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1. Results of additional experiments 

1.1. Studies on the reaction progress 

Table S1. Summarized data from the 31P NMR measurements during the course of the esterification at elevated temperature. 1 

 

Entry 
Time of  

reaction [h] 

Substrate 1b 

conversion [%] 

Product yield [%] 2 

3b 4b 6 

1 1 

>99 

21 46 34 

2 2 13 53 34 

3 4 8 60 32 

4 6 4 64 31 

5 8 0 74 26 

6 24 0 99 0 

1 Reaction conditions: benzylphosphonic acid 1b (1 equiv., 0.5 mmol), triethyl or-

thoacetate (30 equiv., 15 mmol). 2 The conversion of 1b and product yields were de-

termined on the basis of relative 31P NMR integrals. 
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2. Analytical data for the studied compounds 

2.1. Structures and 31P NMR chemical shifts for applied substrates 

Table S2. Recorded 31P NMR shifts for substrate phosphonic acids. 

Symbol Chemical Name Structure 
31P NMR chemical 

shift [ppm] 1 

1a n-butylphosphonic acid 
 

27.8 

1b benzylphosphonic acid 

 

21.3 

1c ethylphosphonic acid 
 

29.1 

1d vinylphosphonic acid 
 

12.0 

1e n-hexylphosphonic acid 
 

27.4 

1f n-dodecylphosphonic acid 

 

27.6 

1g phenylphosphonic acid 
 

13.0 

1h 
(4-methoxyphenyl)phosphonic 

acid  
13.7 

1i 
[(4-hydroxyphenyl)methyl]-ph

osphonic acid 
 

22.4 

1j 
[(4-nitrophenyl)methyl]- 

phosphonic acid 
 

24.9 

1k 
[(4-bromophenyl)methyl]- 

phosphonic acid 
 

20.6 

1l 
[(3-bromophenyl)methyl]- 

phosphonic acid 
 

20.5 

1m 
[1,4-phenylenebis(methylene)]-

bis(phosphonic acid) 
 

21.1 

1 Chemical shifts were measured for samples dissolved in dimethyl sulfoxide-d6 (DMSO-d6). 
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2.2. Symbols, structures, and 31P NMR chemical shifts of received products 

Table S3. Recorded 31P NMR shifts for obtained mono- and diesters. 

Symbol Monoester structure 
31P NMR  

shift [ppm] 1 
Symbol Diester structure 

31P NMR  

shift [ppm] 1 

3a 
 

29.1 4a 
 

32.0 

3b 

 

23.3 4b 

 

26.5 

3c 
 

30.2 4c 
 

33.1 

3d 
 

14.0 4d 
 

16.9 

3e 
 

28.9 4e 
 

31.9 

3f 

 

28.9 4f 

 

31.9 

3g 
 

15.0 4g 
 

17.8 

3h 
 

15.5 4h 
 

18.8 

3i 

 

24.2 4i 

 

27.1 

3j 

 

21.4 4j 

 

24.9 

3k 

 

22.4 4k 

 

25.8 

3l 

 

22.7 4l 

 

25.9 

3m 

 

- 4m 

 

26.5 

1 Chemical shifts were measured for samples also dissolved in DMSO-d6. 
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2.3. 1H, 13C, and 31P NMR spectra of the monoesters 

Ethyl hydrogen butylphosphonate (3a)
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Ethyl hydrogen benzylphosphonate (3b) 
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Ethyl hydrogen ethylphosphonate (3c) 
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Ethyl hydrogen vinylphosphonate (3d) 
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Ethyl hydrogen hexylphosphonate (3e) 
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Ethyl hydrogen dodecylphosphonate (3f) 
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Ethyl hydrogen phenylphosphonate (3g) 
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Ethyl hydrogen (4-methoxyphenyl)phosphonate (3h) 
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Ethyl hydrogen [(4-nitrophenyl)methyl]phosphonate (3j) 
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Ethyl hydrogen [(4-bromophenyl)methyl]phosphonate (3k) 
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Ethyl hydrogen [(3-bromophenyl)methyl]phosphonate (3l) 
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2.4. 1H, 13C and 31P NMR spectra of the diesters 

Diethyl butylphosphonate (4a) 
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Diethyl benzylphosphonate (4b) 
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Diethyl ethylphosphonate (4c) 
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Diethyl hexylphosphonate (4e) 
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Diethyl dodecylphosphonate (4f) 
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Diethyl phenylphosphonate (4g) 
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Diethyl (4-methoxyphenyl)phosphonate (4h) 
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Diethyl [(4-hydroxyphenyl)methyl]phosphonate (4i) 
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Diethyl [(4-nitrophenyl)methyl]phosphonate (4j) 
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Diethyl [(4-bromophenyl)methyl]phosphonate (4k) 

 



Molecules 2021, 26, 5637 47 of 49 

 

 
Molecules 2021, 26, 5637. https://doi.org/10.3390/molecules26185637 www.mdpi.com/journal/molecules 

 

 

 

 



Molecules 2021, 26, 5637 48 of 49 

 

 
Molecules 2021, 26, 5637. https://doi.org/10.3390/molecules26185637 www.mdpi.com/journal/molecules 

 

Diethyl [(3-bromophenyl)methyl]phosphonate (4l) 
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