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Cyclic Bisxantphos Ligands 
 

A new class of cyclic double bridged diphosphines 
 
 
 
Abstract 
 
A new class of cyclic double bridged diphosphine ligands has been developed. The 
reaction of 4,5-dilithioxanthene with dichlorophenylphosphine gave a cyclic double 
bridged diphosphine ligand based on two xanthene backbones (4) as a single 
stereoisomer. X-ray crystal structure determination revealed that the groups bridging 
the two phosphorus atoms are arranged in a syn-disposition. This new cyclic 
bisxantphos ligand and the structurally related P-bridged [1.1]ferrocenophane were 
modified with amino acid residues at the third substituent of the phosphorus atoms so 
that, upon coordination of the ligand to a metal complex, a chiral enzyme-like cavity 
around the metal center is generated. The amino acid containing P-bridged 
[1.1]ferrocenophanes proved to be active in the palladium-catalyzed substitution 
reaction of (E)-1,3-diphenylprop-2-ene-1-yl acetate with benzylamine.  
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Introduction 
 
Diphosphines have been widely used as bidentate ligands in numerous transition metal 
catalyzed transformations.[1] Despite tremendous progress, organometallic catalysts 
have not reached the efficiency of their natural counterparts, enzymes, in terms of 
substrate-selectivity and activity. There are, however, a large number of transition 
metal catalyzed transformations for which no enzymatic version exists. The 
development of hybrid catalysts that combine the reactivity of a transition metal center 
with the potential for chiral enantioselection of a biomolecular scaffold to get the best 
of both homogeneous and enzymatic catalysis, is an emerging field of research.[2] The 
incorporation of a transition metal allows the enzyme to perform new types catalytic 
transformations, thereby broadening the substrate scope of enzymes. 

Alternatively, implementation of features of biological systems in transition metal 
catalysts is employed in order to mimic enzymes.[3] Enzymatic reactions typically 
impose selectivity by control of the geometry in the enzyme–substrate complex. In 
synthetic organometallic catalysts, the catalytic performance is traditionally tuned by 
variation of the steric bulk and electronic properties of the ligands. Building on this 
concept, a partially closed cavity or pocket can be constructed that limits both the 
manner of substrate binding and the size or shape of the substrate allowed access to the 
transition metal center. Similar to the active sites of the enzymes, the pocket- and 
cavity-shaped ligands coordinated to the metal not only modify and regulate the 
electronic properties of the metal, but also introduce geometrical effects that may 
determine the way the substrate is interacting with the catalyst. 

Phosphorus-based calix[4]arenes[4] and calix[6]arenes[5] have been employed as 
scaffolds for the development of structurally well-defined pocket-shaped ligands. The 
combination of calixarene cavities with catalytic centers was shown to lead to shape-
selective catalysts. Also the use of cyclodextrins as synthetic cavity species has received 
much attention in recent years and there are numerous reports on their application as 
components of artificial enzymes.[6] 

Cyclic double bridged diphosphines in which the two phosphine lone pairs are syn 
coordinated form another class of ligands in which the metal embracement is 
particulary effective. Each phosphorus atom has one substituent R forced to reside at 
the front side of the metal center, and therefore, structural modulations are possible 
around the metal center with various R groups. Furthermore, substituents that provide 
large steric bulk can have a pronounced effect on substrate coordination to the metal 
center. Synthetic routes to these cyclic diphosphines are relatively undeveloped and the 
compounds are usually obtained as mixtures of stereoisomers. Stereoselective synthetic 
methods have been developed for 1,n-diphospacycloalkanes by Alder et al.[7], for 1,5-
diaza-3,7-disphosphacyclooctane derivatives by Karasik et al.[8] and for phosphorus-
bridged [1.1]ferrocenophanes by Mizuta et al.[9] (Figure 1). 
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Figure 1. Cyclic double bridged diphosphines developed by a) Alder, b) Karasik and c) Mizuta. 
 

In this Chapter, we report the stereoselective synthesis of a new class of cyclic 
double bridged diphosphines based on two xanthene backbones, as well as their 
coordination behavior to transition metals. The well-defined structure of this class of 
ligands should ensure an effective embracement of the transition metal and so enhance 
the regioselectivity of transition metal catalyzed reactions. The cyclic bisxantphos 
ligand, together with the structurally related P-bridged [1.1]ferrocenophane,[9] were 
modified with amino acid residues to create a chiral cavity around the metal center that 
mimics the chiral pocket of an enzyme. Non-covalent secondary interactions between 
functionalized substrates and amino acid-containing ligands can influence the 
enantioselective outcome of asymmetric catalytic reactions as was shown in Chapter 2. 
In the present systems, the chiral amino acids will completely embrace the transition 
metal, an important aspect in, for example, palladium-catalyzed allylic substitutions.[10] 
 
 
Results and Discussion 
 

The synthetic route to cyclic bisxantphos is shown in Scheme 1. The commercially 
available 4,5-dibromo-2,7-di-tert-butyl-9,9-dimethylxanthene (1) was chosen as a 
starting material. Lithiation of 1 with four equivalents of t-BuLi provided compound 2. 
Slow simultaneous addition of this compound and dichlorophenylphosphine (3) to a 
stirred ether solution gave cyclic diphosphine 4 in 10 % yield. In addition to the cyclic 
bisxantphos 4, the monophosphine derivative and oligomers were formed. The 
isolation of compound 4 from the reaction mixture was achieved by circular column 
chromatography.[11]  

In an attempt to improve the yield of compound 4, we studied a stepwise synthesis 
procedure. The reaction of PhPCl2 with two equivalents of monolithiated xanthene 1 
gave the expected bisxantphos monophosphine derivative. Lithiation of the remaining 
arylbromides and subsequent reaction with a second equivalent of PhPCl2 under high 
dilution (due to low solubility of the dilithio intermediate), did not result in the 
formation of bisxantphos 4. In addition, we explored the possibility of a templated 
synthesis of compound 4. The transition metal template bis(dichlorophenyl-
phosphino)tetracarbonyl-molybdenum[12] and the P-N templates N,N-bis(dichloro-
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phosphino)aniline,[13] N,N-bis(dichlorophosphino)methylamine[14] and 1,4-bis-(di-
chlorophosphino)piperazine[15] were reacted with dilithio compound 2 under high 
dilution, but in neither of these reactions a cyclization product was observed. 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Reagents and conditions: i. t-BuLi, Et2O, –78 °C; ii. Mixing of 2 and 3, Et2O, 10 %.  

 
In the 31P {1H} NMR spectrum of 4, one sharp signal was observed at δ = –36.0 ppm, 

which is an upfield shift compared to the related acyclic 2,7-di-tert-butyl-9,9-dimethyl-
4,5-bis(diphenylphosphino)xanthene (δ = –16.2 ppm).[16] The upfield shift can be 
attributed to a flattening of the phosphorus atoms, caused by the conformational 
constraints imposed by the cyclic structure. The presence of only one phosphorus 
signal suggests that a single stereoisomer is formed.[17] From the 1H NMR spectrum it 
was evident that compound 4 is highly symmetrical. The tert-butyl protons are 
observed as a sharp singlet and two distinct resonances corresponding to the methyl 
groups were found at δ = 1.73 and 1.52 ppm. 

Crystals suitable for X-ray diffraction were obtained by slow diffusion of methanol 
into a dichloromethane solution of compound 4. The structure is shown in Figure 2 
and selected angles and bond lengths are given in Table 1.  

 
Table 1. Selected bond lengths and angles for compound 4 (symmetry operation i: 2-x, y, z). 

bond length (Å) 
C21-P2 1.843(3) C11-P1 1.847(2) 
P2-C61 1.846(4) P1-C51 1.837(3) 
C21-C22 1.401(4) C11-C12 1.399(3) 
C21-C26 1.408(4) C11-C16 1.386(3) 
P1···P2 4.2890(13)   

bond angle (°) 
C21-P2-C21i 99.04(16) C11-P1-C11i 99.59(15) 
C21-P2-C61 102.52(13) C11-P1-C51 102.67(10) 
P2-C21-C22 118.71(19) P1-C11-C12 118.36(18) 
P2-C21-C26 123.4(2) P1-C11-C16 123.67(18) 
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Figure 2. Molecular structure of 4 in the crystal. Displacement ellipsoids are drawn at the 50 % 
probability level. Symmetry operation i: 2-x, y, z. Hydrogen atoms and solvent molecules are omitted 
for clarity. Top: view along the crystallographic [0,0,1] direction. Bottom: view along the 
crystallographic [-1,0,0] direction. 
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The crystal structure shows that the two bridging xanthene groups are arranged in a 
syn-disposition. The structure has CS symmetry, with an exact, crystallographic 
mirrorplane passing through the two phosphorus atoms and the attached phenyl rings. 
There is no additional symmetry present in the molecule. P1 and P2 and their 
environments are thus independent. The potential C2v symmetry of the molecule is 
broken by the different orientations of tert-butyl groups in the crystal structure. In 
solution, these groups can freely rotate and therefore the tert-butyl groups and the 
phosphorus atoms are equivalent according the NMR observations. Here, the 
compound shows in average C2v symmetry. 

The P···P distance is 4.2890(13) Å, that is significantly longer than the 4.080 Å 
observed for the Xantphos ligand.[18] In metal complexes of ligands of the Xantphos 
family, the P···P distance is even shorter,[19] except in complexes where the ligand 
displays trans-coordination, in which case the distance is larger (around 4.5 Å).[20] The 
increased rigidity of ligand 4 makes prediction of its coordination behaviour difficult. 
Therefore, the formation of several transition metal complexes with bisxantphos 4 was 
examined. 

When [Pt(cod)Cl2] (cod = 1,5-cyclooctadiene) was reacted with one equivalent of 
diphosphine 4 in methylene chloride, the resulting 31P {1H} NMR spectrum displayed 
one sharp signal at δ = –23.6 ppm with a 1J(Pt,P) coupling constant of 1781 Hz. The value 
of the 1J(Pt,P) can be directly correlated with the coordination mode of the diphosphine. 
Values below 3000 Hz (usually around 2500 Hz) are encountered for trans-
diphosphines, and higher values (around 3600 Hz) for complexes in which the 
phosphines occupy cis-positions. The low value of 1781 Hz is probably due to a 
distorted trans geometry.[21] The formation of trans-[(4)PtCl2] is interesting since the 
development of only trans-coordinating diphosphine ligands is the subject of ongoing 
research.[22] 

The reaction of ligand 4 with [Pd(cod)Cl2] in methylene chloride at room 
temperature gave [(4)PdCl2] as a yellow powder. A 31P {1H} NMR spectrum of this 
complex showed one sharp signal at δ = –14.5 ppm. We also studied the formation of 
palladium-allyl complexes with bisxantphos 4, but these were only analyzed in situ 
since isolation of the complexes led to product decomposition. When [Pd(η3-C3H5)Cl]2 
was mixed with two equivalents of ligand 4 in CD2Cl2, the resulting 31P NMR spectrum 
displayed one singlet at δ = –21.22 ppm. The 1H NMR spectrum was less clear. The 
terminal protons syn and anti to the central proton of the allyl group in complex 
[(4)Pd(η3-C3H5)]Cl interconverted slowly on the NMR time scale and consequently two 
signals were observed in the 1H NMR spectrum at δ = 3.23 and 2.90 ppm. This syn-anti 
isomerization takes place via an η3-η1-η3 rearrangment. There were no signals observed 
of an olefinic CH2-unit (typically two double doublets around δ = 5.0 ppm). This 
excludes the presence of an η1-allyl complex and we can conclude that ligand 4 forms 
an η3-allyl complex.[19e]  



Cyclic Double Bridged Diphosphines 

69 

The palladium complex [(4)Pd(η3-C3H5)]OTf was prepared in situ by addition of 
bisphosphine 4 to [Pd(η3-C3H5)Cl]2, followed by two equivalents of silver triflate. One 
singlet at δ = –21.34 ppm was observed in the 31P NMR spectrum. Interestingly, the 
dynamics of the methyl and tert-butyl groups of the backbone varied with the 
counterion. A single resonance corresponding to the tert-butyl groups and two 
resonances for the backbone methyl groups were observed in [(4)Pd(η3-C3H5)]Cl, 
whereas two resonances for the tert-butyl groups and four distinct resonances for the 
methyl groups were observed in complex [(4)Pd(η3-C3H5)]OTf. Similar behaviour was 
previously observed for [(Xantphos)Pd(η3-C3H5)]X complexes for which the 
interconvertion of the backbone substituents was ascribed to reversible dissociation of 
one-half of the bidentate ligand or pseudorotation via a pentacoordinate palladium 
complex formed by coordination of the counterion.[23] In the pentacoordinated 
[(4)Pd(η3-C3H5)]Cl complex the chloro anion facilitates both the η3-η1-η3 (or π-σ-π) 
rearrangment of the allyl moiety[24] and the syn-syn, anti-anti exchange (apparent 
rotation of the allyl group). The latter is a faster exchange process than the syn-anti 
isomerization. As a result an apparent high symmetry (C2v) is obtained as indicated by 
one average resonance for the tert-butyl groups and two resonances for the methyl 
groups. In [(4)Pd(η3-C3H5)]OTf, with the non-coordinating OTf anion, both processes 
are slower than in the Cl-complex. If these processes are slow on the NMR timescale, 
the symmetry of the complex is C1, resulting in four methyl signals and two tert-butyl 
signals in the 1H NMR spectrum of [(4)Pd(η3-C3H5)]OTf. 
 
– Synthesis of amino acid-functionalized cyclic double bridged diphosphines 
Next, optically active amino acids were introduced in the cyclic bisxantphos structure 
in order to create a chiral pocket around the transition metal. Structural modulations of 
bisxantphos 4 are possible by varying the aryldichlorophosphine species in the 
cyclization step. The introduction of amino acid fragments to compound 4 requires the 
synthesis of aryldichlorophosphine derivatives containing protected functional groups 
that are competible with lithium reagents. After the cyclization step, these groups can 
be removed to allow the introduction of the amino acid residues.  
 
 
 
 
 
 
Scheme 2. Reagents and conditions: i. a) n-BuLi, Et2O, –78 °C, b) ClP(NEt2)2, Et2O, –78 °C, 6: 49 %, 9: 
55 %; ii. PCl3, Et2O, 0 °C, 7: 99 %, 10: 99 %. 
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Protected benzaldehyde 5 and aniline 8 were converted into the suitable bis(diethyl-
amino)arylphosphines by reaction of their respective aryl-lithium derivative with 
ClP(NEt2)2 (Scheme 2). Subsequent reaction with PCl3 yielded the desired 
aryldichlorophosphines 7 and 10. Unfortunately, both 7 and 10 turned out to be poorly 
soluble in lithium-reagent tolerant solvents such as diethyl ether, tetrahydrofuran and 
toluene, and thus could not be effectively used in the cyclization step of the bisxantphos 
derivatives. 

Alternatively, the functional groups required for the reaction with amino acid 
residues can be introduced after the cyclization step. For instance, arylbromides are 
commonly employed for the synthesis of the corresponding benzaldehyde, benzoic acid 
or aniline derivatives. Therefore, the synthesis of aryldichlorophosphine 13 was 
explored. Arylbromide 13 has previously been synthesized using a Friedel-Crafts 
reaction between PCl3 and bromobenzene, but the desired para substituted product 
could not be seperated from its ortho and meta isomers.[25] A different approach starts 
with monolithiation of dibromobenzene 11, followed by the reaction with 
bis(diethylamino)chlorophosphine to yield the arylphosphorus diamide 12 (Scheme 3). 
Diethylamino phosphane 12 can be converted to dichloride 13 by treatment with PCl3. 
However, the formed Et2NPCl2 reacted with 13 during work-up to generate 
ArPCl(NEt2) that was difficult to separate from the desired product. In a shorter albeit 
less controllable route, compound 13 was obtained by reacting the monolithiated 
analogue of 1,4-dibromobenzene with PCl3. The principal side-product encountered 
was Ar2PCl and compound 13 was obtained by fractional distillation. 

 
 
 
 
 
 
Scheme 3. Reagents and conditions: i. a) n-BuLi, Et2O, –78 °C, b) ClP(NEt2)2, –78 °C, 71 %; ii. PCl3, 
Et2O, 0 °C, 80 %; iii. a) n-BuLi, THF, –78 °C, b) PCl3, THF, –78 °C, 37 %.  
 

Following the same procedure as used for the synthesis of double bridged 
diphosphine 4, aryldichlorophosphine 13 was employed to obtain cyclic bisxantphos 14 
as an air-stable powder. Next, the arylbromides were converted to benzaldehyde 
moieties to allow the elegant and mild introduction of the amino acid fragments via 
reductive amination. In general, arylbromides react with n-BuLi/DMF to give 
benzaldehydes in excellent yields. Lithiation of 14 with n-BuLi/TMEDA in diethyl ether 
at –78 °C generated the dilithio derivative that was quenched with anhydrous DMF to 
afford the bisaldehyde 15 in good yield after acidic work-up (Scheme 4). The addition 
of TMEDA (N,N,N',N'-tetramethylethane-1,2-diamine) was required to prevent 

i ii
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decomposition of the dilithiated intermediate. The formyl groups formed could be 
clearly identified by their NMR resonances (1H NMR: δ = 10.05 ppm, 13C {1H} NMR:    
δ = 192.2 ppm). 
 
 
 
 
 
 
 
 
 
Scheme 4. Reagents and conditions: a) n-BuLi, TMEDA, Et2O, –78 °C, b) DMF, –78 °C, c) HCl, 95 %. 

 
Finally, L-phenylalanine methyl ester moieties were introduced via reductive 

amination of bisaldehyde 15 using sodium triacetoxyborohydride[26] giving bisxantphos 
16 (Scheme 5). Unfortunately we were unable to grow crystals suitable for X-ray 
diffraction, but the characterization of 16 was achieved by multinuclear NMR 
spectroscopy. 

 
 
 
 
 
 
 
 
 
Scheme 5. Reagents and conditions: L-Phe-OMe⋅HCl, NaOAc, Na(OAc)3BH, CH2Cl2, 84 %. 

 
In 2005, Mizuta and coworkers reported the X-ray crystal structure of a P-bridged 

[1.1]ferrocenophane.[27] The compound shows structural similarities with the cyclic 
bisxantphos ligand system presented here. Furthermore, phosphorus-bridged 
[1.1]ferrocenophanes are a class of cyclic double bridged diphosphines that allow easy 
structural modulations and can be synthesized in large quantities.[28] Therefore we 
decided to include the ferrocenophane in our studies. Brunner and coworkers 
synthesized the first phosphorus-bridged [1.1]ferrocenophane by the reaction of 1,1’-
dilithioferrocene with (–)-dichloromenthylphosphine in 2 % yield. Single crystal X-ray 
diffraction studies showed the compound to exhibit an anti-conformation.[29] A few 
years later, Mizuta et al. reported that a P-bridged [1.1]ferrocenophane was obtained as 
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a byproduct in photoinduced oligomerization of P-bridged [1]ferrocenophane.[27] 
Interestingly, its anti isomer turned out to isomerize upon heating to the syn isomer. In 
a later study, a tridentate ferrocenylphosphine ligand could be isolated as well.[30]  

Recently, Mizuta presented a stereoselective synthesis route to syn-orientated 
double bridged [1.1]ferrocenophanes having various substituents on the phosphorus 
atoms.[9] The starting material for this route was ferrocene derivative 17, which was 
readily obtained from the reaction of 1,1'-dilithioferrocene with bis(diethylamino)-
chlorophosphine.[31] The reaction of 17 with PCl3 yielded the dichlorinated compound 
18 as a mixture of diastereomers (Scheme 6). The second ferrocene moiety was 
introduced by first reacting compound 18 with two equivalents of sodium 
cyclopentadienide (NaCp) to connect cyclopentadiene fragments to each phosphorus 
atom, followed by deprotonation of these moieties with n-BuLi, and complexation with 
anhydrous FeCl2 to obtain 19 as a mixture of the syn- and anti-stereoisomers.  
 
 
 
 
 
 
 
Scheme 6. Reagents and conditions: i. PCl3, hexanes, 72 %; ii. a) NaCp, THF, –50 °C, b) n-BuLi,           
–50 °C, c) FeCl2, THF, –50 °C, 36 %. 
 

The reaction of a mixture of syn- and anti-19 with HCl in diethyl ether gave PCl-
bridged [1.1]ferrocenophane 20 exclusively in the syn conformation (Scheme 7). The 
anti to syn conversion was attributed to the presence of HCl that not only substitutes 
the NEt2 group by the Cl-atom, but also brings about a facile inversion of R1R2PCl 
compounds.[32] Reaction of syn-20 with phenyllithium yielded the reported 
diphosphine 21.[9] In addition to the previously reported Co, Pd and Ni-complexes,[9,29] 
ligand 21 forms a stable platinum-complex upon treatment with [Pt(cod)Cl2], 
displaying a signal at δ = 13.0 ppm in 31P {1H} NMR spectroscopy. The 1J(Pt,P) coupling 
of 3871 Hz clearly indicates the presence of the chloro ligands trans to phosphorus, i.e. 
the cis-chelation of bidentate 21. 

Derivative 20 is a suitable precursor of P-bridged [1.1]ferrocenophanes bearing 
various substituents on the P-atoms. The reaction of syn-20 with the lithiated analogue 
of 2-(4-bromophenyl)-1,3-dioxolane (5) gave diphosphine 22 that, upon acidic 
hydrolysis of the acetal groups, yielded bisaldehyde 23 (Scheme 7). The 31P {1H} NMR 
spectrum of double bridged diphosphine 23 showed one sharp signal at δ = –28.2 ppm. 
In 13C {1H} NMR spectroscopy, the signal of the ipso-C5H4 carbon atoms was observed 
as a pseudo triplet with 1J(P,C) = 7.2 Hz, as a result of the coupling of the ipso-carbon 
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atom with the two phosphorus atoms, confirming the syn-conformation of the ligand. 
These spectral data indicate that the P-bridged [1.1]ferrocenophanes maintain their 
syn-conformation during the additional chemical manipulations. 
 
 
 
 
 
 
 
Scheme 7. Reagents and conditions: i. HCl, Et2O, –78 °C, 90 %; ii. 21: PhLi, THF, –78 °C, 49 %; 22:    
n-BuLi, 5, THF, –78 °C, 29 % iii. p-TsOH⋅H2O, H2O/THF, 70 °C, 48 %. 
 

Next, two L-valine methyl ester moieties were introduced via reductive amination of 
bisaldehyde 23 using sodium triacetoxyborohydride to give compound 24 as an air-
stable yellow powder (Scheme 8). In a similar fashion, L-leucine derivative 25 was 
synthesized. The characterization of ligands 24 and 25 was achieved by multinuclear 
NMR spectroscopy. In particular, their conformations were readily determined by 13C 
{1H} NMR spectroscopy as mentioned above. For compound 24 for example, the signal 
of the ipso-C5H4 carbon atoms was observed as a pseudo triplet with 1J(P,C) = 6.4 Hz, 
confirming its syn conformation. In the 1H NMR spectrum of 24, the carbonyl peak at 
δ = 9.86 ppm of the aldehyde precursor disappeared and the characteristic double 
doublet of the benzylic protons were found at δ = 3.65 and 3.47 ppm. 

 
 
 
 
 
 
 
 
 
Scheme 8. Reagents and conditions: i. 24: L-Val-OMe⋅HCl, NaOAc, Na(OAc)3BH, CH2Cl2, 93 %; 25:   
L-Leu-OMe⋅HCl, NaOAc, Na(OAc)3BH, CH2Cl2, 91 %. 
 
– Catalysis 
We explored the behaviour of the new cyclic double bridged diphosphine ligands in 
various catalytic reactions. The achiral diphosphines 4 and 21 were evaluated as ligands 
in the rhodium-catalyzed hydroformylation of 1-octene at 80 °C under 20 bar of syngas 
(CO/H2 = 1). The results and reaction conditions are summarized in Table 2. The well-

i 24: R = CH(CH3)2

Fe
Fe

P

P

N
H

OMe

O

R

H
N

OMe

O

R

23 25: R = CH2CH(CH3)2

ii

20

i
19 22: R =

O

O

23: R =
O

21: R = Ph

iii
Fe

Fe
P

Cl

P
Cl

Fe
Fe

P
R

P
R



Chapter 3 

74 

defined pocket-shaped ligands were believed to affect the stereoselective outcome of the 
reaction. From previous studies, the wide bite angle Xantphos ligand was shown to 
yield high regioselectivity towards the linear aldehyde in this reaction.[33] Cyclic 
bisxantphos 4 displayed low activity and, in addition, a high percentage of isomerized 
alkenes was formed (Entry 2).  

A catalyst system that mainly displays isomerization activity and no 
hydroformylation is unusual. Recent studies showed that although the overall rate of 
hydroformylation is limited by the rate of hydride migration, both CO dissociation and 
alkene coordination contribute to the overall barrier.[34] In order to form octene 
isomers, β-hydrogen elimination should be favored over CO association and alkyl 
migration (migratory insertion of CO). The reason why 4 displays such a high 
isomerization activity relative to Xantphos is not clear. A possible explanation is that 
the very wide bite angle of bisxantphos 4 destabilizes the five-coordinated 
intermediates and reduce back donation to CO. After alkene insertion, coordination of 
CO is then slow relative to β-hydrogen elimination and as a result the formation of 
octene isomers is enhanced. Previous studies on the bite angle effect on the 
hydroformylation of internal alkenes showed that it is more favorable for complexes 
with wide bite angle ligands to undergo β-hydrogen elimination than CO 
association.[35] 
 
Table 2. Rhodium-catalyzed hydroformylation of 1-octene A.[a] 

 
 
 

Entry ligand conv. (%) [b] TOF [c] l/b [d] % linear isomers (%) [e] 
1 Xantphos 38 182 45.1 93 4 
2 4 3 12 3.5 61 22 
3 dppf 99 491 2.6 72 1 
4 21 50 239 2.4 67 4 

[a] Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.0 mM, ligand/Rh = 5, substrate/Rh = 1000, T = 80 
°C, p = 20 bar, CO/H2 = 1, t = 1 h, 0.5 mL toluene. [b] Percentage conversion of 1-octene to aldehydes 
and isomers, determined by GC. [c] Turnover frequency (TOF) = (mol aldehyde)(mol Rh)–1h–1. [d] 
Ratio linear to branched aldehyde, determined by GC. [e] Percentage isomerization determined by 
GC. Ligand abbreviations: Xantphos = 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene, dppf = 
1,1'-bis(diphenylphosphino)ferrocene. 

 
Phosphorus-bridged [1.1]ferrocenophane 21 was less active compared to its acylic 

analogue dppf, displaying a turnover frequency of 239. The observed linear to branched 
ratio of 2.4 with ligand 21 is slightly lower than that obtained with dppf. The formation 
of the desired catalyic complex needs to be studied in order to obtain insight in the 

A
+CHO

CHO

CO/H2
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behaviour of bisxantphos 4. Whereas the formation of the desired catalyst is almost 
instantaneously with Xantphos, for other ligands incubation times are often required. 
An alternative explanantion for the large amounts of octene isomers formed with 
ligand 4 might be that catalyst formation is incomplete and that small amounts of 
[Rh(acac)(CO)2] are present in solution that can be converted to unmodified rhodium 
carbonyl complexes:[36] these rhodium carbonyl complexes are good isomerization 
catalysts.[37] 

The major challenges in the development of bioinspired synthetic catalysts are in 
the field of important asymmetric transformations like carbon-carbon and carbon-
heteroatom bond forming reactions. Our group recently reported the use of 
nucleosides and oligonucleotides functionalized with phosphine moieties as ligands in 
Pd-catalyzed substitution reactions.[38] Secondary interactions (such as hydrogen 
bonding) were believed to determine the transfer of chirality from the peripheral sugar 
moieties to the phosphine as both the solvent and the substituent of the ribose 
influenced the stereoselectivity of the reaction. The chiral P-bridged 
[1.1]ferrocenophanes 24 and 25 were examined for enantioselectivity in the palladium-
catalyzed substitution reaction of (E)-1,3-diphenylprop-2-ene-1-yl acetate (B) with 
benzylamine (C). The reaction conditions and results are summarized in Table 3.  
 
Table 3. Palladium-catalyzed allylic amination of 1,3-diphenylallyl acetate B.[a] 

 
 
 
 

entry Ligand solvent conv. (%) [b] ee (%) [c] 
1 dppf CH2Cl2 > 99 - 
2 21 CH2Cl2 44 - 
3 24 CH2Cl2 19 10.3 (S) 
4 24 THF 5 2.8 (S) 
5 25 CH2Cl2 10 5.7 (S) 
6 25 THF 3 1.2 (S) 

[a] Reaction conditions: [Pd] = 2.0 mM, B/C/[Pd(η3-C3H5)Cl]2/ligand = 100/300/0.5/1.0, t = 16 h,       
2 mL solvent. [b] Percentage conversion of acetate B, determined by GC. [c] Enantiomeric excess of 
product D, determined by chiral HPLC (absolute configuration drawn in parenthesis). 
 

The palladium catalysts which were prepared in situ by mixing the P-bridged 
[1.1]ferrocenophanes and [Pd(η3-C3H5)Cl]2, were active in the amination reaction. 
However, whereas dppf gave full conversion of allyl acetate B after 16 h, its cyclic 
analogue 21 only gave 44 % (Entries 1 and 2). The more sterically demanding amino 
acid-functionalized ligands 24 and 25 showed even lower conversions. The steric bulk 

[Pd(η3-C2H5)Cl]2
ligand+ Ph NH2Ph Ph

OAc

Ph * Ph

HN Ph
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of the diphosphine ligands might block substrate coordination to the palladium center 
or hinder the clockwise or anticlockwise rotation of the coordinated allyl moiety upon 
nucleophilic attack.[39] Building on this assumption, the use of the smaller 1,3-
dimethylallyl acetate as substrate is an option for future experiments. 

Chiral ligands 24 and 25 as catalyst components induced poor enantioselectivities 
(up to 10 %). Nevertheless, the observed chiral induction is startling since the chiral 
centers on the molecule are situated at the substrate side of the catalytic metal center. 
Another remarkable result is the solvent effect on the reaction as it drastrically affects 
the conversion as well as the enantioselectivity of product D. Whilst the reaction 
employing ligand 24 in methylene chloride (CH2Cl2) gives 10 % ee in favour of the S 
enantiomer, we obtained only 5 % conversion and 3 % ee in tetrahydrofuran (THF) 
using the same catalyst system.  
 
 
Conclusions  
 
In summary, we have described a stereoselective route to cyclic double bridged 
diphosphine ligands based on two xanthene backbones. Double bridged cyclic 
diphosphines in which the two phosphorus lone pairs are cis oriented are useful 
chelates in transition metal catalysts. The reaction of dilithio-xanthene with 
dichlorophenylphosphine gave cyclic bisxantphos (4) as a single stereoisomer. X-ray 
crystal structure determination revealed that the phosphorus bridging groups are 
arranged in a syn-disposition. The route is flexible in the choice of 
aryldichlorophosphine and should permit a range of substituents to be introduced on 
the phosphorus atoms. The ligand displays trans-coordination upon complexation to 
[Pt(cod)Cl2]. The new bisxantphos ligand together with the structural related P-bridged 
[1.1]ferrocenophane were modified with amino acid fragments on the third substituent 
of the phosphorus atoms in order to create a chiral enzyme-like pocket upon 
coordination of the ligands to a metal center. 

Cyclic bisxantphos 4 showed a low activity and regioselectivity in the 
hydroformylation of 1-octene and a high percentage of octene isomers was formed 
during the reaction. The chiral P-bridged [1.1]ferrocenophanes 24 and 25 were both 
active in the Pd-catalyzed allylic amination of 1,3-diphenylallyl acetate displaying 
enantioselectivities of up to 10 %. Despite the low enantiomeric excesses obtained in 
this reaction, the observed chiral induction is unusual since the stereogenic centers on 
the ligands are not situated close to the metal center (as is usually the case in chiral 
transition metal catalysts), but rather at the substrate side of the catalytic metal center.  
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Experimental Section 
 
General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of argon 
using standard Schlenk techniques. THF, diethyl ether and hexanes were distilled from 
sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled from CaH2 and toluene 
was distilled from sodium. Deuterated solvents were distilled from the appropriate drying agents. 
Unless stated otherwise, all chemicals were obtained from commercial suppliers and used as received. 
The synthesis of 2-(4-bromophenyl)-1,3-dioxolane (5) is described in Chapter 2. (E)-1,3-
diphenylprop-2-ene-1-yl acetate was synthesized according a published procedure.[40] Optical 
rotations were measured on a Perkin-Elmer 241 polarimeter. NMR spectra were recorded on a Varian 
Mercury 300, a Varian Inova 500 or a Bruker Avance DRX-300 spectrometer. Chemical shifts are 
reported in ppm and are given relative to tetramethylsilane (1H, 13C) and 85% H3PO4 (31P). Standard 
infrared spectra were recorded on a Nicolet Nexus 670 FT-IR spectrophotometer. High Resolution 
Mass Spectra were recorded at the Department of Mass Spectrometry at the University of Amsterdam 
using Fast Atom Bombardment (FAB) ionization on a JOEL JMS SX/SX102A four-sector mass 
spectrometer, coupled to a JEOL MS-MP9021D/UPD system program. Samples were loaded in a 
matrix solution (3-nitrobenzyl alcohol) on to a stainless steel probe and bombarded with xenon atoms 
with an energy of 3KeV. Elemental analyses were carried out by Kolbe Mikroanalytisch Labor, 
Mülheim an der Ruhr (Germany).  
 
Cyclic bisxantphos 4: To a solution of 4,5-dibromo-2,7-di-tert-butyl-9,9-dimethylxanthene (2.50 g, 
5.2 mmol) in diethyl ether (36.4 mL) was added dropwise t-BuLi (1.5 M in pentane, 13.6 mL, 20.8 
mmol) at –78 °C. The reaction mixture was allowed to reach room temperature overnight. The 
resulting yellow solution was transferred into a 50 mL gastight glass syringe. A second syringe was 
filled with a solution of dichlorophenylphosphine (0.93 g, 5.2 mmol) in diethyl ether (50 mL). Both 
solutions were added simultaneously to a flask charged with diethyl ether (50 mL) using a syringe 
pump with 0.2 mL.min–1. After the addition was completed, the reaction mixture was allowed to stir 
for another 2 h. The mixture was washed with water (100 mL) and the organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The residue was dissolved in CH2Cl2 and purified 
by circular column chromatography[11] (20 % CH2Cl2 in hexanes). Finally, recrystallization from 
CH2Cl2/MeOH yielded 4 as a white powder (0.22 g, 10 %). 1H NMR (300 MHz, CD2Cl2): δ = 7.50-7.46 
(m, 8H, H-arom), 7.32-7.27 (m, 10H, H-arom), 1.73 (s, 6H, CH3), 1.52 (s, 6H, CH3), 1.19 (s, 36H, 
C(CH3)3); 13C {1H} NMR (75 MHz, CD2Cl2): δ = 151.7 (t, J = 23.3 Hz, CO), 145.3 (C-2, C-7), 138,6 (t, J 
= 12.1 Hz, PC), 132.0 (t, J = 15.7 Hz, PCCH), 139.5 (t, J = 4.0 Hz, PCCHCH), 127.8 (CC-9), 127.3 (C-
3, C-6), 126.3 (CH), 125.3 (t, J = 12.8 Hz, C-4, C-5), 123.1 (C-1, C-8), 34.9 (C-9), 34.2 (C-9(CH3)2), 
34.0 (C(CH3)3), 30.8 (C(CH3)3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –37.90; HRMS (FAB+): m/z 
calcd. for C58H67O2P2 (M+H+): 857.4616; found: 857.4622. 
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X-ray Crystal Structure Determination of 4. 
Crystals of 4 suitable for X-ray diffraction were grown by slow diffusion of methanol into a solution of 
compound 4 in methylene chloride. C58H66O2P2 · CH2Cl2 + disordered solvent, Fw = 941.97[*], 
colourless block, 0.50 x 0.50 x 0.30 mm3, orthorhombic, Cmc21 (no. 36), a = 19.4478(2), b = 
18.7047(1), c = 16.9358(1) Å, V = 6160.66(8) Å3, Z = 4, Dx = 1.016 g/cm3[*], μ = 0.19 mm-1[*]. 57324 
Reflections were measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite 
monochromator, λ = 0.71073 Å) up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 
150(2) K. Intensity integration was performed with EvalCCD.[41] The SADABS[42] program was used 
for absorption correction and scaling based on multiple measured reflections (0.83-0.94 transmission 
range). After merging the Friedel pairs, 3768 Reflections were unique (Rint = 0.0365), of which 3240 
were observed [I>2σ(I)]. The structure was solved with Direct Methods using the program SHELXS-
97.[43] The structure was refined with SHELXL-97[43] against F2 of all reflections. The crystal structure 
contained solvent accessible voids (1269 Å3 / unit cell) filled with disordered solvent molecules. Their 
contribution to the structure factors was secured by back-Fourier transformation using the SQUEEZE 
routine of the program PLATON,[44] resulting in 411 e- / unit cell. Non hydrogen atoms were refined 
with anisotropic displacement parameters. All hydrogen atoms were introduced in calculated 
positions and refined with a riding model. 315 Parameters were refined with one restraint. R1/wR2 [I 
> 2σ(I)]: 0.0420 / 0.1133. R1/wR2 [all refl.]: 0.0509 / 0.1174. S = 1.047. Residual electron density 
between -0.24 and 0.40 e/Å3. Geometry calculations and checking for higher symmetry was performed 
with the PLATON  program.[44] [*] derived quantities do not contain the contribution of the 
disordered solvent. 
 
[(4)PdCl2]: Ligand 4 (10.0 mg, 11.7 μmol) and [Pd(cod)Cl2] (3.7 mg, 11.7 μmol) were placed in a 
Schlenk flask. Methylene chloride (2 mL) was added and the reaction mixture was stirred overnight at 
room temperature. The solvent was removed under reduced pressure. The resulting yellow powder 
was washed with diethyl ether and dried in vacuo (11.6 mg, 96 %). 1H NMR (500 MHz, CD2Cl2): δ = 
7.85 (m, 4H, H-arom), 7.52-7.48 (m, 10H, H-arom), 7.32 (m, 4H, H-arom), 1.75 (s, 6H, CH3), 1.45 (s, 
6H, CH3), 1.19 (s, 36H, C(CH3)3); 13C {1H} NMR (125 MHz, CD2Cl2): δ = 154.0 (t, J = 7.7 Hz), 147.2 (t, 
J = 5.7 Hz), 135,8 (t, J = 5.0 Hz), 135.0 (t, J = 9.3 Hz), 129.9, 128.0, 127.2 (t, J = 11.3 Hz), 124.4, 37.9, 
35.0, 31.2, 31.1, 28.2, 27.3, 26.7; 31P {1H} NMR (202 MHz, CD2Cl2): δ = –14.48; HRMS (FAB+): m/z 
calcd. for C58H66O2P2Pd (M–Cl2): 962.3593; found: 962.3599. 
 
[(4)PtCl2]: Ligand 4 (10.0 mg, 11.7 μmol) and [(PhCN)2PtCl2] (5.5 mg, 11.7 μmol) were placed in a 
Schlenk flask. Acetonitrile (2 mL) was added and the reaction mixture was stirred overnight at room 
temperature. The solvent was removed under reduced pressure. The resulting white solid was washed 
with hexanes and dried in vacuo (12.5 mg, 95 %). 1H NMR (500 MHz, CD2Cl2): δ = 7.52-7.48 (m, 8H, 
H-arom), 7.32 (m, 8H, H-arom), 1.73 (s, 6H, CH3), 1.50 (s, 6H, CH3), 1.18 (s, 36H, C(CH3)3); 13C {1H} 
NMR (125 MHz, CD2Cl2): δ = 152.3 (t, J = 24.3 Hz), 145.9, 139,3 (t, J = 12.2 Hz), 132.6 (t, J = 16.1 Hz), 
130.2 (t, J = 4.0 Hz), 129.8, 127.8, 126.9, 125.9 (dd, J = 12.7 Hz, J = 9.3 Hz), 123.7, 35.5, 34.8, 34.6, 31.3, 



Cyclic Double Bridged Diphosphines 

79 

28.1; 31P {1H} NMR (202 MHz, CD2Cl2): δ = –23.56 (1JPt-P = 1781 Hz); HRMS (FAB+): m/z calcd. for 
C58H66O2P2Pt (M–Cl2): 1051.4191; found: 1051.4216.  
 
In situ preparation of [(4)Pd(η3-C3H5)]Cl: Ligand 4 (10.0 mg, 11.7 μmol) and [Pd(η3-C3H5)Cl]2 (2.2 
mg, 5.9 μmol) were placed in a Schlenk flask. CD2Cl2 (1 mL) was added and the mixture was stirred 
for 1 h before analyzed by NMR spectroscopy. 1H NMR (300 MHz, CD2Cl2): δ = 7.56-7.49 (m, 10H, 
H-arom), 7.22-7.18 (m, 8H, H-arom), 5.56 (m, 1H, Hmeso), 3.23 (m, 2H), 2.90 (m, 2H), 1.66 (s, 6H, 
CH3), 1.57 (s, 6H, CH3), 1.17 (s, 36H, C(CH3)3); 31P {1H} NMR (121 MHz, CD2Cl2): δ = –21.22. 
 
In situ preparation of [(4)Pd(η3-C3H5)]OTf: Ligand 4 (10.0 mg, 11.7 μmol) and [Pd(η3-C3H5)Cl]2 
(2.2 mg, 5.9 μmol) were placed in a Schlenk flask. CD2Cl2 (1 mL) was added and the reaction mixture 
was stirred for 1 h. Next AgOTf (2.8 mg, 11 μmol) was added and the mixture was filtered before 
analyzed by NMR spectroscopy. 1H NMR (300 MHz, CD2Cl2): δ = 7.58-7.50 (m, 10H, H-arom), 7.33-
7.17 (m, 8H, H-arom), 5.51 (m, 1H, Hmeso), 3.23 (m, 2H), 2.90 (m, 2H), 1.69 (s, 3H, CH3), 1.67 (s, 3H, 
CH3), 1.64 (s, 3H, CH3), 1.54 (s, 6H, CH3), 1.19 (s, 18H, C(CH3)3), 1.18 (s, 18H, C(CH3)3; 31P {1H} 
NMR (121 MHz, CD2Cl2): δ = –21.22. 
 
Bis(diethylamino)chlorophosphine (A): This compound was prepared according to a literature 
procedure.[45] To a solution of freshly distilled PCl3 (41.9 mL, 0.48 mol) in diethyl ether (800 mL) was 
added dropwise diethylamine (200.6 mL, 1.92 mol) over 2 h at 0 °C. After stirring for an additional 16 
h at room temperature, the reaction mixture was filtered. The filtrate was concentrated under reduced 
pressure after which distillation (60 °C, 0.2 mbar) afforded A (78.5 g, 78 %) as a colourless liquid. 1H 
NMR (300 MHz, C6D6): δ = 3.12-2.96 (m, 8H, CH2), 0.98 (t, J = 7.1 Hz, 12H, CH3); 13C {1H} NMR (75 
MHz, C6D6): δ = 41.1 (d, J = 18.3 Hz, CH2), 14.6 (CH3); 31P {1H} NMR (121 MHz, C6D6): δ = 154.39. 
 
4-(1,3-Dioxolan)phenyl-bis(diethylamino)phosphine (6): To activated Mg turnings (6.8 g, 280 
mmol) in THF (20 mL) was added a solution of compound 5 (32.1 g, 140 mmol) in THF (80 mL) over 
a period of 2 h. After stirring for an additional 1 h, the mixture was added to a solution of (NEt2)2PCl 
(29.5 g, 140 mmol) in THF (75 mL) at –50 °C. The reaction mixture was allowed to warm to room 
temperature over a 16 h period. The mixture was filtered and the filtrate was concentrated in vacuo. 
The residue was washed with hexanes (50 mL) and purified by flash column chromatography (basic 
alumina, 10 % ethyl acetate in light petroleum) to afford 6 (22.3 g, 49 %) as a colourless liquid. 1H 
NMR (300 MHz, C6D6): δ = 7.68 (m, 4H, H-arom), 5.84 (s, 1H, OCHO), 3.67-3.51 (m, 4H, H-
dioxolan), 3.08-3.02 (m, 8H, CH2), 1.05 (t, J = 6.9 Hz, 12H, CH3); 31P {1H} NMR (121 MHz, C6D6): δ = 
98.57. 
 
4-(1,3-Dioxolan)phenyl-dichlorophosphine (7): To a solution of 6 (6.31 g, 19.5 mmol) in diethyl 
ether (25 mL) was added dropwise PCl3 (10.7 mL, 78.0 mmol) at 0 °C. After stirring for 2 h, solvent 
and excess PCl3 were removed under reduced pressure. The residue was co-evaporated with toluene (5 
× 20 mL) to remove the formed Cl2PNEt2 to obtain 7 (4.90 g, 99 %) as a colourless liquid. 1H NMR 
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(300 MHz, C6D6): δ = 7.90 (m, 2H, H-arom), 7.63 (m, 2H, H-arom), 5.86 (s, 1H, OCHO), 4.11-4.03 
(m, 4H, H-dioxolan); 31P {1H} NMR (121 MHz, C6D6): δ = 160.25. 
 
N,N-Diallyl-4-bromoaniline (8): A mixture of 4-bromoaniline (5.0 g, 29.1 mmol), allylbromide (7.7 
g, 63.9 mmol), K2CO3 (9.6 g, 69.8 mmol) and toluene (150 mL) was refluxed for 24 h. After cooling to 
room temperature, the reaction mixture was carefully quenced with 5 % aqueous HCl (100 mL). The 
aqueous layer was extracted with diethyl ether (3 × 30 mL). The combined organic layers were washed 
with aqueous Na2CO3 (30 mL), dried over MgSO4 and concentrated under reduced pressure. Silica gel 
column chromatography (2 % ethyl acetate in light petroleum) afforded 8 (5.0 g, 69 %). 1H NMR (300 
MHz, CDCl3): δ = 7.25 (d, J = 9.3 Hz, 2H, H-arom), 6.56 (d, J = 9.0 Hz, 2H, H-arom), 5.53 (m, 2H, 
CH), 5.15 (m, 4H, CH2), 3.89 (m, 4H, CH2); 13C {1H} NMR (75 MHz, CDCl3): δ = 147.9 (CN), 133.7 
(CH), 131.9 (CH), 116.4 (CH), 114.2 (CH), 108.3 (CBr), 53.1 (CH2). 
 
4-(N,N-Diallylamino)phenyl-bis(diethylamino)phosphine (9): A solution of compound 8 (5.0 g, 
20.0 mmol) in diethyl ether (80 mL) was cooled to 0 °C. n-Butyllithium (2.5 M, 8.8 mL, 22.0 mmol) 
was slowly added and the reaction was allowed to stir for 2 h at room temperature. Next, a solution of 
bis(diethylamino)chlorophosphine A (4.2 g, 20 mmol) in diethyl ether (20 mL) was added at 0 °C. The 
reaction mixture was allowed to stir for 4 h at room temperatue. The mixture was filtered and the 
filtrate was concentrated in vacuo. The residue was purified by flash column chromatography (basic 
alumina, light petroleum) to afford 9 (3.8 g, 55 %) as a colourless liquid. 1H NMR (300 MHz, CDCl3): 
δ = 7.29-7.22 (m, 2H, H-arom), 6.75-6.73 (m, 2H, H-arom), 5.75 (m, 2H, CH), 5.13 (m, 4H, CH2), 
3.92 (m, 4H, CH2), 3.11-3.07 (m, 8H, CH2), 1.09 (t, J = 6.5 Hz, 12H, CH3); 31P {1H} NMR (121 MHz, 
CDCl3): δ = 98.64. 
 
4-(N,N-Diallylamino)phenyl-dichlorophosphine (10): To a solution of 9 (3.51 g, 10.1 mmol) in 
diethyl ether (25 mL) was added dropwise PCl3 (3.5 mL, 40.3 mmol) at 0 °C. After stirring for 2 h, 
solvent and excess PCl3 were removed under reduced pressure. The residue was co-evaporated with 
toluene (5 × 20 mL) to remove the formed dichloro-diethylaminophosphine to obtain 10 (2.76 g, 99 
%) as a colourless liquid. 1H NMR (300 MHz, CD2Cl2): δ = 7.72 (m, 2H, H-arom), 6.74 (m, 2H, H-
arom), 5.83 (m, 2H, CH), 5.18 (m, 4H, CH2), 3.97 (m, 4H, CH2); 31P {1H} NMR (121 MHz, CD2Cl2): δ 
= 164.71. 
 
4-Bromophenyl-bis(diethylamino)phosphine (12): To a solution of 1,4-dibromobenzene 11 (11.8 g, 
50.0 mmol) in diethyl ether (125 mL) was added dropwise n-BuLi (2.5 M in hexanes, 20.0 mL, 50.0 
mmol) at –78 °C. After stirring for 1 h at that temperature, bis(diethylamino)chlorophosphine A (10.5 
g, 50.0 mmol) was added and the solution was allowed to warm to room temperature over a 16 h 
period. The reaction mixture was filtered and the filtrate was concentrated in vacuo. Flash column 
chromatography (neutral Al2O3, light petroleum) afforded 12 (11.7 g, 71 %) as a white solid. 1H NMR 
(500 MHz, C6D6): δ = 7.37-7.35 (m, 2H, H-arom), 7.27-7.24 (m, 2H, H-arom), 2.97-2.90 (m, 8H, 
CH2), 0.97 (t, J = 7.1 Hz, 12H, CH3); 13C {1H} NMR (125 MHz, C6D6): δ = 133.5 (d, J = 16.5 Hz, CH), 
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132.0 (d, J = 2.9 Hz, CH), 122.4 (CP), 121.5 (CBr), 43.4 (d, J = 17.2 Hz, CH2), 15.1 (d, J = 3.5 Hz, CH3); 
31P {1H} NMR (121 MHz, C6D6): δ = 96.59; HRMS (FAB+): m/z calcd. for C14H25N2PBr (M+H+): 
331.0939; found: 331.0945.  
 
(4-Bromophenyl)dichlorophosphine (13): A solution of 1,4-dibromobenzene (14.2 g, 60.0 mmol) in 
200 mL of THF was cooled to –78 °C. n-BuLi (2.5 M in hexanes, 24.0 mL, 60.0 mmol) was added 
dropwise and the reaction mixture was stirred for 1 h keeping the temperature at –78 °C. The 
resulting white, cloudy solution was added via a cannula to a solution of PCl3 (32.9 g, 240 mmol) in 
THF (50 mL) at –78 °C. The reaction mixture was allowed to warm to room temperature and stirred 
for 16 h. The precipitation was filtered off and solvent and excess PCl3 were removed under reduced 
pressure. Purification by fractional distillation (135-140 °C, 14 mbar) yielded 13 (5.83 g, 37 %) as a 
colourless liquid. 1H NMR (500 MHz, CDCl3): 7.76-7.71 (m, 2H, H-arom), 7.64-7.61 (m, 2H, H-
arom); 13C {1H} NMR (125 MHz, C6D6): δ = 139.7 (d, J = 53.5 Hz, CP), 133.6 (CH), 132.5 (d, J = 7.9 
Hz, CH), 132.0 (d, J = 32.1 Hz, CH), 121.5 (CBr); 31P {1H} NMR (121 MHz, CDCl3): δ = 158.59.  
 
Cyclic bisxantphos 14: Following the procedure as described for the synthesis of compound 4, 
bisxantphos 14 was obtained starting from xanthene 1 (2.50 g, 5.2 mmol) and dichlorophosphine 13 
(1.34 g, 5.2 mmol) in 10 % yield (0.26 g) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.47-7.43 
(m, 8H, H-arom), 7.35-7.33 (m, 8H, H-arom), 1.74 (s, 6H, CH3), 1.53 (s, 6H, CH3), 1.21 (s, 36H, 
C(CH3)3); 13C {1H} NMR (125 MHz, CDCl3): δ = 152.6 (t, J = 24.8 Hz, CO), 146.0 (C-2, C-7), 138.6 
(dd, J = 7.5 Hz, J = 5.0 Hz, PC), 134.5 (t, J = 16.1 Hz, PCCH), 130.8 (PCCHCH), 130.3 (CC-9), 129.7 
(C-3, C-6), 125.6 (t, J = 19.6 Hz, C-4, C-5), 123.7 (C-1, C-8), 121.23 (CBr), 35.6 (C-9), 34.9 (C-
9(CH3)2), 34.8 (C(CH3)3), 31.7 (C(CH3)3); 31P {1H} NMR (121 MHz, CDCl3): δ = –37.15; IR (KBr, cm–

1): 2962 (m), 2928 (w), 2867 (w), 1572 (w), 1477 (m), 1428 (s), 1363 (m), 1263 (s), 1109 (m), 1009 (s), 
812 (s), 721 (m); HRMS (FAB+): m/z calcd. for C59H65Br2O2P2 (M+H+): 1015.2815; found: 1015.2813; 
anal. calcd. for C58H64Br2O2P2: C 68.64, H 6.36; found: C 68.39, H 6.45. 
 
Cyclic bisxantphos 15: At –78 °C, n-butyllithium (2.5 M in hexanes, 0.8 mL, 2.0 mmol) was added 
dropwise to a stirred solution of 14 (0.23 g, 0.2 mmol) and TMEDA (0.3 mL, 2.0 mmol) in diethyl 
ether (10 mL). The reaction mixture was stirred for 30 min at –78 °C. Then, DMF (0.15 mL, 2.0 
mmol) was added and the reaction mixture was stirred for another 30 min allowing to warm to room 
temperature. The solution was washed with 2 M aqueous HCl (10 mL). The organic layer was dried 
over MgSO4 and concentrated under reduced pressure. Purification by silica gel column 
chromatography (10 % ethyl acetate in light petroleum) yielded 15 (0.17 g, 95 %) as a white powder. 
1H NMR (CD2Cl2): δ = 10.05 (s, 2H, CHO), 7.86-7.85 (m, 4H, H-arom), 7.71-7.69 (m, 4H, H-arom), 
7.49-7.48 (m, 4H, H-arom), 7.45-7.44 (m, 4H, H-arom), 1.76 (s, 6H, CH3), 1.58 (s, 6H, CH3), 1.24 (s, 
36H, C(CH3)3); 13C {1H} NMR (CD2Cl2): δ = 192.2 (CHO), 152.2 (t, J = 24.1 Hz, CO), 149.1 (t, J = 15.0 
Hz, PC), 146.5 (C-2, C-7), 135.2 (PCCHCHC), 132.9 (t, J = 16.2 Hz, PCCH), 130.3 (CC-9), 129.7 (C-3, 
C-6), 128.7 (PCCHCH), 124.9 (t, J = 18.9 Hz, C-4, C-5), 124.3 (C-1, C-8), 35.6 (C-9), 34.9 (C-
9(CH3)2), 34.8 (C(CH3)3), 31.3 (C(CH3)3); 31P {1H} NMR (CDCl3): δ = –34.71; IR (KBr, cm–1): 2963 
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(m), 2928 (w), 2862 (w), 1703 (s), 1593 (s), 1560 (m), 1428 (s), 1263 (s), 1102 (m), 816 (s); HRMS 
(FAB+): m/z calcd. for C60H67O4P2 (M+H+): 913.4515; found: 913.4490; anal. calcd. for C60H66O4P2: C 
78.92, H 7.29; found: C 78.62, H 7.61. 
 
Cyclic bisxanthpos (16): A mixture of L-phenylalanine methyl ester hydrochloride (8.6 mg, 0.04 
mmol) and bisaldehyde 15 (18.3 mg, 0.02 mmol) in methylene chloride (2 mL) was treated with 
sodium acetate (6.6 mg, 0.08 mmol). After stirring for 3 h at room temperature, the reaction mixture 
was cooled to 0 °C and sodium triacetoxyborohydride (17.0 mg, 0.08 mmol) was added. The 
suspension was warmed to room temperature and stirred for another 3 h. Brine (3 mL) was added, 
and the mixture was extracted with CH2Cl2 (2 × 3 mL). The combined organic layer was dried over 
Na2SO4 and concentrated under reduced pressure. Purification by silica gel column chromatography 
(30 % EtOAc in light petroleum) yielded 16 (20.8 mg, 84 %) as a white powder. [ ]20

Da = –12.1 ° (c 1.0, 
CHCl3); 1H NMR (300 MHz, CDCl3): δ = 7.47-7.43 (m, 8H, H-arom), 7.39-7.18 (m, 18H, H-arom), 
3.85 (d, J = 15.0 Hz, 2H, CH2), 3.67 (s, 6H, OCH3), 3.66 (d, J = 14.0 Hz, 2H, CH2), 3.57 (m, 2H, Hα), 
2.99 (m, 4H, Hβ), 1.72 (s, 6H, CH3), 1.52 (s, 6H, CH3), 1.20 (s, 36H, C(CH3)3); 13C {1H} NMR (125 
MHz, CDCl3): δ = 176.6 (C=O), 152.6 (t, J = 24.8 Hz, CO), 142.8 (t, J = 15.1 Hz, Cq), 146.0 (C-2, C-7), 
139.7 (d, J = 3.6 Hz, Cq), 138.6 (dd, J = 7.5 Hz, J = 5.0 Hz, PC), 136.0 (Cq), 135.1 (CH), 130.2 (CH), 
131.9 (t, J = 21.1 Hz, CH), 134.5 (t, J = 16.1 Hz, PCCH), 130.8 (PCCHCH), 130.3 (CC-9), 129.7 (C-3, 
C-6), 128.1 (CH), 125.6 (t, J = 19.6 Hz, C-4, C-5), 123.7 (C-1, C-8), 121.23 (CBr), 59.6 (Cα), 52.5 
(CH2), 51.8 (OCH3), 43.0 (Cβ), 35.6 (C-9), 34.9 (C-9(CH3)2), 34.8 (C(CH3)3), 31.7 (C(CH3)3); 31P {1H} 
NMR (202 MHz, CDCl3): δ = –36.95; HRMS (FAB+): m/z calcd. for C80H93N2O6P2 (M+H+): 
1239.6509; found: 1239.6434. 
 
1,1'-Bis[bis(diethylamino)phosphino]ferrocene (17): This compound was prepared according to a 
literature procedure.[31] To a suspension of ferrocene (21.1 g, 114 mmol) in diethyl ether (350 mL) was 
added n-butyllithium (2.5 M in hexanes, 100 mL, 250 mmol). The solution was cooled to 0 °C and 
TMEDA (37.7 mL, 250 mmol) was added dropwise. The reaction mixture was allowed to stir at room 
temperature for 16 h, during which time orange crystals were observed to be formed. The 1,1'-
dilithioferrocene was collected by filtration, washed with Et2O and dried in vacuo. The dilithiated 
ferrocene was suspended in THF (200 mL) and treated under cooling (–78 °C) with 
bis(diethylamino)-chlorophosphine (52.5 mL, 250 mmol) in 100 mL of THF. The mixture was stirred 
for 2 h at room temperature after which the solvent was removed under reduced pressure. The residue 
was purified by flash column chromatography over basic alumina (10 % ethyl acetate in light 
petroleum) to give 17 in 68 % yield (41.4 g) as a red oil. 1H NMR (300 MHz, CDCl3): δ = 4.20-4.11 (m, 
8H, fc), 3.01-2.95 (m, 16H, CH2), 1.00 (t, J = 6.9 Hz, 24H, CH3); 31P {1H} NMR (121 MHz, CDCl3): δ = 
91.60.  
 
1,1’-Bis(diethylaminochlorophosphino)ferrocene (18): This compound was prepared according to a 
literature procedure.[9] To a solution of 17 (41.43 g, 77.6 mmol) in hexanes (200 mL) was added PCl3 
(13.5 mL, 155.2 mmol) dropwise. After the solution was stirred overnight, the solvent was removed 
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and the slurry was washed with cold hexanes to remove phosphorus byproducts. The residue was 
extracted with hot hexanes and dried in vacuo to give 18 as a mixture of diastereomers as a yellow 
powder (21.22 g, 72 %). 31P {1H} NMR (121 MHz, C6D6): δ = 136.9, 136.6.  
 
Sodium cyclopentadienide: This compound was prepared according to a literature procedure.[46] 
Sodium (10.0 g, 0.43 mol), freshly cut, was added to 400 mL of dicylcopentadiene at room 
temperature. On heating, the solution turned blue. Before the sodium was completely molten the 
solution slowly discolored. The mixture was heated for 6 h at 160 °C. On heating, a white solid 
precipitated. When the alkali metal is quantitatively consumed, the dihydrogen evolution stopped. To 
ensure a quantitative conversion, the heating was continued for another 30 min after the dihydrogen 
evolution ended. The reaction mixture was filtered, and the white residue washed with n-pentane (3 × 
50 mL) and dried in vacuo to give NaCp as a white powder (37.5 g, 99 %). 1H NMR (300 MHz, d8-
THF): δ = 5.67 (s, 5H); 13C {1H} NMR (75 MHz, d8-THF): δ = 103.5.  
 
exo,exo-1,12-Bis(diethylamino)-1,12-diphospha[1.1]ferrocenophane, anti- and syn-(19): This 
compound was prepared according to a literature procedure.[9] To a suspension of 18 (8.32 g, 18.0 
mmol) in THF (40 mL) was added dropwise 40 mL of a THF solution of NaCp (3.19 g, 36.2 mmol) at 
–50 °C. After stirring for 30 min, the solution became homogeneous and then n-BuLi (2.5 M in 
hexanes, 14.4 mL, 36.0 mmol) was added dropwise. The mixture was stirred for 30 min and then 
added dropwise to a suspension of FeCl2 (2.40 g, 18.9 mmol) in THF (80 mL) at –50 °C. After stirring 
overnight, the solvent was removed in vacuo and the residue was extracted with hot hexanes. The 
solvent was removed in vacuo and then washed with cold hexanes to give 19 as a yellow powder (3.72 
g, 36 %) as a mixture of regioisomers. 31P {1H} NMR (121 MHz, C6D6): δ = 43.8 , 41.7.  
 
exo,exo,syn-1,12-Dichloro-1,12-diphospha[1.1]ferrocenophane (20): This compound was prepared 
according to a literature procedure.[9] To a solution of 19 (1.75 g, 3.06 mmol) in diethyl ether (100 
mL) was added HCl (2.0 M in diethyl ether, 6.9 mL, 13.77 mmol) at –78 °C. The mixture was stirred 
for 30 min and then the solvent was removed. The residue was extracted with toluene and dried in 
vacuo to give syn-20 as a yellow powder (1.38 g, 90 %). 1H NMR (300 MHz, C6D6): δ = 4.52 (s, 4H, fc), 
4.49 (s, 4H, fc), 4.03 (s, 4H, fc), 3.97 (s, 4H, fc); 31P {1H} NMR (121 MHz, C6D6): δ = 88.13. 
 
exo,exo,syn-1,12-Bis(phenyl)-1,12-diphospha[1.1]ferrocenophane (21): This compound was 
prepared according to a literature procedure.[9] To a solution of syn-20 (0.34 g, 0.67 mmol) in THF (20 
mL) was added phenyllithium (2.0 M solution in dibutylether, 0.84 mL, 1.68 mmol) at –78 °C. After 
stirring for 3 h at room temperature, a few drops of water were added to quench the remaining Li 
compound. After the solvent was removed in vacuo, the residue was dissolved in CH2Cl2 and then 
loaded on a silica gel column. A yellow band eluted with methylene chloride was collected and dried 
in vauco to give 21 as a yellow powder (0.19 g, 49 %). 1H NMR (500 MHz, CDCl3): δ = 7.23-7.20 (m, 
4H, Ph), 7.10 (m, 6H, Ph), 4.80 (bs, 4H, fc), 4.60 (bs, 4H, fc), 4.46 (bs, 4H, fc), 4.42 (bs, 4H, fc); 31P 
{1H} NMR (121 MHz, CDCl3): δ = –29.96.  
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[Pt(21)Cl2]: To a yellow suspension of compound 21 (13.3 mg, 0.023 mmol) in CH2Cl2 was added 
[Pt(cod)Cl2] (9.4 mg, 0.025 mmol) and the reaction mixture was stirred overnight. The solvent was 
removed under reduced pressure and the residue was washed with ether and hexanes and dried in 
vacuo to give [Pt(21)Cl2] as a yellow solid (17.4 mg, 89 %). 1H NMR (500 MHz, CDCl3): δ = 7.45-7.39 
(m, 6H, Ph), 7.27-7.21 (m, 4H, Ph), 5.33 (bs, 4H, fc), 5.14 (bs, 4H, fc), 4.69 (bs, 4H, fc), 4.51 (bs, 4H, 
fc); 13C {1H} NMR (125 MHz, CDCl3): δ = 132.0 (d, J = 5.8 Hz, CH), 130.3 (CH), 128,0 (t, J =13.2 Hz, 
CH), 127.5 (t, J = 10.8 Hz, CH), 76.2 (d, J = 6.3 Hz, Cq), 74.2 (bs, fc), 71.9 (bs, fc), 66.0 (bs, fc); 31P {1H} 
NMR (202 MHz, CDCl3): δ = 13.00 (1JPt-P = 3871 Hz); HRMS (FAB+): m/z calcd. for C32H26ClFe2P2Pt 
(M-Cl-): 814.9548; found: 814.9542. 
 
exo,exo,syn-1,12-Bis(4-(1,3-dioxolan)phenyl)-1,12-diphospha[1.1]-ferrocenophane (22): To a 
solution of 2-(4-bromophenyl)-1,3-dioxolane 5 (0.32 g, 1.40 mmol) in THF (15 mL) was added 
dropwise n-BuLi (2.5 M in hexanes, 0.56 mL, 1.40 mmol) at –78 °C. The mixture was stirred for 1 h at 
the same temperature and then added dropwise to a solution of 20 (0.28 g, 0.56 mmol) in THF (15 
mL) at –78 °C. After stirring for 3 h at room temperature, a few drops of water were added. The 
solvent was removed in vacuo and the residue was purified by silica gel column chromatography (1 % 
MeOH in CH2Cl2) to obtain 22 as a yellow powder (0.12 g, 29 %). 1H NMR (500 MHz, CDCl3): δ = 
7.23 (m, 8H, Ph), 5.67 (s, 2H, OCHO), 4.78 (bs, 4H, fc), 4.55 (bs, 4H, fc), 4.46 (bs, 4H, fc), 4.41 (bs, 
4H, fc), 4.03-3.95 (m, 8H, H-dioxolan); 13C {1H} NMR (125 MHz, CDCl3): δ = 145.4 (t, J = 16.5 Hz, 
Cq), 137.4 (Cq), 131,9 (m, CH), 126.1 (m, CH), 103.7 (d, J = 19.0 Hz, CH), 77.8 (t, J = 6.3 Hz, Cq), 
72.1 (br, fc), 71.2 (br, fc), 71.1 (s, fc), 65.5 (br, CH2); 31P {1H} NMR (202 MHz, CDCl3): δ = –30.47; 
HRMS (FAB+): m/z calcd. for C38H35Fe2O4P2 (M+H+): 729.0711; found: 729.0707. 
 
exo,exo,syn-1,12-Bis(4-formylphenyl)-1,12-diphospha[1.1]-ferrocenophane (23): Compound 22 
(0.10 g, 0.137 mmol) was dissolved in a mixture of water and tetrahydrofuran (5 mL, 1:1). After the 
addition of a catalytic amount of p-toluenesulfonic acid monohydrate (5 mg, 0.027 mmol), the 
reaction mixture was stirred for 1 h at reflux temperature. After cooling to room temperature, the 
mixture was extracted with methylene chloride (20 mL). The organic phase was dried over MgSO4 
and concentrated in vacuo. The residue was purified by silica gel column chromatography (CH2Cl2) to 
give 23 (42 mg, 48 %) as a yellow solid. 1H NMR (500 MHz, CDCl3): δ = 9.86 (s, 1H, CHO), 7.60 (d,    
J = 8.0 Hz, 4H, Ph), 7.30 (m, 4H, Ph), 4.77 (bs, 4H, fc), 4.63 (bs, 4H, fc), 4.52 (bs, 8H, fc); 13C {1H} 
NMR (125 MHz, CDCl3): δ = 192.2 (CHO), 152.6 (t, J = 20.7 Hz, Cq), 135.6 (Cq), 131.8 (t, J = 19.9 Hz, 
CH), 129.3 (t, J = 6.4 Hz, CH), 76.9 (t, J = 7.2 Hz, Cq), 72.4 (t, J = 6.4 Hz, fc), 71.7 (t, J = 8.5 Hz, fc), 
71.6 (s, fc); 31P {1H} NMR (202 MHz, CDCl3): δ = –28.16; HRMS (FAB+): m/z calcd. for 
C34H27Fe2O2P2 (M+H+): 641.0186; found: 641.0179. 
 
exo,exo,syn-1,12-Bis(4-((S)-(1-methoxy-3-methyl-1-oxobutan-2-ylimino)methyl)phenyl-1,12-
diphospha[1.1]-ferrocenophane (24): A mixture of L-valine methyl ester hydrochloride (10.5 mg, 
0.062 mmol) and bisaldehyde 23 (20.0 mg, 0.031 mmol) in methylene chloride (3 mL) was treated 
with sodium acetate (10.3 mg, 0.125 mmol). After stirring for 1 h at room temperature, the reaction 
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mixture was cooled to 0 °C and sodium triacetoxyborohydride (26.5 mg, 0.125 mmol) was added. The 
suspension was warmed to room temperature and stirred for another 3 h. Brine (3 mL) was added, 
and the mixture was extracted with CH2Cl2 (2 × 3 mL). The combined organic layers were dried over 
Na2SO4 and concentrated under reduced pressure. The residue was washed with hexanes and dried in 
vacuo to give 24 as a yellow powder (25.1 mg, 93 %). [ ]20

Da = –14.8 ° (c 1.0, CHCl3); 1H NMR (500 
MHz, CDCl3): δ = 7.16 (m, 4H, Ph), 7.08 (d, J = 8.0 Hz, 4H, Ph), 4.79 (bs, 4H, fc), 4.55 (bs, 4H, fc), 
4.46 (bs, 4H, fc), 4.41 (bs, 4H, fc), 3.65 (d, J = 13.5 Hz, 2H, CH2), 3.61 (s, 6H, OCH3), 3.47 (d, J = 13.0 
Hz, 2H, CH2), 2.95 (d, J = 6.0 Hz, 2H, Hα), 1.87 (m, 2H, Hβ), 0.90 (d, J = 7.0 Hz, 6H, CH3), 0.88 (d, J = 
6.5 Hz, 6H, CH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 175.6 (C=O), 142.8 (t, J = 18.7 Hz, Cq), 139.6 
(Cq), 131.9 (t, J = 20.7 Hz, CH), 128.1 (CH), 78.2 (t, J = 6.4 Hz, Cq), 75.5 (m, fc), 72.1 (t, J = 7.1 Hz, 
fc), 71.2 (t, J = 8.4 Hz, fc), 70.9 (t, J = 1.3 Hz, fc), 67.0 (Cα), 52.5 (CH2), 51.6 (OCH3), 31.8 (Cβ), 19.4 
(CH3), 18.9 (CH3); 31P {1H} NMR (202 MHz, CDCl3): δ = –31.13; HRMS (FAB+): m/z calcd. for 
C46H53Fe2N2O4P2 (M+H+): 871.2182; found: 871.2171. 
 
exo,exo,syn-1,12-Bis(4-((S)-(1-methoxy-4-methyl-1-oxopentan-2-ylimino)methyl)phenyl-1,12-
diphospha[1.1]-ferrocenophane (25): Starting from L-leucine methyl ester hydrochloride (5.6 mg, 
31.2 μmol) and bisaldehyde 23 (10.0 mg, 15.6 μmol), 25 was obtained as a yellow powder (12.8 mg, 91 
%) following the procedure as described for the synthesis of 24. [ ]20

Da = –11.0 ° (c 1.0, CHCl3); 1H 
NMR (500 MHz, CDCl3): δ = 7.16 (m, 4H, Ph), 7.06 (d, J = 8.5 Hz, 4H, Ph), 4.79 (bs, 4H, fc), 4.55 (bs, 
4H, fc), 4.45 (bs, 4H, fc), 4.41 (bs, 4H, fc), 3.63 (d, J = 13.5 Hz, 2H, CH2), 3.61 (s, 6H, OCH3), 3.47 (d, J 
= 12.5 Hz, 2H, CH2), 3.21 (t, J = 7.2 Hz, 2H, Hα), 1.70 (m, 4H, Hβ), 1.40 (m, 2H, Hγ), 0.87 (d, J = 6.5 
Hz, 6H, CH3), 0.79 (d, J = 7.0 Hz, 6H, CH3); 13C {1H} NMR (125 MHz, CDCl3): δ = 176.6 (C=O), 142.8 
(t, J = 15.1 Hz, Cq), 139.7 (d, J = 3.6 Hz, Cq), 131.9 (t, J = 21.1 Hz, CH), 128.1 (CH), 78.2 (d, J = 3.6 
Hz, Cq), 75.5 (m, fc), 72.1 (br, fc), 71.1 (t, J = 8.0 Hz, fc), 70.9 (s, fc), 59.6 (Cα), 52.5 (CH2), 51.8 
(OCH3), 43.0 (Cβ), 25.0 (Cγ), 23.0 (CH3), 22.3 (CH3); 31P {1H} NMR (202 MHz, CDCl3): δ = –31.14; 
HRMS (FAB+): m/z calcd. for C48H57Fe2N2O4P2 (M+H+): 899.2495; found: 899.2490. 
 
General procedure for the hydroformylation of 1-octene.  
The hydroformylation experiments were carried out in a stainless steel autoclave (total volume is 150 
mL) charged with an insert suitable for 14 reaction vessels including Teflon mini stirring bars for 
conducting parallel reactions. 1-Octene was filtered over basic alumina to remove possible peroxide 
impurities. In a typical experiment, a reaction vessel was charged with [Rh(acac)(CO)2] (0.5 μmol), 
phosphorus ligand (2.5 μmol), 1-octene (0.5 mmol), decane (0.15 mmol) in toluene (0.5 mL). The 
autoclave was flushed three times with 10 bar of syngas (CO/H2 = 1), then pressurized to 20 bar 
CO/H2 and heated to 80 °C. The solution was stirred for 1 h at this temperature. After the appropriate 
reaction time, the magnetical stirrer was stopped and the reactor cooled rapidly. The pressure was 
reduced to 1.0 bar and a few drops of tri-n-butylphosphite were added to prevent any further reaction. 
The samples were analyzed by GC using a DB-1 (J&W) column (70 °C for 1 min, then ΔT1 = 7 °C 
min–1 to 120 °C and ΔT2 = 13 °C min–1 to 250 °C; retention times: 6.6 min for 1-octene, 11.0 min for 
decane, 11.9 min for branched aldehyde and 12.6 min for linear aldehyde).  
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General procedure for the asymmetric amination of 1,3-diphenylallyl acetate.  
In a Schlenk tube [Pd(η3-C3H5)Cl]2 (0.5 μmol) and the respective ligand (1 μmol) were dissolved in 2 
mL of the relevant solvent. (E)-1,3-Diphenylprop-2-ene-1-yl acetate (0.1 mmol) was added and the 
solution was stirred for 20 min at ambient temperature. Subsequently, benzylamine (0.3 mmol) was 
added, and the reaction was stirred for another 16 h. The conversion was determined by GC using a 
DB-1 (J&W) column. The solvent was removed in vacuo and the residue was purified by column 
chromatography (SiO2; petroleum ether/ethyl acetate = 95:5) to give pure products. Determination of 
ee values was performed by chiral HPLC (Chiralcel OD-H; n-hexane/2-propanol = 99.5:0.5 at 0.7 
ml.min–1; λ = 254 nm; tR (R) = 13.0 min, tR (S) = 13.7 min). 
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