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Introduction 

 

Phosphorus ligands have played a key role in the development of transition metal 

catalyzed transformations.[1-3] Their dominating position with respect to other classes 

of ligands can be ascribed to the tunability of electronic and steric properties over a 

very wide range. The constantly growing demand in recent years for new phosphorus 

ligands has led to the synthesis of heterocyclic P-ligands, such as phosphetanes[4, 5], 

phospholanes, and cyclic P-compounds bearing further heteroatoms. They differ from 

their acyclic analogues in both their steric and electronic features due to the change of 

the pyramidal structure of the P atom. Outstanding chiral ligands such as DuPHOS[6], 

BIPNOR[7], phosphepine[8], MonoPhos[9] are among the most known examples.  
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Figure 1. Examples of P-heterocyclic ligands. 

 

P-heterocyclic ligands have been successfully employed in asymmetric reactions, 

especially in the Rh-catalyzed asymmetric hydrogenations of α-dehydroamino acids 

and related substrates. Conjugated P-hetereocycles, a sub-class of P-heterocyclic 

ligands, have received much less attention as ligands in metal catalyzed reactions.  

 

PP
Ph

P
Ph

O

P

R
P

 

                                       I         II         III           IV          V 

Figure 2. Structures of conjugated P-heterocycles motifs. 
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While saturated 3 and 4-membered P-heterocycles are very stable and indeed are 

successfully used as ligands in catalysis, their corresponding unsaturated counterparts 

I-II are very reactive and therefore mainly used as building blocks in the construction 

of higher analogues or open-chain polymers.[10-13] Unsaturated 5 and 6-membered ring 

phosphanes such as phenyl-phosphole III and phosphabenzene[14] IV are examples of 

stable aromatic P-heterocycles. We anticipate that the extension of the -aromatic 

framework of compounds III-V, e.g. dibenzo-fused analogous VI-VII, see figure 3, 

render these systems excellent ligands for metal-mediated catalytic transformations.  

Several excellent reviews on the applications of conjugated P-heterocycles in catalysis 

such as phosphole[15, 16] and phosphabenzene[14] have already been reported and this 

work  will not be reproduced here. Instead, the aim of the present review is to provide 

insight into the unique catalytic properties associated with the use of benzo-fused P-

heterocycle based catalysts. This is accomplished by covering the catalytic applications 

of catalysts containing structurally closely related conjugated phosphacycles and their 

corresponding acyclic phosphane-based counterparts, in order to reveal the correlation 

existing between the catalytic performance and specific structural features of the 

catalysts. Dibenzophosphole, dibenzophenoxaphosphane and acyclic 

diphenylphosphane based compounds, incorporating several backbone structures, are 

compared in the current literature study.  

 

P PP

O

 

                                        VI                    VII                      VIII 

 

Figure 3. Structures of dibenzophosphole VI-, dibenzophenoxaphosphane VII-, 

diphenylphosphane VIII-based ligands. 
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2. Phosphacycles: Stereo-electronic features 

 

2.1 Phospholes 

Phospholes are a class of compounds that are very versatile ligands for transition 

metals due to the possibility of forming bonds using the lone pair on P, the diene 

system, or the entire 6p delocalized system of phospholide anions. The rich 

coordination chemistry of these systems and the catalytic properties of their transition 

metal complexes have been reviewed in 2006 by Quin.[17] Phospholes belong to the 

family of 5-membered ring aromatic heterocycles such as pyrrole and furan.[18, 19] 

While the heteroatom in these N- and O-based heterocycles is sp2-hybridized and thus 

trigonal planar, the phosphorus atom in phosphole compounds has a pyramidal 

geometry. 

The aromatic stabilization energies (ASEs) of this class of compounds are in the range 

of 30–60 kJ/mol which is considerable lower than in the nitrogen-based counterparts 

(70–130 kJ/mol).[20] Contribution to the aromaticity of phospholes derives also from 

the hyperconjugation of the exocyclic (P–R bond), with R corresponding to the 

unconstrained P-substituent.[17] When the R group is very bulky it has been 

demonstrated that the degree of deviation φ of the P–R bond from the plane defined by 

the diene system is reduced, thus favouring the interaction of the C- and P-orbitals and 

consequently increasing the aromatic character of these compounds. Phenyl-phosphole 

IX and phenyl-dibenzophosphole X, which bear a phenyl group as unconstrained 

substituent, are representative P-heteroles of this category. 

 

PPPh Ph

 

                                                       IX                     X                                                                                    

 

Figure 4. Structures of phenyl-phosphole IX and phenyl-dibenzophosphole X. 

 

The inversion barrier at the phosphorus atom (Bi) and the degree of deviation (φ) of 

phospholes IX-X are: Bi = 68 kJ/mol, φ = 68° (IX) and Bi = 104 kJ/mol, φ = 72° 

(X).[21-22]   
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2.2. Phenoxaphosphanes 

Conjugated six-membered P,Y-heterocycles, figure 5, are a class of ligands that is 

finding widespread use in catalysis.[23-27] The electronic conjugation varies in function 

of the second heteroatom, Y, incorporated into the cycle; the degree of electronic 

delocalization is inferior to that of other phosphacycles discussed in this review. 

Phenyl-dibenzophenoxaphosphane XI features an internal six-membered ring with a 

boat like conformation which hampers the delocalization of the electrons of the P and 

O atoms to the -electrons of the benzo-fused rings. This is not the case for phosphane 

XII which revealed electronic delocalization, albeit weak, of the phosphorus lone pair 

electrons into the -system.[28]  

 

Y

Ph
P XI = Y: O

XII = Y: B_R

 

 

Figure 5. Structures of six-membered ring phosphanes. 

 

These compounds are less strained than phospholes; for instance phenoxaphosphane 

XI has a C–P–C of 300°[29] which is a value in between the C–P–C of X (294°) and PPh3 

(308°). A useful tool for the analysis of the electronic properties is the 31P-77Se 

coupling constant (1JP,Se) of phosphaneselenides which is proportional to the decrease 

of the donor properties of the corresponding phosphanes.[30] The 1JP,Se of 

phenoxaphosphaneselenide is higher than that of X=Se due to the presence of the 

electronegative oxygen, in this case with an electron withdrawing character. 
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3. P-donor groups incorporating an extended-aromatic framework 

in catalysis: reversal of configuration and ligand-substrate interaction 

 

The diphenylphosphino group has been considered for very long time a privileged 

donor motif in the field of asymmetric catalysis. In this context, ligands containing 

dibenzophosphole and dibenzophenoxaphosphane groups were widely used between 

the end of the 70s and beginning of the 80s because they were regarded a relevant 

variation to the -PPh2 based ones.[31-35] The fixed orientations of the P-aryl groups and, 

as a consequence, their decreased conformational freedom were considered an 

appealing feature for enantio-inductors.[21]  

 

3.1. Asymmetric hydroformylation: enantioselectivity 

Hayashi and Consiglio et al. have been pioneers in using ligands bearing this type of 

donor groups in asymmetric hydrogenation and hydroformylation.[31, 33-40] Their 

studies showed that the mere replacement of a PPh2 moiety for a DBP moiety using 

several chiral backbones such as DIOP for the asymmetric transformation of a given 

substrate was accompanied, in many instances, by an increase of ee and inversion of 

configuration of the chiral product obtained, proving how the orientation of the phenyl 

groups of the donor moiety is a key factor in controlling the stereoselectivity in this 

reaction. 

R R

OHC

R

CHO
H2, CO
Rh/L

R: phenyl
hexanyl  

                                            L =    

O

O

PPh2

PPh2

O

O

DBP

DBP                                              

                                                                       (–)-DIOP           (–)-DIPHOL  

 

Scheme 1. Hydroformylation reaction catalyzed by Rh/L with L = (–)-DIOP and (–)-

DIPHOL. 

 

(–)-DIPHOL, upon coordination to rhodium, takes a chelate ring conformation 

essentially different from that of (–)-DIOP, which is a phenomenon caused by 

substitution of Ph2P for DBP. A better understanding of this phenomenon was reached 
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when the coordination structures of Ir(Cl)(L)(cod) complexes of (–)-DIPHOL and (–)-

DIOP were compared. The two X-ray structures showed a very different orientation of 

the P-phenyl groups and this made the authors put forward a mechanistic explanation 

for the opposite absolute configuration of the aldehydes obtained, by using the two 

catalytic systems, based purely on the different steric hindrance generated by the 

coordinated phosphanes.[31, 41] 

 

 

 

Figure 6. X-ray molecular structures of IrCl(cod)(DIOP) (left) and IrCl(cod)(DIPHOL)  

(right). 

 

3.2. Asymmetric hydroformylation: regioselectivity 

 Experimental investigations of asymmetric Pt-catalyzed hydroformylation have 

focused on developing an understanding of the chiral induction step; factors affecting 

the regioselectivity have been studied to a lesser extent. Chelating chiral ligands such 

as (–)-BPPM and DBP-(–)-BPPM, which differ exclusively in the type of donor 

groups, give very different levels of regioselectivities in the asymmetric 

hydroformylation of styrene. 

 

N

Ph2P

O

PPh2

N

PBD

O

DBP  

                                     (–)-BPPM                        DBP-(–)-BPPM 

 

This different level of selectivity was rationalized by computational studies, which 

pointed at the differential stabilization of the branched and linear alkyls formed 
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through the styrene insertion into a Pt–H bond, scheme 2. For the (DBP-BPPM)-Pt 

complex, a significant stabilization of the -methyl styryl substituent by 4–6 kJ/mol 

was found. 

 

  

P

P
Pt

CO

H
+

P

P
Pt

CO

CH2CH2

P

P
Pt

CO

HC
Me

 

Scheme 2. Reaction pathway in the Pt-catalyzed hydroformylation reaction: styrene 

insertion into the Pt–H bond. 

 

A comparison of the energies of the catalytic intermediates of the reaction for DBP-

BPPM showed that the branched, -methyl styryl metal-complex is more stable than 

phenethyl platinum complex by 12 kJ/mol. For BPPM, the reverse stability is found: 

the phenethyl complex is preferred by 12 kJ/mol. The net 24 kJ/mol energy difference 

found for the two olefin insertion equilibria in scheme 2 is consistent with the 

energetics associated with the experimental b/l ratios of 0.5 and 3 for BPPM and DBP-

BPPM, respectively. The BPPM catalyst forms preferentially the linear aldehyde 

product, whereas DBP-BPPM forms the branched aldehyde product. A favorable 

stacking interaction between the phenyl ring of the -methyl styryl and a dibenzo-

phosphole substituent of the phosphane was discovered to be important in the DBP-

BPPM catalytic intermediates.[42] 

 

 

 

 

 

 

 



                                                                                                                     General Introduction 

 9

4. Six-membered P-heterocycles: Effect of the planarity of the P-

heterocycle in catalysis 

 

Ligands featuring 6-membered P-heterocycles as donor groups, reported above, have 

been employed mainly in the hydroformylation of alkenes. An early report on the use 

of phenoxaphosphane-based systems in the asymmetric hydroformylation is 

represented by the use of POP-DIOP ligand. 

O

O P

O

P

O  

 POP-DIOP 

 

The asymmetric induction in the hydroformylation of vinyl acetate was distinctly 

inferior compared to the analogous DIPHOL ligand. The authors could not rationalize 

such low levels of ee since POP-DIOP, like DIPHOL, has large planar groups oriented 

in the same fashion.[43] An in-depth analysis of the X-ray structures of phenyl-

dibenzophosphole X and phenyl-phenoxaphosphane XI, however, indicates that the 

former contains a central five-membered ring with phosphorus deviating 0.12 Å from 

the relevant four-C-atom plane. Analogously, phenyl-dibenzophenoxaphosphane XI 

contains a non-planar central ring due to the phosphorus and oxygen deviations of 0.22 

and 0.18 Å on the same side of the plane, from which the boat-like conformation 

derives. Another relevant feature of phosphole X is the dihedral angle between the 

plane of the C atoms of the central ring and the fused aromatic rings that fall in the 

range 1.1–3.0°. In the case of the phosphane XI the two fused aromatic rings have a 

dihedral angle of 15.0°.[29, 44, 45] 

Thus, a major difference between dibenzophosphole and dibenzophenoxaphosphane 

moieties is the high degree of planarity of the three-ring system of the former.  

 

5. DBP- and POP-substituted Xantphos ligands: Bite angle effect 

 

Among the best examples of ligands containing DBP and POP moieties one finds, 

without any doubt, the family of Xantphos ligands. Before the introduction of the 
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phosphacyclic modified ones, the corresponding PPh2 substituted analogues were 

already an established class of ligands among the chelating phosphanes with wide bite 

angles, applied in very broad range of metal-catalyzed transformations.[3] The 

functionalization of the xanthene backbone with DBP and POP moieties, however, 

permitted the further expansion of the bite angles of these systems, uncovering 

catalytic properties uncommon to their parent ligands.[26]  

 

5.1 Hydroformylation of internal alkenes 

In the Rh-catalyzed hydroformylation reaction of terminal alkenes to linear aldehydes 

the rate and the selectivity are strongly affected by the stereo-electronic features of the 

rhodium catalysts. It has been demonstrated that the same applies to the Rh-catalyzed 

hydroformylation of internal alkenes, for which by accurate shaping of the catalysts it 

is possible to induce the formation of either the internal aldehyde[46] or the linear 

aldehyde[26], with very high regioselectivity. DBP- and POP-containing Xantphos 

ligands, 1-2, represent excellent chelating systems for the hydroformylation of internal 

octenes to 1-nonanal with regioselectivity as high as 90%, table 1.[23] 

 

O
DBP DBP

O
POP POP  

                                                       1                                      2 

Figure 7. DPB-Xantphos 1 and POP-Xantphos 2. 
 
 
Table 1. Hydroformylation of trans-2- and -4-octene.a 
 
 
 

L Substrate T [h] Conv. [%]   l:b [b] 1-Nonanal[%] TOF [c] 

PPh3 2-octene 1.0 8.5 0.9 46 39 

1 2-octene 1.0 10 9.5 90 65 

2 2-octene 1.0 22 9.2 90 112 

PPh3 4-octene 17 9.0 0.3 23 2.4 

1 4-octene 17 54 6.1 86 15 

2 4-octene 17 67 4.4 81 20 

 
a [Rh] = 1.0 mM, Rh:L:octene = 1:10:673. b l:b Ratio includes all branched aldehydes. c Turnover 
frequencies were calculated as [(mol aldehyde)(mol catalyst)–1(h)–1] at 20–30% conversion. 
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The very high selectivity obtained employing these ligands is due to the high 

propensity of  Rh complexes containing 1-2 to isomerise internal alkenes and to 

hydroformylate terminal alkenes.[25, 26] It is very remarkable that even in the case of 4-

octene, where three consecutive steps of isomerisation of the double bonds have to 

occur in order to be transformed into 1-octene, high levels of regioselectivity in 1-

nonanal are obtained.  The evaluation of an extended family of phosphacycle-

containing Xantphos ligands, with different xanthene backbones, in the 

hydroformylation of trans-2-octene showed a clear bite angle effect on catalytic 

activity and regio-selectivity. 

 

5.2. Hydroaminomethylation of internal alkenes 

The ability of 1-2 in the isomerisation of internal alkenes into linear alkenes was 

extended to the rhodium-catalyzed hydroaminomethylation reaction, scheme 3. For 

this purpose, an extended series of Xantphos ligands bearing DBP and POP moieties 

have been prepared, figure 8. Internal olefins were transformed into linear amines with 

high yields and with very high regioselectivities (up to 96%).[47] It has been 

demonstrated, analogously to the case of the hydroformylation reaction, that the 

natural bite angles of these ligands have a strong influence on the chemo- and 

regioselectivity of the reaction.[47] 

 

HN N
N

cat.

CO/H2 n iso
+ +

 

Scheme 3. Hydroaminomethylation of internal alkenes. 
 
 

An increase in bite angle results in an increase in regioselectivity for the linear product 

up to bite angles of 125°, whilst ligands with bite angles larger than that result in lower 

regioselectivity, table 2. 
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Figure 8. Xantphos based ligands. 

 
 
 
Table 2. The effect of natural bite angle on hydroaminomethylation of 2-pentene.[a] 

 
[a] Reaction conditions: CO (7 bar), H2 (33 bar), substrate = 10 mmol (1:1), rhodium (0.1 mol%), ligand 
(0.4 mol%), L/Rh = 1:4, in toluene/methanol (1:1), time (12 h), temperature (125 °C). [b] Conversion of 
piperidine. [c] Linear to branched ratio, percent product, and conversion were determined after 12 h 
reaction time. [d] Selectivity toward amines. [e] N-Formylpiperidine. [f] N-Methylpiperidine.  
 
 
 

L n 
Conv. 
[%][b] 

Total amine 
selec. [%][c,d] 

Lin.amine 
[%][c] 

Isoamine 
[%][c] 

Isoenamine 
[%][c] 

N-formyl-pi- 
peridine[%][c,e] 

l/b[c] 

3 123.1 70 92 67 25 7 1 73:27

4 106.7 60 72 15 57 24 2 20:80

5 112.5 75 93 32 61 6 1 34:66

6 114.2 97 99 67 32 – 1 68:32

8 124.5 79 77 56 20 – 23[f] 73:27

9 131.2 65 78 40 38 21 1 51:49

10 111.8 20 96 43 53 – 4 45:55
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6. Scope and outline of this thesis 

 

Conjugated phosphacycles have great potential as ligands for transition metal 

catalyzed reactions. In the General Introduction of this thesis we presented 

contributions on the use of benzo-fused phosphacycles that span a period of time of 30 

years. Several structural features of these P-heteroles, such as extension of the -

delocalization, degree of planarity of the P-ring, orientation of the P-substituents, were 

shown to influence heavily the outcome of metal-catalyzed transformations. The aim 

of this thesis is to investigate the applications of benzo-fused phosphacycle containing 

ligands for metal-mediated catalytic transformations that might benefit greatly from 

the ligands’ structural features mentioned above.  

Chapter 2 describes the synthesis of the first example of a chiral benzo-fused 

phenoxaphosphane reported in the literature. The stereo-electronic properties of this 

phosphane and its metal complexes were studied in-depth. 

A series of structurally and electronically related benzo-fused phenoxaphosphane 

ligands, with the propeller of the phosphane part constrained in different fashions, have 

been synthesized and employed in the Rh-catalyzed asymmetric hydrogenation. This 

work is described in Chapter 3. 

Chapter 4 presents the use of an enlarged family of rigid benzo-fused phosphane 

ligands as chiral inducers in the rhodium catalyzed asymmetric hydroformylation of 

electronically different styrene derivatives. An in-depth analysis of the spectroscopic 

features of catalytic intermediates showed evidence to support the involvement of aryl-

aryl noncovalent interactions, between ligand and substrate, in the asymmetric 

hydroformylation reaction. 

Chapter 5 describes a series of P,O phenoxaphosphane ligands with narrow bite angle 

in the oligomerization of ethene and in the asymmetric hydrovinylation of styrene.    
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P-Chirogenic Benzo-Fused Phenoxaphosphane: 

Synthesis, Resolution and Study of the Stereo-

Chemical Properties of the Corresponding 

 Palladium Complexes 
 

 

Abstract 

The synthesis and resolution of chiral phenoxaphosphane 3, with the stereogenic center 

at the phosphorus atom, is described. Compound 3 has been synthesized following a 

well-known procedure for trapping a phosphorus atom within a six-membered ring. 

The resolution of the racemic mixture of 3 was achieved through separation of its 

diastereomeric palladacycle derivatives 7a,b and 9a,b. The absolute configuration of 

enantiopure phosphanes 3a,b was assigned unequivocally by means of X-ray crystal 

structure determination for complex 9a and by combination of NOE(1H–
1H)/COSY(1H,1H) spectroscopy and DFT calculations for complexes 7a,b, which in 

both cases led to identical results. 
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Introduction 

 

Chiral phosphacyclic compounds are currently attracting the interest of the 

homogeneous catalysis community after having been neglected for many decades.[1][2] 

This attention for these P-heterocycles can be ascribed to the incessant search for novel 

structures, suitable as chiral ligands in asymmetric catalysis, pursued by researchers 

involved in the field of ligand development. In this regard, chiral phosphacycle-based 

ligands, which as a consequence of their ring constraints bear unique steric and 

electronic properties often remarkably different from their acyclic counterparts, are a 

new intriguing class of enantio-inductors for asymmetric transformations.[3] The first 

major breakthrough in the application of phosphacyclic ligands in asymmetric catalysis 

is represented indubitably by the five-membered DuPhos ligands.[4a,b] An increasing 

variety of chiral phosphacycles of different ring extensions, ranging from four to seven 

units, have since then been prepared and applied successfully in asymmetric 

catalysis.[2][3][5][6] 

Benzo-fused phenoxaphosphanes, a class of conjugated phosphorus based 

heterocycles, were initially introduced by Mann and Millar in the late ´50s and since 

then have found applications mostly in the development of new polymeric 

materials.[7][8] The potential of these cyclic analogues of triphenylphosphane in 

catalysis has remained hitherto unexpressed as is demonstrated by the very few articles 

regarding the applications of these compounds.[9][10] Despite the scarce interest for this 

class of phosphanes, our group has extensively worked with phenoxaphosphane based 

systems and in particular with phenoxaphosphanyl-substituted Xantphos ligands which 

have been successfully applied in metal catalyzed reactions, such as hydroformylation 

of internal alkenes, outperforming their diphenylphosphane counterparts.[10] 

In this context, the synthesis of chiral benzo-fused phenoxaphosphane compounds 

represents the next step due to the high degree of enantio-discrimination chiral 

phosphacycles can induce in asymmetric metal-catalyzed reactions.[1][2][3][4][5][6] In this 

work we describe the synthesis and optical resolution of the first benzo-fused 

phenoxaphosphane 3 in which a hydroxyl moiety, amenable to further 

functionalization, is attached to the rigid phenoxaphospanyl skeleton. Moreover, given 

the influence exerted by the ligand/metal stereo-electronic interactions in controlling a 

catalytic process and in view of the employment of chiral phenoxaphosphane based 
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ligands in asymmetric catalysis we carried out an in-depth investigation of the 

stereochemical properties of 3 and derivatives thereof. 

 

Results and Discussion 

 

Racemic 3 was prepared starting from m-phenoxyphenol, successively protected as 1-

(1-ethoxyethoxy)-3-phenoxybenzene 1. Metallation of 1 with n-butyllithium, in the 

presence of TMEDA, followed by internal ring closure with dichlorophenylphosphane 

gives 2, which after deprotection affords the racemic mixture 3, scheme 1.[11] 

 

OEVE OEVE

PPhi, ii
O O

OH

PPh
O

1 2 3

iii

 

Scheme 1. Synthesis of chiral phosphane 3. i) 2 eq. TMEDA, 2 eq. BuLi, Et2O/hexane, 

0 °C to r.t., overnight; ii) 1.1 eq. PhPCl2, –70 °C, 3 h; iii) PPTS, ethanol/CH2Cl2, 

reflux. Overall yield: 32%. 

 

Resolution of racemic phosphanes based on the transformation of both enantiomers 

into a pair of diastereoisomers is common practice.[12] In our particular case, we 

envisaged that derivatization of the hydroxyl group in 3 to a chiral menthyl carbonate 

would be exploitable for the separation of the resultant diastereomeric mixture. 

Functionalization of phosphane 3 was successfully accomplished to yield the mixture 

of diastereoisomers 4a,b, but all attempts towards resolution failed.[13] 

Ph
P

O

O

O

O
(R)

(R)

(S)

 

                                                           4                                                           

Alternatively, it was considered to employ chiral metal complexes as resolving agents. 

Thus ortho-palladated derivatives of (S)-dimethyl(1-phenylethyl)amine (S)-5 and (S)-

dimethyl(1-naphthylethyl)amine (S)-6, which have demonstrated their effectiveness 

towards a wide range of racemic phosphanes, were chosen, figure 1.[14][15][16] 
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Cl
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                                                    (S)-5            (S)-6 

Figure 1. Chiral palladacycles. 

 

The diastereomeric mixture of 7a,b was prepared by reaction of the racemate of 3 with 

palladate complex (S)-5 in CH2Cl2 in the presence of triethylamine. The 31P NMR 

spectrum of compounds 7a,b showed a set of two well resolved singlets of equal 

intensity at –5.76 ppm and –4.97 ppm. Compounds (S,Sa)-7a and (R,Sa)-7b were 

successfully separated by careful radial chromatography and characterized by IR, mass 

analysis, 1H, 31P, and 13C NMR spectroscopy. Moreover, it was possible to determine 

the absolute configurations at the phosphorus atom and assign the /conformations 

of the organometallic five-membered Pd–C–N ring in the same complexes, see below. 

Enantiopure phosphanes 3a and 3b were obtained by decomplexation from their 

corresponding diastereomeric palladium complexes, respectively 7b and 7a, using 1,2-

bis(diphenylphosphane)ethane (dppe) in the presence of an excess of ammonium 

chloride as proton source, scheme 2.[14]       

N Pd P

O
O

N Pd P

O
O

P
OH

O

Ph

P
OH

O

Ph

P
OH

O

Ph

(+/-)-3

Ph

Ph

7a

7b 3a

3b

i ii

 

 

Scheme 2. Chiral resolution of phosphane 3. i) 0.5 eq. of (S)-5, NEt3, CH2Cl2, r.t., 30 

min; ii) dppe, NH4Cl, CH2Cl2, r.t, 1 h. 

 

Isolation of adequate amounts of enantiopure 3a,b, which might be required at a later 

stage for purposes such as ligand screening for homogeneous catalysis, is an essential 
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prerequisite of any considered chiral resolution technique. Consequently, the scale up 

of the aforementioned chromatography separation was investigated, but led only to the 

recovery of diastereomerically enriched mixtures. Clearly the structures of complexes 

7a,b do not differ sufficiently for being optimally separated. In order to enhance the 

structural differences between 3a,b derivatives we turned our attention towards the 

more conformationally rigid palladacycle (S)-6 and for this purpose the synthesis of 

compound 8 was undertaken and successfully accomplished, following the same 

procedure reported for 7. Disappointingly, the chromatographic separation of the 

diastereomeric mixture of 8, despite the large array of solvents employed as eluents 

was fruitless and at best, afforded only diastereomerically enriched mixtures and 

decomposed material.  

 

Pd

N

O

PhP

O



H

       

 8                             

                                         

The Pd–C–N ring of palladacycle (S)-6 is known to adopt a  conformation, with the 

Me taking up the axial position, which is normally retained in its derivatives in order 

to avoid the steric congestion that would be present otherwise between H and an 

equatorial Me in a conformation of type .[17] Indeed, the 1H NMR spectrum of the 

diastereomeric mixture of complex 8 shows, for Hα, two peaks partially overlapping 

with chemical shifts in the range 4.3–4.6 ppm, in agreement with a conformation type 

for both diastereoisomers. Much to our dismay, the strain caused by both the Pd–C–

N ring and the heterobidentate phosphane in 8 is not beneficial, in contrast with 

previous reports, for the resolution of this diastereomeric mixture and furthermore is at 

the origin of the instability of these highly strained complexes.[17]   
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Scheme 3. Chiral resolution of phosphanes 3 and 4. 

 

Thus, the resolution route employing directly P,O-phosphane 3 was discarded and 

another route, employing protected phosphane 4a,b, was considered instead. This 

resolution method consists as a first step in reacting diastereomeric mixture 4a,b, 

which as such could not be resolved, to palladacycle (S)-6.[15] The resultant 

diastereomeric mixture 9a,b was successfully resolved by chromatography into its two 

components 9a and 9b with high yields, scheme 3. Most importantly, employing this 

route we could scale up the separation of these diastereoisomers by at least one order 

of magnitude compared to the separation of diastereoisomers 7a,b. Diastereopure 

phosphanes 4a,b were obtained by decomplexation from their corresponding 

diastereomeric palladium complexes using dppe.[15] Hydrolysis of the carbonate group 

of 4a and 4b affords enantiopure 3a and 3b respectively.[13] The enantiopure ligands 

were isolated in good yields and found to be configurationally stable after refluxing in 

water/ethanol overnight. This was confirmed by preparing compound 4 and checking 

the diastereopurity by 1H and 31P NMR. 
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Figure 2. Displacement ellipsoid plot of the structure of 9a in the crystal (50% 

probability level). Hydrogen atoms and disordered solvent molecules are omitted for 

clarity. Only the major disordered component of the menthyl moiety is shown (58.3% 

occupancy). 

 

 

Table 1. Selected bond lengths (Å) and angles(°) for 9a. 

 

 

               P1–Pd1       2.2405(8)                        C26–P1–C15            99.48(15) 

               P1–C15      1.807(3)                           P1–C26–C21           123.2(3) 

               P1–C26      1.808(3)                           C26–C21–O1          124.5(3) 

               P1–C27      1.826(3)                           O1–C20–C15          125.7(3) 

               Pd1–Cl1     2.4019(9)                         P1–C15–C20           123.0(3) 

               N1–Pd1      2.123(3)                           C15– P1–C27          105.51(15) 

               Pd1–C1      2.009(3)                           C26–P1–C27           102.52(14) 
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Yellow crystals of 9a, suitable for X-ray diffraction, were obtained by slow diffusion 

of hexane into a solution of 9a in dichloromethane. Due to the disorder of the menthyl 

group the geometrical parameters of this group have large standard uncertainties. 

However, this does not affect the Flack parameter[29] for the determination of the 

absolute configuration, which is established to be S at the phosphorus atom, figure 2. 

Selected bond lengths and bond angles of structure 9a are given in table 1. 

N Pd P

Cl

(S)-6-(PPh3)  

As expected, the tertiary phosphane is coordinated trans to the NMe2 group of the 

naphthyl amine.[14] The palladium-phosphorus distance of this structure is very similar 

to those observed in related complexes such as (S)-6-(PPh3), containing an unstrained 

triphenylphosphane. The sum of the three C–P–C angles of 9a (307.5°) is smaller than 

that of (S)-6-(PPh3) (310.9°) hence confirming that the phosphorus atom is slightly 

pyramidalized owing to its incorporation in a six-membered ring.[18][20] As a 

consequence, the P-lone pair of 3 has a greater s-character compared to its analogue 

PPh3. This is further confirmed by the enhancement of the -acceptor properties of 

phenoxaphosphane-based ligands compared to strainless analogues, which was 

established previously by high pressure FT-IR studies of the stretching frequencies of 

CO, in phenoxaphosphane based ligand/rhodium carbonyl complexes.[19][20] 

 

Assignment of the absolute stereochemistry in 7: Compound 7 represents one of the 

few examples of neutral chiral palladacycles containing a hetero-bidentate phosphane 

and the only known example with a P,O hetero-bidentate phosphane reported to date. 

Such a low level of diversity, amid this class of complexes, finds its rationalization in 

that chiral organopalladium complexes, such as 5–6, have been mainly used as 

resolving agents for monophosphanes.[14a][21][22] Consequently, the uniform, large body 

of data regarding their structural and spectroscopic features, available in literature, 

turned out to be particularly useful for investigating stereochemical properties of chiral 

phosphanes.[23] 

The absolute configuration of the phosphorus atom, in compounds 7a,b, has been 

unambiguously assigned by complementing the study of the NOE(1H–1H) contacts and 
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the NMR chemical shift regularities with DFT calculations performed using 

SPARTAN.[23][24] The assignment of all the resonances from 1H NMR spectra of 

complexes 7a,b was accomplished by analyzing the COSY(1H, 1H) spectra and 

NOE(1H–1H) interactions. In the case of complex 7a, the NOE(1H–1H) signals of the 

contacts between Me17 and H19 and between H22 and H3 permitted the full 

characterization, by COSY(1H,1H), respectively of the metallated phenyl ring and the 

adjacent benzo-fused phenyl ring of the phosphacycle. The resonance of H11 is 

determined by analysis of the COSY(1H, 1H) spectrum, which shows interactions with 

both upfield  H10 and H12
 protons. The signals of the protons Portho, Pmeta and Pipso of the 

uncondensed phenyl group of the phosphacycle were assigned by analysis of the 

COSY(1H, 1H) spectrum. The spatial disposition of the Me groups was established by 

NOE (1H–1H) experiments. The 1H NMR spectrum of 7a is shown below along with 

the enlargement of the aromatic region of the corresponding COSY(1H, 1H) spectrum 

and the complete list of NOE(1H–1H) contacts. Complex 7b was fully characterized in 

a similar manner. 

 

Figure 3. Cosy(1H, 1H) spectrum of the aromatic region of 7a.  
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Figure 4. 1H NMR of 7a. The symbol  refers to H2O. 

 

Table 2. Selected 1D 1H NMR NOE Data for 7a. 

 

MeN1 (3.11) – H17
 (4.56) (m)              

 

H22
 (7.2) – H3

 (7.8) (s), H21 (6.87) (s) 

Me17 (1.46) – H17
 (4.56) (m), H19

 (6.95) (m)   H 
3

 (7.8) – H22 (7.2) (s) 

MeN2 (2.69) – MeN 1
 (3.11) (w), Me17 (1.46) (w) H20 (7.07) – H19

 (6.96) (s), H21
 (6.87) (s) 

H19 (6.96) – H20 (7.07) (s), H17
 (4.56) (m), Me17 (1.46) (s) H21

 (6.87) – H20 (7.07) (s), H22 (7.2) (s) 

H17 (4.56) – H19(6.96) (m), MeN1 (3.11) (s), Me17 (1.46) (s)  

 

 

N
PdMe(eq)

Me(ax)

Me17 C18

H17

N
PdMe(eq)

Me(ax)

Me17

C18H17

   

Figure 5. Newman projections for the  and  conformations of the palladacycle ring 

in 7. 
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The 1D 1H NMR NOE data for structure 7a clearly show a strong interaction between 

MeN1 and H17 while they do not show any interaction between MeN2 and H17
. The 

Newman projection of this structure is in agreement with a conformation type  where 

H17
 is axial and MeN1 and MeN2 correspond to Me(eq) and Me(ax) respectively.  On the 

contrary, for complex 7b it was possible to see a NOE(1H–1H) signal for the 

interaction between H17 with both MeN1,N2, albeit weak, in agreement with a 

conformation type  with Me17 axial, figure 5. Irradiation of Me17 for both complexes 

7a,b did not show any appreciable NOE(1H–1H) interaction with MeN1,N2. 

Furthermore, the 1H NMR spectra of both complexes 7a and 7b show for H17
 a 

chemical shift difference of ca 1 ppm, pointing out a totally different magnetic field 

experienced by this proton in the δ–λ conformations of the Pd–C–N ring.[17]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Structures of the four most stable conformers calculated at the HF-DFT SDF 

level of theory. (S)-δ-7 (I), (S)-λ-7 (II), (R)-λ-7 (III), (R)-δ-7 (IV). 

 

Calculations at the HF-DFT SDF level of theory, using RB3LYP as method and 

LACVP* as basis set, have been carried out for the four most stable conformers 7, 

H22
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namely the structures containing the combination of the two different absolute 

configurations at the phosphorus atom R/S with the two possible conformations δ–λ of 

the palladacycles, figure 6. The distance between H3–H22 in complex (S)-δ-7 (I) is 2.08 

Å while in (S)-λ-7 (II) it is 2.58 Å. Clearly, the second structure experiences a higher 

steric relief compared to the former, which results in an energy difference of 2.92 

Kcal/mol. This value indicates the presence of only one of the two possible structures 

I–II in solution thus suggesting that 7b corresponds to (S)-λ-7 (II). The determination 

of the absolute configuration at the phosphorus atom was applied likewise for (R)-7-

(III–IV) complexes. In this case, the distance between H3–H22 in complex (R)-λ-5 (III) 

is 2.01 Å while in (R)-δ-7 (IV) it is 2.46 Å hence favouring the formation of the latter 

by 2.17 Kcal/mol. These results are consistent with 7a corresponding to structure (R)-

δ-7 (IV). The modelled structures reported in figure 6 show that steric relief is indeed 

achieved when the Pd–C–N ring flips in response to the tension caused by the rigid P-

O ligand. Enantiopure phosphanes 3a,b have been freed from complexes 7a,b and 

further reacted with (–)-menthyl chloroformate to give rise to compounds 4a,b of 

which the 1H, 31P NMR spectra corroborated the correct assignment of the absolute 

configuration at the phosphorus atom. 

In summary, we have synthesized the first chiral benzo-fused phenoxaphosphane 3 and 

determined the absolute configuration at the phosphorus atom in its metal complexes. 

DFT calculations underpin structural features of the molecules determined 

spectroscopically and give more insight into structural preferences in solution.  

 

Experimental part 

 

All chemical manipulations were carried out under argon atmosphere using standard 

Schlenk techniques. Solvents were dried by standard procedures and freshly distilled 

under nitrogen atmosphere. NMR spectra were recorded at 295 K on a Varian Gemini 

300 spectrometer operating at 300.07 MHz (1H), 121.47 MHz (31P) and 75.46 MHz 

(13C) unless otherwise stated; NOESY, COSY and NOE were recorded at 499.79 MHz 

(1H) on a Varian Gemini 500 spectrometer using CDCl3 as solvent. Chemical shifts are 

quoted with reference to Me4Si (1H) and 85% H3PO4 (
31P). The optical rotations were 

measured using a Perkin Elmer 241-MC polarimeter. Infrared spectra were recorded as 

KBr pallets on a Nicolet Nexus 670-FT-IR spectrometer and processed with the 
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OMNIC software. High resolution mass spectra were measured on a JEOL IMS-

SX/SX102A. Elemental analyses were performed at the H. Kolbe Mikroanalytisches 

Laboratorium in Mülheim (Germany). Chiral compounds 7a,b were obtained in pure 

form by preparative thin layer radial chromatography (Chromatotron®, Harrison 

Research, model 7924T) employing silica gel 60 PF254 containing gypsum. The 

resolving agents di-μ-chlorobis[(S)-dimethyl(1-phenylethyl)aminato-

C2,N]dipalladium(II) (S)-5 and di-μ-chlorobis[(S)-dimethyl(1-naphtylethyl)aminato-

C2,N]dipalladium(II) (S)-6 were prepared according to literature procedure.[14][15]  

All the calculations were performed with the Spartan ‘04 1,0,0 (Sep 17, 2003) suite of 

program. 

 

1-(1-ethoxyethoxy)-3-phenoxybenzene (1)[25]: To a solution of 3-phenoxyphenol 

(15.4 g, 83 mmol) in dichloromethane (250 mL) was added (pyridinium p-

toluenesolfunate) PPTS (2.08 g, 8.3 mmol) at room temperature. The resultant mixture 

was cooled to 0 °C and subsequently ethyl vinyl ether (132.8 mmol) was added 

dropwise. The mixture was allowed to stir overnight at room temperature. The 

resultant solution was washed with brine (20 mL) and the phases were subsequently 

separated. The organic layer was washed twice with 1M NaOHaq solution (20 mL) and 

dried over MgSO4. The solvent and all volatiles were removed under vacuum. The 

crude of reaction is a yellow oil which after filtration over silica (eluent: CH2Cl2) 

yielded a colorless oil (20.12 g, 78 mmol, 94%). 1H NMR (CDCl3):
 δ = 1.19 (t, 3J = 7.1 

Hz, 3 H), 1.48 (d, 3J = 5.3 Hz, 3 H ), 3.50 (m, 1 H), 3.70 (m, 1 H), 5.35 (q, 3J = 5.3 Hz, 

1 H), 6.64 (dd, 3J = 8.10 Hz, 1 H), 6.68 (t, 3J = 2.3 Hz, 1 H), 6.76 (dd, 3J = 8.2 Hz, 1 

H), 7.03 (d, 3J = 7.6 Hz, 2 H), 7.10 (t, 3J = 7.3 Hz, 1 H), 7.20 (t, 3J = 8.2 Hz, 1 H), 7.34 

(t, 3J = 7.6 Hz, 2 H) ppm. EI-MS (70 eV): 258, 213, 186, 73, 45. 

 

(+/-)-1-(1-Ethoxyethoxy)-10-phenyl-10H-phenoxaphosphane (2): To a solution of 

3-phenoxyphenol-EVE (4.4 g, 17.0 mmol) and TMEDA (35.90 mmol, 3.5 mL) in 300 

mL of diethyl ether/hexane (1/2) was added dropwise a solution of n-butyllitium in 

hexane (2.5 M, 36 mmol, 14.4 mL) at 0 °C and the reaction mixture was allowed to stir 

overnight at room temperature. The resultant orange solution was cooled to –60 °C and 

subsequently a solution of Cl2PPh, (19.30 mmol, 2.7 mL) in 5 mL of hexane, was 

slowly added. The reaction mixture was slowly warmed to room temperature and 

allowed to stir 5 h. The color of the solution changed from orange to colorless with the 
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formation of a precipitate (LiCl). The solution was canulated into another Shlenk tube 

and the solvent was removed under vacuum. The crude of reaction was dissolved in 

CH2Cl2 and washed with a deoxygenated 0.1 M HClaq solution. The crude product is a 

yellow oil which after filtration over silica (eluent: CH2Cl2) and removal of the solvent 

under vacuum is obtained as colorless oil (2.6 g, 7.14 mmol, 42%). 31P NMR (CDCl3): 

δ = –63.8, –64.8 ppm. 1H NMR (CDCl3):
 δ = 0.90 (t, 3J = 7.2 Hz, 3 H), 1.12 (t, 3J = 7.2 

Hz, 3 H), 1.27 (d, 3J = 5.1 Hz, 3 H), 1.32 (d, 3J = 5.1 Hz, 3 H), 2.95 (m, 1 H), 3.20 δ 

(m, 1 H), 3.50 (m, 1 H), 3.72 (m, 1 H), 5.35 (m, 2 H), 6.60–7.50 (m, 3J = 7.3 Hz, 12 H) 

ppm. EI-MS (70 eV): 364, 335, 320, 282, 215. 

 

(+/-)-10-Phenyl-10H-phenoxaphosphanyl-1-ol (3): 1-(1-Ethoxyethoxy)-10-phenyl-

10H-phenoxaphosphane (2.6 g, 7.14 mmol) was dissolved in a 3/1 mixture of degassed 

ethanol and dichloromethane (80 mL). PPTS (0.07 mmol) was added and the solution 

was heated to 65 °C and stirred overnight. The mixture was allowed to cool down and 

subsequently the solvent and all volatiles were evaporated under vacuum to leave a 

white viscous oil. The product is filtered over silica (eluent: CH2Cl2) after that the 

solvent was removed under vacuum to yield a white solid (1.7 g, 5.8 mmol, 81%). 31P 

NMR (CDCl3): δ = –72.8 ppm. 13C NMR (75.4 MHz; CDCl3): δ = 105.83, 110.18, 

110.56, 116.93, 118.22, 124.03–124.19, 128.80, 128.88–129.04, 131.63–131.76, 

131.83–132.02, 135.21, 135.71, 139.09–139.33, 155.59, 156.43, 158.31, 158.53 ppm. 
1H NMR (CDCl3):

 δ = 6.10 (s, 1 H, OH), 6.70 (m, 1 H), 6.82 (d, 3J = 8.2 Hz, 1 H ), 

7.10–7.35 (m, 8 H), 7.40 (m, 1 H), 7.60 (m, 1 H) ppm. (HRMS, FAB+): m/z: calcd for 

C18H13O2P: 292.0653; found: 293.0730 [M + H]+. C18H13O2P (292.07): calcd. C 73.97, 

H 4.48; found: C 73.82, H 4.41. 

 

(1R)-(-)-Menthyl 10-Phenyl-10H-phenoxaphosphan-1-yl carbonate (4a,b): To a 

solution of 10-phenyl-10H-phenoxaphosphanyl-1-ol (100 mg, 0.342 mmol) in 

dichloromethane (5 mL) was added NEt3 (0.1 mL) and the resultant mixture was 

allowed to stir for 30 min at room temperature. Subsequently (–) menthyl 

chloroformate (1 eq) was added and the solution was stirred for an additional 2 h at r.t. 

The solvent and all the volatiles were removed under vacuum and the product obtained 

was dissolved again in toluene (1 mL) and filtered over a short silica column (eluent: 

toluene). The evaporation of the volatiles yields the product as a white oil (138 mg, 
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0.29 mmol, 86%). 31P NMR (CDCl3): δ = –66.36, –65.54 ppm. (HRMS, FAB+): m/z: 

calcd for C29H31O4P: 474.1960; found: 475.2038 [M + H]+. 

 

Compound 7: To a solution of 3 (25 mg, 0.086 mmol) in dichloromethane (5 mL) was 

added triethylamine (1.1 eq) and the solution was stirred for 30 min. At this point (S)-5 

(25 mg, 0.043 mmol) was added and the solution was stirred for an additional hour. 

The solution was filtered over a short pad of silica (eluent: CH2Cl2), next the solvent 

was evaporated off to give rise to the diastereomeric mixture of compounds 7a,b as a 

yellow solid (36 mg, 0.066 mmol, 72%). Subsequently the diastereoisomers were 

separated by radial chromatography (eluent: CH2Cl2/hexane = 20/1). 31P NMR 

(CDCl3): δ = –5.8, –5.0 ppm. (HRMS, FAB+): m/z: calcd for C28H26NO2PPd: 

545.0736; found: 545.0747. C28H26NO2PPd (545.074): calcd. C 61.60, H 4.80; found: 

C 61.55, H 4.76. 

 

Compound (R)-P-7a: First diastereoisomer eluted (21 mg, 84%). 31P NMR (121.5 

MHz; CDCl3): δ = –5.8 ppm. 13C NMR (125.7 MHz; CDCl3): δ = 10.59, 42.07–42.10, 

47.63–47.65, 72.14–72.16, 101.95–101.98, 106.13, 106.57, 112.98, 113.42, 113.93–

114.00, 119.50, 124.27–124.49, 126.32–126.36, 128.97–129.06, 130.89–130.91, 

132.44–132.56, 132.78, 133.42–133.53, 134.21–134.57, 140.32–140.41, 148.65–

148.68, 152.94–152.96, 157.88–157.89, 158.54–158.56, 175.37–175.47 ppm. 1H NMR 

(499.8 MHz; CDCl3): δ = 1.46 (d, 3J = 6.6 Hz, 3 H, Me17), 2.70 (d, 3J = 1.8 Hz, 3 H, 

MeN2), 3.10 (d, 3J = 1.8 Hz, 3 H, MeN1), 4.50 (q, 1 H, H17), 6.30 (dd, 1 H, H10), 6.55 

(dd, 1 H, H12), 6.88 (t, 3J = 7.5 Hz, 1 H, H21), 6.96 (d, 3J = 7.8 Hz, 1 H, H19), 7.08 (t, 3J 

= 7.5 Hz, 1 H, H20), 7.10–7.20 (m, 2 H, H11, H4), 7.20–7.25 (m, 1 H, H22), 7.30 (m, 2 

H, Phm), 7.34 (m, 1 H, Phi), 7.40 (m, 1 H, H6), 7.53 (t, 3J = 8.7 Hz, 1 H, H5), 7.66 (m, 2 

H, Pho), 7.80 (m, 1 H, H3) ppm. 
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[α]25
D = +46.6 (c = 0.42, CHCl3). νmax (KBr): cm–11588 (s), 1541 (m), 1447(s), 1429 

(m), 1312(m), 1218(m). (HRMS, FAB+): m/z: calcd for C28H26NO2PPd: 545.0736; 

found: 545.0747. 

 

Compound (S)-P-7b: Second diastereoisomer eluted (7 mg, 29%). 31P NMR (121.5 

MHz; CDCl3): δ = 5.0 ppm. 13C NMR (126.7 MHz; CDCl3): δ = 25.22, 46.19–46.21, 

51.41–51.44, 75.40–75.43, 101.97–102.00, 106.22, 106.65, 113.17, 113.61, 113.97–

114.03, 119.51–119.54, 123.32, 124.47, 124.57, 125.81–125.85, 128.95–129.04, 

130.88–130.90, 132.41–132.52, 132.74–132.75, 133.41–133.53, 134.15–134.51, 

140.51–140.85, 145.02–145.06, 156.53–156.55, 157.93–157.95, 158.55–158.57, 

175.55–175.65 ppm. 1H NMR (499.8 MHz; CDCl3): δ = 1.70 (d, 3J = 6.3 Hz, 3 H, 

Me17), 2.87 (d, 3J = 3.3 Hz, 3 H, MeN), 2.92 (d, 3J = 1.8 Hz, 3 H, MeN), 3.70 (m, 1 H, 

H17), 6.30 (dd, 1 H, H10), 6.53 (dd, 1 H, H12), 6.83 (t, 3J = 7.2 Hz, 1 H, H21), 7.02 (t, 3J 

= 7.5 Hz, 1 H, H20), 7.10 (d, 3J = 8.4 Hz, 1 H, H19), 7.10–7.30 (m, 3 H), 7.3 (m, 2 H, 

Phm), 7.35 (m, 1 H, Phi), 7.40 (m, 1 H, H6), 7.52 (t, 3J = 7.5 Hz, 1 H, H5), 7.66 (m, 2 H, 

Pho), 7.80 (m, 1 H, H3) ppm. 
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[α]25
D = –33.9 (c = 0.24, CHCl3). νmax (KBr): cm–1 1588 (s), 1535 (m), 1452(s), 1429 

(m), 1312(m), 1218(m). (HRMS, FAB+): m/z: calcd for C28H26NO2PPd: 545.0736; 

found: 545.0747. 

 

Compound 8: Experimental procedure as reported for 7. (Yield: 63%). 31P NMR 

(121.5 MHz; CDCl3): δ = –5.4 ppm. 1H NMR (300.1 MHz; CDCl3): δ = 1.80 (m, 6 H), 

2.8–3.1 (m, 12 H), 4.30–4.60 (m, 2 H), 6.20–6.50 (m, 2 H), 6.60–6.80 (m, 2 H), 7.00–

8.20 (m, 32 H) ppm. (HRMS, FAB+): m/z: calcd for C32H28NO2PPd: 595.0892; found: 

595.0927. 
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Compounds 9a,b: Compound 4a,b (498 mg, 0.975 mmol) and (S)-6 (333 mg, 0.427 

mmol) were placed in a Shlenk tube and subsequently solubilized in dichloromethane 

(20 mL).The resultant solution was allowed to stir for 30 min. Next, the solvent was 

evaporated off to give rise to the diastereomeric mixture of compounds 9a,b as a 

yellow solid. Subsequently the diastereoisomers were separated by chromatography 

(eluent: CH2Cl2). 
31P NMR: δ = –8.2, –12.7 ppm. 

 

Compounds (S)-P-9a: First diastereoisomer eluted (300 mg, 86%). 31P NMR (121.5 

MHz; CDCl3): δ = –12.7 ppm. 13C NMR (75.4 MHz; CDCl3): δ = 15.89, 21.17, 22.27, 

22.90–22.96, 25.71, 31.58, 31.83, 34.14, 41.18, 47.44, 48.50, 51.5, 73.67, 79.83, 

107.08, 107.76, 110.20, 110.85, 114.70, 117.40–117.45, 117.75, 123.54, 124.01, 

124.64–124.73, 124.73–125.00, 125.65, 128.11, 128.25, 128.83, 130.50, 131.23, 

132.34, 133.12, 133.40, 133.60, 134.11, 134.59, 134.75, 137.00, 137.23, 148.78–

148.81, 151.53, 151.90, 151.95, 153.53, 154.36 ppm. 1H NMR (300.1 MHz; CDCl3): δ 

= 0.65 (d, 3J = 6.6 Hz, 3 H), 0.80–2.00 (m, 15 H), 2.16 (d, J = 6.6 Hz, 3 H), 2.59 (s, 3 

H), 3.03 (d, 3J = 3.6 Hz, 3 H), 4.20–4.50 (m, 2 H), 6.60 (m, 2 H), 6.90 (d, 3J = 8.7 Hz, 

1 H), 7.10 (d, 3J = 8.4 Hz, 1 H), 7.20–7.80 (m, 13 H), 8.60 (m, 1 H) ppm. [α]25
D = 

+107 (c = 0.42, CHCl3). νmax (KBr): cm–1 1753 (s) (C=O), 1588 (m), 1453 (m), 1435 

(s), 1218 (s). (HRMS, FAB+): m/z: calcd for C43H47ClNO4PPd: 813.1966, found: 

813.1967. C43H47ClNO4PPd (813.20): calcd. C 63.39, H 5.81; found: C 63.42, H 5.93. 

 

Compounds (R)-P-9b: Second diastereoisomer eluted (250 mg, 72%). 31P NMR 

(121.5 MHz; CDCl3): δ = –8.2 ppm. 13C NMR (126.7 MHz; CDCl3): δ = 16.32, 20.72, 

22.24, 23.11, 24.29, 25.83, 31.68, 34.32, 40.96, 46.98, 48.88, 51.79–51.81, 73.45–

73.48, 80.38, 108.8, 109.24, 110.93, 111.34, 115.18–115.21, 116.73–116.77, 118.23–

118.26, 123.60, 124.24, 124.45–124.50, 124.68–124.79, 125.81, 128.30–128.39, 

128.85, 129.12, 130.49–130.50, 131.41, 131.91, 132.78–133.13, 133.35, 136.41, 

136.57–136.59, 136.69, 149.82, 150.00–150.02, 152.27–152.34, 153.79–153.81, 

154.80 ppm. 1H NMR (300.1 MHz; CDCl3): δ = 0.46 (d, 3J = 6.6 Hz, 3 H), 0.80–2.00 

(m, 15 H), 2.14 (d, 3J = 6.6 Hz, 3 H ), 2.74 (s, 3 H), 2.95 (d, 3J = 3.6 Hz, 3 H), 4.20 (m, 

1 H), 4.60 (m, 1 H), 6.70 (m, 2 H), 6.90 (d, 1 H), 7.00–7.80 (m, 14 H), 8.20 (m, 1 H) 

ppm. [α]25
D = –85 (c = 0.78, CHCl3). νmax (KBr): 1753 (s) (C=O), 1588 (m), 1453 (m), 

1429 (s), 1218 (s). (HRMS, FAB+): m/z: calcd for C43H47ClNO4PPd: 813.1966; found: 

813.1967. C43H47ClNO4PPd (813.20): calcd. C 63.39, H 5.81; found: C 63.78, H 6.01. 
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(–)-(1R)-Menthyl 10-Phenyl-10H-(R)-P-phenoxaphosphan-1-yl carbonate (4a): 

Compound 9a (30.0 mg) and 1,2-bis(diphenylphosphane)ethane (14.7 mg) were placed 

in a Shlenk tube and dissolved in dichloromethane (3 mL). The resultant light yellow 

solution was stirred for 30 min at room temperature and subsequently the volume of 

solvent was reduced to about half mL. The solution was filtered over a short pad of 

silica (eluent: CH2Cl2) and the organic solvent removed under vacuum to give a 

colorless oil (17 mg, yield: 97%). 31P NMR (121.4 MHz; CDCl3): δ = –65.60 ppm. 13C 

NMR (75.4 MHz; CDCl3): δ = 16.70, 21.02, 22.23, 23.54, 26.33, 31.60, 34.27, 40.69, 

47.23, 79.95, 115.89, 117.01, 117.27, 117.95, 124.05–124.19, 128.69–129.09, 131.05, 

131.29, 132.31, 132.59, 135.09, 135.60, 139.38, 139.67, 153.03, 153.24–153.45, 

154.70, 155.61 ppm. 1H NMR (300 MHz; CDCl3): δ = 0.80–1.20 (m, 12 H), 1.51 (m, 2 

H), 1.70 (m, 2 H), 1.96 (m, 1 H), 2.22 (m, 1 H), 4.60 (m, 1 H), 6.90–7.00 (m, 1 H), 

7.00–7.50 (m, 11 H) ppm. [α]25
D = –110 (c = 0.21, CHCl3). νmax (KBr): cm–1 2953 (s), 

2879 (m), 1759 (s) (C=O), 1453 (m), 1429 (s), 1259 (s), 1212 (s). 

 

(+)-(1R)-Menthyl 10-Phenyl-10H-(S)-P phenoxaphosphan-1-yl carbonate (4b): 

The same procedure described for 4a was followed to obtain (+)-(1R)-Menthyl 10-

phenyl-10H-(S)-P phenoxaphosphan-1-yl carbonate (4b). 31P NMR (121.4 MHz; 

CDCl3): δ = –66.4 ppm. 13C NMR (75.4 MHz; CDCl3): δ = 16.40, 21.02, 22.25, 23.42, 

26.23, 31.65, 34.27, 40.76, 47.13, 79.97, 115.89, 116.83, 117.36, 117.98, 124.22–

124.06, 128.66–128.90, 131.13, 131.41, 131.96, 132.22, 135.22, 135.73, 139.27, 

139.56, 153.00, 153.47–153.70, 155.06, 155.91 ppm. 1H NMR (300 MHz; CDCl3): δ = 

0.60–1.80 (m, 16 H), 1.98 (m, 1 H), 2.20 (m, 1 H), 4.60 (m, 1 H), 7.02 (m, 1 H), 7.06–

7.45 (m, 10 H), 7.53 (t, 1 H) ppm. [α]25
D = +44 (c = 0.39, CHCl3). νmax (KBr): cm–1 

2953 (s), 2879 (m), 1759(s) (C=O), 1588 (m), 1453 (m), 1429 (s), 1250 (s), 1212 (s). 

 

(–)-(R)-10-Phenyl-10H-phenoxaphosphanyl-1-ol (3a): Method A. 4a (151.6 mg, 0.32 

mmol) was dissolved in a very little volume of THF (1 mL). To this solution was 

added a degassed KOH ethanolic solution (600 mg KOH, 20 mL H2O, 20 mL EtOH) 

and subsequently the reaction mixture was set to the temperature of 85 oC and 

vigorously stirred for 2 h. The reaction mixture was cooled down and ethanol removed 

under vacuum. The aqueous solution was extracted several times with 

dicholoromethane, next the organic solution was dried over magnesium sulfate and the 

solvent evaporated off. The residue was filtered over a short pad of silica using as 
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eluent CH2Cl2 and subsequently the solvent was evaporated off to yield a white solid 

(73 mg, 0.25 mmol, 78%); Method B. 7b (30.2 mg, 0.055 mmol), 1,2-

bis(diphenylphosphane)ethane (22 mg, 0.055 mmol) and ammonium chloride (100 

mg) were dissolved in dichloromethane (3 mL). The heterogeneous solution was 

stirred for 30 min at r.t. and subsequently the solution was filtered over a short pad of 

silica. The organic solvent was removed under vacuum to give a white solid (4 mg, 

25%). 1H NMR, 31P NMR, 13C NMR and HRMS, FAB+ are in agreement with the 

data of the racemic mixture (+/–)-3. [α]25
D = –59 (c = 0.26, CHCl3). 98.5% e.e; chiral 

HPLC, Chiracel AD-H column (hexane/2-propanol= 90:10), 0.5 mL/min, wavelength: 

230 nm, t3a = 10.12 min, t3b = 16.65 min. 

 

(+)-(S)-10-Phenyl-10H-phenoxaphosphanyl-1-ol (3b): (S)-10-Phenyl-10H-

phenoxaphosphinin-1-ol (3b) was obtained from 4b (method A) and from 7a (method 

B) using the procedures reported above for 3a. [α]25
D = +61 (c = 0.5, CHCl3). 

 

X-ray crystal structure determination of 9a 

C43H47ClNO4PPd + disordered solvent, Fw = 814.64[30], yellow plate, 0.36 x 0.33 x 

0.03 mm3, monoclinic, C2 (no. 5), a = 22.4031(4), b = 9.6277(3), c = 19.5494(3) Å,  

= 97.813(1)°, V = 4177.49(15) Å3, Z = 4, Dx = 1.295 g/cm3[30],  = 0.59 mm–1[30]. 

38633 Reflections were measured on a Nonius Kappa CCD diffractometer with 

rotating anode (graphite monochromator,  = 0.71073 Å) at a temperature of 150 K up 

to a resolution of (sin /)max = 0.61 Å–1. The reflections were corrected for absorption 

on the basis of multiple measured reflections (0.66–0.98 correction range). 7778 

Reflections were unique (Rint = 0.0321). The structure was solved with the program 

DIRDIF-99[26] using automated Patterson Methods. The crystal structure contains 

voids (398 Å3/unit cell) filled with disordered solvent molecules. Their contribution to 

the structure factors was secured by back-Fourier transformation using the routine 

SQUEEZE of the program PLATON[27], resulting in 66 electrons/unit cell. The 

structure was refined with SHELXL-97[28] against F2 of all reflections. Non hydrogen 

atoms were refined with anisotropic displacement parameters. Hydrogen atoms were 

introduced in calculated positions and refined with a riding model. The menthyl 

moiety was refined with a disorder model. 533 Parameters were refined with 119 

restraints. R1/wR2 [I > 2(I)]: 0.0301/0.0661. R1/wR2 [all refl.]: 0.0360/0.0682. S = 
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1.085. Flack x parameter: –0.07(3)[29]. Residual electron density between –0.37 and 

0.53 e/Å3. Geometry calculations and checking for higher symmetry was performed 

with the PLATON program[27]. 

CCDC 657165 contains the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 
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A Triarylphosphane in its Three Covalently  

Locked Conformations: The Construction 

 of an Empirical Stereo-Model 

  

 

 

Abstract 

A series of structurally and electronically related triarylphosphane-based ligands, with 

the propeller of the phosphane part constrained in different fashions, have been 

synthesized and employed as steric probes in the Rh-catalyzed asymmetric 

hydrogenation. The catalytic results, aided by DFT calculations, showed how the 

simple alteration of the orientation of the P-aryl groups affects activity and selectivity. 
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Introduction 

 

Asymmetric catalysis is one of the most important applications in the field of 

organometallic chemistry.[1] The chirality is generally introduced via the ligand that 

coordinates to the transition metal, providing chiral metal complexes. The process of 

transfer of chirality from a catalyst to a substrate, during an asymmetric reaction, is of 

crucial importance. Many successful bidentate ligands have the chirality in the 

backbone rather than in the donor atoms, such as BINAP, DIOP, CHIRAPHOS, and 

these have diphenylphosphino moieties as donor groups.[2-4] In these cases, the 

transmission of the chiral information, from the chiral backbone of the ligand to the 

substrate, passes through the phenyl groups of the phosphane, which in turn adopt a 

specific chiral propeller-like orientation that is ultimately responsible for their 

performance in catalysis. 

Phosphorus benzo-fused heterocycles differ from their acyclic analogues, when 

coordinated to a metal, in the steric hindrance they generate. The ones that have been 

traditionally employed for the functionalization of chiral ligands belong to the family 

of dibenzophospholes (DBP) and phenoxaphosphanes, which have electronic 

properties rather dissimilar to their acyclic PPh2 counterparts. Hayashi and Consiglio 

have been pioneers in using ligands bearing this type of donor groups in asymmetric 

hydrogenation and hydroformylation.[5-13] Their studies showed that, for the 

asymmetric transformation of a given substrate the mere replacement of a PPh2 by a 

DBP moiety is in many instances accompanied by the inversion of configuration of the 

chiral product obtained, demonstrating how the orientation of the phenyl groups of the 

donor moiety is a key factor in controlling the stereoselectivity in a given catalytic 

transformation. Inspired by these contributions we exploited and extended the strategy 

of covalently locking the aryl groups of phosphanes in order to obtain conformations 

that would not be accessible in the absence of such constraints. For this purpose, three 

cyclic analogues of triarylphosphanes have been prepared in which the aryl groups of 

the phosphane moiety are in turn conformationally locked, in three different fashions, 

by means of oxygen bridges. Successively, these phenoxaphosphanes have been 

incorporated into a rigid framework, which consist of a chiral phosphane-phosphite 

rhodium complex. These compounds, which differ only in the orientation of the aryl 

groups of the phosphane part, give rise to sterically and electronically well defined 
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architectures, the catalytic properties of which were evaluated in the Rh-catalyzed 

asymmetric hydrogenation of several olefins in order to determine the adequacy of 

these systems as empirical stereo-models for asymmetric transformations. 

 

 

Results and Discussion 

 

Cyclic triarylphosphanes: synthesis and stereo-electronic features. 

Phenoxaphosphane 3, which consist of two equivalent aryl groups fused together, was 

prepared starting from (1-ethoxyethoxy)benzene 1. Metallation of 1 with n-

butyllithium, in the presence of TMEDA, followed by reaction with 10-chloro-2,8-

dimethylphenoxaphosphane gives 2, which after deprotection affords 

phenoxaphosphane 3, scheme 1. 

 

OEVE

OEVE

P
O

OH

P
O

1 2 3

i, ii iii

 

Scheme 1. Synthesis of phosphane 3 (EVE = ethyl vinyl ether or 1-ethoxyethoxy 

group). i) 1 eq. TMEDA, 1 eq. BuLi, Et2O/hexane, 0 °C to r.t., overnight; ii) 1.1 eq. 

10-chloro-2,8-dimethylphenoxaphosphane, 0 °C, 3 h; iii) PPTS, ethanol/CH2Cl2, 

reflux. Overall yield: 52%. 

 

Phosphane 4a and 4b, which have been prepared according to an experimental 

procedure previously reported, are a pair of enantiomers since the bridging of two 

different aryl groups makes the phosphorus atom stereogenic.[14]  Triarylphosphane 5, 

which does not suffer of any strain, completes the series, figure 1. 
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Figure 1. Conformationally constrained phosphanes used as building blocks. 

 

The cyclization of a phosphane is usually accompanied by a change of its electronic 

properties. The extent of this alteration is normally proportional to the degree of 

constriction of the phosphane; a decrease in the sum of the C–P–C angles (C–P–C) 

causes an increase in the s-character of the phosphorus lone pair. Cyclic phosphanes 

such as phosphatriptycene (C–P–C = 283.5)[15], in which the phosphorus atom is 

trapped into a bicyclic system, show a strong pyramidalization at the phosphorus atom 

in comparison to PPh3 (C–P–C = 308°), figure 2. An intermediate situation is 

represented by phenyl-dibenzophosphole (C–P–C = 294°)[16], which is still far from an 

ideal tetrahedral geometry. Phenyl-phenoxaphosphane, where two phenyl groups are 

linked together by an oxygen atom, has a C–P–C of 300°[17] which is a value in between 

the C–P–C of a phenyl-dibenzophosphole and PPh3. 

A useful tool for the analysis of the stereo-electronic properties is the 31P-77Se coupling 

constant (1JP,Se) of phosphane selenides which is proportional to the decrease of the 

donor properties of the corresponding phosphanes.[18] The 1JP,Se of phenyl-

phenoxaphosphaneselenide is higher than that of (Ph-DBP)=Se which we relate to the 

presence of the electronegative oxygen, in this case having an electron withdrawing 

character. The selenides of phosphanes 3–5 have been prepared and the coupling 

constants measured (3, 1JP-Se = 682 Hz; 4, 1JP-Se = 696 Hz; and 5, 1JP-Se = 663 Hz). 

These values are lower than their hydroxyl-free analogues due to H-bonding between 

the Se atom and the hydroxyl group. 

 

 

 



Chapter 3 

 42 

PP

X

P

O

PR

 
  X = CH,  R = tBu[15]      
  X = SiMe, R = H[19] 

  Phosphatriptycene            Ph-dibenzophosphole        Ph-phenoxaphosphane              PPh3              

C–P–C = 283°[15]C–P–C = 294°              C–P–C = 300°             C–P–C = 308° 
    1JP-Se = 795 Hz[19]                1JP-Se = 751 Hz              1JP-Se = 759 Hz           1JP-Se = 732 Hz 

 

Figure 2. Triarylphosphane with different degree of structural constriction. 

 

 

In a previous study, the stereo-electronic properties of phosphane 4 containing 

palladacycles were compared to those of the acyclic triphenylphosphane counterparts. 

The C–P–C angles of the cyclic phosphane are only 3.4 degrees different from their 

corresponding acyclic derivatives. Moreover, the P–Pd bond length of 2.25 Å, in the 

PPh3–Pd complex, agrees well with the 2.24 Å of the phenoxaphosphane-based 

palladacycle confirming the strong resemblance between these two types of 

phosphanes.[14]   

 

Incorporation of cyclic triarylphosphanes into a phosphane-phosphite-Rh 

complex framework. To investigate systematically the importance of the selective 

locking of the aryl groups of a triarylphosphane, phosphanes 3–5 were incorporated 

into a rigid organometallic framework. For this purpose, the hydroxyl groups of 

phosphane 3–5 were converted to chiral phosphites, in order to provide these 

compounds with another donor atom for the bidentate coordination to a metal center. 

Phosphane-phosphites 6–8 were prepared by a condensation reaction of compounds 3–

5 with chiral binol chlorophosphite in the presence of triethylamine, figure 3.[20] 

The 31P NMR spectrum of (R)-6 shows clearly two doublets at –66.1 and 145.0 ppm 

with a JP-P of 12.5 Hz. The pair of diastereoisomers (R,S)-7a and (R,R)-7b confirm the 

same pattern of peaks consisting respectively of doublets at –66.1 and 144.6 ppm with 

a JP-P = 17 Hz and a doublet at –65.4 and 144.8 ppm with a JP-P of 11.8 Hz. Ligand 

(R)-8 was reported previously.[21] 
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Figure 3. Phosphane-phosphite ligands. 

 

Chiral phosphane-phosphite ligands have been successfully used in a broad range of 

asymmetric transformations.[21-23] Although the dominant role of the phosphite moiety 

in determining the outcome of asymmetric transformations has been demonstrated, 

such as in the case of the Rh-catalyzed asymmetric hydrogenation, the phosphane part 

is in every instance decisive for the achievement of high enantioselectivities.[21] Before 

evaluating these ligands in catalysis, their corresponding Rh complexes 9–10 were 

synthesized in order to verify the bidentate chelating properties of these ligands,  

figure 4. 

 

P

OP
Rh

BF4

 

Figure 4. Complexes 9–10. 

 

Complexes 9–10 were prepared in high yields by reacting stoichiometric amounts of 

chiral phosphane-phosphite ligands 6–7 with [Rh(cod)2]BF4 in dichloromethane. The 
31P NMR spectrum of [Rh(cod)(6)]BF4 (9) shows two doublets of doublets at –24 ppm 

(dd, JP-P = 69 Hz, JP-Rh = 141 Hz) and 141 ppm (dd, JP-P = 69 Hz, JP-Rh = 264 Hz) 

which is indicative of the bidentate cis-coordination of the ligand to the Rh atom. 

Complexes [Rh(cod)(7a)]BF4
 (10a) and [Rh(cod)(7b)]BF4 (10b) display a similar 

pattern of signals in the 31P NMR spectra.[22, 24] 

Molecular modeling. Ligands 6–8, which differ solely in the orientation of the aryl 

groups of the phosphane part, are privileged structures for studying a possible 

structure-performance relationship in catalysis. We focused on the Rh-catalyzed 
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asymmetric hydrogenation of olefins which is known to follow for phosphane-

phosphite ligands the Halpern-Landis mechanism.[21, 25] Key steps of this mechanism 

involve square-planar Rh complexes, the coordination studies of which are considered 

to be crucial in the interpretation of the catalytic results. For this purpose, molecular 

structures of a series of RhCl(CO)(L), where L correspond to ligands 6–8, have been 

calculated at HF-DFT level of theory, using RB3LYP as method and LACVP* as basis 

set. Structures Rh(Cl)(CO)(6) and Rh(Cl)(CO)(8)[29] have a high degree of 

conformational freedom within the P–Rh–P coordination plane, caused by the up-

down flipping of the phenyl bridge that connects the phosphane moiety with the 

phosphite moiety, scheme 2. 

 

P
O

PM
O

O

P

O

P
O

O

M

-II -II  

Scheme 2. Schematic representation of theand  conformations of RhCl(CO)(8) (II). 

Cl and CO ligands are omitted for clarity. 

The two most stable conformers, for each of the structures mentioned above, adopt a  

and  conformation which have been renamed respectively (--I) and (--

 The  conformations of RhCl(CO)(7a) (-III) and RhCl(CO)(7b) (-IV) are 

completely locked, since the phenyl bridge is fused with the phosphane moiety, figure 

5. For structures (I–IV) the interatomic distances between the chlorine atom, in green, 

and the closest phenyl hydrogen atoms of the P-phenyl groups protruding towards the 

metal center, in grey, are chosen as indicator of encumbrance, table 1. For the sake of 

clarity only (- and (-, of the original four structures of (-I–II), are shown 

since the overall disposition of the P-phenyl groups, towards the metal center, remains 

unchanged. The order of encumbrance of structures (I–IV) increases in the order (-

 <(- <-III) <-IV) which derives entirely from the enforced twisting of the 

phenyl groups of the phosphane moiety. The triarylphosphane fragments, extracted 

from the calculated structures of (I–IV), show upon superimposition that the 

phenoxaphosphane moieties of 6–7 overlap. This indicates that in 6–7 containing Rh 
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complexes the rigid phenoxaphosphane moiety dictates the orientation of the 

unrestricted phenyl group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Calculated structures, at the HF-DFT level of theory, of Rh(Cl)(CO)(L) (I–

IV) in their  conformations. The chlorine atom eclipses the phosphorus atom.  

 

Table 1. Hydrogen(P-phenyl)a-Chlorine distances in Rh(Cl)(CO)(L) (I–IV) 

- -I) - - -III) -IV) 

3.1 Å 3.3 Å        2.8 Å 2.9 Å             2.5 Å              2.4 Å 

4.2 Å 4.7 Å         3.1 Å 3.1 Å              2.8 Å              2.9 Å 
a Hydrogen atoms depicted in  grey in Figure 5. 

 

Enantioselective hydrogenation of substituted alkenes: Study of the performance-

structure relationship. The different steric hindrance generated by cyclic phosphanes 

3–5 within the phosphane-phosphite Rh complex was evaluated in the asymmetric 

hydrogenation of several substituted olefins using [Rh(cod)(L)]BF4 formed in-situ. A 

first screening was carried out with standard benchmark substrates such as dimethyl 

itaconate 11 and methyl acrylate 12. The hydrogenation of 11–12, using 6 as chiral 

RhCl(CO)(6)  (-I) 

RhCl(CO)(7b)  (-IV) 

RhCl(CO)(7a)  (-III) 

RhCl(CO)(8)  (-II) 

Cl    Rh

Cl   Rh

Cl    Rh

Cl    Rh

P P

PP
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inducer, has been achieved with excellent enantioselectivities (entry 1–2, table 2), 

which is in line with the performances of analogous ligands. Substrate 12 was tested 

with the pair of diastereoisomers 7a and 7b, which gave rise to a dramatic difference in 

terms of stereoselectivities of respectively 83% ee and 26% ee (entries 3–4). Cyclic 

enamide 13, a more rigid olefin than 11–12 was envisioned as a suitable benchmark 

substrate for testing the effect of the different orientations of the aryl groups of the 

phosphane moiety of compounds 6–8. Unfortunately, conversions were below 5% with 

all the ligands studied. We therefore turned our attention toward phosphonate 14 which 

is known to coordinate more strongly to the metal center than the previously tested 

substrates. The performance of ligand 7a was disappointing, with conversions below 

5% (entry 6), but phosphacycle-based ligand 6 was able to hydrogenate substrate 14 

with an ee of 92% (entry 5). This selectivity is higher than that induced by a previously 

reported analogue diphenylphosphane based ligand 8, which gave  ee of 86% (entry 

7)[21].  

 

Table 2. Asymmetric hydrogenation of methyl (N)-acetamidoacrylate 11, methyl 

itaconate 12 and phosphonate 14 with [Rh(cod)2]BF4/L
a. 

entry substrate L %conv % ee 

1 11 6 100   >99 (R) 

2 12 6 100 91 (R) 

3 12 7a 100 83 (S) 

4 12 7b 100 26 (R) 

5b,c 14 6 45 92 (R) 

6b,c 14 7a <5 – 

7[21] 14 8 100 86 (R) 

 

COOMe COOMe

NHAc

H
N

O OBz

P
O

OMe
OMe



11 12 13 14

COOMe

 
a All hydrogenation reactions were carried out with a S/Rh = 100; [Rh] = 2 mM. The reaction time was 

20 h. Solvent: CH2Cl2. 4 bar H2 pressure, room temperature. The conversion was determined by 1H 

NMR and the enantiomeric excess (ee) by chiral GC. The configuration was determined by comparison 

with the literature data. b [Rh(cod)(L)]BF4. S/Rh = 200; [Rh] = 1mM. c The enantiomeric excess (ee) 

was determined by HPLC using the conditions reported in ref. [21]. 
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The catalytic results reported above show clearly that the structural diversity of ligands 

6–8, brought about by the phosphane moiety, affect dramatically the catalytic 

properties, both in terms of reactivity and selectivity.  

A comparison of the orientation of the phenyl groups of the phosphane moiety in these 

structures with respect to the catalytic performance of the corresponding ligands has 

been performed. Noteworthy, the structure with the least steric encumbrance I, figure 

5, corresponds to the ligand which gives the highest ee in the hydrogenation of 

substrate 14, indicating that the semi-planar disposition of the phenyl groups is 

beneficial for the transfer of chirality. Ligand 7a, counterpart to structure (-III), 

provides low reactivity which can be explained by the edge-edge orientation of both 

phenyl groups. This poor performance is attributed to the sterically demanding 

phosphonate fragment of substrate 14, which creates congestion in close proximity to 

the phosphane moiety during the oxidative addition of hydrogen to the substrate-

complex adduct. This is indirectly confirmed by the fact that the hydrogenation of 

substrate 11–12, less sterically demanding than 14, proceeded smoothly thus ruling out 

the coordination of the substrate to the metal center as the step that prohibits catalysis.  

 

Conclusions 

 

Rhodium complexes of triarylphosphane-based ligands 6–8 are structurally closely 

related systems, of which the only difference resides in the disposition of the P-aryl 

groups, proceeding from 6 to 8, with orientations as face-face, face-edge, edge-edge. 

These systems were employed in the Rh catalyzed asymmetric hydrogenation of 

olefins. Most notably, in the case of substrate 14, the face-face orientation of the aryl 

groups in 6 enhances the ee with respect to the -PPh2 based ligand 8, which has an 

edge-face orientation of the phenyl groups. When the aryl groups are oriented edge-

edge, as in 7, very low conversion is achieved indicating the importance of the 

phosphane part in dictating both enantioselectivity and activity in this reaction. These 

systems showed to be particularly sensitive to the ligand-substrate interface, which 

makes them promising steric probes for the study of the stereo-recognition in 

asymmetric catalysis. 
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Experimental part 

 

All chemical manipulations were carried out under argon atmosphere using standard 

Schlenk techniques. Solvents were dried by standard procedures and freshly distilled 

under nitrogen atmosphere. Triethylamine was distilled from CaH2 under nitrogen. 

Compound 10-chloro-2,8-dimethylphenoxaphosphane[26] and compound (R/S) binol 

chlorophosphite[27] were prepared as reported in the literature. Compound (1-

ethoxyethoxy)benzene[14] was prepared following an experimental procedure 

previously described. All other reagents were purchased from commercial suppliers 

and used as received. NMR spectra were recorded at 295 K on a Varian Gemini 300 

spectrometer operating at 300.07 MHz (1H), 121.47 MHz (31P{1H}) and 75.46 MHz 

(13C{1H}) unless otherwise stated. Chemical shifts are quoted with reference to Me4Si 

(1H) and 85% H3PO4 (
31P). The optical rotations were measured using a Perkin Elmer 

241-MC polarimeter. High resolution mass spectra were measured on a JEOL IMS-

SX/SX102A. Elemental analyses were performed at the H. Kolbe Mikroanalytisches 

Laboratorium in Mülheim (Germany). All the calculations were performed with the 

Spartan 04 1,0,0 (Sept. 17, 2003) suite of programs.[28]  

 

10-(2-(1-ethoxyethoxy)phenyl)-2,8-dimethyl-10H-phenoxaphosphane (2): To a 

solution of (1-ethoxyethoxy)benzene (4.00 g, 24.10 mmol) and TMEDA (26.51 mmol, 

2.62 mL) in 300 mL of diethyl ether/hexane (1/2) was added dropwise a solution of n-

butyllitium in hexane (2.5 M, 26.51 mmol, 10.6 mL) at 0 °C and the reaction mixture 

was allowed to stir overnight at room temperature. The resultant orange solution was 

cooled to 0 °C and subsequently 10-chloro-2,8-dimethyl-10H-phenoxaphosphane, 

(26.6 mmol, 7.00 g) was slowly added with a spatula. The reaction mixture was slowly 

warmed to room temperature and allowed to stir for 5 h. The color of the solution 

changed from orange to colorless with the formation of a precipitate (LiCl). The 

solution was canulated into another Schlenk tube and the solvent was removed under 

vacuum. The crude of reaction was dissolved in CH2Cl2 and washed with a 

deoxygenated aqueous 0.1 M HCl solution. The crude product is a orange oil which 

after filtration over silica (eluent: CH2Cl2) and removal of the solvent under vacuum is 

obtained as colorless sticky oil (7.3 g, 18.62 mmol, 77%). 31P NMR (CDCl3): δ = –

62.6 ppm. 1H NMR (CDCl3):
 δ = 1.17 (t, 3J = 6.9 Hz, 3 H), 1.51 (d, 3J = 5.4 Hz, 3 H), 
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2.33 (s, 6 H, Me), 3.39 (m, 1 H), 3.75 (m, 1 H), 5.52 (q, 3J = 5.4 Hz, 1 H), 6.66 (m, 1 

H), 6.78 (m, 1 H), 7.00–7.30 (m, 6 H), 7.44 (t, 3J = 7.8 Hz, 2 H) ppm.  

 

2-(2,8-dimethyl-10H-phenoxaphosphan-10yl)phenol (3): 10-(2-(1-ethoxyethoxy)- 

phenyl)-2,8-dimethyl-10H-phenoxaphosphane (7.3 g, 18.62 mmol) was dissolved in a 

3/1 mixture of degassed ethanol and dichloromethane (80 mL). PPTS (0.19 mmol) was 

added and the solution was heated to 65 °C and stirred overnight. The mixture was 

allowed to cool down and subsequently the solvent and all volatiles were evaporated 

under vacuum to leave a white viscous oil. The product is filtered over silica (eluent: 

CH2Cl2/pentane:1/1) after that the solvent was removed under vacuum to yield a white 

solid (4.05 g, 12.66 mmol, 68%). 31P NMR (CDCl3): δ = –70.3 ppm. 13C NMR (75.4 

MHz; CDCl3): 20.83 (–CH3), 115.94–116.04, 117.87, 121.44–121.49, 131.73, 132.09, 

133.33, 133.48, 134.22, 134.64–134.75, 153.68, 158.53, 158.76 ppm. 1H NMR 

(CDCl3):
 δ = 2.28 (s, 6 H, Me) 6.48 (s br., 1 H, OH), 6.75–7.25 (m, 10 H) ppm. 

(HRMS, FAB+): m/z: calcd for C20H17O2P: 320.0966; found: 321.1045 [M + H]+. 

C20H17O2P (320.1): calcd. C 74.99, H 5.35; found: C 75.06, H 5.38. 

 

(R)-4-(2-(2,8-dimethyl-10H-phenoxaphosphan10-yl)phenoxy)dinaphthol[2,1-

d:1’,2’-f[1,3,2]dioxaphosphepine (6): Compound 3 (300 mg, 0.94 mmol) was 

azeotropically dried with toluene (3 X 5 mL) and dissolved in toluene (20 mL). Next 

NEt3 (0.3 mL) was added and the solution was allowed to stir 30 min at r.t. 

Subsequently the solution was cooled to –20 °C and a solution of 4-

chlorodinaphtho[2,1-d:1’2’-f][1,3,2]dioxaphosphepine (1.03 mmol) in toluene (5 mL) 

was added dropwise. The reaction mixture was allowed to stir overnight at room 

temperature. The solution was canulated into another Schlenk tube and the solvent was 

removed under vacuum. Filtration over a short pad of neutral alumina (eluent: 

dichloromethane) and subsequent evaporation of the volatiles yields the product as a 

white foam (450 mg, 0.71 mmol, 75%). 31P NMR (C6D6): δ = –66.05 (d, JP-P = 12.5 

Hz), 145.0 (d, JP-P = 12.5 Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = 20.20, 20.38, 

116.74–116.76, 116.97–117.00, 117.58–117.61, 119.48, 119.56, 121.98, 122.15–

122.17, 123.10–123.12, 124.60–124.65–124.74, 125.32–125.40–125.48–125.60, 

126.57–126.72–126.83–126.94–127.06–127.11–127.29, 128.41–128.43–128.54–

128.60–128.69–128.73, 130.29–130.33, 130.90, 131.55–131.57–131.67–131.78–131–

96–132.02–132.06, 132.80–133.11, 133.14–133.23–133.26–133.36, 135.51–135.60–
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135.79–135.88, 147.33–147.35–148.03–148.07, 153.72–153.78, 153.87–153.93, 

154.42–154.52 ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 2.04 (s, 3 H), 2.13 (s, 3 H), 6.7 

(m, 1 H), 6.96 (t, 3J = 7 Hz, 1 H), 7–7.6 (m, 15 H), 7.62 (d, 3J = 9 Hz, 1 H), 7.71 (d, 3J 

= 9 Hz, 1 H), 7.96–8.1 (m, 2 H), 8.11 (d, 3J = 9 Hz, 1 H) ppm.[]D
25

 = –22 (c = 0.35, 

CHCl3). (HRMS, FAB+): m/z: calcd for C40H28O4P2: 634.1463; found: 635.1547 [M + 

H]+.  

 

(R)-4-(10-phenyl-10H-phenoxaphosphan-1-yloxy)-(S)- dinaphtho[2,1-d:1’,2’-

f][1,3,2] dioxa-phosphepine (7a): Experimental procedure as reported for 6; yield 

53%. 31P NMR (121.5 MHz; C6D6): δ = –66.05 (d, JP-P = 17 Hz), 144.6 (d, JP-P = 17 

Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = 114.28, 114.42–114.43, 114.51–114.52, 

117.31–117.35, 117.84, 121.90–121.92, 122.97–122.99, 124.08–124.17, 124.49–

124.53, 125.36–125.47–125.54, 126.52–126.66, 126.97–127.04, 128.39–128.502–

128.56–128.66–128.68, 128.90, 129.20, 130.18, 130.82, 131.27–131.35, 131.59, 

132.01, 132.30–132.46, 132.69–132.70, 133.02–133.02, 135.21, 135.50, 139.56–

139.76, 147.18–147–20, 147.85–147.89, 154.11–154.17–154.63, 155.84 ppm. 1H 

NMR (500 MHz; C6D6):
 δ = 6.65 (t, 3J = 6.5 Hz, 2 H), 6.71 (t, 3J = 7.5 Hz, 2 H), 6.78 

(t, 3J = 8 Hz, 1 H), 6.82–6.98 (m, 5 H), 7.04–7.12 (m, 3 H), 7.32 (m, 1 H), 7.37 (d, 3J = 

9 Hz, 1 H), 7.40–7.48 (m, 6 H), 7.51 (d, 3J = 8.5 Hz, 1 H), 7.56 (d, 3J = 8 Hz, 2 H) 

ppm. []D
25

 = +3.2 (c = 0.76, CHCl3). (HRMS, FAB+): m/z: calcd for C38H24O4P2: 

606.1150; found: 607.1234 [M + H]+.  

 

(R)-4-(10-phenyl-10H-phenoxaphosphan-1-yloxy)-(R)- dinaphtho[2,1-d:1’,2’-

f][1,3,2] dioxa-phosphepine (7b): Experimental procedure as reported for 6; yield 

56%. 31P NMR (121.5 MHz; C6D6): δ = –65.4 (d, JP-P = 11.8 Hz), 144.8 (d, JP-P = 11.8 

Hz) ppm. 13C NMR (125.7 MHz; C6D6): δ = 114.18, 114.47–114.56, 117.72, 117.93–

117.98, 121.86, 122.40, 123.35, 123.92, 124.01, 124.92–124.96–125.07–125.29, 

126.43, 126.63, 127.22, 127.41, 127.71–127.91–128.10–128.11–128.19–128.51–

128.57, 128.61–128.67, 130.25, 130.70, 130.97–131.00, 131.72, 132.03, 132.53, 

132.69, 132.98, 133.34, 135.34, 135.64, 140.24, 140.44, 147.46–147.48, 148.53–

148.57, 154.75, 156.12 ppm. 1H NMR (500 MHz; C6D6):
 δ = 6.73 (t, 3J = 10 Hz, 1 H), 

6.76–7.00 (m, 9 H), 7.04 (d, 3J = 8.5 Hz, 1 H), 7.08 (m, 2 H), 7.28 (d, 3J = 8.5 Hz, 1 

H), 7.30–7.40 (m, 3 H), 7.45 (t, 3J = 6.8 Hz, 2 H), 7.5–7.62 (m, 5 H) ppm. []D
25

 = –
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18.9 (c = 0.29, CHCl3). (HRMS, FAB+): m/z: calcd for C38H24O4P2: 606.1150; found: 

607.1234 [M + H]+.   

 

[Rh(cod)(6)]BF4 (9): To a stirring solution of [Rh(cod)2]BF4 (30.0 mg, 0.074 mmol) 

in dichloromethane (3 mL) was added dropwise a solution of 6 (51.5 mg, 0.081 mmol) 

in dichloromethane (3 mL). The solution was stirred for an additional hour. Next, the 

volume of the solution is reduced to 1 mL and diethyl ether is added to precipitate the 

product as a yellow solid (42 mg, 0.044 mmol, 59%). (31P NMR (CDCl3): δ = –24 (dd, 

JP-P = 69 Hz, JP-Rh = 141 Hz), 141.3 (dd, JP-P = 69 Hz, JP-Rh = 264 Hz) ppm. 13C NMR 

(125.7 MHz; CDCl3): δ = 21.06–21.07, 28.29, 29.81, 30.31, 31.51, 101.57, 106.09, 

109.75–110.06–110.16–110.47, 114.39, 115.79, 119.12–119.16, 119.35–119.39, 

120.55, 121.00, 121.91–122.13, 123.57, 126.32–126.40, 126.80–127.13, 127.27–

127.35, 127.76–128.99, 129.20, 131.62–132.04–132.15–132.20–132.51–132.68–

132.85–132.98–133.09, 134.83–134.93–135.30, 135.59–135.65–135.68–135.74, 

145.99–146.05, 147.63–147.73, 152.02–152.21, 155.75 ppm. 1H NMR (CDCl3):
 δ = 

1.70–2.50 (m, 14 H), 4.08 (br.s, 1 H), 4.75 (br.s, 1 H), 5.56 (br.s, 1 H), 5.86 (br.s, 1 H), 

6.80–7.00 (m, 2 H), 7.10–7.60 (m, 15 H), 7.72 (d, 3J = 8.7 Hz, 1 H), 8.05 (d, 3J = 8.7 

Hz, 2 H), 8.20 (d, 3J = 9 Hz, 2 H) ppm. (HRMS, FAB+): m/z: calcd for 

C48H40BF4O4P2Rh: 932.1486; found: 845.13 [M – BF4]
+. C48H40BF4O4P2Rh.3H2O 

(989.5): calcd. C 58.26, H 4.65; found: C 58.12, H 4.96. 

 

[Rh(cod)(7a)]BF4 (10a): This complex was prepared as described for 9; yellow solid 

(53%). 31P NMR (202.3 MHz; CD2Cl2): δ = –15.7 (dd, JP-P = 54 Hz, JP-Rh = 140 Hz), 

143.5 (dd, JP-P = 54 Hz, JP-Rh = 273 Hz) ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 2.10–

2.50 (m, 6 H), 2.60–2.80 (m, 2 H), 4.20 (br.s, 1 H), 5.10 (br.s, 1 H), 5.50 (br.s, 1 H), 

6.50 (br.s, 1 H), 7.05 (m, 1 H), 7.20–7.45 (m, 8 H), 7.50 (d, 3J = Hz, 1 H), 7.55–7.70 

(m, 5 H), 7.80 (t, 3J= 8.5 Hz, 1 H), 7.85–7.95 (m, 3 H), 8.05 (d, 3J = 8 Hz, 1 H), 8.12 

(d, 3J = 8.5 Hz, 1 H), 8.17 (d, 3J = 9.5 Hz, 2 H), 8.4 (d, 3J = 9 Hz, 1 H) ppm. (HRMS, 

FAB+): m/z: calcd for C46H36BF4O4P2Rh: 904.1173; found: 817.1135 [M – BF4]
 +. 

 

[Rh(cod)(7b)]BF4 (10b): This complex was prepared as described for 9; Yellow solid 

(51%). 31P NMR (202.3 MHz; CD2Cl2): δ = –18 (dd, JP-P = 54 Hz, JP-Rh = 138 Hz), 141 

(dd, JP-P = 54 Hz, JP-Rh = 268 Hz) ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 2.20–2.70 

(m, 8 H), 5.50 (br.s, 2 H), 6.00 (s br., 1 H), 6.45 (d, 1 H), 6.74 (m, 1 H), 7.00–8.20 (m, 
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22 H) ppm. (HRMS, FAB+): m/z: calcd for C46H36BF4O4P2Rh: 904.1173; found: 

817.1135 [M – BF4]
 +. 

  

Asymmetric hydrogenation of substrates 11-14: 

The hydrogenation experiments were carried out in a stainless steel 4-mini autoclave 

(5 mL each) charged with an insert suitable for 4 reaction vessels (including Teflon 

mini stirring bars) for conducting parallel reactions. To a stirring solution of 

[Rh(cod)2BF4] (0.010 mmol) in dichloromethane (2 mL) was added dropwise a 

solution of the chosen ligand (0.011 mmol) in dichloromethane (3 mL). The solution 

was stirred for an additional hour and subsequently transferred to the reaction vessel 

provided of a magnetic stirring bar under argon atmosphere. Next the alkene substrate 

(1 mmol) was added. Before starting the catalytic reactions, the charged autoclave was 

purged three times with 3 bar of H2 and then pressurized at 4 bar H2 (20 bar H2 for 

substrate 13). The reaction mixtures were stirred at 25 °C for the appropriate reaction 

time. After catalysis the pressure was reduced to 1.0 bar and the conversion and 

enantiomeric purity was determined by chiral GC (dimethyl itaconate: Supelco BETA 

DEX, isothermal at 68 °C, tR (R) = 43.1 min and tR (S) = 43.7 min; methyl 2-

acetamidoacrylate: ph Megadex column, initial temperature = 70 °C and ΔT = 7 °C 

min–1; tR (S) = 3.32 min and tR (R) = 4.05 min); N-(3, 4-dihydro-2-naphthalenyl)-

acetamide: Chiralsil-DexCB, 170 °C, 45 min, tR = 18.9 min, tS = 19.6 min, t(sm) = 

40.6 min. HPLC 1-benzoyloxy-1-dimethylphosphonylbutane: (Chiralpak AD, 308C, 

flow rate 1.0 mL*min–1, hexane/propan-2-ol 95:5): t1 = 11.2 min (R), t2 = 13.4 min 

(S)[21]. 
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A Case Study on Substrate Pre-Organization 

 in the Rhodium Catalyzed Asymmetric 

Hydroformylation Reaction 

 

 

Abstract 

A series of conformationally constrained phosphane-phosphite ligands have been 

employed as chiral inducers in the rhodium catalyzed asymmetric hydroformylation of 

electronically different styrene derivatives. A relationship between the electronic 

properties of the substrates and the stereo-electronic properties of the ligands was 

found. The spectroscopic analysis of catalytic intermediates showed evidence to 

support the involvement of aryl-aryl noncovalent interactions, between ligand and 

substrate, in the asymmetric hydroformylation reaction. 
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Introduction 

 

The mechanistic understanding of the induction of chirality in a metal mediated 

asymmetric transformation is essential for developing more selective catalysts.[1] For a 

given class of electronically similar ligands, the enantio-discrimination is known to be 

primarily derived from steric effects, which as a function of the reaction considered, 

either favor or disfavor the formation of the enantiomer resulting from the most stable 

transition state (TS) in the enantio-determining step of a particular reaction. However, 

other types of interactions might be involved in the enantio-inductive step such as 

hydrogen bonding, - stacking or C-H/ interaction.[2, 3] These interactions could 

convey a certain degree of stabilization into key catalytic intermediates, bringing parts 

of the molecule that would normally stay far apart for purely steric reasons in close 

proximity thus strongly affecting the geometry of the TS.[4] Determining the type and 

magnitude of noncovalent interactions involved in the TS of an enantio-determining 

step is very difficult. This issue has so far been addressed with computational studies, 

characterization of catalyst-substrate adducts and kinetic studies.[2, 5] A specific case is 

the rhodium catalyzed asymmetric hydroformylation (AHF) of styrenes, the enantio-

selective step of which has been demonstrated by computational means to be 

influenced by these low energies forces involved in the interaction between the phenyl 

groups of the ligand (chiral inducer) and the phenyl groups of the substrate.[5] 

Our group has contributed significantly to the understanding of the mechanisms that 

determine the selectivity in transition metal catalyzed transformations, such as the Rh-

catalyzed hydroformylation of linear and internal alkenes.[6, 7] Recently, we have 

shown that ligands with wide bite angle induce very high regioselectivities in the Rh-

catalyzed hydroformylation of linear alkenes into linear aldehyde.[8] Conversely, the 

employment as catalysts of encapsulated phosphane containing Rh complexes allows 

the regio-selective transformation of internal alkenes into branched aldehydes.[9, 10]  

In this chapter we studied the involvement of noncovalent forces in the AHF from an 

empirical standpoint. For this purpose, a series of conformationally constrained 

phosphane-phosphite ligands were synthesized, figure 3. These ligands, upon 

coordination to a metal precursor, differ exclusively in the orientation of the P-aryl 

groups protruding towards the metal center. Analogous ligands have been previously 

tested[11], as steric probes for the study of the stereo-recognition in asymmetric 
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catalysis, in the rhodium catalyzed asymmetric hydrogenation of substituted alkenes. A 

series of these phosphane-phosphites ligands were evaluated in the AHF of 

electronically different styrene derivatives at various reaction conditions. A trend 

between the electronic properties of the substrate and the orientations of the P-aryl 

groups of the ligand was found and attributed to the involvement of noncovalent 

interactions. In order to find additional proof on this particular issue, we studied the 

coordination chemistry of our chiral inducers. Notably, we discovered that all the 

corresponding catalytic initiators, characterized by high pressure NMR and FT IR 

spectroscopy, are conformationally fluxional under the reaction conditions. The 

structural modification of these species, achieved by preparing complexes of 

increasing internal steric hindrance, enabled us to examine their conformational 

behavior and indirectly to extract valuable information regarding the role of aryl-aryl 

interactions in the AHF. A kinetic study on the AHF permitted the determination of the 

rate determining step which corresponds to the hydrogenolysis of Rh-acyl species. 

Two possible scenarios are envisaged for the enantioselective step of this reaction. 
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Results and Discussion 

 

1. Ligand features: A series of conformationally constrained aryl-phosphanes are 

used as building blocks for the synthesis of ligands with defined stereo-electronics 

properties. The family of these building blocks, previously reported, was expanded by 

introducing phenol-phosphole 3, figure 1. This phosphane was prepared following a 

procedure analogous to that of phosphane 4.[12]  

P
OH

6

P
OH

4
O

P

O

OH

5

P
OH

3  

Figure 1. Phenol-phosphanes. 

 

Benzo-fused phosphole I is a slightly aromatic P-heterole by virtue of the high 

inversion barrier of the phosphorus pyramid which prevents flattening, figure 2. 

Although this phosphane is, on the whole, iso-structural to phenoxaphosphane II there 

are some structural features, relevant for our studies, which differ considerably.  

P

O

P

 

                                                          I                      II                 

Figure 2. Phenol-dibenzophosphole I and phenol-phenoxaphosphane II. 

  

A comparative crystallographic analysis of phosphanes I and II shows that the central 

five- membered ring of phosphole I has an envelope conformation, with phosphorus 

deviating 0.12 Å from the relevant four-C-atom plane. Analogously, phenyl-

phenoxaphosphane II contains a central ring with a boat-like conformation due to the 

phosphorus and oxygen deviations of 0.22 and 0.18 Å on the same side of the plane. 

Another relevant feature of the phenyl-dibenzophosphole is the dihedral angle between 

the plane described by the C atoms of the central ring and the adjacent fused aromatic 

rings which fall in the range 1.1–3.0°. In the case of the phenoxaphosphane the two 

fused aromatic rings have a dihedral angle of 15.0°.[13-15] Thus, a major difference 

between phenyl-dibenzophosphole and phenyl-phenoxaphosphane is in the higher 

degree of planarity of the 3-ring system of the former.  
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The corresponding phosphane-phosphite ligands were prepared by condensation of the 

phenol-phosphane with chiral binol chlorophosphite of different steric bulk, in 

presence of triethylamine.16 The 31P NMR spectrum of 7 displays clearly a doublet at –

23.2 and 141.3 ppm with a JP-P of 32.3 Hz, which stems from the 31P-31P through-space 

coupling. The 31P NMR spectroscopic analysis of ligands 8–10 shows a similar pattern 

of signals.  
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Figure 3. Phosphane-phosphite ligands L. 

 

2. Asymmetric hydroformylation of substituted alkenes. AHF experiments were 

carried out with vinyl acetate and styrene derivatives as substrates, using complexes 

[Rh(acac)L] formed in situ as catalyst precursors. In the presence of syn-gas these 

catalyst precursors are converted quantitatively to species [HRh(L)(CO)2], which are 

the actual catalyst initiators of the reaction. The factors that govern the regio- and 

enantio-purity of the aldehyde formed by a particular catalyst are several: temperature, 

gas pressure, solvent. To investigate a potential aryl-aryl interaction between the 

substrate and the ligand we examined the temperature range and the solvent which are 

known to heavily influence the type and strength of noncovalent forces.[17] Preliminary 

screenings were performed using vinyl acetate and styrene, which are benchmark 

substrates for this reaction. These substrates were evaluated with catalyst bearing 

ligands 7–10 using toluene at 60 °C. Table 1 shows that ligand 10 outperforms all the 

other ligands tested in terms of enantioselectivity with respect to both substrates. The 

highest ee obtained with this ligand is 78% for the AHF of vinyl acetate. For the other 

ligands 7–9, the observed enatioselectivity is poor. High branched/linear ratio (b/l) 

could be achieved in all experiments, thus ruling out the presence of ligand-free Rh 

complexes during the catalysis.    
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Table 1. Asymmetric hydroformylation of vinyl acetate and styrene with 
[Rh(acac)(CO)2]/L.a 

 

Entry Substrate L Conv. % Branched % ee % 

1 Vinylacetatebc (R)-10 15.2 95.6 78.4 (S) 
2 Styrene (R)-10 98.0 95.1 44 (+) 
3 Vinyl acetatebc (R)-8b 60.3 94.0 8.3 (R) 
4 Styrene (R)-8b 100 -- 19 (–) 
6 Vinyl acetateb (R,S)-9 40 -- 22 (R) 
7 Styrene (R,S)-9 98.8 93.2 17 (–) 
8 Vinyl acetateb (S)-7 99.2 95.7 3.5 (S) 
9 Styrene (S)-7 99.6 95.2 20(+) 

 

a Reaction conditions: [Rh] = 1.00 mM; [L] = 5 mM; Substrate/Rh = 1000; T = 60 °C; 20 bar H2/CO; 

time = 20 h; internal standard = decane; solvent = toluene (0.5 mL). b Internal standard = Heptane.   

cL/Rh = 8. 

 
If an aryl-aryl interaction is present during the enantioselective step of the reaction, its 

intensity should be related to the electronic properties of the aryl groups. In order to 

test this hypothesis, electronically diverse styrene derivatives were screened: 4-

methoxy-styrene (–0.27), 4-methyl-styrene (–0.17), styrene (0.0), and 4-chloro-styrene 

(+0.23), (within parentheses the Hammett constants  values). The catalytic results 

obtained by employing ligands 7–10, in the AHF of these alkenes, displayed only 

marginal changes in ee and regioselectivities compared to unsubstituted styrene, table 

2.  

 

 
Table 2. Asymmetric hydroformylation of styrene derivatives with  
[Rh(acac)(CO)2]/L.a 

 

Entry Substrate Ligand Conv. % Branched % ee % 

1 4-Me-Styreneb (R)-10 100.0 94.2 38 (+) 
2 4-Cl-Styrene (R)-10 99.4 97.5 12 (+) 
3 4-Me-Styreneb (R)-8b --  14 (–) 
4 4-Cl-Styrene (R)-8b 99.3 95.7 11 (–) 
5 4-OMe-Styrene (S)-7 99.0 95.7 17 (+) 
6 4-Me-Styreneb (S)-7 100.00 94.1 18 (+) 
7 4-Cl-Styrene (S)-7 99.3 97.5 15 (+) 

 

a Reaction conditions: T = 60 °C, 20 bar H2/CO, Substrate/Rh = 1000, [Rh] = 1.00 mM, [L] = 5 mM, 

time = 20 h, internal standard = decane, solvent = toluene. b Internal standard = undecane. 
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All the ligands respond differently to a drop in reaction temperature, although 

consistently within the substrate set. Ligand 8b does not benefit from a lower reaction 

temperature, with ee’s below 20% in all the runs, ligand 10 performs better in terms of 

ee (+10%) with all the substrates tested, while for 7 this beneficial effect is even 

greater, table 3.  

 

Table 3. Asymmetric hydroformylation of styrene derivatives with  
[Rh(acac)(CO)2]/L.a 
 

Entry Substrate Ligand Conv. % Branched % ee % 

1 4-OMe-Styrene (R)-10 12 94.2 55 (+)  
2 4-Me-Styreneb (R)-10 12 99.0 52 (+) 
3 Styrene (R)-10 16 96.9 52 (+) 
4 4-Cl-Styrene (R)-10 14 98.6 47 (+) 
5 4-OMe-Styrene (R)-8b 8 96.2 17 (–) 
6 4-Me-Styreneb (R)-8b -- -- 19 (–) 
7 Styrene (R)-8b 10 97.4 22 (–) 
8 4-Cl-Styrene (R)-8b 10 98.3 12 (–) 
9 4-Me-Styreneb (S)-7 -- -- 33 (+) 
10 Styrene (S)-7 4.3 93.6 39 (+) 
11 4-Cl-Styrene (S)-7 3.3 94.1 33 (+)  

 

a Reaction conditions: T = 25 °C, 20 bar H2/CO, substrate/Rh = 1000, [Rh] = 1.00 mM, [L] = 5 mM, 

Substrate/Rh = 1000, time = 20 h, internal standard = decane, solvent = toluene.b Internal standard = 

undecane.  

 

Ligands 7–10 induce similar ee’s, regardless of the electronic properties of the 

substrates tested. This can be illustrated nicely if the ee’s are plotted against the type of 

substrate, in increasing order of , figure 4. 

 

 

 

 
 

 
 
 
 
 

Figure 4. Plot of the ee’s versus . Reaction conditions: as table 3. 
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The reaction medium, as already mentioned previously, determines the strength of 

aryl-aryl noncovalent interactions.[17] To ascertain this point, we screened all the 

substrates in solvents with different polarity. Ligand 10 gave ee’s in THF and DCM 

similar to the ones obtained in toluene indicating that the solvent is not playing a role 

in this case. The difference of performance between 7 and 8b is very striking, with 7 

capable of transforming 4-Cl-styrene with ee’s up to 51% and 8b inducing, at best, an 

ee of 16%. 

 
Table 4. Asymmetric hydroformylation of styrene derivatives with  
[Rh(acac)(CO)2]/L.a 

 

Entry Substrate Ligand Conv. % Branched % Solvent ee % 

1 4-OMe-Styrene (R)-10 15.3 99.1 DCM 55 (+) 
2 4-Me-Styreneb (R)-10 19.9 98.9 DCM 54 (+) 
3 Styrene (R)-10 19.7 97.6 DCM 55 (+) 
4 4-Cl-Styrene (R)-10 24.4 99.3 DCM 52 (+) 
5 4-OMe-Styrene (R)-10 4.1 99.1 THF 57 (+) 
6 4-OMe-Styrene (R)-8b 8.7 97.7 DCM 7  (–) 
7 4-Me-Styreneb (R)-8b -- -- DCM 5  (–)   
8 Styrene (R)-8b 15.0 97.8 DCM 12 (–) 
9 4-Cl-Styrene (R)-8b 6.1 95.7 DCM 16 (–) 
10 4-Cl-Styrene (R)-8b 5.4 94.4 THF 3  (–) 
11 4-Me-Styreneb (S)-7 -- -- DCM 15 (+) 
12 Styrene (S)-7 4.6 95.1 DCM 23 (+) 
13 4-Cl-Styrene (S)-7 3.5 93.2 DCM 51 (+) 
14 4-OMe-Styrene (S)-7 2.5 98.0 THF 20 (+) 
15 4-Cl-Styrene (S)-7 3.3 93.5 THF 9  (+) 

 

a Reaction conditions: T = 25 °C, 20 bar H2/CO, substrate0/Rh = 1000, [Rh] = 1.00 mM, [L] = 5 mM, 

time = 20 h, internal standard = decane. b Internal standard = undecane. 

 

 

 

 

 

 

 

 

Figure 5. Plot of the ee versus . Reaction conditions: as table 4, solvent = 

dichloromethane. 



                      A Case Study on Substrate Pre-Organization in the Rh Catalyzed AHF Reaction 

                         

 63

The plot of the ee’s versus the electronic properties of the substrates, for reactions 

carried out in dichloromethane, shows clearly that in the case of ligand 7 the ee 

increases with . The enantioselectivity induced by ligands 8b and 10 is not affected 

by any of the reaction factors that were varied (solvent, temperature). The difference in 

performance between iso-structural 7 and 8b is therefore ascribed exclusively to the 

different level of planarity of the P-phenyl groups in phosphorus-based 

heterocycles.[14] The fact that ligands featuring DBP, as donor groups, are superior in 

terms of ee induced to the ones having phenoxaphosphino moieties was already 

demonstrated by Knowles et al for Diop based ligands.[18] The authors, however, could 

not rationalize this difference of performance since according to their studies, based 

exclusively on a qualitative analysis of the orientation of the phenyl groups, it would 

have been logical to obtain the same level of ee for both DBP and phenoxaphosphino 

based DIOP ligands. 

 

3. Spectroscopic characterization of catalytic intermediates in the asymmetric 

hydroformylation reaction. Iso-structural ligands 7 and 8b clearly respond differently 

to the changes in temperature and solvent in the catalytic experiments depicted above.  

This strongly suggests a pre-organizational effect at the ligand-substrate interface for 

the former. In this scenario we would envisage a special interaction between the 

aromatic P-rings of the phosphole and the phenyl group of styrene. If noncovalent 

forces are at work during the enantio-selective step, it is equally likely to have the 

occurrence of this effect in the stabilization of key catalytic intermediates also 

throughout the rest of the catalytic cycle. To address this issue the coordination 

properties of these ligands were studied under the actual catalytic conditions [16, 33], 

employing high pressure analytical techniques such as HP NMR and HP IR 

spectroscopy.[22]  

 

3.1. Rhodium hydride species. Phosphane-phosphite ligands 7–10 were reacted, in 

excess, with [Rh(CO)2(acac)] to form exclusively complexes [Rh(L)(acac)] 11–14. 

The NMR data is in agreement with a bidentate coordination of the phosphane-

phosphite ligand with a cis disposition of the donor groups. The sterically less 

demanding ligand 8a reacted with the Rh precursor to give [Rh(8a)2][acac] B as 

indicated by the AA1BB1X system displayed in the 31P NMR spectrum which was 

successfully simulated using the parameters reported in the caption in figure 6. 
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Figure 6. Observed 31P NMR (above). Simulated 31P NMR (below). P(O): 152 ppm, P: 

–22 ppm, JP-Rh = 129.9 Hz, JP(O)-Rh = 226.47 Hz, JP(O)-P(O) = JP-P = 34 Hz, JP(O)-P (trans) 

= 426.5 Hz, JP(O)-P (cis) = 71.7 Hz. 

 

In this last case the absence of the bulky trimethylsilyl groups in the backbone of the 

ligand leaves enough space for accommodating two units of ligand on the same metal 

center with resultant displacement of the acac.[24] [Rh(L)(acac)] complex is 

transformed in presence of syn-gas into a species of the type [HRh(L)(CO)2] A. The 

analysis of the FT IR spectra showed, for all the systems studied, absorptions of the 

carbonyl ligands around 2000 cm–1, figure 7.[16]  

 

 

 

 

 

 

 

 

 

Figure 7. Parts of the IR spectra of [HRh(L)(CO)2] A with L = 7, 8b, 10. T = 25 °C, 20 

bar H2/CO, [Rh] = 1.8 mM, [L] = 9 mM, solvent = cyclohexane (15 mL). Intensities of 

the absorbance are around 0.2. 

  

156   152    148      –18      –21.4        –25 ppm 

156       152        148   –18     –21.4      –25  ppm 
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Experiments of deuterium/hydrogen exchange were carried out showing no shift of the 

absorptions, thus indicating that the CO ligands are coordinated equatorially to the Rh 

center. Complexes type Aea–Aae with L coordinating in an equatorial-axial (ea) or 

axial-equatorial (ae) fashions are in agreement with this spectroscopic data.[16] 

Complexes Aea–Aae are not distinguishable between each other with IR 

spectroscopy.[26] Each absorption in the terminal CO region of the IR spectra 

corresponds to the symmetric and anti-symmetric stretching modes of two equatorially 

coordinated CO ligands; the asymmetric stretch is usually of higher energy (higher 

wavenumbers), table 5. The Rh–H vibration was not observed in the spectra. These 

rhodium hydride complexes were prepared in a pressurized sapphire tube to confirm 

the formation of the above-mentioned species by NMR spectroscopy. In the case of 10 

the 1H NMR spectrum shows a signal at –9.3 ppm attributed to the hydride of a 

hydridorhodium species. The averaged coupling constant of JP-H and JPO-H corresponds 

to 69 Hz giving rise to a triplet. This is a value typical of complexes Aea–Aae 

interconverting, via a hydride shift, on the NMR time scale. The same explanation 

applies to 8b.  
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Figure 8. Rhodium hydride complexes formed in situ. 

 

 

Table 5. 31P NMRa and IRb data for [HRh(L)(CO)2] A complexes. 

L 
 P 

ppm 

J{P-H} 

Hz 

J{P-Rh} 

Hz 

 PO 

ppm 

J{PO-H} 

Hz 

J{PO-Rh} 

Hz 

J{P-P} 

Hz 

 H 

ppm 

J{H-Rh} 

Hz 

v CO 

cm–1 

v CO 

cm–1 

10 18.2 69 133 168 69 220 81 –9.3 8 2021.16 1980.66 

8a          -- -- 

8b –21 76 133 159 95 218 69 –9.3 10 2024.80 1985.59 

7          2030.16 1989.23 
 

a C6D6 (2 mL), T = 20 oC. b T = 25 oC, 20 bar H2/CO, [Rh] = 1.8 mM, L/Rh = 5, solvent = cyclohexane (15 
mL). 
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3.2. Rhodium acyl species. The rhodium hydride species A, described in the previous 

section, are highly fluxional. The internal steric hindrance of these species is clearly 

not sufficient to hamper conformational rearrangements in solution.  

The reaction of a substrate with catalytic initiators [HRh(L)(CO)2] A is expected to 

increase the internal bulkiness of the newly formed complexes. A typical experimental 

procedure for the formation of substrate-containing catalytic intermediates consists in 

reacting the pre-formed [HRh(8b)(CO)2], in presence of syn-gas, with the desired 

substrate (4-Cl-styrene).[22] The formation of the new rhodium carbonyl species is 

monitored by rapid scan FT IR spectroscopy (7 scan/sec), in the period immediately 

following the addition of the substrate.  

 
 

 
 
 
 

Figure 9. :٭  Aea-ae; ♣: Eae-ea; ♠: aldehyde/4-Cl-styrene; ●: 4-Cl-styrene; ♦: aldehyde. 

a) Hydro-rhodium A, 20 bar H2/CO. b) Introduction substrate, Argon. c) 20 bar H2/CO, 

time = 0 min. d) 19 bar H2/CO, time = 10 h. e) 18 bar H2/CO, time = 35 h. Reaction 

conditions: T = 25 °C, substrate = 4-Cl-styrene, substrate0/Rh = 60, L = 8b, [Rh] = 1.8 

mM, L/Rh = 5, solvent = cyclohexane (15 mL). Intensities of the absorbance for A–E 

complexes are in the range 0.15–0.25 A. 

 
Within a few seconds after the addition of the substrate, the rhodium hydride complex 

is converted to another species; this is clearly indicated by the appearance of four new 

bands in the terminal carbonyl area of the IR spectrum (1975, 1998, 2015, 2031 cm–1). 

No absorptions were detected in the area of carbonyl bridge frequencies, thus ruling 

out the presence of rhodium carbonyl dimers.20 The nature of the resting state of the 

catalyst is dictated by the rate determining step of the overall catalytic cycle.[6, 7] 
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Generally, these species are 18-electron compounds saturated with molecules of CO, 

see species A in figure 8 and species C–F in figure 10.[6, 7, 25, 26] 

Rh
OC

OP
CO

P

Rh
OC

P

CO

PO

Rh
OC

OP P
Rh

OC

OP
CO

P

Rh
OC

P
CO

PO X

X X

Rh

O
C

C
O

Rh
P

PO

P

OP

CO

CO

O O

X X

 

       Cae               Cea                D                     Eea            Eae                       F  

X = MeO, Me, H, Cl 

 

Figure 10. Possible structures of rhodium complexes: after addition of substrate. 

 

Species C and E are expected to give absorptions at similar frequencies in the terminal 

carbonyl area of the IR spectrum. Their presence as resting states is associated, 

however, to different rate equations of the formation of the aldehyde. It has been 

ascertained, based on kinetic studies reported below, that the rate-determining step of 

this reaction at 25 °C, employing ligand 8b at high concentration of 4-Cl-styrene, 

corresponds to the hydrogenolysis step which is associated to species E as 

predominant catalyst resting state in solution. Unfortunately, it was not possible to 

individuate the acyl carbonyl absorptions, which it is known to have a lower intensity 

than the terminal carbonyl absorptions, probably because covered by the noise of the 

spectra.[22] In this case, the carbonyl absorptions of complexes Eae and Eea, contrary 

to the corresponding rhodium hydride A, did not coincide at the same wavenumbers. 

The frequency of the CO absorptions is related to the CO–Rh–CO angle, thus we 

deduce that the replacement of a hydride in species Aae and Aea by an acyl moiety in 

the corresponding species E might affect differently the internal steric hindrance of the 

latter species. We attempted to form species type C by following a procedure reported 

by Moser et al which consists in preparing a rhodium hydride A in presence of syn-

gas, purging the reaction medium with an inert gas for 1 h and adding the substrate.[31] 

However, employing these conditions the absorptions corresponding to terminal 

carbonyl groups of  [HRh(8b)(CO)2] in the IR spectra disappeared. The addition of the 

substrate did not bring any change into the spectra. Only when syn-gas (20 bar) was 

introduced the four absorptions corresponding to the terminal carbonyl groups of the 

rhodium acyl species appeared.  
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Complex [HRh(8b)(CO)2] is probably not stable in absence of syn-gas thus forming 

insoluble Rh carbonyl oligomers or other dormant species.[20]  

The same study was conducted with ligand 7. Despite the poor solubility of this ligand 

in cyclohexane the corresponding [Rh(7)(acac)] is highly soluble. The change of 

absorbance over time of the two CO bands (1986 cm–1 and 2022 cm–1), assigned to 

species E, did not show any change of intensity in the first 10 hours. A new species G 

(2051 cm–1), is formed during the course of the reaction which could correspond to a 

bis-phosphite Rh complex.[27] Its importance is considered negligible since a 

hypothetical participation of these species in the transformation of the styrene 

derivatives tested would induce same levels of ee.  

 

 

 

Figure 11. Section of the IR spectra series. Species A and E (~ 2000 cm–1); aldehyde 

(1740 cm–1). Reaction conditions: T = 25 °C, 20 bar H2/CO, substrate = 4-Cl-styrene, 

Substrate0/Rh = 60, L = 7, [Rh] = 1.8 mM, L/Rh = 5, solvent = cyclohexane (15 mL). 

 

 

 

 

 

 

 

 

Figure 12. Variation of the absorbance of CO frequency of aldehyde (left) and catalytic 

species (right) over time. Reaction conditions: as figure 11. 
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Two possible scenarios exist which are consistent with this picture: two Eae-Eea are 

formed, and their absorptions overlap, or only one of the two isomers is formed. As 

ligand 7 is iso-structural to 8b and given that 8b led to the formation of the two 

isomers Eae-Eea, with absorptions well resolved among each other, the latter option is 

the most plausible one.[22] The IR spectroscopic study of the in situ coordination 

behavior of ligand 10 displayed only broad absorptions which could not be 

successfully analyzed.   

 

Table 6. IR data for [(RCO)Rh(CO) 2(L)] E complexes.a 

 

a T = 25 °C, 20 bar H2/CO, Substrate0/Rh = 60, [Rh] = 1.8 mM, L/Rh = 5, solvent = cyclohexane (15 

mL). 

 

4. Kinetic studies and mechanistic considerations. The asymmetric 

hydroformylation of alkenes consists of a series of reversible and irreversible reaction 

steps, the relative rates of which might influence the regio- and enantio-selectivity of 

the aldehyde formed. If the rate determining step of the overall reaction takes place 

early in the catalytic cycle and it is preceding or coinciding with the regio- and 

enantio-determining step the regio- and enantio-purity of the final product is not 

influenced by the reaction steps that take place later in the cycle. An example is given 

by Binaphos, of which the rate determining step corresponds to the alkene 

coordination to the rhodium hydride complex[28] (step 2, scheme 1); the regio- and 

enantio-selectivity is exclusively determined by the alkene insertion into the Rh–H 

bond of the rhodium hydride complex (step 3, scheme 1) .  

L Substrate v CO (cm–1) v CO (cm–1) v CO (cm–1) v CO (cm–1) 

8b 4-Cl-Styrene 2031 2015 1997 1975 

8b Styrene -- 2015 1997 1976 

7 4-Cl-Styrene 2022  1998  



Chapter 4 

 70 

HRhL(CO)(alkene) RRhL(CO) (3)

HRhL(CO) + alkene HRhL(CO)(alkene) (2)

RRhL(CO) + CO RRhL(CO)2 (4)

RRhL(CO)2 RC(O)RhL(CO) (5)

RC(O)RhL(CO) + CO RC(O)RhL(CO)2 (6)

RC(O)RhL(CO) + H2 HRhL(CO) + RC(O)H (7)

HRhL(CO)2 HRhL(CO) + CO (1)

k7

k1

k2

k3

k4

k5

k6

k-1

k-2

k-3

k-4

k-5

k-6

 
 

Scheme 1. Proposed mechanism of the phosphane-phosphite (L) modified rhodium-

catalyzed hydroformylation.[28] 

 

HP IR spectroscopy allows one to follow simultaneously the course of the reaction of 

hydroformylation of the substrate of choice and the change of concentrations of the 

predominant catalyst resting states. The rate of formation of the aldehyde [mol (mol 

[Rh])–1 h–1] was compared with the change of intensities of the absorptions due to the 

(Rh–CO) at 1988 cm–1 and (Rh–CO) at 1997 cm–1 of respectively the rhodium hydride 

A and the rhodium acyl species E. 

 

 

 

 

Figure 13. Section of the IR spectra series.  

Species A and E (~ 2000 cm–1); aldehyde (1740 cm–1).a  
a Total time to full conversion = 34 h. T = 25 °C; 20 bar H2/CO; [Rh] = 1.8 mM, Substrate0/Rh = 60; 

L/Rh = 5, L = 8b; substrate = 4-Cl-styrene; solvent = cyclohexane (15 mL). 
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Figure 14. Variation of the absorbance of the carbonyl frequency of aldehyde (left) and 

catalytic species (right) over time. Reaction conditions: see Figure 13. 

 

Although we did not carry out a detailed kinetic study, varying factors such as syn-gas 

pressure and temperature, we could assign the type of rate equations that determines 

the rate of formation of aldehyde by simply analyzing the change of rate of the 

formation of aldehyde [mol (mol[Rh]) –1 h–1] with respect to the relative concentrations 

of the catalyst resting states [Absorbance h–1]. Kinetic equations that have been 

demonstrated to be appropriate for describing the two extreme cases regarding the 

kinetics of hydroformylation reactions, involving ligands and substrates of different 

nature, are given below: 

 

  Rate (Type I) =      a[Rh][alkene]                 Rate (Type II) =               d[Rh][H2] 

                        b[CO] + c[alkene] + [L]                                       e[CO] + f[H2] + [L] 

(The constants a, b, c, d, e, f do not refer to specific rate constants) 

 

Rate (type I) is influenced by CO or ligand dissociaten, alkene coordination, and 

hydride migration. The resting state of the catalyst fitting this kinetics is the rhodium-

hydride complex A. When a positive order is found for the hydrogen pressure the 

hydrogenolysis step is thought to be the rate determing step with coordinatively 

saturated rhodium-acyl complexes E as resting states of the catalyst. An F/A 

equilibrium would also be dependent of the H2 pressure but this has been ruled out 

since no Rh carbonyl dimers F have been detected in solution.[29] 

The rate of the hydroformylation of 4-Cl-styrene, using as catalyst precursor 

8b/Rh(acac)(CO)2, varies with the time and the same applies for the concentrations of 

                                     
                                    A 
                                 
 
                                  
                                    E     
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the catalyst resting states. At high styrene concentrations (first 15 h) the catalyst 

resides predominantly in the rhodium acyl form thus a rate kinetic type II could be 

envisioned while a low styrene concentrations a kinetic type I best describes the kinetic 

of the reaction. Since in our catalytic experiments, carried out at 25 °C, the styrene 

concentration was 16 times as high as that employed in the spectroscopy studies and 

the final conversions never exceeds 20%  a rate reaction type II is probably the best 

one to express the kinetic expression of this transformation. 

If the hydrogenolysis is the rate determining step a substantial amount of Rh complex 

might reside in a 3 coordination. 
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Scheme 3. Possible reaction pathways for the styrene coordinated Rh complex. 

 

This was substantiated by comparing the rate of the hydroformylation, at 25% of 

conversion, of styrene (2.9 [mol (mol [Rh])–1 h–1]) with octene (3.1 [mol (mol [Rh])–1 

h–1]) which cannot form species of type D; the former resulted to be the slowest 

substrate to be converted into its corresponding aldehyde. The b/l ratios obtained at full 

conversion were for octene 1.57 and for styrene 15. Given that in our reaction 

conditions the AHF is zero order in the alkene concentration and, as already pointed 

out by van Leeuwen et al, the nature of the substituent of the acyl group, in the 

rhodium acyl complex, should not influence the outcome of the hydrogenolysis step, 

the above mentioned difference of rate in the hydroformylation of styrene and octene 

could be rationalized with the presence, for the former, of Rh styryl complex D as 

extra resting state of the catalyst.[22] The presence of species D is further corroborated 

by the high b/l ratios obtained in all the catalytic runs which it is an indication of the 
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high concentration of Rh styryl complex acting as reservoir of branched Hb species, 

scheme 3. 

 

Conclusions 

 

A comparison of the catalytic properties in the AHF between iso-structural ligands 7 

and 8b showed that for the former there is a correlation between the ee and the 

electronic properties of the substrate. Catalyst initiators [HRh(L)(CO)2] A have been 

prepared and thoroughly characterized, in experimental reaction conditions, and they 

were found to be highly conformationally fluxional in solution. These catalytic species 

have been reacted with different substrates to form substrate-containing rhodium acyl 

species [(RCO)Rh(CO)2(L)] E. According to the IR data the conformational mobility 

for [(RCO)Rh(CO)2(7)] is now suppressed while [(RCO)Rh(CO)2(8b)] continued to be 

highly fluxional. This data is consistent with noncovalent interactions being the 

discriminating factor in the conformational stabilization of these key catalytic 

intermediates. We reason that the same explanation could be extended to iso-structural 

catalytic intermediates C. The present AHF reaction obeys a kinetic law in accord with 

the hydrogenolysis of the acyl-Rh complex (step 7, scheme 1) as rate determining step. 

Thus, one might expect that there is equilibration between complexes (R-alkyl)-Hb and 

(S-alkyl)-Hb with species G during the alkene insertion/-hydrogen elimination steps 

(scheme 3 and step 3 of scheme 1). In conditions of complete reversibility between the 

two steps, however, the ee’s would be close to nil. If the -hydrogen elimination step 

plays a major role, the increase of the reaction temperature should have a negative 

effect on the ee.[7] On the contrary, diphenyl-phosphino based ligand 10 induces in the 

AHF of styrene similar ee, regardless of the reaction temperature employed.[32] The 

enantio-differentiation, alternatively, could take place between the two Rh-acyl 

enantiomers. In this case, the rate determining step and the enantio-determing step 

would coincide.  

In this case study we demonstrated that both the catalysis and the spectroscopic 

analysis of catalytic intermediates showed evidence to support the involvement of aryl-

aryl noncovalent interactions, between ligand and substrate, in the AHF. 
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Experimental part 

 

All chemical manipulations were carried out under argon atmosphere using standard 

Schlenk techniques. Solvents were dried by standard procedures and freshly distilled 

under nitrogen atmosphere. Triethylamine was distilled from CaH2 under nitrogen. 

Compound (R/S) binol chlorophosphite[30] were prepared as reported in the literature. 

All other reagents were purchased from commercial suppliers and used as received. 

The styrene derivatives and 1-octene were filtered freshly over basic alumina prior to 

use. NMR spectra were recorded at 295 K on a Varian Gemini 300 spectrometer 

operating at 300.07 MHz (1H), 121.47 MHz (31P) and 75.46 MHz (13C) unless 

otherwise stated. Chemical shifts are quoted with reference to Me4Si (1H) and 85% 

H3PO4 (31P). The optical rotations were measured using a Perkin Elmer 241-MC 

polarimeter. High resolution mass spectra were measured on a JEOL IMS-

SX/SX102A. Gas chromatography analysis were run on a Shimadzu GC-17A 

apparatus (split/splitless injector, J&W Scientific, DB-1 J&W 30 m column, film 

thickness 3.0 m, carrier gas 70 kPa He, F.I.D. detector) equipped with a Hewlett-

Packcard Data system (Chrom-Card). Chiral GC separation was conducted on an 

Interscience Focus-Trance GC Ultra (F.I.D. detector). High pressure FT-IR 

experiments were performed in a stainless steel 50 mL autoclave equipped with 

INTRAN window (ZnS), a mechanical stirrer, a temperature controller, and a pressure 

transducer. The in situ IR spectra were recorded on a Nicolet 510 FT-IR 

spectrophotometer. 

 

Asymmetric hydroformylation of vinyl acetate and styrene substrate: The 

catalytic experiments were performed in a stainless steel 150 mL autoclave equipped 

with internal stainless steel trays, which can accommodate 8 or 15 glass reactors (1 mL 

total volume for each vial). Prior to use, the vials are equipped with magnetic stirrer 

bars and left overnight in an oven at 120 °C. Stock solutions of [Rh(acac)(CO)2], 

phosphane-phosphite ligand, internal standard, substrates are added in the order to the 

vial. The autoclave was purged three times with 10 bar syn-gas and then pressurized to 

the required value. After 20 h reaction time at the desired temperature, the autoclave 

was cooled down on ice and the pressure released. The samples were quenched 

immediately by adding an excess of P(O-nBu)3, to deactivate hydroformylation-active 
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rhodium species. The enantiopurity and regioselectivities were determined by GC 

without further treating the samples. AHF of vinyl acetate: the conversion was 

determined by GC using a DB-1 (J&W) column (40 °C for 20 min, then T = 20 °C 

min–1), retention times: 5.6 min for vinyl acetate, 6.5 min for acetic acid, 14.2 min for 

heptane, 22.5 min for 2-acetoxy-propanal and 25.5 min for 3-acetoxy-propanal; the 

enantiomeric purity was determined by chiral GC using a Chiralsil DEX-CB column 

(50 °C for 5 min, then T = 6 °C min–1, tR (R) = 7.2 min, tR(S) = 7.6 min). Styrene 

derivatives: the conversion was determined by GC using a DB-1 (J&W) column (70 

°C for 1 min, then T1 = 7 °C min–1 to 120 °C and T2 = 13 °C min–1 to 250 °C. 

Retentions times: tR (4-OMe-styrene) = 13.8 min, tR (2-(4-MeO-phenyl)propanal) = 

16.6 min, tR (3-(4-MeO-phenyl)propanal) = 17.3 min, tR (4-Me-styrene) = 11.3 min, tR 

(2-(4-Me-phenyl)propanal) = 14.6 min, tR (3-(4-Me-phenyl)propanal) = 15.3 min, tR 

(styrene) = 9.0 min, tR (2-phenylpropanal) = 12.9 min, tR (3-phenylpropanal) = 13.8 

min, tR (4-Cl-styrene) = 12.7 min, tR (2-(4-Cl-phenyl)propanal) = 15.9 min, tR (3-(4-

Cl-phenyl)propanal) = 16.7 min, tR (decane) = 11.4 min, tR (undecane) = 13.1 min. The 

enantiomeric purity was determined by chiral GC using a Supelco’s Beta Dex 225 

column (T = 100 °C for 5 min, then T = 4 °C min–1 to 180 °C, then T = 20.0 °C 

min–1 to 210 °C, T = 210 °C for 2 min). 2-(4-MeO-phenyl)propanal: tR (+) = 20.75 

min, tR (–) = 20.91 min. 2-(4-Me-phenyl)propanal: tR (+) = 14.74 min, tR (–) = 14.86 

min. 2-(4-Cl-phenyl)propanal: tR (+) = 20.51 min, tR (–) = 20.76 min. (T = 100 °C for 

5 min, then T = 3 °C min–1 to 150 °C, then T = 50 °C min–1 to 210 °C, T = 210 °C 

for 2 min): 2-phenylpropanal: tR (+) = 11.83 min, tR (–) = 12.04 min. All reactions 

were performed in duplo. 

 

HP NMR Experiments: In a typical experiment the sapphire NMR tube was filled 

with a solution of Rh(CO)2(acac), ligand and C6D6. The tube was purged two times 

with 10 bar of syn-gas, pressurized with 20 bar of syn-gas and heated to 60 °C for 2 h. 

Next, the tube was allowed to cool to r.t and the NMR spectra were recorded. The tube 

was subsequently purged three times with 10 bar of CO, subsequently the substrate 4-

Cl-styrene was added and the NMR spectra recorded. 

 

HP FT-IR Experiments: In a typical experiment a 50 mL HP IR autoclave was filled 

with a solution of Rh(CO)2(acac) (0.0018 M), ligand (0.09 M) and cyclohexane (15 
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mL). The autoclave was purged three times with 15 bar of syn-gas, pressurized with 20 

bar of syn-gas and heated to 60 °C. Catalyst formation was followed in time by FT-IR 

and was completed within 1 h. After complete conversion to the hydride rhodium 

complex the autoclave was cooled to room temperature and a solution of the substrate 

(0.2 mL) in cyclohexane (1 mL), previously charged into the reservoir of the 

autoclave, was added to the reaction mixture by overpressure. The IR spectra were 

recorded at 25 °C. 

 

2-(5H-benzo[b]phosphindol-5yl)phenol (3): To a solution of (1-ethoxyethoxy)-

phenol (2.5 g, 15.0 mmol) and TMEDA (16.5 mmol, 1.63 mL) in 100 mL of diethyl 

ether/hexane (1/2) was added dropwise a solution of n-butyllitium in hexane (2.5 M, 

16.5 mmol, 6.6 mL) at 0 °C and the reaction mixture was allowed to stir overnight at 

room temperature. The resultant orange solution was cooled to 0 °C and subsequently 

5-chloro-5H-benzo[b]phosphindole, (3.5 g, 16.0 mmol) was slowly added with a 

spatula. The reaction mixture was slowly warmed to room temperature and allowed to 

stir 5 h. The color of the solution changed from orange to colorless with the formation 

of a precipitate (LiCl). The solution was canulated into another Schlenk tube and the 

solvent was removed under vacuum. The crude of reaction was dissolved in CH2Cl2 

and washed with a deoxygenated 0.1 M HClaq solution. The crude product was 

subsequently dissolved in a 3/1 mixture of degassed ethanol and dichloromethane (80 

mL). PPTS (0.18 mmol) was added and the solution was heated to 65 °C and stirred 

overnight. The mixture was allowed to cool down and subsequently the solvent and all 

volatiles were evaporated under vacuum to leave a white viscous oil. The product is 

filtered over silica (eluent: CH2Cl2) after that the solvent was removed under vacuum 

to yield a white solid (1.8 g, 6.5 mmol, 43%). 31P NMR (202.3 MHz; CDCl3): δ = –

28.1 ppm. 13C NMR (75.4 MHz; CDCl3): 116.1, 121.31–121.35, 122.04, 128.11–

128.17, 129.31, 130.95, 131.11, 131.99, 133.43–133.51, 141.36, 143.86–143.89, 

159.64–159.75 ppm. 1H NMR (CDCl3):
 δ = 5.92 (s, 1 H, OH), 6.76 (t, 3J = 7.5 Hz, 1 

H), 6.86 (m, 1 H), 6.95 (t, 3J = 7.5 Hz, 1 H), 7.25 (m, 1 H), 7.36 (m, 2 H), 7.52 (t, 3J = 

7.5 Hz, 2 H), 7.8 (m, 2 H), 8.01 (d, 3J = 6.9 Hz, 2 H) ppm. (HRMS, FAB+): m/z: calcd 

for C18H13O2P: 276.0704; found: 277.0786 [M + H]+.   
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(S)- 4-(2-(5H-benzo[b]phosphindol-5-yl)phenoxy)-2,6 bis(trimethylsilyl)dina-

phtho[2,1-d:1’,2’-f][1,3,2]dioxaphosphepine (7): Compound 3 (100 mg, 0.36 mmol) 

was azeotropically dried with toluene (3x5 mL) and dissolved in toluene (20 mL). 

Next NEt3 (0.1 mL) was added and the solution was allowed to stir 30 min at r.t. 

Subsequently the solution was cooled to –20 °C and a solution of 4-

chlorodinaphtho[2,1-d:1’2’-f][1,3,2]dioxaphosphepine (0.38 mmol) in toluene (5 mL) 

was added dropwise. The reaction mixture was allowed to stir overnight at room 

temperature. The solution was canulated into another Schlenk tube and the solvent was 

removed under vacuum. Filtration over a short pad of neutral alumina (eluent: 

dichloromethane) and subsequent evaporation of the volatiles yields the product as a 

white foam (130 mg, 0.18 mmol, 49%). 31P NMR (202.3 MHz; CD2Cl2): δ = –23.2 (d, 

JP-P = 32.3 Hz), 141.3 (d, JP-P = 32.3 Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = –

0.10, 0.22, 121.21–121.30, 121.55–121.61, 122.48–122.50, 123.48–123.52, 124.70, 

125.16–125.27, 126.76–126.82–126.85–126.91, 127.51–127.56–127.64, 128.47–

128.56–128.70–128.77–128.88, 130.56, 131.13–131.17–131.23–131.39–131.49–

131.63, 132.69–132.80, 134.04–134.23, 137.44–137.54, 141.85–141.89, 142.36–

142.39, 143.61–143.64, 144.09–144.12, 151.37, 152.30–152.35, 155.25, 155.42 ppm. 
1H NMR (500 MHz; CD2Cl2):

 δ = 0.48 (s, 9 H), 0.58 (s, 9 H), 6.65 (m, 1 H), 6.80 (m, 2 

H), 7.05 (t, 3J = 6.5 Hz, 1 H), 7.1–7.35 (m, 6 H), 7.36–7.50 (m, 4 H), 7.60 (m, 1 H), 

7.70 (m, 1 H), 7.94 (t, 3J = 6.5 Hz, 2 H), 8.00 (t, 3J = 6 Hz, 2 H), 8.21 (s, 1 H), 8.27 (s, 

1 H) ppm. []D
25

 = +28 (c = 5.2, CHCl3). (HRMS, FAB+): m/z: calcd for 

C44H40O3P2Si2: 734.1991; found: 735.2075 [M + H] +.  

 

(R) 4-(2-(2,8-dimethyl-10H-phenoxaphosphan-10-yl)phenoxy)-2,6 bis(trimethylsi-

lyl) dina-phtho[2,1-d:1’,2’-f][1,3,2]dioxaphosphepine (R)-(8b): Experimental 

procedure as reported for 7 (69%). 31P NMR (CD2Cl2): δ = –66.6 (d, JP-P = 23 Hz), 

140.1 (d, JP-P = 23 Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = 0.16, 0.37, 20.68–

20.70, 117.26, 117.51, 117.84, 117.92, 120.57–120.67, 122.63, 123.70–123.74, 

124.62, 125.17, 125.28, 125.43, 126.58, 126.84, 127.02–127.13, 128.63–128.76–

128.76–128.86, 130.14, 131.30, 131.64–131.76, 131.99, 132.16, 132.93, 133.02, 

133.11–133.18, 133.27, 133.47, 134.16, 134.46, 135.59, 135.70, 135.88, 135.98, 

137.67, 151.66, 152.52–152.56, 153.81–153.97–154.09, 154.83 ppm. 1H NMR (500 

MHz; CD2Cl2):
 δ = 0.60 (s, 9 H), 0.68 (s, 9 H), 2.24 (s, 3 H), 2.35 (s, 3 H), 6.77 (m, 1 

H), 6.84 (m, 1 H), 6.93 (t, 3J = 7.5 Hz, 1 H), 7.04 (t, 3J = 7.5 Hz, 1 H), 7.13 (d, 3J = 8.5 
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Hz, 1 H), 7.18 (d, 3J = 8.5 Hz, 1 H), 7.26 (d, 3J = 10 Hz, 1 H), 7.26–7.66 (m, 9 H), 8.11 

(d, 3J = 8.5 Hz, 2 H), 8.34 (s, 1 H), 8.41 (s, 1 H) ppm. []D
25

 = +51.9 (c = 0.76, 

CHCl3). (HRMS, FAB+): m/z: calcd for C46H44O4P2Si2: 778.2253; found: 779.2344 

[M + H] +. 

 

(R)-4-(10-phenyl-10H-phenoxaphosphan-1-yloxy)-(S)-2,6 bis(trimethylsilyl) 

dinaphtho [2,1-d:1’,2’-f][1,3,2]dioxaphosphepine (R,S)-(9): Experimental procedure 

as reported for 7 (65%). 31P NMR (CD2Cl2): δ = –16.9 (d, JP-P = 35 Hz), 139.9 (d, JP-P 

= 35 Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = 0.20, 112.32, 113.89, 115.21–

115.31, 117.54, 118.53–118.58, 122.09, 123.46–123.50, 123.81–123.90, 125.13–

125.19, 126.66–126.76–126.78–126.97, 128.32–128.37–128.53–128.58–128.66, 

130.88–130.98–131.11–131.44, 132.41–132.59–132.75–132.84, 134.08–134.07–

134.19–134.18, 134.83, 135.13, 137.41, 140.00, 140.20, 151.13, 152.39–152.44, 

154.11–154.20–154.24, 154.42, 155.88 ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 0.26 

(s, 9 H), 0.32 (s, 9 H), 6.90–7.05 (m, 7 H), 7.07–7.20 (m, 4 H), 7.22–7.40 (m, 5 H), 

7.45 (t, 3J = 7 Hz, 1 H), 7.53 (t, 3J = 7 Hz, 1 H), 7.96 (d, 3J = 8 Hz, 1 H), 8.05 (d, 3J = 8 

Hz, 1 H), 8.07 (s, 1 H), 8.13 (s, 1 H) ppm. []D
25

 = +26.8 (c = 1.41, CHCl3). (HRMS, 

FAB+): m/z: calcd for C44H40O4P2Si2: 750.1940; found: 751.2019 [M + H] +. 

 

(R) 4-(2-(diphenylphosphino)phenoxy)-2,6 bis(trimethylsilyl)dinaphtho [2,1-

d:1’,2’-f][1,3,2]dioxaphosphepine (R)-(10): Experimental procedure as reported for 7 

(73%). 31P NMR (CD2Cl2): δ = –17.0 (d, JP-P = 35 Hz), 140.0 (d, JP-P = 35 Hz). 13C 

NMR (125.7 MHz; CD2Cl2): δ = 0.07–0.04–0.07, 121.27–121.35, 122.39, 123.49–

123.44, 124.59, 125.09–125.205, 125.56, 126.66, 126.80–126.86, 126.99, 128.47–

128.50–128.56–128.69–128.71–128.74–128.92–128.97, 130.23, 131.13, 131.43, 

132.83–132.92–132.93, 133.79–133.95–134.05–134.21–134.31–134.37–134.47, 

136.64–136.74–136.79–136.88, 137.37, 151.45–151.47, 152.40–152.44, 154.20, 

154.36 ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 0.44 (s, 9 H), 0.45 (s, 9 H), 6.74 (m, 1 

H), 6.90 (m, 1 H), 7.03 (t, 3J = 7.5 Hz, 1 H), 7.10–7.45 (m, 15 H), 7.47 (t, 3J = 7.5 Hz, 

1 H), 7.51 (t, 3J = 7.5 Hz, 1 H), 8.00 (d, 3J = 8.5 Hz, 1 H), 8.05 (d, 3J = 8.5 Hz, 1 H), 

8.20 (s, 2 H) ppm. []D
25 = +46.3 (c = 1.08, CHCl3). (HRMS, FAB+): m/z: calcd for 

C44H42O3P2Si2: 736.2148; found: 737.2224 [M + H] +. 
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In situ preparation of [Rh(acac)(7)] (11): To a solution of [Rh(CO)2(acac)] (3.31 

mg, 0.0128 mmol) in dichloromethane, ligand 7 (9.5 mg, 0.0128 mmol) was added. 

After stirring at room temperature for 1 h, the solvent was evaporated under vacuum 

and the solid dissolved in CD2Cl2.
31P NMR (121.3 MHz; CD2Cl2): δ = 33.9 (dd, JP-P = 

106 Hz, JP-Rh = 170 Hz), 139.8 (dd, JP-P = 106 Hz, JP-Rh = 314 Hz) ppm.  

 

[Rh(acac)(8b)] (12): Experimental procedure as reported for 11. The 31P NMR 

spectrum was recorded. 31P NMR (121.3 MHz; C6D6): δ = 2.7 (dd, JP-P = 103 Hz, JP-Rh 

= 180 Hz), 138.6 (dd, JP-P = 103 Hz, JP-Rh = 308 Hz) ppm.  

 

[Rh(acac)(9a)] (13): Experimental procedure as reported for 11. 31P NMR (121.3 

MHz; C6D6): δ = –13.1 (dd, JP-P = 111 Hz, JP-Rh = 178 Hz), 145.5 (dd, JP-P = 111 Hz, 

JP-Rh = 300 Hz) ppm.  

 

[Rh(acac)(10)] (14): Experimental procedure as reported for 11. 31P NMR (121.3 

MHz; C6D6): δ = 39.4 (dd, JP-P = 99 Hz, JP-Rh = 173 Hz), 145.5 (dd, JP-P = 99 Hz, JP-Rh 

= 321 Hz) ppm.  
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P,O Ligands in the Nickel-Catalyzed 

Oligomerization 

Reaction of Ethene and Palladium-Catalyzed 

Asymmetric Hydrovinylation of Styrene 

 

 

 

Abstract 

A series of P,O phosphacycle containing nickel- and palladium-complexes have been 

prepared and evaluated respectively in the oligomerization of ethene and in the 

asymmetric hydrovinylation of styrene. The catalytic results were compared with the 

performances achieved using open-chain phosphane metal complex analogues.   
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Introduction 

 

Phosphorus heterocycles have emerged as an outstanding class of ligands for a broad 

range of catalytic applications.[1-3] A major breakthrough is represented by 

phenoxaphosphane substituted Xantphos ligands, developed in our group, which have 

been successfully applied in the hydroformylation of internal alkenes,[4, 5] 

outperforming their diphenylphosphane counterparts. 

In this particular case, donor groups such as phenoxaphosphane increase considerably 

the bite angle of the Xantphos derivatives. In fact, the catalytic property of their 

corresponding transition metal complexes is not based on the different stereo-

electronic environment generated by the single donor groups but, instead, on their 

spatial relationship exemplified in the bite angle of the ligand.[6] 

The use of phenoxaphosphane as a rigid scaffold for the construction of bidentate 

ligands with narrow bite angles has not been explored. We envisaged that the catalytic 

properties of their corresponding transition metal complexes would be very dissimilar 

from their acyclic phosphane counterparts. For this purpose, a series of hybrid ligands 

consisting of a phosphacycle functionalized with a second donor motif onto the rigid 

backbone of the phosphane (–OH 1; –O-menthyl carbonate 2) were synthesized. Their 

metal complexes were evaluated as catalysts in the appropriate metal-catalyzed 

reactions. 

 

                                               O

Ph
P

OR
Ph
P

OH

 

                                              1 = H                                      3 
                                              2 = Menthyl carbonate 
 

P,O hetero-bidentate ligand 1 was employed in the Ni-catalyzed oligomerization of 

ethene. The catalytic results were compared with the performance achieved using 

phenol-diphenylphosphane ligand 3.[7] An in-depth study of the coordination properties 

of P,O phosphane 1 containing Ni complexes was carried out revealing the importance 

of the rigidity of the ligand as control factor in the formation of the catalytic active 

species. Ligand 2, obtained by derivatization of the hydroxyl moiety of the enantiomer 

(R)-1 into a menthyl carbonate group, was used as chiral inducer in the asymmetric 
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palladium catalyzed hydrovinylation of styrene.[8] Analogously to the case of ligand 1, 

the enantio-inductive property of ligand 2 was compared to the ones of other ligands 

having similar structural features.  

 

Results and discussion 

 

Mono- and bis-ligated phosphane Ni complexes. The transformation of ethene into α 

linear olefins has been extensively studied because of its industrial importance.[9] This 

reaction is catalyzed by organonickel phosphinobenzoate (SHOP catalyst) or by 

organonickel phosphinophenolate 4. The latter serves as reference system in our study. 

Ph2
P

O
Ni

 

4 

 

Heinicke, Keim et al. have observed that an increase of the basicity of the phosphorus 

donor atom improves the catalytic performance; the Schulz-Flory distribution of the 

oligomers shifts towards the formation of long-chain polyethylenes.[10, 11] Several 

stereo-electronically diverse P,O chelating ligands have been employed for the fine-

tuning of the electrophilicity of the Ni atom.[12-14] Since no studies have appeared on 

the influence of the bite angle of P,O chelating ligands on the oligomer distribution we 

decided to synthesize new SHOP-type catalysts changing exclusively the P–O bite 

angle and to evaluate their corresponding nickel complexes as catalysts in the 

oligomerization of ethylene. Ligands that have been employed for the preparation of 

Ni complexes are compounds 1 and 7.  

 

O

P

OH

S

P

OH

 

                                                (+/–)-1                           7                     

Figure 1. Structures of phenoxaphosphane 1 and 7. 
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Compound 1 was prepared according to a previously published procedure[15] while 

phosphacycle 7 was synthesized following a modified experimental procedure of 1. 

Phenthiaphosphane 7 was prepared starting from (1-ethoxyethoxy)-3-phenol 5. 

Metallation of 5 with n-butyllithium, in the presence of TMEDA, followed by reaction 

with 10-chlorophenthiaphosphane gives 6, which after deprotection affords 

phenthiaphosphane 7, scheme 1. 

OEVE
EVEO S

P
OH S

P

 

                               5                             6                                      7    

 

Scheme 1. Synthesis of phosphane 7. i) 1 eq. TMEDA, 1 eq. BuLi, Et2O/hexane, 0 °C–

r.t., overnight; ii) 1.1 eq. 10-chlorophenthiaphosphane, 0 °C, 5 h; iii) PPTS, 

ethanol/CH2Cl2, reflux, 12 h. Overall yield: 17%. 

 

Phenol-phosphanes, such as o-diphenylphosphinophenol 3, when reacted with 

[Ni(cod)2] at –20 °C (15 min)/r.t (30 min) in D8-toluene form the phosphinophenolate 

NiII complex (4), which is an excellent catalyst precursor for the oligomerization of 

ethene.[7] Ligand 1, on the other hand, when reacted with an equimolar amount of 

[Ni(cod)2], employing the same experimental conditions used for the preparation of 4, 

resulted to be far less reactive. The 1H NMR spectrum of the crude mixture, recorded 

at 20 °C, showed a signal at 4.4 ppm assigned to the (–CH) of the cod bonded to the 

nickel atom of the newly formed complex, and another signal at 5.6 ppm attributed to 

the (–CH) of the free cod displaced upon the coordination of 1 to the Ni atom, in a 1:1 

ratio. The 31P NMR spectrum at 20 °C does not display any signal. The spectroscopic 

data is in agreement with the formation of a neutral complex [Ni(cod)(1)] (8), although 

we can not rule out the formation of other species. 

O

PhP

OHNi

    

8  
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Several attempts to the formation of the corresponding organo NiII 

phenoxaphosphinophenolate complex were undertaken. Reaction of the Ni precursor 

and ligand 1 at –20 °C (15 min)/r.t (1–3 h) in D8-toluene led only to the formation of a 

dark precipitate. The inability of ligand 1 to oxidize Ni0 to NiII with consequent 

formation of the organonickel phenoxaphosphino-phenolato complex is thought to 

derive from the rigid skeleton of phosphane 1, which most likely hampers the change 

of bite angle of the P–Ni–O chelate that is required in order to pass from Ni0 (109°) to 

NiII (90°). 

O

PhP

OHNi

O

PhP

ONi

 

                             Ni0(cod)(P,OH-1)-8                                       NiII(cod)(P,O-1) 

 

Scheme 3. Synthesis of organonickel phenoxaphosphinophenolato. 

 

When two equivalents of ligand 1 were reacted with [Ni(cod)2] at –20 °C in D8-toluene 

for 15 min a sparkly orange solution is obtained. The 1H NMR spectra recorded at 10 

°C shows that the region 4–5 ppm of the spectrum is free of the characteristic olefinic 

signals of the coordinated cod while the region 5–7 ppm presents a broad peak 

corresponding to the free cod. At the same temperature, the 31P NMR spectrum shows 

two pairs of doublets in a 1:1 ratio at –20.8 and –34.0 ppm, with a coupling constant of 

JP-P = 102 Hz, (species Ia, figure 2a), and at –22.4 and –39.4 ppm displaying a 

coupling constant of JP-P = 97 Hz, (species Ib). The 31P NMR spectrum features also 

broad signals centered at –25 ppm corresponding to species IIa,b which turn into two 

singlets at –10 °C, figure 2b. The concentration of species IIa,b increased over time at 

the expense of species Ia,b, which eventually completely disappered. Variable 

temperature 31P NMR analysis in the temperature range  –60 °C/20 °C (1 h)/–60 °C 

showed that species Ia,b and IIa,b do not interconvert; instead, there is an irreversible 

transformation of Ia,b, presumably the kinetically favored compound, into species 

IIa,b. A third species, indicated as III, with chemical shifts at –31.8 and –31.9 ppm is 

present throughout the transformation of I into II. 
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1.0              3.4                 0.5                  1.0
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Figure 2. 31P NMR spectra. a) 10 °C. b) –10 °C. 

 

The exclusive formation of complexes Ia,b could be achieved by reacting [Ni(cod)2] 

with two equivalents of ligand 1 in D8-toluene at –20 °C for 5 min, and quickly 

cooling to –60 °C. Leaving this sample 30 min at r.t resulted in the appearance of the 

peaks in the 31P NMR spectrum corresponding to species II.  

 

-20 -22 -24 -26 -28 -30 -32 -34 -36 -38 -40 ppm

Ia Ib Ia Ib

 

Figure 3. 31P NMR spectrum of Ia,b at –60 °C. 

 

The four phosphorus-phosphorus coupling constants observed for Ia,b, indicate the 

formation of a statistical mixture of diastereomeric Ni complexes with two units of 

phosphane on the same Ni center. The mass analysis of the crude mixture gave two ion 

peaks: a major one at 642 m/z and a minor one at 989 m/z, which correspond to 
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structure A (m/z: 642), with the hydroxyl groups either coordinated or free, and to 

structure B (m/z: 989), figure 4.  

 

O
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OH

Ni
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PPh
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Ph
P
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Ni

 

                                 A (m/z: 642.1)                         B (m/z: 989.0) 

 

Figure 4. Possible structures of Ni complexes. 

 

The particular pattern of the signals in the 31P NMR spectrum, the mass analysis, and 

the fact that all the cod is displaced from the coordination sphere of the Ni atom, 

indicates that species Ia,b correspond most likely to a trigonal Ni0 complex [Ni(1)2] A 

with only one of the hydroxyl moiety coordinated to the nickel center. Likely, the 

solvent plays a major role in the stabilization of these Ni0 species.  

The two singlets displayed in the 31P NMR, figure 2, assigned to species II can not be 

associated to a mononuclear Ni0 complex containing two ligand units since a more 

complicated pattern of signals would have emerged. Upon complete conversion of 

species I to II, the mass analysis of the crude mixture showed in the range (0–2000 

m/z) a major ion peak at 989 m/z (L/Ni = 3/2) (B, Figure 4), and three minor ion peaks 

of comparable intensity at 730 m/z (L/Ni = 2/2 + 2O) C, 1340 m/z (L/Ni = 4/3) D, 

1630 m/z (L/Ni = 5/3) E. Notably, the peak corresponding to the mononuclear 

complex A is not present. The mass spectrometry analysis in combination with the 

NMR data indicates that species II corresponds to a polynuclear [(P,O(H)-1)2(Ni)2]x 

complex of structure F, figure 5. The data, however, do not permit to assess whether 

the hydroxyl moiety coordinates to the Ni atom as Ni–OH or as Ni–O, hence the 

oxidation state of the nickel atom in species II remains unknown. 
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Ph
P

O

O

PPh

O

O

Ni
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X  

Figure 5. Structure of species F. 

 

The reaction of one equivalent of ligand 7 with one equivalent of precursor [Ni(cod)2] 

gave rise to the formation of an orange precipitate. This is most likely caused by the 

formation of insoluble oligomers derived from the interaction between the Ni atom and 

the sulfur atom within the phosphacycle. For this reason compound 7 was not 

considered suitable, as ligand, for the ethylene oligomerization reaction. 

 

Catalysis: Oligomerization of ethene. Ligand 1 was evaluated in the Ni-catalyzed 

oligomerization of ethene under the same reaction conditions reported for phenol-

phosphane 3, for the sake of comparison.[7] We performed experiments in toluene and 

THF in order to study the catalytic behavior of this catalyst in solvents of different 

polarity. Ni/1 gave in toluene much lower yields than phenol-phosphane 3.[7] The 

composition of the oligomeric mixture revealed a Schulz-Flory distribution with  = 

0.88, (right graph, figure 6). The same catalysts gave rise to much higher yields when 

the reaction was performed in THF and a Schulz-Flory distribution with  = 0.07 was 

obtained, (left graph, figure 6).[7, 9, 16]   

 

 

 

 

 

 

 

 

 

 



Chapter 5 

 90 

 

 

 

 

 

 

 

 

 

 

Figure 6. Ni-catalyzed oligomerization of ethene. (Reaction conditions: P = 50 bar, T = 

80 °C, [Ni] = 0.05 mmol, [1] = 0.05 mmol, 25 mL of solvent, t = 1 h, calibration based 

on the response factor of oligomers C6-C18, internal standard = nonane)  Right graph: 

pre-catalyst in toluene, 30 min at –40  °C and warmed slowly  to r.t. Left graph: pre-

catalyst in THF, 30 min at –20 °C and warmed slowly  to r.t.. 
 

The conversions achieved in the oligomerization of ethene, although very low, 

indicates that catalyst precursor NiII phenoxaphosphinophenolate is formed in presence 

of ethene. The selectivity of the reaction using 1/[Ni(cod)2] with toluene as solvent  

 = 0.88) is higher than that obtained with catalyst 4  = 0.61) under the same 

reaction conditions. 

 

 

 

Allyl Palladium complexes [PdCl(3-C3H5)(P)]. Chiral mono-phosphanes are 

successfully used as ligands in several transition metal catalyzed transformations. The 

Pd-catalyzed asymmetric hydrovinylation reaction is a suitable test reaction for 

evaluating the enantio-discriminating properties of a chiral phosphane. Catalyst 

precursors of choice for this reaction are mono-phosphane containing Pd allyl 

complexes. The mono-phosphane ligands that have been employed for the preparation 

of Pd allyl complexes are reported below, figure 7. 
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Figure 7. Hemilabile phosphanes 2 and 9. 

 

Ligand 2 is obtained by condensation of phosphane 1 with chloro menthyl carbonate in 

presence of triethylamine.[15] The same synthetic procedure is applied to the 

preparation of ligand 9, starting from 2-(2,8-dimethyl-10H-phenoxaphosphinin-10-

yl)phenol. Neutral allyl complexes [PdCl(3-C3H5)(L)] were obtained by reaction of 

the dinuclear complexes [Pd(3-C3H5)(Cl)]2 with phosphane ligands 2 and 9. The 
31P NMR spectra for [PdCl(3-C3H5)(2)] (10) and [PdCl(3-C3H5)(9)] (11) show a set 

of two signals of similar intensities which correspond to the two allyl diastereoisomers, 

scheme 4.  

  

Pd
Cl P*

Pd

ClP*

Diastereoisomers                       

Scheme 4. Allyl Pd complexes. 

 

However, the 1H NMR spectra of 10-11 gave at room temperature a set of signals 

corresponding to only one species in solution, figure 8. Complexes containing the allyl 

group are known to be more prone towards decomposition than complexes containing 

alkyl or aryl substituted allyls. The former systems, however, are easily converted to 

the corresponding catalytic species due to the higher reactivity of the unsubstituted 

allyl group. For the reasons reported above, complex 10 was employed in catalysis 

promptly after its preparation.  

 

 

 

 

 



Chapter 5 

 92 

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

16, 17

14 13b 10 13a 15a,b

11, 12

2, 4-7, 9

1, 3, 8

O

P
O

O

O

PdCl
1 2

3

4 5

6

7

8

9

10

11

12

13
14

15
16

17

 

Figure 8. 1H NMR of [PdCl(3-C3H5)(9)] (11). 

 

Catalysis: Asymmetric hydrovinylation. The asymmetric hydrovinylation reaction 

involves the co-dimerization of styrene and ethylene, scheme 5. 

+ [cat]

 

                           12                         13          14        15         16 

 

Scheme 5. Asymmetric hydrovinylation reaction. 

 

The mechanism of this reaction is understood for the Pd-catalyzed asymmetric 

hydrovinylation where a metal hydride cationic complex acts as initiator.[8] Chiral 

mono-dentate phosphorus ligand containing complexes have been reported to be 

excellent catalysts for this reaction.[8] Impressive enantioselectivities were initially 

obtained using Ni-based systems, but very recently also Co- and Pd- based catalysts 

have demonstrated to be fair catalytic systems.[8, 17] Although the factors determining 

the discrimination ability of the ligands in this reaction remain poorly defined, Muller 

et al. suggested that mono-phosphanes capable of having a second donor group, acting 
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as hemilabile coordinating arm, could enhance the ee.[18] Catalyst precursor 10 was 

evaluated in the asymmetric hydrovinylation of styrene. The actual catalyst was 

prepared in situ by reacting 10 with AgBF4 in dichloromethane in the presence of 

styrene.[18] The solution was transferred immediately into the reactor which was 

subsequently pressurized with ethene. The catalytic process takes place with a 

conversion of 17% (TOF = 58 h–1) with selectivity toward 3-Ph-1-butene 13 of 91% 

and an ee of 13% (R). The trans-2-phenyl-2-butene (15)/cis-2-phenyl-1-butene (14) 

ratio was 2.5. The observed conversion is very low compared to other phosphane 

containing Pd complexes. Under similar reaction conditions, electron richer alkyl-

phosphanes are capable of inducing TOFs in the range of 600–1300 h–1.[8] Such a 

pronounced difference of activity is thought not to be due exclusively to the increased 

 acceptor character of phosphane 2, since a series of iodo-palladium phosphinite 

complexes, under milder experimental conditions, gave rise to higher conversions.[19] 

The steric features of the catalysts are more likely playing a major role in the low 

activity of these systems. Carbosilane dendron containing phosphanes showed TOFs of 

50–70 h–1 with ee’s higher than 70%.[20] It seems that the low activity observed derives 

mainly from the high steric hindrance of the phosphane employed which hampers the 

coordination of the substrate to the metal center. There are no indications of the 

involvement of the menthyl carbonate group in a hemilabile interaction with 

palladium. 

 

Conclusions 

 

A series of P,O phosphacycle containing nickel- and palladium-complexes have been 

prepared and evaluated respectively in the oligomerization of ethene and in the 

asymmetric hydrovinylation of styrene. The performance of these systems were 

compared to the analogous acyclic phosphane containing metal complexes and it was 

found that, in this particular case, the rigidity of the ligand is not beneficial for the 

catalytic performance. The restricted conformational freedom of the phosphacycle 

hampers the proper coordination of the P,O ligand in an 2 coordination fashion to a 

mononuclear square planar NiII complex to form the catalyst initiator. Coordination 

studies showed that upon reaction of ligand 1 with [Ni(cod)2] in a 2/1 ratio there is 

formation of mononuclear bis-ligated phosphane Ni complexes which evolve into 
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highly symmetric oligomeric structures. Catalyst precursor 10 induces poor 

enantioselectivity in the hydrovinilation of styrene.   

 

Experimental part 

 

All chemical manipulations were carried out under argon atmosphere using standard 

Schlenk techniques. Solvents were dried by standard procedures and freshly distilled 

under nitrogen atmosphere. Triethylamine was distilled from CaH2 under nitrogen. 

Styrene was filtered freshly over basic alumina prior to use. Compound 10-

chlorophenthiaphosphane was prepared according to a previously reported 

experimental procedure.[4] Ethene was purchased from Praxair. All other reagents were 

purchased from commercial suppliers and used as received. NMR spectra were 

recorded at 295 K on a Varian Gemini 300 spectrometer operating at 300.07 MHz 

(1H), 121.47 MHz (31P) and 75.46 MHz (13C) unless otherwise stated. Chemical shifts 

are quoted with reference to Me4Si (1H) and 85% H3PO4 (
31P). The optical rotations 

were measured using a Perkin Elmer 241-MC polarimeter. High resolution mass 

spectra were measured on a JEOL IMS-SX/SX102A. 

 

1-(1-ethoxyethoxy)-10-phenyl-10H-dibenzo[b,e][1,4]thiaphosphane (6): To a 

solution of phenol-EVE (5) (3.84 g, 23.0 mmol) and TMEDA (25.3 mmol, 2.5 mL) in 

300 mL of diethyl ether/hexane (1/2) was added dropwise a solution of n-butyllitium 

in hexane (2.5 M, 25.3 mmol, 10.1 mL) at 0 °C and the reaction mixture was allowed to 

stir overnight at room temperature. The resultant orange solution was cooled to 0 °C 

and subsequently 10-chlorophenthiaphosphane (9.6 g, 27.6 mmol) was slowly added 

with a spatula. The reaction mixture was slowly warmed to room temperature and 

allowed to stir 5 h. The color of the solution changed from orange to colorless with the 

formation of a precipitate (LiCl). The solution was canulated into another Schlenk tube 

and the solvent was removed under vacuum. The crude of reaction was dissolved in 

CH2Cl2 and washed with a deoxygenated aqueous 0.1 M HCl solution. 

The crude product is a orange oil which after filtration over silica (eluent: CH2Cl2) and 

removal of the solvent under vacuum is obtained as colorless sticky oil (3.1 g, 8.1 

mmol, 35%). 31P NMR (121.5 MHz; CDCl3): δ = –28.3 ppm. 1H NMR (300 MHz; 

CDCl3):
 δ = 1.11 (t, 3J = 7.2 Hz, 3 H), 1.20 (d, 3J = 5.1 Hz, 3 H), 3.24 (m, 1 H), 3.49 
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(m, 1 H), 5.38 (q, 3J = 5.4 Hz, 1 H), 6.92 (t, 3J = 7.2 Hz, 1 H), 7.01 (t, 3J = 6.9 Hz, 1 

H), 7.13 (dd, 3J = 3.6 Hz, 1 H), 7.20–7.40 (m, 5 H), 7.5–7.65 (m, 4 H) ppm. 

 

10-phenyl-10H-dibenzo[b,e][1,4]thiaphosphinin-1-ol (7): 1-(1-ethoxyethoxy)-10-

phenyl-10H-dibenzo[b,e][1,4]thiaphosphane (3.1 g, 8.1 mmol) was dissolved in a 3/1 

mixture of degassed ethanol and dichloromethane (140 mL). PPTS (0.24 mmol) was 

added and the solution was heated to 65 °C and stirred overnight. The mixture was 

allowed to cool down and subsequently the solvent and all volatiles were evaporated 

under vacuum to leave a white viscous oil. The product is filtered over silica (eluent: 

CH2Cl2) after that the solvent was removed under vacuum to yield a white solid (1.2 g, 

3.9 mmol, 48%). 31P NMR (121.5 MHz; CDCl3): δ = –38.3 ppm. 1H NMR (300 MHz; 

CDCl3):
 δ = 5.85 (s, 1 H, OH), 7.09 (t, 3J = 6.9 Hz, 4 H), 7.20 (t, 3J = 7.5 Hz, 2 H), 

7.29 (t, 3J = 7.8 Hz, 2 H), 7.53 (d, 3J = 7.2 Hz, 2 H), 7.60 (d, 3J = 7.8 Hz, 2 H). 

 

2-(2,8-dimethyl-10H-phenoxaphosphinin-10-yl)phenyl-2-isopropyl-5-methyl 

cyclohexyl carbonate (9): To a solution of 2-(2,8-dimethyl-10H-phenoxaphosphinin-

10-yl)phenol (100 mg, 0.31 mmol) in dichloromethane (5 mL) was added NEt3 (0.1 

mL) and the resultant mixture was allowed to stir for 30 min at room temperature. 

Subsequently (–) menthyl chloroformate (1 eq.) was added and the solution was stirred 

for an additional 2 h at room temperature. The solvent and all the volitiles were 

removed under vacuum and the product obtained was dissolved again in toluene (1 

mL) and filtered through a short silica column (eluent: toluene). The evaporation of the 

volitiles yields the products is a white colorless oil. (150 mg, 0.30 mmol, 97%). 31P 

NMR (121.5 MHz; CDCl3): δ = –66.2 ppm. 13C NMR (75.5 MHz; CDCl3): δ = 16.73, 

20.89, 21.10, 22.33, 23.66, 26.51, 31.75, 34.40, 41.05, 47.52, 79.92, 116.62-116.67, 

116.95–116.99, 117.75, 121.93, 126.78, 130.32, 132.04–132.13, 133.02–133.06–

133.17–133.20, 133.49, 135.34, 135.47, 135.81, 135.94, 153.08, 153.34, 153.55, 

154.12, 154.33 ppm. 1H NMR (300 MHz; CDCl3):
 δ = 0.80–1.90 (m, 18 H), 2.30 (s, 6 

H), 4.80 (m, 1 H), 6.80 (m, 1 H), 7.00–7.35 (m, 7 H), 7.40 (m, 2 H) ppm. []D
25

 = –5.1 

(c = 3.28, CHCl3). (HRMS, FAB+): m/z: calcd for C31H35O4P: 502.2273; found: 

503.2351 [M + H] +. 

 



Chapter 5 

 96 

[PdCl(3-C3H5)(2)] (10): A solution of phosphane 2 (18.6 mg, 0.04 mmol) in 

dichloromethane (3 mL) was added to a solution of [Pd(3-C3H5)(Cl)]2 (6.52 mg, 

0.02 mmol) in dichloromethane (3 mL). The yellow solution was stirred for 1 h. The 

solvent was then evaporated to afford 12 as a pale yellow solid. (24 mg, 0.036 mmol, 

91%). 31P NMR (121.5 MHz; CD2Cl2): δ = –21.8, –23.6 ppm. 1H NMR (300 MHz; 

CD2Cl2):
 δ = 0.80 (m, 3 H), 0.95 (m, 6 H), 1.05 (m, 1 H), 1.4 (m, 2 H), 1.50–1.80 (m, 5 

H), 2.11 (br., 1 H), 3.15 (br., 1 H), 3.20–3.80 (br., 2 H), 4.40 (m, 1 H), 4.60 (br., 1 H), 

5.63 (br., 1 H), 7.05 (m, 1 H), 7.10–7.30 (m, 3 H), 7.30–7.50 (m, 4 H), 7.54 (t, 3J = 9 

Hz, 1 H), 7.70–7.90 (br., 3 H) ppm. (HRMS, FAB+): m/z: calcd for C32H36ClO4PPd: 

656.1075; found: 621.1386 [M – Cl] +.  

 

[PdCl(3-C3H5)(9)] (11): Experimental procedure as reported for 10; yield 93%. 31P 

NMR (121.5 MHz; CDCl3): δ = –19.6, –19.8 ppm. 13C NMR (125.7 MHz; CDCl3): δ = 

16.53, 21.00, 21.03, 21.14, 22.25, 23.41, 26.21, 26.24, 31.63, 34.26, 40.93, 47.41, 

60.46, 78.93, 79.21, 79.94, 117.92, 117.94, 118.53, 121.93, 122.02, 125.46, 125.53, 

132.22, 133.37, 133.46, 133.53, 133.63, 133.70, 135.43–135.59–135.66–135.70–

135.81–135.86, 151.91, 152.40, 153.64 ppm. 1H NMR (500 MHz; CDCl3):
 δ = 0.80 (s, 

3 H), 1.03 (ds, 7 H), 1.10 (m, 2 H), 1.51 (m, 2 H), 1.71 (m, 2 H), 2.1 (m, 2 H), 2.43 (s, 

6 H), 2.92 (dd, 2J 3J = 11.5 Hz, 1 H), 3.20 (s br., 1 H), 3.72 (dd, 2J 3J = 12.0 Hz, 1 H), 

4.51 (m, 1 H), 4.73 (s br., 1 H), 5.62 (m, 1 H), 7.00–7.30 (m, 7 H), 7.46 (m, 1 H), 7.75 

(t, J = 14.5 Hz, 1 H), 7.80 (t, J = 15.5 Hz, 1 H) ppm. (HRMS, FAB+): m/z: calcd for 

C34H40ClO4PPd: 684.1388; found: 649.1733 [M – Cl] +. 

 

NMR experiments: Formation of monoligated Ni complexes. A solution of 1 (11 mg, 

0.038 mmol) dissolved in D8-toluene (0.7 mL) was added to [Ni(cod)2] (10 mg, 0.036 

mmol) at T = –20 °C. Stirring was continued for 15 min at T = –20 °C and for 30 min 

at r.t. 1H and 31P spectra were recorded. Formation of bis-ligated Ni complexes: a 

solution of 1 (22 mg, 0.076 mmol) dissolved in D8-toluene (1 mL) was added to 

[Ni(cod)2] (10 mg, 0.036 mmol) at T = –20 °C and the resultant solution was stirred for 

15 min. The formation of the products was followed by 1H and 31P spectroscopy[7]. 

 

Oligomerization experiments: Preparation of precatalyst: 1 (15 mg, 0.05 mmol) were 

dissolved in THF or toluene (2.0 mL) and added to a solution of [Ni(cod)2] (14 mg, 
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0.05 mmol) in THF or toluene (3.0 mL) at T = –20 °C. In both cases, a light orange 

solution was formed and stirring was continued for 30 min at T = –20 °C. 

Oligomerization reaction: An argon-filled stainless steel autoclave, equipped with a 

mechanical stirrer and a temperature controller, was loaded with solvent (25 mL) as 

well as the internal standard nonane. The precatalyst solution was introduced into the 

autoclave, which was immediately pressurized to 50 bar with ethylene and heated 

within 40 min to T = 80 °C. The pressure increased to approximately 64 bar. After 30 

min the autoclave was cooled down with an ice-bath and subsequently depressurized. 

Oligomers were analyzed by GC[7]. 

 

Hydrovinylation experiments: Hydrovinylation experiments were performed in a 

stainless steel autoclave equipped with a mechanical stirrer. A mixture of neutral 

palladium complex 10 (0.036 mmol), AgBF4 (7.1 mg, 0.036 mol), styrene (36 mmol), 

ethylbenzene (1 mL) in 10 mL of dry CH2Cl2 was stirred for 10 min in the dark. After 

filtering off the AgCl formed, the solution was placed in the autoclave. Ethene was 

admitted until a pressure of 15 bar was reached. After 3 h the autoclave was slowly 

depressurized and NH4Cl 10% solution (20 mL) was added. The mixture was stirred 

for 10 min in order to quench the catalyst. The organic layer was decanted off and 

dried with MgSO4. The quantitative distribution of products and their ee were 

determined by GC analysis.[17, 18]  
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Appendix 
 

 

 

Conformationally Diverse Square Planar 

 Rh(I) Complexes: Analysis of the 

 Coordination Chemical Shift (P) 

 

 

 

Analytical techniques such as NMR and IR spectroscopy are widely used for collecting 

structural information on organometallic complexes in solution.[1, 2] The coordination 

chemical shift (P), ( phosphane –  phosphane-metal complex), and the carbonyl IR 

absorptions in phosphane containing metal carbonyl complexes are considered very 

sensitive probes for assessing the stereo-electronic properties of structurally related 

phosphane containing metal complexes.[3-6] According to theoretical studies, the 

characteristic 31P NMR chemical shift of a phosphorus atom originates from variation 

in the paramagnetic contribution of the electrons in valence orbitals.[4] The latter 

electronic property is in turn influenced by the stereo-electronic properties associate to 

both the free and coordinated phosphane such  donation, steric bulk and geometric 

distortions.[4]  

The aim of this study is to investigate which structural properties determine the 31P 

chemical shifts in a series of electronically degenerate ligands. For this purpose, 

ligands 8–9 and 15 which differ exclusively in the orientation the aryl groups of the 

phosphane moiety adopt when these ligands are coordinated to a metal center have 

been synthesized. We envisaged that the coordination of the phosphane moiety of the 

ligand to a metal center is accompanied by a certain degree of structural stress which 

should correlate to P. 
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Figure 1. Phosphane-phosphite ligands L. 

 

A series of complexes [Rh(cod)L]BF4 (16–18) have been prepared, in addition to the 

analogues already reported, and their P analyzed. Additionally, complexes 

Rh(Cl)(CO)(L) (19–20) have been synthesized in order to correlate the steric changes 

with the electronic ones by measuring the carbonyl IR absorption. Complexes 19–20 

were prepared in high yields by reacting stoichiometric amounts of chiral phosphane-

phosphite ligands 8 and 10b, respectively, with [Rh(Cl)(CO)2]2. 

 

P

OP

[Rh(CO)2Cl]2

P

OP

Rh

CO

Cl  

Scheme 1. Synthesis of [Rh(Cl)(CO)(L)].  

 

The analysis of the 31P chemical shifts for the series of complexes [Rh(cod)(L)]BF4 

shows that the P of the phosphane moiety is constant within phosphane containing 

ligands of the same type and increases steadily within the series going from 

[Rh(cod)(8b)]BF4 (39 ppm) to [Rh(cod)(15)]BF4 (50 ppm). The P of the phosphite 

part is not considered in this study. Given that free phosphanes 8–9 and 15 have 

identical electronic properties, the extent of their P difference (P = 11 ppm) must 

be associated to a structural change occurring upon coordination on both the organic 

fragment of the phosphane or the P–Rh bond. The most constrained phosphacycle 

based ligands 9 and 15, the phenyl bridge of which might be expected to lessen the 

conformational degree of freedom of these ligands and further rigidify the 

corresponding complexes, give the highest P. A possible distortion of the P–Rh bond 

from the planarity of the square planar complex as the factor governing the P is thus 
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ruled out since a distortion of the geometry of the complex would weaken the P–Rh 

bond interaction thus causing a decrease of the P value. The change of the C–P–C 

bond angles of the phosphane, upon coordination, is therefore the sole structural 

property which could correlate to the P. Unfortunately, no crystal structures of these 

Rh complexes could be obtained to further corroborate our hypothesis. 

In a previous paper we showed that the difference of the C–P–C bond angles of a aryl-

phenoxaphosphane containing palladium complex, with respect to the free phosphane, 

was higher than those of their corresponding triphenylphosphane systems.[7] The fact 

that the more  donating triphenylphosphane gives a lower P than the poor  

donating aryl-phenoxaphosphane, contrary to the general trend, indicates that the 

electronic property of the ligand gives a negligible contribution to the P within the 

series of ligands analyzed.[4] The P of complexes Rh(Cl)(CO)(8b) (19) and 

Rh(Cl)(CO)(10b) (20) showed the same trend as the corresponding complexes 

[Rh(cod)(L)]BF4. The values of the carbonyl stretching frequencies of these systems 

are in agreement with phenoxaphosphane-based ligand 8b being more electron poor 

than triphenylphosphane-based counterpart 10b. 

 

Table 1. 31P NMR and IR data of complexes [Rh(cod)(L)]BF4 and Rh(Cl)(CO)(L). 

Compound P 

(ppm) 

PO 

(ppm) 

P 

(ppm) 

PO 

(ppm) 

JP-PO 

(Hz) 

v CO 

(cm–1) 

a[Rh(cod)(10a)]BF4 15.7 137.8 29.9 7.3 61  

a[Rh(cod)(10b)]BF4 13.5 139.0 29.9 1.5 49  

a[Rh(cod)(8a)]BF4 –24.5 131.0 42.0 14.6 69  

a[Rh(cod)(8b)]BF4 –26.8 135.0 39.0 5.0 54  

b[Rh(cod)(9a)]BF4 –15.7 143.5 49.8 1.2 54  

b[Rh(cod)(9b)]BF4 –18.0 140.6 47.4 4.2 54  

a[Rh(cod)(15)]BF4 –15.0 142.0 50.5 2.2 55  

b[Rh(Cl)(CO)(10b)] 13.5 146.5 30.5 6.45 62 2048.5c 

b[Rh(Cl)(CO)(8b)] –23 138.8 43.6 1.35 66 2053.5c 
 

a 31P NMR recorded in CDCl3. 
b 31P NMR recorded in CD2Cl2. 

c FT IR spectra recorded in KBr. 
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Experimental part 

 

All chemical manipulations were carried out under argon atmosphere using standard 

Schlenk techniques. Solvents were dried by standard procedures and freshly distilled 

under nitrogen atmosphere. All reagents were purchased from commercial suppliers 

and used as received. Experimental procedures for ligands 8a, 9a and 9b (and rhodium 

complexes thereof) are reported in chapter 3 as, respectively, ligands 6, 7a and 7b. 

Experimental procedures for ligands 8b and 10b are reported in the experimental part 

of chapter 4. NMR data of ligand 10a and [Rh(cod)(10a)]BF4 complex, see ref. [21] in 

chapter 3. NMR spectra were recorded at 295 K on a Varian Gemini 300 spectrometer 

operating at 300.07 MHz (1H), 121.47 MHz (31P) and 75.46 MHz (13C) unless 

otherwise stated. Chemical shifts are quoted with reference to Me4Si (1H) and 85% 

H3PO4 (
31P). Infrared spectra were recorded as KBr pallets on a Nicolet Nexus 670-

FT-IR spectrometer and processed with the OMNIC software. High resolution mass 

spectra were measured on a JEOL IMS-SX/SX102A.  

 

6-(10-phenyl-10H-phenoxaphosphinin-1yloxy)dibenzo[d,f][1,3,2]dioxa- 

phosphepine (15): Experimental procedure as reported for 6, experimental part of 

chapter 3. 31P NMR (C6D6): δ = –65.5 (d, JP-P = 14.9 Hz), 144.2 (d, JP-P = 12.5 Hz) 

ppm. 1H NMR (300 MHz; C6D6):
 δ = 6.75 (t, 3J = 7 Hz, 1 H), 6.80–7.30 (m, 16 H), 

7.32–7.40 (m, 1 H), 7.42–7.55 (m, 2 H) ppm. (HRMS, FAB+): m/z: calcd for 

C30H20O4P2: 506.0837; found: 507.0915 [M + H]+.  

 

[Rh(cod)(8b)]BF4 (16): To a stirring solution of [Rh(cod)2BF4] (7.6 mg, 0.019 mmol) 

in dichloromethane (3 mL) was added dropwise a solution of 8b (16.0 mg, 0.021 

mmol) in dichloromethane (3 mL). The solution was stirred for an additional hour. 

Next, the volume of the solution is reduced to 1 mL and diethyl ether is added to 

precipitate the product. Yellow solid (13 mg, 0.012 mmol, 64%). 31P NMR (202.3 

MHz; CD2Cl2): δ = –26.8 (dd, JP-P = 54 Hz, JP-Rh = 148 Hz), 134.7 (dd, JP-P = 54 Hz, 

JP-Rh = 265 Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = 0.55, 1.4, 20.8, 21.04, 27.1, 

28.6, 31.3, 33.0, 97.5–97.56, 106.02, 106.44, 108.11–108.17, 111.9, 112.31, 112.45–

112.57, 113.86, 119.4–119.41–119.43–119.45, 121.41, 122.07–122.05, 122.99, 

126.22, 126.53, 126.77, 126.97–127.06, 127.48, 127.84, 128.72–128.79, 130.61, 
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131.16, 131.43, 131.65, 132.88–132.97–133.09–133.12, 133.24, 133.74, 134.12, 

134.57, 135.15–135.20, 135.24, 135.29, 136.06–136.08, 138.58–138.63, 149.89–

149.95, 151.41, 151.59–151.70, 153.71–153.77, 154.57 ppm. 1H NMR (500 MHz; 

CD2Cl2):
 δ = 0.42 (s, 9 H), 0.69 (s, 9 H), 2.00–2.30 (m, 6 H), 2.4 (m, 2 H), 2.47 (s, 3 

H), 2.48 (s, 3 H), 4.3 (br.s, 1 H), 5.05 (br.s, 1 H), 5.2 (br.s, 1 H), 5.9 (br.s, 1 H), 6.7 (t, 
3J = 7.5 Hz, 1 H), 6.80 (t, 3J = 9.5 Hz, 1 H) , 6.97 (t, 3J = 8.5 Hz, 1 H), 7.13 (t, 3J = 7.5 

Hz, 1 H), 7.17 (d, 3J = 8.5 Hz, 1 H), 7.26 (m, 2 H), 7.30–7.50 (m, 5 H), 7.52–7.60 (m, 

3 H), 7.93 (d, 3J = 15 Hz, 1 H), 8.07 (dd, 3J = 8 Hz, 1 H), 8.27 (s, 1 H), 8.31 (s, 1 H) 

ppm. (HRMS, FAB+): m/z: calcd for C54H56BF4O4P2RhSi2: 1076.2277; found: 

989.2250 [M – BF4]
 +. 

 

[Rh(cod)(15)]BF4 (17): Experimental procedure as reported for 16; yield: 75%. 31P 

NMR (CDCl3): δ = –15.0 (dd, JP-P = 55 Hz, JP-Rh = 141 Hz), 142.0 (dd, JP-P = 55 Hz, JP-

Rh = 260 Hz) ppm. 1H NMR (CDCl3):
 δ = 2.00–2.80 (m, 8 H), 4.70 (br.s, 1 H), 5.10 

(br.s, 1 H), 5.55 (br.s, 1 H), 6.44 (br.s, 1 H), 7.01 (m, 1 H), 7.20–8.00 (m, 19 H) ppm. 

 

[Rh(cod)(10b)]BF4 (18): Experimental procedure as reported for 16; yield: 81%. 31P 

NMR (202.3 MHz; CD2Cl2): δ = 13.4 (dd, JP-P = 49 Hz, JP-Rh = 140 Hz), 138.8 (dd, JP-P 

= 49 Hz, JP-Rh = 267 Hz) ppm. 13C NMR (125.7 MHz; CD2Cl2): δ = –0.54, 0.75, 28.95, 

30.09, 30.72, 31.79, 94.50, 107.07–107.13–107.19, 109.31–109.36, 113.61–113.70, 

120.18–120.24, 121.00, 122.00, 123.41, 125.88, 126.06–126.26, 126.52, 126.74–

126.85, 127.02–127.34, 127.85, 128.75–128.85, 129.73, 129.82, 130.14–130.22, 

130.99–131.33–131.52–131.59, 132.37–132.57, 132.93–133.02, 133.10, 133.69, 

134.18, 134.33, 135.37, 135.47, 138.23, 138.48, 149.82–149.87, 151.61–151.72, 

153.84 ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 0.20 (s, 9 H), 0.44 (s, 9 H), 2.00–2.60 

(m, 8 H), 3.70 (br.s, 1 H), 4.95 (br.s, 1 H), 5.20 (br.s, 1 H), 5.80 (br.s, 1 H), 6.8–7.00 

(m, 2 H), 7.15 (d, 3J = 8.5 Hz, 1 H), 7.2–7.4 (m, 6 H), 7.41–7.66 (m, 8 H), 7.72 (m, 1 

H), 7.86 (m, 2 H), 7.99 (d, 3J = 8 Hz, 1 H), 8.04 (d, 3J = 8 Hz, 1 H), 8.16 (s, 1 H), 8.23 

(s, 1 H) ppm. (HRMS, FAB+): m/z: calcd for C52H54BF4O3P2RhSi2: 1034.2171; found: 

947.2156 [M – BF4]
+. 

 

Rh(Cl)(CO)(8b) (19): To a solution of [Rh(Cl)(CO)2]2 (39 mg, 0.101 mmol) in 

dichloromethane, ligand 8b (158 mg, 0.203 mmol) was added. After stirring at room 

temperature for 1 h, the solvent was evaporated under vacuum. Yellow solid (147 mg, 
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0.156 mmol, 76%). 31P NMR (202.3 MHz; CD2Cl2): δ = –23.0 (dd, JP-P = 66 Hz, JP-Rh 

= 129 Hz), 138.8 (dd, JP-P = 66 Hz, JP-Rh = 268 Hz) ppm. 1H NMR (500 MHz; 

CD2Cl2):
 δ = 0.5 (s, 9 H), 0.62 (s, 9 H), 2.4 (s, 6 H), 6.7 (m, 1 H), 6.88 (t, 3J = 7.5 Hz, 1 

H), 7.03 (t, 3J = 7.5 Hz, 1 H), 7.13 (d, 3J = 8 Hz, 1 H), 7.15–7.21 (m, 2 H), 7.25–7.32 

(m, 5 H), 7.42–7.51 (m, 1 H), 7.52 (t, 3J = 7.5 Hz, 2 H), 7.6 (d, 3J = 15 Hz, 1 H), 7.85 

(d, 3J = 15 Hz, 1 H), 8.00 (d, 3J = 8.5 Hz, 1 H), 8.03 (d, 3J = 8.5 Hz, 1 H), 8.25 (s, 2 H) 

ppm.  

 

Rh(Cl)(CO)(10b) (20): Experimental procedure as reported for 19; yield: 89%. 31P 

NMR (202.3 MHz; CD2Cl2): δ = 13.5 (dd, JP-P = 62 Hz, JP-Rh = 122 Hz), 146.5 (dd, JP-P 

= 62 Hz, JP-Rh = 278 Hz) ppm. 1H NMR (500 MHz; CD2Cl2):
 δ = 0.11 (s, 9 H), 0.41 (s, 

9 H), 6.77 (t, 3J = 8.5 Hz, 1 H), 6.90 (m, 1 H), 7.07 (d, 3J = 8.5 Hz, 1 H), 7.18 (m, 2 H), 

7.26 (m, 2 H), 7.40–7.50 (m, 9 H), 7.56 (m, 2 H), 7.73 (dd, 3J = 7 Hz, 2 H), 7.98 (t, 3J 

= 8.0 Hz, 2 H), 8.13 (s, 1 H), 8.21 (s, 1 H) ppm. 
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Summary 
 

This thesis describes the synthesis of a new class of conformationally constrained aryl-

phosphanes and the employment of their metal complexes as catalysts in several Rh, 

Pd and Ni catalyzed transformations. A strong focus has been directed towards the 

study of the influence of the catalysts’ structural features on relevant aspects of 

catalysis (e.g. enantioselectivity, ligand-substrate noncovalent interactions, bite angle 

effect). 

In chapter 1 we reviewed the applications of benzo-fused phosphacycle containing 

catalysts in several catalytic transformations, highlighting the cases where structural 

features of the P-heteroles, such as extension of the -delocalization, degree of 

planarity of the P-ring, orientation of the P-substituents, were shown to have an 

influence on the catalytic properties.  

The building blocks for the synthesis of the ligands to employ in catalysis consist of 

cyclic aryl-phosphanes in which a hydroxyl moiety, amenable to further 

functionalization, is attached to one of the aryl groups. The description of the synthetic 

procedures of these building blocks is reported in chapters 2-4. 
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The bridging of two different aryl groups brings to the creation of a stereogenic centre 

on the phosphorus atom, (above, third compound of the series from the left). Chapter 2 

describes the synthesis of the racemic mixture of this phenoxaphosphane and the 

optical resolution through separation of its diastereomeric palladacycle derivatives. 

The absolute configuration of the enantiopure phosphanes were assigned by means of 

X-ray crystal structure determination. These building blocks were incorporated into 

phosphane-phosphite ligands and their metal complexes employed as steric probes in 

the Rh-catalyzed asymmetric hydrogenation of substituted alkenes. The catalytic 

results, aided by DFT calculations, showed how the simple alteration of the orientation 

of the P-aryl groups affects the activity and selectivity of this reaction. These systems 
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showed to be particularly sensitive to the ligand-substrate interface, which makes them 

promising steric probes for the study of the stereo-recognition in asymmetric catalysis. 

This work is described in chapter 3. 
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Chapter 4 deals with the use of an enlarged series of conformationally constrained 

phosphane-phosphite ligands as chiral inducers in the rhodium catalyzed asymmetric 

hydroformylation reaction (AHF) of electronically different styrene derivatives. 

Catalyst initiators and catalytic intermediates have been thoroughly characterized, in 

experimental reaction conditions, employing high pressure NMR and FT IR 

spectroscopy. Only one chiral inducer showed a correlation between the ee and the 

electronic properties of the substrates. In this case both the catalysis and the 

spectroscopic analysis of catalytic intermediates showed evidence to support the 

involvement of aryl-aryl noncovalent interactions between the ligand and substrate. 

The AHF obeys a kinetic law in accord with the hydrogenolysis of the acyl-Rh 

complex as rate determining step. 

Chapter 5 presents the use of P,O phosphacycle containing nickel- and palladium-

complexes in the oligomerization of ethene and in the asymmetric hydrovinylation of 

styrene. The catalytic results were compared with the performances achieved using 

open-chain phosphane metal complex analogues. 



 

 

Samenvatting 
 

Het doel van deze thesis was de ontwikkeling van een nieuwe klasse van 

conformationeel verankerde aryl-phosphanes en de toepassing van deze in metaal 

complexen als sterische sonde voor de studie van relevante aspecten in de katalyse 

(bijv. enantioselectiviteit, ligand-substraat non-covalente interacties, bite angle effect) 

van verscheidende Rh, Pd en Ni gekatalyseerde omzettingen.  

In hoofdstuk 1 hebben we de toepassingen van benzo-fused phosphacycle bevattende 

katalysatoren gerecenseerd voor verscheidende katalytische omzettingen, met de 

nadruk op gevallen waar de structurele kenmerken van de P-heteroles, zoals 

uitbreiding van de p-delocalisering, graad van planariteit van de P-ring, orientatie van 

de P-substituenten, werden aangetoond invloed te hebben op de katalytische 

eigenschappen.  

De bouwstenen van de synthese van de liganden voor gebruik in katalyse bestaat uit 

cyclische aryl-phosphanes waarin een hydroxyl groep, vatbaar voor verdere 

functionalisering, is bevestigd aan een van de aryl groepen. De beschrijving van de 

synthetische procedures van deze bouwstenen is vermeld in hoofdstukken 2-4. 
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De verbinding van twee verschillende aryl groepen veroorzaakt het ontstaan van een 

stereogeen centrum op het fosfor atoom, (boven, derde verbinding van de serie van 

links). Hoofdstuk 2 beschrijft de synthese van een racemisch mengsel van deze 

phenoxaphosphane en de optische resolutie door separatie van de diastereomerische 

palladacycle verwanten. De absolute configuratie van de enantiopure phosphanes werd 

toegekend door middel van X-ray kristal structuur bepaling. Deze bouwstenen werden 

ingebouwd in de phosphane-phosphite ligand en hun metaal complexen gebruikt als 

sterische sondes in de Rh-gekatalyseerde asymmetrische hydrogenering van 

gesubstitueerde alkenen. De katalytische resultaten, bijgestaan door DFT 

berekeningen, toonden aan hoe de simpele verandering van de orientatie van de P-aryl 
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groepen de activiteit en selectiviteit beinvloed van deze reactie. Deze systemen lieten 

zien buitengewoon gevoelig te zijn voor de ligand-substraat interface, wat deze 

veelbelovende sterische sondes maakt voor de studie van stereo-herkenning in 

asymmetrische katalyse. Dit werk is beschreven in hoofdstuk 3. 
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Hoofdstuk 4 beschrijft het gebruik van een uitgebreide serie van conformationele 

verstarde phosphane-phosphite liganden als chirale induceerders voor de rhodium 

gekatalyseerde asymmetrische hydroformylering reactie (AHF) van electronisch 

verschillende styreen afgeleides. Katalysator initiators en katalytische tussenproducten 

zijn grondig gekarakteriseerd, onder experimentele condities, gebruik makende van 

hoge druk NMR en FT IR spectroscopie. Slechts een chirale induceerder liet een 

correlatie zien tussen de ee en de electronische eigenschappen van de substraten. In dit 

geval lieten zowel de katalyse als de spectroscopische analyse van katalytische 

tussenproducten bewijs zien dat de betrekking van aryl-aryl non-covalente interacties 

tussen de ligand en het substraat ondersteunde. De AHF volgt een kinetische wet in 

overeenstemming met de hydrogenolyse van het acyl-Rh complex als de snelheids 

bepalende stap. 

In hoofdstuk 5 wordt het gebruik van P,O phosphacycle bevattende nikkel- en 

palladium-complexen in de oligomerisering van etheen en in de asymmetrische 

hydrovinylering van styreen gepresenteerd. De katalytische resultaten werden 

vergeleken met de resultaten bereikt gebruik makende van open-chain phosphane 

metaal complex analogen. 

 

 



 

 

Acknowledgements 
 
 

I would like to express my gratitude to my supervisors, Piet and Joost. Piet, during the 

course of this doctoral research I benefited greatly from your advice and knowledge, 

particularly so when the time to write this thesis came and the last lab experiments had 

to be performed, Gracias por todo!. Joost, you always try to get the best out of 

everyone’s research. I could witness in many occasions the great enthusiasm and the 

positive approach you have in chemistry. 

Thanks to the present and past Homkat staff members for their friendliness and the 

numerous suggestions during group meetings: Bas (thanks for accepting to take part in 

my PhD committee), Bert, Paul, Franti (I still remember your analysis of the ‘The 

Joke’ of Kundera), Han, Jarl.  

I am grateful to Christian Mueller for the contribution in Chapter 5, the discussions 

about P-heterocycles and for being a member of my PhD committee. I would like to 

thank Prof. dr. B. Klein Gebbink, Prof. dr. K. Elsevier and Prof. dr. W. Leitner for 

being part of my PhD defence committee.  

Dr. Lutz and Prof. dr. Spek, thanks for the X-ray crystal structure determination of 

some of my compounds (unfortunately only one of them ended up in this manuscript). 

My gratitude to the team of technicians of the Homkat lab: Erik (for your 

indestructible patience in the lab), Lars (sorry for the cross-contamination!), Taasje 

(for the no-matter-what good mood), Fatna, Lidy, Zohar, Jurrian. Jan G. and Jan 

Meine, thanks for all the help in the NMR measurements. Han, thanks for the mass 

determination of air-sensitive materials. 

Thanks to my friends Vladi (also for the discussions about history, science, politics 

and the generous attempts to make of me a Linux user) and Pierre (tough guy: 

perseverance in science pays off!) for having accepted to be on stage with me the day 

of the viva. 

I am indebted to the first class post-docs Sander, Quinten, Guillaume, Miguel (as well 

for your contribution in chapter 3) and Axel for reading parts of this manuscript and 

for the very valuable suggestions, corrections and language polishing. Thanks to the 

many colleagues and friends that have worked in the Homkat group over the years: 

Chrétien, Samir, Markus, Massimo, Piluka, Arjal, Nicolas, Rui-Fang, Gledison, Silvia, 



                                                                                                                        Acknowledgments  

 111

Bert SW (the funniest guy in the lab), Mandy, Ruta, Karina, Kevita, Rieko, Angelica 

(for all the tips during my first years in A’dam), Teresa, Mark, Erik Z. (I always enjoy 

our discussion about chemistry), Fabrizio I (football in Vondelpark and a palm 

afterwards), Elsbeth, Jitte, Florian, Erika, Ivo (for the good time in Kriterion, of course 

after the RTTT was closed), Fred, Loic (an authentic French gentleman), Matt (expert 

in soccer tactics), Lisa, Xiao-Bin, Aldo (I always had a lot of fun with our inspirited 

chats about good & bad Italian customs), Rene & Tehila (for the help any time I 

needed something related to Dutch bureaucracy), Jurjen (for the samenvatting and for 

the many other altruistic gestures), Fabri II (for keeping the atmosphere in the lab so 

joyful), Joanneke, Jeroen, Woitjec, Sumesh, Rosalba, Annemarie, Xavi (the stools in 

the lab have returned). I would also like to thank Zoraida and all Piet’s crews in the 

ICIQ-Tarragona for your warm welcome and the very nice time I spent there. 

Thanks to the PhD students of other research groups at the UvA with whom I shared 

teaching duties and little frustrations: Laura, Paula, David, Alexandre, Antony. 

Outside the lab, thanks to my football mates for the fun during and after every single 

match: Victor (the seasalt eater), Thomas, Alex, Monica (my nice neighbour in 

Funenpark) Alessia G, Salvo and Yves (I wish you all the best for your projects in 

Africa!). 

Many thanks to the friends in Amsterdam for the many dinners, holidays and chats: 

Raffa and Alessia A (for being such great hosts), Tommaso and Stefania (for the many 

dinner + movie evenings, those were good times!), Mariangela, Stefano, Raffaele, Tora 

(keep singing!), Enrico I&II, Umberto, Elisa, Alessandro & Karianne (lucky with their 

beautiful Elisabetta), Marco, Filippo (the intellectual of the group, thanks for 

introducing me to Nick Hornby), Mauro (for helping me out in many occasions and for 

the cool time in Krugerplein), Phil, Paolo, Miranda, Rosane, Kiki and Isa&Mayra 

(mellow chats accompanied by a bossanova soundtrack), Pedro (spiritual person), 

Robert (with his scientific approach to art), Tamar & Piter (thanks for the cool time in 

A’dam and Haarlem), Sandra (big smile), Ben & Corrie, Huub & Trix & Jacob (sailing 

on the Markermeer has been an unforgettable experience), Nettie (for the big knuffels 

in Enkhuizen). 

Un grazie particolare a Daniela (la piu’ avventuriera della famiglia), Kaushik, e ai miei 

genitori per la loro costante presenza, suggerimenti e l’immenso affetto, vi voglio tanto 

bene!  



Acknowledgments 

112 
 

 

Mille grazie a la mia Puki for the love, the support, for following me to Germany, the 

making of the cover of this thesis, and for being so patient with me all these years. 

 

 

 

Franco 

 



 

 



 

 

 


	01
	Thesis_Franco_Doro_2.pdf

