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From monomers to polymers†

Victorio Cadierno,* Josefina Dı́ez, Joaquı́n Garcı́a-Álvarez and José Gimeno*

Received 6th March 2007, Accepted 9th May 2007
First published as an Advance Article on the web 22nd May 2007
DOI: 10.1039/b703348f

Treatment of diphosphines Ph2P(CH2)nPPh2 (n = 1, 2, 4, 6) and [Fe(g5-C5H4PR′
2)2] (R′ = Ph, iPr) with a

two-fold excess of (RO)2P(=S)N3 (R = Et, Ph) results in the high-yield formation of the
N-thiophosphorylated bis(iminophosphorane) derivatives (CH2)n[P{=NP(=S)(OR)2}Ph2]2 and
Fe(g5-C5H4[P{=NP(=S)(OR)2}R′

2])2, respectively. The reactions of these ligands with AgSbF6 in a 1 : 1
molar ratio have been investigated. The resulting silver(I) complexes, derived from the selective
coordination of the P=S units, have been characterized by IR, NMR and MS (FAB) spectroscopy and,
in selected cases, by X-ray crystallography. Monomeric, dimeric and polymeric solid-state structures,
depending on the nature of the ligand backbone, have been found.

Introduction

N-Thiophosphorylated iminophosphoranes of general composi-
tion R3P=N–P(=S)(OR′)2, readily accessible via Staudinger-type
reactions between phosphines PR3 and azides (R′O)2P(=S)N3,1

have received a great deal of synthetic interest during the
last years. In particular, Caminade and Majoral and co-workers
have demonstrated that such structural units can be used for the
construction of a variety of phosphorus-containing macrocycles
(i.e. cryptands and spherands)2 and dendrimers.3 Moreover, the
ability of compounds R3P=N–P(=S)(OR′)2 to undergo regios-
elective electrophilic additions at the sulfur atom is also well-
documented.4 In contrast, little is known on the coordination
chemistry of N-thiophosphorylated iminophosphoranes. Thus, to
the best of our knowledge, only a few Au(I) and Cu(I) complexes,
derived from the selective coordination of the sulfur atom to the
metal, have been reported to date.5,6

Herein we report the high-yield preparation of the
novel N-thiophosphorylated bis(iminophosphorane) ligands
(CH2)n[P{=NP(=S)(OR)2}Ph2]2 (n = 2, 4, 6; R = Et, Ph)
and Fe(g5-C5H4[P{=NP(=S)(OR)2}R′

2])2 (R = Et, Ph; R′ =
Ph, iPr), via Staudinger-type reactions between the correspond-
ing bis(diphenylphosphino)alkane Ph2P(CH2)nPPh2 or ferrocenyl-
diphosphine Fe(g5-C5H4PR′

2)2, respectively, and phosphorylated
azides (RO)2P(=S)N3. The behaviour of these ligands towards
AgSbF6 has been studied allowing the preparation of the first Ag(I)
complexes containing coordinated P=N–P=S units. Remarkably,
solid state X-ray structural characterization of some of these Ag(I)
complexes, in which the ligands are selectively coordinated through
the sulfur atoms, points out that their nuclearity (monomeric,
dimeric or polymeric) is strongly dependent on the nature of the
diphosphine backbone.
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Results and discussion

Synthesis and characterization of N-thiophosphorylated
bis(iminophosphorane) ligands 1–6a,b

Following the experimental procedure previously used by us for
the preparation of CH2[P{=NP(=S)(OR)2}Ph2]2 (R = Et 1a,
Ph 1b),6c the novel N-thiophosphorylated bis(iminophosphorane)
ligands (CH2)n[P{=NP(=S)(OR)2}Ph2]2 (n = 2, R = Et 2a, Ph
2b; n = 4, R = Et 3a, Ph 3b; n = 6, R = Et 4a, Ph 4b)
have been readily synthesized by treatment of the appropriate
bis(diphenylphosphino)alkane with the phosphorylated azides
(RO)2P(=S)N3 (R = Et, Ph) (see Scheme 1).7a In a similar way,
Staudinger-type reactions between these functionalized azides and
the ferrocenyl-diphosphines [Fe(g5-C5H4PR′

2)2] (R′ = Ph (dppf),
iPr (dippf)) result in the clean formation of compounds 5–6a,b
(Scheme 1).7b

Scheme 1 Synthesis of the bis(iminophosphorane) ligands 1–6a,b.

Compounds 2–6a,b, isolated as air-stable white (2–4a,b) or
yellow (5–6a,b) solids in 83–94% yield, have been characterized
by IR and NMR spectroscopy (31P–{1H}, 1H and 13C–{1H}) as
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Table 1 31P–{1H} NMR data for the ligands 1–6a,b and their silver(I) complexes 7–12a,ba

Ligand R2P=N (RO)2P=S 2J(PP) Complex R2P=N (RO)2P=S 2J(PP)

1ab 9.14 (m)d ,e 59.07 (m)d ,e — 7ab 11.88 (m)d 54.34 (m)d —
1bb 10.95 (m)d ,e 51.23 (m)d ,e — 7bc 13.37 (m)d 48.00 (m)d —
2ab 17.52 (m)d 59.69 (m)d — 8ab 20.83 (m)d 51.38 (m)d —
2bb 19.78 (m)d 52.64 (m)d — 8bc 23.67 (m)d 48.85 (m)d —
3ab 18.34 (d) 60.47 (d) 33.4 9ab 21.37 (d) 51.85 (d) 20.0
3bb 19.72 (d) 52.78 (d) 35.2 9bc 23.04 (d) 46.01 (d) 28.9
4ab 18.44 (d) 60.68 (d) 32.5 10ac 20.65 (d) 52.57 (d) 12.5
4bb 19.95 (d) 52.88 (d) 35.1 10bb 23.16 (d) 45.43 (d) 23.5
5ab 12.59 (d) 59.48 (d) 31.0 11ab 17.72 (d) 55.59 (d) 12.1
5bb 14.82 (d) 51.17 (d) 32.5 11bc 19.30 (d) 46.11 (d) 18.0
6ab 34.38 (d) 56.49 (d) 29.3 12ab 39.95 (d) 45.86 (d) 11.7
6bb 37.43 (d) 48.64 (d) 31.7 12bc 41.30 (d) 42.36 (d) 22.6

a d in ppm and J in Hz. b Spectra recorded in CDCl3. c Spectra recorded in CD2Cl2. d AA′XX′ spin system. e Data taken from reference 6c.

well as elemental analyses, all data being fully consistent with
the proposed formulations (details are given in the Experimental
section). In particular, the 31P–{1H} NMR spectra are very
informative (see Table 1), showing the presence of two well-
separated signals at dP 10.95–19.95 (Ph2P=N)8 and 48.64–60.68
((RO)2P=S) ppm, the chemical shifts observed being characteristic
of N-thiophosphorylated iminophosphorane chains –Ph2P=N–
P(=S)(OR)2.4–6 It should be also noted that while the spectra
of compounds 3–6a,b display a typical AB pattern (2J(PP) =
29.3–35.2 Hz), for 2a,b two unresolved multiplets, consistent
with an AA′XX′ spin system, are found (see Table 1). This fact,
previously observed for 1a,b,6c clearly indicates that JPP couplings
between the iminophosphorane units take place when short
diphosphine spacers are present in these N-thiophosphorylated
bis(iminophosphoranes).

For comparative purposes (see below), the molecular structure
of one of these ligands, i.e. the previously reported derivative
CH2[P{=NP(=S)(OPh)2}Ph2]2 (1b),6c has been determined by
means of single-crystal X-ray diffraction methods. An ORTEP
plot is shown in Fig. 1; selected bonding parameters are listed in
the caption. As previously observed in other species containing re-
lated N-thiophosphorylated iminophosphorane units –Ph2P=N–
P(=S)(OR)2,4g,9 the lengths of the formal single and double PN
bonds were found to be almost identical (P(1)–N(1) = 1.574(2) Å
vs N(1)–P(2) = 1.579(2) Å). This fact clearly reflects an extensive
electronic delocalization of the nitrogen lone pair across the
P=N–P=S frameworks in this molecule. The P(2)–S(1) distance
(1.9319(11) Å) is also classical for this type of compound.4g,9

Silver(I) complexes containing the N-thiophosphorylated
bis(iminophosphorane)alkane ligands 1–4a,b

Treatment of dichloromethane solutions of the bis(iminophos-
phorane)-methane or ethane ligands 1–2a,b with 1 equivalent of
silver hexafluoroantimonate results in the high-yield formation
(81–87%) of the mononuclear chelate complexes [Ag{j2(S,S′)-
(CH2)n[P{=NP(=S)(OR)2}Ph2]2}] [SbF6] (n = 1, R = Et 7a, Ph
7b; n = 2, R = Et 8a, Ph 8b) via selective S-coordination of
the N-thiophosphoryl-iminophosphoranyl fragments (Scheme 2).
In contrast, the reactions of the bis(iminophosphorane) ligands
3–4a,b, containing longer hydrocarbonated chains, with AgSbF6

generate, under the same conditions, the polymeric derivatives

Fig. 1 ORTEP-type view of the structure of compound 1b show-
ing the crystallographic labeling scheme. Atoms labeled with an “a”
are related to those indicated by a crystallographic 2-fold symmetry
axis. Hydrogen atoms have been omitted for clarity. Thermal ellip-
soids are drawn at 10% probability level. Selected bond lengths (Å):
C(1)–P(1) = 1.816(2); P(1)–N(1) = 1.574(2); N(1)–P(2) = 1.579(2);
P(2)–S(1) = 1.9319(11); P(2)–O(1) = 1.605(2); P(2)–O(2) = 1.601(2).
Selected bond angles (◦): P(1)–C(1)–P(1a) = 123.2(2); C(1)–P(1)–N(1) =
113.07(9); P(1)–N(1)–P(2) = 133.20(16); N(1)–P(2)–S(1) = 121.58(10);
N(1)–P(2)–O(1) = 102.07(12); N(1)–P(2)–O(2) = 107.82(12).

Scheme 2 Synthesis of the silver(I) complexes 7–10a,b.

[Ag{(CH2)n[P{=NP(=S)(OR)2}Ph2]2}]x[SbF6]x (n = 4, R = Et 9a,
Ph 9b; n = 6, R = Et 10a, Ph 10b) (77–88% yield; Scheme 2).

Compounds 7–10a,b have been isolated as air- and moisture-
stable white solids that behave as 1 : 1 electrolytes in acetone
solutions (KM = 108–128 X−1 cm2 mol−1). The complexation
of ligands 1–4a,b to silver is reflected in the 31P–{1H} NMR
spectra of compounds 7–10a,b by slight shifts of the Ph2P=N
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and (RO)2P=S resonances, i.e. to downfield (Dd = 2 to 5 ppm) for
the former and to highfield for the latter (Dd = −3 to −10 ppm)
(see Table 1). A similar trend has been previously reported in the S-
coordination of related –Ph2P=N–P(=S)(OR)2 units to Au(I) and
Cu(I) fragments,5 suggesting that silver-complexation takes place
selectively on the P=S vs P=N groups. Although the formation
of formally 1 : 1 adducts of the starting reagents [AgSbF6·ligand]
is readily deduced from their elemental analyses and FAB mass
spectra (details are given in the Experimental section), the real
nature of these complexes could only be determined by single-
crystal X-ray diffraction methods. Drawings of the molecular
structure of 7a, 8b and 9a along with selected bonding parameters
are shown in Fig. 2, 3 and 4, respectively.

Concerning the structure of complex 7a (see Fig. 2), the
X-ray analysis unambiguously confirms the formation of a ten-
membered chelate ring, as suggested by the 31P–{1H} NMR data,
the bis(iminophosphorane) ligand 1a being coordinated to silver
through the (EtO)2P=S units. The Ag(1)–S(1) (2.435(2) Å) and
Ag(1)–S(2) (2.449(2) Å) bond lengths compare well with those
shown by Ag(I) complexes containing S-coordinated phosphine-
sulfides.10 Remarkably, intermolecular silver–sulfur interactions
take place in the solid state leading to a dimeric centrosymmetric
structure.11 The Ag(1)–S(2a) distance of 2.870(2) Å can be reason-
ably regarded as a real bonding interaction since it falls within the
accepted range for single Ag–S bonds (ca. 2.2–3.0 Å).10d A weak
silver–silver contact is also present in the dimer (Ag(1)–Ag(1a) =

Fig. 2 ORTEP-type view of the structure of compound 7a showing
the crystallographic labeling scheme. Atoms labeled with an “a” are
related to those indicated by a crystallographic center of symmetry.
Hydrogen atoms and SbF6

− anions have been omitted for clarity. Thermal
ellipsoids are drawn at 10% probability level. Selected bond lengths (Å):
Ag(1)–S(1) = 2.435(2); Ag(1)–S(2) = 2.449(2); Ag(1)–S(2a) = 2.870(2);
Ag(1)–Ag(1a) = 3.138(2); C(1)–P(1) = 1.824(6); P(1)–N(1) = 1.570(5);
N(1)–P(2) = 1.594(5); P(2)–S(1) = 1.993(2); C(1)–P(3) = 1.812(6);
P(3)–N(2) = 1.563(5); N(2)–P(4) = 1.556(5); P(4)–S(2) = 2.004(2).
Selected bond angles (◦): S(1)–Ag(1)–S(2) = 159.21(6); S(1)–Ag(1)–S(2a) =
87.74(5); S(1)–Ag(1)–Ag(1a) = 133.91(5); S(2)–Ag(1)–S(2a) = 108.19(5);
S(2)–Ag(1)–Ag(1a) = 60.34(4); S(2a)–Ag(1)–Ag(1a) = 47.85(4);
P(1)–C(1)–P(3) = 116.1(3); C(1)–P(1)–N(1) = 112.8(3); P(1)–N(1)–P(2) =
130.2(3); N(1)–P(2)–S(1) = 118.2(2); P(2)–S(1)–Ag(1) = 100.35(8);
C(1)–P(3)–N(2) = 109.8(3); P(3)–N(2)–P(4) = 146.0(4); N(2)–P(4)–S(2) =
116.8(2); P(4)–S(2)–Ag(1) = 98.52(8); P(4)–S(2)–Ag(1a) = 120.27(9);
Ag(1)–S(2)–Ag(1a) = 71.81(5).

3.138(2) Å).12 The existence of all these intermolecular bonding
interactions is clearly reflected in the S(1)–Ag(1)–S(2) angle which
deviates considerably from the expected linearity (159.21(6)◦). It is
also interesting to note that bond distances within the P=N–P=S
frameworks are almost identical (ca. ±0.07 Å) to those found
in the structure of the free ligand 1b (Fig. 1), indicating that
electronic delocalization of the nitrogen lone pair is maintained
upon coordination of the thiophosphoryl unit to the metal.

As shown in Fig. 3, complex 8b remains monomeric in the solid
state, the absence of intermolecular Ag–S interactions leading in
this case to an almost linear geometry around the silver atom
(S(1)–Ag(1)–S(2) = 171.74(4)◦) with slightly shorter Ag(1)–S(1)
(2.3977(11) Å) and Ag(1)–S(2) (2.4036(11) Å) bond lengths. The
rest of the distances within the 11-membered chelate ring compare
well with those found in the dimeric structure of complex 7a.

Fig. 3 ORTEP-type view of the structure of compound 8b show-
ing the crystallographic labeling scheme. Hydrogen atoms, SbF6

− an-
ions and the half-occupancy dichloromethane molecule of solvation
have been omitted for clarity. Thermal ellipsoids are drawn at 10%
probability level. Selected bond lengths (Å): Ag(1)–S(1) = 2.3977(11);
Ag(1)–S(2) = 2.4036(11); C(1)–P(1) = 1.819(4); P(1)–N(1) = 1.584(4);
N(1)–P(2) = 1.580(4); P(2)–S(1) = 1.9850(15); C(2)–P(3) = 1.811(4);
P(3)–N(2) = 1.584(4); N(2)–P(4) = 1.572(4); P(4)–S(2) = 1.9811(14).
Selected bond angles (◦): S(1)–Ag(1)–S(2) = 171.74(4); C(1)–P(1)–N(1) =
110.9(2); P(1)–N(1)–P(2) = 129.0(2); N(1)–P(2)–S(1) = 119.01(15);
P(2)–S(1)–Ag(1) = 98.01(5); P(1)–C(1)–C(2) = 111.0(3); C(1)–C(2)–P(3) =
112.2(3); C(2)–P(3)–N(2) = 114.5(2); P(3)–N(2)–P(4) = 135.1(2);
N(2)–P(4)–S(2) = 119.34(15); P(4)–S(2)–Ag(1) = 98.59(5).

In contrast to 7a and 8b, the solid-state structure of complex
9a is a one-dimensional zigzag polymer (see Fig. 4), the N-
thiophosphorylated bis(iminophosphorane) unit acting as a bridg-
ing ligand between two silver atoms.13,14 The asymmetric unit cor-
responds to the fragment [{CH2CH2Ph2P=NP(=S)(OEt)2}2Ag],
which gives rise the polymeric chain via pairs of inversion centres.
The coordination around the silver atom is slightly distorted from
linearity (S(1)–Ag(1)–S(2) = 167.99(10)◦) with Ag(1)–S(1) and
Ag(1)–S(2) bond lengths of 2.324(3) and 2.376(4) Å, respectively.

2762 | Dalton Trans., 2007, 2760–2769 This journal is © The Royal Society of Chemistry 2007
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Fig. 4 Part of the polymeric chain of complex 9a showing the crystallo-
graphic labeling scheme. Hydrogen atoms, aryl groups (except the ipso car-
bons) and SbF6

− anions have been omitted for clarity. Thermal ellipsoids
are drawn at 10% probability level. Selected bond lengths (Å): Ag(1)–S(1) =
2.324(3); Ag(1)–S(2) = 2.376(4); C(1)–P(1) = 1.792(6); P(1)–N(1) =
1.571(6); N(1)–P(2) = 1.566(6); P(2)–S(1) = 1.990(3); C(3)–P(3) = 1.804(6);
P(3)–N(2) = 1.571(6); N(2)–P(4) = 1.563(6); P(4)–S(2) = 1.978(3). Selected
bond angles (◦): S(1)–Ag(1)–S(2) = 167.99(10); C(1)–P(1)–N(1) = 114.7(3);
P(1)–N(1)–P(2) = 137.0(4); N(1)–P(2)–S(1) = 116.0(2); P(2)–S(1)–Ag(1) =
103.12(2); P(1)–C(1)–C(2) = 112.7(4); C(4)–P(3)–N(2) = 114.9(3);
P(3)–N(2)–P(4) = 138.1(4); N(2)–P(4)–S(2) = 117.5(2); P(4)–S(2)–Ag(1) =
100.90(12).

Silver(I) complexes containing the N-thiophosphorylated
ferrocenyl ligands 5–6a,b

The reactivity of the ferrocenyl derivatives Fe(g5-C5H4[P-
{=NP(=S)(OR)2}Ph2])2 (R = Et 5a, Ph 5b) and Fe(g5-C5H4[P-
{=NP(=S)(OR)2}iPr2])2 (R = Et 6a, Ph 6b) towards silver
hexafluoroantimonate has also been explored, the treatment,
at room temperature, of a dichloromethane solution of these
ligands with 1 equiv. of AgSbF6 leading to the high-
yield formation (79–86%) of the polymeric species [Ag{Fe(g5-
C5H4[P{=NP(=S)(OR)2}Ph2])2}]x[SbF6]x (R = Et 11a, Ph 11b)
and [Ag{Fe(g5-C5H4[P{=NP(=S)(OR)2}iPr2])2}]x[SbF6]x (R = Et
12a, Ph 12b) in which the bis(iminophosphorane) units bridge two
Ag atoms via selective S-coordination (Scheme 3).

The characterization of complexes 11–12a,b, isolated as air- and
moisture-stable yellow-orange solids, was achieved by means of
elemental analyses, conductance measurements (1 : 1 electrolytes;
KM = 108–116 X−1 cm2 mol−1), positive-ion FAB mass spectra (in
all cases the cation molecular peak [Ag/ligand + 1]+ is observed
(50–100% intensity)) and multinuclear (31P–{1H}, 1H and 13C–
{1H}) NMR spectroscopy (details are given in the Experimental

Scheme 3 Synthesis of the ferrocenyl-based polymers 11–12a,b.

section). In particular, the silver complexation to sulfur is easily
detected by 31P–{1H} NMR, which displays phenomena analo-
gous to those observed for 7–10a,b, i.e. the signal corresponding
to the iminophosphorane unit is deshielded (Dd = 4 to 5 ppm)
whereas the (RO)2P=S phosphorus resonance is shielded (Dd =
−4 to −11 ppm) when compared to the free ligands (see Table 1).
The polymeric nature of these species was ascertained by means of
an X-ray diffraction analysis on complex 11b.14 The ORTEP view
of the polymeric chain, along with selected structural parameters,
is shown in Fig. 5. In this case, the asymmetric unit consists of the
[Ag2{l-Fe(g5-C5H4[P{=NP(=S)(OPh)2}Ph2])2}] moiety, the two
independent silver atoms each lie on inversion centres resulting in
exactly 180◦ ideal linear geometry at Ag(1) and Ag(2). Concerning
the ferrocene moiety, the cyclopentadienyl rings are staggered by
19◦ about the Cp · · · Cp axis as defined by the torsion angle C(25)–
C*–C**–C(30).

Conclusions

A new family of N-thiophosphorylated iminophosphoranes,
namely (CH2)n[P{=NP(=S)(OR)2}Ph2]2 (R = Et, Ph; n = 1,
2, 3, 4) and Fe(g5-C5H4[P{=NP(=S)(OR)2}R′

2])2 (R = Et, Ph;
R′ = Ph, iPr) has been easily synthesized from the correspond-
ing bis(diphenylphosphino)alkane Ph2P(CH2)nPPh2 or ferrocenyl-
diphosphine Fe(g5-C5H4PR′

2)2, respectively, and phosphorylated
azides (RO)2P(=S)N3. The ability of these species to act as ligands
has been also demonstrated, the complexation of their P=N–
P=S linkages to silver taking place selectively through the sulfur
atom. Solid state X-ray structural characterization of some of the
Ag(I) complexes synthesized points out that their nuclearity is
strongly dependent on the nature of the diphosphine backbone.
Thus, the formation of mononuclear complexes, via chelation of
the ligand, has been only observed when short hydrocarbonated
P–X–P spacers are present (X = CH2, CH2CH2), otherwise one-
dimensional polymeric chains are formed.

Fig. 5 Part of the polymeric chain of complex 11b showing the crystallographic labeling scheme. Hydrogen atoms, aryl groups (except the ipso carbons)
and SbF6

− anions have been omitted for clarity. Thermal ellipsoids are drawn at 20% probability level. Selected bond lengths (Å): Ag(1)–S(1) = 2.3657(17);
Ag(2)–S(2) = 2.3740(17); C(25)–P(1) = 1.783(7); P(1)–N(1) = 1.592(5); N(1)–P(2) = 1.572(5); P(2)–S(1) = 1.982(2); C(35)–P(3) = 1.804(7); P(3)–N(2) =
1.595(6); N(2)–P(4) = 1.564(5); P(4)–S(2) = 1.983(2); Fe(1)–C* = 1.6525(10); Fe(1)–C** = 1.6414(10). Selected bond angles (◦): S(1)–Ag(1)–S(1a) =
180; S(2)–Ag(2)–S(2a) = 180; C(25)–P(1)–N(1) = 114.1(3); P(1)–N(1)–P(2) = 130.9(4); N(1)–P(2)–S(1) = 115.3(2); P(2)–S(1)–Ag(1) = 105.77(9);
C(35)–P(3)–N(2) = 114.8(3); P(3)–N(2)–P(4) = 132.3(4); N(2)–P(4)–S(2) = 116.9(2); P(4)–S(2)–Ag(2) = 100.11(8); C*–Fe(1)–C** = 176.63(7). C*
and C** = centroids of the cyclopentadienyl rings (C(25), C(26), C(27), C(28), C(29) and C(30), C(31), C(32), C(33), C(34), respectively).

This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 2760–2769 | 2763
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Experimental

General comments

All manipulations were performed under an atmosphere of dry
nitrogen using vacuum-line and standard Schlenk techniques.
Solvents were dried by standard methods and distilled under
nitrogen before use. All reagents were obtained from commercial
suppliers and used without further purification with the exception
of compounds (RO)2P(=S)N3 (R = Et, Ph),15 dppf,16 dippf,17 and
CH2[P{=NP(=S)(OR)2}Ph2]2 (R = Et 1a, Ph 1b)6c which were
prepared by following the methods described in the literature.
Infrared spectra were recorded on a Perkin-Elmer 1720-XFT or a
Perkin-Elmer 599 spectrometer. The conductivities were measured
at room temperature, in ca. 10−3 mol dm−3 acetone solutions, with a
Jenway PCM3 conductimeter. Mass spectra (FAB) were recorded
using a VG Autospec spectrometer, operating in the positive mode;
3-nitrobenzylalcohol was used as the matrix. The C, H and N
analyses were carried out with a Perkin-Elmer 2400 microanalyzer.
NMR spectra were recorded on a Bruker DPX300 instrument at
300 MHz (1H), 121.5 MHz (31P) or 75.4 MHz (13C) using SiMe4

or 85% H3PO4 as standards. DEPT experiments have been carried
out for all the compounds reported in this paper.

Preparations

(CH2)n[P{=NP(=S)(OR)2}Ph2]2 (n = 2, R = Et 2a, Ph 2b; n =
4, R = Et 3a, Ph 3b; n = 6, R = Et 4a, Ph 4b). A solution of the
corresponding diphosphine Ph2P(CH2)nPPh2 (n = 2, 4, 6; 1 mmol)
in tetrahydrofuran (20 cm3) was treated at room temperature with
the appropriate azide (RO)2P(=S)N3 (R = Et, Ph; 2.2 mmol) for
10 h. The solvent was then removed under reduced pressure to
give a colorless oil which was washed with n-pentane (3 × 10 cm3)
and dried in vacuo to afford compounds 2–4a,b as air-stable white
solids.

2a. Yield: 0.630 g, 86% (Found: C, 55.66; H, 5.98; N, 3.91.
C34H44O4P4N2S2 requires C, 55.73; H, 6.05; N, 3.82%); mmax/cm−1

(KBr) 488w, 513m, 526s, 622w, 674m, 695s, 722s, 746s, 768s, 789m,
832m, 932s, 957s, 1036vs, 1120s, 1185w, 1271s, 1290s, 1388w,
1438m, 1484w, 1589w, 2896m, 2943w, 2977m; dH (CDCl3) 1.21
(t, 12H, 3J(HH) = 7.2 Hz, CH3), 3.15 (br, 4H, PCH2), 4.00 (m,
8H, OCH2), 7.28–7.52 (m, 12H, Ph), 7.84–7.95 (m, 8H, Ph); dC

(CDCl3) 15.98 (d, 3J(CP) = 8.6 Hz, CH3), 21.05 (m, PCH2), 61.99
(d, 2J(CP) = 5.9 Hz, OCH2), 128.68 (d, 3J(CP) = 13.0 Hz, m-Ph),
128.95 (dd, 1J(CP) = 107.2 Hz, 3J(CP) = 5.6 Hz, i-Ph), 131.53 (d,
2J(CP) = 10.7 Hz, o-Ph), 132.23 (s, p-Ph).

2b. Yield: 0.814 g, 88% (Found: C, 65.12; H, 4.86; N, 3.12.
C50H44O4P4N2S2 requires C, 64.93; H, 4.79; N, 3.03%); mmax/cm−1

(KBr) 487w, 519m, 605w, 690s, 723m, 737s, 781s, 839m, 890s, 911s,
926s, 1023w, 1115m, 1177m, 1194vs, 1259m, 1437w, 1487s, 1588m,
2909w, 2951w, 3055w; dH (CDCl3) 2.88 (br, 4H, PCH2), 7.09–7.25
(m, 20H, Ph), 7.42–7.69 (m, 20H, Ph); dC (CDCl3) 20.54 (m, PCH2),
122.24 (d, 3J(CP) = 4.8 Hz, o-OPh), 124.80 (s, p-OPh), 128.48 (dd,
1J(CP) = 117.3 Hz, 3J(CP) = 5.4 Hz, i-Ph), 129.35 (d, 3J(CP) =
12.5 Hz, m-Ph), 129.56 (s, m-OPh), 132.19 (d, 2J(CP) = 10.2 Hz,
o-Ph), 133.04 (s, p-Ph), 152.46 (d, 2J(CP) = 9.7 Hz, i-OPh).

3a. Yield: 0.700 g, 92% (Found: C, 56.95; H, 6.17; N, 3.66.
C36H48O4P4N2S2 requires C, 56.83; H, 6.36; N, 3.68%); mmax/cm−1

(KBr) 488m, 512w, 544s, 618m, 683m, 694s, 717s, 755s, 776s, 797s,
818s, 852m, 959s, 999w, 1045vs, 1103w, 1118s, 1186m, 1232vs,

1287w, 1387m, 1439s, 1484m, 1590w, 2922w, 2982m, 3050w; dH

(CDCl3) 1.23 (t, 12H, 3J(HH) = 6.6 Hz, CH3), 1.79 (m, 4H,
CH2), 2.82 (m, 4H, PCH2), 4.00 (m, 8H, OCH2), 7.30–7.59 (m,
12H, Ph), 7.75–7.82 (m, 8H, Ph); dC (CDCl3) 15.97 (d, 3J(CP) =
8.5 Hz, CH3), 22.29 (dd, 3J(CP) = 17.5 Hz, 2J(CP) = 3.0 Hz, CH2),
26.04 (d, 1J(CP) = 65.1 Hz, PCH2), 61.77 (d, 2J(CP) = 6.3 Hz,
OCH2), 128.56 (d, 3J(CP) = 12.3 Hz, m-Ph), 129.83 (dd, 1J(CP) =
105.0 Hz, 3J(CP) = 5.9 Hz, i-Ph), 131.29 (d, 2J(CP) = 10.0 Hz,
o-Ph), 131.99 (d, 4J(CP) = 2.2 Hz, p-Ph).

3b. Yield: 0.791 g, 83% (Found: C, 65.43; H, 5.14; N, 3.07.
C52H48O4P4N2S2 requires C, 65.54; H, 5.08; N, 2.94%); mmax/cm−1

(KBr) 485m, 516m, 529m, 619w, 689s, 717m, 739s, 762s, 774s,
847m, 898s, 907s, 997w, 1023m, 1069w, 1113s, 1158s, 1200vs,
1240m, 1274s, 1437m, 1453w, 1487s, 1592s, 2926w, 2944w, 3038w,
3055w; dH (CDCl3) 1.57 (m, 4H, CH2), 2.66 (m, 4H, PCH2), 7.12–
7.30 (m, 20H, Ph), 7.45–7.67 (m, 20H, Ph); dC (CDCl3) 22.52 (dd,
3J(CP) = 18.5 Hz, 2J(CP) = 1.8 Hz, CH2), 26.25 (d, 1J(CP) =
64.6 Hz, PCH2), 122.21 (d, 3J(CP) = 5.4 Hz, o-OPh), 124.63 (s,
p-OPh), 129.26 (d, 3J(CP) = 12.6 Hz, m-Ph), 129.54 (s, m-OPh),
129.60 (dd, 1J(CP) = 105.3 Hz, 3J(CP) = 6.0 Hz, i-Ph), 131.77
(d, 2J(CP) = 10.8 Hz, o-Ph), 132.77 (d, 4J(CP) = 1.2 Hz, p-Ph),
152.61 (d, 2J(CP) = 9.6 Hz, i-OPh).

4a. Yield: 0.710 g, 90% (Found: C, 57.78; H, 6.75; N, 3.62.
C38H52O4P4N2S2 requires C, 57.86; H, 6.64; N, 3.55%); mmax/cm−1

(KBr) 483w, 519m, 533s, 620w, 696m, 722m, 750m, 786m, 822w,
846m, 945s, 1040vs, 1098w, 1117m, 1180w, 1209s, 1245s, 1387w,
1436s, 1482w, 2892w, 2934w, 2977m, 3053w; dH (CDCl3) 1.14 (t,
12H, 3J(HH) = 6.8 Hz, CH3), 1.34 and 1.51 (m, 4H each, CH2),
2.62 (m, 4H, PCH2), 3.92 (m, 8H, OCH2), 7.39–7.46 (m, 12H,
Ph), 7.67–7.74 (m, 8H, Ph); dC (CDCl3) 16.04 (d, 3J(CP) = 8.1 Hz,
CH3), 21.32 (d, 2J(CP) = 3.5 Hz, CH2), 26.76 (d, 1J(CP) = 65.8 Hz,
PCH2), 29.92 (d, 3J(CP) = 15.7 Hz, CH2), 61.73 (d, 2J(CP) =
5.8 Hz, OCH2), 128.58 (d, 3J(CP) = 12.2 Hz, m-Ph), 129.91 (dd,
1J(CP) = 104.2 Hz, 3J(CP) = 5.8 Hz, i-Ph), 131.35 (d, 2J(CP) =
10.5 Hz, o-Ph), 132.02 (s, p-Ph).

4b. Yield: 0.922 g, 94% (Found: C, 65.89; H, 5.25; N, 2.99.
C54H52O4P4N2S2 requires C, 66.11; H, 5.34; N, 2.85%); mmax/cm−1

(KBr) 498w, 516w, 532m, 604w, 691m, 734m, 766m, 786s, 849m,
886s, 908s, 1024w, 1115w, 1161w, 1189m, 1199vs, 1289m, 1437m,
1487s, 1590m, 2863w, 2932w, 2942w, 3055w; dH (CDCl3) 1.27 and
1.40 (m, 4H each, CH2), 2.60 (m, 4H, PCH2), 7.10–7.29 (m, 20H,
Ph), 7.41–7.64 (m, 20H, Ph); dC (CDCl3) 21.11 (s, CH2), 26.44
(d, 1J(CP) = 66.2 Hz, PCH2), 29.74 (d, 3J(CP) = 14.9 Hz, CH2),
121.58 (d, 3J(CP) = 4.8 Hz, o-OPh), 123.99 (s, p-OPh), 128.63 (d,
3J(CP) = 12.6 Hz, m-Ph), 128.93 (s, m-OPh), 129.14 (dd, 1J(CP) =
102.4 Hz, 3J(CP) = 5.6 Hz, i-Ph), 131.28 (d, 2J(CP) = 10.0 Hz,
o-Ph), 132.12 (d, 4J(CP) = 2.2 Hz, p-Ph), 152.03 (d, 2J(CP) =
9.3 Hz, i-OPh).

Fe(g5-C5H4[P{=NP(=S)(OR)2}Ph2])2 (R = Et 5a, Ph 5b) and
Fe(g5-C5H4[P{=NP(=S)(OR)2}iPr2])2 (R = Et 6a, Ph 6b). Com-
pounds 5–6a,b, isolated as air-stable yellow solids, were prepared
as described for 2–4a,b starting from the corresponding ferrocenyl-
diphosphine, i.e. dppf or dippf (1 mmol), and the appropriate azide
(RO)2P(=S)N3 (R = Et, Ph; 2.2 mmol).

5a. Yield: 0.799 g, 90% (Found: C, 56.62; H, 5.53; N, 3.26.
FeC42H48O4P4N2S2 requires C, 56.76; H, 5.44; N, 3.15%); mmax/cm−1

(KBr) 496m, 559m, 586w, 623w, 695m, 721m, 746m, 776s, 820m,
944s, 988w, 1026vs, 1114s, 1161w, 1177m, 1266s, 1301s, 1319m,

2764 | Dalton Trans., 2007, 2760–2769 This journal is © The Royal Society of Chemistry 2007
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1364w, 1437m, 1483w, 1588w, 2891w, 2932w, 2976m, 3061w; dH

(CDCl3) 1.22 (t, 12H, 3J(HH) = 7.1 Hz, CH3), 4.00 (m, 8H, OCH2),
4.47 and 4.80 (br, 4H each, C5H4), 7.28–7.39 (m, 8H, Ph), 7.42–
7.64 (m, 12H, Ph); dC (CDCl3) 16.01 (d, 3J(CP) = 8.5 Hz, CH3),
61.86 (d, 2J(CP) = 6.3 Hz, OCH2), 72.90 (dd, 1J(CP) = 122.1 Hz,
3J(CP) = 2.2 Hz, C of C5H4), 74.27 (d, 3J(CP) = 13.8 Hz, CH
of C5H4), 74.96 (d, 2J(CP) = 10.8 Hz, CH of C5H4), 128.08 (d,
3J(CP) = 13.0 Hz, m-Ph), 130.66 (dd, 1J(CP) = 109.8 Hz, 3J(CP) =
3.7 Hz, i-Ph), 131.96 (s, p-Ph), 132.00 (d, 2J(CP) = 10.8 Hz, o-Ph).

5b. Yield: 0.919 g, 85% (Found: C, 64.37; H, 4.59; N, 2.70.
FeC58H48O4P4N2S2 requires C, 64.45; H, 4.48; N, 2.59%); mmax/cm−1

(KBr) 486w, 481m, 523w, 555m, 634w, 687s, 743s, 774s, 830m,
880s, 910s, 1026w, 1116m, 1192s, 1210vs, 1274s, 1436m, 1481s,
1593m, 2963w, 3021w, 3047w, 3068w; dH (CDCl3) 4.34 and 4.60
(br, 4H each, C5H4), 7.12–7.34 (m, 20H, Ph), 7.41–7.58 (m, 20H,
Ph); dC (CDCl3) 72.40 (dd, 1J(CP) = 122.5 Hz, 3J(CP) = 3.3 Hz,
C of C5H4), 74.44 (d, 3J(CP) = 13.8 Hz, CH of C5H4), 75.41 (d,
2J(CP) = 11.2 Hz, CH of C5H4), 121.69 (d, 3J(CP) = 5.2 Hz, o-
OPh), 124.43 (s, p-OPh), 128.58 (d, 3J(CP) = 13.0 Hz, m-Ph),
129.47 (s, m-OPh), 130.14 (dd, 1J(CP) = 108.7 Hz, 3J(CP) =
3.7 Hz, i-Ph), 132.33 (d, 2J(CP) = 11.2 Hz, o-Ph), 132.63 (d,
4J(CP) = 2.6 Hz, p-Ph), 152.63 (d, 2J(CP) = 9.3 Hz, i-OPh).

6a. Yield: 0.662 g, 88% (Found: C, 47.73; H, 7.44; N, 3.84.
FeC30H56O4P4N2S2 requires C, 47.87; H, 7.50; N, 3.72%); mmax/cm−1

(KBr) 488w, 501m, 578w, 632w, 660s, 684m, 753s, 813m, 887w,
943s, 1038vs, 1096m, 1175s, 1202w, 1246s, 1315s, 1391s, 1464m,
2893m, 2935m, 2973s, 3082w; dH (CDCl3) 1.17–1.37 (m, 36H, CH3

and CH(CH3)2), 2.49 (m, 4H, CH(CH3)2), 4.11 (m, 8H, OCH2),
4.69 and 4.86 (br, 4H each, C5H4); dC (CDCl3) 16.50 (m, CH3 and
CH(CH3)2), 26.15 (d, 1J(CP) = 68.5 Hz, CH(CH3)2), 61.69 (d,
2J(CP) = 6.3 Hz, OCH2), 71.39 (dd, 1J(CP) = 103.1 Hz, 3J(CP) =
4.4 Hz, C of C5H4), 73.54 (d, 3J(CP) = 11.2 Hz, CH of C5H4),
73.92 (d, 2J(CP) = 9.7 Hz, CH of C5H4).

6b. Yield: 0.869 g, 92% (Found: C, 58.23; H, 6.03; N, 3.11.
FeC46H56O4P4N2S2 requires C, 58.47; H, 5.97; N, 2.96%); mmax/cm−1

(KBr) 500m, 567w, 599w, 659s, 689s, 729m, 772s, 812m, 887s,
910s, 1025w, 1043w, 1174m, 1200vs, 1251w, 1323s, 1391w, 1488s,
1591s, 2873w, 2934w, 2966m, 3073w; dH (CDCl3) 1.17 (m, 24H,
CH(CH3)2), 2.42 (m, 4H, CH(CH3)2), 4.55 and 4.70 (br, 4H each,
C5H4), 7.15 (m, 4H, Ph), 7.33–7.42 (m, 16H, Ph); dC (CDCl3)
16.22 (dd, 2J(CP) = 46.6 Hz, 4J(CP) = 1.9 Hz, CH(CH3)2), 25.79
(d, 1J(CP) = 67.6 Hz, CH(CH3)2), 70.22 (dd, 1J(CP) = 104.2 Hz,
3J(CP) = 5.2 Hz, C of C5H4), 73.64 (d, 3J(CP) = 11.1 Hz, CH
of C5H4), 74.06 (d, 2J(CP) = 9.5 Hz, CH of C5H4), 121.36 (d,
3J(CP) = 5.2 Hz, o-OPh), 124.08 (s, p-OPh), 129.25 (s, m-OPh),
152.53 (d, 2J(CP) = 9.3 Hz, i-OPh).

[Ag{j2(S,S′)-(CH2)n[P{=NP(=S)(OR)2}Ph2]2}][SbF6] (n = 1,
R = Et 7a, Ph 7b; n = 2, R = Et 8a, Ph 8b). A solution of the
corresponding bis(iminophosphorane) ligand 1–2a,b (0.5 mmol)
in 30 cm3 of dichloromethane was treated, at room temperature
and in the absence of light, with AgSbF6 (0.172 g, 0.5 mmol) for
1 h. The solvent was then removed under reduced pressure to give
a white solid which was washed with diethyl ether (3 × 20 cm3)
and dried in vacuo.

7a. Yield: 0.430 g, 81% (Found: C, 37.19; H, 3.87; N, 2.66.
AgC33H42F6O4P4N2S2Sb requires C, 37.31; H, 3.98; N, 2.64%);
conductivity (acetone, 20 ◦C) 128 X−1 cm2 mol−1; mmax/cm−1

(KBr) 495m, 541w, 590m, 658vs (SbF6
−), 690s, 721m, 744s, 847w,

961s, 1023vs, 1116s, 1173m, 1242vs, 1437s, 1483w, 1589w, 2899w,
2981m, 3060w; dH (CDCl3) 1.10 (t, 12H, 3J(HH) = 7.0 Hz, CH3),
3.94 (m, 8H, OCH2), 4.11 (t, 2H, 2J(HP) = 13.4 Hz, PCH2), 7.23–
7.65 (m, 20H, Ph); dC (CDCl3) 15.66 (d, 3J(CP) = 8.7 Hz, CH3),
22.73 (tt, 1J(CP) = 71.2 Hz, 3J(CP) = 5.7 Hz, PCH2), 64.10 (d,
2J(CP) = 7.0 Hz, OCH2), 127.23 (dd, 1J(CP) = 107.1 Hz, 3J(CP) =
2.3 Hz, i-Ph), 129.06 (d, 3J(CP) = 12.8 Hz, m-Ph), 131.60 (d,
2J(CP) = 10.9 Hz, o-Ph), 133.24 (s, p-Ph); MS (FAB) m/z 827.9
(100%) [M+ + 1].

7b. Yield: 0.520 g, 83% (Found: C, 46.79; H, 3.43; N, 2.12.
AgC49H42F6O4P4N2S2Sb requires C, 46.91; H, 3.37; N, 2.23%);
conductivity (acetone, 20 ◦C) 121 X−1 cm2 mol−1; mmax/cm−1 (KBr)
500m, 600w, 618w, 658s (SbF6

−), 689s, 744m, 771s, 834w, 927s,
1006w, 1024m, 1070w, 1165m, 1171s, 1193vs, 1280s, 1437m, 1487s,
1589m, 2895w, 2940w, 3060w; dH (CD2Cl2) 4.12 (t, 2H, 2J(HP) =
13.7 Hz, PCH2), 6.94–7.57 (m, 30H, Ph); dC (CD2Cl2) 27.84 (tt,
1J(CP) = 68.7 Hz, 3J(CP) = 5.5 Hz, PCH2), 121.29 (d, 3J(CP) =
4.8 Hz, o-OPh), 125.91 (s, p-OPh), 126.63 (dd, 1J(CP) = 108.7 Hz,
3J(CP) = 3.0 Hz, i-Ph), 129.56 (d, 3J(CP) = 12.9 Hz, m-Ph), 130.19
(s, m-OPh), 132.24 (d, 2J(CP) = 10.7 Hz, o-Ph), 134.04 (s, p-Ph),
151.46 (d, 2J(CP) = 10.2 Hz, i-OPh); MS (FAB) m/z 1019.8 (30%)
[M+ + 1].

8a. Yield: 0.468 g, 87% (Found: C, 37.88; H, 4.16; N, 2.73.
AgC34H44F6O4P4N2S2Sb requires C, 37.94; H, 4.12; N, 2.60%);
conductivity (acetone, 20 ◦C) 119 X−1 cm2 mol−1; mmax/cm−1 (KBr)
520m, 586w, 658s (SbF6

−), 693s, 744s, 792m, 830w, 963s, 1026vs,
1120s, 1161w, 1182m, 1261s, 1301s, 1367w, 1390w, 1439m, 1590w,
2903w, 2936w, 2983m, 3060w; dH (CDCl3) 1.23 (t, 12H, 3J(HH) =
7.1 Hz, CH3), 2.81 (br, 4H, PCH2), 4.04 (m, 8H, OCH2), 7.28–
7.67 (m, 20H, Ph); dC (CDCl3) 15.81 (d, 3J(CP) = 8.6 Hz, CH3),
20.65 (m, PCH2), 64.26 (d, 2J(CP) = 7.8 Hz, OCH2), 126.10 (dd,
1J(CP) = 105.3 Hz, 3J(CP) = 4.8 Hz, i-Ph), 129.45 (d, 3J(CP) =
12.9 Hz, m-Ph), 131.26 (d, 2J(CP) = 10.7 Hz, o-Ph), 133.67 (s,
p-Ph); MS (FAB) m/z 841.9 (100%) [M+ + 1].

8b. Yield: 0.539 g, 85% (Found: C, 47.19; H, 3.41; N, 2.33.
AgC50H44F6O4P4N2S2Sb requires C, 47.34; H, 3.50; N, 2.21%);
conductivity (acetone, 20 ◦C) 113 X−1 cm2 mol−1; mmax/cm−1 (KBr)
497w, 521m, 591w, 656s (SbF6

−), 690s, 742m, 772s, 812w, 902m,
928s, 1023w, 1117m, 1160s, 1191vs, 1267m, 1296m, 1438w, 1486s,
1588m, 2905w, 2960w, 3059w; dH (CD2Cl2) 2.47 (br, 4H, PCH2),
7.06–7.82 (m, 40H, Ph); dC (CD2Cl2) 19.35 (m, PCH2), 121.63
(d, 3J(CP) = 4.8 Hz, o-OPh), 125.14 (dd, 1J(CP) = 104.7 Hz,
3J(CP) = 5.4 Hz, i-Ph), 126.50 (s, p-OPh), 129.82 (d, 3J(CP) =
13.0 Hz, m-Ph), 130.41 (s, m-OPh), 131.86 (d, 2J(CP) = 10.9 Hz,
o-Ph), 134.55 (s, p-Ph), 150.72 (d, 2J(CP) = 9.6 Hz, i-OPh); MS
(FAB) m/z 1033.8 (100%) [M+ + 1].

[Ag{(CH2)n[P{=NP(=S)(OR)2}Ph2]2}]x[SbF6]x (n = 4, R =
Et 9a, Ph 9b; n = 6, R = Et 10a, Ph 10b). The polymeric
compounds 9–10a,b, isolated as air-stable white solids, were
prepared as described for 7–8a,b starting from the corresponding
bis(iminophosphorane) ligand 3–4a,b (0.5 mmol) and AgSbF6

(0.172 g, 0.5 mmol).
9a. Yield: 0.442 g, 80% (Found: C, 39.22; H, 4.25; N, 2.60.

AgC36H48F6O4P4N2S2Sb requires C, 39.15; H, 4.38; N, 2.54%);
conductivity (acetone, 20 ◦C) 115 X−1 cm2 mol−1; mmax/cm−1 (KBr)
513w, 542m, 576w, 660s (SbF6

−), 694m, 722s, 750m, 791w, 827m,
962s, 1024vs, 1118s, 1161w, 1182m, 1264vs, 1366w, 1390w, 1438s,
1485m, 1590w, 2902w, 2941w, 2986m, 3058w; dH (CDCl3) 1.19 (t,

This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 2760–2769 | 2765
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12H, 3J(HH) = 7.1 Hz, CH3), 1.84 (m, 4H, CH2), 2.80 (m, 4H,
PCH2), 3.98 (m, 8H, OCH2), 7.50–7.59 (m, 12H, Ph), 7.68–7.75
(m, 8H, Ph); dC (CDCl3) 15.87 (d, 3J(CP) = 8.7 Hz, CH3), 23.04
(dd, 3J(CP) = 16.3 Hz, 2J(CP) = 2.9 Hz, CH2), 25.85 (d, 1J(CP) =
65.8 Hz, PCH2), 63.93 (d, 2J(CP) = 7.6 Hz, OCH2), 127.65 (dd,
1J(CP) = 104.2 Hz, 3J(CP) = 6.4 Hz, i-Ph), 129.19 (d, 3J(CP) =
12.8 Hz, m-Ph), 131.17 (d, 2J(CP) = 11.1 Hz, o-Ph), 132.96 (d,
4J(CP) = 2.3 Hz, p-Ph); MS (FAB) m/z 869.7 (20%) [M+ + 1].

9b. Yield: 0.570 g, 88% (Found: C, 48.02; H, 3.64; N, 2.30.
AgC52H48F6O4P4N2S2Sb requires C, 48.17; H, 3.73; N, 2.16%);
conductivity (acetone, 20 ◦C) 109 X−1 cm2 mol−1; mmax/cm−1 (KBr)
498w, 541m, 590w, 656s (SbF6

−), 690s, 724w, 770s, 823m, 900s,
924s, 998w, 1023m, 1069w, 1118s, 1159s, 1188vs, 1301s, 1437s,
1454m, 1486s, 1588s, 2869w, 2931w, 3059w; dH (CD2Cl2) 1.69 (m,
4H, CH2), 2.74 (m, 4H, PCH2), 7.15–7.43 (m, 20H, Ph), 7.63–7.72
(m, 20H, Ph); dC (CD2Cl2) 23.27 (dd, 3J(CP) = 19.7 Hz, 2J(CP) =
3.0 Hz, CH2), 25.38 (d, 1J(CP) = 64.6 Hz, PCH2), 121.21 (d,
3J(CP) = 4.8 Hz, o-OPh), 126.15 (s, p-OPh), 127.09 (dd, 1J(CP) =
105.3 Hz, 3J(CP) = 6.1 Hz, i-Ph), 129.57 (d, 3J(CP) = 13.2 Hz,
m-Ph), 130.36 (s, m-OPh), 131.39 (d, 2J(CP) = 11.4 Hz, o-Ph),
133.60 (s, p-Ph), 150.89 (d, 2J(CP) = 9.6 Hz, i-OPh); MS (FAB)
m/z 1061.8 (100%) [M+ + 1].

10a. Yield: 0.436 g, 77% (Found: C, 40.21; H, 4.75; N, 2.53.
AgC38H52F6O4P4N2S2Sb requires C, 40.30; H, 4.63; N, 2.47%);
conductivity (acetone, 20 ◦C) 114 X−1 cm2 mol−1; mmax/cm−1 (KBr)
511w, 533m, 583w, 657s (SbF6

−), 693s, 721m, 745m, 792w, 838w,
961s, 1025vs, 1117s, 1160w, 1186w, 1263s, 1367w, 1389w, 1438m,
2865w, 2901w, 2934w, 2982w, 3058w; dH (CD2Cl2) 1.16 (t, 12H,
3J(HH) = 6.8 Hz, CH3), 1.50 and 1.64 (m, 4H each, CH2), 2.56
(m, 4H, PCH2), 3.97 (m, 8H, OCH2), 7.51–7.73 (m, 20H, Ph); dC

(CD2Cl2) 16.14 (d, 3J(CP) = 8.2 Hz, CH3), 21.36 (d, 2J(CP) =
4.1 Hz, CH2), 27.81 (d, 1J(CP) = 67.0 Hz, PCH2), 29.85 (d,
3J(CP) = 15.7 Hz, CH2), 64.54 (d, 2J(CP) = 7.6 Hz, OCH2),
128.51 (dd, 1J(CP) = 103.1 Hz, 3J(CP) = 5.2 Hz, i-Ph), 129.60
(d, 3J(CP) = 12.8 Hz, m-Ph), 131.67 (d, 2J(CP) = 11.1 Hz, o-Ph),
133.48 (d, 4J(CP) = 2.3 Hz, p-Ph); MS (FAB) m/z 897.7 (30%)
[M+ + 1].

10b. Yield: 0.556 g, 84% (Found: C, 48.85; H, 3.99; N, 2.28.
AgC54H52F6O4P4N2S2Sb requires C, 48.96; H, 3.96; N, 2.11%);
conductivity (acetone, 20 ◦C) 108 X−1 cm2 mol−1; mmax/cm−1 (KBr)
499w, 531m, 590w, 657s (SbF6

−), 690s, 744m, 769s, 888w, 900s,
922s, 998w, 1023w, 1069w, 1117s, 1159s, 1187vs, 1303s, 1437m,
1486s, 1589s, 2863w, 2932w, 3059w; dH (CDCl3) 1.43 (m, 8H,
CH2), 2.61 (m, 4H, PCH2), 7.05–7.30 (m, 20H, Ph), 7.46–7.65
(m, 20H, Ph); dC (CDCl3) 21.07 (d, 2J(CP) = 3.3 Hz, CH2), 26.49
(d, 1J(CP) = 67.4 Hz, PCH2), 29.25 (d, 3J(CP) = 16.0 Hz, CH2),
120.86 (d, 3J(CP) = 4.8 Hz, o-OPh), 125.68 (s, p-OPh), 127.27 (dd,
1J(CP) = 104.2 Hz, 3J(CP) = 5.2 Hz, i-Ph), 129.13 (d, 3J(CP) =
13.0 Hz, m-Ph), 129.93 (s, m-OPh), 131.12 (d, 2J(CP) = 10.8 Hz,
o-Ph), 132.92 (d, 4J(CP) = 1.9 Hz, p-Ph), 150.68 (d, 2J(CP) =
10.1 Hz, i-OPh); MS (FAB) m/z 1089.9 (100%) [M+ + 1].

[Ag{Fe(g5-C5H4[P{=NP(=S)(OR)2}Ph2])2}]x[SbF6]x (R = Et
11a, Ph 11b) and [Ag{Fe(g5-C5H4[P{=NP(=S)(OR)2}iPr2])2}]x-
[SbF6]x (R = Et 12a, Ph 12b). The polymeric compounds
11–12a,b, isolated as air-stable yellow-orange solids, were pre-
pared as described for 7–8a,b starting from the corresponding
bis(iminophosphorane) ligand 5–6a,b (0.5 mmol) and AgSbF6

(0.172 g, 0.5 mmol).

11a. Yield: 0.487 g, 79% (Found: C, 41.11; H, 3.87; N, 2.33.
AgFeC42H48F6O4P4N2S2Sb requires C, 40.94; H, 3.92; N, 2.27%);
conductivity (acetone, 20 ◦C) 116 X−1 cm2 mol−1; mmax/cm−1 (KBr)
490w, 558w, 658s (SbF6

−), 693m, 724w, 751m, 793w, 820w, 961m,
1026vs, 1116m, 1186w, 1262s, 1365w, 1389w, 1437w, 2900w, 2935w,
2981w, 3058w; dH (CDCl3) 1.12 (t, 12H, 3J(HH) = 7.0 Hz, CH3),
3.94 (m, 8H, OCH2), 4.30 and 4.50 (br, 4H each, C5H4), 7.30–7.67
(m, 20H, Ph); dC (CDCl3) 15.69 (d, 3J(CP) = 8.2 Hz, CH3), 64.10 (d,
2J(CP) = 7.0 Hz, OCH2), 71.95 (dd, 1J(CP) = 124.0 Hz, 3J(CP) =
4.1 Hz, C of C5H4), 74.38 (d, 2J(CP) = 8.2 Hz, CH of C5H4), 74.54
(d, 3J(CP) = 11.0 Hz, CH of C5H4), 128.82 (d, 3J(CP) = 12.8 Hz,
m-Ph), 129.33 (dd, 1J(CP) = 106.0 Hz, 3J(CP) = 4.7 Hz, i-Ph),
132.04 (d, 2J(CP) = 11.6 Hz, o-Ph), 133.23 (s, p-Ph); MS (FAB)
m/z 997.7 (100%) [M+ + 1].

11b. Yield: 0.598 g, 84% (Found: C, 49.04; H, 3.37; N, 2.09.
AgFeC58H48F6O4P4N2S2Sb requires C, 48.90; H, 3.40; N, 1.97%);
conductivity (acetone, 20 ◦C) 113 X−1 cm2 mol−1; mmax/cm−1 (KBr)
492w, 562w, 595w, 657s (SbF6

−), 690s, 727m, 768m, 811w, 901m,
924s, 1024w, 1117w, 1160m, 1187vs, 1294s, 1437w, 1486m, 1589w,
2924w, 2964w, 3023w, 3059w; dH (CD2Cl2) 4.42 and 4.60 (br, 4H
each, C5H4), 7.04–7.39 (m, 20H, Ph), 7.50–7.75 (m, 20H, Ph);
dC (CD2Cl2) 71.69 (dd, 1J(CP) = 123.3 Hz, 3J(CP) = 3.0 Hz, C
of C5H4), 74.60 (d, 3J(CP) = 13.8 Hz, CH of C5H4), 75.25 (d,
2J(CP) = 10.7 Hz, CH of C5H4), 121.19 (d, 3J(CP) = 4.8 Hz, o-
OPh), 126.25 (s, p-OPh), 128.20 (dd, 1J(CP) = 108.3 Hz, 3J(CP) =
3.6 Hz, i-Ph), 129.28 (d, 3J(CP) = 13.8 Hz, m-Ph), 130.44 (s, m-
OPh), 132.31 (d, 2J(CP) = 11.4 Hz, o-Ph), 133.86 (d, 4J(CP) =
1.8 Hz, p-Ph), 151.16 (d, 2J(CP) = 10.8 Hz, i-OPh); MS (FAB)
m/z 1189.2 (50%) [M+ + 1].

12a. Yield: 0.449 g, 82% (Found: C, 32.79; H, 5.30; N, 2.67.
AgFeC30H56F6O4P4N2S2Sb requires C, 32.87; H, 5.15; N, 2.56%);
conductivity (acetone, 20 ◦C) 115 X−1 cm2 mol−1; mmax/cm−1 (KBr)
482w, 503w, 567m, 657vs (SbF6

−), 689w, 745m, 788w, 816w, 884w,
959s, 1028vs, 1098w, 1175m, 1246s, 1303s, 1368m, 1395m, 1466w,
2875w, 2901w, 2937m, 2979m, 3114w; dH (CDCl3) 1.24–1.44 (m,
36H, CH3 and CH(CH3)2), 2.45 (m, 4H, CH(CH3)2), 4.20 (m, 8H,
OCH2), 4.84 and 4.89 (br, 4H each, C5H4); dC (CDCl3) 15.97 (m,
CH3 and CH(CH3)2), 26.70 (d, 1J(CP) = 65.9 Hz, CH(CH3)2),
64.09 (d, 2J(CP) = 7.8 Hz, OCH2), 70.21 (dd, 1J(CP) = 107.2 Hz,
3J(CP) = 5.9 Hz, C of C5H4), 73.60 (d, 3J(CP) = 11.9 Hz, CH of
C5H4), 74.24 (d, 2J(CP) = 10.0 Hz, CH of C5H4); MS (FAB) m/z
861.5 (100%) [M+ + 1].

Yield: 0.554 g, 86% (Found: C, 42.76; H, 4.44; N, 2.30.
AgFeC46H56F6O4P4N2S2Sb requires C, 42.88; H, 4.38; N, 2.17%);
conductivity (acetone, 20 ◦C) 108 X−1 cm2 mol−1; mmax/cm−1 (KBr)
499m, 552w, 587m, 656s (SbF6

−), 690s, 728w, 765s, 805w, 839w,
898m, 920s, 1005w, 1023w, 1043w, 1160s, 1189vs, 1325s, 1395m,
1462w, 1487s, 1589s, 2874w, 2935w, 2970w, 3066w; dH (CD2Cl2)
1.22 (m, 24H, CH(CH3)2), 2.44 (m, 4H, CH(CH3)2), 4.62 and
4.72 (br, 4H each, C5H4), 7.27–7.31 (m, 12H, Ph), 7.40–7.45 (m,
8H, Ph); dC (CD2Cl2) 16.42 (dd, 2J(CP) = 49.1 Hz, 4J(CP) =
1.8 Hz, CH(CH3)2), 26.71 (d, 1J(CP) = 65.8 Hz, CH(CH3)2), 69.60
(dd, 1J(CP) = 101.7 Hz, 3J(CP) = 6.0 Hz, C of C5H4), 73.92 (d,
3J(CP) = 12.0 Hz, CH of C5H4), 74.72 (d, 2J(CP) = 10.2 Hz, CH
of C5H4), 121.40 (d, 3J(CP) = 4.8 Hz, o-OPh), 126.21 (s, p-OPh),
130.59 (s, m-OPh), 151.67 (d, 2J(CP) = 10.2 Hz, i-OPh); MS (FAB)
m/z 1053.8 (100%) [M+ + 1].
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Å
3

45
31

.0
(2

)
21

01
.3

(3
)

53
56

.6
(4

)
23

00
.0

2(
8)

65
05

.9
(2

)
C

al
cu

la
te

d
de

ns
it

y/
g

cm
−3

1.
33

5
1.

67
9

1.
62

6
1.

59
5

1.
62

8
l/

m
m

−1
2.

77
7

11
.7

74
9.

82
1

10
.7

81
11

.0
11

F
(0

00
)

18
96

10
60

26
20

11
08

31
84

C
ry

st
al

si
ze

/m
m

0.
10

×
0.

05
×

0.
02

5
0.

17
5

×
0.

05
×

0.
02

5
0.

30
×

0.
19

×
0.

17
0.

40
×

0.
25

×
0.

20
0.

25
×

0.
10

×
0.

07
h

ra
ng

e/
◦

3.
61

to
69

.5
2

2.
50

to
58

.9
7

4.
08

to
68

.4
3

2.
74

to
68

.5
1

2.
52

to
68

.5
3

N
o.

of
re

fln
s.

co
lle

ct
ed

17
43

3
40

31
3

90
61

5
46

63
7

74
42

9
N

o.
of

un
iq

ue
re

fln
s.

41
20

[R
(i

nt
)
=

0.
06

7]
60

29
[R

(i
nt

)
=

0.
04

8]
97

70
[R

(i
nt

)
=

0.
04

72
]

83
83

[R
(i

nt
)
=

0.
07

51
]

11
91

8
[R

(i
nt

)
=

0.
09

65
]

C
om

pl
et

en
es

s
to

h m
ax

96
.6

%
99

.7
%

99
.1

%
98

.9
%

99
.3

%
N

o.
of

pa
ra

m
et

er
s/

re
st

ra
in

ts
36

0/
0

47
8/

0
63

4/
2

50
6/

0
76

8/
1

G
oo

dn
es

s-
of

-fi
t

on
F

2
0.

89
6

1.
15

6
1.

04
5

1.
05

8
1.

06
9

W
ei

gh
t

fu
nc

ti
on

(a
,b

)
0.

03
86

,0
0.

07
06

,4
.6

12
7

0.
06

96
,1

5.
42

93
0.

16
63

,3
.1

77
1

0.
12

31
,2

2.
39

18
R

1
[I

>
2r

(I
)]

a
0.

04
36

0.
03

89
0.

04
58

0.
08

25
0.

07
43

w
R

2
[I

>
2r

(I
)]

a
0.

10
30

0.
10

34
0.

12
06

0.
23

96
0.

20
07

R
1

(a
ll

da
ta

)
0.

06
97

0.
04

95
0.

04
97

0.
09

13
0.

09
71

w
R

2
(a

ll
da

ta
)

0.
11

39
0.

15
82

0.
12

68
0.

25
05

0.
21

71
L

ar
ge

st
di

ff
.p

ea
k

an
d

ho
le

/e
Å
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X-Ray crystal structure determination of compounds 1b, 7a, 8b, 9a
and 11b

Crystals suitable for X-ray diffraction analysis were obtained by
slow diffusion of n-hexane (1b and 7a) or n-pentane (8b, 9a and
11b) into a saturated solution of the corresponding complex in
dichloromethane. The most relevant crystal and refinement data
are collected in Table 2. Diffraction data were recorded on a
Nonius Kappa CCD single-crystal diffractometer, using Cu-Ka
radiation (k = 1.5418 Å). The data were collected using the
oscillation method, with 2◦ oscillation and 40 s exposure time per
frame, and with a crystal-to-detector distance of 29 mm. The data-
collection strategy was calculated with the program Collect.18 Data
reduction and cell refinement were performed using the programs
HKL Denzo and Scalepack.19 Absorption correction was applied
by means of SORTAV.20

The software package WINGX was used in all cases for space
group determination, structure solution and refinement.21 The
structures were solved by Patterson interpretation and phase
expansion using DIRDIF.22 Isotropic least-squares refinement on
F 2 using SHELXL97 was performed.23 During the final stages
of the refinements, all non-hydrogen atoms were refined with
anisotropic displacement parameters (except the F(6a) and F(6b)
atoms of the SbF6

− anion in 11b; this highly disordered group
was found and isotropically refined). In the crystal of 8b one
dichloromethane molecule of solvation per two formula units
of the complex was found to be disordered over two positions
related by the crystallographic symmetry operation (1 − x, y,
1/2 − z), with 0.5 site occupancy factors. Bond distances between
C and Cl atoms in this dichlorometane molecule were restrained
to a target value of 1.6(0.02) Å. The H atoms were geometrically
located and their coordinates refined riding on their parent atoms
(except in 1b where the coordinates of the H atoms were found
from difference Fourier maps and included in the refinement with
isotropic parameters). In all cases, the maximum residual electron
density is located near to heavier atoms, except for 8b in which the
highest residual peaks are close to the disordered solvent molecule.
The function minimized was [

∑
wF o

2 − F c
2)/

∑
w(F o

2)]1/2 where
w = 1/[r2(F o

2) + (aP)2 + bP] (a and b values are collected in
Table 2) with r2(F o

2) from counting statistics and P = (Max
(F o

2 + 2F c
2)/3. Atomic scattering factors were taken from the

International Tables for X-ray Crystallography.24 Geometrical
calculations were made with PARST.25 The crystallographic plots
were made with PLATON.26
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Chem., 2005, 690, 2087.

7 (a) Compound (CH2)6[P{=NP(=S)(O-p-C6H4CHO)2}Ph2]2, closely
related to 4b, is known (see ref. 4d); (b) Compound Fe(g5-
C5H4[P{=NP(=S)(O-p-C6H4CHO)2}Ph2])2, closely related to 5b, is
known (see ref. 4g).

8 For compounds 6a, b the –iPr2P=N– fragments resonate at lower fields
dP 34.38–37.43 (see Table 1). These chemical shifts are comparable to
those reported in the literature for related RiPr2P=NR′ compounds.
See for example: (a) W.-P. Leung, Z.-X. Wang, H.-W. Li, Q.-C. Yang
and T. C. W. Mak, J. Am. Chem. Soc., 2001, 123, 8123; (b) S. Courtenay,
C. M. Ong and D. W. Stephan, Organometallics, 2003, 22, 818; (c) W.-P.
Leung, Q. W.-Y. Ip, S.-Y. Wong and T. C. W. Mak, Organometallics,
2003, 22, 4604; (d) W.-P. Leung, K.-W. Wong, Z.-X. Wang and T. C. W.
Mak, Organometallics, 2006, 25, 2037.

9 (a) V. Maraval, R. Laurent, B. Donnadieu, M. Mauzac, A.-M.
Caminade and J.-P. Majoral, J. Am. Chem. Soc., 2000, 122, 2499; (b) G.
Magro, B. Donnadieu, A.-M. Caminade and J.-P. Majoral, Chem.–
Eur. J., 2003, 9, 2151.

10 See for example: (a) S. Wang, J. P. Fackler, Jr. and T. F. Carlson,
Organometallics, 1990, 9, 1973; (b) E. Bembenek, O. Crespo, M. C.
Gimeno, P. G. Jones and A. Laguna, Chem. Ber., 1994, 127, 835;
(c) M. C. Gimeno, P. G. Jones, A. Laguna and C. Sarroca, J. Chem.
Soc., Dalton Trans., 1995, 3563; (d) M. C. Gimeno, P. G. Jones, A.
Laguna and C. Sarroca, J. Chem. Soc., Dalton Trans., 1998, 1277;
(e) S. Canales, O. Crespo, M. C. Gimeno, P. G. Jones and A. Laguna,
J. Organomet. Chem., 2000, 613, 50; (f) J. D. E. T. Wilton-Ely, A. Schier
and H. Schmidbaur, J. Chem. Soc., Dalton Trans., 2001, 3647; (g) H.
Liu, N. A. G. Bandeira, M. J. Calhorda, M. G. B. Drew, V. Félix, J.
Novosad, F. F. de Biani and P. Zanello, J. Organomet. Chem., 2004,
689, 2808; (h) O. Crespo, V. V. Brusko, M. C. Gimeno, M. L. Tornil, A.
Laguna and N. G. Zabirov, Eur. J. Inorg. Chem., 2004, 423.

11 The 31P–{1H} NMR data obtained for this complex, which clearly
show the presence of two equivalent Ph2P=N and (EtO)2P=S units
(see Table 1), seems to indicate that such a dimeric structure is not
maintained in solution (4 signals should be in this case observed).

2768 | Dalton Trans., 2007, 2760–2769 This journal is © The Royal Society of Chemistry 2007

Pu
bl

is
he

d 
on

 2
2 

M
ay

 2
00

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

23
/1

0/
20

14
 1

3:
04

:3
4.

 
View Article Online

http://dx.doi.org/10.1039/b703348f


12 Metal–metal interactions in d10 metal complexes is a well-known
phenomena. For reviews covering this topic, see: (a) P. Pyykkö, Chem.
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