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The Staudinger reactions of SP(N3)3; (1) with 1, 2 and 3 equiv.
of triphenylphosphane PPh; and (TMS),N—(TMS)N-PPh, (2)
have been investigated (TMS = Mej;Si). Reaction with PPhy
yields the single and double Staudinger products SP(N3),-
NPPh; (3) and SP(N3)(NPPh3), (4), but not the triple, while
the reaction with 2 results only in the formation of the single
Staudinger product SP(Nj3),NPPh,[N(TMS)N(TMS)], (5).
Compound $§ is air- and moisture-sensitive but stable under
argon over a long period in the solid state and in common
organic solvents. Although there are covalently bound azide
groups in 3, 4 and 5, these Staudinger products are neither
shock- nor heat-sensitive in contrast to 1. Furthermore 3, 4

and 5 are easily prepared in bulk (yield > 95 %), and unlimi-
tedly stable when cooled and stored in the dark. Compound
5 is thermally stable up to over 150 °C while 3 and 4 are
stable only up to 96 °C. However, when a solution of 5 is
heated, a new surprising eight-membered ring (6) is formed
in an intermolecular TMS-Nj; elimination reaction. The struc-
ture and bonding is discussed on the basis of experimental
X-ray data and theoretical B3LYP calculations (thermody-
namics, energy landscape and charge distribution).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

As early as 1919, Staudinger and Meyer investigated the
reaction of triphenylphosphane and phenylazide in diethyl
ether.[ll Ever since, this reaction has been known as the
Staudinger reaction and describes an oxidation of phospho-
rus(m) to phosphorus(v) compounds, which is ac-
companied by a linkage of a P (phosphane) and a N (azide)
atom of two different molecules upon N, release. With re-
spect to the azide and phosphorus(in) compounds, the
Staudinger reaction is very flexible. Hence, a great diversity
of iminophosphanes and their applications are well
known.>81 Phosphorus(v) nitrogen species represent a well-
established group of compounds that is still growing. Of
special interest are PN compounds that can be used as
interesting reagents in organic synthesis.[”]

Recently, we reported on the reaction of 2,4,6-triazido-
1,3,5-triazine with triphenylphosphane resulting in the

[a] Department Chemie und Biochemie, Ludwig-Maximilians-Uni-
versitdt Miinchen,
Butenandtstr. 5-13 (Haus D), 81377 Miinchen, Germany
Fax: +49-89-218077492
E-mail: Axel.Schulz@cup.uni-muenchen.de

[f] Current address: Department of Chemistry, Dalhousie Univer-
sity,
Halifax, Nova Scotia B3H 1J3, Canada

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 2051-2057

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

formation of different triphenylphosphanimino-azido- or
tetrazolo[1,3,5]triazines, depending on the stoichiometry of
the azide and phosphane component (1:1, 1:2, 1:3).8] Be-
cause the azido group in 2,4,6-triazido-1,3,5-triazine is at-
tached to a C atom adjacent to an annular nitrogen, it can
spontaneously cyclise to give a tetrazole.

Lately, the chemistry of hydrazinophosphanes of the type
(TMS),N—(TMS)N-PR, (R = Ph, Cl; TMS = Me;Si) has
attracted considerable interest.[’] Experimentally and theo-
retically the intramolecular GaCls-assisted TMS-CI elimi-
nation in (TMS),N-N(TMS)-PCl, has been studied, re-
sulting in the first binary triazadiphosphole.['"!

We found it of interest to investigate the Staudinger reac-
tion of hydrazinophosphanes with phosphorus azides.
Table 1 displays a compilation of neutral phosphorus
azides. However, only a few neutral singly, doubly or multi-
ply substituted phosphorus azides are known that have been
structurally characterised (Table 1). More structural data of
phosphorus azides are needed to gain further insight into
the relationship between bonding and stability.

In this study we demonstrate that the final products of
the reaction of highly explosive SP(N3); (1) with PPh; and
N,N',N'-[tris(trimethyl)silyl]hydrazinodiphenylphosphane
[(TMS),N—(TMS)N-PPh,] (2), as well as their distribution,
strongly depend on the reaction conditions, stoichiometry
and temperature (Figure 1). Depending on the temperature,
different products are formed, which can be isolated and
characterised.
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Table 1. Hitherto known neutral phosphorus azides.

Species Reference
P(N3)s [29,30,31]
P(N3)s [29]
PCls_s(N3),L (n = 0—4) L = pyridine [32]
OP(N3); [29,30]
SP(N3)3 [30]
SPX{N3}3-, (X =Cl, Br; n=1,2) [30]
SPX.(Ns)s_, (X =ClI, Br; n=1,2) [30]
RP(N;),, R = Mes* [24,33]

RsP(Ns), R = e.g. NiPr,,”™ CFs, F

[24,249,34,35,36]"

OPRy(N3), R = H, NMe,, NHiPr, O-bis[4-  [37,38,39]
(phenylazo)phenyl] ester, OCH,CF3,
SPRy(N3), R = MeP! [24a,40]
RI R= CGH5,[a] CsF5[a]
N3 N_ Nj
N/ ON_/
N3=PC PCNg (41.42]
Ny N Ng
R
Ph 'R N3 [43]
ph~F” P—Ph
N:_ N
/P\
Ph™ Ph
Ny Ny  [44]
N__N. /
N3_PI/ Illb_NS
N: N
/P\
N3 N3
N [45a,b]
F_\?// \ﬁiNS
NjP’N
FFF
N3 N3 [46]
N37FI’”’N\IFI’/7N3
R
0,N-N" N-NO,
L
[44b]
F |
\ N-PF
PP N
N. - R-Ns
F=P-N"f
F
Ph [47]
Ph, N-P=Ph
Ng=f"
N.  .R-N;
Ph=P—N"py,
Ph

[a] Characterised by X-ray analysis.

Results and Discussion

Reaction of SP(N3); with PPh;

By addition of 1 equiv. of triphenylphosphane to a solu-
tion of 1 in ether at ambient temperature, initially a yellow-
green intermediate is formed, thought to be due to the for-
mation of R-NNN-P(C¢Hs); [R = SP(N3),]. This adduct
has only a fleeting existence and decomposes by giving off
N, resulting in the formation of a monophosphaniminodi-
azide species, SP(N3),(NPPh;) (3) (Figure 1), as illustrated
by *'P NMR experiments; two duplets with the same inten-
sity are detected at 6 = 50.3 ppm [SP(N;3),NPPh;] and
16.8 ppm [SP(N3),NPPhs] (3Jpp = 22.6 Hz). By addition of
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N 3
\ /N=P(Ph2)R
S=F"-N=P(Ph2)R +3N,
N=P(Phy)R

(8)

Figure 1. Top: Staudinger reaction of thiophosphoryl azide,
SP(N3)3, with triphenylphosphane; bottom: Staudinger reaction of
thiophosphoryl azide and N,N',N'-[tris(trimethyl)silyl]hydrazinodi-
phenylphosphane, (TMS),N-(TMS)N-PPh, (2) [R = N(TMS)-
N(TMS)s].

a second equiv. of triphenylphosphane, again N, release was
observed. 3'P NMR spectroscopic data suggest the exclus-
ive formation of only one species (Table 2): a triplet at J =
42.4 ppm [t, SP(N3)(NPPh;),] and a duplet at 7.5 ppm [d,
SP(N3)(NPPhs),] are observed as expected for the double
Staudinger product, SP(N3)(NPPhs), (4) (3Jpp = 7.6 Hz).
Addition of a third equiv. of PPhj; results in no further reac-
tion, as shown by *'P NMR experiments. Also heating un-
der reflux condition of this reaction mixture does not sup-
port the release of a third molecule N, and finally the for-
mation of the triple Staudinger product [SP(NPPhj);,
Figure 1].

Table 2. 3'P NMR spectroscopic data of different Staudinger prod-
ucts and the starting materials.

Compound 6 [ppm] 2Jpp [Hz]
SP(Na)s (1) 65.0 (s), ref2?l
(Me;Si),N—(MesSi)N-PPh, (2) 61.4 (s), ref.” -
SP(N-),NPPh; (3) 503 (d): 168 (d)  22.6
SP(N3)(NPPhs), (4) 424 (0: 7.5 (d) 7.6
SP(N),NPPh,N(TMS)N(TMS), (5) 46.6 (d): 26.5 (d)al  34.3

[a] 3'P MAS: 30.7 and 51.0 ppm.
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Reaction of SP(N3); with Ph,P-N(TMS)N(TMS),
(TMS = Me;Si)

Similar to the reaction with PPhs, 1 equiv. of Ph,P-
N(TMS)N(TMS), reacts spontaneously with SP(N3); in an
ether/acetonitrile mixture at ambient temperature to give
the single Staudinger product SP(N3),NPPh,[N(TMS)-
N(TMYS)], (5). As expected, two duplets, at 6 = 46.6 ppm
{SP(N3),N-PPh,[N(TMS)N(TMS),]} and  26.5 ppm
{SP(N3),NPPh,[N(TMS)N(TMS),]} (*Jpp = 34.3 Hz), are
observed in the 3'P NMR experiment (*'P MAS: 30.7 and
51.0 ppm). The presence of two remaining azide groups in
the single Staudinger product (Figure 1) was also deduced
from Raman and IR spectroscopy. Bands at 2153 and
2129 cm ! assigned to the characteristic asymmetric stretch-
ing vibration of the azide group in combination with the
molecular peak (mass spectrometry) supported this as-
sumption. Crystals (colourless plates) of sufficient quality
for X-ray structure determination were obtained from a
colourless ether/CH;CN solution of 5 after stepwise re-
moval of solvent at —10 °C.

In contrast to the Staudinger reaction with PPhs, ad-
dition of another equivalent of 2 to 5 leads to no further
substitution in solution, even upon long heating.''l How-
ever, when this reaction mixture was slowly cooled, two dif-
ferent types of crystals were obtained within two weeks:
colourless plates and needles. X-ray investigations of crys-
tals of both types revealed a surprising eight-membered
ring, 6, for the colourless needles and again the single
Staudinger product 5 for the plates.

The exothermic formation (A E = —8.8 kcal/mol, see
computational details) of an eight-membered P4N, ring
starting from 5 seems to be quite interesting, as two inter-
molecular TMS-Nj; elimination steps (corresponding to
two condensation steps) are required (Figure 2).

Ph SiMe;

SiMe: SiMes
e /
Nz Proee N e N Me3Si—N\ ||>h
S===p—N
\--Ph /" SiMes», s N—PR—Ph
SNy ™ I" 3 . \
/ Voo : P N
{ H | ; ~
Voo \\,‘\,‘3\/, e N ’L F|,/N3
~ SiMe;,- Tth—P=S -2 TMS-N3 N v \S
/ PheP N

N-——N-—R-==N |

Me;Si SiMe; Ph

MesSi

Figure 2. Formation of 6 by two intermolecular TMS-Nj; elimi-
nation steps (TMS = MesSi).

The single Staudinger product 5 is air- and moisture-sen-
sitive but stable under argon over a long period in the solid
state and in common organic solvents (e.g. benzene,
CH,Cl,, diethyl ether etc.). Although there are two azide
groups, 5 is neither shock- nor heat-sensitive, is easily pre-
pared in bulk (yield > 95%) and infinitely stable when
stored in a sealed tube and kept cool at 5°C in the dark.
Compound 5 is thermally stable up to over 150 °C while 3
and 4 are stable only up to 96 °C. At these temperatures
decomposition starts, accompanied by a slow release of ni-
trogen (MS experiments).
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X-ray Structure Elucidation of 5 and Bonding

Compound 5 crystallises in the monoclinic space group
P2,/c with four molecules in the unit cell. The perspective
view of 5 is depicted in Figure 3 and selected bond lengths
and angles are given in Table 3.

Figure 3. ORTEP drawing of the molecular structure of 5 in the
crystal. Thermal ellipsoids with 50% probability at 200 K (hydro-
gen atoms omitted for clarity).

Table 3. X-ray analysis of 5: selected bond lengths [A] and angles [°].

S-Pl 1.9305(8) Sil-N§ 1.803(2)
PI-NI1 1.7133) Si2-N9 1.767(2)
P1 N4 1.713(3) Si3-N9 1.776(2)
PI-N7 1.583(2) NI-N2 1.235(4)
P2 N7 1.586(2) N2-N3 1.135(4)
P2 N8 1.662(2) N4-N5 1.225(3)
P2 Cl 1.801(2) N5-N6 1.124(4)
P2 C7 1.795(2) N8-N9 1.475(3)
S PI NI 113.00(9) PININ2 116302
S Pl N4 111.91(8) NI-N2N3  175.23)
S-PI-N7 123.55(8) PI- N4 N5 118502
NI-PI-N4  99.3(1) N4 N5-N6  174.03)
NI-PI-N7  99.9(1) PI-N7-P2 129.1(1)
N4 PI-N7  105.9(1) P2 C1-C2 117.5(2)
N7-P2-N8  103.2(1) P2 C1-C6 123.2(2)

Both PV atoms in 5 sit in a slightly distorted tetrahedral
environment (angles around the P atoms between 99 and
112°) with the two azide groups at P1 in a cis position to
the sulfur atom. Interestingly, two further isomers are pos-
sible with respect to the two azide groups: (i) only one azide
group in a trans position, and (i) both azide groups in a
trans position to the sulfur atom. In agreement with the
experiment, the close inspection of the conformational
space of 5 revealed the experimentally observed cis/cis iso-
mer to be the global minimum. The potential energy surface
(PES) with respect to the rotation about all P-N bonds is
very flat (see Supporting Information). The energy differ-
ence between the rotamers is smaller than 8 kcal/mol. The
largest energy gap was found for the cis/trans isomers,
whereas a trans/trans arrangement of both azide groups
does not represent a minimum on the PES of 5.
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As shown on numerous occasions,'?l both covalently
bound azide groups display a trans-bent configuration (re-
garding the P atom) with a N-N-N bond angle of 175.2(3)
(N1-N2-N3) and 174.0(3)° (N4-N5-N6). The P1-N7-P2
angle is rather large at 129.1(1)° compared to the N9-N§8-—
P2 angle at 117.4°(1). Another interesting feature of this
structure is the almost planar environment of both hydra-
zine nitrogen atoms (<Si3—-N9-Si2-N8 = 173.1, <N9-N8&-
Sil-P2 = 177.1°; all N-N-X angles are between 117 and
121°, X = P, Si; Table 3), however both planes are almost
perpendicular to each other. Hence, as displayed by NBO
analysis,['] the lone pair on both nitrogen atoms is localised
in a pure p-type atomic orbital. Both lone pairs are also
perpendicular to each other.[!

Three different types of P-N bond lengths are found: (i)
the longest between P1 and the N atoms of the azide groups
with 1.713(3) A, (i) 1.662(1) A for the P2-N8 bond (N
atom of the hydrazine group) and (iii) the smallest with
1.583(2) and 1.586(2) A for the two P-N bonds of the dico-
ordinated imino N atom connecting the two P atoms. These
P-N distances are substantially shorter than the sum of the
covalent radii [dyoo(N-P) = 1.8, d.oo(N=P) = 1.6 AJ,l1413]
which indicates partial double bond character, especially for
the P1-N7 and P2-N7 bonds. A typical P-N bond with «
character is found in R-P=N-R’ species with P-N dis-
tances between 1.495(4)A (R = CI, R’ = aryD)!'® and
1.6192) A [R = 1Bu,P, R’ = N(SiMe;),].'”? According to
NBO analysis, all P-N bonds are highly polarised (25-27%
P, 73-75% N) and almost ideally covalent between the adja-
cent N-N and P-S bonds (P: 48%, S: 52%).

Figure 4 shows the energetically preferred Lewis repre-
sentation (from NBO analysis) along with the calculated
partial charges of 5, indicating a highly ionic molecular sys-
tem.I'8! Both four-coordinate P atoms formally obey the oc-
tet rule by forming only four single bonds. A positive for-
mal charge is found on both P atoms and a negative on the
dicoordinated N atom and the S atom. The experimentally
found short P-N (between P1-N7 and P2-N7, Table 3) and
P-S bonds possess double bond character, which can be
explained by intramolecular donor-acceptor interactions

0596
ooaN\\\N o(;\el |178 h Ph s
023 ' p @@ 104 1,18
0?3(3 N/®\ /2 NMN<
»0.03N @ 148 ™S TMS
™S

/
TMS—N-1.14 Fl’h
. N\
_0'576}5‘ N._....p@mp
066\ 7 2096 \-J\l"6 l\]’
ozsm'\]/ 1.84 | Q oy
004 7y =) 149 P®/[\J--N
IR .\,
Ph—p—N" g
N %
Ph N—TMS
TMS

Figure 4. Lewis representations of 5 (top) and 6 (bottom) along
with NPA partial charges (TMS = Me;Si).
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(hyperconjugation, noncovalent effects) along the P1(S)—
N7-P2 moiety (Figure 3). As shown by NBO analysis (see
below), these interactions describe a highly delocalised ©
system including the lone pairs of the dicoordinated N
atom (N7) and the S atom but not the tricoordinated N
atom (NS).[1]

X-ray Structure Elucidation of 6 and Bonding

SP(N3)[NP(Ph),NN(TMS),], (6) crystallises in the mo-
noclinic space group P2;/n with four molecules in the unit
cell (Figure 5, Table 4). The eight-membered PN, ring
adopts a chair conformation with all four N atoms being
in one plane as well as all four P atoms. An inversion centre
is found right in the middle of the P4Ny ring. Interestingly,
all N and P ring atoms of each of the monomeric fragments
lie within a plane (e.g. NI-P1-N2-P2 = 3.6°). These two
N-P-N-P planes are distorted by about 104°, forming the
eight-membered P4N, chair. As two tri- and dicoordinated
nitrogen atoms form the P4N, ring, 6 cannot be regarded
to be a phosphazene, but a tetrazatetraphosphocine with
two formal double and two single P-N bonds. Traditional
bonding descriptions for cyclic PN rings have involved
N(2p)-P(3d) overlap,?”! both in and perpendicular to the
plane of the PN ring. However, this model is not consistent
with the fact that phosphorus makes little or no use of its
3d orbitals (see above).'$2!1 In accord with this, NBO
analysis localises only single bonds (Figure 4) within the
ring, again obeying the octet rule for all involved elements.
However, according to the X-ray analysis, two smaller P—
N bond lengths [t PN: d(N1-P2) = 1.573(3), d(N1-P2) =
1.586(3) A] and two longer P-N distances [c PN: d(N2—
P1) = 1.703(2), d(N2-P2) = 1.707(2) A] are experimentally
observed. Both types of P-N bond lengths are a little bit
shorter than the sum of the covalent radii for a single

[deoy(N-P) = 1.8 A] and a double bond [d,oW(N=P) =
1.6 A],2223] indicating a certain degree of multiple bond
c4
i C3
C16 cs ,--. " iC2 o D
Si2 v '| "B
":I;' | -,_-_:'
@ cis \ i \ X :
s| L N
[ s
cia C13¥g _F1'l
N4

Figure 5. ORTEP drawing of the molecular structure of 6 in the
crystal. Thermal ellipsoids with 50% probability at 200 K (hydro-
gen atoms omitted for clarity).
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character due to intramolecular donor—acceptor interac-
tions. For comparison, the P-NNN distance with
1.738(3) A represents a typical single bond.

Table 4. X-ray analysis of 6: selected bond lengths [A] and angles [°].

S-P1 1.932(1) P2 Cl 1.805(3)
P1-NI 1.586(3) P2 C7 1.810(3)
PI-N2 1.703(2) N2-N3 1.462(3)
P1 N4 1.738(3) N2-P2 1.707(2)
P2 NI 1.573(3) N4-N5 1.113(5)
P2-N2 1.707(2) N5-N6 1.193(7)
NI-PI-N2  104.9(1) NI-P2N2  108.9(1)
NI-PI-N4  103.1(1) NI1-P2Cl 108.5(1)
N2 P1-N4  99.6(1) N2 P2 Cl 108.4(1)
NI-P1-S 122.1(1) NI-P2C7  114.8(1)
N2 P1-S 115.35(9) N2-P2-C7  1103(1)
N4-P1-S 108.9(1) Cl1-P2-C7 105.6(1)

NBO analysis of 6 gives an almost identical picture com-
pared to S (Figure 4) with respect to the type and magni-
tude of intramolecular donor—acceptor interactions, charge
distribution and bond properties. Upon ring closure the
partial charges of all atoms hardly change. The same holds
for polarisation effects (similar PN and SP bond polarisa-
tion, see above) and the intramolecular donor-acceptor in-
teractions describing the © system along the P-N moie-
ties.l!%2% Only a close inspection of these interactions uti-
lising the NBO partitioning scheme clearly indicates a
highly delocalised n system along the P1(S)-N1-P2 moiety,
which includes the lone pairs of both the S and the dicoor-
dinated N atoms but not the azide group and the tricoordi-
nated N atoms. These noncovalent effects represent typical
n(X) — o*(Y-Z) hyperconjugative interactions (n = sp*- or
p-type lone pair; X = S, N1; Y = P1, P2; Z = Cl, C7, S,
N1, N2, N4) and explain the partial double bond character
of the P1-S, P1-N1 and N1-P2 bonds (Figure 4 and Fig-
ure 5).[19-201

To summarise, the molecular and electronic structure of
6 strongly resembles the molecular structure of 5: (i) a stag-
gered conformation with two perpendicular planes was also
found for the hydrazine groups (dihedral angle: <P2-N2-
N3-Si2 = -90.1°), (ii) both nitrogen atoms of the hydrazine
group are in an almost planar environment [E<(N2) =
359.98°, T<(N3) = 358.9°]°! and (iii) the azide groups are
slightly zrans-bent with an N-N-N angle of 171.7(5)°,
which is in accordance with the structures of other covalent
phosphorus azides.>! Because of inversion symmetry, both
azide groups adopt a trans position to each other. It is inter-
esting to note that the longest chain composed of only pnic-
togen atoms in 6 consists of eleven pnictogens (eight N and
three P atoms) compared to eight in compound 5 (six N
and two P atoms). Moreover, 6 represents a rare example
of a structurally characterised phosphorus azide involving
a binary PN ring (Table 1).

Summary and Conclusions

Two different Staudinger reactions of thiophosphoryl tri-
azide have been investigated: (i) with triphenylphosphane,

Eur. J. Inorg. Chem. 2006, 2051-2057

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

PPhs, and, (ii) with N,N',N'-[tris(trimethyl)silyl]hydrazine-
diphenylphosphane, (Me;Si),N—(Me;Si)N-PPh, (2). While
the reactions with PPh; utilising 1:1, 1:2 and 1:3 stoichio-
metries yield the single and double but not the triple Staud-
inger product, only the single Staudinger product was ob-
served when (Me;Si),N—(Me;Si)N-PPh, was reacted. Even
upon heating no further reaction of the remaining two azide
groups with an excess of (Me;Si),N—(Me;Si)N-PPh, was
detected. However, heating results in a partial intermo-
lecular trimethylsilylazide elimination, which is combined
with two condensation steps, yielding an eight-membered
P4N, ring (6). All four isolated Staudinger products repre-
sent new substituted phosphorus azides, are neither heat-
nor shock-sensitive and, except for 6, all can be prepared in
large quantities (with yields >95%). Moreover, only a few
neutral singly, doubly or multiply substituted phosphorus
azides are known that have been structurally characterised
(Table 1). Hence, the X-ray data of compound 5 and 6 may
fill this gap.

Experimental Section

Caution: Although compounds 2-5 are kinetically stable com-
pounds, they are nonetheless energetic materials and appropriate
safety precautions should be taken, especially when these com-
pounds are prepared on a larger scale. In the case of SP(N3); (1),
special care has to be taken because of the extreme risk of ex-
plosion. Never handle this compound neat.

General Remarks: Solvents were freshly distilled, dried and stored
under nitrogen. NMR: JEOL Eclipse 400 and 270 (*H, '3C chemi-
cal shifts refer to dpms = 0.00; *'P t0 Jyy,po, 504y = 0.00). IR: Nico-
let 520 FTIR (as KBr pellets or in Nujol mulls between KBr win-
dows). Raman: Perkin—-Elmer Spectrum 2000R NIR FT equipped
with a Nd:YAG laser (1064 nm). CHN analyses: Analysator Ele-
mentar Vario EL. MS: Jeol MStation JMS 700. Melting points are
uncorrected (Biichi B540). Thiophosphoryl triazideB” and
N,N',N'-[tris(trimethyl)silyl]hydrazinediphenylphosphane!®?  were
prepared according to the procedures given in the literature.

Synthesis of 5: A solution of freshly prepared SP(Ns); (0.242 g,
1.28 mmol) in acetonitrile (25 mL) was added to a solution of
Ph,PN(TMS)N(TMS), (0.55g, 1.28 mmol) in diethyl ether
(50 mL) over a period of 1 h at ambient temperature. An immediate
release of gas was observed. After the N, release stopped (about
2 h) the solvent was removed in vacuo and a white solid (5) was
obtained. Complex 5 was purified by recrystallisation from an
ether/acetonitrile mixture. SP(N;3),[NP(Ph),N(TMS)N(TMS),] (5)
(593.86) yield: 714 mg (94%) colourless crystals, m.p. 153 °C (de-
composition). IR (KBr): ¥ = 3051 w, 2960 w, 2109 vs, 1588 w, 1482
w, 1436 s, 1260 vs, 1219 vs, 1177 s, 1111 vs, 1026 m, 996 m, 8§03 m,
777 m, 745 m, 718 s, 690 s, 675 m, 586 w, 529 s, 505 w cm~'. Raman
(200 mW, 25 °C, 100 scans): 3178 (4), 3146 (5), 3066 (100), 3052
(56), 2993 (18), 2958 (23), 2907 (84), 2255(2), 2153 (10), 2129 (7),
1591 (58), 1576 (21), 1442 (5), 1411 (6), 1316 (3), 1288 (17), 1267
(4), 1256 (4), 1184 (13), 1168 (9), 1107 (25), 1031 (40), 1002 (82),
935 (2), 858 (5), 762 (5), 728 (6), 692 (18), 650 (39), 619 (19), 598
(3), 569 (10), 542 (39), 523 (6), 506 (18), 381 (14), 345 (13), 314
(14), 296 (13), 270 (40), 239 (29), 191 (21), 168 (21), 139 (22) cm™ .
'"H NMR (109 MHz, C¢Dg, 25 °C): 6 = 0.01 (s, 18 H, N[Si(CH3);]-
N[Si(CHs3)5]»), 0.37 (s, 9 H, N[Si(CH;);]N[Si(CH3)3]»), 7.5-8.0 (m,
10 H, C4Hs) ppm. 13C NMR (68 MHz, CDCl;, 25 °C): 6 = 3.90 (s,
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N[Si(CHa)s],), 4.54 (s, PN[Si(CH3)s]), 1282 (d, Jep = 113.9 Hz,
Conenyt)s 128.3 (d. WJep = 12.5 Hz, Copeny), 133.1 (d, *Jep = 3.1 Hz,
Coneny). 1347 (d, Jep = 104 Hz, Cypeny) ppm. N NMR
(28.9 MHz, C¢Dy, 25°C): 6 = ~142 (Ny, Awy, 57 Hz), ~163 (N,
Avy;» 245 Hz), -285 (N, Avy» 580 Hz) ppm. »Si{'H} NMR
(270 MHz, C¢Dg, 25 °C): 6 = 12.92 (s, N[Si(CHz)5],), 18.15 (d, 2Jg;p
= 19.0 Hz, N[Si(CH,)5]) ppm. *'P NMR (109 MHz, CH;CN/Et,0,
25°C): & = 46.6 (d, 2Jpp = 34.3 Hz, SP(N3)[NP(Ph),N(TMS)-
N(TMS),]), 26.5 (d, 2Jpp = 34.3 Hz, SP(N3)[NP(Ph),N(TMS)-
N(TMS),) ppm. 3P MAS NMR (25kHz, 25°C): 30.7
(SP(N3)[NP(Ph),N(TMS)N(TMS),]), 51.0 (SP(N3)[NP(Ph),N-
(TMS)N(TMS),]). MS (EI = 70 eV, >5%): miz (%) = 593 (11)
[M*], 578 (40) [M* — CHa], 493 (9), 492 (23) {NPNPh,PN[Si-
(CHa)s]N[SI(CHz)s,*}, 404 (7), 377 (8) [Na(S)PNPh,PNSi-
(CHa)*], 334 (6), 290 (9), 275 (6) [(Ph),PN,Si(CHs); + 2H*], 272
(20) [(Ph),PN5Si(CHs)s — H*], 247 (10) {[Si(CH3)s}.N — N[Si-
(CHa)5]*}, 217 (11), 200 (5) [(Ph),PN — H*], 199 (5), 185 (7)
[(Ph),P — H*], 183 (8), 175 (5) [(CHs);SiINNSi(CHa); — H*], 174
(28) [(CH;);SINNSI(CHs); — 2H*], 146 (12) [Si(CHs); — Si-
(CH3);*], 135 (13) [SPNsP*], 122 (8), 77 (30) [Ph*], 74 (12)
[HSi(CHs)s*], 73 (100) [Si(CHs)s*]. CaiHyyNoP5SSis (593.86):
caled. C 42.47, H 6.28, N 21.23, S 5.40; found C 42.60, H 6.30, N
21.42, S 5.95.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details for the synthesis of 3, 4 and 6, and com-
putational details.

X-ray Analyses of 5 and 6: Crystals of sufficient quality for X-ray
structure determination were mounted on a glass fibre and the X-
ray crystallographic data collected on a Nonius Kappa CCD dif-
fractometer with graphite-monochromated Mo-K,, radiation (1 =
0.71073 A). Selected bond lengths and angles are available in
Table 3 and Table 4. All structures were solved by direct methods
(structure solution program: SIR971>! for 5 and 6) and refined by
full-matrix least-squares methods with SHELXL-97.?°! Hydrogen
atoms were included at geometrically idealised positions and were
not refined; the non-hydrogen atoms were refined anisotropically.

Crystallographic Data for 5: C,;H3,NoP,SSi;, fiv = 593.87, mono-
clinic, P2,/c, a = 9.0514(1), b = 18.2759(3), ¢ = 18.7805(3) A, a =
90.0, f = 96.4276(8), y = 90.0°, ¥ = 3087.19(8) A3, Z = 4, peaed. =
1.278 g/em?3, = 0.353 mm !, A(Mo-K,) = 0.71073 A, T = 200K,
36065 reflections collected, 6983 independent reflections, R;, =
0.092, 5381 observed reflections, R; = 0.0469, wR, = 0.1308.

Crystallographic Data for 6: C3HssN,P4S;,S14, fiv = 957.29, mono-
clinic, P2,/n, a = 11.6491(3), b = 13.8277(4), ¢ = 15.1723(5) A, a =
90.0, = 95.776(1), y = 90.0°, ¥V = 2431.5(1) A3, Z = 2, peatea. =
1.308 g/em?, 4 = 0.381 mm™!, A(Mo-K,) = 0.71073 A, T = 200 K,
5520 reflections collected, 28073 independent reflections, Ry, =
0.080, 3880 observed reflections, R; = 0.0558, wR, = 0.1364.

CCDC-283470 (for 5) and -283471 (for 6) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Computational Details: The structural data of all considered species
were calculated using the hybrid density functional theory (B3LYP)
with the program package Gaussian 98.*7 For all elements a stan-
dard 6-31G(d,p) basis set was used. Comparison with experimental
data shows differences in bond lengths no larger than 0.01-
0.02 A.'21] A frequency analyses were not possible because of the
large size of all species at the B3LYP level, PM3 optimised struc-
tures (stationary points) were characterised by a frequency analysis
displaying only positive frequencies. NBO analyses!!3-28] were car-
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ried out to investigate the bonding in all molecules at the SCF
level utilising the optimised B3LYP/6-31G(d,p) geometry and RHF
orbitals. Also, NBO population analysis for 5 and 6 was carried
out with the structure fixed at the position determined from X-ray
analysis of 5 and 6 to investigate the bonding and hybridisation
in this experimentally observed species. The computed geometrical
parameters for all molecules, relative energies, details of the NBO
analyses and absolute energies are given as Supporting Infor-
mation. The computed frequencies can be obtained from the au-
thors. It should be emphasised that the computation was carried
out for a single, isolated (gas-phase) molecule. There may well be
significant differences among gas-phase, solution and solid-state
data.
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