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Iron(II) Complexes of P3-Chain Ligands: Structural Diversity
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Iron(II) complexes containing ligands with a R2P� P� PR2 unit
were synthesized by metathesis reactions. With R= tBu, a
mixture of two isomers is formed; in one of them, the terminal
phosphorus binds to the Fe center (ylidic structure), while in
the other one, the central P atom is linked to Fe. Starting from
differently functionalized parent triphosphanes and correspond-
ing functionalized Fe complexes, the ratio of isomers does not
change. The outcome of the reaction and therefore the binding
modes of the triphosphane ligands in the resulting compounds

can be influenced by the size of the substituents. In the case of
R= iPr a chelate complex is formed (both terminal P atoms are
linked to the Fe center). Applying the mixed-substituted
triphosphane, the ylidic structure of the resulting complex is
preferred. The new compounds were characterized by NMR
spectroscopy in solution and single-crystal X-ray diffraction in
solid-state. The synthetic work was supported by DFT calcu-
lations.

Introduction

The first neutral phosphinidene-phosphorane, CF3P=PMe3, was
prepared by Burg and Mahler by reaction of the cyclo-
phosphanes (CF3P)4 or (CF3P)5 with excess PMe3.

[1] These low-
valent organic RP=PR3 ylides can be interpreted as phosphini-
denes protected by phosphanes (PR3). They can be considered

as phosphorus analogues of Wittig reagents, which was
demonstrated by reactions with aldehydes that generate
phosphaalkenes RP=CH(R).[2]

Earlier studies of the Fritz group on silylphosphanes led to
phosphanyl-substituted phosphorus rich phosphinidene-σ4-
phosphoranes R2P� P=PR3. The first example was tBu2P� P=P
(tBu2)Br (1),[3] which was formed from the reaction of lithium
triphosphanide [tBu2P� P� PtBu2]Li(THF)2 (2) and 1,2-dibromo-
ethane. Later, it was demonstrated that the substituents at the
terminal P atoms of the triphosphanide strongly influence the
formation of the phosphinidene-phosphoranes. In the presence
of tBu substituents, the corresponding ylide is the main product
and only trace amounts of tBu2P� P(Br)� PtBu2 can be detected,
while substituents such as iPr, Ph, NEt2 favor the formation of
the isomeric triphosphanes R2P� P(X)� PR2 (X=Br, Me).[4] The
presence of the reactive halogen on the phosphorane
phosphorus atom in tBu2P� P=P(tBu2)Br (1) allows a metathesis
reaction with R’Li (R’=Me, nBu) to form tBu2P� P=P(tBu2)R’ and
tBu2P� P(R’)� PtBu2.

[5] For steric reasons, the formation of the
ylide is preferred in the case of the less bulky methyl group,
whereas the isomeric triphosphane is mainly formed with nBuLi.
The similar reaction of 1 with LiPR“2 (R”=Me, SiMe3) leads to
iso-tetraphosphanes (tBu2P)2P� PR“2, and the formation of the
corresponding ylide was not detected.[5] Besides the iso-
tetraphosphanes, diphosphanes R”2P� PR“2 appeared in the
reaction mixture, which can be attributed to a Li/Br exchange
between 1 and LiPR”2 and subsequent reaction of BrPR“2 with
LiPR”2. In the Li/Br exchange reaction, tBu2P� P=P(tBu2)Li might
be expected as an intermediate, but the presence of
[tBu2P� P� PtBu2]Li(THF)2 (2) was verified with the aid of 31P NMR
spectroscopy. In turn, 2 can form iso-tetraphosphanes with
BrPR“2. (Reactivity of 1 was summarized in Scheme S1 in
Supporting Information.)

Ylide 1 shows remarkable synthetic potential as a phosphi-
nophosphinidene (tBu2P� P) transfer agent. Numerous deriva-
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tives of it can be prepared by exchange with other phosphanes
(e.g. PEt3, PPh3, P(NEt2)3).

[6] 1 and tBu2P� P=P(tBu2)Me are known
to be able to transfer the tBu2P� P unit to the metal centers in
reactions involving transition metal complexes.[7] On the other
hand only a few examples are known for a complex formation
without P� P cleavage. We were the first, who prepared such a
complex with side-on coordination (Figure 1, R1=R2=tBu
[ML]=Pt(PPh3)Br) in the reaction of 1 with (Ph3P)2Pt·C2H4 or
Pt(PPh3)4.

[8] It seems that the oxidative addition (formation of a
Pt� Br bond) is faster than any decomposition reactions which
would lead to the formation of the corresponding phosphino-
phosphinidene (tBu2P� P). Interestingly, the same coordination
mode with different metal centers (Pt, Pd, Ni, W, Mo) can be
achieved by a different synthetic protocol as it was demon-
strated by Pikies and Grubba.[9–12] These complexes exhibit
similar bonding situations, as a common motif the two P� P
bonds in the molecule differ significantly. One of the P� P bonds
is between 2.22–2.24 Å (typical for P� P single bonds), while the
other one is somewhat shorter (2.13–2.16 Å), indicating some
double bond character. It is noteworthy, that the
metal� phosphorus bonds are more equalized in case of M=Mo
and W, while in case of Pt, Pd and Ni the bond lengths between
the central P and M center are more elongated.

The question arises whether other complexes with different
coordination modes can be achieved. We therefore sought to
investigate whether II, III and IV type complexes might be
synthetically available. Reported herein are the results of this
study, including the preparation and characterization of the
new complexes. The effect of the R substituents on the

complexation mode was explored and the synthetic work was
supported by DFT calculations.

Results and Discussion

Complexation with the tBu2P� P� PtBu2 ligand

Earlier works focused on the complexation reaction of
R2P� P=PR2Br or the corresponding triphosphanide
[R2P� P� PR2]Li with early and late transition metals, but to the
best of our knowledge, there was no attempt to investigate the
corresponding iron complexes. Generally, iron shows more
versatile complexation modes, due to the availability of both
occupied and empty orbitals. Therefore tBu2P� P=P(tBu2)Br (1)
was reacted with KFp (Fp=CpFe(CO)2) in toluene at � 20 °C to
give the isomers tBu2P� P=P(tBu2)Fp (3a) and tBu2P� P(Fp)� PtBu2
(3b) in a ratio of 1 :1.8 (according to integration of the signals of
the Cp groups in the 1H NMR spectrum) (Scheme 1). The dimer
Fp2 and the protonated triphosphanes tBu2P� PH� PtBu2 and
tBu2P� P=P(tBu2)H were formed as by-products. The formation
of Fp2 has been observed previously in the reaction of Mes*PCl2
{Mes*=2,4,6-C6H2(t-C4H9)} with KFp’(Fp’=Cp*Fe(CO)2, Cp*=η5-
C5Me5).

[13] The PH-containing products result from the elimina-
tion of isobutene, a frequent side-reaction of related tBu-
substituted compounds.[5,14]

Since the preparation of 1 is more laborious, we were
wondering whether the product might also be obtained
starting from [tBu2P� P� PtBu2]Li(THF)2 (2). The reaction with
FpBr in toluene at � 20 °C gave the same products with a very

Figure 1. Schematic representation of several transition metal complexes with the R12P� P� PR
2
2 unit in previous works8� 12 and of the Fe complexes focused in

this work. Formal charges and lone electron pairs are not shown.
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similar ratio of 3a :3b=1 :1.9. Unfortunately, the by-products
(Fp2 and PH unit containing systems) also formed. In order to
prevent the formation of Fp2, we changed the strategy. Instead
of 2, the less reactive silylated derivative tBu2P� P(SiMe3) � PtBu2
(4) was used and reacted with FpBr. Applying the same reaction
conditions, the reaction proceeded very slowly, 4 did not react
completely even after four days according to 31P NMR measure-
ments. However, the isomers 3a and 3b were formed in the
same ratio as in the reactions described above.

The mixture of 3a and 3b could be purified by recrystalliza-
tion from hexane, but unfortunately any attempts (recrystalliza-
tion, column chromatography) to separate them failed in our
hand owing to their similar solubility and tendency for
crystallization. The solid mixture of 3a and 3b can be stored for
weeks (at room temperature and under inert atmosphere)
without any significant decomposition. However, the complexes
decompose slowly in solution, forming within four days
tBu2P� PH� PtBu2 and Fp2 according to 1H and 31P NMR measure-
ments.

The mixture of 3a and 3b was investigated by NMR
spectroscopy in C6D6 solution. The

31P{1H} NMR spectrum shows
five signal groups. The dd multiplets at � 32.5 (P2), 58.2 (P3),
and 104.1 ppm (P1) were assigned to 3a. (The notation of the P
atoms is consistent with that of the molecular structures
obtained from X-ray measurements.) The coupling constants
1JP1P2=505.8 Hz and 1JP2P3=344.5 Hz are significantly different;
the former value indicates a double bond character of the bond
between P1 and P2 (ylidic character).[3b] The 31P NMR signal of
the P atom bonded to Fe in 3b appears at � 177.4 ppm as a
triplet, while the broad doublet at 101.4 ppm belongs to the
terminal P atoms, it is partly overlain by the P1 signal of 3a. The
unusually high coupling constant (1JPP=557.8 Hz) is remarkable
for a P� P single bond. Similar high values were observed for
iso-tetraphosphane P(PtBu2)3

[15a] and iso-hexaphosphane
(tBu2P)2P� P(PtBu2)2,

[15b,c] where the high coupling constants
were attributed to a more planar character of the phosphorus
atoms, similar to 3b. The broad doublet signal at 101.4 ppm
suggests a dynamic process in 3b, therefore temperature-
dependent 31P NMR measurements were carried out (Figure S4).

At 0 °C coalescence of this signal was observed, whereas at
� 30 °C it splits into two doublets (δ=102.5 and 87.7 ppm,
respectively), while the sharp triplet of P2 does not show any
changes. The chemical shifts of P1 and P3 of 3a do not change
up to � 30 °C, only the signal of P2 is shifted upfield by 30 ppm
and becomes broader.

3a and 3b cannot be separated on a preparative scale.
However, suitable crystals for single crystal X-ray diffraction (SC-
XRD) analysis could be selected from the crystal mixture under
a microscope due to their different shapes.

3a crystallizes in the monoclinic crystal system (Figure 2,
Table S6). The P1-P2 distance (2.1628(9) Å) lies slightly below
the lower limit of the range of 2.17–2.24 Å given by Corbridge
for P� P single bonds,[16] and indicates a small partial double
bond character. The P2� P3 distance with 2.2022(9) Å lies in the
range of a P� P single bond. A comparison of these data with
those of the parent tBu2P� P=P(tBu2)Br (1) (P� P 2.202(2) Å and
2.077(2) Å, respectively)[17] shows that in 3a the P� P bonds are
more equalized. The P1� P2� P3 bond angle in 3a measures
112.88(3)°, which is significantly larger than 105.77(7)° in 1.

Compound 3b crystallizes in the triclinic crystal system, with
three identical molecules in the asymmetric unit (Figure 2,
Table S6). The connection of the P2 atom of the ligand to the
Fe center is verified and the P� Fe bond lengths lie at the upper
limit of the values known from the literature (M=2.248 Å, SD=

0.078 Å).[18] The tBu2P� P bond lengths are different (P1� P2
2.188(2) Å, 2.204(2) Å, 2.186(2) Å, and P2� P3 2.218(2) Å,
2.214(2) Å, 2.217(2) Å, respectively), both fall within the range of
single bonds. The P1� P2� Fe1 and P3� P2� Fe1 bond angles
differ significantly (128.98(8)°, 128.97(8)°, 129.87(8)°, and
107.33(7)°, 105.77(7)°, 107.09(7)°, respectively). The P� P� P bond
angles also expand. The sums of the bond angles in the three
molecules around P2 are 351.81(8)°, 348.90(8)°, and 351.54(8)°.
Thus, P2 has a coordination geometry close to planar. The
significant widening of the angles indicates the strong steric
demand of the substituents.

In order to get deeper insight into the relative stability and
bonding situation of 3a and 3b DFT calculations were
performed at the ωB97X-D/Def2-TZVP level of theory. The

Scheme 1. Formation of the isomers 3a and 3b.
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energy difference between the two isomers is small, 3a is more
stable by 0.4 kcal/mol. The interconversion of 3a to 3b might
be a two-step process (Table S8 in the Supporting Information),
and the barriers are around 30.0 kcal/mol, which is too high
considering the applied reaction conditions. Therefore, the
interconversion of these complexes is not likely. In case of 3a
Bader analysis showed that the electron density in the bond
critical point is higher in case of the P2� P3 bond. The ellipticity
of the electron density (0.39) demonstrates the double bond
character of this bond. Investigating the Kohn–Sham molecular
orbitals of 3a it can be established that the HOMO is localized
mainly at the central phosphorus atom in both cases, but
polarized toward the P3 phosphorus in case of 3a, which leads
to the double bond character of the P2� P3 bond (Figure 3). The
contribution of the metal fragment to the highest occupied
orbitals is small, while the iron center has a significant
contribution to the LUMO indicating an ionic interaction
between the P3 unit and the metal fragment. In case of 3b the
HOMO is basically the lone pair of the central phosphorus atom,
similar to 3a, but as expected, it is not polarized toward the
terminal phosphorus atoms.

Effect of substituents in the P3 ligands on the binding mode

The question arises, how the binding mode might be affected
when the bulky tBu groups on the terminal P atoms in the P3
unit are replaced by the less bulky iPr groups.

Applying the same reaction conditions as earlier only one
major product (besides by-products as for example Fp2) formed
in the reaction of [iPr2P� P� PiPr2]Li(THF)2 (5) and FpBr, based on
31P NMR measurements (Scheme 2). The new compound is less
soluble in hexane than Fp2, therefore it can be isolated in pure
form after recrystallization (� 30 °C). It is worth to highlight that

this compound exhibits a higher thermal stability than 3a and
3b, it does not show any decomposition in solution even after
several weeks at room temperature.

At a first glance the 31P{1H} NMR spectrum of 6 in C6D6

solution looks like an A2M system of higher order (Δδ/JAM
�26).[19] However, a detailed inspection especially of the M

Figure 2. Molecular structures of 3a (left) and 3b (right). H atoms are omitted for clarity. Selected bond lengths [Å] and bond angles [°]: 3a: P1� P2 2.1628(9),
P2� P3 2.2022(9), P1� Fe1 2.3291(8), P1� P2� P3 112.88(3), P2� P1� Fe1 95.82(3), (P3� P2� P1) plane-Fe1 0.036(1); 3b: Only one of the three molecules in the
asymmetric unit is pictured here (see more details in Supporting Information). Molecule 1: P1� P2 2.188(2), P2� P3 2.218(2), P2� Fe1 2.3633(17), P1� P2� P3
115.50(8), P1� P2� Fe1 128.98(8), P3� P2� Fe1 107.33(7), (P3� P2� P1) plane-Fe1 1.076(1); Molecule 2: P1� P2 2.204(2), P2� P3 2.214(2), P2-Fe1 2.3972(17),
P1� P2� P3 114.16(8), P1� P2� Fe1 128.97(8), P3� P2� Fe1 105.77(7), (P3� P2� P1) plane-Fe1 1.241(1); Molecule 3: P1� P2 2.186(2), P2� P3 2.217(2), P2� Fe1
2.3798(17), P1� P2� P3 114.58(8), P1� P2� Fe1 129.87(8), P3� P2� Fe1 107.09(7), (P3� P2� P1) plane-Fe1 1.088(1).

Figure 3. Kohn–Sham frontier orbitals of 3a and 3b.
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multiplet gave rise to a different interpretation by DNMR. It can
be established that the phosphorus atoms of the P1� P2� P3� Fe
ring form an ABX spin system. The chemical shift values of the
P1 and P3 terminal atoms are very similar (δ=12.7 ppm and
12.8 ppm, respectively) in agreement with the chelate structure.
The 1JPP coupled dd multiplet signal of P2 (δ= � 45.7 ppm) has
significant shoulders indicating another, minor conformer
position of P2 as well. A feasible reason can be a slow flip-flop
rearrangement of the P2 atom related to the P1� P3� Fe plane,
similar to the dynamic ring inversion of cyclobutane. P2 is closer
to the CO group in the major conformer (similar to the X-ray
structure), but it can also flip to the Cp side of the mentioned
plane. The phosphorus atoms of the major and minor con-
formers can be characterized with slightly different chemical
shifts and JPP coupling values. All parameters were determined
with total lineshape fitting (Figure 4, details see in Supporting
Information, Table S1).[20]

The 1.8–2.1 ppm methine proton region contains a pseudo
nonet at 1.97 ppm (iPr-A) and a septet-triplet signal at 1.87 ppm
(iPr-B). Both signals belong to two equivalent methine protons
connected with 3JHH to their methyl protons and with 2JHP to the
terminal atoms P1 and P3 and with 3JHP to P2. The 1H methyl
region contains two pairs of iPr diastereomeric methyl signals at
1.43 and 1.11, furthermore at 1.31 and 1.04 ppm with equal six-
to-six integral intensities and strange, slightly broadened
quartet lineshapes. The broadening indicates an exchange
between two chemically equivalent, but magnetically non-
equivalent methyl group protons, where their chemical shift
and 3JHCH coupling values are the same. This is in agreement
with the 1H{31P} data. On the other hand, the 3JHPterminal and
4JHPbridge coupling values of the two conformers differ, depend-
ing on the different dihedral angles related to the P2 and
P2’(bridge) phosphorus. The ring flip-flop of the phosphorus
atom results in the dynamic exchange of the methyl proton
couplings. All coupling parameters were determined with total
lineshape fitting (Figure 3, details see in Supporting Informa-
tion, Table S2–S5).[20]

The IR spectrum verifies the loss of one of the CO ligands in
6, where only one distinct band at 1912 cm� 1 for the CO
vibration can be observed. Crystals of 6 were suitable for SC-
XRD, which confirmed the chelate structure of 6 derived from
NMR data as discussed before (Figure 5, Table S6). The two P� P
bond lengths found in 6 are equalized (P1� P2 2.1524(11) Å and
P2� P3 2.1453(10) Å, respectively) and are located at the border
of single and double bond. Similar values were measured for
the parent [iPr2P� P� PiPr2]Li(THF)2 (5) (2.1627(8) Å for P1� P2 and
P2� P3),[21] which also has a chelate structure. The P� Fe bond
lengths are similar and lie in the range of the values known
from the literature.[18] However, it should be noted that among
the new compounds presented in this work, 6 shows the
shortest P� Fe bond lengths. As a consequence of the chelate
structure the P� P� P bond angle in 6 is strongly decreased
(80.62(4)°) compared to 3a and 3b.

Since the outcome of the reaction was different after
replacing the tBu groups by iPr groups, we decided to
investigate the reaction of [tBu2P� P� PiPr2]Li(THF)2 (7) with FpBr
(Scheme 2). Similar to the reaction of 5, only one major product
was formed, but the amount of the side product Fp2 is larger.
On top of that, the solubility of the new product 8 is very
similar to Fp2; even after several recrystallizations from hexane,
~15% of Fp2 remains in the product. Notably, 8 is the least
thermally stable derivative among the investigated compounds,
it decomposed totally within one day in solution at room
temperature.

The 31P{1H} NMR measurements of 8 were performed in
toluene-d8 solution at room temperature. In the spectra, three
signals with dd splitting appear at � 84.1 (P2), 46.7 (P3), and
82.8 ppm (P1). The broadening of the signal of P2 suggests a
dynamic process. The coupling constants 1JP1,P2 (560.1 Hz) and
1JP2P3 (312.0 Hz) indicate a strongly different bonding situation.
The large absolute value of 1JP1P2 indicates a double bond
character of the bond between P1 and P2, similar to 3a.

The molecular structure of 8 was verified by SC-XRD
(Figure 5, Table S6). The structure of 8 shows high similarity to
the structure of 3a, however, both the P� P and P� Fe bond

Scheme 2. Formation of complexes 6 and 8.
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lengths are shorter. The difference between the P2� P3 and P1-
P2 is 0.0512(18) Å, slightly larger than in 3a. The P� P� P bond
angle in 8 is strongly decreased (104.88(7)°) compared to 3a
and 3b. These changes result from replacing the space-
demanding tBu substituents on the P1 atom by iPr groups.

Since the variation of the substituents on the parent P3 unit
has a significant impact on the outcome of the reaction, the
relative energies of the products with different complexation
modes (I, II, III, IV) were investigated by DFT calculations
(Table S8). In case of R1=R2=tBu the relative Gibbs free energies

Figure 4. A: Experimental (lower), and simulated (upper) 31P{1H} NMR spectra (C6D6, 26 °C) of 6. B: Experimental (lower), and simulated (upper) 1H NMR spectra
(C6D6, 26 °C) of 6.

Figure 5. Molecular structures of 6 (left) and 8 (right). H atoms are omitted for clarity. Selected bond lengths [Å] and bond angles [°]: 6: P1� P2 2.1524(11),
P2� P3 2.1453(10), P1� Fe1 2.2467(8), P3� Fe1 2.2508(8), P1� P2� P3 80.62(4), P2� P1� Fe1 100.85(4), P2� P3� Fe1 100.94(4), (P3� P2� P1) plane-Fe1 0.329(1). 8:
P1� P2 2.1387(18), P2� P3 2.1899(18), P1� Fe1 2.2890(14), P1� P2� P3 104.88(7), P2� P1� Fe1 104.16(6), (P3� P2� P1) plane-Fe1 0.001(1).
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of I, II and III are very similar to each other, but the
interconversion between them seems to be not possible, as the
corresponding barriers are too high (above 30 kcal/mol). The
energy difference between the different isomers became
significant after replacing of one or two pairs of the tBu
substituents by iPr; systems II and III are less stable than I by
4.6–8.7 kcal/mol. The formation of the chelate complex IV is
exergonic in case of all investigated systems, but the thermody-
namic driving force is higher in case of R1=R2=iPr. All of these
computational results are consistent with our experimental
observations.

Conclusions

In this work, we have shown that the choice of the substitution
pattern in the P3 unit of R2P� P� PR2 (R= tBu/iPr) strongly
influences the binding mode in the resulting complex com-
pounds. Remarkably we always used the same transition metal
fragment. Reactions of tBu2P� P=P(tBu2)Br (1) with KFp
(Fp=CpFe(CO)2, Cp=η5-C5H5) and [tBu2P� P� PtBu2]Li (2) or
tBu2P� P(SiMe3)� PtBu2 (4) with FpBr led to two structurally novel
isomers: tBu2P� P=P(tBu2){FeCp(CO)2} (3a) with ylidic structure
and tBu2P� P{FeCp(CO)2}� PtBu2 (3b). We could not observe the
formation of a complex with a side-on coordinated P3 ligand as
known from the literature.[10,11] The ratio of isomers (approx-
imately 3a :3b=1 :1.8 based on 1H NMR measurements) did not
depend on the starting compounds. DFT calculations revealed
that the Gibbs free energy difference between the two isomers
is small, but the barrier of the interconversion is too high,
therefore direct transformation between 3a and 3b is not likely.
We also investigated the effect of the substituents in the
ligands on the coordination geometry. Replacing the tBu
groups to the less bulky iPr groups at one of the terminal
phosphorus atoms leads to the formation of only the single
product tBu2P� P=P(iPr2){FeCp(CO)2} (8), which has a similar
structure as 3a. If all tBu substituents are replaced by iPr groups,
the chelate complex [iPr2P� P� PiPr2]{FeCp(CO)} (6) was formed,
accompanied by spontaneous CO elimination. This shows that
the type of the resulting complex can strongly be governed by
the choice of the R substituents in the triphosphane ligand.
Therefore, it is worth to carry out further investigations by
varying the steric and electronic properties of the substituents
of the P3 unit.

Experimental Section
Experimental procedures and relevant characterization data of
newly synthesized compounds can be found in the Supporting
Information along with DFT calculation details and SC-XRD data.

Deposition Number(s) 2286589 (for 3a), 2286590 (for 3b), 2286591
(for 6), and 2286592 (for 8) contain(s) the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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