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1. Results of additional experiments

1.1. Studies on the reaction progress

Table S1. Summarized data from the 3'P NMR measurements during the course of the esterification at elevated temperature.!

/\9 O O 7500 /\II /\II /\II 9/\
Ph™ "P-OH + )4 ——— Ph" "P-0 * Ph” "P-O * Ph” "P-O-P” “Ph
OH 0 OH o OEt O

1b 2a 3b 4b 6
) Product yield [%] 2
Entr Time of Substrate 1b

y reaction [h] conversion [%] 3b 4b 6
1 1 21 46 34
2 2 13 53 34
3 4 8 60 32

>99

4 6 4 64 31
5 8 0 74 26
6 24 0 99 0

! Reaction conditions: benzylphosphonic acid 1b (1 equiv., 0.5 mmol), triethyl or-
thoacetate (30 equiv., 15 mmol). 2The conversion of 1b and product yields were de-
termined on the basis of relative 3P NMR integrals.
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2. Analytical data for the studied compounds
2.1. Structures and 3'P NMR chemical shifts for applied substrates

Table S2. Recorded 3'P NMR shifts for substrate phosphonic acids.

31 1
Symbol Chemical Name Structure P NMR chemical
shift [ppm] !
9
1a n-butylphosphonic acid <" p-0H 27.8
OH
2
1b benzylphosphonic acid ©/\ P-OH 213
OH
9
1c ethylphosphonic acid ~p-oH 29.1
OH
9
1d vinylphosphonic acid Z "P—OH 12.0
OH
9
le n-hexylphosphonic acid <N p-oH 274
OH
2
1f n-dodecylphosphonic acid (ZZ\ P-OH 27.6
OH
2
1g phenylphosphonic acid @—?-OH 13.0
OH
- o
1h (4—methoxypher.lyl)phosphomc MeO ( > 5 on 137
acid OH
. [(4-hydroxyphenyl)methyl]-ph li')_ oH
1 ) g . 224
osphonic aci Ho OH
: 2
1j [(4-nitrophenyl)methyl]- P-OH 24.9
phosphonic acid ON OH '
2
1k [(4-bromophenyl)methyl]- ('FI,)'_OH 206
phosphonic acid . OH ’
0
11 [(3-bromophenyl)methyl]- Br L _on .
phosphonic acid OH
0
[1,4-phenylenebis(methylene)]- OH P-OH
1m H O_.FI.’ OH 21.1

bis(phosphonic acid)

(e}

! Chemical shifts were measured for samples dissolved in dimethyl sulfoxide-ds (DMSO-ds).
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2.2. Symbols, structures, and 3'P NMR chemical shifts of received products

Table S3. Recorded 3'P NMR shifts for obtained mono- and diesters.

3P NMR

Symbol Monoester structure shift [ppm] !

Symbol

Diester structure

3P NMR
shift [ppm] !

o
3a -0kt 29.1
OH
2
3b P-OEt 233
OH
Q2
3¢ - P-OEt 30.2
OH
9
3d # P-OEt 14.0
OH
9
3e NN P-OEt 28.9
OH

Q
3f (\//\/\\A?-OH 28.9
OH
?
3g @—FI’—OEt 15.0

OH
Q
3h MeO—@—lID—OEt 15.5
OH
Q
3i g P-OEt 242
HO OH
1
3j P-OFt 21.4
oN OH
Q
3k /@A?‘OE‘ 224
OH
Br
(@]
31 or P-OEt 27
OH
Q
(I)H FI’—OEt
3m  EtO-P OH -

da

4b

4c

4d

4e

4f

4g

4h

4i

4

4k

41

4m

2

P-OEt

Ot
—@—P OEt

OEt

P OEt
OEt
/©/\P OEt

P-OEt
OEt

Nog
ot

P OEt
EtO—

32.0

26.5

33.1

16.9

31.9

31.9

17.8

18.8

27.1

249

25.8

25.9

26.5

! Chemical shifts were measured for samples also dissolved in DMSO-ds.
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2.3. 'H, BC, and 3'P NMR spectra of the monoesters

Ethyl hydrogen butylphosphonate (3a)
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Parameter Value 2
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Ethyl hydrogen benzylphosphonate (3b)
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Ethyl hydrogen ethylphosphonate (3c)
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. |
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3 P
T - T T T T’ T T‘ 1 | i
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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)

€851

9P-0SING 0052
£98°¢|
088°¢ |
968°€
006°€ |
916°¢
5e6°€ ]

S80°LY

PyIN
5611,
£LZ Z,(
azz LAy
ez Lk
sz 1
Vv
vhz 1)
£5Z'L
6521
21z
9sz'L
g0e'L
zzeLdf
Lee v
Gov'L-
zes)
o5l
8517

~STS

Value
Bruker BioSpin GrbH

DMsO

303.0

Parameter

1 Origin

2 Solvent

3 Temperature

4 Number of Scans

5 Spectrometer Frequency 399.98

6 Nudeus

1H

P-OEt
OH

1.0 0.5 0.0 -0.5

1.5

9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0
f1 (ppm)

9.5

www.mdpi.com/journal/molecules

Molecules 2021, 26, 5637. https://doi.org/10.3390/molecules26185637



Molecules 2021, 26, 5637 23 of 49

©
bl
Parameter Value 2
=
1 Origin Bruker BioSpin GmbH Sea Ly &8 . g o~ © o
2 Solvent DMSO Soa S8 mm R R =
3 Temperature 303.0 L a2 o9 23 s &8 =8
4 Number of Scans 48 Ve A A A o A
5 Acquisition Date 2021-08-10T19:12:42
6 Spectrometer Frequency 100.59
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T T T T T T T T T T T T T T T T T T T T T T 1
0 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)
[
<
Parameter Value =
1 Origin Bruker BioSpin GmbH
2 Solvent DMSO
3 Temperature 302.9
4 Number of Scans 24
5 Acquisition Date 2021-06-17T15:42:39
6 Spectrometer Frequency 161.91
7 Nudeus 31P

e R

T
45 40 35 30 25 20 15 10 5 (
f1 (ppm)

o
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Ethyl hydrogen [(4-bromophenyl)methyl]phosphonate (3k)
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Parameter Value

1 Origin Bruker BioSpin GmbH

2 Solvent DMSO
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4 Number of Scans 12

5 Spectrometer Frequency 399.98
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A
U AN

1.169
1.161

2.500 DMSO-d6

~-3.023

LJ L\_.H_JU

e

|
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T 7 T T
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9.5 90 85 8.0 7.5 7.0 6.5 6.0 55 50 45 40 3.5 30 25 2.0 1.5 1.0 0.5 00  -05
f1 (ppm})
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WWWM
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<
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16.33
16.27

<

T T
210 200
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2 Solvent
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T
190

T T
180 170
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T
160

T
150
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T
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T
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T
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T
100
f1 (ppm)

L T T e e

T
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22.40
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40

35

30

T
25
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10 5 (
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Ethyl hydrogen [(3-bromophenyl)methyl]phosphonate (31)
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Parameter Value Do;
1 Origin Bruker BioSpin GmbH Z
2 Solvent DMSO P i EEE8E835S TRE88 e g 88%
SOYTSSBR8RERS8 36888 85 3 eeT
3 Temperature 3030 Sl RN~ Semeno oo o~ pEDEDE
4 Number of Scans 16 e PR N/ -~
5 Spectrometer Frequency 399.98
6 Nudeus 1H
]
1
i | |
v ! Il
AV .J \ L . WA
A T e -
AN A 2 o & ~
R 3 ~ & P

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1
f1 (ppm)
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Parameter Value 2
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1 Origin Bruker BioSpin GmbH FPHNANEINASL28Y . 5 o~ -
3 Temperature 303.0 e v [ v
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5 Spectrometer Frequency 100.59
6 Nudeus 13C
T4 AR an 8868
28 A A8 228§
V. ¥ (2
il J ‘
e
#ru il 1* |
r T T T T T T T T 1
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L0 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)
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Parameter Value I}
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5 Spectrometer Frequency 161.91
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o) ity A g oAy W mpaary “JL*-‘- ¥ L i e ]
r T T T T T T T T T T T T T T T T T 1
0 45 40 35 30 25 20 15 10 5 (
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2.4. 'H, 3C and 3P NMR spectra of the diesters
Diethyl butylphosphonate (4a)

Parameter Value §
1 Origin Bruker BioSpin GmbH o E —wom ~ o
3 Temperature 303.0 Y —==a N
4 Number of Scans 48
5 Acquisition Date 2021-04-23T17:20:41
6 Spectrometer Frequency 100.59
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0 % b 8 8 A
I
/\/\E:,OEt N [
OFEt
‘\
| \L ﬁ ‘ I
o ‘ \\ \' ‘ |
i f
o \p m
l WJMM! hH‘ J \U I
T
245 24‘0 3.5 .0
f1 (ppm)
0 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1

f1 (ppm)
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3 Temperature 303.0
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Q
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b
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8
T T T T T T T T T T |
0 45 40 35 30 25 20 15 10 5 (
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Diethyl benzylphosphonate (4b)
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Parameter Value
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2 Solvent DMSO
3 Temperature 303.1
4 Number of Scans 8
5 Spectrometer Frequency 399.98
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1
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T T T T
o o — o
I < i o
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1.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

f1 (ppm)
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DO DO
2 Saivent DMSO NENIRR DRt ne N 88 eo
NN G DX GG 3 }
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2
IIj -OEt
OEt
1
T T T T T T T T T T T T T T T T T T T T T T 1
Lo 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)
b
Parameter Value e
1 Origin Bruker BioSpin GmbH
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3 Temperature 303.0
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5 Spectrometer Frequency 161.91
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O
||
P-QEt
|
OEt
Yoy
r T T T T T T T T T T T T T T T T T T T 1
0 45 40 35 30 25 20 15 10 5 (

f1 (ppm)
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Diethyl ethylphosphonate (4c)
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3 Temperature
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6 Nudeus
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DMSO
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24

5 Spectrometér Frequency 161.91
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33.09

40

. . . .
35 30 25 20
f1 (ppm})
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Diethyl hexylphosphonate (4e)

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



34 of 49

Molecules 2021, 26, 5637

v¥8 07
2980
2/8°0
1021
Lz
8LT'L
95T 11
1571
2921
15211
85711
7971
992 fﬁ
6921

S1T 1A
082 L
7621
662°1 ]
PLEL
2181
121
0g€ 1]
¥EE'L]
28671
1Pl
el g
05€ 11

y5EL
25671
6511
1261
60v'L 4
gLyl

£zp 1]
8z L]
SEpL

6EF L
baads
Lvw)

151
€GF° L]
85%° L
SOF'L
69%° L
vivlg
18¥°L ]
8%}
LE9°1]
259°1
259°1
099°}
G191
80°1L]
2891
869°L
€041
S04
2L
9P-OSNA 0052
OCH S6C°E ]

Value

Parameter

Bruker BioSpin GmbH
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303.0

1 Origin

2 Solvent

3 Temperature

4 Number of Scans

5 Spectrometer Frequency 399.98

6 Nudeus

1H
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0.5
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Parameter Value 8
1 Origin Bruker BioSpin GmbH 2
2 Solvent DMSO a 8 o
3 Temperature 303.0 g8 2
4 Number of Scans 48 23 = 8 883 B 2 N
5 Spectrometer Frequency 100.59 328 4 & 885 eg 2
6 Nudeus 13¢ /N | ~ N\ |

R
/W\E—OE‘l
OEt

W o

T
30 28 26 24 22
f1 (ppm)

T T T T T T T T T T T T T T T T T T T T T T v T T T T T T T T

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0
f1 (ppm)
@
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Parameter Value o
1 Origin Bruker BioSpin GmbH
2 Solvent DMSO
3 Temperature 303.0
4 Number of Scans 16
5 Spectrometer Frequency 161.91
6 Nudeus 31P
't
P N
FI’ OEt
OEt
e e —
r T T y T T T T T T T T T T T T T T
0 45 40 35 30 25 20 15 10 5 (

fL (ppm)
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Diethyl dodecylphosphonate (4f)
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Parameter Value 8

1 Origin Bruker BioSpin GrbH z

2 Solvent DMSO OB Ry o N e BT EREna2088

COCOONOODTOIIIOOIOOIO W

3 Temperature 303.0 [ SCpui Y A A P i P

4 Number of Scans 16 :
5 Spectrometer Frequency 399.98

6 Nudeus 1H

/\/\/\\/\/\/\II:ILOEt
OEt

r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 95 90 85 8.0 7.5 7.0 6.5 6.0 55 50 45 40 3.5 30 25 2.0 1.5 1.0 0.5 00 -05 -1
f1 (ppm})
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-
Parameter Value 8
1 Origin Bruker BioSpin GmbH z
2 Solvent DMSO 23 HAREEE5 89 eRAEEERE
lerese 020 38 8RRRETRITEINNGeED
4 Number of Scans 116 o A - O © © > o v i, s e
5 Spectrometer Frequency 100.59 N MO0 ONOT - ~ cco
6 Nudeus 13¢ - RIIZEXRY & 8 INENRN
s I
0]
P N N N V-
I?—OEt
QEt

T T
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f1 (ppm)

T T

T T T T T T T T T T T
L0 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)
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Parameter Value h
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5 Spectrometer Frequency 161.91
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P N N VN T
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|
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MW”MWMMWWWM‘JMWM e oAt g s L L e e L R
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f1 (ppm)
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Diethyl phenylphosphonate (4g)
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Parameter Value 8
z
1 Origin Bruker BioSpin GmbH FTILTIIRTSR @ 2 .
2 soten: DMSO HHAARERY ac 8 e
3 Temperature 303.0 =] = Y S/
4 Number of Scans 36
5 Spectrometer Frequency 100.59
6 Nudeus 13C
2
Q P-OEt
|
OEt
T T T T T T T T T T T T T T T T T T T T T J
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)
<
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Parameter Value ~
1 Origin Bruker BioSpin GmbH
2 Solvent DMSO
3 Temperature 303.0
4 Number of Scans 16
5 Spectrometer Frequency 161.91
6 Nudeus 31P
r T T T T T T T T T T T T T T T T T T T 1
0 45 40 35 30 25 20 15 10 5 (

f1 (ppm)
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Diethyl (4-methoxyphenyl)phosphonate (4h)
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Parameter Value
1 Origin Bruker BioSpin GmbH
2 Solvent DMSO
3 Temperature 303.0
4 Nurmber of Scans 64
5 Acquisition Date 2020-02-03T17:26:12
6 Spectrometer Frequency 100.59
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Lo 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)
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Parameter Value )
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2 Solvent DMSO
3 Temperature 303.0
4 Number of Scans 24
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7 Nudeus 31P
r T T T T T T T T T T T T T T T T T 1
0 45 40 35 30 25 20 15 10 5 (
f1 (ppm)
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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)
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Diethyl [(3-bromophenyl)methyl]phosphonate (41)
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