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Abstract – The design and synthesis of a C2-symmetric chiral 

1,2-bis(diphenylphosphino)benzene ligand via the rhodium-catalyzed 

intramolecular [2+2+2] cycloaddition followed by reduction are disclosed. This 

new chiral dppbz-type ligand could be employed for the rhodium-catalyzed 

asymmetric alkene hydrogenation.

 

1,2-Bis(diphenylphosphino)benzene (dppbz) has been widely employed as a useful ligand for a number of 

transition-metal-catalyzed reactions.
1
 As dppbz is an achiral ligand, asymmetric variants of 

transition-metal-catalyzed reactions, in which the dppbz ligand is indispensable, cannot be developed. 

Therefore, the design and synthesis of chiral dppbz-type ligands are important subjects.
2
 On the other 

hand, the cationic rhodium(I)/biaryl bisphosphine complex-catalyzed [2+2+2] cycloadditions
3–5

 involving 

phosphorus-substituted alkynes are useful methods for the synthesis of phosphorus-substituted 

benzenes.
6,7

 In order to synthesize dppbz-type ligands, we attempted the reactions of terminal and internal 

1,6-diynes 1a,b with bis(diphenylphosphinoyl)acetylene (2) in the presence of a cationic 

rhodium(I)/rac-BINAP complex (10 mol %), while the expected 1,2-bis(diphenylphosphinoyl)benzenes 

3a,b were not obtained at all even at the elevated temperature (80 °C) (Scheme 1). 

 

Thus, we designed the intramolecular [2+2+2] cycloaddition of triyne diphosphine oxide 4a, which would 

furnish tricyclic 1,2-bis(diphenylphosphinoyl)benzene 5a (Scheme 2). In this reaction, the use of chiral 

propargyl alcohol-derived triyne diphosphine oxide 4b would furnish C2-symmetric chiral tricyclic 
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1,2-bis(diphenylphosphinoyl)benzene 5b (Scheme 2). In this Communication, we disclose the synthesis 

of a new chiral 1,2-bis(diphenylphosphino)benzene ligand as well as achiral one via the 

rhodium-catalyzed intramolecular [2+2+2] cycloaddition. 
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Scheme 1. Rhodium-Catalyzed Reactions of 1,6-Diynes 1 with Bis(diphenylphosphinoyl)acetylene (2) 
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Scheme 2. Rhodium-Catalyzed [2+2+2] Cycloadditions of Triyne Diphosphine Oxides 4 

 

Table 1. Optimization of Reaction Conditions for Rhodium-Catalyzed Intramolecular [2+2+2] 

Cycoaddition of Triyne 4a
a 

Ph2(O)P

O

O

4a

P(O)Ph2

O

O

P(O)Ph2

P(O)Ph2

5a

10 mol %
[Rh(cod)2]BF4/

ligand

CH2Cl2, rt
21 h

entry

1d

2

3

4

80

94

93

91

yield (%)cligand

BIPHEP

BINAP

H8-BINAP

Segphos

100

100

100

100

conv (%)b

 
a
 [Rh(cod)2]BF4 (0.010 mmol), ligand (0.010 mmol), 4a (0.10 mmol), and solvent (2.0 mL) were used.   

b
 Determined by 

1
H NMR. 

c
 Isolated yield. 

d
 For 25 h. 
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Figure 1. Structures of Biaryl Bisphosphine Ligands 

 

We first investigated the [2+2+2] cycloaddition of achiral triyne 4a (Table 1). Pleasingly, the desired 

benzene 5a was obtained in good yield at room temperature by using a cationic rhodium(I)/BIPHEP 

complex (entry 1). Screening of biaryl bisphosphine ligands (Figure 1, entries 1–4) revealed that the use 

of BINAP furnished 5a in the highest yield (entry 2). Thus obtained diphosphine oxide 5a was reduced to 

the corresponding diphosphine ligand 6a in moderate yield by treatment with HSiCl3 and Me2NC6H5 

(Scheme 3). 
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Scheme 3. Reduction of Diphosphine Oxide 5a into Diphosphine 6a 

 

Next, we examined the synthesis of chiral triyne diphosphine oxide 4b starting from commercially 

available chiral propargylic alcohol (R)-7. Although the double etherification of dibromide 8 with racemic 

(±)-7 leading to triyne 9 was first examined, complete decomposion of 8 was observed (Scheme 4). 
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Scheme 4. Reaction of Propargylic Alcohol (±)-7 with Dibromide 8 
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Therefore, the stepwise etherification was examined as shown in Scheme 5. The etherification of bromide 

10
8
 with (R)-7 (98% ee) followed by desilylation afforded diyne (R)-11 in good yield. Bromination of 

(R)-11 furnished bromide (R)-12 in good yield. The second etherification of (R)-12 with (R)-7 also 

proceeded to give the desired triyne (R,R)-9 in high yield. The subsequent copper(I)-catalyzed double 

diphenylphosphination
9
 followed by oxidation with H2O2 furnished chiral triyne diphosphine oxide 

(R,R)-(+)-4b in high yield. In order to optimize the [2+2+2] cycloaddition step, the reaction of 

diastereomeric mixture of triyne 4b, prepared from racemic propargylic alcohol (±)-7, was examined by 

using various biaryl bisphosphine ligands (Table 2). Among the ligands examined (Figure 1, entries 1–4), 

the use of BIPHEP furnished the desired benzene 5b with the highest selectivity at room temperature for 

16 h, although 4b was still remained in 24% (entry 1). Pleasingly, when the reaction of chiral triyne 

(R,R)-(+)-4b was conducted at room temperature for 24 h, complete conversion of 4b was observed to 

give (R,R)-(+)-5b in good yield (Scheme 5). Thus obtained diphosphine oxide (R,R)-(+)-5b could be 

reduced to the corresponding diphosphine (R,R)-(+)-6b (98% ee) by treatment with HSiCl3 and iPr2NH, 

although the product yield was low. 
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Scheme 5. Synthesis of C2-Symmetric Chiral 1,2-Bis(diphenylphosphino)benzene Ligand (R,R)-(+)-6b 

Starting from Commercially Available Chiral Propargylic Alcohol (R)-7 
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Table 2. Optimization of Reaction Conditions for Rhodium-Catalyzed Intramolecular [2+2+2] 

Cycoaddition of Triyne 4b
a 

entry

1

2

3

4

55

32

22

0

yield (%)cligand

BIPHEP

Segphos

BINAP

H8-BINAP

Ph2(O)P

O

O

4b

P(O)Ph2

O

O

P(O)Ph2

P(O)Ph2

5b (d.r. = 1:1)

20 mol %
[Rh(cod)2]BF4/

ligand

(CH2Cl)2, rt
16 h

Me

Me Me

Me

76

71

100

15

conv (%)b

 
a
 [Rh(cod)2]BF4 (0.0060 mmol), ligand (0.0060 mmol), 4b (0.030 mmol), and (CH2Cl)2 (2.0 mL) were 

used. 
b
 Determined by 

1
H NMR. 

c
 Isolated yield. 

 

The ORTEP diagrams of [Rh(cod)((+)-6b)]SbF6 are shown in Figure 2.
10

 In the front view, four phenyl 

groups on the phosphorus atoms are distorted C2-symmetrically due to steric repulsions between the 

methyl and phenyl groups. However, in the side view, four phenyl groups on the phosphorus atoms are 

not distorted presumably due to the high rigidity of the ligand backbone. 

 

      

Figure 2. ORTEP diagram of [Rh(cod)((+)-6b)]SbF6 with ellipsoids at 20% probability (left: front view, 

right: side view): cod and SbF6 anion are omitted for clarity. 

 

In order to evaluate a potential applicability of the chiral diphosphine ligand (R,R)-6b (98% ee), its 

application to the rhodium-catalyzed asymmetric hydrogenation of alkenes was examined briefly (Table 
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3). For comparison purpose, the same reactions were conducted using (S)-BINAP and (S,S)-Chiraphos, 

possessing the distorted backbone, as a ligand under the same reaction conditions. In the hydrogenation of 

sterically less demanding -substituted acrylates 13a,b, the ee values using (R,R)-6b (entries 1 and 4) 

were significantly lower than those using (S)-BINAP
7d

 and (S,S)-Chiraphos (entries 2, 3, 5, and 6). On the 

contrary, in the hydrogenation of sterically demanding -disubstituted acrylamide 13c, the conversion 

and/or ee value using (R,R)-6b (entry 7) were markedly higher than those using (S)-BINAP and 

(S,S)-Chiraphos (entries 8 and 9). Although there remains room for improvement in the enantioselectivity, 

these results would demonstrate the potential utility of the new C2-symmetric chiral dppbz-type ligand for 

asymmetric catalyses. 

 

Table 3. Rhodium-Catalyzed Asymmetric Hydrogenation of Alkenes 13a–c Using (R,R)-6b, (S)-BINAP, 

and (S,S)-Chiraphos
a
 

entry

1

2

3

4

5

6

7

8

9

(R)-14a / 7

(R)-14a / 25d

(R)-14a / 82

(R)-14b / 32

(S)-14b / 76d

(S)-14b / 82

(–)-14c / 52

(+)-14c / 29

(+)-14c / 9

14 / ee (%)13

13a

13a

13a

13b

13b

13b

13c

13c

13c

OMe

OMe

OMe

OMe

OMe

OMe

NPh2

NPh2

NPh2

100

100

100

100

100

100

100

62

100

conv (%)b

5 mol % [Rh(cod)2]BF4/
ligand

(CH2Cl)2, H2 (1 atm)
rt,16 h

13 14

R2 R2

O

R3
O

R3

R1 R1

R1 R3

NHAc

NHAc

NHAc

CH2CO2Me

CH2CO2Me

CH2CO2Me

Me

Me

Me

R2

(R,R)-6bc

(S)-BINAP

(S,S)-Chiraphos

(R,R)-6bc

(S)-BINAP

(S,S)-Chiraphos

(R,R)-6bc

(S)-BINAP

(S,S)-Chiraphos

ligand

H

H

H

H

H

H

Me

Me

Me

Me

Me

PPh2

PPh2

(S,S)-Chiraphos

O

O

PPh2

PPh2

Me

Me

(R,R)-6b

PPh2

PPh2

(S)-BINAP

 
a
 [Rh(nbd)2]BF4 (0.0033 mmol), ligand (0.0033 mmol), 13a–c (0.065 mmol), and (CH2Cl)2 (1.0 mL) were 

used. 
b
 Determined by 

1
H NMR. 

c
 98% ee. 

d
 Data reported in reference 7d. 
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In conclusion, we have disclosed the design and synthesis of a C2-symmetric chiral 

1,2-bis(diphenylphosphino)benzene ligand via the rhodium-catalyzed intramolecular [2+2+2] 

cycloaddition. This new chiral dppbz-type ligand could be employed for the rhodium-catalyzed 

asymmetric alkene hydrogenation. Future work will focus on further tuning of chiral ligand structures and 

their application to asymmetric catalyses. 

ACKNOWLEDGEMENTS 

This work was supported partly by a Grant-in-Aid for Scientific Research (No. 20675002) from MEXT, 

Japan. We thank Takasago International Corporation for the gift of chiral propargylic alcohol (R)-7, and 

Umicore for generous support in supplying of a rhodium complex. 

REFERENCES 

1. For selected recent examples of transition-metal-catalyzed reactions using 

1,2-bis(diarylphosphino)benzene derivatives as ligands, see: (a) T. Hashimoto, T. Hatakeyama, and 

M. Nakamura, J. Org. Chem., 2012, 77, 1168; (b) T. Hatakeyama, Y.-i. Fujiwara, Y. Okada, T. Itoh, 

T. Hashimoto, S. Kawamura, K. Ogata, H. Takaya, and M. Nakamura, Chem. Lett., 2011, 40, 1030; 

(c) M. Jin and M. Nakamura, Chem. Lett., 2011, 40, 1012; (d) T. Hatakeyama, Y. Okada, Y. 

Yoshimoto, and M. Nakamura, Angew. Chem. Int. Ed., 2011, 50, 10973; (e) S. Ito, T. Itoh, and M. 

Nakamura, Angew. Chem. Int. Ed., 2011, 50, 454; (f) T. Hatakeyama, T. Hashimoto, Y. Kondo, Y. 

Fujiwara, H. Seike, H. Takaya, Y. Tamada, T. Ono, and M. Nakamura, J. Am. Chem. Soc., 2010, 

132, 10674; (g) J. Kanda, K. Yamashita, S. K. Nune, and M. Tanaka, Tetrahedron Lett., 2009, 50, 

6196; (h) B. A. Baker, Z. V. Bošković, and B. H. Lipshutz, Org. Lett., 2008, 10, 289; (i) D. J. Weix, 

K. Shi, and J. A. Ellman, J. Am. Chem. Soc., 2005, 127, 1092. 

2. Imamoto and co-workers recently reported a novel 1,2-bis(tert-butylmethylphosphino)benzene 

ligand, while this ligand dose not possess three aryl groups on the phosphorus. See: K. Tamura, M. 

Sugiya, K. Yoshida, A. Yanagisawa, and T. Imamoto, Org. Lett., 2010, 12, 4400. 

3. For reviews of the rhodium-catalyzed [2+2+2] cycloaddition, see: (a) Y. Shibata and K. Tanaka, 

Synthesis, 2012, 44, 323; (b) K. Tanaka, Heterocycles, 2012, 85, 1017; (c) K. Tanaka, Synlett, 2007, 

1977; (d) M. Fujiwara and I. Ojima, Modern Rhodium-Catalyzed Organic Reactions, ed. by P. A. 

Evans, Wiley-VCH, Weinheim, 2005, p. 129. 

4. For recent reviews of the transition-metal-catalyzed [2+2+2] cycloaddition of alkynes, see: (a) N. 

Weding and M. Hapke, Chem. Soc. Rev., 2011, 40, 4525; (b) G. Domínguez and J. Pérez-Castells, 

Chem. Soc. Rev., 2011, 40, 3430; (c) R. Hua, M. V. A. Abrenica, and P. Wang, Curr. Org. Chem., 

2011, 15, 712; (d) S. Li, L. Zhou, K.-i. Kanno, and T. Takahashi, J. Heterocycl. Chem., 2011, 48, 

HETEROCYCLES, Vol. 86, No. 1, 2012 145

http://dx.doi.org/10.1021/jo202151f
http://dx.doi.org/10.1246/cl.2011.1030
http://dx.doi.org/10.1246/cl.2011.1012
http://dx.doi.org/10.1002/anie.201104125
http://dx.doi.org/10.1002/anie.201006180
http://dx.doi.org/10.1021/ja103973a
http://dx.doi.org/10.1021/ja103973a
http://dx.doi.org/10.1016/j.tetlet.2009.08.094
http://dx.doi.org/10.1016/j.tetlet.2009.08.094
http://dx.doi.org/10.1021/ol702689v
http://dx.doi.org/10.1021/ja044003d
http://dx.doi.org/10.1021/ol101936w
http://dx.doi.org/10.1055/s-0031-1289665
http://dx.doi.org/10.3987/REV-12-729
http://dx.doi.org/10.1055/s-2007-984541
http://dx.doi.org/10.1055/s-2007-984541
http://dx.doi.org/10.1002/3527604693.ch7
http://dx.doi.org/10.1039/c0cs00189a
http://dx.doi.org/10.1039/c1cs15029d
http://dx.doi.org/10.2174/138527211794519023
http://dx.doi.org/10.2174/138527211794519023
http://dx.doi.org/10.1002/jhet.555


 

517; (e) P. A. Inglesby and P. A. Evans, Chem. Soc. Rev., 2010, 39, 2791; (f) L. Zhou, S. Li, K.-i. 

Kanno, and T. Takahashi, Heterocycles, 2010, 80, 725; (g) B. R. Galan and T. Rovis, Angew. Chem. 

Int. Ed., 2009, 48, 2830; (h) T. Shibata and K. Tsuchikama, Org. Biomol. Chem., 2008, 1317; (i) L. 

Zhou, M. Yamanaka, K.-i. Kanno, and T. Takahashi, Heterocycles, 2008, 76, 923; (j) N. Agenet, O. 

Buisine, F. Slowinski, V. Gandon, C. Aubert, and M. Malacria, Organic Reactions, Vol. 68, ed. by L. 

E. Overman, John Wiley & Sons, Hoboken, 2007, p. 1; (k) P. R. Chopade and J. Louie, Adv. Synth. 

Catal., 2006, 348, 2307; (l) V. Gandon, C. Aubert, and M. Malacria, Chem. Commun., 2006, 2209; 

(m) S. Kotha, E. Brahmachary, and K. Lahiri, Eur. J. Org. Chem., 2005, 4741; (n) V. Gandon, C. 

Aubert, and M. Malacria, Curr. Org. Chem., 2005, 9, 1699; (o) Y. Yamamoto, Curr. Org. Chem., 

2005, 9, 503. 

5. For a review of the atropselective [2+2+2] cycloaddition, see: K. Tanaka, Chem. Asian J., 2009, 4, 

508. 

6. For the synthesis of monophosphorus compounds by the transition-metal-catalyzed [2+2+2] 

cycloaddition reactions, see: (a) B. Heller, A. Gutnov, C. Fischer, H.-J. Drexler, A. Spannenberg, D. 

Redkin, C. Sundermann, and B. Sundermann, Chem. Eur. J., 2007, 13, 1117; (b) G. Nishida, K. 

Noguchi, M. Hirano, and K. Tanaka, Angew. Chem. Int. Ed., 2007, 46, 3951; (c) A. Kondoh, H. 

Yorimitsu, and K. Oshima, J. Am. Chem. Soc., 2007, 129, 6996; (d) T. Kobatake, A. Kondoh, S. 

Yoshida, H. Yorimitsu, and K. Oshima, Chem. Asian J., 2008, 3, 1613; (e) G. Nishida, K. Noguchi, 

M. Hirano, and K. Tanaka, Angew. Chem. Int. Ed., 2008, 47, 3410; (f) N. Fukawa, T. Osaka, K. 

Noguchi, and K. Tanaka, Org. Lett., 2010, 12, 1324; (g) N. Sakiyama, D. Hojo, K. Noguchi, and K. 

Tanaka, Chem. Eur. J., 2011, 17, 1428. 

7. For the synthesis of diphosphorus compounds by the transition-metal-catalyzed [2+2+2] 

cycloaddition reactions, see: (a) S. Doherty, J. G. Knight, C. H. Smyth, R. W. Harrington, and W. 

Clegg, Org. Lett., 2007, 9, 4925; (b) G. Nishida, S. Ogaki, Y. Yusa, T. Yokozawa, K. Noguchi, and 

K. Tanaka, Org. Lett., 2008, 10, 2849; (c) S. Doherty, C. H. Smyth, R. W. Harrington, and W. Clegg, 

Organometallics, 2008, 27, 4837; (d) F. Mori, N. Fukawa, K. Noguchi, and K. Tanaka, Org. Lett., 

2011, 13, 362. 

8. N. E. Schore and S. D. Najdi, J. Org. Chem., 1987, 52, 5296. 

9. V. V. Afanasiev, I. P. Beletskaya, M. A. Kazankova, I. V. Efimova, and M. U. Antipin, Synthesis, 

2003, 2835. 

10. Deposition number CCDC-885711 for [Rh(cod)((+)-6b)]SbF6. Free copies of the data can be 

obtained via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; 

e-mail: deposit@ccdc.cam.ac.uk). 

146 HETEROCYCLES, Vol. 86, No. 1, 2012

http://dx.doi.org/10.1039/b913110h
http://dx.doi.org/10.3987/REV-09-SR(S)6
http://dx.doi.org/10.1002/anie.200804651
http://dx.doi.org/10.1002/anie.200804651
http://dx.doi.org/10.1039/b720031e
http://dx.doi.org/10.3987/REV-08-SR(N)6
http://dx.doi.org/10.1002/adsc.200600325
http://dx.doi.org/10.1002/adsc.200600325
http://dx.doi.org/10.1039/b517696b
http://dx.doi.org/10.1002/ejoc.200500411
http://dx.doi.org/10.2174/138527205774610895
http://dx.doi.org/10.2174/1385272053544399
http://dx.doi.org/10.2174/1385272053544399
http://dx.doi.org/10.1002/asia.200800378
http://dx.doi.org/10.1002/asia.200800378
http://dx.doi.org/10.1002/chem.200600826
http://dx.doi.org/10.1002/anie.200700064
http://dx.doi.org/10.1021/ja071622o
http://dx.doi.org/10.1002/asia.200800102
http://dx.doi.org/10.1002/anie.200800144
http://dx.doi.org/10.1021/ol100227k
http://dx.doi.org/10.1002/chem.201003134
http://dx.doi.org/10.1021/ol702390p
http://dx.doi.org/10.1021/ol801013v
http://dx.doi.org/10.1021/om800755x
http://dx.doi.org/10.1021/ol102927y
http://dx.doi.org/10.1021/ol102927y
http://dx.doi.org/10.1021/jo00232a050
http://dx.doi.org/10.1055/s-2003-42493
http://dx.doi.org/10.1055/s-2003-42493



