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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.  
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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.  
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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. 
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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. 
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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] 
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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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