluene, 298 K]: δ -0.01 (s, 36H, SiMe3), 1.43 (br. s, 24H.
CHMe2), 1.96 (m, 2H, Si2CH), 4.31 (s, 4H, CHMe2), 7.05 (d, JHH = 7.5 Hz, 4H, ArH), 7.12 (t,
JHH = 7.5 Hz, 2H, ArH). 13C{1H} NMR [d8-toluene, 298 K]: δ 2.56 (m, SiMe3), 10.72 (m,
Si2CH), 25.97, 27.26 (br. s, CHMe2), 33.61 (t, JPC = 9.5 Hz, CHMe2), 125.58, 129.33 (Ar),
134.90 (m, Ar), 155.48 (Ar). 31P{1H} NMR [d8-toluene, 298 K]: δ -30.1 (s, JSnP = 1030 Hz).
Attempted synthesis of [{(Me3Si)2CH}2P]2Sn (3Sn): To a cold (-78 °C) solution of
SnCl2 (0.120 g, 0.63 mmol) in THF (10 mL) was added, dropwise, a solution of
[{(Me3Si)2CH}2P]Li(OEt2) (0.500 g, 0.63 mmol) in THF (10 mL). The mixture was allowed
to warm to room temperature to give a very dark red solution containing black solids. The
solvent was removed in vacuo, the product was extracted into toluene (20 mL) and filtered.
The solvent was removed in vacuo from the filtrate to give a dark red viscous oil, from which
grew a small number of single crystals of 3Sn after standing at room temperature for 16 h;
one of these crystals was characterized by X-ray crystallography.
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P{1H} NMR spectrum

(crude reaction mixture in THF, see main text):  43.2 (JPSn = 1900 Hz).
X-ray crystallography: Crystal structure datasets for all compounds were collected on
an Xcalibur, Atlas, Gemini ultra diffractometer using an Enhance Ultra X-ray Source (λ CuKα
= 1.54184 Å) for 1Ge, 1Sn and 3Sn and a fine-focus sealed X-ray tube (λ MoKα = 0.71073 Å)
for 2Li, and 2Sn. Using an Oxford Cryosystems CryostreamPlus open-flow N2 cooling
device, data for all structures were collected at 150 K. Cell refinement, data collection and
data reduction were undertaken using CrysAlisPro.24 For 1Ge, 1Sn and 2Sn an analytical
numeric absorption correction was applied using a multifaceted crystal model based on
expressions derived by R. C. Clark and J. S. Reid.25 For 2Li and 3Sn intensities were
corrected for absorption empirically using spherical harmonics. The structures were solved
using XT26 and refined by XL27 through the Olex2 interface.28 Hydrogen atoms were
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positioned with idealized geometry and their displacement parameters were constrained using
a riding model.
DFT calculations: Geometry optimizations were performed with the Gaussian09 suite
of programs (revision D.01).29 The pure B97D functional,30 which includes a correction for
dispersion effects, was employed throughout; the 6-311G(2d,p) all-electron basis set31 was
used on all atoms except Sn, for which the relativistic lanl2dz basis set32 was used [default
parameters were used throughout]. The identity of minima was confirmed by the absence of
imaginary vibrational frequencies in each case. Automatic density fitting was employed for
all geometry optimizations and frequency calculations. Natural Bond Orbital analyses were
performed using the NBO 3.1 module of Gaussian09.33
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Structural, NMR and DFT studies reveal competition between P=E π-interactions and
areneE contacts for the stabilization of diphosphatetrylenes. These studies show that the
tendency for either interaction is at least partially determined by the steric properties of the
ligands.
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