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Silylated phosphanes and phosphides are useful building
blocks in phosphorus chemistry’ and are soluble in organic
solvents and suited to replace PH; or M[PH,] which are mostly
insoluble and difficult to handle.” Particularly, tris(trimethyl-
silyl)phosphane P(TMS);® 1 (TMS = SiMe;) and the alkali
metal salts M[P(TMS),] M[2] (M = Li, Na, K) are highly
popular’ but their preparation requires a sodium-potassium
alloy® or phosphine gas which are hazardous materials.® Tris
(triphenylsilyl)phosphane 3 7 and the phosphides M[P(SiPh;),]
M[4]® were prepared via silylation of a metal phosphide pro-
duced from elemental phosphorus and a Na/K alloy but their
chemistry remains unexplored (Scheme 1).°

In 2018, Cummins et al. reported the tetrabutylammonium
salt of bis(trichlorosilyl)phosphide Bu,N[P(SiCls),] (Bu,N[5])
which was prepared by reduction of a phosphate derivative.'®
This synthesis of a P>~ silyl derivative directly from a P(v) pre-
cursor is ground-breaking, although the use of ten equivalents
of trichlorosilane (Cl;SiH) per phosphorus atom is required.
Therefore, a classical protocol which employs elemental phos-
phorus and a reducing agent, 12 M + P, — 4 M;P, followed by
a silylation reaction M;P + 3 R3SiX — P(SiR;3); + 3 MX is still a
competitive process."’

The phosphide [P(SiCl;),]” can be used as a nucleophile
but rather harsh reaction conditions are required. This indi-
cates low nucleophilicity due to efficient depletion of the elec-
tron density from the P atom into the adjacent Si-Cl bonds via
p(P) — o*(SiCl) negative-hyperconjugation. Therefore [5]” is
related to the bis(cyano)phosphide anion [6]7, first isolated as
a sodium salt by Schmidpeter et al. more than 40 years ago."
In this anion the electron density at P is delocalized into the
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A reaction of trisodium phosphide (NazP) with chlorosilanes allows for simple derivatization into silyl- and
cyano-substituted phosphanide species which were compared with each other. The recently discovered
cyano(triphenylsilyl)phosphanide shows unique coordination properties compared to bis(silyl)phosphides.

n*(C=N) orbitals to such an extent that [P(CN),]” even
behaves as an electrophile and nucleophilic attack occurs
under the displacement of cyanide, [P(CN),]” + Nuc™ — [P(CN)
(Nuc)]” + CN—."?

Recently, we have shown the synthesis of a mixed cyano
(silyl)phosphanide from Na(OCP) which shows unique reactiv-
ity towards electrophiles."

In this study, we set out to find a more convenient method
for the preparation of phosphides by reactions of sodium
phosphide and chlorosilanes in 1,2-dimethoxyethane (DME) as
the solvent.

The sodium salt Na[P(SiCl;),] (Na[5]) was prepared by a
one-pot procedure by reacting red phosphorus with sodium
metal in dimethoxyethane (DME) in the presence of 10 mol%
naphthalene as an electron transfer reagent to give NazP fol-

Previous work

1 giMes 2] o 3 SiPh
Me;Si” “SiMe; MeSi”' “SiMe;  ph,si~ ~siPh,
Parshall 1959 Fritz 1974 Hassler 1982

reactive reactive less reactive

P(-Ill) source P(-Ill) source P(-Ill) source

[4] Pe 5] P@ [6] P@ [71 )
PhsSi”' “SiPh;  CI;Si” SiCly NC™ “CN Physi- N
Buhro 1994 Cummins 2018 Schmidpeter 1977 Griitzmacher 2021

used in dination Very unreactive Reactive [PCN]%

to group 12 metals P(-III’) source as nucleophile source
This work <
. Na(18-c-6
2 rg_fém Na(18-c-6)® Me;SiNCO @( )
Moo e o P T PhesitoN
DME, 75°C,  Ph;Si”" “SiPhs Na(18-c-6)[7]
Sonication Na(18-c-6)[4]
l [M(CI)(IPr)]

M = Cu (14), Ag (15), Au (16) [M(IPr){P(CN)SiPha}]
Scheme 1 Existing phosphide species (top); direct synthesis of bis(silyl)

phosphide from sodium phosphide (bottom). IPr = 1,3-Bis-(2,6-diiso-
propylphenyl)-imidazol-2-ylidene.
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lowed by the addition of SiCl, at room temperature'
(Scheme 2(a)).

This reaction is slow but in the presence of "Bu,NBr or
Ph,PBr and under sonication, the reaction time is shortened
to 5 days and [P(SiCl;),]” can be obtained as tetraphenylpho-
sphonium salt [§(*'P) = =171 ppm] in 53% yield (with respect
to SiCly).

The structure of Ph,P[P(SiCl;),], Ph,P[5], was determined
using single crystal X-ray diffraction (XRD). The resulting
metric parameters are very similar to those of Bu,N[5] (see ESI
Fig. $2).*°

With methylchlorosilanes Me,_,SiCl, (x = 1, 2, 3) as
reagents, complex product mixtures are obtained and only
with 3.3 equivalents of Me;SiCl (TMSCI) a fair yield of P(TMS);
(52%) is achieved after distillation, consistent with previous
work (Scheme 2(b)).'® Notably, this reaction proceeds without
the addition of phosphonium or ammonium salts.

The reaction with 2 equivalents of phenylchlorosilanes
Ph,SiCl,_, (x = 1, 2) in the presence of one equivalent of the
phosphonium salt "Bu,PBr is more selective and after 16 h at
75 °C under sonication, the bis(silyl)phosphides "Bu,P[P
(SiCl,Ph),] [8] and "Bu,P[P(SiCIPh,),] [9] could be character-
ized by NMR spectroscopy (Scheme 2(c)).

Bis(triphenylsilyl)phosphide was prepared by sonication of
NazP with Ph;SiCl at 75 °C in DME in the absence of phos-
phonium salts, followed by precipitation with 18-crown-6 to
afford [Na(18-c-6)(dme),s]'[P(SiPhs),]” [4] in 60% yield
(Scheme 2(d)). Note that the formation of tris(triphenylsilyl)
phosphane 37 is not observed in the *'P NMR spectrum of the
reaction mixture even when the reaction was performed in di-
methoxyethane at 115 °C in the presence of 10 mol% tetra-
butylphosphonium bromide. This is in contrast to the reported
synthesis of 3 from sodium-potassium phosphide and Ph;SiCl
in boiling DME.”

In the structure of Na(18-crown-6)(DME), 5[4] (ESI Fig. S17),
no close cation-anion interaction is observed and in the separ-
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Scheme 2 Reactions of NazP with chlorosilanes. 18-c-6 = 18-crown-6.
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ated ion pair the P-Si distance is 2.19 A and the Si-P-Si angle
is 105° (similar to the corresponding data of [2]7)."°

Although the isolation in the pure form was not possible
for all derivatives, the *'P chemical shifts and the ‘/pg; coup-
ling constants of the complete series of chloro organylsilyl
phosphides [P(SiPh,Cl;_,),]” [5], [8], [9], and [4] (x = 0, 1, 2,
and 3, respectively) were obtained and allow a comparison
with the data of [P(SiMe;),]” [2], [P(CN),]” [6] and [P(CN)
SiPh;]™ [7]. Clear trends are observed (Table 1): the higher the
degree of chlorine substitution, the larger is ssi and the more
the *'P NMR signal is shifted to higher frequencies (less nega-
tive 5(*'P)). Chlorine substitution appears to lead to shortening
of the P-Si distance and narrowing of the Si-P-Si angle, which
is verified experimentally for [4]” and [5]” and coherent with
the NMR data of [8]” and [9]". These effects are rationalized by
the assumption that with increasing chlorine substitution
negative hyperconjugation between the p-type lone-pair at
phosphorus and the o*(Si-Cl)-orbitals increases, provoking a
shortening of the phosphorus-silicon bond which in turn
leads to an increase of the 'Jps; scalar coupling.
Concomitantly, the electron density at the *'P nucleus is
depleted, leading to a high-frequency shift of the *'P chemical
shift. Both effects overcompensate the narrowing of the Si-P-
Si angle which is expected to cause a low-frequency shift."

Noteworthy is the structural and spectroscopic similarity
between the anions [P(SiCl;),]” ([5]”, entry 2) and [P(CN),]|”
([6]”, entry 6) which suggests that the former is also a poor
nucleophile. Indeed, Ph,P[5] does not react with SiCl, in
excess or with CH,Cl,. On the other hand, the similarities
between [P(SiMe;),] *° ([2]7) and [P(SiPh;),]” ([4]") prompted
us to investigate the reactivity of [4]” as a nucleophile in more
detail.

As expected, the reaction of [4]” with dimethyl carbonate
afforded Na(OCP) [§(*'P) = —394 ppm] comparable to the orig-
inal synthesis of Li(OCP) by Becker*® using Li[P(SiMe3),] as a
reagent. Furthermore, [4]” was reacted with pivaloyl or mesi-
toyl chloride to afford mixtures of E- and Z-isomers (about 3: 1
and 1:1 ratio, respectively) of the phosphaalkenes 10 and 11
(Scheme 3(a)) in analogy to the E/Z mixtures when the TMS-
substituted derivatives TMS-P = C(OTMS)R (R = Mes, tBu) were
prepared from P(TMS); 1 or [P(TMS),]” [2]".'%*!

Only very few P-silyl phosphaalkenes TMS-P = C(OTMS)R (R
= ferrocenyl or bicyclo[2.2.2]octanediyl) have been investigated

Table 1 Structural and 3!P-NMR spectroscopic properties of silyl- and
cyano-substituted phosphanides [(R)(R)P]™

E-Si
5('P)  Yps  distance R-E-R

Anion R R’ (ppm) (Hz) (ppm) angle(°®)
[2]7°  SiMe, SiMe; —298 35 2.20 105

[5] SiCl, SiCl, -171 160  2.15 98

(8] SiPhCl,  SiPhCl, —228 130  — —

[9]” SiPh,Cl ~ SiPh,Cl  —-270 110 — —

[4] SiPh, SiPh, -310 80 2.19 105
6] ¢N CN -195  — — 94

71 SiPh; CN —281 67 2.21 95

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Reactivity of Na[4]. Mes = Mesityl.

by X-ray diffraction (XRD). Compounds with R = Mes, ‘Bu are
liquids at room temperature.>” Single crystals of the E-isomer
of 10 and the Z-isomer of 11 can be easily grown by slow evap-
oration of a concentrated solution in hexane and were sub-
jected to XRD experiments.

In both structures (Fig. 1), the phosphorus-carbon bond is
slightly longer (1.71 A for E-10 and 1.70 A for Z-11) than the
average P—=C bond length in previously reported phosphaalk-
enes (1.66 A).>* The phosphorus-silicon bonds (E-10: 2.27 A; Z-
11: 2.26 A) are considerably elongated in comparison to [4]".
Both compounds have an almost planar Si-P-C-O unit (Si-P-
C-O dihedral angles: Z-11: 6.1°; E-10 13.6°). The atoms Si1, C2,
and P1 around the C-O unit are arranged in an almost planar
fashion in Z-11 (Si-O-C-P torsion angle ¢ = 6.2°), while in E-
10 this angle is ¢ = 37°, likely because the triphenylsilyl group
is both repelled by the bulky tert-butyl moiety and by the elec-
tron density at phosphorus.

It has been shown that TMS-P = C(OTMS)R can be used as
precursors for the corresponding phosphaalkynes, R-C=P, via
thermal elimination of hexamethyldisiloxane'®>* or a reaction
with AICl; at lower temperatures.”™>> Upon mixing 11 with one
equivalent of cesium fluoride in order to initiate Ph;SiF and
Cs(OSiPh;) elimination at room temperature in tetrahydro-
furan (THF), the selective formation of phosphaalkyne 12 was
observed by NMR [6(*'P) = +1 ppm and §(**C) = 163.5 ppm
(Ycp = 45 Hz)] (Scheme 3(b), ESI Fig. $32 and S33t). 10 does
not react using the same reaction conditions, presumably
because the steric hindrance due to the ¢-butyl group prevents
10 from achieving a conformation suitable for Ph;SiF and Cs
(OSiPh;) elimination. Heating alone or treatment with AlCl;
did not lead to the formation of the corresponding phos-
phaalkynes R-C=P (R = ¢Bu, Mes).

[4]” reacts with two equivalents of cyanogen bromide to
generate bis(cyano)phosphide [6]”. Since bromotriphenylsilane
is generated as a byproduct in this reaction, we hypothesized
that Ph;SiCl could be used catalytically in a reaction between
NazP and cyanogen bromide. While [6]” was not detected by
3P NMR after the sonication of NazP for 16 h with two equiva-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Structure of E-10 (top) and Z-11 (bottom) in the crystal (hydro-
gens omitted for clarity). Selected bond distances [A] and angles [°] for
E-10: Si1-01 1.6871(17); O1-C1 1.354(3); P1-C1 1.704(2); Si2—-P1 2.2604
(9); C1-C2 1.497(3); C2—-C1-P1 117.33(17); O1-C1-P1 124.47(18); C1 P1
Si2 102.34(9) Si2-P1-C1-01 6.1(2) P1-C1-0O1-Sil 12.73(13); for Z-11:
Si1-01 1.6688(19); O1-C1 1.372(3); P1-C1 1.718(3); Si2—P1 2.2696(10);
C1-C2 1.528(4); C2-C1-P1 137.92(19); O1-C1-P1 114.02(19); O1-C1-
C2 108.1(2); C1-P1-Si2 113.82(9); Si2—-P1-C1-01 12.58(15) P1-C1-0O1-
Sil 37.6(3).

lents of BrCN in DME at 50 °C, it is formed as the major
product when 20 mol% Ph;SiCl is added to the suspension.
Na(18-crown-6)[6] was isolated in 43% yield from the reaction
mixture. This provides a relatively efficient way to prepare
Na'[P(CN),]~, Na'[6], as other syntheses require a tenfold
excess of P, >° or the use of Ag salts or volatile HCN.'**

The reaction of [4]” with one equivalent of phenyl cyanate
in DME gave a mixture of [6]” and cyano(triphenylsilyl)phos-
phide [7]” [6(*'P) = —282 ppm]. When one equivalent of triphe-
nylsilyl- or trimethylsilyl isocyanate is used as a milder cyana-
tion agent, only [7]” was observed in the NMR spectrum, allow-
ing us to isolate Na(18-crown-6)[7] in 79% yield.

We investigated whether a trimethylsilyl-substituted equi-
valent of [7]” would be accessible via the reaction of Na[2] with
trimethylsilyl isocyanate in THF. The product of this reaction
was identified as P(TMS); 1 via *'P- and "*C-NMR. Moreover,
the reaction of [4]” with Me;Si-NCO in a DME/DFB mixture in
the absence of 18-crown-6 afforded P(SiPhj),(SiMe;) 13" as
the major product [§(*'P) = —255 ppm] along with minor
amounts of [7]".

From these two reactions, it can be concluded that both
steric bulk on bis(silyl)phosphide and the complexation of
sodium are essential in order to prevent salt metathesis with
silyl isocyanates and favour the elimination of a disiloxane in
the reaction of a bis(silyl)phosphide with a silyl isocyanate.

Dalton Trans., 2022, 51, 3497-3501 | 3499
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Fig. 2 Structure of 15 in the crystal (hydrogens and isopropyl groups
omitted for clarity). Selected bond distances [Al and angles [°]: P1-Agl
2.3757(8) Agl-C1l 2.109(3); P1-C2 1.778(3); C2—-N3 1.150(4); P1-Si1
2.2392(11); Agl-P1-C2 101.27(10); Si1-P1-C2 83.59(10); Sil-P1-Agl
107.30(4); Ag1-P1-C15.32(8).

While terminally bonded bis(silyl) phosphide complexes of
d'® valence electron configured noble metals Cu® and Au®
stabilised with N-heterocyclic carbenes are known, Ag' ana-
logues remain elusive, as attempts to form such compounds
typically result in the formation of Ag(i) phosphido clusters.>”
Therefore, the push-pull substituted Na(18-crown-6)[7] was
reacted with a series of coinage metal complexes [M(Cl)(IPr)]
(IPr = 1,3-bis-(2,6-diisopropylphenyl)-imidazol-2-ylidene; M =
Cu, Ag, Au) which allowed us to isolate the homologous series
of complexes [M(IPr){P(CN)(SiPh;)}] 14 (M = Cu), 15 (M = Ag),
and 16 (M = Au). These species have very similar confor-
mations with a phosphorus atom in a pyramidal coordination
sphere (the average sum of angles around phosphorus is 301°);
see a plot of 15 in Fig. 2 as an example and the plots of 13 and
15 in Fig. S3 and S4,7 respectively.

Compared to Na(18-c-6)[7], the P-C and P-Si bond dis-
tances in the coinage metal complexes are longer while the C-
N bond distances are shorter (ESI Table S1}). This is expected
because the dative P — M bond causes a depletion of electron
density at P which in turn weakens the donation into the o*
(Si-Ph) bonds (negative hyperconjugation) and n*-orbitals of
the CN group. The lower magnitude of 'Jp ¢ and ‘Jp; couplings
and the higher CN stretching frequencies in 14-16 reflect
these changes (Table S17). In [Au(IPr)X]-type complexes, the
C-NMR chemical shift of the carbenic carbon correlates with
the c-acidity of the [AuX] fragment.?® In 16, this carbon res-
onates at 195.8 ppm and at 188.6 ppm for [Au(IPr){P
(SiMe;),}].2”? In 16, there is a relatively short distance between
the Au atom and the carbon of the CN group (Au-C2 = 3.25 A;
sum of the van der Waals radii of Au and C: 3.8 A).2° This sec-
ondary interaction is also found in 15 (Ag-C distance 3.23 A;
sum of van der Waals radii 3.8 A) which may enhance the o-
acidity of the [M[7]] fragments thereby contributing to the
overall stability. It also suggests that complexes of [7]” in an n’
or )° binding mode may exist, as has been found in some com-
plexes of related [X = C = P]” anions.*°

3500 | Dalton Trans., 2022, 51, 3497-3501
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In conclusion, simple silylation of trisodium phosphide
gives access to a variety of silyl-substituted phosphanides.
Particularly, the salts of [P(SiCl;),]” and [P(SiPh;),]” could be
easily prepared using one-pot procedures by first mixing
sodium and red phosphorus to give NazP which was sub-
sequently reacted with SiCl, or Ph;SiCl. While [P(SiCl;),]” is a
weak nucleophile (comparable to [P(CN),|”) which limits
somewhat its use as a reagent, [P(SiPh;),|” is a versatile
reagent which allows us to access a variety of organopho-
sphorus compounds such as phosphaalkenes or the push—pull
cyano(silyl)phosphide [P(CN)(SiPh;)]". The latter allowed us to
access the first fully characterized example of a terminal Ag(i)
phosphide, which highlights that this phosphide possesses
unique properties. We hope to demonstrate by future work
that especially [P(CN)(SiPh;)]” will allow the synthesis of new
metal phosphides (for example via elimination of Ph;SiCN)
which are currently highly sought after catalytic materials.
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