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ABSTRACT: The synthesis and characterization of a series of novel
cationic multimetallic transition-metal complexes based on the cationic
phosphine ligand (η6-diphenylphosphinobenzene)(η5-cyclopentadienyl)-
iron(II) hexafluorophosphate (1) are reported. Complexes of ligand 1 with
the late transition metals ruthenium, osmium, rhodium, and iridium as well
as palladium and platinum were isolated in generally good yields, and the
solid-state structures of most of them were determined. On the basis of the
195Pt−31P NMR coupling constant measured for trans-(1)2PtCl2 and the
carbonyl absorption band in the IR spectrum of trans-(1)2Rh(CO)Cl, the
electronic influence of the ligand on the metal center was evaluated. These
measurements are supported by density functional theory (DFT)
calculations, performed on the corresponding tricarbonylnickel(0)
complex in order to determine the Tolman electronic parameter (TEP)
of ligand 1.

■ INTRODUCTION
In homogeneous catalysis, phosphines are among the most
frequently used ligands.1 They impart good solubility of
catalysts in organic solvents and have in particular the ability to
stabilize metal centers in lower oxidation states that are of
importance in many catalytic cycles. A further advantage is the
great variability of phosphines. This enables tailoring such
ligands in order to rationally optimize the reactivity and
selectivity of metal-centered catalysts. The Tolman steric
parameter (TSP) and the Tolman electronic parameter (TEP),
for example, allow the steric and electronic properties of
phosphine ligands to be evaluated.2 Although there are
numerous anionic or neutral phosphines with different σ-
donating properties, only a few ligands of this type with π-
acceptor character have been reported so far.3 Enhanced
acceptor properties can be realized by the introduction of a
positive charge or by strongly electron withdrawing sub-
stituents in close proximity to the phosphorus donor site.
Other typical examples are phosphorus compounds with
heteroatoms directly bonded to the phosphorus atom and
therefore energetically low lying π-acceptor orbitals such as
PF3, and phosphites. Phosphites are widely used as ligands in
catalysis.4 In contrast, phosphorus species with directly bound
halogens are highly toxic and air-sensitive and thus have been
reported only rarely as ligands in transition-metal chemistry.5

Alternatively, phosphines having perfluoroalkyl and -aryl
substituents have found application as less-donating and

more-accepting ligands.3c,6 An entirely different approach sets
the focus on positively charged phosphine ligands in order to
generate comparably strong π-accepting properties. Synthesis
strategies to access such compounds include the reaction of
chloro(dialkyl)- or chloro(diaryl)phosphines with Lewis bases,
imidazolium carboxylates, or 2-silylimidazolium salts.3a,d,7

During the last few years, Alcarazo et al. in particular
developed additional methods starting from secondary
phosphines.3a,d,e,8 Cationic phosphines have recently found
application in palladium-catalyzed cross-coupling reactions,
hydroformylation, hydrosilylation, hydroarylation, and cyclo-
isomerization, to name just a few examples.3e,9 In addition,
their use in phase-transfer catalysis and in the elucidation of
reaction mechanisms by means of electrospray ionization mass
spectrometry has been documented.3a,e

In 2016 we reported an improved synthesis of the ligand (η5-
cyclopentadienyl)(η6-diphenylphosphinobenzene)iron(II)
hexafluorophosphate (1), which was first reported by Roberts
et al. in 1995.10 Herein ferrocene is first reacted with
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chlorobenzene in a ligand exchange reaction to give (η6-
chlorobenzene)(η5-cyclopentadienyl)iron(II) hexafluorophos-
phate (Scheme 1).11 The product is then treated with lithium

diphenylphosphide to obtain the cationic phosphine ligand in a
nucleophilic aromatic substitution reaction. Furthermore, we
were able to synthesize the first heterobimetallic complex with
gold(I) chloride based on this cationic phosphine ligand.
In a continuation of this work, we now report on the

synthesis and characterization of further cationic transition-
metal complexes with ligand 1 as well as on a detailed
investigation of its electronic properties.

■ RESULTS AND DISCUSSION
Complex Synthesis. Our attention was first directed to

ruthenium and osmium, the heavy homologues of iron. The
diamagnetic compounds [(η6-p-cymene)MCl2]2 (M = Ru, Os)
seemed to be suitable precursors.12 They both are known to
react readily with phosphines to yield complexes of the type
(η6-p-cymene)MCl2(L) (L = phosphine ligand).12b,13 Treat-
ment of 1/2 equiv of the dimers [(η6-p-cymene)MCl2]2 with
phosphine 1 gave the corresponding cationic phosphine
complexes 2 and 3 in yields of 90 and 70%, respectively
(Scheme 2).

The first evidence for the successful synthesis of compounds
2 and 3 was obtained by 1H and 31P NMR spectroscopy. The
31P spectra of 2 and 3 showed in addition to the typical septet
resonance of the hexafluorophosphate anion at −144.6 ppm
the resonance of the phosphine donor at +27.5 (2, M = Ru)
and −15.6 ppm (3, M = Os), respectively.
In comparison to the free ligand 1 (singlet at −5.9 ppm)

with a signal in the same range as for PPh3 (−6.0 ppm),14 the
resonance for the ruthenium complex 2 is shifted to lower field,
while coordination to an osmium center in 3 induces a high-
field shift. Similar data have been reported in the literature for
(η6-p-cymene)RuCl2(PPh3).

13 The rather pronounced shift of
the phosphine resonance to higher field observed for the third-
row transition metal osmium is in good agreement with the
shift for the corresponding triphenylphosphine complex (η6-p-
cymene)OsCl2(PPh3) (δ −13.2 ppm). In the 1H NMR spectra

of 2 and 3 the resonances of all protons were assigned
unambiguously. The signal of the cyclopentadienyl protons
appears at about +4.4 ppm. The resonances of the protons at
the η6-coordinating cymene ring are observed as two doublets
at about 5.5 ppm. In comparison to this, the 1H NMR
resonances of the η6-coordinating phenyl ring are shifted to
lower field (about +6.2 and +6.9 ppm, respectively) due to the
positively charged CpFe group that is coordinated to this
fragment. Further resonances in the aromatic region are
assigned to the two phenyl groups. Three signals in the
aliphatic region are allocated to the methyl and the isopropyl
substituents of the cymene ring. In addition to the NMR
spectra, elemental analysis and ESI mass spectrometry further
support the structural identification. ESI mass spectrometry
shows the expected signals of the cations 2+ and 3+ without any
fragmentation and with matching isotope patterns.
Single crystals of the ruthenium(II) complex 2, suitable for a

X-ray diffraction study, were obtained by slow diffusion of
diethyl ether into a saturated solution of 2 in dichloromethane.
Figure 1 shows the molecular structure of 2 and summarizes
typical bond parameters.

While the distances between Fe1 and the carbon atoms of
the η5-coordinated cyclopentadienyl ring (average 2.051 Å) are
slightly shorter than the distances between Fe1 and the carbon
atoms of the η6-coordinated phenyl ring (average 2.088 Å), the
distances to the corresponding ring centers behave in the
opposite way, due to the different ring sizes. According to the
ionic radii of iron(II) and ruthenium(II) the Ru1−Ar distance
is about 0.16 Å longer than the Fe1−Ar distance. The Ru1−P1
distance is slightly elongated in comparison to that in the
corresponding ruthenium(II) complex (η6-p-cymene)-
RuCl2(PPh3) (2.3438(6) Å), bearing a triphenylphosphine
ligand.15 This might be interpreted as a result of a reduced σ-
donor ability due to the positively charged phosphine ligand.
Treatment of 1/2 equiv of the dimeric rhodium(I) complex

[(CO)2Rh(μ2-Cl)]2
16 with ligand 1 resulted in the formation

of the dicationic complex 4 in almost quantitative yield
(Scheme 3).
Herein, two phosphines, one carbonyl, and one chlorido

ligand complete the square-planar coordination sphere at the
rhodium center. The 1H NMR spectrum of compound 4

Scheme 1. Synthesis of the Cationic Phosphine Ligand 1a

aLegend: (i) C6H5Cl, AlCl3, NH4PF6, reflux, 4 h; (ii) LiPPh2, thf, 18
h, rt.

Scheme 2. Synthesis of the Ruthenium(II) and Osmium(II)
Complexes 2 and 3a

aLegend: (i) [(η6-p-cymene)MCl2]2, CH2Cl2, rt, 16 h.

Figure 1. Molecular structure of compound 2 in the solid state.
Characteristic bond lengths (Å) and angles (deg): Fe1−Cp
1.6658(5), Fe1−Ar 1.5390(5), Ru1−Cl1 2.4080(9), Ru1−Cl2
2.4221(9), Ru1−P1 2.3589(9), Ru1−Ar 1.7074(3), Cp−Fe1−Ar
177.45(4), Cl1−Ru1−Cl2 88.96(3), Cl1−Ru1−P1 88.17(3), Cl1−
Ru1−Ar 124.44(2), Cl2−Ru1−P1 87.02(3), Cl2−Ru1−Ar
126.90(3), P1−Ru1−Ar 128.56(3). Cp denotes the center of the
η5-coordinated cyclopentadienyl ring. Ar denotes the centers of the
η6-coordinated arene rings.
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essentially resembles the spectra of 2 and 3. Generally the
resonances are slightly shifted to lower field. The resonance of
the cyclopentadienyl ring is found at +5.03 ppm, while this
resonance appears at about +4.4 ppm in the 1H NMR spectra
of 2 and 3. We assign this to the increased positive charge. The
31P NMR spectrum shows a doublet at +26.9 ppm with a 1JRhP
coupling constant of 131.0 Hz. Both values are close to the
data reported for CO(Cl)Rh(PPh3)2 (+30.0 ppm, 1JRhP = 127
Hz).17

Suitable single crystals for an X-ray structure analysis were
obtained by recrystallization of 4 by slow diffusion of diethyl
ether into a solution in acetonitrile. Figure 2 shows the
molecular structure of 4 and summarizes typical bond
parameters.

The rhodium(I) center in compound 4 is coordinated in a
slightly distorted square-planar geometry with somewhat
widened P−Rh1−Cl1 angles (91.53(4) and 91.28(4)°) due
to the increased space requirement of the chloride ligand in
comparison to the carbonyl ligand. The structural parameters
overall resemble those measured for related complexes of the
type CO(Cl)Rh(L)2 (L = phosphine ligand, trans orientation)
in the past.18

The close structural relationship also allows a comparison of
the energy of the CO stretching absorption in the infrared
spectrum of 4 with data from the literature. This absorption is

sensitive to the electronic situation at the rhodium(I) center,
which is determined by two phosphine ligands. For compound
4 we measured a carbonyl band at 2002 cm−1 (ATR). The
conclusions that can be drawn from the position of this band
on the electronic properties of ligand 1 are discussed in detail
below.
In analogy to the reaction with [(η6-p-cymene)MCl2]2 (M =

Ru, Os), ligand 1 was treated with 1/2 equiv of the dimeric
rhodium(III) and iridium(III) complexes [(η5-C5Me5)MCl2]2
(C5Me5 = 1,2,3,4,5-pentamethylcyclopentadienyl, M = Rh,
Ir).19 Stirring these precursors with 1 in dichloromethane for
16 h led to the formation of 5 and 6 in 45% and 82% yields,
respectively, after crystallization (Scheme 4).

The 1H and 13C NMR spectra show slightly broadened
signals at room temperature, which may be the result of some
hindered rotations due to the bulky Cp* ring. The 31P NMR
supports the trend that was already observed for complexes 2
and 3: whereas the phosphorus resonance of 5 is strongly
shifted to lower field (33.7 ppm, 1JRhP = 146.6 Hz) in
comparison to that of 1 (−5.9 ppm), relativistic effects
counteract that trend for 6 (3.2 ppm).
Recrystallization of the iridium(III) complex 6 by slow

diffusion of diethyl ether into a saturated solution in
dichloromethane gave single crystals suitable for a X-ray
diffraction study. Figure 3 shows the molecular structure of 6
and summarizes typical bond parameters.
The solid-state structure of 6 generally resembles the

structure of the ruthenium(II) complex 2. As a consequence
of the higher oxidation state of the iridium center, the P1−Ir1

Scheme 3. Synthesis of the Rhodium(I) Complex 4a

aLegend: (i) [(CO)2Rh(μ2-Cl)]2, CH2Cl2, rt, 16 h.

Figure 2. Molecular structure of compound 4 in the solid state.
Characteristic bond lengths (Å) and angles (deg): Fe1−Cp
1.6719(8), Fe1−Ar 1.5350(8), Fe2−Cp 1.6699(8), Fe2−Ar
1.5315(7), Rh1−Cl1 2.3651(12), Rh1−P1 2.3331(11), Rh1−P2
2.3265(11), Rh1−C47 1.812(5), O1−C47 1.155(7), Cp−Fe1−Ar
177.15(6), Cp−Fe2−Ar 177.64(6), Cl1−Rh1−P1 91.53(4), Cl1−
Rh1−P2 91.29(4), Cl1−Rh1−C47 175.66(17), P1−Rh1−P2
177.11(4), P1−Rh1−C47 88.81(15), P2−Rh1−C47 88.43(15),
Rh1−C47−O1 177.1(5). Cp denotes the center of the η5-coordinated
cyclopentadienyl ring. Ar denotes the centers of the η6-coordinated
arene rings.

Scheme 4. Synthesis of the Rhodium(III) and Iridium(III)
Complexes 5 and 6a

aLegend: (i) [(η5-C5Me5)MCl2]2, CH2Cl2, rt, 16 h.

Figure 3. Molecular structure of compound 6 in the solid state.
Characteristic bond lengths (Å) and angles (deg): Fe1−Cp
1.6700(12), Fe1−Ar 1.5298(12), Ir1−Cl1 2.4090(19), Ir1−Cl2
2.4065(19), Ir1−P1 2.3060(19), Ir1−Ar 1.8295(4), Cp−Fe1−Ar
177.76(9), Cl1−Ir1−Cl2 90.15(7), Cl1−Ir1−P1 89.92(7), Cl2−Ir1−
P1 91.70(7), Cl1−Ir1−Ar 120.27(5), Cl2−Ir1−Ar 122.30(5), P1−
Ir1−Cp 131.45(5). Cp denotes the center of the η5-coordinated
cyclopentadienyl ring. Ar denotes the centers of the η6-coordinated
arene rings.
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bond length (2.3060(19) Å) is shorter in comparison to the
P1−Ru1 bond (2.3590(9) Å), while the M−Cl bonds, which
have more ionic character, are almost identical.
Analogous to the synthesis of the rhodium complex 4,

treatment of 1 with 1 equiv of palladium(II) and platinum(II)
chlorides resulted in the formation of the square-planar,
dicationic complexes 7 and 8 (Scheme 5).

Both complexes were characterized by elemental analysis
and ESI mass spectrometry. For the dication of complex 7 a
peak at m/z 471.97 (calcd 471.99) and for the dication of
complex 8 a peak at m/z 516.00 (calcd 516.01) were found. In
addition, 31P NMR spectroscopy proves the successful
synthesis of compounds 7 and 8: aside from the typical heptet
of the hexafluorophosphate anion (+144.6 ppm, 1JPF = 706
Hz), a singlet at +21.9 ppm is assigned to the palladium-bound
phosphorus atom in complex 7. The resonance of the
platinum-bound phosphorus site in complex 8 is observed at
+17.6 ppm along with the expected 195Pt satellites (1JPtP =
2790 Hz).
While the trans orientation of the phosphine ligands in

complex 7 was proved by X-ray structural analysis (Figure 4),
the 195Pt−31P coupling constant unambiguously assigns an
identical geometry for complex 8. The literature reports e.g.
195Pt−31P coupling constants of 3681 Hz for cis-(PPh3)2PtCl2

and of 2626 Hz for trans-(PPh3)2PtCl2.
20 A more detailed

discussion of this coupling constant follows below. Single
crystals of compound 7 that were suitable for an X-ray
structure analysis were obtained by crystallization from
nitromethane/diethyl ether at 5 °C. Figure 4 shows the
molecular structure of 7 and summarizes typical bond
parameters.

Ligand Properties. A first hint of the donor/acceptor
properties of ligand 1 can be derived from the 31P chemical
shift and in particular from the 195Pt−31P coupling constant
measured for compound 8. Platinum(II) phosphine complexes
of the type (PR3)2PtCl2 have been widely studied in the past.
As has already been mentioned, the 195Pt−31P coupling
constant allows a determination of the coordination geometry
of these compounds, since its value is much larger for the cis
isomers in comparison to the trans isomers.20,21

Already in 1967, Grim, Keiter, and McFarlane published a
NMR study on the influence of the phosphine substituents on
the chemical shifts and 195Pt−31P coupling constants of the
trans-coordinated complexes (Phn(nBu)3−nP)2PtCl2 (n = 0, 1,
2).21b They found increasing values for the 195Pt−31P coupling
constant for increasing numbers of phenyl substituents (n = 0,
2392 Hz; n = 1, 2462 Hz; n = 2, 2531 Hz). Their data fit well
to the value for trans-(PPh3)2PtCl2 (2626 Hz). Klein Gebbink
and co-workers investigated the synthesis and spectroscopic
data of trans-dichloridoplatinum complexes bearing the highly
positively charged phosphine (P(C6H3(m-CH2NMe3)2)3)

6+ in
combination with different counteranions.20 Depending on the
solvent and the anions, coupling constants of 2627 Hz (Cl−/
DMSO-d6), 2652 Hz (Cl−/D2O), and 2684 Hz (BF4

−/
DMSO) were found, indicating a minor influence of the
positive charges on this value. In 1986 Brune and co-workers
published a detailed study on the influence of ring-substituted
triphenylphosphines (P(C6H5−nXn)3) (n = 1, 2) on the
chemical shifts and the 195Pt−31P coupling constants of
platinum dichloride complexes.21a They found an excellent
correlation of both the chemical shift and the coupling
constant with the substituent constants σ of the Hammett
equation.22 The chemical shifts and the 195Pt−31P coupling
constants vary between +13.3 ppm/2534 Hz for the 4-NMe2
substitution and +27.5 ppm/2787 Hz for the (3,5-CF3)2
substitution.23 Similar findings were later on reported by
Pringle and co-workers.24 For the trans-coordinated platinum
dichloride complex bearing two perfluorinated triphenylphos-
phine ligands (P(C6F5)3) a chemical shift of −25.8 ppm and a
195Pt−31P coupling constant of 3145 Hz were reported in the
literature.23,25 The substitution of one of the phenyl groups in
PPh3 by a bulky OAr unit raises the 195Pt−31P coupling
constant of the corresponding phosphinite complex trans-
(Ph2POAr)2PtCl2 up to 2887 Hz.26 This value increases up to
4400 Hz for phosphite complexes of the type trans-
((ArylO)3P)2PtCl2.

26b,27 The trans-configured platinum(II)
phosphonite complex ((RO)2PR′)2PtCl2 has to the best of
our knowledge not been reported in the literature. Thus, the
value of 2790 Hz for the 195Pt−31P coupling constant of
compound 8 is comparable to that of trans-(P(C6H3(3,5-
CF3)2)3)2PtCl2 but far away from the value of trans-
((P(C6F5)3)2PtCl2. In contrast, the 31P chemical shift (+17.6
ppm) is significantly lower than the value measured for trans-
(P(C6H3(3,5-CF3)2)3)2PtCl2.
Further details on the ligand properties of 1 can be obtained

from the IR spectrum of the rhodium(I) complex 4. In the
ATR-IR spectrum its carbonyl absorption is observed at 2002

Scheme 5. Synthesis of the Palladium(II) and Platinum(II)
Complexes 7 and 8a

aLegend: (i) PdCl2 or PtCl2, CH2Cl2, rt, 16 h.

Figure 4. Molecular structure of compound 7 in the solid state.
Characteristic bond lengths (Å) and angles (deg): Fe1−Cp
1.6744(5), Fe1−Ar 1.5447(5), Pd1−Cl1 2.2969(8), Pd1−P1
2.3270(7), Cp−Fe1−Ar 177.07(3), Cl1−Pd1−P1 92.51(3). Cp
denotes the center of the η5-coordinated cyclopentadienyl ring. Ar
denotes the centers of the η6-coordinated arene rings.
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cm−1, indicating a relatively large blue shift in comparison to
the triphenylphosphine complex [RhCl(PPh3)2CO] (1978
cm−1),17 which can be attributed to the influence of the
cationic, η6-coordinating cyclopentadienyl iron(II) arene site at
the phosphine ligand. As already observed for the 195Pt−31P
coupling constant, the introduction of positively charged but
not directly phenyl bound substituents in ligands such as
(P(C6H3(m-CH2NMe3)2)3)

6+ does not influence the CO
absorption very much (1981 cm−1).28 Compounds of the
type [RhCl(PAr3)2CO] (Ar = para-substituted phenyl group)
have been widely studied in the literature. The reported
carbonyl absorptions range from approximately 1965 cm−1 (p-
NMe2) to 1990 cm−1 (p-CF3).

29 For the rhodium(I)
complexes bearing two P(C6F5)3 or P(OMe)3 ligands values
of 2005 and 2005 cm−1, respectively, were found. In 2011
Sakai and co-workers reported the synthesis of the extremely
electron poor 2,6-bis(trifluoromethyl)-4-pyridyl group into
phosphines.30 For the carbonylchloridorhodium(I) complex
bear ing two (2 ,6-bis(tr ifluoromethyl)-4-pyr idy l)-
diphenylphosphine ligands they measured 2017 cm−1 for the
CO stretching vibration.
To get further insights into the steric and electronic

properties of the cationic phosphine ligand 1, we investigated
its Tolman steric parameter (TSP) and the Tolman electronic
parameter (TEP)2 by density functional theory (DFT) at the
B3LYP level using the Def2-TZVP basis set (see the
Supporting Information for details). Subsequent to the
determination of the calculated electronic parameter (CEP)
for the hypothetical cationic complex [(1)Ni(CO)3]

+, the TEP
was estimated by the utilization of the scaling factor (0.968)
reported by Duncan et al. for transition-metal carbonyl
complexes.31 The same was done for the previously reported,
related phosphines A, B and Ca−Cc and the corresponding,
spectroscopically characterized tricarbonylnickel(0) complexes
(Scheme 6 and Table 1, entries 1−5)), to evaluate the
method.7a,32

Calculated values of the TEPs are within the expected error
(RMS = 7.5 cm−1)30 of the calculation. Only the TEP of Cc is

slightly out of this range (Table 1, entry 5). Nevertheless, our
calculations correctly reflect the experimentally observed trend
within the series of A, B, and Ca−Cc. The applied
computational method should therefore provide reliable results
for a differentiation among the different types of phosphines
analyzed. In addition, the calculations show a satisfying
accuracy, independently of the charge of the complex.
Ligand 1 is therefore characterized by a TSP similar to that

of ferrocenyldiphenylphosphine (A) but significantly smaller
than that of B. In contrast, the predicted TEP value of 1 is
substantially higher in comparison to those of A and B and
comes close to the data of Ca−Cc. These results underline its
acceptor properties. With its calculated TSP (132°) and TEP
(2081 cm−1) values, ligand 1 is within an area of the Tolman
stereoelectronic map that is traditionally covered by
phosphites,2 which is in complete agreement with the
spectroscopic data (195Pt−31P coupling constant, carbonyl
absorption) measured for complexes 8 and 4. This might open
up opportunities for applications in catalytic transformations
that are performed with phosphites by avoiding e.g. the
moisture sensitivity of these compounds.

Catalysis. To prove the applicability of ligand 1 in catalytic
reactions, we have investigated compound 2 for the transfer
hydrogenation of acetophenone with isopropyl alcohol as the
hydrogen source as well as for the isomerization of estragole
leading to anethole.
The complex [(η6-p-cymene)Ru(Cl)2(PPh3)] has been

described to catalyze the transfer hydrogenation of acetophe-
none with medium activity.33 We have carried out the reaction
under the conditions reported in the Experimental Section.
While [(η6-p-cymene)Ru(Cl)2(PPh3)] gave 81% conversion of
the substrate after 3 h, complex 2 led to only 2% conversion.
Prolonging the reaction time to 20 h resulted in 7%
conversion. These results can be explained by the mechanism
of the transfer hydrogenation process, which includes the
transfer of a hydrido ligand to the substrate, which will be more
difficult due to the positive charge of complex 2.
In the second reaction we investigated theisomerization of

the allylic substrate estragole to the styrene derivative anethole.
Here we compared compound 2 with both [(η6-p-cymene)-
Ru(Cl)2(PPh3)] and [(η6-p-cymene)Ru(Cl)2(P(OMe)3)].
Both complexes were reported to be highly active in this
reaction.34 Here complex 2 performs better than in the transfer
hydrogenation, giving 71% conversion under the conditions
described in the Experimental Section. However, the other two
complexes provided the product in yields >99%. Here, the
electron deficiency of the ligand seems not to decrease the
activity of the ruthenium complex as dramatically as in the
transfer hydrogenation. The poorer activity in comparison to
the trimethyl phosphite complex could be a result of steric
factors.

■ CONCLUSION
Novel cationic multimetallic complexes bearing the ligand (η6-
diphenylphosphinobenzene)(η5-cyclopentadienyl)iron(II)
hexafluorophosphate (1) were obtained with transition metals
of groups XIII−X and completely characterized. The donor/
acceptor properties of the cationic phosphine were determined
on the basis of spectroscopic data (195Pt−31P coupling
constant, carbonyl IR absorption) as well as of theoretical
calculations. The data point out that compound 1 behaves
electronically more or less like a phosphite, meaning that it is a
weaker σ donor and a stronger π acceptor in comparison to

Scheme 6. Phosphine Ligands Used for the Comparison of
TSP, CEP, and TEP Data with Ligand 1

Table 1. TSP, CEP, and TEP data Calculated for the
Ni(CO)3 Complexes of Ligands A, B, Ca−Cc, and 1

entry ligand exptl TSP (deg) CEP (cm−1) exptl TEP (cm−1)

1 A 135 (133)a 2129 2061 (2066)a

2 B 172 2140 2071 (2074)b

3 Ca 129 2158 2089 (2082)c

4 Cb 140 2154 2085 (2078)c

5 Cc 121 2152 2083 (2075)c

6 1 132 2150 2081
7 PPh3 124 (145)d 2132 2064 (2069)d

aSee ref 32a. bSee ref 32b. cSee ref 7a. dSee ref 2.
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common triarylphosphines. We are currently investigating
some catalytic reactions, for which phosphites are typically
used, to further substantiate our results in terms of reactivity.

■ EXPERIMENTAL SECTION
Ligand 1 was synthesized according to a procedure reported in the
literature.11 All reactions were carried out under an argon atmosphere
using standard Schlenk techniques. The solvents were either freshly
distilled or dried and degassed before use according to standard
techniques. Commercially available chemicals were purchased from
ABCR, Alfa Aesar, Sigma-Aldrich, Strem, or TCI. 1H, 13C, and 31P
NMR spectra were recorded on Bruker Spectrospin Avance 400 and
600 spectrometers. The chemical shifts are referenced to internal
solvent resonances. The multiplicities are reported as s = singlet, d =
doublet, t = triplet, q = quartet, sept = septet, and m = multiplet. The
NMR spectra of the iron complexes generally show slightly broadened
resonances. This might be due to some paramagnetic impurities and
hinders the assignment of P,C-coupling constants in some cases.
Infrared spectra were recorded on a JASCO FT/IK-6100
spectrometer using attenuated total reflection. ESI-mass spectrometric
measurements were performed on an AmaZon ETD instrument by
introducing solutions of the compound in acetonitrile. Elemental
analyses were carried out with a Vario MICRO Cube elemental
analyzer at the Analytical Laboratory of the Technische Universitaẗ
Kaiserslautern. For the X-ray structural analyses and for computa-
tional details please refer to the Supporting Information.
D i c h l o r i d o ( ( η 5 - c y c l o p e n t a d i e n y l ) ( η 6 -

diphenylphosphinobenzene)iron(II))(η6-p-cymene)ruthenium-
(II) Hexafluorophosphate (2). A 200 mg portion (0.33 mmol) of
bis(dichlorido(η6-p-cymene)ruthenium(II))12a and 345 mg (0.66
mmol) of 1 were dissolved in 10 mL of CH2Cl2, and the mixture
was stirred for 16 h at room temperature. The solvent was removed
under vacuum, and the crude product was washed with 10 mL of
Et2O, yielding 492 mg (90%) of 2 as an orange powder.
Crystallization from CH2Cl2/Et2O gave orange crystals. Anal. Calcd
for C33H34Cl2F6FeP2Ru: C, 47.50; H, 4.11. Found: C, 47.07; H, 4.18.
1H NMR (400 MHz, CD3CN): δ 7.99−7.84 (m, 4H), 7.62 (m, 6H),
6.90 (s, 2H), 6.22 (m, 3H), 5.46 (d, J = 5.7 Hz, 1H), 5.25 (d, J = 6.1
Hz, 2H), 4.35 (s, 5H), 2.34 (sept, 1H), 1.88 (s, 3H), 0.79 (d, J = 6.9
Hz, 6H) ppm. 13C NMR (151 MHz, CD3CN): δ 135.6, 135.0, 132.8,
129.7, 110.3, 98.9, 97.4, 95.6, 92.54, 88.7, 87.7, 87.3, 78.7, 30.8, 21.4,
17.4 ppm. 31P NMR (162 MHz, CD3CN): δ 27.5 (s), −144.6 (sept, J
= 706 .5 Hz) ppm. ESI -MS (CD3CN): m/z 688 .94
[C33H34Cl2FePRu]

+.
D i c h l o r i d o ( ( η 5 - c y c l o p e n t a d i e n y l ) ( η 6 -

diphenylphosphinobenzene)iron(II))(η6-p-cymene)osmium(II)
Hexafluorophosphate (3). This complex was synthesized as for
compound 2 with 47.4 mg (0.06 mmol) of bis(dichlorido(η6-p-
cymene)osmium(II))12b and 63.4 mg (0.12 mmol) of 1. Yield: 77.0
mg (70%) of an orange microcrystalline solid. Anal. Calcd for
C33H34Cl2F6FeP2Os: C, 42.92; H, 3.71. Found: C, 42.48; H, 3.67.

1H
NMR (400 MHz, CD3CN): δ 7.90−7.76 (m, 4H), 7.65−7.53 (m,
6H), 7.03 (m, 2H), 6.25 (m, 3H), 5.60 (d, J = 5.5 Hz, 2H), 5.46 (d, J
= 6.0 Hz, 1H), 4.37 (s, 5H), 1.97 (s, 3H), 0.83 (d, J = 6.9 Hz, 6H)
ppm. 13C NMR (151 MHz, CD3CN): δ 135.3, 135.0, 132.8, 129.6,
101.6, 99.3, 95.5, 90.3, 88.8, 87.4, 84.6, 80.8, 78.7, 30.4, 21.8, 17.1
ppm. 31P NMR (162 MHz, CD3CN): δ −15.6 (s), −144.6 (sept, J =
706 .5 Hz) ppm. ESI -MS (CD3CN): m/z = 779 .06
[C33H34Cl2FePOs]

+.
Carbony l ch lor ido (b i s ( (η 5 - cyc lopentad ieny l ) (η 6 -

diphenylphosphinobenzene)iron(II)))rhodium(I) Bis-
(hexafluorophosphate) (4). Stirring a solution of 50.0 mg (0.13
mmol) of bis(dicarbonyl(μ2-chlorido)rhodium(I)),16 100 mg (0.54
mmol) of KPF6, and 273 mg (0.52 mmol) of 1 in 10 mL of CH2Cl2
for 16 h at room temperature resulted in a yellow suspension. After
decanting of the solvent, the crude product was dissolved in 10 mL of
CH3CN and the insoluble components were filtered off. The solvent
was removed under vacuum to give 312 mg (99%) of a yellow
microcrystalline solid, which was recrystallized from CH3CN/Et2O.
Anal. Calcd for C47H40ClF12Fe2OP4Rh: C, 46.17; H, 3.30. Found: C,

45.93; H, 3.22. 1H NMR (600 MHz, CD3CN): δ 7.77 (s, 8H), 7.64
(t, J = 7.4 Hz, 4H), 7.58 (t, J = 7.6 Hz, 8H), 6.68 (s, 4H), 6.47 (t, J =
6.2 Hz, 2H), 6.39 (t, J = 6.4 Hz, 4H), 5.03 (s, 10H) ppm. 13C NMR
(151 MHz, CD3CN): δ 135.5, 133.1, 131.5, 130.2, 98.2, 93.2, 89.9,
89.2, 79.3 ppm. 31P NMR (162 MHz, CD3CN): δ 26.9 (d, J = 131.0
Hz), −144.6 (sept, J = 706.6 Hz) ppm. IR (ATR): ν 3117 (w), 3069
(w), 2002 (s), 1483 (w), 1437 (w), 1420 (w), 1312 (w), 1285 (w),
1093 (w), 823 (s), 749 (w), 693 (m), 555 (s), 517 (w) cm−1.

D i c h l o r i d o ( ( η 5 - c y c l o p e n t a d i e n y l ) ( η 6 -
d ipheny lphosphinobenzene) i ron( I I ) ) (η 5 -1 ,2 ,3 ,4 ,5 -
pentamethylcyclopentadienyl)rhodium(III) Hexafluorophos-
phate (5). A 62.4 mg portion (0.10 mmol) of bis(dichlorido(η5-
1,2,3,4,5-pentamethylcyclopentadienyl)rhodium(III))19 and 106 mg
(0.20 mmol) of 1 were stirred for 16 h in 10 mL of CH2Cl2 at room
temperature. The solvent was removed under vacuum, and the crude
product was washed with 10 mL of Et2O. Slow diffusion of Et2O into
a saturated solution of 5 in CH2Cl2 gave 75 mg (45%) of an orange
microcrystalline solid. Anal. Calcd for C33H35Cl2F6FeP2Rh: C, 47.34;
H, 4.21. Found: C, 47.19; H, 4.06. 1H NMR (600 MHz, CD3CN): δ
8.02 (s, 4H), 7.73−7.56 (m, 6H), 7.00 (s, 2H), 6.24 (s, 3H), 4.39 (s,
5H), 1.28 (d, J = 3.9 Hz, 15H) ppm. 13C NMR (151 MHz, CD3CN):
δ 135.3, 133.2, 131.7, 129.8, 101.4, 96.1, 88.7, 87.2, 78.7, 8.8 ppm. 31P
NMR (243 MHz, CD3CN): δ 33.7 (d, J = 146.6 Hz), −144.6 (sept, J
= 706.5 Hz) ppm.

D i c h l o r i d o ( ( η 5 - c y c l o p e n t a d i e n y l ) ( η 6 -
d ipheny lphosphinobenzene) i ron( I I ) ) (η 5 -1 ,2 ,3 ,4 ,5 -
pentamethylcyclopentadienyl)iridium(III) Hexafluorophos-
phate (6). This complex was synthesized as for compound 5 with
200 mg (0.25 mmol) of b is(d ich lor ido(η 5 -1 ,2 ,3 ,4 ,5-
pentamethylcyclopentadienyl)iridium(III))19 and 265 mg (0.50
mmol) of 1. Yield: 390 mg (82%), orange microcrystalline solid.
Rec ry s t a l l i z ed f rom CH2Cl 2/E t 2O . Ana l . Ca l cd fo r
C33H35Cl2F6FeP2Ir: C, 42.78; H, 3.81. Found: C, 42.51; H, 3.52.
1H NMR (600 MHz, CD3CN): δ 7.96 (s, 4H), 7.61 (s, 6H), 7.03 (s,
2H), 6.28 (s, 3H), 4.41 (s, 5H), 1.26 (s, 15H) ppm. 13C NMR (151
MHz, CD3CN): δ 135.2, 133.1, 132.1, 129.6, 95.4, 95.1, 88.9, 87.4,
78.7, 8.3 ppm. 31P NMR (243 MHz, CD3CN): δ 3.2 (s), −144.6
(sept, J = 706.6 Hz) ppm. ESI-MS (CD3CN): m/z 780.98
[C33H35Cl2FePIr]

+.
D i c h l o r i d o ( b i s ( η 5 - c y c l o p e n t a d i e n y l ) ( η 6 -

diphenylphosphinobenzene)iron(II))palladium(II) Bis-
(hexafluorophosphate) (7). A 44.3 mg portion (0.25 mmol) of
palladium dichloride and 264 mg (0.50 mmol) of 1 were dissolved in
10 mL of CH2Cl2, and this mixture was stirred for 16 h at room
temperature to give a beige suspension. After removal of the solvent
under vacuum, the crude product was crystallized from CH3NO2/
Et2O at 5 °C. Yield: 242 mg (79%) of beige crystals. Anal. Calcd for
C46H40Cl2F12Fe2P4Pd: C, 44.78; H, 3.27. Found: C, 44.93; H, 3.25.
1H NMR (600 MHz, CD3NO2): δ 7.98−7.88 (m, 8H), 7.69 (m,
12H), 6.76 (s, 4H), 6.60 (s, 2H), 6.51 (t, J = 5.8 Hz, 4H), 5.06 (s,
10H) ppm. 13C NMR (151 MHz, CD3NO2): δ 135.0, 132.5, 129.0,
126.8, 95.4, 92.2, 88.9, 87.9, 78.4 ppm. 31P NMR (162 MHz,
CD3NO2): δ 21.9 (s), −144.6 (sept, J = 706.5 Hz) ppm. ESI-MS
(DMSO): m/z 471.96 [C46H40Cl2Fe2P2Pd]

2+.
D i c h l o r i d o ( b i s ( η 5 - c y c l o p e n t a d i e n y l ) ( η 6 -

diphenylphosphinobenzene)iron(II))platinum(II) Bis-
(hexafluorophosphate) (8). This complex was synthesized as for
compound 7 with 40.0 mg (0.15 mmol) of platinum dichloride and
158 mg (0.30 mmol) of 1. Recrystallization from CH3CN/Et2O.
Yield: 147 mg (74%) of a beige microcrystalline solid. Anal. Calcd for
C46H40Cl2F12Fe2P4Pt: C, 41.78; H, 3.05. Found: C, 41.93; H, 3.03.

1H
NMR (400 MHz, CD3NO2): δ 7.93 (dd, J = 12.7, 6.2 Hz, 8H), 7.69
(dt, J = 24.9, 7.2 Hz, 12H), 6.79 (dt, J = 6.5, 3.3 Hz, 4H), 6.61 (t, J =
6.1 Hz, 2H), 6.53 (t, J = 6.3 Hz, 4H), 5.10 (s, 10H) ppm. 13C NMR
(151 MHz, CD3NO2): δ 135.5, 133.0, 129.4, 126.3, 95.0, 92.5, 89.5,
88.5, 78.9 ppm. 31P NMR (162 MHz, CD3NO2): δ 17.6 (s), −144.6
(sept, J = 706.5 Hz) ppm. ESI-MS (CD3CN): m/z 516.00
[C46H40.Cl2Fe2P2Pt]

2+.
General Procedure for the Catalytic Transfer Hydrogena-

tion. The ruthenium catalyst (0.01 mmol) and KOH (4.95 mg, 0.075
mmol) were dissolved in isopropyl alcohol (5 mL) in a crimp-cap vial.
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Then acetophenone (120 mg, 1.00 mmol, 117 μL) was added at a
temperature of 80 °C. Samples were taken after 3 and 20 h with
single-use syringes, filtered through a short column filled with a small
amount of neutral aluminum oxide and MgSO4, eluted with ethyl
acetate, and analyzed by gas chromatography.
General Procedure for the Isomerization of Estragole. Either

2 (16.7 mg, 0.02 mmol) or bis(dichlorido(η6-p-cymene)ruthenium-
(II)) (6.12 mg, 0.01 mmol) and the corresponding phosphine or
phosphite (0.02 mmol) were dissolved in methanol (0.5 mL) in a
crimp-cap vial. Then estragole (302 mg, 2.00 mmol, 315 μL) was
added at a temperature of 80 °C. Samples were taken after 24 h with
single-use syringes, filtered through a short column filled with a small
amount of neutral aluminum oxide and MgSO4, eluted with
deuterated chloroform, and analyzed by NMR spectroscopy.
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{Ph2(Carb)P}MCl3 (M = Pd, Pt; Carb = 2,3-dihydro-1,3-diisopropyl-
4,5dimethylimidazol-2-ylidene) - a Novel Cationic Phosphane Ligand
[1]. Z. Anorg. Allg. Chem. 1999, 625, 1415−1416.
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