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Abstract

We previously reported the easy access to mixed ferrocenediyl ligands bearing phosphine and phosphonite moieties. Using this

strategy, a new enantiopure phosphine-menthylphosphonite ferrocenediyl has been synthesised. This mixed ligand leads to original

unsymmetrical dinuclear rhodium coordination-complexes. One example of this new class of ‘‘quasi-close bridging A frame’’ di-

nuclear rhodium complexes, fully characterised by multinuclear 1H, 13C, 31P and 103Rh NMR and optical rotation measurements, is

presented. Preliminary tests have shown an activity improvement in the hydroformylation of oct-1-ene using the phosphine-

menthylphosphonite ferrocenediyl auxiliary compared to known phosphine-phosphonite ligands.

� 2003 Elsevier B.V. All rights reserved.
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The studies concerningmixed chelating ligands such as
phosphine-phosphite, phosphine-phosphinite or phos-

phine-phosphonite mainly concern non-metallocenic

species. With the view to extend the scope of relevant

mixed ligands, we recently reported the easy access to

unsymmetrical ferrocenediyl ligands bearing both phos-

phine and phosphonite moieties [1]. It was speculated

that these species could constitute accessible catalysis

auxiliaries with attractive steric, electronic or chi-
ral properties easy to modulate. The new enantio-

pure phosphine-menthylphosphonite ferrocenediyl 1

(Scheme 1) is now presented, together with the original

dinuclear rhodium complex 2, fully characterised by

multinuclear 1H, 13C, 31P and 103Rh NMR. 1 The ment-
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1 31P-(121.49 and 161.99 MHz), 13C-(75.47 and 100.62 MHz), 103Rh

NMR (12.64 MHz) were performed on Bruker 300 or AMX 400.

Different NMR-solvent (C6D6, toluene-D8, CDCl3) were used to solve

resonances obscured problems. The 103Rh shifts are given relative to N
(103Rh) ¼ 3.16 MHz. 1H-NMR data are available upon request to the

authors.
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hylphosphonite ferrocenediyl 1 has been found a more
active auxiliary in the hydroformylation of oct-1-ene

than the previously reported unsymmetrical ferro-

cenediyl ligands.

The chemical pathways leading to 1 and 2 are sum-

marised in Scheme 1. Compound 1 was obtained as a

viscous orange oil in three steps from 1-phenyl-1-phos-

pha[1]-ferrocenophane. Upon reaction of 1 with the di-

meric precursor [Rh(l-Cl)(CO)2]2, the complex 2 is
obtained in 70% yield after workup procedures. While

the purification attempts on 1 using convenient standard

chromatography method lead to its decomposition [2],

the complex 2 is much more resistant and has been

purified by chromatography on neutral silica.

The 31P NMR (C6D6) spectra obtained for 1 and 2

attest to the presence of the electronically different

phosphine and phosphonite groups: upon coordination
to rhodium, the two singlets obtained at d ¼ �15:9 ppm

(PPh2) and d ¼ 163:8 ppm (P (OMent)2) for the free

phosphine-phosphonite ligand are inversely shifted, and

two doublets at d ¼ 39:3 ppm (PPh2, 1JP–Rh ¼ 178 Hz)

and d ¼ 145:4 ppm (P (OMent)2,
1JP–Rh ¼ 234 Hz) are

mail to: jean-cyrille.hierso@u-bourgogne.fr


Fe Fe FePPh

PPh2

PCl2

PPh2

P(OMent)2

i

ii iii

iv

1

2Fe

P

P

Rh

Rh

ClCl

O O

CO

CO

Scheme 1. Syntheses of the asymmetric phosphine-menthylphospho-

nite 1 and dinuclear rhodium complex 2. Reagents and conditions: (i)

1.1 equiv. PhLi, hexane, )80 �C, 4 h, (ii) 1 equiv. PCl3, hexane, )80 �C,
4 h, (iii) 2.2 equiv. (1R, 2S, 5R)-(-)-menthol, NEt3, toluene, r.t., 4 h. (iv)

1 equiv. [Rh(l-Cl)(CO)2]2, toluene, )40 �C, 2 h.
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observed. Despite our efforts to obtain single crystals of

2, recrystallisation only yielded microcrystalline mate-

rial. A multinuclear 1H, 13C and 103Rh thorough NMR

assignment was therefore conducted using J -mod 13C,

inverse gradient d1H–13C HMQC and selective phos-

phorus decoupling 31P–13C irradiation. This characteri-
sation yields additional information in solution about
Fig. 1. 13C attribution of complex 2 on a J -mod NMR experiment

M¼multiplet.
the symmetry and the electronic environment of the

identified nucleus.

As exemplified in the 13C spectrum (toluene-D8,

75.47 MHz) presented in Fig. 1, the NMR study at

ambient temperature has revealed a number of inter-
esting and unexpected features for the compound 2. The

asymmetry of 2 is detectable in almost all the NMR

resonances: indeed, six different singlets were found for

the six methyl groups of the two menthyl rings

(d ¼ 14:7, 15.6, 19.8, 20.6, 21.20, 21.22 ppm, see a

Fig. 1). A selective decoupling 13C{31P} NMR experi-

ment focused on the phosphonite, revealed that reso-

nances corresponding to carbon b, c, d, and e are true
singlets. Thus, these CH2 (d ¼ 21:4, 22.0 and 32.6, 33.5

ppm, respectively b and e) and CH groups (d ¼ 23:6,
24.2 and 30.3, 30.7 ppm, respectively c and d) of the two

menthyl rings are anisochronous, even if they can be

assigned as a pair of atoms [3]. The resonances for

carbon atoms f and g are detected as a singlet at 43.7

ppm and a doublet centred at 42.5 ppm (3JC–P ¼ 7:5
Hz). The absence of detectable coupling constant for f
is confirmed by the 13C{31P} decoupling focused on the

phosphonite, which gives two singlets of identical in-

tensity for f and g. The carbon atoms h are also an-

isochronous but contrary to those of f and g, the

resonances exhibit two doublets centred at 47.3 and 49.1

ppm with identical JC–P values (3JC–P ¼ 7:4 Hz). The 13C

spectrum is more complex in the Cp area, while the

quaternary carbon atoms k and l are easily identified, a
careful cross-examination of the d1H–13C HMQC and

selective phosphorus 13C{31P} decoupling experiments

has been necessary to attribute the carbon atoms of type
in toluene-D8: S¼ singlet, D¼doublet, DD¼doublet of doublet,
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j, m and i. As expected, the electronegative oxygen

substituents at the phosphorus atom of the phosphonite

group lead to an increase in the magnitude of 1JC–P for l

compared to those of k [4], which were unambiguously

attributed by 13C{31P} selective decoupling: l, doublet
of doublet centred at 76.7 ppm (1JC–P ¼ 84:6 Hz,
2JC–Rh ¼ 4:5 Hz) and k, doublet centred at 80.6 ppm

(1JC–P ¼ 54:4 Hz, no detectable JC–Rh) [5]. An assign-

ment of the 13C NMR signals for the four j carbon

atoms of the Cp ring bearing the –PPh2 moiety was

possible using phosphorus selective-decoupling: four

doublets centred at 69.0 (JC–P ¼ 6:0 Hz), 72.0

(JC–P ¼ 7:2 Hz), 73.5 (JC–P ¼ 4:2 Hz) and 77.3 ppm
(JC–P ¼ 13:1 Hz) are distinguished. The asymmetry of

the molecule is noticeable, with the four rather different

chemical shifts and carbon–phosphorus coupling con-

stants being observed, from which two are 2JC–P and two

others are 3JC–P. More tenuous was the assignment of

carbon atoms m and i using only phosphorus selective-

decoupling since two signals were constant singlets,

while for all m and i carbon atoms detectable carbon–
phosphorus coupling constants were expected. A possi-

ble solution to the assignment problem came from the

examination of the 1H–13C HMQC spectrum, indeed

one 1H NMR signal of the complex area corresponding

to the CH m and i clearly appears as a triplet (4.43 ppm,

1H, 3JH–H ¼ 10 Hz) while the other resonances are

singlets. The carbon atoms i are the only CH group

corresponding to this area having a methylene CH2

nearby (f or g). From 1H–13C HMQC, this 1H triplet

corresponds to one of the 13C singlet (d ¼ 79:9 ppm)

noted i in Fig. 1. Thus, we propose on the basis of these

results that the two carbon atoms i give two singlets [6]

with a null value for 2JC–P coupling transmitted through

the oxygen atom, while 3JC–P for g and h are observed.

A wide variation of J (C,P) are known, which range from

())50 to (+)480 Hz including values near zero, and or-
ganic phosphite compounds have been reported where
2JC–O–P are <3 Hz and 3JC–C–O–P > 5 Hz, and even >13

Hz [4]. Consequently, the four remaining doublets were

attributed to the carbon atoms m at 69.6 (JC–P ¼ 6:6 Hz),

69.8 (JC–P ¼ 13:0 Hz), 78.4 (JC–P ¼ 15:5 Hz) and 80.1

ppm (JC–P ¼ 32:0 Hz). It is worth noting again, the effect

of the electronegative oxygen atoms increasing the

magnitude of the JC–P constants, when are compared m

and j carbons. The ipso-carbons for the phenyl groups

correspond to two different signals, a doublet centred at

133.2 ppm (1JC–P ¼ 50:1 Hz) and a doublet of doublet

centred at 134.5 ppm (1JC–P ¼ 57:4 Hz, 2JC–Rh ¼ 2:3
Hz). Presumably a trans and a cis position with regard

to the rhodium atom are distinguished, since it is well-

known that cis coupling is of smaller magnitude. Inter-

estingly, the signals for the other carbon atoms from the
phenyl were detected as only five doublets, suggesting a

fast exchange-rotation not observed for the menthyl

moieties: n, d ¼ 127:3 (JC–P ¼ 10:7 Hz), 129.3
(JC–P < 1:4 Hz), 129.6 (JC–P ¼ 1:4 Hz), 131.2

(JC–P ¼ 11:4 Hz) and 133.5 ppm (JC–P ¼ 13:2 Hz). The

quaternary carbon atoms of carbonyl ligands p lead to

overlapping signals, which simplify and become under-

standable using selective phosphorus-decoupling (C6D6,
100.62 MHz): two doublets of doublet centred at 185.62

(1JC–Rh ¼ 81:5 Hz, 2JC–PPh ¼ 17:1 Hz) and 185.65 ppm

(1JC–Rh ¼ 85:5 Hz, 2JC–PðOmentÞ ¼ 14:9 Hz) are observed.

All the others non-assigned signals in Fig. 1 are due to

the deuterated toluene solvent. Variable-temperature

NMR on compound 2 have been conducted from 20 �C
till 70 �C, and show no changes in the 31P NMR and 1H

patterns, demonstrating for the rigidity of the molecule.
Finally, a 31P–103Rh INEPT NMR experiment was

carried out, where two doublets were observed, one

centred at )5.8 ppm (1JRh–P ¼ 178 Hz) and the other at

)46.7 ppm (1JRh–P ¼ 234 Hz) demonstrating the elec-

tronic difference between the two rhodium nucleus. The

optical rotations of 1 and 2 were measured and com-

pared to that of the starting product (1R, 2S, 5R)-
())-menthol: [a]125D ¼)43, [a]225D ¼)88, [a]menthol

25
D ¼)54,

c2, THF.

Dinuclear rhodium complexes have been subject of

interest for use in the important oxo-process [7,8]. Po-

tential cooperating effects between two metal centres

have been studied and debated [9–11]. Stanley and co-

workers, [7,12] have shown that the dinuclear symmetric

rhodium complex rac-[Rh2H2(l-CO)2(CO)2(eLTTP)]

[BF4]2 (where eLTTP is the ethyl-substituted linear
tetratertiary phosphine Et2P-(CH2)2PPh-(CH2)-PPh-

(CH2)2-PEt2) catalyses the hex-1-ene hydroformylation

at substrate/catalyst ratio of 900: with 85% conversion

and high selectivity in a few hours, while its monome-

tallic analogue only affords poor activity (2% conver-

sion) and selectivity [13]. Di�eguez et al. have reported

that from dinuclear chloride or dithiolate bridged rho-

dium complexes, mononuclear species formed under
hydroformylation reaction are responsible of the activity

[11].

In most of the dinuclear rhodium complexes re-

ported, the metal centres present identical coordination

spheres. Independently of the reaction, one may rea-

sonably anticipate that cooperating effects would be

more apparent from homodinuclear species achieving

electronically and sterically different environments at the
metal centres, as expected and observed in heterodinu-

clear metal complexes [14]. In addition, while phosphite

ligands have been intensively studied as auxiliaries for

catalytic hydroformylation, only few reports are con-

cerned with phosphonite auxiliaries [15]. For these rea-

sons preliminary tests of our compounds in olefin

hydroformylation were conducted.

The first rhodium mononuclear complex with phos-
phine-phosphonite ferrocenediyl ligands had shown

a deceptively low activity in oct-1-ene hydroformyla-

tion (conversion 30%, ratio substrate/catalyst¼ 200),
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although it has been observed that it exhibits a proclivity

for producing unexpected aldehydes [1]. The catalytic

results for 2 showed an activity mainly directed towards

isomerisation (isomerisation 60%, hydroformylation

40%, ratio S=C ¼ 250–800). It was then decided to ex-
plore the activity from pre-catalysts formed in situ with

the ligand 1. The pre-catalyst formed from 1 and the

dinuclear [Rh(l-StBu)(CO)2]2 complex [16], led to

complete conversion in nonanal and 2-methyl octanal

with a selectivity linear: branched¼ 4. In non-optimised

experiments, in comparison with the earlier reported

results, the conversion was about nearly double (55%

against 30%) for a ratio S/C sixteen times higher

(S=C ¼ 3200 against 200). An interesting point for the

phosphine-menthylphosphonite ferrocenediyl 1 is that

the activity found compares well with that of other re-

ported catalytic systems. However, the actual dimeric or

monomeric nature of the catalyst can not be deduced

from these preliminary results. The somewhat low se-

lectivity remains studies obtained with some bulky

diphosphite ligands or the 1,10-bis(diphenylphosph-
ino)ferrocene (dppf) [15,17].

As underlined by Hor and Gan [18], the kind of

‘‘quasi-close bridging A frame’’ exhibited by 2 is rare.

While several hundred dinuclear bridging rhodium

complexes are known, to date, only one other of this

type has been reported [17]. Moreover, this complex is

significantly different since it bears the symmetric ligand

dppf. Thus, the present study positively answer the
question, whether this ‘‘A frame’’ chemistry could be

developed [16,18]. Finally, another field of studies to

explore using ligand 1, and its coordination-complexes,

might concern enantioelective catalytic reactions [19].
Acknowledgements

Thanks are due to Prof. P. Kalck, Dr. P. Serp, and to

Ms. G. Delmas and S. Royer for their kind technical

help.
References

[1] M. Laly, R. Broussier, B. Gautheron, Tetrahedron Lett. 41 (2000)

1183.
[2] Ligand 1 can be purified by several successive extraction/filtration

using toluene. Complex 2 has been recrystallised from dichlorom-

ethane/hexane; Anal. calcd. for C44H54O4Cl2P2Rh2Fe, M 1041.44

g �mol�1: C 50.75; H 5.23. Found: C 50.63; H 5.20. The CO

groups are characterised in the IR by two strong vibration bands:

1982, 2005 cm�1.

[3] A simple empiric simulation taking into account the influence of

the a, b, c, d environment of carbon atoms, allows to predict with

a good correlation the chemical shift for these carbons, and to

distinguish b from e, and c from d. For instance, between e and b

a difference of 12 ppm is predicted, partly due to 4 aliphatic –C in

c for b (shielding), against 2 aliphatic –C in c for e, a difference of

11 ppm is observed.

[4] H.-O. Kalinowski, S. Berger, S. Braun, Carbon-13 NMR Spec-

troscopy, J. Wiley & Sons, New York, 1988, pp. 586–593 (Eng.

Translated version).

[5] Upon selective 13C{31P} NMR (C6D6, 100.62 MHz) decoupling

irradiation focused on the phosphorus of the phosphine group, a
2JC–Rh around 5 Hz is detected.

[6] The second 13C resonance at d ¼ 68:3 ppm, corresponds in 1H to a

singlet (not a triplet, to date we have no explanation to this

oddity) at 4.15 ppm, a chemical shift close to the one correspond-

ing to the other 13C singlet at 79.9 ppm.

[7] M.E. Broussard, B. Juma, S.G. Train, W.-J. Peng, S.A. Laneman,

G.G. Stanley, Science 260 (1993) 1784.

[8] P. Kalck, J.-M. Frances, P.-M. Pfister, T.G. Southern, A. Thorez,

J. Chem. Soc., Chem. Commun. (1983) 510.

[9] A. Dedieu, P. Escaffre, J.-M. Frances, P. Kalck, A. Thorez, New

J. Chem. 10 (1986) 631.

[10] R. Davis, J.W. Epton, T.G. Southern, J. Mol. Catal. 77 (1992)

159.

[11] M. Di�eguez, C. Claver, A.M. Masdeu-Bult�o, A. Ruiz, P.W.N.M.

van Leeuwen, G.C. Schoemaker, Organometallics 18 (1999) 2107.

[12] R.C. Matthews, D.K. Howell, W.-J. Peng, S.G. Train, W.D.

Treleaven, G.G. Stanley, Angew. Chem. Int. Ed. Engl. 35 (1996)

2253.

[13] For a review see: J.-C. Hierso, R. Amardeil, E. Bentabet, R.

Broussier, B. Gautheron, P. Meunier, P. Kalck, Coord. Chem.

Rev. 236 (2003) 143.

[14] (a) E.K. Van den Beuken, B.L. Feringa, Tetrahedron 54 (1998)

12985;

(b) N. Wheatley, P. Kalck, Chem. Rev. 99 (1999) 3379.

[15] P.W.N.M. van Leeuwen, C. Claver, Rhodium Catalyzed Hydro-

formylation, Kluwer publishers, Dordrecht, 2000, pp. 44–48.

[16] The dinuclear rhodium complex with StBu bridges analogous to 2

was synthesised and characterised: PPh2, 28.5 ppm, JP–Rh 155 Hz,

P (OMent)2, 142.6 ppm, JP–Rh 208 Hz.

[17] P. Kalck, C. Randrianalimanana, M. Ridmy, A. Thorez, H.-T.

Dieck, J. Ehlers, New J. Chem. 12 (1988) 679.

[18] K.-S. Gan, T.S.A. Hor, in: A. Togni, T. Hayashi (Eds.),

Ferrocenes: homogeneous catalysis, organic synthesis, materials

science, VCH, Weinheim, 1995, pp. 15–16.

[19] For information concerning enantioselective catalysis with ferr-

ocenyl menthylphosphine see: H. Brunner, M. Janura, Synthesis

(1998) 45.


	Synthesis and characterisation of a new class of phosphine-phosphonite ferrocenediyl dinuclear rhodium complexes
	Acknowledgements
	References


