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1. General Informations

The 'H, C{1H}, 3P NMR and DEPT-135 spectra were collected on a Jeol 400yh
instrument (400 MHz for 'H NMR, 162 MHz for 3'P NMR and 100 MHz for B3C{*H} NMR)
and were processed with dedicated software (Delta 5.0.5). NMR experiments recorded in
D20 were referenced to the respective residual 'H signal of the solvent. Multiplicities were
reported using the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet),
and m (multiplet). The reported coupling constants (J) values were those observed from
the splitting patterns in the spectrum and may not reflect the true coupling constant
values. The composition of post-reaction mixtures (as conversion of substrate to the given
product) were calculated based on 3'P NMR (recorded in D20) of the crude reaction mix-
ture. Structural assignments of 5”’g were made with additional information from gCOSY,
gHSQC, and gHMBC experiments.

Reagents. Aminomethylphosphonic acid (1h) was obtained in the reaction of
benzamide, fomaldehyde and phosphorous trichloride [1]. 3-Amino-3-
phosphonopropanoic acid (Le) was synthesized from diethyl
acetamidomethylenemalonate [2]. Remaining 1-aminoalkylphosphonic acids 1 were
obtained using Sorokas’ protocol and the reaction of an appropriate carbonyl compound
with acetamide, acetyl chloride and PCls in acetic acid [3].

1-Hydroxyalkylphosphonic acids 5, which were used as reference materials for
confirmation of reaction products structures, were synthesized by dealkylation of diethyl
1-hydroxyalkylphosphonates. The substrates were obtained in the reaction of triethyl
phosphite with suitable aldehyde or ketone and hydrogen chloride [4].

2. Deamination of 1-Aminoalkylphosphonic Acids and 2-Aminoalkanoic Acids in 5M
HCl

Preliminary deamination experiments were contucted in three-necked flask
equipped with reflux condenser, thermometer, dropping funnel and magnetic stirrer, as
decsribed in the original protocol [5].

General procedure. Preliminary deamination experiments were contucted in three-
necked flask equipped witreflux condenser, thermometer, dropping funnel and magnetic
stirrer, as decsribed in the original protocol [5]. The solution of 1-aminoalkylphosphonic
acid 1 or 2-aminoalkanoic acid 2 (10 mmol, 1 equiv) in 5M HCI (6.5 equiv, 13mL) was
cooled in ice/NaCl cooling bath to temperature 0 °C. Cooled 4M NaNO:2 solution in water
(16 mmol, 1.6 equiv, 4.0 mL) was subsequently added dropwise for 2 min. Temperature
of the reaction mixture was maintained under 0 °C for 5h, and then in 25 °C for 12 h. The
samples for '"H and 3'P NMR spectra were prepared by diluting post-reaction mixtures
(0.10mL) in D20 (0.40mL). The samples were re-measured after addition of reference
materials. The composition of mixture was calculated based on the integration of signals
on the 3P NMR spectra (for phosphorous substrates) or on the "H NMR spectra (for 2-
aminoalkanoic acids).
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2.1. ABr738. Deamination of 1a in 5M Hydrochloric Acid

NH, 25':/'3382 cl OH H
S " + Ho o
)\P03H2 N, %Post )\PO3H2 \H\P03H2+ HaPOs
H
la 6a 5a 7a
a=0.99 53% 24% 21% 1%

de[ppm] 16.88(dq) 2056 (dq)  25.57(dq) 1716 (ddd)  0.39 (s)

After 12h in 21 °C, post-reaction mixture contained 1-chloroethylphosphonic acid
(6a) (53%molP), 1-hydroxyethylphosphonic acid (5a) (24%molP), vinylphosphonic acid
(7a) (21%molP), orthophosphoric acid (1%molP) and unreacted substrate 1a (1%molP)
(Figure S1 and Figure S2).

1-Hydroxyethylphosphonic acid (7a) was identified on 'H and 3P NMR spectra by
re-measuring the NMR spectra of the reaction mixture with the addition of post-reaction
mixture of 1-aminoethylphosphonic acid with NaNO: in water (ABr1178), where this
compound 5a was the main product (Figure S3). Vinylphosphonic acid (7a) and 1-
chlorophosphonic acid (6a) were identified by comparing chemical shifts, multiplecity
and coupling constants on 'H and 3P NMR spectra with description in the literature
(Table S1) [6, 7].

The presence of 1-chloroethylphosphonic acid (6a) was additionally confirmed by
careful analysis of NMR spectra. In the post-reaction mixture there were two compounds
having the structure -CH(CH3)POsH2 (o = 20.56 ppm and or = 25.57 ppm). 1-
Hydroxyethylphosphonic acid (5a) (dr = 25.57 ppm) was identified earlier. The presence
of the unreacted substrate was excluded by re-reasuring NMR spectra of post-reaction
mixture with addition of 1-aminoethylphosphonic acid (1a) (Figure 54), which resulted in
appearance of new peak (0r = 16.88 ppm). Therefore, the second product was 1-
chloroethylphosphonic acid (6a) (dr = 20.56 ppm).

cl
)\PO?,HZ

1-Chloroethylphosphonic acid (6a). 3P NMR (D20, ca. 0.8M HCl): 5 20.56 (dq, 2Ju-r =
9.4 Hz, 3Jur = 15.9 Hz); 'H NMR (D20, ca. 0.8M HCl) d: 3.85 (dq, 1H, 3/u-1=7.3 Hz, YJur =
9.00 Hz), 1.36 (dd, 3H, 3Ju-u = 7.3 Hz, 3Jur = 16.5 Hz).

OH

PO3H,

1-Hydroxyethylphosphonic acid (5a). 3P NMR (D20, ca. 0.8M HCl): 6 25.57 (dq, ¥Ju-
r=>5.6 Hz, 3ur =17.6 Hz); '"H NMR (D:0, ca. 0.8M HCl) &: 3.77 (dq, 1H, 2Jur=5.2 Hz, 3Jun
=7.0 Hz), 1.16 (dd, 3H, 3/u-1=7.0 Hz, 3Jnr = 17.4 Hz).
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H
%PO3H2

H

Vinylphosphonic acid (7a). 3P NMR (D20, ca. 0.8M HCI) d: 17.16 (ddd, ?[ur = 24.3
Hz, 3Ju-p @s) = 26.9 Hz, 3[H-p @rans) = 49.3 Hz); 'TH NMR (D20, ca. 0.8M HCl) d: 5.75-6.03 (m,

3H).

Table S1. Comparison of chemical shifts and copuling constants of 1-aminoethylphosphonic acid
(1a) deamination products in 5M HCl on 'H and 3P NMR spectra with literature description.

H
Cl
H
Structure %post )\Post
Source ABr738 Reference [6] ABr738 Reference [7]
DZO, DZOI ” ”
Solvent ca. 0.8M HCI CDClIs ca. 0.8M HCI hydrolyzate
17.16 (ddd, J=24.3, 17.3(ddd, J=20.0,20.5, 51.3
31 =
P NMR 26.9, 493 Hz) Hz) 20.56 (dq, ] =9.4, 15.9 Hz) 20.1
6.31 (ddd, 1H, J=20.5,16.2, 3.85(dq, 1H, J=7.3,9.00
4.5 Hz) Hz)
6.05 (ddd, 1H, J=51.3,11.2, 1.36(dd,3H,]=7.3,16.5
1 -
H NMR 5.75-6.03 (m, 3H) 45 Hz), Hz)

6.02 (ddd, 1H, ] =20.0, 16.2,
11.2 Hz)
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Figure S1. '"H NMR (D20, 400MHz) spectra of post-reaction mixture of 1-aminoethylphosphonic

acid (1a) with NaNO:2 in 5M hydrochloric acid.
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Figure S2. 3P NMR (D20, 162MHz) spectra of post-reaction mixture of 1-aminoethylphosphonic

acid (1a) with NaNO:2 in 5M hydrochloric acid.
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Figure S3. 3P NMR (D20, 162MHz) spectra of post-reaction mixture of 1-aminoethylphosphonic

acid (1a) with NaNOz2 in 5M hydrochloric acid with addition of 1-hydroxyethylphosphonic acid (5a)

as standard.
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Figure S4. 3P NMR (D20, 162MHz) spectra of post-reaction mixture of 1-aminoethylphosphonic
acid (1a) with NaNO:2 in 5M hydrochloric acid with addition of substrate (1a) as standard.
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NH,

\ﬁpost

2.2. ABr742. Deamination of 1b in 5M Hydrochloric Acid

2 NaNO, -

OH
__SMHCI N . + HsPO,
- Ny PO3H, POsHy g POsH;

1b 5b 6b 5'b
a=0.61 6% 2% 42% 9%
o [ppm] 16.88 (dq) 25.02 (dq) 19.37 (dq) 27.00 (t) 0.39 (s)

After 12h in 21 °C, postreaction mixture contained 1-hydroxy-2-
methylpropylphosphonic acid (5b) (6%molP), 1-chloro-2-methylpropylphosphonic acid
(6b) (2%molP), 2-hydroxy-2-methylpropylphosphonic acid (5'b) (42%molP) and
orthophosphoric acid (9%molP) (Figure S5 and Figure S7).

Unreacted 1-amino-2-methylpropylphosphonic acid was identified on 'H and 3P
NMR spectra by re-measuring the NMR spectra of the reaction mixture with the addition
of substrate (Figure S6 and Figure S8).

1-Hydroxy-2-methylpropylphosphonic acid (5b) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with
description in the literature (Table S2).

Spectra of 2-hydroxy-2-methylpropylphosphonic acid (5'b) and 1-chloro-2-
methylpropylphosphonic acid (6b) have not been described in the literature. Therefore,
these compounds were identified by analysis of the signals multiplecity on the 'H and 3'P
NMR spectra. Moreover, 'H and 3P NMR spectra of 2-hydroxy-2-
methylpropylphosphonic acid (5'b) were compared with spectra of similar 2-
hydroxypropylphosphonic acid (Table S2).

OH

\ﬁpogHz

1-Hydroxy-2-methylpropylphosphonic acid (5b). 3P NMR (D20, ca. 0.8M HCI): o
25.02 (dd, ?Ju-r = 8.4 Hz, 3Jur= 8.4 Hz); 'H NMR (D20, ca. 0.8M HCI): 8 3.46 (dd, 1H, Ju-r =
8.3 Hz, 3[mn = 5.8 Hz), 1.70-1.93 (m, 1H), 0.81 (d, 3H, 3Jw-u = 6.7 Hz), 0.80 (d, 3H, 3[m-n = 6.7
Hz).

HO><\ PO3H,

2-Hydroxy-2-methylpropylphosphonic acid (5b). 3P NMR (D:0, ca. 0.8M HCI): &
27.00 (t, Yur = 19.2 Hz); '"H NMR (D20, ca. 0.8M HCl) d: 1.95 (d, 3H, 2Jur = 18.7 Hz, 2H),
1.16 (s, 6H).

Cl

\ﬁpost

1-Chloro-2-methylpropylphosphonic acid (6b). 3'P NMR (D20, ca. 0.8M HCI): 6
19.37 (dd, 2Ju-r = 10.3 Hz, 3Jur = 7.5 Hz); 'H NMR (D20, ca. 0.8M HCI):  3.83 (dd, 1H, 2[u-r
=11.3 Hz, 3Juu=3.7 Hz), 2.10-2.21 (m, 1H), 0.82-0.92 (6H).
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Table S2. Comparison of chemical shifts and coupling constants on "H and 3P NMR spectra of the
reaction products of 1-amino-2-methylpropylphosphonic acid (1b) with NaNO:2 in 5M HCI with

compounds described in the literature.

OH

Structure POH, HOXPC%HZ \Oﬁ\PO?’HZ
Source ABr742 Reference [8] ABr742 Reference [9]
Solvent (D20, 0.8M HCI) D:0 D:0 D:0

21.24
31p R 25.02 =84 H 19. )
NM 5.02(t,]=8 z) 9.6 (t, ] =17.8 Hz) 19.9
3.46 (dd, 1H, 3.23 (dd, 1H, 3.80 (1H, dm,
J=8.3,5.8 Hz) J=8.4,6.0 Hz) J=6.5Hz)
1.70-1.93 (m, 1H) 1.79-1.86 1.83 1.39 (2H, ddd, ] =18.0,
H NMR (m, 1TH) (d, 3H,]=17.7 Hz) 6.6, 15.3 Hz)
0.81 (d, 3H, 0.84 (d, 3H, 1.22 (s, 6H) 0.97 (3H, d,
J=6.7 Hz) ]=6.6 Hz) ) ! J=6.5Hz)
0.80 (d, 3H, 0.83 (d, 3H,
J=6.7 Hz) J=6.6 Hz)
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Figure S5. 3'P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO: in 5M HCl.
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Figure S6. 3'P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO: in 5M HCl with addition of substrate (1b) as
standard.
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Figure S7. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO2 in 5M HCL.
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Figure S8. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO: in 5M HCl with addition of substrate (1b) as

standard.
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2.3. ABr746. Deamination of 2a in 5M Hydrochloric Acid

5M HCI . OH
NH
)\ 2 1.6 NaNO, )\ + )\
COOH -N, COOH COOH
2a 3a 4a
a=0.53 35% 18%

After 24 hin 21 °C, post-reaction mixture contained unreacted substrate 2a (47%mol),
2-chloropropanoic acid (3a) (35%mol) and 2-hydroxypropanoic acid (4a) (18%mol)
(Figure S9).

OH
/J\COOH

2-Hydroxypropanoic acid (4a). '"H NMR (D20, ca. 0.8M HCl) d:4.12 (q, 1H, 3[au=7.0
Hz), 1.15 (d, 3H, 3Ju-u=7.0 Hz).

C
/J\COOH

2-Chloropropanoic acid (3a). 'H NMR (D20, ca. 0.8M HCl) o: 4.35 (q, 1H, 3Juu=7.0
Hz), 1.41 (d, 3H, 3/n-n =7.0 Hz).

(thousandths)

200
1

10.0
1

0
1

0 50 40 30 20 10
X : parts per Million : Proton

Figure S9. 'H NMR (D20, 400MHz) spectra of crude post-reaction mixture of alanine (2a) with
NaNO: in 5M hydrochloric acid.
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2.4. ABr748. Deamination of 2b in 5M Hydrochloric Acid

5M HCl
NH, 1.6 NaNO, Cl OH
1.6 NaNO, ,
\H\COOH N, \H\COOH \H\COOH
2b 3b ab
a=0.57 40% 8%

After 24 hin 21 °C, post-reaction mixture contained unreacted substrate 2b (43%mol),
2-chloro-3-methylbutanoic acid (3b) (40%mol) and 2-hydroxy-3-methylbutanoic acid (4b)
(8%mol) and unidentified compound (Figure S10).

OH
COOH

2-Hydroxy-3-methylbutanoic acid (4b). '"H NMR (D20, ca. 0.8M HCl) d: 3.86 (d, 1H,
3Jun=4.0 Hz), 1.82 (doublet of septets, 1H, 3Juu=7.0 Hz, 3Jun=4.0 Hz), 0.71 (d, 3H, 3Junu =
7.0 Hz), 0.62 (d, 3H, 3[u-u="7.0 Hz).

Cl
COOH

2-Chloro-3-methylbutanoic acid (3b). 'H NMR (D20, ca. 0.8M HCI) o: 4.17 (d, 1H,
3Juu = 5.5 Hz), 2.05 (doublet of septets, 1H, 3Ju-u = 6.7 Hz, 3]Ju1 = 5.8 Hz), 0.76 (d, 3H, 3Juh =
6.7 Hz), 0.72 (d, 3H, 3[uu = 6.7 Hz).
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Figure 5§10. 'H NMR (D20, 400MHz) spectra of crude post-reaction mixture of valine (2b) with

NaNO:2 in 5M hydrochloric acid.
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3. Deamination of 1-Aminoalkylphosphonic Acids in Water

Apparatus. Deamination reactions of 1-aminoalkylphosphonic acids 1 were
conducted in round-bottom flask equipped with magnetic stirrer and calibrated gas
burette (Figure 511). The flask was placed in a water bath at a temperature of about 20 °C.
1-Aminoalkylphosphonic acid 1 (3.0 mmol, 1 eqiv) was added to 0.67 M solution of
NaNO: (6.0 mmol, 2 equiv, 9.0 mL). Solution or suspension was stirred by the means of
magnetic stirrer until the stoichiometric volume of gas was evolved and additionally for
12 h. 'H and 3P NMR spectra were recorded after that time and additionally after few
days. The composition of mixture was calculated based on the integration of signals on
the 3P NMR spectra.

Figure S11. Apparatus used in the deamination reactions of 1-aminoalkylphosphonic acids 1 with
sodium nitrite in water.

General Procedure. 1-aminoalkylphosphonic acid 1 (3.0 mmol, 1 eqiv) was added to
cooled in water bath 0.67M solution of NaNO: (6.0 mmol, 2 equiv, 9.0 mL). Solution or
suspension was stirred by the means of magnetic stirrer until the stoichiometric volume
of gas was evolved and additionally for 12 h. 'H and 3'P NMR spectra were recorded after
that time and additionally after few days. The composition of mixture was calculated
based on the integration of signals on the 3P NMR spectra.
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3.1. ABr1178. Deamination of 1a in Water

i”z 2NaNo,  OH H
-, + H o + HsPO
POsH,  -N )\P03H2 W)\Post s
H
1a 5a 7a
24h o =098 85% 1% 9%
312h a=1.00 84% 2% 10%
or [ppm] 13.6 (dq) 21.33 (dq) 12.9 (ddd) 1.25 (s)

After 24 h at 21 °C, post-reaction mixture contained 1-hydroxyethylphosphonic acid
(5a) (85%molP), phosphoric acid (9%molP), vinylphosphonic acid (7a) (ca. 1%molP),
unreacted substrate (1a) (2%molP) and 4 unidentified compounds (ca. 3%molP in total).

After 312 h at 21 °C, post-reaction mixture contained 1-hydroxyethylphosphonic acid
(5a) (84%molP), orthophosphoric acid (10%molP), vinylphosphonic acid (7a) (ca. 2%molP)
and 4 unidentified compounds (ca. 4%molP in total) (Figure 512 and Figure S14).
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Chart 1. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-aminoethylphosphonic acid (1a) with NaNO: in water.

Vinylphosphonic acid (7a) and 1-hydroxyethylphosphonic acid (5a) identified by
comparing chemical shifts, multiplecity and coupling constants on 'H and 3P NMR
spectra with description in the literature (Table S3)

Additionally, 1-hydroxyethylphosphonic acid (5a) was identified on 'H and 3'P NMR
spectra by re-measuring the NMR spectra from the reaction mixture with the addition of
1-hydroxyethylphosphonic acid (5a) standard (Figure 513).

OH

PO3H,
1-Hydroxyethylphosphonic acid (5a). 3'P NMR (D:0): 6 21.33 (dq, ?/u-r = 5.6 Hz, 3[u-r
=15.4 Hz); 'H NMR (D:0) d: 3.70 (dq, 1H, 2Jur = 5.9 Hz, 3Jun = 7.0 Hz), 1.19 (dd, 3H, 3Juu
=7.0 Hz, 3Jur=15.9 Hz).
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H

H
\%\PO3H2

H
Vinylphosphonic acid (7a). 3P NMR (D:20) &: 12.9 (ddd, Ju-r =20.6 Hz, 3Ju-p cis) = 23.4
Hz, 3]1-p (rans) = 46.8 Hz); TH NMR (D20) 9: 6.01 (ddd, 1H, 3Ju-u =12.7 Hz, 3/u-1 = 18.8 Hz, 2Ju-
r=20.5 Hz), 5.75 (ddd, 1H, ?Ju-n = 2.5 Hz, 3Ju-n = 18.9 Hz, 3[n-r is) = 23.3 Hz), 5.66 (ddd, 1H,
2Jun = 2.5 Hz, 3[un=12.7 Hz, 3JH-p (rans) = 46.3 Hz).

Table S3. Comparison of chemical shifts and coupling constants on '"H and 3P NMR spectra of the
reaction products of 1-aminoethylphosphonic acid (1a) with NaNO: in water with compounds
described in the literature.

H

OH
H
Structure )\PO3H2 ?_%\P O4H,
Source ABr1178 Reference [8] ABr1178 Reference [6]
Solvent D20 D20 D20 CDClIs
3P NMR 21.33(dq, J=5.6,15.4 196 12.9 (ddd, ] =20.6,23.4, 46.8 17.3 (ddd, | =20.0, 20.5, 51.3
Hz) Hz) Hz)
3.70 (dq, 1H, J=5.9, 3.53-3.58 6.01 (ddd, 1H, ] =12.7, 18.8, 6.31 (ddd, 1H, ] =20.5, 16.2,
7.0 Hz) (m, 1H) 20.5 Hz) 4.5 Hz)
{H NMR 119(dd,3H,J=7.0, 1.12(dd,]J=7.2,144 5.75(ddd,1H,]=25,18.9, 6.05(ddd, 1H, J=51.3,11.2,
15.9 Hz) Hz, 3H) 23.3 Hz) 4.5 Hz)
5.66 (ddd, 1H, [ =2.5,12.7, 6.02 (ddd, 1H, | =20.0, 16.2,
46.3 Hz) 11.2 Hz)
E §98984EE BRIDHEER %
3 OH SRNMANRA doddddng -
E PO3H2
S: 5a [ :
.
E_ H3POy4
: H
c': HW/\PO;;HZ
=] H
3 7a
2] l ,
;E ci J 1=._ et i J
290 270 250 | 230 | 200 | 150 | 170 150 | 130 | 116 €0 | 70 | 50 | 30 | 10 | -0 30 a0 70 40
X : parts per Million : Phosphorus31

Figure S12. 3P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-
aminoethylphosphonic acid (1a) with NaNO: after 312 h.
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Figure S13. 3P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-
aminoethylphosphonic acid (la) with NaNO: after 312 h with addition of 1-
hydroxyethylphosphonic acid (5a) as standard.
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Figure S14. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-
aminoethylphosphonic acid (1a) with NaNO: after 312 h.



Molecules 2022, 27, 8849

18 of 75

3.2. ABr1204. Deamination of 1m in Water

NH, 2 NaNO, OH H
+ = + H3PO
><P03H2 -Np ><PO3H2 POsH, = 3 74
H
Im 5m 7m
24 h a=0.98 84% 13% 1%
192 h a=1.00 86% 12% 2%
or [ppm] 16.83 (septet) 23.84 (septet)  15.31 (ddq) 1.15 (s)

After 24 h in 21 °C, postreaction mixture contained 1-hydroxy-1-
methylethylphosphonic acid (5m) (84%molP), 1-methylvinylphosphonic acid (7m)
(13%molP), orthophosphoric acid (1%molP) and unreacted substrate 1m (2%molP).

After 192 h in 21 °C, postreaction mixture contained 1-hydroxy-1-
methylethylphosphonic acid (5m) (86%molP), 1-methylvinylphosphonic acid (7m)
(12%molP) and orthophosphoric acid (2%molP) (Figure S15 and Figure S17).
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% of the stoichiometric nitrogen vol.

Chart 2. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-1-methylethylphosphonic acid (Im) with NaNO:z in water.

The presence of 1-hydroxy-1-methylethylphosphonic acid (5m) was confirmed by re-
measuring NMR spectra with addition of reference material —1-hydroxy-1-
methylethylphoshonic acid (5m) (Figure 516 and Figure S18).

1-Methylvinylphosphonic acid (7m) was identified by comparing chemical shifts,
multiplecity and coupling constants on 'H and 3P NMR spectra with description in the
literature (Table S1).

OH
>< POsH;
1-Hydroxy-1-methylethylphosphonic acid (5m). 3P NMR (D20): d 23.84 (septet, 3Ju-
r=14.0 Hz); "TH NMR (D:0) &: 1.23 (d, 6H, 3Jur = 13.8 Hz).
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H
\%\PO3H2

H

1-Methylvinylphosphonic acid (7m). 3P NMR (D20): o 1521 (ddq,
3JH-P (trans) = 43.9Hz, 3Jn.p (ds) = 20.6, 3[r-r = 13.1 Hz); 'TH NMR (D20) 0: 5.46 (ddq, 1H, 3JH-p sy =

203 Hz, ¥Yyuwu = 21 Hz, 4Ywum = 12 Hz), 536 (ddq 1H,
3[ur (rans) = 43.4 Hz, 2Jun = 1.8 Hz, 4un = 1.8 Hz), 1.77 (dt, 3H, 3ur = 13.1 Hz,
Jun=1.2 Hz).

Table S4. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of 1-
methylvinylphosphonic acid (7m) description in the literature.

H
j)\PO‘a,HZ

Structure
H
Source ABr1204 Reference [10]

Solvent D20 D20
3P NMR 15.21 (ddq, ] = 43.9, 20.6, 13.1 18.34

Hz)

5.46 (ddq, 1H, J=20.3,2.1,1.2

H .32-5.

{H NMR z) 5.32-5.47 (q, 2H)

5.36 (tq, 1H, ] =43.4, 1.8 Hz)

1.77 (dt, 3H, J=13.1, 1.2 Hz)

1.55/1.58 (d, 3H)
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Figure S15. 3'P NMR (D:20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methylethylphosphonic acid (Im) with NaNO:zafter 192 h.
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Figure S16. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methylethylphosphonic acid (Im) with NaNO: after 192 h with addition of 1-hydroxy-1-
methylethylphosphonic acid (5m) as reference.
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Figure S17. '"H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methylethylphosphonic acid (Im) with NaNO:after 192 h.
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Figure S18. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methylethylphosphonic acid (Im) with NaNO: after 192 h with addition of 1-hydroxy-1-
methylethylphosphonic acid (5m) as reference.
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3.3. ABr1206. Deamination of 1o in Water

NH 2 NaNO, OH
2 T’ + H3PO,
PO3H, 2 PO3H,
1o 50
48h a=1.00 98% 2%
dr [ppm] 20.28 (q) 0.88 (s)

After 48h at 21 °C, postreaction mixture contained 1-hydroxy-1-
phenylethylphosphonic acid (50) (98%molP) and orthophosphoric acid (2%molP) (Figure
519 and Figure S21).

120
100 °®
80
60 o°®
40 e

20 @

o

0 300 600 900 1200 1500 1800

% of the stoichiometric nitrogen vol.

time [min]

Chart 3. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-1-phenylethylphosphonic acid (1o) with NaNO: in water.

The presence of 1-hydroxy-1-phenylethylphosphonic acid (50) was confirmed by re-
measuring NMR spectra (Figure S20 and Figure S22) with addition of 1-hydroxy-1-
phenylethylphosphonic acid (50) as reference material.

OH
POzH,
1-Hydroxy-1-phenylethylphosphonic acid (50). 3P NMR (D20): 6 20.28 (q, }Ju-r=14.0

Hz); 'H NMR (D:O) d: 7.43-7.48 (m, 2H), 7.26-7.32 (m, 2H), 7.18-7.24 (m, 1H), 1.63 (d, 6H,
3Jir = 13.8 Hz).
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Figure S19. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1-
phenylethylphosphonic acid (10) with NaNO: after 48h.
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Figure S20. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1-
phenylethylphosphonic acid (1o) with NaNO: after 48h with addition of 1-hydroxy-1-phenyl-
ethylphosphonic acid (50) as reference material.
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Figure S21. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1-

phenylethylphosphonic acid (10) with NaNO: after 48h.

7455
7436
7295
7277

=257
7214

_\ 7095
7477

J

SOI.O

(thousandths)

— 1642
1.607

OH

50

X : parts per Million : Proton

7.0

Figure S22. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1-
phenylethylphosphonic acid (1o) with NaNO: after 48h with addition of 1-hydroxy-1-phenyl-

ethylphosphonic acid (50) as reference material.
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3.4. ABr1208. Deamination of 1b in Water

NH; 2 NaNO, OH
+ + H4PO
j)\lvo?,H2 -N, j)\P%HZ HO><\PO3H2 sha
1b 5b 5'b
24h a=1.00 34% 5% 59%
192 h a=1.00 33% 5% 58%
dr [ppm] 20.57 (dd) 21.24 (t) 0.84 (s)

After 24 h at 21 °C, post-reaction mixture contained orthophosphoric acid (59%molP),
1-hydroxy-2-methylpropylphosphonic acid (5b) (34%molP), 2-hydroxy-2-
methylpropylphosphonic acid (5'b) (5%molP) and unidentified compound (2%molP).

After 192 h, post-reaction mixture contained orthophosphoric acid (58%molP), 1-
hydroxy-2-methylpropylphosphonic acid (5b) (33%molP), 2-hydroxy-2-
methylpropylphosphonic acid (5’b) (5%molP) and 3 unidentified compounds (2%molP,
1%molP, >1%molP) (Figure S23 and Figure S25).
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Chart 4. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-2-methylpropylphosphonic acid (1b) with NaNO: in water.

The presence of 1-hydroxy-2-methylpropylphosphonic acid (5b) was confirmed by
re-measuring NMR spectra (Figure S24 and Figure 526) with addition of 1-hydroxy-2-
methylpropylphosphonic acid (5b) as reference material.

2-Hydroxy-2-methylpropylphosphonic acid (5'b) has been not described in the
chemical literature, therefore it was identified by analysis of the signals multiplecity on
the 'H and 3P NMR spectra and by comparing spectra with spectra of similar 2-
hydroxypropylphosphonic acid (Table S5).

OH

\ﬁpost

1-Hydroxy-2-methylpropylphosphonic acid (5b). 3P NMR (D:20): 5 20.57 (dd, YJu-r =
8.4 Hz, 3Jur = 7.5 Hz); '"H NMR (D:0) d: 3.56 (dd, 1H, YJur = 8.6 Hz, 3uu = 5.5Hz), 1.87
(doublet of doublets of septets, 3Ju-t = 5.5Hz, 3Jur = 6.8 Hz, 3Jnn=5.5 Hz), 0.90 (d, 3H, 3Jun
=7.0Hz), 0.87 (d, 3H, 3Juu =7.0Hz)
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PO5H
HOX\ 32

2-Hydroxy-2-methylpropylphosphonic acid (5'b). 3P NMR (D20): d 21.24 (t, Jur =
17.8 Hz); "TH NMR (D20) 9: 1.83 (d, 3H, ¥Ju-r = 17.7 Hz), 1.22 (s, 6H).

Table S5. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of 2-
hydroxy-2-methylpropylphosphonic acid (5'b) with spectra of 2-hydroxypropylphosphonic acid
described in the literature.

Structure HOXPost \CQ\P%HZ
Source ABr1208 Reference [9]
Solvent D:20 D:0
31P NMR 21.24 (t, ]=17.8 Hz) 19.9
3.80 (1H, dm, | = 6.5 Hz)
{H NMR 1.83 (d, 3H, 1.39 (2H, ddd, ] =18.0, 6.6, 15.3
J=17.7 Hz) Hz)

1.22 (s, 6H) 0.97 (3H, d, ] = 6.5 Hz)
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Figure S23. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO:after 192 h.
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Figure S24. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO: after 192 h with addition of 1-hydroxy-2-
methylpropylphosphonic acid (5b) as reference material.
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Figure S25. '"H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO:after 192 h.
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Figure S26. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-2-
methylpropylphosphonic acid (1b) with NaNO: after 192 h with addition of 1-hydroxy-2-
methylpropylphosphonic acid (5b) as reference material.



Molecules 2022, 27, 8849

29 of 75

3.5. ABr1210. Deamination of 1d in Water

_— + _ +
POsH,  -N, PO5H, PO3H, s

H
1d 5d 7d
24h a=1.00 61% 6% 24%
168 h a=1.00 61% 7% 27%
dr [ppm] 21.58 (dd) 14.90 (ddd) 1.16 (s)

After 24 h at 21 °C, post-reaction mixture contained 1-hydroxy-3-
methylbutylphosphonic acid (5d) (61%molP), (E)-3-but-1-en-1-ylphosphonic acid (7d)
(6%molP), orthophosphoric acid (24%molP) and 5 unidentified compounds (9%molP in
total).

After 168h post-reaction mixture contained 1-hydroxy-3-methylbutylphosphonic
acid (5d) (61%molP), (E)-3-but-1-en-1-ylphosphonic acid (7d) (7%molP), orthophosphoric
acid (27%molP) and 4 unidentified compounds (5%molP in total) (Figure 527 and Figure
528).
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Chart 5. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-3-methylnutylphosphonic acid (1d) with NaNO: in water.

1-Hydroxy-3-methylbutylphosphonic acid (5d) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with
description in the literature (Table S6). NMR spectra of (E)-3-but-1-en-1-ylphosphonic
acid (7d) were not described in the literature, therefore this compound was identified by
comparing signals multiplecity on the 'H and 3'P NMR spectra with spectra of structurally
similar (E)-prop-1-en-1-ylphosphonic acid (Table S6).
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)\j\H
PO3H>

1-Hydroxy-3-methylbutylphosphonic acid (5d). 3P NMR (D:20): & 21.61 (dt, YJur =
7.5 Hz, 3[ur = 4.7 Hz); 'TH NMR (D20) : 3.64 (ddd, 1H, 3Ju-n = 11.3 Hz, 2Jur= 7.8 Hz, 3/un =
2.8 Hz), 1.60-1.72 (m, 1H, ] undetermined), 1.47 (dddd, 1H, Ju-u = 14.5 Hz, 3/u-u = 11.3 Hz,
Juu=8.0 Hz, 3[ur = 4.0 Hz), 1.32 (dddd, 1H, ?Ju-n = 14.6 Hz, 3/u-n = 10.1 Hz, 3Jur = 4.9 Hz,
3Jw-n = 2.8 Hz), 0.81 (d, 3H, 3Ju-n = 6.4 Hz), 0.77 (d, 3H, 3/u-u = 6.7 Hz).

H
)\%\PO3H2

H

(E)-3-But-1-en-1-ylphosphonic acid (7d). 3P NMR (D20): 6 14.90 (ddd, 3Ju-r = 21.5
Hz, 2Jur = 18.7 Hz, 4/ur = 1.9 Hz); 'H NMR (D:20) d: 6.30 (ddd, 1H, 3/u-r = 21.1 Hz, 3Jun =
17.1 Hz, 3Juu = 6.1 Hz), 5.56 (ddd, 1H, Ju-r = 19.6 Hz, 3Juu = 17.1 Hz, 4/uu = 1.5 Hz), 1.74-
1.88 (m, 1H, | undetermined), 0.87 (d, 6H, 3Ju-u = 6.7 Hz).

Table S6. Comparison of chemical shifts and coupling constants on "H and 3P NMR spectra of the
reaction products of 1-amino-3-methylbutylphosphonic acid (1d) with NaNO: with spectra of
compounds described in the literature.

OH Hi H
Structure )\/k = \2\
PO, PO3H, PO3H,

H H
Source ABr1210 Reference [11] ABr1210 Reference [12]
Solvent D20 D20 D20 D20
21.61(dt, =75 ]=4.7 14.90 (ddd,
31
P NMR Hz) 255 J=215,18.7, 1.9 Hz) 13.31
3.64 (ddd, 1H, 6.30 (ddd, 1H,
J=11.3,7.8,2.8 Hz) 382 (m, 1H) J=21.1,17.1, 6.1 Hz) 646 -6.35 (m, 1H)
1.60-1.72 (m, 1H, | 5.56 (ddd, 1H,
undetermined) 173 (m, 1H) J=19.6,17.1,1.5 Hz) 578 =5.69 (m, 1H)
147(dddd, 1H, ] =145, o0 L74-1.88 (m, 1H, 1.79 (dt, 3H
{H NMR 11.3, 8.0, 4.0 Hz) J undetermined) J=6.5,2.0Hz)
1.32 (dddd, 1H, | = 14.6, 140 (m, 1H) 0.87 (d, 6H,
10.1, 4.9, 2.8 Hz) ' ! J=6.7 Hz)
0.81 (d, 3H, 0.89 (d, 3H,]=6.6
J=6.4Hz) Hz)
0.77 (d, 3H, 0.85(d, 3H,]=6.6

] = 6.7 Hz) Hz)
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Figure S27. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-3-
methylbutylphosphonic acid (1d) with NaNO: after 168h.
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Figure S28. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-3-
methylbutylphosphonic acid (1d) with NaNO: after 168h.
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3.6. ABr1212. Deamination of 1c in Water

\)N\HZ 2 Nae: 4 I
PO3H, -N, \)\P03H2 ' \%\PO3H2 + H3PO,
H
1c 5¢ 7c
24 h a=1.00 64% 7% 26%
168h a=1.00 63% 7% 28%
or [ppm] 20.96 (dt) 13.84 (ddq) 1.06 (s)

After 24 h at 21 °C, post-reaction mixture contained 1-hydroxypropylphosphonic
acid (5¢) (64%molP), (E)-prop-1-en-lylphosphonic acid (7c) (7%molP), orthophosphoric
acid (26%molP) and 3 unidentified compounds (3%molP in total).

After 168h post-reaction contained 1-hydroxypropylphosphonic acid (5¢)
(63%molP), (E)-prop-1-en-1-ylphosphonic acid (7c¢) (7%molP), orthophosphoric acid
(28%molP) and 2 unidentified compounds (3%molP in total) (Figure 529 and Figure S30).
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Chart 6. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-aminopropylphosphonic acid (1¢) with NaNO: in water.

1-Hydroxypropylphosphonic acid (5¢) and (E)-3-prop-1-en-1-ylphosphonic acid (7c)
were identified by comparing chemical shifts, multiplecity and coupling constants on 'H
and 3P NMR spectra with description in the literature (Table S7).

OH
\)\Post

1-Hydroxypropylphosphonic acid (5c¢). 3P NMR (D20): 0 21.61 (dt, 2Jur=7.5 Hz, 3u-
r =4.7 Hz); 'TH NMR (D20) d: 3.44 (ddd, 1H, 3Juu = 10.2 Hz, 2Jur = 6.7 Hz, 3/un = 3.4 Hz),
1.60-1.73 (m, 1H, ] undetermined), 1.44 (dddq, 1H, ] =14.0 Hz, ] =102 Hz, J=9.0Hz, | =
7.0 Hz), 0.88 (t, 3H, Ju-u =7.3 Hz).
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H

\%\POQ,HZ

H
(E)-Prop-1-en-1-ylphosphonic acid (7¢c). 3P NMR (D20): 8 13.84 (ddq, ¥/ur=20.6 Hz,
3Jur =20.3 Hz, 4Jun = 1.9 Hz); 'TH NMR (D20) 6: 6.29 (ddq, 1H, 3/ur =20.3 Hz, 3uu=17.0
Hz, 3Jun = 6.5 Hz), 5.63 (ddq, 1H, 2/u-p = 20.6 Hz, 3Jun = 17.0 Hz, 3w = 1.5 Hz), 1.60-1.73
(m, 3H, | undetermined).

Table S7. Comparison of chemical shifts and coupling constants on '"H and 3P NMR spectra of the
reaction products of 1-aminopropylphosphonic acid (1c) with NaNO2 with compounds described
in the literature. .

OH H
Structure \)\PO3H2 \H%POSHZ
Source ABri1212 Reference [13] ABr1212 Reference [12]
Solvent D:0 D20 D20 D:0
21.61 (dt, J=7.5, 13.84 (ddq, ] =20.6, 20.3,
31 . 13.31
P NMR 4.7 Hz) 239 1.9 Hz)
3.44 (ddd, 1H, 2.85-3.45 6.29 (ddq, 1H, ] =20.3, 6.46 — 6.35
J=10.2, 6.7, 3.4 Hz) (1H, m) 17.0, 6.5 Hz) (m, 1H)
1.60-1.73 (m, 1H, 5.63 (ddq, 1H, ] =20.6, 5.78 —5.69
{H NMR J undetermined) 1.45-2.25 17.0, 1.5 Hz) (m, 1H)
1.44 (dddq, 1H, J=14.0, 10.2, (2H, m) 1.60-1.73 (m, 3H) 1.79 (dt, 3H,
9.02,7.0 Hz) ) ) ! J=6.5,2.0Hz)
1.20 (t, 3H,

0.88 (t, 3H, ] = 7.3 Hz) =62 Hz)
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Figure S29. 3P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-
aminopropylohosphonic acid (1c) with NaNO2 after 168h.
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Figure S30. 'H NMR (D:0, 400MHz) spectra of the crude post-reaction mixture of 1-

aminopropylohosphonic acid (1c) with NaNO2 after 168h.
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3.7. ABr1214. Deamination of 1i in Water

NH, 2 NaNo2
POsH, + H.PO
PO3H2 - NZ /><PO3H2 )\(PO3H2 W 32 3T 4
CH,
1i 5i 7i 7'

48h a=0.97 43% 41% 5% 6%
192 h a=1.00 43% 42% 8% 7%
O [ppm] 16.82 24.18 (ddq) 17.47 (dqq) 15.63 (ddt) 1.05

After 24 h at 21 °C, post-reaction mixture contained 1-hydroxy-1-
methylpropylphosphonic acid (5i) (43%molP), (E)-1-methylprop-1-en-1-ylphosphonic
acid (7i) (41%molP), 1-ethylvinylphosphonic acid (7'i) (5%molP), orthophosphoric acid
(6%molP), unreacted substrate (3%molP) and 2 unidentified compounds (2%molP in

total).

After 192 h post-reaction mixture contained 1-hydroxy-1-methylpropylphosphonic
acid (5i) (43%molP), (E)-1-methylprop-1-en-1-ylphosphonic acid (7i) (42%molP), 1-
ethylvinylphosphonic acid (7'i) (8%molP), orthophosphoric acid (7%molP) and trace
amounts of 2 unidentified compounds (Figure S31 and Figure 532).
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Chart 7. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-1-methylpropylphosphonic acid (1i) with NaNO: in water.

(E)-1-Methylprop-1-en-1-ylphosphonic acid (7i) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with
description in the literature of structurally similar (E)-2-(N-hydroxylamino)-1-methyl-
pent-1-en-1-ylphosphonic acid (Table S8).

Spectra  of  1-hydroxy-l1-methylpropylphosphonic  acid (5i) and 1-
ethylvinylphosphonic acid (7'i) have been not described in the literature. Therefore these
compounds were identified by identified by comparing chemical shifts, multiplecity and
coupling constants on 'H and 3P NMR spectra with description in the literature with
spectra of structurally simiar 1-hydroxy-1-methylethylphosphonic acid (5m) and 1-
methylvinylphosphonic acid (7m) (experiment ABr1204) (Table S9).
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OH
/><P03H2
1-Hydroxy-1-methylpropylphosphonic acid (5i). 3P NMR (D:0):  24.18 (ddgq, 3Ju-r

=14.5 Hz, 3fir = 11.1 Hz, 31> = 7.0 Hz); TH NMR (D20) 8: 1.49-1.70 (m, 2H, J undetermined),
1.17 (d, 3H, ¥ir = 14.4 Hz), 0.81 (t, 3H, 3t = 7.3 Hz).

H

)\(PO:?,HZ

(E)-1-Methylprop-1-en-1-ylphosphonic acid (7i). 3'P NMR (D:0): d 17.47 (dqq, 3/
rs) = 21.7 Hz, 3Jup = 13.6 Hz, 4Jur = 3.7 Hz); 'TH NMR (D20) &: 6.15 (ddq, 1H, 3Jur=21.7 Hz,
3Jun=6.7 Hz, 4¥nn=1.5Hz), 1.63 (ddq, 3H, 3/n-p=13.6 Hz, 4nu=1.2 Hz, 5Jn.n =1.2 Hz), 1.57
(ddq, 3H, 3Juu=6.7 Hz, 4ur=3.7 Hz, 5nu =12 Hz).

/W PO3sH,
CH,
1-Ethylvinylphosphonic acid (7'1). 3P NMR (D20): 8 15.63 (ddt, 3Ju-p (xans) = 44.4 Hz,
3Jn-p sy = 21.5 Hz, 3[n-r = 10.3 Hz); 'TH NMR (D20) d: 5.56 (ddt, 1H, 3Ju-r @s) = 21.4 Hz, 2Jun =
1.5 Hz, 4un = 1.2 Hz), 5.39 (ddt, 1H,
3JH-P (wrans) = 44.3 Hz, 4[u-n = 1.8 Hz, 2Jun = 1.5 Hz), 2.12 (dddq, 2H, 3Jar =10.3 Hz, 3/uu="7.3
Hz, 4nn=1.8 Hz, 4un=1.2 Hz), 0.95 (t, 3H, 3Ju-n=7.3 Hz).

Table S8. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of (E)-
1-methylprop-1-en-1-ylphosphonic acid (7i) with spectra of structurally similar (E)-2-(N-
hydroxylamino)-1-methyl-pent-1-en-1-ylphosphonic acid.

H H
Structure )\(Post WPOSHZ
Ho
Source ABr1214 Reference [14]
Solvent D20 D20
31P NMR 17.47 (dqq, ] =21.7,13.6, 3.7 Hz) n.d.
6.15 (ddq, 1H, J= 21.7, 6.7, 1.5 Hz) 6.12 (dd, 1H, ] = 9.8, 21.2 Hz)
4.35 (m, 1H)
{H NMR 2.05 (m, 2H)
1.63 (ddq, 3H, [=13.6,1.2, 1.2 Hz) 2.02 (d, 3H, ] =13.8 Hz)

1.57 (ddq, 3H,]=6.7,3.7, 1.2 Hz)

1.04 (t, 3H, J=7.4 Hz)
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Table S9. Comparison of chemical shifts and coupling constants on "H and 3P NMR spectra of the

reaction products of 1-amino-1-methylpropylphosphonic acid (1i) with NaNO: with spectra of 1-
hydroxy-1-methylethylphosphonic acid (5m) and 1-methylvinylphosphonic acid (7'm).

OH OH PO3H, PO3H,
truct
Structure /><PO3H2 ><PO3H2 /\[(]Z/HQ \[cer
Source ABr1214 ABr1204 ABr1214 ABr1204
Solvent D20 D20 D20 D20
3P NMR 2418 (ddq, J=14.5,11.1,7.0  23.84 (septet, 15.63 (ddt, J=44.4,21.5, 15.21 (ddq, | =43.9, 20.6,
Hz) J=14.0 Hz) 10.3 Hz) 13.1 Hz)
1.49-1.70 (m, 2H, 5.56 (ddt, 1H, J=21.4, 5.46 (ddq, 1H, J=20.3,2.1,
J undetermined) 1.5, 1.2 Hz) 1.2 Hz)
1.17 (d, 3H, 1.23 (d, 6H, 5.39 (ddt, 1H, | =44.3, 5.36 (tq, 1H,
{H NMR J=14.4 Hz) J=13.8 Hz) 1.8, 1.5 Hz) J=43.4,1.8 Hz)
0.81 (t, 3H, 2.12 (dddq, 2H, 1.77 (dt, 3H,
J=7.3Hz) J=10.3,7.3,1.8, 1.2 Hz) J=13.1,1.2 Hz)
0.95 (t, 3H,
J=7.3 Hz).
DEBERREE=SoRRERoYE EEpaREY g
TR TR e
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g 51 71
=2 A H3PO,
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Figure S31. P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methylpropylphosphonic acid (1i) with NaNO2 after 192 h.
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Figure S32. 'TH NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methylpropylphosphonic acid (1i) with NaNO:after 192 h.
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3.8. ABr1216. Deamination of 11 in Water

NH, 2 NaNO, OH
—_— + + PO3H, + H4P
POsH, - N2 POsH, HON 3M2 + HsPO,
PO3H, CH,
11 51 71 71
24h a=0.97 29% 57% 7% 3%
192h a=1.00 30% 59% 7% 4%
or [ppm] 16.82 2418 (tq)  17.87(ddq)  15.6 (ddt) 1.09

After 24 h at 21 °C, post-reaction mixture contained 1-hydroxy-1,3-
dimethylbutylphosphonic acid (51) (29%molP), (E)-1,3-dimethylbut-1-en-1-ylphosphonic
acid (71) (57%molP), 4-methylpent-1-en-2-ylphosphonic acid (71) (7%molP),
orthophosphoric acid (3%molP), unreacted substrate (11) (3%molP) and unidentified
compound (ca. 1%molP).

After 192 h post-reaction mixture contained 1-hydroxy-1,3-
dimethylbutylphosphonic acid (51) (30%molP), (E)-1,3-dimethylbut-1-en-1-ylphosphonic
acid (71) (59%molP), 4-methylpent-1-en-2-ylphosphonic acid (71) (7%molP),
orthophosphoric acid (4%molP) and trace amounts of unidentified compound (>1%molP)
(Figure 533 and Figure S34).
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Chart 8. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-1,3-dimethylbutylphosphonic acid (11) with NaNO: in water.

Spectra of (E)-1,3-dimethylbut-1-en-1-ylphosphonic acid (71) have been not described
in the literature. Therefore, this compound was identified by comparing chemical shifts,
multiplecity and coupling constants on 'H and 3P NMR spectra with spectra of (E)-1-
methylprop-1-en-1-ylphosphonic acid (7i), which was obtained in the reaction of 1-amino-
1-methylpropylphosphonic acid (1i) with NaNO2 (ABr1214) (Table 510).

Spectra of 1-hydroxy-1,3-dimethylbutylphosphonic acid (51) and 4-methylpent-1-en-
2-ylphosphonic acid (7'1) have been not described in the literature. Therefore, these
compounds were identified by comparing chemical shifts, multiplecity and coupling
constants on 'H and *'P NMR spectra with spectra of 1-hydroxy-1-methylethylphosphonic
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acid (5m) and 1-methylvinylphosphonic acid (7m), which were obtained in the reaction
of 1-amino-1-methylethylphosphonic acid (1m) with NaNO: (ABr1204) (Table S11).

OH

PO3H,
1-Hydroxy-1,3-dimethylbutylphosphonic acid (51). 3P NMR (D20): 6 24.18 (tq, 3Ju-p
=15.0 Hz, 3Jur =7.5 Hz); '"H NMR (D:0) d: 1.78 (doublet of septets, 1H, 3Ju-1 =7.0 Hz, 3Jun
= 6.4 Hz), 1.43-1.55 (m, 2H), 1.23 (d, 3H, 3Jur = 15.0 Hz), 0.81 (d, 3H, 3/u-un = 6.4 Hz), 0.79 (d,
3H, 3un=6.1 Hz).

N

PO3H,
(E)-1,3-Dimethylbut-1-en-1-ylphosphonic acid (71). 3P NMR (D20): 8 17.87 (ddq, ¥/s-
r =224 Hz, 3ur=14.0 Hz, 4u-r = 2.8 Hz); '"H NMR (D20) d: 5.88 (ddq, 1H, 3Ju-r = 22.2 Hz,
3Ju-u = 9.3 Hz, 4Ju.n = 1.8 Hz), 2.51 (doublet of doublets of septets, 1H, 3/uu=9.3 Hz, 3/unn=
6.6 Hz, 3Jun = 2.8 Hz), 1.65 (dd, 3H, 3/ur = 13.9 Hz, 4un = 1.8 Hz), 0.83 (d, 6H, 3/uu = 6.7
Hz).

PO3H,

CH,
4-Methylpent-1-en-2-ylphosphonic acid (7). 3P NMR (D20): d 15.6 (ddt, 3J#-P (rans) =
44.1 Hz, 3Ju-p @is) = 21.0 Hz, 3Jur = 14.2 Hz); 'H NMR (D:20) d: 5.61 (ddd, 1H, 3Ju-p s = 21.1
Hz, 4Juu=2.1 Hz, ] undetermined), 5.37 (ddd, 1H, 3Jup (trans) = 44.5 Hz, 4/u-n = 3.4 Hz, 4/un =
1.5 Hz), 1.98 (br dddd, 2H, 3Jur = 14.1 Hz, 3/u-u = 7.0 Hz, ] nieozn), 1.70-1.85 (m, 1H, |
undetermined), 0.72 (d, 6H, 3/un = 6.7 Hz).

Table S10. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of (E)-
1,3-7ldimethylbut-1-en-1-ylphosphonic acid (71) with (E)-1-methylprop-1-en-1-ylphosphonic acid
(7i) (ABr1214).

H  POsH, H
Structure ﬁ )\( PO3H,
Source ABrl1216 ABr1214
Solvent D20 D20
31P NMR 17.87 (ddq, | =22.4, 14.0, 2.8 Hz) 17.47 (dqq, ] =21.7,13.6, 3.7 Hz)
5.88 (ddq, 1H, ] =22.2,9.3, 1.8 Hz), 6.15(ddq, 1H, J=21.7, 6.7, 1.5 Hz)
2.51 (doublet of doublets of septets, 1H, [ =9.3,
1 NMR 6.6, 2.8 Hz)
1.65 (dd, 3H, ] =13.9, 1.8 Hz) 1.63 (ddq, 3H, ] =13.6,1.2,1.2 Hz)

0.83 (d, 6H, ] = 6.7 Hz)

1.57 (ddq, 3H, ] = 6.7,3.7, 1.2 Hz)
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Table S11. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of
post-reaction mixture of 1-hydroxy-1,3-dimethylbutylphosphonic acid (11) with NaNO:2 with 1-
hydroxy-1-methylethylphosphonic acid (5m) and 1-methylvinylphosphonic acid (7m) (ABr1204).

OH OH PO3H; POSH,
Struct g
ricre Wpost ><P03H2 Y\g/Hz CH,
Source ABri1216 ABr1204 ABri1216 ABr1204
Solvent D20 D20 D20 D20
23.84 (septet, 15.6 (ddt, ] =44.1, 21.0, 15.21 (ddq,
31p R 24.1 =15.0,75H
NM 8 (tq,J=15.0,7.5 Hz) J=14.0 Hz) 14.2 Hz); J=143.9,20.6, 13.1 Hz)
1.78 (doublet of tet: 5.61 (ddd, 1H
(doublet of septets, (ddd, 1H, 5.46 (ddq, 1H,
1H, J=21.1,2.1Hz, ] [20% 21 12112
J=7.0, 6.4 Hz), undetermined) T
5.37 (ddd, 1H, | =44.5, 5.36 (tq, 1H,
1.43-1.55 (m, 2H),
(m, 2H) 3.4,1.5 Hz) ] =43.4,1.8 Hz)
1H NMR 1.23 (d, 3H, 1.23 (d, 6H, 1.98 (br dddd, 2H, 1.77 (dt, 3H,
J=15.0 Hz) J=13.8 Hz) J=14.1,7.0 Hz) J=13.1,12 Hz)
0.81 (d, 3H, 1.70-1.85 (m, 1H,
J=6.4Hz) J undetermined)
0.79 (d, 3H, 0.72 (d, 6H,
/=6.1Hz) ] =6.7 Hz)
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Figure S33. 3'P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1,3-
dimethylbutylphosphonic acid (11) with NaNO:after 192 h.
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X : parts per Million : Proton
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Figure S34. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1,3-

dimethylbutylphosphonic acid (11) with NaNO:after 192 h.
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3.9. ABr1218. Deamination of 1k in Water

NH> 1.8 NaN02
PO, -N» PO:H )\WP%HZ ' HOM " HePOs
3Ho 2 312 PO3H,
1k 5k 7k 5’k
96h a=0.97 39% 8% 6% 39%
168h a=1.00 40% 8% 6% 40%
Or [ppm] 16.82 24.06 (dq) 15.84 (ddd) 26.36 (dq) 1.13
After 96h at 21 °C, post-reaction mixture contained 1-hydroxy-1,2-

dimethylpropylphosphonic acid (5k) (39%molP), 3-methylbut-1-en-2-ylphosphonic acid
(7k)  (8%molP), 2-hydroxy-2,3-dimethylpropylphosphonic acid (5’k) (6%molP),
orthophosphoric acid (39%molP) and 2 unidentified compounds (8%molP in total).
After 168h post-reaction mixture contained 1-hydroxy-1,2-
dimethylpropylphosphonic acid (5k) (40%molP), 3-methylbut-1-en-2-ylphosphonic acid

(7k)  (8%molP), 2-hydroxy-2,3-dimethylpropylphosphonic acid (5’k) (6%molP),
orthophosphoric acid (40%molP) and 2 unidentified compounds (6%molP in total) (Figure
535 and Figure S36).

3P and 'H NMR:

1-Hydroxy-1,2-dimethylpropylphosphonic acid (5k). 3'P NMR (D20): o 24.06 (dq,
3Jur = 14.0 Hz, 3/u-r = 8.4 Hz); 'TH NMR (D:0) d: 1.91 (dqq, 1H, 3Jur=8.3 Hz, 3/nn=7.0 Hz,
3Jua = 6.7 Hz), 1.10 (d, 3H, 3nr = 14.4 Hz), 0.86 (d, 3H, 3i11 = 7.0 Hz), 0.83 (d, 3H, 311 = 6.7
Hz).

)><O :
PO3H,

3-Methylbut-1-en-2-ylphosphonic acid (7k). 3'P NMR (D20): d 15.84 (ddd, 3/x-p(rans) =
45.1 Hz, 3[u-pws) = 22.0 Hz, 3[up = 12.2 Hz); 'TH NMR (D:0) 9: 5.59 (ddd, 1H, 3J#-P (trans) = 45.2

Hz, 3Jan = 1.5 Hz, Yun = 1.2 Hz), 5.45 (ddd, 1H, 3/ures = 22.0 Hz, 3Jun = 1.2 Hz, |
undetermined), 2.46 (br septet, 1H, 3Juu = 6.7 Hz), 0.96 (d, 6H, 3Ju-u= 6.7 Hz).

PO3H,
CH»

2-Hydroxy-2,3-dimethylpropylphosphonic acid (5'k). 3P NMR (D20): & 26.36 (dq,
2Jur=17.8 Hz, 3Jnr=16.8 Hz); 'H NMR (D20) d: 1.74 (dq, 1H, Jur=18.3 Hz, 3Jnu=7.6 Hz),
1.19 (s, 3H), 1.11 (s, 3H), 1.00 (dd, 3H, 3Jur =16.7 Hz, 3Ju-u="7.6 Hz).

HO*\—(
PO3H;

1-Hydroxy-1,2-dimethylpropylphosphonic acid (5k) and 3-methylbut-1-en-2-
ylphosphonic acid (7k) were identified by comparing chemical shifts, multiplecity and
coupling constants on 'H and 3'P NMR spectra with z description of structurally similar
1-hydroxy-1-methylethylphosphonic acid (5m) and 1-methylvinylphosphonic acid (7m),
which were obtained in the reaction of 1-amino-1-methylethylphosphonic acid (1m) with
NaNO: (ABr1204) (Table S12).
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2-hydroxy-2,3-dimethylpropylphosphonic acid (5'k) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with z
description of structurally similar 2-hydroxypropylphosphonic acid (Table S13).

Table S12. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of the
reaction products of 1-amino-1,2-dimethylpropylphosphonic acid (1k) z NaNO: with spectra of
similar 1-hydroxy-1-methylethylphosphonic acid (5m) and 1-methylvinylphosphonic acid (7m)

(ABr1204).
Structure )740 H >< )\ﬂ/ POsH, D
PO3zH, PO3H2 CH2 CH,
Source ABr1218 ABr1204 ABr1218 ABr1204
Solvent D20 D20 D20 D20
1P NMR 24.06 (dq, ] =14.0, 8.4 23.84 (septet, 15.84 (ddd, | =45.1, 22.0, 15.21 (ddq,
Hz) J]=14.0 Hz) 12.2 Hz) J=43.9,20.6, 13.1 Hz)
1.91 (dqq, 1H, 5.59 (ddd, 1H, 5.46 (ddq, 1H,
J=8.3,7.0,6.7 Hz) J=45.2,15,1.2 Hz) J=20.3,2.1,1.2 Hz)
45 (ddd, 1H
1.10 (d, 3H, 1.23 (d, 6H, ]3 Zi(O 1 ZIHZ/] 5.36 (tq, 1H,
=144 H =13.8H T ¢ =434,1.8 H
1H NMR I 7) J=138Hz) undetermined), J=43 8 Hz)
0.86 (d, 3H, 2.46 (b tet, 1H,
( (br septe 1.77 (dt, 3H,
J=7.0 Hz) J=6.7 Hz) J=131,1.2 Hz)
=13.1, 1. z
0.83 (d, 3H, 0.96 (d, 6H,
J=6.7 Hz) J=6.7 Hz)
Table S13. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of the
reaction products of 1-hydroxy-1,2-dimethylpropylphosphonic acid (5'k) with spectra of similar 2-
hydroxypropylphosphonic acid.
PO3H
Structure HO%,DOSHZ o sz
Source ABr1218 Reference [9]
Solvent D20 D20
31P NMR 26.36 (dq, ] =17.8, 16.8 Hz) 19.9
3.80 (1H, dm, | = 6.5 Hz)
1.74 (dq, 1H, ] =18.3, 7.6 Hz), 1.39 (2H, ddd, ] =18.0, 6.6, 15.3 Hz)
1H NMR 1.19 (s, 3H), 0.97 (3H, d, ] =6.5 Hz)

1.11 (s, 3H),

1.00 (dd, 3H, J=16.7, ] = 7.6 Hz)
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Figure S35. 3'P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1,2-
dimethylpropylphosphonic acid (1k) z NaNO: after168h.
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Figure S36. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1,2-
dimethylpropylphosphonic acid (1k) z NaNO: after168h.
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3.10. ABr1220. Deamination of 1j in Water

NH, 2 NaNO, OH
+ + H3PO
X\PO3H2 - N, X\PO3H2 HO PO3H, 3

1j 5j 5'j
96h a=1.00 7% 6% 86%
dr [ppm] 19.91 (d) 26.44 (dq) 0.86

After 96h at 21 °C, post-reaction mixture contained orthophosphoric acid (86%molP),
1-hydroxy-2,2-dimethylpropylphosphonic ~ acid  (5j)  (7%molP), 2-hydroxy-1,2-
dimethylpropyl-phosphonic acid (5’j) (6%molP) and unidentified compound (1%molP)
(Figure S37 and Figure S38).

140

120 r.. e
([ ]

100 ®o0 00000

80
| ]
60

a0 ®

20 o

R

0 300 600 900 1200 1500 1800

time [min]

% of the stoichiometric nitrogen vol.

Chart 9. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-2,2-dimethylpropylphosphonic acid (1j) with NaNO:2 in
water.

1-Hydroxy-2,2-dimethylpropylphosphonic acid (5j) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with
description in the literature (Table S14). 2-hydroxy-1,2-dimethylpropylphosphonic acid
(5'j) was identified by comparing chemical shifts, multiplecity and coupling constants on
H and 3P NMR spectra with description in the literature with description for
structuraally similar 1-hydroxy-2,2-dimethylpropylphosphonic acid (5k), which was
obtained in the reaction of 1-amino-1,2-dimethylpropylphosphonic acid (1k) with NaNO:
(ABr1218) (Table S14).

OH

)&P%Hz

1-Hydroxy-2,2-dimethylpropylphosphonic acid (5j). 3P NMR (D:20): 6 19.91 (d, ¥Ju-
r=9.4 Hz); 'TH NMR (D:0) &: 3.29 (d, 1H, Jur = 9.8 Hz), 0.90 (s, 9H).
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2-Hydroxy-1,2-dimethylpropylphosphonic acid (5). 3'P NMR (D20): d 26.44 (dq,
Jur=17.8 Hz, 3Jnr=17.8 Hz); 'TH NMR (D20) d: 1.75 (dq, 1H, Jur=18.8 Hz, 3Juu =7.6 Hz),
1.18 (s, 3H), 1.11 (s, 3H), 1.00 (dd, 3H, 3Jur=16.8 Hz, 3Jun=7.7 Hz).

Table S14. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of
post-reaction mixture of 1-amino-2,2-dimethylpropylphosphonic acid (1j) z NaNO: with
experimental spectra and description in the literature.

OH
Structure ><\P03H2 HO%Post

Source ABr1220 Reference [15] ABr1220 ABr1218
Solvent D20 DMSO- ds D20 D20
26.44 (dq,J=178Hz, = 26.36(dq, J=17.8,16.8
31 =
P NMR 1991 (d, ]=9.4 Hz) n.d. 17.8 Hz) Hz)
3.29 (d, 1H, 3.24(d, 1H, 1.75 (dq, 1H, 1.74 (dq, 1H,
J=9.8 Hz) J=8.8 Hz) ]=18.8,7.6 Hz) J=18.3,7.6 Hz),
{H NMR 0.90 (s, 9H) 0.98 (s, 9H) 1.18 (s, 3H) 1.19 (s, 3H),
1.11 (s, 3H) 1.11 (s, 3H),
1.00 (dd, 3H, 1.00 (dd, 3H,

]=16.8,7.7 Hz). J=16.7,] =7.6 Hz)
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Figure S37. 3'P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of 1-amino-2,2-
dimethylpropylphosphonic acid (1j) with NaNO: after 96h.
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Figure S38. 'H NMR (D:20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-2,2-
dimethylpropylphosphonic acid (1j) with NaNO: after 96h.
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3.11. ABr1222. Deamination of 1q in Water

NHz 2 NaNO, OH . PO o
@PO3H2 -N, (j<F>o3H2 @: 3PO4
H
1q 5q 7q
98h a=1.00 16% 75% 7%
16.2 let of
or [ppm] 23.88 (brs) 625 (doubletof )
quintets)

After 98h at 21 °C, post-reaction mixture contained 1-hydroxycyclohexylphosphonic
acid (5q) (16%molP), cyclohex-1-en-1-ylphosphonic acid (7q) (75%molP),
orthophosphoric acid (7%molP) and 2 unidentified compounds (2%molP in total) (Figure
539 and Figure 541).

The presence of 1-hydroxycyclohexylphosphonic acid (5q) was confirmed by re-
measuring the NMR spectra of the reaction mixture with the addition of reference material
— 1-hydroxycyclohexylphosphonic acid (5q) (Figure S40 and Figure 542).

Cyclohex-1-en-1-ylphosphonic acid (7q) was identified by comparing chemical
shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with description
in the literature (Table S15).

OH
PO3H,

1-Hydroxycyclohexylphosphonic acid (5q). 3P NMR (D20): & 23.88 (br s); 'H NMR
(D20) 9: 1.60-1.70 (m, 2H), 1.36-1.58 (m, 7H), 1.00-1.12 (m, 1H).

H

Cyclohex-1-en-1-ylphosphonic acid (7q). 3P NMR (D20): & 16.25 (doublet of
quintets, 3/u-r = 20.6 Hz, 3Jur = 3.7 Hz); 'H NMR (D20) &: 6.28 (dtt, 1H, 3Jur=21.1 Hz, 3[us
=3.7 Hz, 4nn=1.8 Hz), 1.93-2.04 (m, 4H), 1.38-1.52 (m, 4H).

Table S15. Comparison of chemical shifts and coupling constants on experimental 'H and 3P NMR
spectra of cyclohex-1-en-1-ylphosphonic acid (7q) with description in the literature.

PO3H,
Structure O:
H

Source ABr1222 Reference [16]
Solvent D20 D:0
16.25 (doublet of quintets,
31 =
P NMR [=206,3.7 Hz) 14.0 (d, J=19 Hz)
6.28 (dtt, 1H, ] =21.1, 3.7, 1.8 Hz) 6.52 (d, =19 Hz)
1H NMR 1.93-2.04 (m, 4H)

1.38-1.52 (m, 4H)
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Figure S39. 3P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-
aminocyclohexylphosphonic acid (1q) with NaNO: after 98h.
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Figure S40. 3P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-
aminocyclohexylphosphonic acid (1q) with NaNO: after 98h with addition of reference material -
1-hydroxycyclohexylphosphonic acid (5q).
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Figure S41. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-
aminocyclohexylphosphonic acid (1q) with NaNO: after 98h.
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Figure S42. "H NMR spectra of the crude post-reaction mixture of 1-aminocyclohexylphosphonic
acid (1q) with NaNO: after 98h with addition of reference material - 1-
hydroxycyclohexylphosphonic acid (5q).
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3.12. ABr1224. Deamination of 1f in Water

NH; 2 NaNO, OH
PO5H, N, POSH, + H3PO,
1f 5f
24 h a=1.00 97% 3%
Or [ppm] 17.27 (d) 0.83
After 24 h at 21 °C, post-reaction mixture contained

hydroxy(phenyl)methylphosphonic acid (5f) (97%molP) and orthophosphoric acid
(83%molP) (Figure S43 and Figure 545).
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Chart 10. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of amino(phenyl)methylphosphonic acid (1f) with NaNO: in water.

The presence of phenyl(hydroxy)methylphosphonic acid (5f) was confirmed by re-
measuring the NMR spectra of the reaction mixture with the addition of reference material
— phenyl(hydroxy)methylphosphonic acid (5f) (Figure S44 and Figure 546).

OH
PO3H,
Hydroxy(phenyl)methylphosphonic acid (5f). 3P NMR (D20): 8 17.27 (d, 2Jup=12.2

Hz); TH NMR (D20) d: 7.32-7.38 (m, 2H), 7.26-7.32 (m, 2H), 7.20-7.26 (m, 1H), 4.72 (d, 1H,
2fur=12.2 Hz).
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Figure S43. 3P NMR (D:O, 162MHz) spectra of the crude post-reaction mixture of
amino(phenyl)methylphosphonic acid (1f) with NaNO: after 24 h.
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Figure S44. 3P NMR (D:O, 162MHz) spectra of the crude post-reaction mixture of
amino(phenyl)methylphosphonic acid (1f) with NaNO: after 24 h with addition of reference
material - hydroxy(phenyl)methylphosphonic acid (5f).
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Figure S45. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of

amino(phenyl)methylphosphonic acid (1f) with NaNO: after 24 h.
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Figure S46. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of
amino(phenyl)methylphosphonic acid (1f) with NaNO: after 24 h with addition of reference

material - hydroxy(phenyl)methylphosphonic acid (5f).



Molecules 2022, 27, 8849 55 of 75

3.13. ABr1226. Deamination of 1n in Water

NH; 2 NaNO, OH
PO3H, - N, PO3H, + H3PO,
O o
| In | 5n
96h a=1.00 72% 25%
S [ppm] 17.23 (d) 1.68

After 144h at 21 °C a suspension was formed. Liquid phase contained hydroxy(4-
metoxyphenyl)methylphosphonic acid (5n) (72%molP), orthophosphoric acid (25%molP)
and 3 unitentified compounds (3%molP in total) (Figure S47 and Figure S48). Precipitate
was filtred, washed with water (2 x 1 mL), dried under reduced pressure and orange solid
(30mg) was obtained (Figure S51 and Figure S52).
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Chart 11. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of amino(4-methoxyphenyl)methylphosphonic acid (In) with NaNO: in
water.

Hydroxy(4-metoxyphenyl)methylphosphonic acid (5n) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with
description in the literature (Table S16). Spectra of crude hydroxy(4-
metoxyphenyl)methylphosphonic acid (5n) was additionally re-measured with addition
of D250, in order to shift HOD signal overlapped on -C(POsHz)H- (Figure 549 and Figure
50).

OH
PO3H,

T

Hydroxy(4-metoxyphenyl)methylphosphonic acid (5n). 3P NMR (D:20): 9 17.23 (d,
2Jur =122 Hz); 'TH NMR (D20) d: 7.27 (dd, 2H, 3Juz = 8.9 Hz, | = 1.8 Hz), 6.83-6.86 (m, 2H),
3.69 (s, 3H).
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Table S16. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of the

reaction products of amino(4-metoxyphenyl)methylphosphonic acid (1n) with NaNO2 in water with
description in the literature.

OH

PO3H,
Structure o
|
ABr1226 ABr1226 Reference [17]
Solvent D20 D20 + D2SOu4 D:0
31P NMR 1723 (d,J=122Hz) 20.90(d,J=11.2 Hz) 20.8
7.27 (dd, 2H, ] =8.9,1.86.78 (dd, 2H, | =8.8,2.1 7.12(d,2H, ]J=8.0
Hz) Hz) Hz)
B 6.67 (d,2H, ]J=8.0
{H NMR 6.83-6.86 (m, 2H) 6.38 (d, 2H, | = 8.6 Hz) Hz)
4.71 (d, 1H, =12.
Overlapped with HOD 4.38 (d, 1H, ] =11.6 Hz) (d Hz) I 0

3.69 (s, 3H) 3.19 (s, 3H) 3.44 (s, 3H)
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Figure S47. 3P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of amino(4-
metoxyphenyl)methylphosphonic acid (In) with NaNO: after 96h.
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Figure S48. P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of amino(4-
metoxyphenyl)methylphosphonic acid (In) with NaNO:2 after 96h.
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Figure S49. P NMR (D20, 162MHz) spectra of the crude post-reaction mixture of amino(4-
metoxyphenyl)methylphosphonic acid (In) with NaNO2after 96h with addition of D2SOa.
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Figure 50. '"H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of amino(4-
metoxyphenyl)methylphosphonic acid (In) with NaNO2after 96h with addition of D2SOa.
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Figure S51. "H NMR (D20, 400MHz) spectra of the side product of the reaction of amino(4-
metoxyphenyl)methylphosphonic acid (In) with NaNOs.
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Figure S52. ®C{'H} NMR (D20, 100MHz) spectra of the side product of the reaction of amino(4-
metoxyphenyl)methylphosphonic acid (In) with NaNO2.



Molecules 2022, 27, 8849

60 of 75

3.14. ABr1228. Deamination of 1h in Water

2 NaNO,
H,N" POgH, —————> N, HO” “POgH, + H3PO,
1h 5h
24h a=1.00 74% 9%
or [ppm] 18.50 (t) 1.36

After 24 h at 21 °C, post-reaction mixture contained hydroxymethylphosphonic acid
(5h) (74%molP), orthophosphoric acid (9%molP) and 8 unidentified compounds
(17%molP in total) (Figure S60 and Figure S61).

Hydroxymethylphosphonic acid (5h) was identified by comparing chemical shifts,
multiplecity and coupling constants on 'H and P NMR spectra with description in the
literature (Table S18).

HO™ “PO3H,
Hydroxymethylphosphonic acid (5h). 3'P NMR (D:20): o 18.50 (t, ¥Ju-r = 7.5 Hz); 'H
NMR (D:0) &: 3.53 (d, 2H, ?Jur = 7.4 Hz).

Table S18. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of
hydroxymethylphosphonic acid (5h) with description in the literature.

HO™ >PO3H,
ABr1228 Reference [18]
Solvent D20 D:0 (pH = 6.8)
31IP NMR 18.50 (t,J=7.5 Hz) 17.5 (=79 Hz)

Structure
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Figure S60. P NMR (D:O, 162MHz) spectra of the crude post-reaction mixture of

laminomethylphosphonic acid (1h) with NaNO: after 24 h.
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Figure S61. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of

laminomethylphosphonic acid (1h) with NaNO:after 24 h.
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3.15. ABr1234. Deamination of 1p in Water

H
OH
NHz 2 NaNo, - POsH2 PO3H,
+
WPO3H2_ -~ ©/><P03H2 : ©/\Q/H2 + HsPO,
1p 7p 7p

5p
96h a=1.00 66% 22% 9% 3%
Or [ppm] 23.47 (dqq) 16.91 (dq) 14.53 (ddt) 1.10

After 96h at 21 °C, post-reaction mixture contained 1-hydroxy-1-methyl-2-phenyl-
ethylphosphonic acid (5p) (66%molP), (E)-3-phenyl-prop-2-en-2-ylphosphonic acid
(22%molP) (7p), 3-phenyl-prop-1-en-2-ylphosphonic acid (7'p) (9%molP) and
orthophosphoric acid (3%molP) (Figure S62 and Figure S63).

140
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P

4
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60 ®
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% of the stoichiometric nitrogen vol.
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Chart 13. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-1-methyl-2-phenylethylphosphonic acid (1p) with NaNOz in
water.

(E)-3-Phenyl-prop-2-en-2-ylphosphonic acid (7p) was identified by comparing
chemical shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with
description of structurally similar (E)-1-methylprop-1-en-1-ylphosphonic acid (7i), which
was obtained in the reaction of 1-amino-1-methylpropylphosphonic acid (1i) with NaNO:
(ABr1214) (Table S19). 1-Hydroxy-1-methyl-2-phenylethylphosphonic acid (5p) and 3-
phenyl-prop-1-en-2-ylphosphonic acid (7’p) were identified by comparing chemical
shifts, multiplecity and coupling constants on 'H and 3P NMR spectra with description
of structurally similar compunds: 1-hydroxy-1-methylethylphosphonic acid (5m) and 1-
methylvinylphosphonic acid (7m), which were obtained in the reaction of 1-amino-1-
methylethylphosphonic acid (1m) with NaNO: (ABr1204) (Table S20).

OH

©/><PO3H2

1-Hydroxy-1-methyl-2-phenylethylphosphonic acid (5p). 3P NMR (D20): o 23.47
(ddq, 3Jur=14.0 Hz, 3Jur =7.7 Hz, 3Jur = 3.7 Hz); 'TH NMR (D20) &: 7.13-7.34 (m, 5H), 2.97
(dd, 1H, YJu-u = 13.8 Hz, 3[ur = 7.6 Hz), 2.79 (dd, 1H, 2Jun = 13.8 Hz, 3ur =4.0 Hz), 1.03 (d,
3H, 3Jur = 14.4 Hz).
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H

o POsH:

(E)-3-Phenyl-prop-2-en-2-ylphosphonic acid (7p). 3P NMR (D20): & 16.91 (dq, 3Ju-
ps) = 22.9 Hz, 3Jur = 14.0 Hz); 'H NMR (D20) 6: 7.13-7.34 (m, 5H), 7.03 (dq, 1H, 3Ju-r=22.9
Hz, 4uu=1.5Hz), 1.90 (dd, 3H, 3Jur=14.2 Hz, 4uu = 1.5 Hz).

PO3H,
(.

3-Phenyl-prop-1-en-2-ylphosphonic acid (7’p). 3P NMR (D20):  14.53 (ddt, 3/H-p(erans)
=43.9 Hz, 3[u-r@s) = 20.6 Hz, 3[u-r = 9.4 Hz); 'H NMR (D20) d: 7.13-7.34 (m, 5H), 5.64 (ddt,
1H, 3Ju-p is) = 20.5 Hz, 4Ju-n = 1.5 Hz, 4Juu = 1.2 Hz), 5.07 (ddt, 1H, 3JH-prans) = 43.3 Hz, 4Juu =
1.8 Hz, 4un = 1.5 Hz), 3.43 (ddd, 2H, 3u-r = 9.8 Hz, | undetermined).

Table S19. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of (E)-
3-phenyl-prop-2-en-2-ylphosphonic acid (7p) and (E)-1-methylprop-1-en-1-ylphosphonic acid (7i)

(ABr1214).
H H
Structure m POsH, )\( PO3H,
Source ABr1234 ABr1214
Solvent D20 D:0
3P NMR 16.91 (dq, ] =22.9, 14.0 Hz) 17.47 (dqgq, ] = 21.7,13.6, 3.7 Hz)
7.13-7.34 (m, 5H)
H NMR 7.03(dq, 1H,]=229,15Hz)  6.15(ddq, 1H, J=217,6.7, 1.5 Hz)

1.90 (dd, 3H, | =14.2, 1.5 Hz) 1.63 (ddq, 3H, ] =13.6, 1.2, 1.2 Hz)
1.57 (ddq, 3H, ] =6.7, 3.7, 1.2 Hz)

Table S20. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of
post-reaction mixture of 1-amino-2-phenyl-1-methylethylphosphonic acid (1p) with NaNO2 and 1-
hydroxy-1-methylethylphosphonic acid (5m) and 1-methylvinylphosphonic acid (7m).

OH OH PO3H; PO3H,
Structure PO.H >< \ﬂ/
32 P03H2 CH2 CH2

Source ABrl1234 ABr1204 ABr1234 ABr1204
Solvent D20 D20 D20 D20
1P NMR 23.47 (ddq, J=14.0,7.7, 23.84 (septet, ] =14.0 14.53 (ddt, ]=43.9,20.6,9.4 15.21 (ddq, | =43.9, 20.6,
3.7 Hz) Hz) Hz) 13.1 Hz)
7.13-7.34 (m, 5H) 7.13-7.34 (m, 5H)
297 (dd, 1H, =138, 7.6 5.64 (ddt, 1H, ]=20.5,1.5,1.2 5.46 (ddq, 1H, ] =20.3,
Hz) Hz), 2.1,1.2 Hz)
2.79 (dd, 1H, ] =13.8, 4.0 5.07 (ddt, 1H, J=43.3,1.8,1.5 536 (tq, 1H, [ =43.4,1.8
H NMR Hz) Hz) Hz)
1.23(d, 6H, ] =13.8 3.43(ddd, J=9.8Hz, |

1.03(d, 3H, /=144 Hz) Hz) undetermined)

1.77 (dt, 3H, J=13.1,1.2
Hz)
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Figure S62. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methyl-2-phenylethylphosphonic acid (1p) with NaNO: after 96h.
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Figure S63. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-1-
methyl-2-phenylethylphosphonic acid (1p) with NaNO: after 96h.
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3.16. ABr1236. Deamination of 1g in Water

H  POsH, H,04R

NH, 2 NaN02 . PO
H 3P0y
- PO3H2 OH

PO3H,
1g 5/Ig

48h a=0.99 43% 3% 21% 25%

360h a=1.00 42% 3% 21% 29%

dr [ppm] 145 19.59 (ddd) 13.37 (t) 18.96 (ddd) 1.58

After 48h at 21 °C, postreaction mixture contained 1-hydroxy-2-
phenylethylphosphonic acid (5g) (44%molP), (E)-2-phenylvinylphosphonic acid (7g)
(83%molP), 2-hydroxy-1-phenylethylphosphonic acid (5”’g) (21%molP), orthophosphoric
acid (26%molP), unreacted substrate 1g (1%molP) and unidentified compounds (5%molP
in total).

After 360h at 21 °C, postreaction mixture contained 1-hydroxy-2-
phenylethylphosphonic acid (5g) (46%molP), (E)-2-phenylvinylphosphonic acid (7g)
(83%molP), 2-hydroxy-1-phenylethylphosphonic acid (23%molP) (5’g), orthophosphoric
acid (23%molP) and unidentified compounds (5%molP in total) (Figure S66 and Figure
566).
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Chart 14. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 1-amino-2-phenylethylphosphononic acid (1g) with NaNO: in water.

1-Hydroxy-2-phenylethylphosphonic acid (5g) and (E)-2-phenylvinylphosphonic
acid (7g) were identified by comparing chemical shifts, multiplecity and coupling
constants on 'H and 3'P NMR spectra with description in the literature (Table 521).

In the reaction 3 hydroxyalkylphosphonic acid could be formed (Figure S64): 1-
hydroxy-2-phenylethylphosphonic acid (7g) (product of nucleophile addition), 2-
hydroxy-2-phenylethylphosphonic acid (5’g) (product of rearragement and nucleophile
addition) and 2-hydroxy-1-phenylethylphosphonic acid (5”g) (product of phenyl
migration and nucleophile addition).
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HO H,O3P

OH
W o oH

5g 5’8_ 5’/g
1-hydroxy-2- 2-hydroxy-2- 2-hydroxy-1-
phenylethylphosphonic acid phenylethylphosphonic acid phenylethylphosphonic acid

Figure S64. Structures of plausible products of reaction of 1-amino-2-phenylethylphosphonic acid
(1g) with NaNO: in water.

Identification of reaction products was accomplished by analysis of *C{TH} NMR
spectra (Figure S67) and DEPT-135 spectra (Figure S68): in the post-reaction mixture there
were 2 compounds that have structure -CH2CH(POsHz)-. The comparison of BC{1H} NMR
spectra of post-reaction mixture with description in the literature confirms that the main
reaction product was 1-hydroxy-2-phenylethylphosphonic acid (5g) [oc: 70.77 (d, ] = 152.8
Hz), 38.01]. Therefore, 2-hydroxy-1-phenylethylphosphonic acid (5”g) has to be the
second reaction product [dc: 62.25, 50.11 (d, | = 124.1 Hz)]. Additionally, the NMR spectra
description [19] of 2-hydroxy-2-phenylethylphosphonic acid (5’g) excludes possibility
that this compound was present in the post-reaction mixture.

OH
1-Hydroxy-2-phenylethylphosphonic acid (5g). 3'P NMR (D20): 6 19.59 (br d, Jur =
2.8 Hz); 'TH NMR (D20, 600MHz) d: 7.14-7.32 (m, 5H), 3.79 (ddd, 1H, YJur=11.5 Hz, 3Jn.u =
7.8 Hz, 3Jun=2.5Hz), 3.03 (ddd, 1H, 2Juu=14.3 Hz, 3ur =2.5 Hz, 3Jun=2.5 Hz), 2.64 (ddd,
1H, 2Jiun = 14.3 Hz, 3ir = 11.9 Hz, 3un = 7.3 Hz). BC{IH} NMR (62mg, D20) d: 70.77 (d, Jc-

r=152.8 Hz), 38.01.

H  POsH,

H

(E)-2-Phenylvinylphosphonic acid (7g). 3P NMR (D20): 0 13.38 (m); '"H NMR (D:0)
0: 7.14-7.32 (m, 5H), 7.04 (dd, 1H, Jur =20.8 Hz, 3Ju-u = 17.4 Hz), 6.37 (dd, 1H, 3Juu = 17.4
Hz, Jur=16.0 Hz).

H,03R

OH

2-Hydroxy-1-phenylethylphosphonic acid (5”'g). 3P NMR (D:20): 8 18.96 (br d 2Jur=
21.5 Hz); 'H NMR (D20) &: 7.14-7.32 (m, 5H), 4.07 (dt, Ju-n=11.3 Hz, 3/ur=4.3 Hz, 3/un=
4.3 Hz), 3.96 (dt, 1H, 2Ju-u =11.3 Hz, 3Jur=5.2 Hz, 3Jun=>5.2 Hz), 3.07 (ddd, 1H, 2Jur=22.0
Hz, 3Jun = 11.0 Hz, 3[uu = 4.3 Hz). BC{1TH} NMR (62mg, D20) 6: 62.25, 50.11 (d, Jcr=124.1
Hz).
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Table S21. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of
post-reaction mixture of 1-amino-2-phenylethylphosphonic acid (1g) with NaNO: with description
in the literature.

H  POzH,
OH —
Structure W C§_< H
PO3H,
Source ABr1236 Reference [20] ABr1236 Reference [21]
Solvent D20 D20 D20 DMSO-ds
3P NMR 19.59 (ddd, J = 2.8 Hz) 1822 (m, =69 Hz) o0 (ddi{] =) 196,159 14.71
z);
7.27-7.30 (4H 7.6 2H
7.14-7.32 (m, 5H) (4H, m) 7.14-7.32 (m, 5H) (m, 2F1)
7.22-7.27 (m, 1H) 7.4 (m, 3H),
3.85(ddd, 1H, J=11.7,7.7, 3.77 (ddd, 1H, ] =7.5, 3.1, 7.04 (dd, 1H, 7.2(dd, 1H, J=17.7,
HNMR S 3.07 (dddgié}{H]Z)— 144, 3.1 ]=623(25z,dld7.;}{{ & 6.5 (dgf: 7)—18 0
310 (dt, 1H, /=139, 2.7 Hz) 3.4 Hz) J=17.4,16.0 Hz) 16.2 Hz)

2.70 (ddd, 1H, ] = 14.3,11.9, 2.66 (ddd, 1H, ] = 14.4, 9.6,
7.3 Hz) 7.8 Hz).
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Figure S65. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 1-amino-2-
phenylethylphosphonic acid (1g) with NaNO: after 360h.
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Figure S66. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 1-amino-2-
phenylethylphosphonic acid (1g) with NaNO:z after 360h.
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Figure S67. *C{'H} NMR (D20, 100MHz) spectra of the concentrated post-reaction mixture of 1-
amino-2-phenylethylphosphonic acid (1g) with NaNO: after 360h.

STEE — =
=] #38% iR Z g 3
= GEAS £ g % g
= Y W |
=
2
= 4
o
=24
3
=
]
=
o
=4
Z
= 4
2
=4
2
= E
(2]
=3
" \
=mmmmwwwmmww
h Mt L ,
-
2
=
= |
g~
E
g
El
2=
e
:
T T T T

1500 140.0 130.0 120.0 1100 1000 50.0 80.0 0.0 60.0 50.0 40.0 300
X : parts per Million : Carbon13

Figure S68. Dept-135 (D20) spectra of the concentrated post-reaction mixture of 1-amino-2-
phenylethylphosphonic acid (1g) with NaNO: after 360h..
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3.17. ABr1248. Deamination of 1e in Water

HOOC NH, 2 NaNO, HOOC OH HOOC H H PO3H,
N + — + — + H3PO4
POgH, ~ 2 PO3H, H POgH, H H
le 5e 7e 7a
48h a=0.71 55% 6% 6% 4%
264h a=0.86 70% 6% 6% 4%
dr [ppm] 12.23(dt) 19.07(dt) 13.11(dd)  10.65(ddd)  0.64(s)

After 48h at 21 °C, postreaction mixture contained 3-hydroxy-3-
phosphonopropanoic acid (5e) (55%molP), (E)-3-phosphonoacrylic acid (7e) (6%molP),
vinylphosphonic acid (7a) (6%molP), orthophosphoric acid (4%molP) and unreacted
substrate 1e (29%molP).

After 264h post-reaction mixture contained 3-hydroxy-3-phosphonopropanoic acid
(5e) (70%molP), (E)-3-phosphonoacrylic acid (7e) (6%molP), vinylphosphonic acid (7a)
(6%molP), orthophosphoric acid (4%molP) and unreacted substrate 1e (14%molP) (Figure
569 and Figure S70).
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Chart 15. Dependence of the volume of the released gas (in % of the stoichiometric nitrogen volume)
on the time in the reaction of 3-amino-3-phosphonopropanoic acid (1e) with NaNO: in water.

Spectra of 3-hydroxy-3-phosphonopropanoic acid (5e) has been not described in the
literature therefore this compound was identified by comparing chemical shifts,
multiplecity and coupling constants on 'H and 3P NMR spectra with description of
structurally similar 1-hydroxy-2-phenylethylphosphonic acid (5g), which was obtained in
reaction of 1-amino-2-phenylethylphosphonic acid (1g) with NaNO: (ABr1236) (Table
522). (E)-3-phosphonoacrylic acid (7e) and vinylphosphonic acid (7a) were identified by
comparing chemical shifts, multiplecity and coupling constants on 'H and 3P NMR
spectra with description in the literature (Table 523).

HOOC OH

PO3H,

3-Hydroxy-3-phosphonopropanoic acid (5e). 3'P NMR (D:20): 6 19.07 (dt, 2Jur = 8.0
Hz, 3Jur = 8.0 Hz, 3[ur = 5.6Hz); 'H NMR (D20) d: 3.99 (ddd, 1H, 3Juu=11.0 Hz, 2Jur = 8.0
Hz, 3Jw-n = 2.8 Hz), 2.63 (ddd, 1H, 2Ju-x = 15.9 Hz, 3Jur = 5.5 Hz, 3/uu = 2.8 Hz), 2.42 (ddd,
2H, Yun =16.0 Hz, 3] =11.0 Hz, 3ur=7.6 Hz).
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HOOC H

H POsH,
(E)-3-phosphonoacrylic acid (7e). 3'P NMR (D:20): 6 10.65 (dd, Ju-p = 19.6 Hz, Jur =
17.8 Hz); 'H NMR (D20) &: 6.58 (dd, 1H, Jur=17.1 Hz, 3/uu = 17.1 Hz), 6.30 (dd, 1H, Jur =
19.6 Hz, 3Jun=17.4 Hz).

H PO3H,

H H

Vinylphosphonic acid (7a). 3P NMR (D20): 8 13.11 (ddd, 3Ju-pans) = 47.0 Hz, 3JH-p(cis)
= 234 Hz, 2ur = 206 Hz); 'H NMR (D0) & 6.02 (ddd, 1H,

2Ju-r = 20.9 Hz, 3Jun = 18.8 Hz, 3[u-n = 12.5 Hz), 5.82 (ddd, 1H, 3Ju-pis) = 23.8 Hz, 3/u-n = 18.8
Hz, 2Jun =2.5 Hz), 5.71 (ddd, 1H, 3Ju-p@rans) = 46.9 Hz, 3Ju-t = 12.7 Hz, 2Jun = 2.5 Hz).

Table S22. Comparison of chemical shifts and coupling constants on 'H and 3P NMR spectra of 3-
hydroxy-3-phosphonopropanoic  (le) with 1-hydroxy-2-phenylethylphosphonic acid (5g)
(ABr1236).

HOOC  OH OH

Structure \—< ©/\(
Source ABr1248 ABr1236
Solvent D20 D20
31P NMR 19.07 (dt, ] = 8.0, 5.6Hz) 18.22 (m, [ =6.9 Hz)
7.27-7.30 (4H, m)
7.22-7.27 (m, 1H)
1H NMR 3.99 (ddd, 1H, ] =11.0, 8.0, 2.8 Hz) 3.77 (ddd, 1H, ] =7.5, 3.1, 9.6 Hz)
2.63 (ddd, 1H, ] =15.9, 5.5, 2.8 Hz) 3.07 (ddd, 1H, ] =14.4, 3.1, 3.4 Hz)
2.42 (ddd, 2H, ] =16.0, 11.0, 7.6 Hz) 2.66 (ddd, 1H, [=14.4, 9.6, 7.8 Hz)
Table S23. Comparison of chemical shifts and coupling constants on 'H and 3'P NMR spectra of the
reaction products of 3-amino-3-phosphonopropanoic (1e) with NaNO: with compounds described
in the literature.
HOOC  H H
Structure >=< H % PO3H,
H  POsH, H
Source ABr1248 Reference [22] ABr1248 Reference [6]
Solvent D20 D20 (trisodium salt) D20 CDCls
10.65 (dd, ] =19.6, 17.8 13.11 (ddd, =47.0,23.4, 17.3(ddd, J=20.0,20.5,51.3
31P NMR 13.88
Hz) 20.6 Hz) Hz)

6.58 (t, 1H, [ = 17.1 Hz)

7.22-7.08 (dd, 1H, =  6.02 (ddd, 1H, =209, 6.31(ddd, 1H, J=20.5, 16.2,
12.4,17.1 Hz) 18.8, 12.5 Hz) 45 Hz)

H NMR

6.30 (dd, 1H, ] =19.6, 5.70-5.82 (dd, 1H, J= 5.82 (ddd, 1H,]=23.8, 6.05(ddd, 1H, J=51.3,11.2,
17.4 Hz) 9.0, 7.6 Hz)

18.8,2.5 Hz) 4.5 Hz),

571 (ddd, 1H, J=46.9,  6.02 (ddd, 1H, ] =20.0, 16.2,
12.7,2.5 Hz) 11.2 Hz)
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Figure S69. 3'P NMR (D:0, 162MHz) spectra of the crude post-reaction mixture of 3-amino-3-
phosphonopropanoic acid (1e) with NaNO:z after 264h.
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Figure S70. 'H NMR (D20, 400MHz) spectra of the crude post-reaction mixture of 3-amino-3-
phosphonopropanoic acid (1e) with NaNO: after 264h. .
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Table S24. Comparison of structures and chemical shifts of 1-hydroxyalkylphosphonic acids 5 and
2-hydroxyalkylophosphonic acids 5" on 3P NMR spectra of crude post-reaction mixtures of 1-

aminoalkylphosphonic acids with NaNO: in water.

Struct P NMR Structure P NMR Structure P NMR
ructure (D:0) ™ (D:0) (D:0)
OH OH
17.23 (d) 23.84 (septet) HO\/\p03H2 21.67 (tt)
4-MeOPh™ ~PO3H, PO3H,
OH OH
P 17.27 (d) />4 2418(ddg) OX\ PO3H, 21.24 (1)
Ph”” “PO3H, PO;H,
A~ OH
HO™ “PO3H, 18.50 (t) o 24.06 (dq) 26.36 (dq)
312 Ho—{—(
OH OH PO,H,
21.33 (dq) W 24.18 (tq) 26.44 (dq)
PO3H, PO3H;
OH OH H,04PR,
\A 20.96 (dt) ph/>4 23.47 (dqq) >—\ 18.96 (ddd)
PO3H, PO3H, PH OH
OH
20.57 (dd <:><OH 23.88
j)\PoaHz 57 (dd) PO3H, (br s)
OH OH

Ph
%P Odfy 19.91 (d) 7<PO3H2 20.28 (q)

OH
)\)\ 21.58 (dd)
PO,H,

OH
Ph 19.59 (ddd)
PO3H,
HOOC OH

19.07 (dd)
PO3H,
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Table §25. Comparison of structures and chemical shifts of vinylphosphonic acid derivatives 7 and
7’on 3P NMR spectra of crude post-reaction mixtures of 1-aminoalkylphosphonic acids 1 with

NaNO: in water.
R. _PO3H, R H R" R?
31 31
I PDNgIR PDNgIR 3P NMR (D:O)
H H ( 2 ) H PO3H2 ( 2 ) H PO3H2
H_ _POsH, H
I 12.9 (ddd) \/;/ 13.84 (ddq) 17.47 (dqq)
H  POsH, H  POsH,
H™ "H
PO3H, H
j]: 15.31 (ddq) 14.90 (ddd) 17.87 (ddq)
H™ "H H  POsH, H  POsH,
PO3H,
/\/H: 15.63 (ddt) H 13.38 (dd) o 16.91 (dq)
H>H H  POzH, H  POzH,
PO<H HOOC H
| 3 15.84 (ddd) = 13.11 (dd) 16'55 (fiotuf’let
H PO3H, of quintets)
H™ "H H  PO3H,

PO3H,
YI 15.6 (ddt)
H” "H
PO3H,
O/j[ 14.53 (ddt)
H™ “H
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