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One-pot and highly regio-selective 1, 3-dipole cycloaddition of 

azomethine ylide generated in situ to tetraethyl 

vinylidenebisphosphonate (VBP) catalyzed by cerium(IV) oxide 

Guozhu Li, Mingshu Wu†, Dulin Kong, Rendie Liu, Xueming Zhou and Fengjiao Liu 

Key Laboratory of Tropical Medicinal Plant Chemistry of the Ministry of  Education, College of 

Chemistry & Chemical Engineering, Hainan Normal University, Haikou 571158, Hainan Province, P.R. 

China

VBP reacts smoothly with L-proline and benzaldehyde 

derivates at 80°C in toluene catalyzed by Cerium (IV) oxide ( 

CeO2 ) to give the corresponding heterocyclic 

bisphosphonates in moderate yields (30-70%). Higly regio-

selectivity of the 1, 3-dipole cycloaddition was observed. The 

structures of the targeted molecules are characterized by 

NMR (such as COSY, HSQC, and HMBC), IR and MS. 

 

 

 

 

As one of the most powerful strategies for the synthesis of 

various five-membered heterocycles, the 1,3-dipole 

cycloaddition reaction has achieved great development and 

application in organic synthesis. However, most of these 

reactions are foucused on the reactive dienophile or 

dipolarophile
1
 such as α, β-unsaturated carbonyl 

compounds and nitriles whose hindrance is small due to 

their structures are plane; that is to say, it is still a 

challenge to use the inactive or large hindrance dienophile 

or dipolarophile in the 1,3-dipole cycloaddition reaction. 

So we intend to employ VBP (Figure 1) having scarce 

reactivity (for example large hindrance due to the large 

tetrahedral structure of ‘P’)
2
 to synthesize gem-

bisphosphonates containing heterocycle,  because 

heterocyclic gem-bisphosphonates are very likely to offer 

potent therapeutic opportunities for further success in several 

human pathologies
3
, such as osteoporosis

4
, cancer-related 

hypercalcemia
5
, rheumatoid arthritis

6
, and powerful anti-

inflammatory drugs
7
. 
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  To the best of our knowledge, although the electron-

withdrawing ability of phosphonate groups is remarkable, 

there are only two examples of obtaining cyclic 

bisphosphonates using VBP via cycloaddition or Diels-

Alder reaction but under hard conditions. Ye et.al used the 

cycloaddition of active nitrile oxides to VBP to get 4,5-

dihydroisoxazoles containing phosphonyl group, which 

reacts 36h at most.
8
 Renzo Ruzziconi et.al

9
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Diels-Alder reactions of 1,3-dienes using VBP as a 

dienophile needing high pressure and 3 days at most. 

 
The importance of heterocyclic bisphosphonates as 

valuable blocks in the synthesis of biologically active 

molecules and the lack of information about these kinds of 

procedures encouraged us to research the one pot reaction 

of VBP with L-proline and a variety of aldehydes under 

milde conditions. Here, we report the results of this 

research(Scheme1).  

 

The choice of an appropriate reaction solvent and 

catalyst is much of importance for successful synthesis. At 

the beginning, inspired by Babak Kaboudin and Tsutomu 

Yokomatsu
10

, we chose the reaction of VBP(1mmol) with 

L-proline (1.5mmol) and benzaldehyde (1.2mmol) in 

toluene under catalyst-free condition as a model reaction 

trying every order of the addition of starting materials, but 

in vain (Table 1 entry 1).  

However, we still believed that this transformation can 

proceed smoothly if we choose proper catalysts. 

Encouraged by Habib Firouzabadi and Nasser Iranpoor
11

, 

after screening a series of catalysts, we found MgO, CeO2 

,Yb2O3 and Sm2O3 are the proper candidates (Table 1 

entries 16-18). So we chose CeO2 as the best catalyst to 

optimize the model reaction. 

    With the best promotor in hand, we also studied the 

solvent effect. We tried a variety of solvents. Our studies 

suggested that toluene was the ideal solvent for this 

reaction ( Table 2). The reaction in other solvents such as 

DMF and MeOH nearly did not proceed (Table 2 entries 1-

5). The reaction at 50, 70, and 80°C can proceed smoothly 

and provid the target product 1 in 35%, 62%, and 68% 

(Table 2 entries 6-8)isolated yields within 12 h, 8 hour, 

and 5h, respectively, but cannot get the target molecular in 

100 and 110°C (Table 2 entries 9-10). 

     

After getting the optimized conditions, a range of 

aromatic aldehydes can react smoothly  with L-proline 

and VBP, except the aliphatic aldehydes (Table 3). The 

structure of products such as 1 are identified by 

spectroscopic analysis
12

 (
1
H, COSY, 

13
C NMR, HSQC, 

HMBC and ROESY) (Figure 2).Considering the reaction a 

1,3-dipolar cycloaddition, the remarkable electron-

withdrawing ability of the two phosphonate groups should 

contribute to decrease the LUMO energy of the 

dipolarophile (VBP), and meanwhile the coefficient at the 

Entry Catalyst Base Time(h) Yield
 
(%) 

1 - - 48 0 

2 I2 K2CO3 48 0 

3 ZnO - 48 0 

4 ZnO K2CO3 48 0 

5 ZnCl2 - 48 0 

6 CuI - 48 0 

7 CuO - 48 0 

8 FeCl3 - 48 0 

9 CuBr - 48 0 

10 CeCl3˙7H2O - 48 0 

11 InCl3 - 48 0 

12 CuCl - 48 0 

13 - K2CO3 48 0 

14 - Et3N 48 0 

15 (CF3SO3)3Yb  48 0 

16 MgO(nano) 
 

5 50 

17 Yb2O3 
 

5 60 

18 CeO2 
 

5 68 

19 Sm2O3  5 30 

Entry Solvent Temp(°C ) Time(h) Yield
 
(%) 

1 THF 66 48 trace 

2 MeOH 65 48 trace 

3 Xylene 80 48 trace 

4 EtOH 78 48 trace 

5 DMF 80 48 trace 

6 toluene 50 12 35 

7 toluene 70 8 62 

8 toluene 80 5 68 

9 toluene 100 5 trace 

10 toluene 110 5 trace 
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Compound (Entry) Ar Time(h) 
Yield

 

(%) 

1 
 

5 68 

2 
 

5 70 

3 
 

5 55 

4 
 

5 45 

5 
 

5 20 

6 
 

5 40 

7 
 

5 60 

8 

 

5 30 

9 
 

5 55 

  

 

unsubstituted carbon increases. In the same time the 

presence of the phenyl group at one terminal carbon of the 

dipole make both the HOMO energy and the coefficient at 

the benzylic carbon to increase. Therefore, according to 

the frontier orbital theory the regioselectivity of the 

reported reaction is correct and reasonable. So the 

relatively high 
3
JP-C value (10.1 Hz) between the benzylic 

carbon at 68.45ppm (P-C-C-CH, see ESI) and the two 

gem-phosphorous, compared with the low value of the 
2
JP-

C between the tertiary carbon at 69.43ppm, apparently a 

singlet, and the two gem- phosphorous would had been 

sufficient. Based on the 
31

P NMR , for normal  aromatic 

aldehydes as starting materials, there are two peaks 

(24.5ppm–25.9ppm) except 8 (23.67ppm) which 

indicates that the final products probably contain 

mixture of the four isomers as shown in figure 3. And 

for compound 8, it is more likely that the bulky binaphthol 

backbone make the enantiomer 8a and 8a′ as the main 

product (Figure 4).  

As depicted in Scheme 2, a possible reaction cycle for 

aromatic aldehydes is proposed. The iminium cation I is 

reversibly produced after the condensation of L-proline 

with benzaldehyde,  then oxazolidinone II is reversibly 

formed for electron-rich aromatic aldehydes; but for the 

electrondeficient aromatic aldehydes such as p- 
chlorobenzaldehyde, the iminium specie I may directly 

undergo decarboxylation to form the azomethine ylide of 

which ⅢⅢⅢⅢ, ⅣⅣⅣⅣ,ⅤⅤⅤⅤand ⅥⅥⅥⅥ    are    the resonance structure
13

.  
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ⅤⅤⅤⅤ    then react with VBP to form the stable targeted product 

1.That azomethine ylide is nonstable and its producing rate 

for electrondeficient aromatic aldehydes is faster than 

those of electron-rich aromatic aldehydes leads to some of 

them cannot fully react with VBP before they decompose, 

and thus rationalize that yields of desired products are 

higher for electron-rich aromatic aldehydes. Aromatic 

aldehydes with active hydrogen also cannot undergo 

further reaction or at a very low yield (Table 3 entry 8), 
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because the active hydrogen may decompose the 

azomethine ylide which is immune to proton. Besides that, 

we also found that o-substituted aromatic aldehydes can 

hardly carry on the reaction due to the neighbouring 

hindrance effect.  

 

In conclusion, VBP reacts smoothly with L-proline and 

benzaldehyde derivates at 80°C in toluene catalyzed by 

Cerium (IV) oxide ( CeO2 ) to give the corresponding 

heterocyclic bisphosphonates in moderate yields (30-70%). 

The structures of the targeted molecules are characterized 

by NMR (such as COSY, HSQC, and HMBC), IR and MS. 

The isomers can be found according the 
31

P NMR, but it’s 

difficult for us to isolate them one by one through column 

chromatography on silica gel because of few differences of 

the Rf values among  isomers. 

However, the readily method, mild reaction conditions, 

and moderate to good yields should make this strategy an 

efficient and a useful contribution to the synthesis 

methodologies of heterocyclic bisphosphonates. 

Acknowledgment 

We are thankful for the financial support from the National 

Natural Science Foundation of China (No. 21162008). 

References 

1. (a)R. Narayan, M. Potowski, Z.-J. Jia, A. P. Antonchick and H. 

Waldmann, Acc. Chem. Res., 2014; (b)H. Liu, G. Dou and D. Shi, J. 

Comb. Chem., 2010, 12, 292-294; (c)H. Liu, G. Dou and D. Shi, J. 

Comb. Chem., 2010, 12, 633-637; (d)K. Zhao, S.-L. Zhu, D.-Q. Shi, 

X.-P. Xu and S.-J. Ji, Synthesis, 2010, 2010, 1793-1803; (e)N. V. 

Lakshmi, P. Thirumurugan, C. Jayakumar and P. T. Perumal, 

Synlett, 2010, 2010, 955-961; (f)H. Liu, Y. Zou, Y. Hu and D.-Q. 

Shi, J. Heterocycl. Chem., 2011, 48, 877-881. 

2. (a)C. K. McClure and K. B. Hansen, Tetrahedron Lett., 1996, 37, 

2149-2152; (b)N. Defacqz, R. Touillaux, B. Tinant, J.-P. Declercq, 

D. Peeters and J. Marchand-Brynaert, J. Chem. Soc., Perkin Trans. 

2, 1997, 1965-1968. 

3. (a)M. B. Martin, J. S. Grimley, J. C. Lewis, H. T. Heath, B. N. 

Bailey, H. Kendrick, V. Yardley, A. Caldera, R. Lira, J. A. Urbina, 

S. N. J. Moreno, R. Docampo, S. L. Croft and E. Oldfield, J. Med. 

Chem., 2001, 44, 909-916; (b)J. H. Lin, Bone, 1996, 18, 75-85; (c)S. 

Cremers and S. Papapoulos, Bone, 2011, 49, 42-49; (d)R. G. G. 

Russell, Bone, 2011, 49, 2-19. 

4. (a)N. B. Watts, S. T. Harris, H. K. Genant, R. D. Wasnich, P. D. 

Miller, R. D. Jackson, A. A. Licata, P. Ross, G. C. Woodson, M. J. 

Yanover, W. J. Mysiw, L. Kohse, M. B. Rao, P. Steiger, B. 

Richmond and C. H. Chesnut, N. Engl. J. Med., 1990, 323, 73-79; 

(b)T. Storm, G. Thamsborg, T. Steiniche, H. K. Genant and O. H. 

Sorensen, N. Engl. J. Med., 1990, 322, 1265-1271; (c)S. Boonen, R. 

Laan, I. Barton and N. Watts, Osteoporos. Int., 2005, 16, 1291-1298. 

5. (a)A. D. Paterson, J. A. Kanis, E. C. Cameron, D. L. Douglas, D. J. 

Beard, F. E. Preston and R. G. G. Russell, Br. J. Haematol., 1983, 

54, 121-132; (b)M. Pecherstorfer, Z. Herrmann, J. J. Body, C. 

Manegold, M. Degardin, M. R. Clemens, B. Thürlimann, M. 

Tubiana-Hulin, E. U. Steinhauer, M. van Eijkeren, H. J. Huss and D. 

Thiébaud, J. Clin. Oncol., 1996, 14, 268-276; (c)M. C. Chapuy, P. J. 

Meunier, C. M. Alexandre and E. P. Vignon, J. Clin. Invest., 1980, 

65, 1243-1247; (d)R. E. Coleman and E. V. McCloskey, Bone, 2011, 

49, 71-76. 

6. V. Breuil and L. Euller-Ziegler, JOINT BONE SPINE, 2006, 73, 349-

354. 

7. M. Varenna, Rheumatology (Oxford), 2013. 

8. Y. Ye, G.-Y. Xu, Y. Zheng and L.-Z. Liu, Heteroat. Chem, 2003, 14, 

309-311. 

9. R. Ruzziconi, G. Ricci, A. Gioiello, H. Couthon-Gourvès and J.-P. 

Gourvès, J. Org. Chem., 2003, 68, 736-742. 

10. B. Kaboudin, L. Karami, J.-y. Kato, H. Aoyama and T. Yokomatsu, 

Tetrahedron Lett., 2013, 54, 4872-4875. 

11. H. Firouzabadi, N. Iranpoor, A. Ghaderi and M. Ghavami, 

Tetrahedron Lett., 2012, 53, 5515-5518. 

12. V. S. Moshkin, V. Y. Sosnovskikh and G.-V. Röschenthaler, 

Tetrahedron, 2013, 69, 5884-5892. 

13. (a)F. A. Carey and R. J. Sundberg, in Advanced Organic 

Chemistry,Part B: Reactions and Synthesis, Springer, 2007, p. 527; 

(b)N. Zotova, A. Franzke, A. Armstrong and D. G. Blackmond, J. 

Am. Chem. Soc., 2007, 129, 15100-15101; (c)F. Orsini, F. Pelizzoni, 

M. Forte, R. Destro and P. Gariboldi, Tetrahedron, 1988, 44, 519-

541; (d)D. G. Blackmond, Angew. Chem. Int. Ed., 2005, 44, 4302-

4320; (e)P. Dambruoso, A. Massi and A. Dondoni, Org. Lett., 2005, 

7, 4657-4660; (f)R. Grigg and M. A. B. Sarker, Tetrahedron, 2006, 

62, 10332-10343.    

 

Page 4 of 5New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



New Journal of Chemistry RSCPublishing 

COMMUNICATION 

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 1  

VBP reacts smoothly with L-proline and benzaldehyde derivates at 80°C in toluene catalyzed by Cerium (IV) 

oxide ( CeO2 ) to give the corresponding heterocyclic bisphosphonates in moderate yields (30-70%). Higly regio-

selectivity of the 1, 3-dipole cycloaddition was observed. The structures of the targeted molecules are characterized 

by NMR (such as COSY, HSQC, and HMBC), IR and MS. 
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