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ABSTRACT: The factors affecting the stabilization of diphos- "Evatuation of p

PIOTHS Me - =
phastannylenes, such as substituent size, steric demand, and type for Stab'"smg t'"(") compounds.” . >
of substituent (aryl, alkyl, silyl) were investigated via a e s,
comprehensive DFT and experimental investigation. The ‘ ' R= '
influence of various substituents (H, Me, ‘Bu, Ph, TMS, Hyp = R\ . / , Ph
(Si(SiMe,);)) on the pyramidalization of the phosphorus centers . ‘,P\ /P A, !
and cone angle determination of those substituents were carried N\ Ty W T wes

= Si(SiMes)s  =2.4.6-BusCeHs
out. Through these considerations, ligand systems capable of y

isolating a stable Sn(II) species were determined. Synthetic work
led to the isolation of dimeric supermesityl(trimethylsily)-
phosphanides, 2,4,6-tris(t-butyl)phenyl trimethylsilyl lithium
phosphanide, 2,4,6-tris(t-butyl)phenyl trimethylsilyl potassium phosphanide, and one hypersilylphosphanide [HypP(SiMe,)-
K-DME]. In addition to that, a novel monomeric diphosphastannylene [HypP(SiMe,)],Sn was isolated as well as confirmed by
experimental and calculated NMR data and single crystal X-ray analysis.

Characteristics:
size, steric demand and type of substituent

R'= Mes*, Hyp

Bl INTRODUCTION

Diphosphatetrylenes, the heavier analogues of the well-known
diaminotetrylenes, have gained interest in recent years. The
number of publications that examine the analogue cyclic a,a’'-
nitrogen-stabilized carbenes (NHC, Arduengo carbene') is
quite large given that there is just one analogous a,a’-
phosphorus-stabilized compound of this type.” The acyclic
compounds have, because of their high reactivity, substantial
possibilities in transition metal catalysis while still showing
enough stability for convenient use. Tetrylenes are able to
coordinate to transition metals forming homogeneous
catalysts, as is impressively shown in the work of Lappert3
and Veith." In Lappert’s investigations with Pd(I) complexes,
Sn[N(SiMe;),] acts as a two-electron o-donor, which is a
successful alternative to the widely used tertiary phosphanes.”
In diaminotetrylenes, stabilization is provided via interaction of
the group 15 element lone pair with the vacant p-orbital on the
group 14 element in oxidation state + II (tetrel atom E = C, Si,
Ge, Sn, Pb). As a result of the large planarization barrier of the
P atom, the effective orbital overlap was discussed as being less
beneficial in diphosphatetrylenes,” which might be a reason for
the small number of compounds in the literature. However, in
1996, Schleyer et al” noted that the inherent p-donor
capabilities of phosphorus should be as large or even larger

density into the empty p-orbital on the tetrel (see Figure 1). So
the key to success for the stability of diphosphatetrylenes

mesomeric effect

vacant p orbital

Figure 1. Intramolecular stabilization of diphosphatetrylenes.

should be the determination of substituents that provide
sufficient steric protection, together with decreasing the
pyramidalization of the P atom to obtain optimal orbital
overlap.

In almost all literature known structures, the P atoms are de
facto trigonal pyramidal and no typical 7-type interactions
could be determined. In 1977, the first diphosphatetrylene with
the rather small ‘Bu substituents, [(‘Bu,P)],Sn,, a dimeric
compound,® was established via NMR spectroscopy. A few

than those of nitrogen. Nevertheless, the difference in the
electronegativities (Pauling: N = 3.04, P = 2.19) and the
stronger pyramidalization of the phosphorus might counteract
the effective orbital overlap with the empty p-orbital of the
tetrel atom.

In order to use the tetrylenes for subsequent chemical
reactions, the steric shielding should be small enough to allow
access to the reactive tetrel center. At the same time, stability
needs to be increased by intramolecular donation of electron
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years later, the first monomeric structure (Me3Si)2PZSn was
confirmed by NMR spectroscopy and cryoscopy;” red-orange
crystals were isolated but decomposed while storing at reduced
temperature. Since TMS (=SiMe;) and ‘Bu are similar in their
steric demand, this indicates that silyl substituents might be
more favorable for the stabilization of monomeric diphospha-
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tetrylenes compared to alkyl ligands. The first structurally
characterized diphosphastannylene was isolated by Driess in
1995,'° bearing sterically demanding silyl substituents R1R2,
on the pyramidal P atom, with R1 = —Si(2,4,6-Pr;C¢H,),F or
—Si('‘Bu)(2,4,6-'Pry;C¢H,)F and R2 = —Si(‘Bu)-
(2,4,6-PryC¢H, )F. A bis(phosphanyl) stannylene was isolated
by Westerhausen in 1998. Here, bulky phospholide sub-
stituents were used.'"”'” The stabilization via formation of
phosphastannenocenes was also mentioned by Brym and
]ones.12

In 2007, an NMR experiment characterizing monomeric
diphosphastannylene, [Ar™*P(Ph)],Sn (Ar™*: = CiH,—
2,6(C¢H,—2,4,6-Me,)), was reported by Rivard."® In 2005
and 2012, comparatively small diphosphatetrylenes,

[(Me;Si),—CH]P(C¢H,—2-SMe),E (E = Ge, Sn) and [(Ph)-
(C6H3 26 CH,NMe,),P],Sn were isolated by Izod"* and
Reznicek.'> In both cases, additional stabilization of discrete
monomers was reached by intramolecular base stabilization via
a sulfur or a nitrogen lone pair.

All of the above-mentioned and literature known monomeric
diphosphastannylenes feature rather bulky and sterically
demanding alkyl, aryl, or sﬂyl substituents'" on the pyramidal
phosphorus atoms. Izod'® recently also added z-stabilized
diphosphatetrylenes to this type of compound, in which one of
the phosphorus atoms actually has a planar configuration.
These diphosphatetrylenes (R,P),E [E = Ge, Sn; R = Dipp
(2,6-PryC¢H,) or Tripp (2,4,6- Pr3C6H2)] show stabilization
via pr—prm interaction of one trigonal-planar P center.
Nevertheless, the substituents used in these compounds are
rather bulky groups.

As suggested by Izod, stabilization in dlphosphastannylenes
could be fortified by a strong P—=E multiple bond character.'®
Such a strong intramolecular stabilization could allow the use
of smaller substituents for stable tetrylenes. However, what is
missing is an understanding in what factors of the ligand,
including substituent size, steric demand, and kind of
substituent (aryl, alkyl, silyl), affect isolation and stabilization
of novel compounds. DFT calculations were used to explore
the influence of various substituents (H, Me, 'Pr, ‘Bu, Ph,
TMS, Hyp = (Si(SiMe;);)) on the pyramidalization of the
phosphorus center. Cone angle determination of those
substituents was carried out. Through these considerations, a
ligand system capable of isolating a stable Sn(II) species, was
determined.

B RESULTS AND DISCUSSION

As noted before, Izod'® recently characterized diphosphas-
tannylenes and -germylenes, bearing rather bulky, aromatic
substituents (Dipp, Tripp), where one of the phosphorus
centers is planar, and a P=E double bond is formed.
Diphosphatetrylenes with smaller silyl substituents on the P
atoms, have not been isolated so far, although SiMe; groups
have been used as sterically demanding, stabilizing substituents
for several years in group 14 chemistry.'” In 2006, Hassler et al.
reported on several phosphanes and diphosphanes featuring a
bulky —Si(SiMe;); group, among others, the simple hyper-
silylphosphane [(SiMe;);Si—PH,].'"® The hypersilyl moiety
[(SiMe;);Si—] provides great steric protection to neighboring
groups while generally not being reactive itself, if not
specifically targeted.'® It was shown that backbone systems
featuring a hypersilyl moiety can be functionalized, which
mlght make them ideal precursors for the synthesis of novel
a,a’-P-tetrylenes. 1819 Unlike the ligands of all previously

reported monomeric diphosphatetrylenes, these ligands feature
neither aromatic nor any additional electron donating moieties.

Computational Approach. For more insight, a DFT
investigation of phosphorus ligands with aryl, alkyl, and silyl
substituents on the phosphorus atoms was carried out. Owing
to the fact that larger substituents are essential for kinetic
stabilization, greater focus was placed on 2,4,6-tris(t-butyl)-
phenyl-PR, (Mes*PR,), which is comparable to the bulky
aromatic substituents (Dipp, Tripp) used in literature known
diphosphastannylenes, and HypPR,, Hyp = (Si(SiMe,);)), as a
sterically demanding silyl substituent.

A closer look at the influence of the substituent choice on
the planarization using Mes*PR, and HypPR, as root
backbones with R = H, Me, ‘Bu, TMS, Hyp, and Ph was
taken. Comparing the results for both types of phosphanes, the
Mes*backbone, seen in Table 1, appears particularly suitable

Table 1. mPW1PW91/SDD DFT Calculated Geometry
Data for Mes*PR,

R H Me ‘Bu TMS Hyp Ph
P—C [A] 1.90 1.89 1.90 1.89 1.90 1.86
P-R [A] 1.44 1.89 1.96 2.34 248 1.87

TP [°] 2934 3199 3418 3519 3599 3263

for lowering the pyramidalization of the P atom. Focusing on
the ‘Bu, TMS, and Hyp substituents, a stronger effect on the
pyramidalization for the silyl substituents was observed.
Although the TMS group is isomorphic” and similar in size
to the Bu ligand, the bond angle sum (ZP) increases by 10
degrees going from ‘Bu (XP = 341.8°) to TMS (ZP = 351.9°).
This indicates that the type (aryl, alkyl, silyl) of substituent is
as essential as its size. A second aromatic group, Ph, does not
seem to enhance planarity.

A similar trend is noted for the HypPR, compounds (see
Table 2). However, the bond angle sums around P are

Table 2. mPW1PW91/SDD DFT Calculated Geometry
Data for HypPR,

R H Me ‘Bu TMS Hyp Ph
P-Si [A] 236 236 241 2.36 243 2.38
P—R [A] 1.44 1.90 1.95 2.35 2.49 1.88

=P [°] 287.0 3031  321.5 3331 3417 3121

approximately 20° smaller for both, ‘Bu and TMS. Only Hyp,P
has a rather high bond angle sum with 341.7°. These results
suggest a superiority of the Mes*PR, substituent for forming
E=P double bonds.

Calculations of Cone Angles. Steric bulk of ligands is
usually determined by Tolman € or solid cone angles ®,”"
which both suffer from some disadvantages such as the
imprecision with asymmetric and polydentate ligands or for
solid angles, only pr0v1d1ng a picture of the hgand in a frozen
state.”’ In contrast, the “exact cone angle method”* is a more
convenient technique for determining exact cone angles 6° via
finding the most acute circular cone, containing all ligand
atoms over a quadratic equation for the cosine of the cone
angle. The size of the cone angle describes the ability of
shielding an active metal center. Commonly used phosphane
ligands show values around 200°.>* Using the exact cone angle
method,”" Dipp and Tripp substituents used by Izod®'® have
cone angles of 204 to 205°. For the diphosphastannylenes
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Figure 2. Schematic diagram of diphosphatetrylene cone angles.
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Table 3. mPW1PW91/SDD DFT Calculated Data for the Global Minimum of (Mes*PR),Sn

substituent Y P(P)’ [deg] P—R/P’—R [A] P—Sn/P’'—Sn [A] P—Sn—P [deg] Ay [eV]
‘Bu 325.4 (360.0) 2.00/1.98 2.70/2.52 104.2 3.05
TMS 347.0 (360.0) 2.34/2.35 2.36/2.35 110.3 325
Hyp 331.5 (359.9) 2.38/2.40 2.61/2.56 112.1 3.03

Table 4. mPW1PW91/SDD DFT Calculated Data for the Global Minimum of (HypPR),Sn

substituent Y P(P)’ [deg] P-R/P'—R [A] P—Sn/P’'—Sn [A] P—Sn—P [deg] Ay [eV]
‘Bu 309.7 (360.0) 1.96/1.94 2.68/2.51 102.0 3.16
TMS 328.0 (328.0) 2.35/2.36 2.58/2.61 98.82 3.11
Hyp 317.3 (358.9) 2.57/2.71 2.71/2.57 118.0 2.04

studied here, (Mes*RP),Sn and (HypRP),Sn, with R = H, Me,
or Ph, values from 150 to 165° were obtained, making them
less suitable for stabilizing monomeric diphosphatetrylenes.
For the Hyp backbone, the TMS and ‘Bu ligands have values of
197 and 198°, respectively. In comparison, the Mes*backbone
with R = TMS has a value for the cone angle of 167°, while ‘Bu
with 178° might still be in a reasonable range (see Figure 2). In
summary, the Hyp backbone in combination with a ‘Bu or
TMS ligand seems to provide enough steric stabilization for
the isolation of monomeric diphosphatetrylenes. Both back-
bone systems with special emphasis on R = ‘Bu, TMS, and
Hyp, were considered for DFT calculations on diphosphas-
tannylenes.

In a brief summary in Tables 3 and 4, the calculated data for
the lowest energy minimum of each compound can be found
(coordinates for all geometries are given in the Supporting
Information). For every compound, four to five stable
minimum geometries were located. At least one of those
configurations had a planar P center, which indicates a higher
overlap of the orbitals and therefore a stronger stabilization. In
these conformers, one shorter P—Sn bond was detected,
caused by the 7-type interaction, which was also confirmed by
NBO analyses, resulting in high delocalization energies (E, =
115—185 kcal/mol). Simultaneously, the P—Sn bond of the
second P center was significantly elongated and shows only a
weak interaction of this type. In the case of (Mes*RP),Sn, all
of the global minima, except for R = H, have one planar P
atom. For R = 'Bu, the global minimum is 15 kJ/mol more
stable than the other minima. The Sn—P distances are 2.52 and
2.71 A, with a P—Sn—P angle of 104.2°. The bond angle sums
of the P atoms are 360 and 325°, respectively. For the TMS
substituted compound, bond angle sums of 347.0 and 360.0°

were detected. The P—Sn—P angle is 110.3°, slightly wider.
Only for this compound a conformer with two almost planar P
atoms, Y, P(P)’ = 355.6° (355.0°), was found. This conformer
was the least stable one, with a AH of 20 kJ/mol. The Hyp
substituted compound shows an increased P—Sn—P’ angle,
because of the ligand size, which can be seen in Table 3.

The global minima of compounds (HypPR),Sn have usually
two pyramidal phosphorus centers. NBO analyses show in
these cases interactions between the P lone pairs and the
empty p-orbital on the Sn with lower delocalization energies
(B, = 15-30 kcal/mol). Only for (Hyp'BuP),Sn and
(Hyp,P),Sn a global minimum with a planar P center was
detected. For (Hyp'BuP),Sn, all of the minima are rather close
in energy (AH = 3.1—16.5 kJ/mol). The global minimum
structure has Sn—P distances of 2.51 and 2.69 A, and the P
bond angle sums are 360 and 309.7°. For the analogous
compound with R = TMS, four minima were found only 1.7 to
3.4 kJ/mol less stable than the global minimum, and another
four minima were located with AH = 8.8 to 24.8 kJ/mol. The
global minimum is quite symmetric; both Sn—P distances are
2.59 A, and both P atoms are pyramidal with a bond angle sum
of 328°. A restricted scan for the planarization of one P center
shows a very small barrier of approximately S kJ/mol. In the
case of R = Hyp, there is a significant difference in the Sn—P
distances, with 2.57 and 2.70 A as seen in Table 4. This
indicates reduced pyramidal environment on the second P
atom, and indeed, the bond angles are 358.9 and 317.3°. The
P—Sn—P bond angle (118°) is wider than in the TMS
substituted compound (98.8°). The literature known silyl
substituted compound isolated by Driess'” has a P—Sn bond
length of 2.567 A and a P—Sn—P angle of 98.78°, similar to
(HypTMSP),Sn as seen in Table 4.
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Scheme 1. Reaction Route to Sn(PMes*TMS),

n| i n i
1. "BuLi ™S 1. "BuLi ™S Mes*
2. TMS-CI 2. TMS-CI /
Mes*PH, —> Mes*—R — > Mes*—R + P—FP
.78° THF/-78°C to RT
THF/-78°C to RT T™MS  “Mes
1 3 4
sideproduct
. T™MS
"BuLi / SnCl,
E—— Mes*—P\ —_—
T™MS THF/0°C to RT Li THF/-50°C T™S Mes*
Mes*—R, 2a ||3 P
™S *Mes™ \Sn/ \TMS
TMS o
KO'Bu SnBr,
—> Mes*—PR —_—
DME/0°C to RT K THF/-50°C
2b
TMS = SiMe;

Mes* = (2,4,6-Tri-tert-butylphenyl)

Figure 3. 2,4,6-Tris(t-butyl)phenyl trimethylsilyl lithium phosphanide 2a obtained by X-ray diffraction analysis. All noncarbon atoms shown as 30%

shaded ellipsoids. Hydrogen atoms have been omitted for clarity.

Concerning the NMR data, two shifts in the 3P NMR
should be detected if a compound has one pyramidal and one
planar P center. These shifts differ in a quite remarkable
manner. The shifts for the planar phosphorus atom are
calculated to occur in our investigated stannylenes in a region
from 22 to 52 ppm, while the pyramidal phosphorus centers
resonate in the high field from —139 to —125 ppm. In the
solid-state *'P("H) MAS NMR spectra of the Dipp substituted
compound isolated by Izod,'® shifts at 95.8 ppm (P—Sn
2620 Hz) and —66.2 ppm (P—Sn = 1180 Hz) occurred, '
which matches their DFT calculations. In a toluene-dg solution,
only a *'P NMR peak at —25.1 ppm with a P—Sn coupling of
1300 Hz was found. This was attributed to small barriers of
inversion.'® Our calculations on a simpler model, (PPh,),Sn,
predict an inversion barrier of 2.4 kJ/mol.

As mentioned before, tetrylenes are interesting candidates
for complementing transition metal compounds in catalytic
processes. Particularly the activation of small molecules, such
as H, and NH,, arouses great interest. Schoeller”” noted that
HOMO-LUMO gaps, Ay_;, and singlet—triplet energy
separations, AEg_r, are essential in the reactions with small

molecules. Smaller gaps lead to lower activation barriers and
are therefore favorable.'® Recently, it was mentioned”* that by
the use of phosphido ligands, the values for AEg 1 can be
lowered to values below 63 kJ-mol™". In diaminotetrylenes, the
values are around 88 kJ-mol™" or higher. Literature known
germylenes,” which were tested for H, activation, show
HOMO-LUMO gap values from 3.4 to 3.6 eV. Compared
with our results, we can see that in all Sn conformers seen in
Tables 3 and 4, the HOMO—LUMO energy gaps are between
2.04 and 3.25 eV. If we take a closer look at our TMS
substituted compounds, (Mes*PTMS),Sn and
(HypPTMS),Sn, the absorption maximum for the Mes*com-
pound is at 531 nm (red-purple), and the absorption maximum
for the Hyp compound is at 676 nm (green blue). This
indicates a smaller HOMO—LUMO gap for the (HypPTMS,)-
Sn, which could be confirmed with our DFT calculation; the
Ay_p value for the Hyp compound is 3.11 eV, while the
Mes*compound has a wider gap of 3.25 eV. The AEg_ could
be calculated with 128.5 kJ-mol™" for (Mes*PTMS),Sn and
178.7 kJ'mol™' for (HypPTMS),Sn. This makes these
compounds ideal candidates for the activation of small
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Figure 4. Structure of 2,4,6-Tris(t-butyl)phenyl trimethylsilyl potassium phosphanide]'DME 2b obtained by X-ray diffraction analysis. All
noncarbon atoms shown as 30% shaded ellipsoids. Hydrogen atoms have been omitted for clarity.

molecules. For the purpose of employing the insight gained
from the calculations, we have chosen to apply the ligands ‘Bu
and TMS for the synthesis of stable diphosphastannylenes in
the form of Mes*RP—Sn—PRMes*and HypRP—Sn—PRHyp.

Experimental Approach. Mes*PH, (or supermesityl-
PH,) 1 and (SiMe;),Si—PH,'® (HypPH,) were chosen as
convenient synthetic starting points in the synthesis of
silylphosphanes, which can act as stabilizing ligands for
diphosphatetrylenes. The lithiation of Mes*PH, 1 with "BuLi
is well-known and yields the phosphanide Mes*PHLi.
Straightforward salt elimination reaction with TMS-CI yields
the silaphosphane Mes*P(TMS)H 3. A subsequent reaction
with "BuLi and a salt elimination reaction with TMS-Cl leads
to Mes*P(TMS), 4. The deprotonation reaction with "BuLi
can also yield the diphosphene, a common side product (see
Scheme 1).2°

A reaction of Mes*P(TMS), seems more complicated;
however, reaction of 4 with "BuLi causes an almost quantitative
(>99%) abstraction of one trimethylsilyl group, resulting in a
clean lithium phosphanide 2a. Si—P cleavage by "BuLi, as well
as lithiation of primary and secondary phosphanes, is a well-
known reaction. However, solid-state structures of 2a and 2b
have not been reported to date. Crystals suitable for X-ray
diffraction analysis of these were gained from a mixture of n-
hexane and toluene (see Figures 3 and 4). A P—C bond length
was observed with a length of 1.872 A for the lithium
phosphanide 2a and 1.887 A for the potassium phosphanide
2b; the values for the P—Si bond (2.226 and 2.211 A) are in a
reasonable region. Both phosphanides crystallize as dimers
consisting of two metal atoms bridged by two Mes*TMSP
ligands in a P-M—P—M central ring (M = Li, K). In the case
of 2a, one Li coordination center is saturated by ether, while
the second Li atom is stabilized by agostic interactions from
the t-butyl groups of the Mes*ligand, with a coordination
number of 2. The values for these Li---H—C contacts are within
reported values for a Li--H—C (2.140, 2.365, and 2.74S A)
agostic interaction.”” The P—Li bond lengths are 2.505 and
2.412 A, comparable to the literature known lithium

phosphanide [LiPMes,)(OEt,)],,*® with P—Li bonds of
2.483 and 2.479 A. In the case of the potassium phosphanide
2b, each metal atom is coordinated to DME. The P—K bond
lengths are 3.264 and 3.228 A, comparable to the literature
known P,K bridged [3]ferrocenophane.”” This compound has
P—K bond lengths of 3.581 and 3.333 A. The K--H-C
contacts are as well within reported values for a K---H—C
(2.845, 3.062, 3.101, 3.238 A) agostic interaction.

The attempted tetrylene synthesis via reaction of Me-
s*PHosphanide with the corresponding Sn(II) halides (SnCl,,
SnBr,) yielded a dark red solution and a red-brown precipitate.
Further interpretation of this precipitate was difficult because
of the poor solubility in any common solvent. The reaction
solution was further analyzed via NMR. A *'P signal at —392.1
ppm and a '"Sn signal at 1292 ppm were detected. The red
solution was stored at reduced temperature in order to gain
crystals for a structure determination. Two kinds of crystals
could be isolated. Apart from yellow crystals, which were
analyzed to be Mes*—P = P—Mes*, a quite common side
product in the reaction of lithium silylphosphides with
halides,***" small red crystals were formed. Unfortunately, X-
ray diffraction analysis of these was not possible because of
poor crystal quality.

In the literature, an NMR pattern similar to ours was found
for a compound isolated by Westerhausen,* a tin—phosphorus
cubane with Si'Bu; groups on P. It shows a *'P signal at —452.1
ppm and a '"”Sn peak at 1234 ppm with a 'Jg,_p coupling
constant of 788 Hz and a *Jg,_p coupling constant of 84 Hz.
Since this compound shows an upfield shift compared to our
analyzed reaction solution, and carbon substituents on P were
found to rather form cages, we suppose the formation of
multinuclear Sn—P cage structures as mentioned by Wright.””

According to our calculations, [HypPK—SiMe,] is an ideal
candidate for synthesizing a stable stannylene. The synthesis of
[HypPK—SiMe,] has been described before'® but was
modified for this work. The replacement of toluene with 1,2-
dimethoxyethane (DME) results in similarly high yields
(>85%), making the addition of 18-crown-6 obsolete and the
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Figure S. Disordered diagram of dipotassium salt § obtained by X-ray diffraction analysis. All noncarbon atoms shown as 30% shaded ellipsoids.
Hydrogen atoms have been omitted for clarity.

Scheme 2. Reaction to Sn(PTMSHyp),

™S ™S TMS  Hyp
H B KO'Bu H P/ SnBr, F|' Fl’
yp— — yp— T
\ DME/0°C to RT \ THF/-50°C Hyp”~ sl D Tms
™S K -
5 6
TMS = SiMe,

Hyp = Si(SiMej);

\

j<
Figure 6. Solid-state structure of stannylene 6 obtained by X-ray diffraction analysis. All noncarbon atoms shown as 30% shaded ellipsoids.
Hydrogen atoms have been omitted for clarity.

reaction able to be handled at room temperature. Crystals slow evaporation of the solvent at room temperature.
suitable for X-ray diffraction analysis were obtained after Compound § crystallizes in a dimeric structural pattern, as
removal of the solvent and recrystallization from toluene with seen in 2a and 2b with a four membered P—K—P—K central
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ring (see Figure S). Each of the potassium ions is further
stabilized via a dimethoxyethane molecule and agostic
interactions to the methyl groups on the hypersilyl moiety.
However, [HypPK—SiMe,] displays whole molecule disorder
(Supporting Information).

A reaction of [HypPK—SiMe;] S in diethyl ether with
tin(I)bromide diluted in THF (see Scheme 2) led to an
immediate change of color to a rich emerald green. After
replacement of the solvents with toluene and filtration, dark
green needles were obtained at low temperatures (—30 °C).
Analysis via X-ray diffraction gave the molecular structure of a
novel diphosphastannylene [HypP—(SiMe;)],Sn (see Figure
6) with two pyramidal P centers as predicted by DFT
calculations. There are neither solvent molecules coordinating
to the stannylene nor can any agostic intramolecular or
intermolecular interactions be observed. In accordance to our
calculations at the level of density functional theory (MO6L/
IGLO-1I//mPW1PW91/SDD), a predicted absorption at 676
nm for the donor free stannylene, resulting in a green color,
was observed. If a solvent molecule would have been
coordinated to the metal center, this would have a direct
influence on the HOMO-LUMO gap, resulting in an
absorption at 495 nm. A UV/vis value was measured at 665
nm for this compound. Also in agreement with our calculated
data (see Table 5), the Sn—P bond lengths and angles match

Table 5. mPW1PW91/SDD DFT Calculated and
Experimental Data for the Monomeric
Diphosphastannylene 6

bond lengths exp. [A] calc. [A]
P1-Sn 2.53 2.59
P2—-Sn 2.56 2.60

bond angles [deg]

Sa(P) [deg] 306.1/321.4 328.0/328.0

P—Sn—P 98.95(6) 101.0

the experimentally observed values. Compound 6 has Sn—P
bond lengths of 2.53 and 2.56 A and a P—Sn—P angle of
98.96°, resulting in a v-shape. These values are similar to those
of Driess’ compounds, which have P—Sn bond lengths of 2.57
A and a P—Sn—P angle of 98.78°."

Compound 6 shows a downfield "*Sn shift at 1467 ppm
(see Figure 7), comparable to the compound isolated by Driess
with a '?Sn shift of 1551 ppm and a 'J#g,_p coupling constant
of 1682 Hz. As expected for a tin atom substituted by two
phosphorus moieties, the signal of 6 is a triplet with a 'Jiwg,_p
coupling constant of 1486 Hz (see Figure 8), where our DFT

T T T T T T
1490 1480 1470 1460 1450 1440

Figure 7. ''°Sn NMR resonance of 6 in the lowfield region.

calculations predict coupling constants of 1517 Hz.'” The
isg,_p coupling, as well as the slightly smaller 'Jivg, _, (1423
Hz) coupling, can also clearly be observed via *'P NMR
spectroscopy (see Figure 8). These coupling constants are
considerably larger than those reported for Sn—P single bonds
(700—1000 Hz)'® and also larger than the coupling constants
found for ligands in dimeric stannylenes (~1000—1200 Hz).”
A tin ferrocenophane dimer”* shows a ''°Sn shift at +418 ppm
with 'Jg,_p coupling constants of 702 Hz for the more
deshielded P and another 'Jg,_p coupling constant of 1179 Hz
for the phosphorus nucleus resonating at higher field,**
showing that coupling constants for dimeric compounds are
in between (700—1200 Hz).

Compound 6 has two pyramidal P centers and shows a
sharp *'P peak at —104.9 ppm, in agreement with our
calculated data of —125 ppm.

This matches the data for comparable literature known
compounds,'’ with >'P shifts at —102.5 and —121.5 ppm. 6 has
two stereogenic centers. The molecular structure and the
calculated minimum structures with AH < 3 kJ/mol are p,L-
conformations. In solution a mixture of D,L- and meso-forms
cannot be entirely ruled out, although the ''°Sn and the *'P
NMR peaks are quite sharp with line widths at half height of 37
and 3.5 Hz, respectively.

Studies concerning the proposed reactivity toward small
molecules, such as H, or NHj, are ongoing.

Conclusion. Through DFT calculations, a series of
phosphorus ligands with different characteristics, such as size,
steric demand, and type of substituent (aryl, alkyl, silyl) were
evaluated for their ability to stabilize low valent tin(1I)
compounds. The effect of various substituents (H, Me, ‘Bu, Ph,
TMS, Hyp = (Si(SiMe;);)) on the pyramidalization of the
phosphorus center were explored. In addition, the steric
demand of these substituents was evaluated through exact cone
angle determinations. The most promising substituents on
(Mes*PR),Sn and (HypPR),Sn (R = 'Bu, TMS, Hyp) were
used in calculating the structures and HOMO—-LUMO gap,
giving an idea on their reactivity. Our combination of
calculations and synthetic results indicate that the intra-
molecular stabilization via formation of a Sn=P double bond
is less important than previously considered. NBO analysis
showed that in conformers with one planar P center, strong 7-
type interactions occur. At the same time, the second P center
is considerably weakened as expressed by an elongation of the
P—Sn bond. Consequently, steric shielding needs to be
increased to ensure stabilization. In case of two pyramidal P
centers, simultaneous interaction between the lone pair of both
P centers with the empty p-orbital of the Sn is found but yields
comparably low delocalization energies. Calculations for
(Mes*PTMS),Sn reveal conformers with planar P centers
and a cone angle of 176° which according to the literature
should lead to the isolation of stable stannylene species.
Experimentally, however, the use of this substituent combina-
tion did not give the desired results. In contrast, the
combination of Hyp and TMS on the phosphorus centers
does not have planar P atoms but has a larger steric demand
with a cone angle of 197°. This led to a novel stable tin(II)
species, (Hyp*PTMS),Sn, confirmed by experimental and
calculated data. The solid-state structure shows no donor
coordination to the metal center and no further interactions.
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Figure 8. *'P NMR resonance of 6.
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B EXPERIMENTAL SECTION

General Procedures. All reactions, unless otherwise stated, were
carried out using either standard Schlenk line techniques or in a
glovebox under nitrogen atmosphere. All dried and deoxygenated
solvents were obtained from a solvent drying system (Innovative
Technology, Inc.). C¢Dg4 has been destilled over sodium and stored
under nitrogen atmosphere. n-Butyl lithium and potassium tert-
butylate were bought from Aldrich and used as delivered.
Dichlorotetramethyldisilane has been prepared following standard
procedures.”® HypP(SiMe;)K § was prepared following procedures
previously published.'®"?

Because of the air, moisture, and, in the case of the stannylene,
light, sensitivity of our compounds, we were unable to obtain
meaningful elemental analysis results. This is a common problem
observed in tin(I) species and alkaline metal complexes. Alkaline
compounds, such as the reported phospanides, were already described
before to be extremely reactive, and immediate decomposition at
room temperature is very likely.>**’

The purity of all reported compounds was established by the
absence of impurities, detected by NMR measurement for all nuclei
(*H, B3¢, ¥si, *'P, and "*Sn NMR).

Computational Details. All calculations have been carried out
using the Gaussian09 program package®® on a computing cluster with
blade architecture. For all calculations except calculations of magnetic
shielding, the mPW1PW91 hybrid functional® was used. Magnetic
shielding was calculated using the MO6L* pure functional as
implemented in Gaussian09. For optimizations and calculation of
frequencies, the basis set combination denoted by SDD as
implemented in Gaussian09**was used. For calculation of UV/vis
absorptions and NMR magnetic shielding, the all electron IGLO-II*!
basis set was used. The magnetic shielding of Hy;P0, (¢°'P = 624.7)
was used as reference.

NMR. 'H (300.2 MHz), 3C (75.5 MHz), Si (59.6 MHz), **Sn
(111.8 MHz), and *'P (121.5 MHz) NMR spectra were recorded on a

Mercury 300 MHz spectrometer from Varian at 25 °C. Chemical
shifts are given in parts per million (ppm) relative to TMS (6 = 0
ppm) regarding 'H, *C, and *Si. Coupling constants (J) are reported
in hertz (Hz). All NMR spectra were measured in C¢Dq.

X-ray Diffraction. All crystals suitable for single crystal X-ray
diffractometry were removed from a vial or a Schlenk under N, and
immediately covered with a layer of silicone oil. A single crystal was
selected, mounted on a glass rod on a copper pin, and placed in the
cold N, stream provided by an Oxford Cryosystems cryostream. XRD
data collection was performed for compounds 2a, 2b, S, and 6 on a
Bruker APEX II diffractometer with use of an Incoatec microfocus
sealed tube with Mo Ka radiation (y = 0.71073 A) and a CCD area
detector. Empirical absorption corrections were applied using
SADABS or TWINABS.*>* The structures were solved with use of
the intrinsic phasing option in SHELXT and refined by the full-matrix
least-squares procedures in SHELXL.**"*® The space group assign-
ments and structural solutions were evaluated using PLATON.*"**
Non-hydrogen atoms were refined anisotropically. All other hydrogen
atoms were located in calculated positions corresponding to standard
bond lengths and angles and refined using a riding model. Disorder as
observed for compounds 2a, 2b, and 5 was handled by modeling the
occupancies of the individual orientations using free variables to refine
the respective occupancies of the affected fragments (PART).* In
some cases, the similarity SAME restraint, the similar-ADP restraint
SIMU, and the rigid-bond restraint DELU, as well as the constraints
EXYZ and EADP, were used in modeling disorder to make the ADP
values of the disordered atoms more reasonable. In some cases, the
distances between arbitrary atom pairs were restrained to possess the
same value using the SADI instruction, and in some cases, distance
restraints (DFIX) to certain target values were used. In some tough
cases of disorder, anisotropic U’ values of the atoms were restrained
(ISOR) to behave more isotropically. Disordered positions for the
coordinated ether in 2,4,6-tris(t-butyl)phenyl trimethylsilyl lithium
phosphanide 2a were refined using 70/30 split positions. Disordered
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positions for a SiMe; group, a coordinated DME, and a methyl group
in a t-butyl group in compound [2,4,6-tris(t-butyl)phenyl trimethyl-
silyl potassium phosphanide]-DME 2b were refined using 50/50, 50/
50, and 55/4S split positions, respectively. In addition to poor crystal
quality for compound [HypP(SiMe;)K-DME] 5, resulting in high
RINT values and low bond precision, whole molecule disorder was
refined using 60/40 split positions. Despite multiple least-squares
refinement cycles, proper convergence of the refinement was not
achieved and attributed to poor crystal quality and not incorrect atom
assignments. All agostic interactions for presented compounds fall
within reported values*”*° and are based on a Cambridge Structural
Database search.”’ CCDC 1838937—1838940 contain the supple-
mentary crystallographic data for compounds 2a, 2b, 5, and 6
respectively. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Crystallographic data and details of measurements and refinement
for compounds 2a, 2b, 5, and 6 can be found in the Supporting
Information.

Synthesis. Synthesis of 2,4,6-Tris(t-butyl)phenyl Trimethylsilyl
Lithium Phosphanide 2a. 2,4,6-Tris(t-butyl)phenyl trimethylsilyl
phosphane (0.40 g, 1.14 mmol) was dissolved in S mL of THF. 0.82
mL of 1.6 M n-butyl lithium (1.15 eq, 1.31 mmol) in hexanes was
added dropwise at RT. The color of the reaction solution changed to
yellow, and the solution was stirred for an additional 2 h. After
evaporation of all volatile components, the solid residue was
redissolved in n-hexane. After 1 week at —30 °C, crystals suitable
for X-ray diffraction analysis can be isolated from this solution. Yield:
0.19 g, 42%. '"H NMR (C¢Dy, 293 K): § 0.15 ppm (9H, d, SiMey, *J,pp
=3.9 Hz), 3.66 ppm (18H, o-t-Bu) 3.91 ppm (9H, p- +-Bu) 7.16 ppm
(2H, d, arom., *J;3p = 1.8 Hz). *C NMR (C(D ¢, 293 K): § 4.33 ppm
(SiMes, d, }Jcp = 12.8 Hz), 31.2 ppm (0-CMej, d, *Jcp = 8.1 Hz), 33.3
ppm (0-CMe;, d, Jcp = 8.8 Hz), 34.7 ppm (p-CMe ), 38.8 ppm (p-
CMe;), 118.7 ppm (arom., d, *Jcp = 3.7 Hz), 121.1 ppm (arom., d,
YJep = 4.25 Hz), 149.8 ppm (arom.), 157.6 ppm (arom.). **Si NMR
(C¢Dg, 293 K): 5 7.94 ppm (d, YJgp = 21.8 Hz). 3P NMR (C¢Dg, 293
K): 6 —151.4 ppm.

Synthesis of [2,4,6-Tris(t-butyl)phenyl Trimethylsilyl Potassium
Phosphanide]-DME 2b. 2,4,6-Tris(t-butyl)phenyl bis-trimethylsilyl
phosphane (0.13 g, 0.28 mmol) was dissolved in 3 mL of DME. A
solution of 0.035 g (0.31 mmol) of KOtBu in 2 mL of DME was
added dropwise at RT. The colorless solution changed to yellow
immediately and was subsequently stirred for 2 h. After evaporation of
all volatile components, the residue was redissolved in n-hexane. After
1 week at =30 °C, crystals suitable for X-ray diffraction analysis could
be isolated from this solution. Yield: 0.11 g, 82%. 'H NMR (C¢Ds,
293 K): 6 0.24 ppm (9H, d, SiMe;, *Jy;p = 3.6 Hz), 1.40 ppm (9H, p-t-
Bu), 1.99 ppm (18H, o- +-Bu), 3.00 ppm (4H, DME CH,), 7.11 ppm
(2H, broad s, arom.). 3C NMR (C¢Dg, 293 K): 6 4.0 ppm (SiMes, d,
Ycp = 13.4 Hz), 31.2 ppm (0-CMe,, d, ¥Jcp = 8.1 Hz), 33.4 ppm (o-
CMes, d, ¥Jcp = 8.8 Hz), 34.5 ppm (p-CMe ), 38.5 ppm (p-CMe;),
58.3 ppm (DME), 71.2 ppm (DME), 118.8 ppm (arom., d, *J cp =
12.8 Hz), 1189 ppm (arom.), 1434 ppm (arom.), 156.0 ppm
(arom.). ?Si NMR (C¢Dy, 293 K): 5 —0.83 ppm (d, Jgp = 58.4 Hz).
3P NMR (C¢Dg, 293 K): § —143.1 ppm.

Synthesis of [HypP(SiMe3)K-DME] 5. HypP(SiMe,), (1.00 g, 2.4
mmol) and KO'Bu (0.28 g, 2.5 mmol) were brought into a Schlenk
flask under inert atmosphere. Dissolution of the solid, colorless educts
in 6 mL of 1,2-dimethoxyethane (DME) at 0 °C led to an immediate
change of color to intense yellow. After the mixture was vigorously
stirred for 24 h, all volatile components were removed under reduced
pressure. The residue was redissolved in a mixture of pentane and
toluene. Crystals suitable for X-ray diffraction analysis were obtained
from this solution at —30 °C. Yield: 0.98 g, 87%. 'H NMR (C.Dy, 293
K): 6 0.09 ppm (27H, s, (Me,Si);Si), 0.17 ppm (9H, d, SiMe;, ¥Jyyp =
3.6 Hz), 1.47 ppm (9H, p-t-Bu) 2.00 ppm (18H, o-t-Bu), 2.96 ppm
(6H, DME CH;), 3.00 ppm (4H, DME CH,). *C NMR (C¢Dy, 293
K): 6 2.0 ppm (9C, d, *Jcp = 12.2 Hz, (Me;Si);Si), 8.5 ppm (3C, d,
YJep = 11.6 Hz, Me,Si). Si NMR (C¢Dg, 293 K): § —94.8 ppm (Si, d,
Usp = 1182 Hz, (Me;Si),Si), —14.14 ppm (3Si, d, ¥gp = 12.6 Hz

(Me;Si);Si), —0.53 ppm (1Si, d, Jsp = 78.9 Hz, Me,Si). *'P NMR
(C¢Dg 293 K): 5 —355.8 ppm.

Synthesis of [HypP(SiMe3)],Sn 6. A solution of HypP(SiMe3)K-
DME (0.92 g, 1.91 mmol) in 6 mL of DME was cooled to —50 °C
and slowly added to a cooled (—50 °C) suspension of SnBr, (0.27g,
0.96 mmol) in 10 mL of THF in a 100 mL Schlenk flask via cannula
under vigorous stirring. Upon addition, the reaction solution turned
to dark green. The reaction was allowed to warm up to room
temperature and was vigorously stirred for 16 h. After removal of
solvents under reduced pressure, the residue was dissolved in pentane
and filtered from salts. Crystals suitable for X-ray diffraction analysis
were obtained from pentane at —30 C. Yield: 0.72 g. '"H NMR (C¢Dj,
293 K): 6 0.35 ppm (27H, broad s, (Me;Si);Si), 0.50 ppm (9H, d,
e = 3.6 Hz, Me,Si). *C NMR (C¢Dy, 293 K): 6 2.7 ppm (18C,
broad s, (Me,Si);Si), 6.5 ppm (6C, dd, YJcp = 7.2 Hz, ¥Jcp = 6.0 Hg,
Me;Si). Si NMR (C¢Dg, 293 K): § —91.5 ppm (2Si, dd, YJgp = 79.6
Hz, ¥Jgp = 10.8 Hz, (Me;Si);Si), —9.9 ppm (6Si, dd, ¥gp = 5.0 He,
Y = 3.8 Hz, (Me,Si)3Si), 6.1 ppm (2Si, dd, YJgp = 51.5 Hz, ¥gp =
5.0 Hz, Me,Si). 3'P NMR (C¢Dg, 293 K): § —104.9 ppm (Jirgp =
1423 Hz, 'Jiwg,p = 1486 Hz); "'°Sn NMR (C¢Dy, 293 K): & 1467 ppm
(J'7sap = 1486 Hz)
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