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New Organometalated Phosphinato-O,0’ Ligands in the Planar
Eight-Membered Ring [{Cp(CO),Fe}tBuPO,FeCl;],
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By simple oxidation of the diferriophosphonium salt
[Fp.P(H)tBu],FeCl, (1'd) with air the planar eight-membered
heterocycle {FptBuPO,FeCl,}, (2) was generated. Compound
2 contains two organometalated phosphinato-O,0’ ligands
bridging two tetrahedrally configured iron(Ill) centres [Fp =
CpFe(CO), = ferrio]. The new ferrio phosphinato ligand

FptBuPO,~ was synthesized in a controlled manner for the
first time. Compound 1'd was obtained by the so-called in-
sertion reaction of Fp, and tBuPCl,, or by the silyl method
using CpFe(CO),Cl and tBuP(SiMej),, both in toluene with
traces of water present.

Introduction

The phosphinato ligand R,PO,™ has a significant posi-
tion among the classical ligands. Their syntheses, stability,
and complex chemical behaviour towards the main group
and transition elements (mono-, bidentate and bridging li-
gands), as well as their applications, especially as coordina-
tion polymers, has been the subject of numerous publica-
tions.''! Within the scope of our investigations on organo-
metalated phosphorus compounds,! which follow the iso-
lobal theory, we succeeded in the synthesis and structural
characterisation of the cage-like molecule [{CpFe-
(CO)»(Mes)PO,}4{MesPOsFe,(OH)Cl},].B]  Besides the
phosphonato ligand RPOs>", it contains for the first time
the organometalated phosphinato ligand FpRPO,™ (Fp =
CpFe(CO),; R = Mes). The very complex framework of 4
iron(ITT) and 6 phosphorus centres connected by oxygen
atoms, was formed unexpectedly by simple oxidation of the
ferriophosphonium salt [Fp,P(H)Mes|Cl with air.[*l Our at-
tempts to separate the novel ferriophosphinato ligand from
this cage compound have not been hitherto successful.

Mono-, di- and triferriophosphanes Fp,PR;_,, (n = 1—-3)
can be easily oxidised to the corresponding organometal-
lated (chalcogeno)phosphoranes Fp,PR;_,(E) (E = O, S,
Se), as well as the organic derivatives PR3.M1 While the or-
ganic phosphonium salts [PR4]X are normally air-stable,
the diferriophosphonium salts [Fp,P(H)R]X (X = any an-
ion) turned out to be very reactive towards oxidising re-
agents, especially air oxygen.[!

In the following, we report on the simple and selective
transformation of a dimetalated phosphonium salt into an
eight-membered planar ring molecule containing two Fe!™
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centres as well as two bidentate bridging ferriophosphinato-
0,0’ ligands.

Results and Discussion

Our aim was to prove the surprising result of the oxida-
tion of the PH-functionalized diferrio(mesityl)phosphon-
ium salt [Fp,P(H)Mes]Cl with air, leading to the cage mole-
cule.l®! Therefore, we first synthesized a series of PH- and
PCl-functionalized diferrio(organyl)phosphonium salts of
the type [Fp,P(X)R],FeCl; (X = H, Cl; R = Me, Et, iPr,
tBu, Ph, pTol, Xyl, Mes), which could then be oxidized. We
used the so-called insertion method, which is the reaction
of RPCl, with the dimer {CpFe(CO),}, (Scheme 1).

Depending on the substituent R and the solvent, we were
able to obtain both the corresponding PCl- and PH-func-
tionalized diferriophosphonium salts. In toluene at 80 °C
both derivatives were obtained concurrently, whereby traces
of H,O played a role. Whereas in the case of R = Me, Et,
Ph, and Tol, only the PCl phosphonium salts
[Fp,P(CD)R],FeCly (1a, b, e, and f) were formed, for R =
iPr, tBu, Xyl, and Mes; however, the PH derivatives
[Fp,P(H)R],FeCly (1'¢c, d, g, and h) were also obtained in
considerable amounts, besides the PCl compounds. The
best yields for 1la—h and 1’a—h were achieved when the
starting materials Fp, and RPCI, were used in a 3:2 ratio.
When dichloromethane was used as the solvent, only the
PCI derivatives 1b—d were formed at room temp. As NMR
experiments with the combinations H,O/toluene, D,O/tolu-
ene, and H,O/C4¢Dg and absolutely dry toluene as the solv-
ent have shown, the hydrogen atom is derived from traces
of water in the toluene. It is surprising that the P—CI moi-
ety, once formed could not be transformed into the PH en-
tity. Further experiments showed that P—Cl could be
changed into P—OH or P—OR by reaction with H,O or
ROH, respectively.[!
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Scheme 1

We were not able to successfully obtain single crystals of
any PH derivative, [Fp,P(H)R],FeCl,, but we succeeded in
obtaining single crystals of the PCl compounds,
[Fpo,P(C)HR],FeCly (R = Me, Et, iPr, tBu) 1la—d. In this
context, however, we only report on the molecular structure
of the tert-butyl derivative 1d, instead of the analogous 1'd,
which is the starting material for the formation of the novel
ring molecule 2. Compound 1'd was obtained by using the
silyl method, where CpFe(CO),Cl was treated with tBuP-
(SiMes), in toluene at room temperature in the presence of
traces of water (Scheme 2).
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Scheme 2

The phosphonium salts 1a—h and 1'c, d, e, g, and h were
treated with air oxygen for periods ranging from a few days
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to weeks. Only the mixed PH/Cl-functionalized salt with
R = 7Bu (1d/1'd) yielded a homogeneous product with 2,
besides the by-product ferrocene. Related experiments
showed that the pure, rather stable PCl derivative 1d could
not be oxidized to give 2. On the other hand, the oxidation
of the pure PH compound 1'd gave a greater yield of 2 than
using the mixed salt 1d/1'd. A plausible reaction mechanism
is shown in Scheme 3, in which the balance of electrons and
stoichiometry is correct. In the first step, the phosphonium
cation is oxidised by oxygen under elimination of one ferrio
group. In the next step, the resulting unstable monoferri-
ophosphinic acid reacts with the FeCly~ counter anion,
which is derived by oxidation from the FeCl,>~ present in
the starting material 1'd. The resulting eight-membered ring
of 2 seems to be the consequence of self assembling under
thermodynamic control.
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Scheme 3

The IR spectra (solid, KBr) of the mixed compound 1d/
1'd and the pure 1d and 1'd show the characteristic vibra-
tions v(COy) at 2055, 2031, and 1989 cm™'. The 3'P NMR
spectrum of 1d shows a singlet at & = 289 and that of 1'd
shows a doublet at & = 31 (!Jpy = 303 Hz), which are in
the expected regions. The '"H NMR spectra of both com-
pounds 1d and 1'd show two signals at 6 = 5.36 (s, Cp) and
1.29 (s, Me), 1'd additionally a doublet at § = 3.40 (!Jpy =
303 Hz). In the FAB* (mNBA) mass spectra the parent
signals are found at m/z = 477 [M(PCI)]* (1d) and 443
[M(PH)]* (1'd), respectively. In the case of the mixed salt
1d/1'd, both signals appear in a 1:1 ratio. The elemental
analysis does not indicate any exact product distribution in
the mixed salt, the CI value, however, points to an excess of
the PCl-functionalised derivative 1d in the mixed salt.

All attempts to obtain single crystals of 1'd failed. The
PCl-functionalised derivative 1d, however, could be ob-
tained as single crystals suitable for an X-ray structure ana-
lysis. In 1d® both the Fe atoms and the central P atom are

Eur. J. Inorg. Chem. 2002, 327—330



New Organometalated Phosphinato-0,0" Ligands

Figure 1. Molecular structure of 1d (only 1 cation and the anion)
in the crystal; selected bond lengths [A] and angles [°]: Fel—P1
2.3070(9), Fe2—P1 2.2930(10), P1—-CI1 2.0989(11), P1—-C8
1.900(3), Fe3—Cln 2.3159(11), 2.3231(10); Fel —P1—Fe2 119.78(4),
Fel—P1—CIl 102.46(4), Fel—P1—-C8 114.47(11), Fe2—P1—-Cll1
102.46(4), Fe2—P1-C8 114.66(11), Cl1-P1-C8 98.57(11),
Clx—Fe3—Cly 103.67(6), 115.52(4), 107.96(4), 106.52(6)

pseudo-tetrahedrally coordinated (Figure 1). The two Fe—P
distances have the same size and fit very well within the
range of symmetric diferriophosphonium salts.”) There is
no bonding interaction between the two Fe centres (Fe—Fe
3.979 A). Because of the steric effect of the two ferrio
groups, the tetrahedron of the P atom is strongly distorted
[Fel—P1—Fe2 119.78(4)°; Cl1-P—C8 98.57(11)°].

Compound 2 is slightly soluble and paramagnetic (ug =
6.04 B.M.).l”I Therefore, NMR measurements were not pos-
sible, and the spectroscopic characterization was restricted.
The IR spectrum of 2 shows, besides the absorptions of the
Cp and 7Bu groups, those of the corresponding v(CO) at
2044 and 1999 cm~! and v(PO,) at 1070 and 971 cm~!. In
the EI (mNBA) mass spectrum the signal of highest mass
appears at m/z = 791 as the fragment [M — 2 COJ™; the
further fragmentation includes Cl and CO eliminations with
signals at m/z = 719, 692, and 664 [M — 2 CO — 2Cl —
nCOl* (n = 0-2).

The solution of the composition and the structure of 2
could only be achieved by a single-crystal X-ray diffraction
analysis!® (Figure 2). Accordingly, 2 consists of a nearly
planar centrosymmetric eight-membered ring with alternat-
ing O—P—O—Fe positions and C; symmetry. The four tet-
rahedra at both P and Fe centres are linked by four com-
mon O atoms. The maximum deviation of the least-squares
plane over all atoms is 0.067 A. The heterocycle of 2 has a
diameter of about 4.7 A (Fe2—Fe2A 4.576 A, P1-P1A
4.792 A). The tetrahedra are completed at the Fe atoms by
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Figure 2. Molecular structure of 2 (on]y 1 cation and the anion)
in the crystal; selected bond lengths [A] and angles [°]: P1—Fel
2.2190(11), P1—-C8 1.860(4), P1—-03 1.552(3), P1-04A 1.555(2),

Fe2—03 1.845(3), Fe2—04 1.825(3), Fe2—Cll 2.2029(12),
Fe2—CI2 2.1910(12); O3—P1—O4A  108.6(2), Fe2—03—PIl
146.5(2), P1-O4A-Fe2A 171.5(2), 03—-PI-C8 103.7(2),

0O3—P1—Fel 109.82(11), O3—Fe2—04 110.80(12), O3—Fe2—Cl1
107.04(9), O3—Fe2—CI2 109.43(9), Cl1 —Fe2—CI2 110.60(5)

two Cl atoms, and at the P atoms by a ferrio and a Bu
group. The P—O and Fe—O distances are in pairs nearly
in the same range [P1—03 1.552(3), P1—04A 1.555(2) A,
Fe2—03 1.845(3), Fe2—04 1.825(2) A]. The exocyclic dis-
tances P1—Fel, P1—C8 and Fe2—Cl1 are 2.219(0), 1.860(4)
and 2.203(0) A. The corresponding ring angles of the Fe
and P atoms are quite similar [O3—Fe2—04A 110.80(12),
03—P1—-04A 108.6(2)°], the angles including the substitu-
ents, however, differ more noticeably [Cll—Fe2—CI2
110.60(5), Fel—=P1—C8 120.44(13)°]. The angles at the ring
O atoms are surprisingly different [P1—-03—Fe2 146.5(2)°
and PIA—0O4—Fe2 171.5(2)°].

The structural constitution of 2 is very similar to that of
cyclic tetrametaphosphates!’! and dimeric diorganophosphi-
nato complexes of transition metals,[!l which in contrast are
not planar. Formally, 2 can be regarded as the dimeric com-
pound of a (tert-butyl)(ferrio)phosphinato-O,0" complex of
tetrahedrally configured Fe'!, where the phosphinato li-
gand is not behaving as a chelating ligand towards one Fe'!
atom, but as a bridging ligand between rwo Fe'll centres.
Theoretical calculations (B3LYP, hybrid density functional
theory) indicate a planar ring skeleton with island-like m-
electron delocalisation.!!

Our experimental results are a first step towards the syn-
thesis of novel organometalated phosphinato ligands, for
which a similar manifold coordination chemistry and field
of application is expected as for the organic phosphinato
ligands. Because of the simultaneous coupling to two metal
centres — perhaps two different ones — they seem to be
more interesting.

Experimental Section

1d/1'd: A solution of {CpFe(CO),}, (2.0g, 5.64 mmol) and
tBuPCl, (0.3 mL, 3.7 mmol) in 80 mL of toluene was stirred at 80
°C for 12 h. A yellow solid precipitated that was filtered off, washed
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with 50 mL of dry toluene, and dried in vacuo. Yield: 1.4 g (75%)
of 1d/'d as a bright yellow powder, no correct elemental analysis
was obtained because of the existence of a mixture of PCIl- and
PH-functionalised product.

1d: A solution of {CpFe(CO),}, (2 g, 5.64 mmol) and BuPCl,
(0.3 mL, 3.7 mmol) in 20 mL of dichloromethane was kept at room
temperature for up to 1 week. The product 1d separated as very
thin plates at the surface of the glass. Yield: 0.2 g (10%). FAB* MS
(mNBA): m/z = 477 [M]*. IR (KBr): v(CO) = 1987, 2003, 2030,
2050 cm™!. 3P NMR (CDsCN, 109.4 MHz): § = 289. '3C NMR
(CDsCN, 67.9 MHz): & = 211 (CO), 90 (Cp), 50 [C(CH3);], 30
(CH3). "TH NMR (CD;CN, 270.2 MHz): 6 = 5.55 (Cp), 1.45 (CHj).
C3¢H;35ClgFesOgP, (1152.6): caled. C 37.5, H 3.3, Cl 18.4; found C
36.7, H 3.1, Cl 18.4.

1'd: A solution of CpFe(CO),Cl (5.0 g, 23.54 mmol) and 1 mL
(4.70 mmol) of tBuP(SiMejs), in 100 mL of toluene was stirred at
25 °C for 12 h. A yellow solid precipitated, which was filtered off,
washed with 80 mL of dry toluene, and dried in vacuo. Yield: 4.2 g
(82%). FAB* MS (m-NBA): m/z = 443 [M]*. IR (KBr): v(CO) =
1987, 2024, 2034 cm™ L. 3'P NMR (CD;CN, 109.4 MHz): § = 27
(d, Wpy = 303 Hz). *C NMR (CD;CN, 67.9 MHz): § = 91 (Cp),
50 [C(CH3)s], 30 (CH3). 'H NMR (CDsCN, 270.2 MHz): § = 5.41
(Cp), 3.4 (d, 'Jpy = 303 Hz, PH), 1.27 (d, 3Jpy = 18 Hz, CHj).
C36H40Cl3FesOgP, (1083.7): caled. C 39.9, H 3.7, Cl 13.1; found C
38.7, H 3.5, C1 16.2.

2: A solution of 1'd (140 mg, 0.12 mmol) in 12 mL of acetonitrile
was kept for about 2 weeks in an air atmosphere. After this time,
small prismatic, deep purple-red single crystals of 2 separated at
the bottom of the vessel. They were isolated by decantation of the
solution. In the mother liquor some of product 2 still remained,
which could not, however, be separated as a pure product.
Yield: 33 mg (33%). EI MS (mNBA): m/z = 791 [M — 2 COJ",
692, 664 M — 2 CO — 2 Cl — nCO (n = 0, 2)]". IR (KBr):
v(PO,) = 971, 1070 em™!, w(CO) = 1999, 2044 cm .
Cy,H55ClyFe, 0P, 2CH3CN (929.7): caled. C 33.6, H 3.7, Cl1 15.1;
found C 33.1, H 3.9, Cl 14.3.
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space group P2/c, a = 14.501(2) A, b = 8.938(2) A, ¢ =
18.017(3) A, B = 92.999(14)°, Z = 2, V = 2332.0(7) A3,
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reflections [/ > 2o(/)], final R indices [/ > 2o(/)]: R1 = 0.0294,
wR2 = 0.0640, R indices (all data): Rl = 0.0426, wR2 =
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