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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 



Chapter 3 

 40 

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. 
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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. 
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  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
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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. 
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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
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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. 

 

 



Chapter 3 

 48 

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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