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Diethyl 2-{[3-(triethoxysilyl)propyllamino}ethylphosphonate is promising reagent for the modification of sil-
ica surface and thus for the creation of chelate adsorbents for extraction of d-metals ions from water media.

Diethyl  2-{[3-(triethoxysilyl)propyl]Jamino}ethylphosphonate = was synthesized by alkylation of
3-aminopropyltriethoxysilane (APTES) with diethyl vinylphosphonate under quick neat heating. The possible
alternative approaches to the synthesis of this compound were investigated (alkylation of APTES and
N-acetylAPTES) as well as behavior of APTES towards heating in absolute ethanol and THF. APTES was
shown to be not stable in absolute ethanol, that is caused by polycondensation processes. Because of this
fact, previously reported protocol of diethyl 2-{[3-(triethoxysilyl)propylJamino}ethylphosphonate synthesis in
ethanol turned to be impossible.

Keywords: 3-aminopropyltriethoxysilane (APTES), alkylation, polycondensation, surface modification.

Introduction

3-Aminopropyltriethoxysilane (APTES) is a widely used agent for development of robust
hydrophobic coatings on glass surface [1,2] and, in general, for obtaining of
3-(aminopropylsilyl)modified surfaces [3—6].

Two general pathways are used for the synthesis of 3-(aminopropylsilyl)modified silica: grafting
and sol-gel synthesis. Grafting process consists of reaction of silanol groups on the surface of silica
and APTES [7-9], while the sol-gel procedure is the simultaneous hydrolytic condensation of APTES
with tetraethoxysilane (TEOS) [10-12]. Moreover, 3-aminopropyl groups on the surface may be
further functionalized [13, 14]. However, such “double grafting” on the surface inevitably leads to
uneven filling of the surface layer with both modified and unchanged amino and silanol groups, and
the control of this process is quite difficult.

We have lately proposed a general strategy for N-modified 3-(aminopropyl)silica synthesis, which
consisted of N-prefunctionalization of APTES with hydrolytically, air and time stable functional
groups and further synthesis of surface-modified silica on the base of the latter precursor. In our
previous work we worked up the synthesis of diethyl {[3-(triethoxysilyl)propyl]lamino}-
methylphosphonates, which after grafting of SiO, surface and further hydrolysis should produce sorp-
tion material with five-membered chelate binding structure [15].

The purpose of the present work is to obtain, starting from APTES, diethyl 2-{[3-(trietho-
xysilyl)propyl]amino }ethylphosphonate 1 which after a grafting of SiO, or sol-gel synthesis in reac-
tion with TEOS should create a layer of the uniform substituted 2-(phosphonatoethyl)amino groups on
the silica surface, producing after the stage of acidic hydrolysis a promising six-membered chelate
binding structures (Figure 1).
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Figure 1. Structure of the target diethyl 2-{[3-(triethoxysilyl)propyl]amino}ethylphosphonate 1 and estimated
structure of chelate complexes.
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Results and discussion

The synthesis of the compound 1 is described in literature, but full characterization is given in the
only article [16] while the other publications contain incomplete spectral data [17—19] or information
about mixtures obtaining [20]. The synthesis reported by the authors [16] consisted of simple heating
of APTES with diethyl vinylphosphonate 2 in absolute EtOH for 24 h. (Scheme 1).
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Scheme 1. Reported pathway of compound 1 synthesis [16].

First we reproduced the protocol, cited in ref. [16]. Starting APTES was commercially available,
and diethyl vinylphosphonate 2 was obtained in two stages, starting from commercially available
triethyl phosphite and 1,2-dibromoethane through the synthesis of intermediate diethyl
2-bromoethylphosphonate 3 (analogously to data [21-25]), Scheme 2.
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Scheme 2. Synthesis of diethyl vinylphosphonate 2.

However, it turned out that the samples of the reaction mixture, taken sequentially during heating
(according to Scheme 1), indicate not only the formation of the target product 1, but the gradual
disappearance of EtO-groups near the silicon atom, indicating the polycondensation of APTES and/or
reaction product 1 (Figure 2).
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Scheme 3. Retrosynthetic analysis of the compound 1 as secondary amine (starting from APTES).

We assumed that such a process should occur spontaneously in absolute EtOH as in a proton donor
solvent. We tested our hypothesis by heating APTES at a bath temperature of 70°C a) in absolute THF
(dried over molten potassium); b) in absolute EtOH (dried under activated zeolites). It turned out that
in absolute EtOH after 13 h. of heating the processes that indicate polycondensation of APTES took
place (decreasing of EtO-groups signals intensity in "H NMR spectrum). In contrast, according to
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"H NMR spectrum, no changes happened with the original APTES after heating it in absolute THF for

24 h. and removal of the solvent.

This, unfortunately, testified about the unreliability of the publication data [16] and the need to
develop a protocol for the synthesis of compound 1 from the beginning.
The obvious common pathways for the synthesis of the compound 1 as secondary amine starting from
APTES (primary amine) are shown on the Scheme 3 (retrosynthetic scheme is given), Scheme 3.
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Figure 2. '"H NMR spectra (CDCI;): 1) diethyl vinylphosphonate 2; 2) APTES; 3) the reaction mixture (ethanol
was removed by vacuum distillation) after 19 h. of heating at 70°C under argon; 4) the reaction mixture (ethanol
was removed by vacuum distillation) after 37 h. of heating at 70°C under argon.
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Noteworthy, that the most obvious drawback of these pathways is possible poly-N-alkylation of
APTES with 1,2-dibromoethane, ethyl vinylphosphonate 2 or diethyl 2-bromoethylphosphonate 3.

That is why we also considered the alkylation of compound 5 (obtained by APTES acetylation) by
compound 2 or 3 as a synthetic route of the nearest precursor of compound 1 — substance 6
(Scheme 4).
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Scheme 4. Retrosynthetic analysis of the compound 6.

N-Acetyl group of compound 6 should be completely removed after grafting on the surface of SiO,
and subsequent acid hydrolysis, so compounds 1 and 6 are synthetically equivalent in the case of
surface-modified silica obtaining. Generally, the pathway of the synthesis of secondary amine
derivatives starting from secondary amides seemed more selective and convenient, comparing with the
synthesis of compounds 1 and 4 by direct alkylation of APTES.

We studied the interaction of compound 5 with diethyl 2-bromoethylphosphonate 3 in systems
traditionally used for N-alkylation of amides: a) CHCI;, NEt; (1. t.); b) K,COs, methyl ethyl ketone
(reflux); ¢) NaH, THF (r. t.). After treatment of the reaction mixtures it was found that alkylation of
compound 6 did not occur in any case (established by 'HNMR (CDCl;)), and the only new
component of the mixtures was ethyl vinylphosphonate 2, which was apparently formed by the
elimination of HBr from compound 3.

Since the side formation of ethyl vinylphosphonate 2 was obvious because of using diethyl
2-bromoethylphosphonate 3 in basic media, we performed model alkylations of compound 5 with
available bromides, which are unable to eliminate HBr under mild basic conditions, in different media
(Table 1). Absolute solvents were used, syntheses were performed in an inert atmosphere.

Table 1. Model alkylation of compound 5.
(o)

/\/\NJ\Me + RHal

EtO’Sl
EtO
RHal Reaction conditions
n-BuBr K,CO;3, methyl ethyl ketone, 90°C
n-BuBr NaH, THF, 25°C
n-BuBr NaH, DMF, 25°C
1-Bromo-3-chloropropane NaH, THF, 25°C
1-Bromo-3-chloropropane NaH, DMF, 25°C
. K,CO;, DMF (50°C, 2 h.; then 80°C, 2h.; then 100°C, 2 h;
Diethyl 3-chloropropylphosphonate (7) then 120°C, 2 h.)

Unfortunately, in any case the result was negative, and the starting compound 5 was returned back
in the amount of 50-70 %.

We attribute such a passivity of amide 5 in the basic media to the formation of an anion, which is
stabilized by intramolecular complexation by the silicon atom (due to the reversibility of the process
after work-up of the reaction mixtures the starting material is regenerated, Scheme 5).
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Scheme 5. Possible explanation of the stability of N-anion of amide 5.

As we previously expected, attempts to obtain the N-butyl derivatives of APTES by its direct
alkylation in K,COs/THF and K,COs;/DMF systems at reflux also failed due to the formation of
complex mixtures of reaction products.

Thus, the only reaction we still counted on was alkylation (Michael addition) of APTES with
diethyl vinylphosphonate 2, but the reaction conditions had to be investigated, keeping in mind the
negative result of the process in absolute ethanol.

We expected, that the positive result should consist primarily of the quantitative (90 % or more)
yield of the target compound 1, because the formation of a significant number of possible impurities
(e.g., products of N,N-dialkylation of APTES) should lead to extreme difficult purification of
compound 1 by vacuum distillation (its estimated boiling point is about 170°C at 0.1 mm Hg).
Purification of the target compound 1 by recrystallization was definitely not possible (viscous oil at
room temperature), and the use of chromatographic methods was impossible due to the interaction of
compound 1 with the surface of the sorbent. More, compound 1 was assumed to be hydrolytically
unstable, and this fact caused additional inconvenience to work with it. Additionally, the obvious
disadvantage of using DMAP as organic base (instead of DIPEA) was the difficulty of its removal by
vacuum/distillation from the reaction mixture because of involatility, which should cause the presence
of inevitable and undesirable impurities. Noteworthy, that 'H NMR spectra of all the synthesized
compounds and reaction mixtures were measured in CDCI;, because APTES and its derivatives are
hydrolyzed even by water, containing in (CD;),SO.

The results of the experiments are summarized in Table 2. The conditions and the result of the most
successful experiment are highlighted in bold.

Interestingly, that the most convenient approach to the successful synthesis of the target compound
1 turned out to be instant immersion of the flask with the stirred mixture of the reagents without any
catalyst in hot oil bath.

'H NMR spectrum of the target compound 1 is given in the Figure 3.
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Figure 3. "H NMR spectrum of the target compound 1 (CDCl5).

PRM

The 'H NMR spectrum of the compound 1 contains signals of EtO-groups of both ester fragments
and separate signals of each of the five CH,-groups (see Figure 3 and Experimental part). Noteworthy,
that the signals of protons of PCH,- and POCH,-groups are multiplets due to the spin-spin coupling of
the corresponding protons and *'P nuclei.

Compound 1 is a viscous liquid, sensitive to water. However, compound 1 is stable over time (at
least for several months) in the absence of moisture and in an inert atmosphere, as evidenced by
identical 'H NMR spectra of samples taken immediately after its synthesis and after prolonged storage.
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Table 2. Interaction of APTES with diethyl vinylphosphonate 2.

0
P
X Nokt
OEt
EIO N 2 II!
EtO-Si NH, — 5 ,sl/\/\N/\/ “OEt
EtO APTES catalyst EtO 1
Ne | Molar Catalyst, Time, | Temperature | Time of | Purity of | Amount of com-
ratio 10 mol. % | min. of the bath, | reaching the | compound 1 pound 1 in the reac-
APTES : 2 | (if any) °C temperature, | after vacuum | tion mixture (accord-
min. distillation, % | ing to 'H NMR data,
CDCl;, mol. %
1 1:1 — 60 100 10 - traces
2 1:1 - 120 100 10 - 64
3 1:1 - 240 100 10 - 64
4 1:1 - 180 100 10 85° 65
5 3:1 - 660 100 10 - 58
6 1:1 DMAP' 120 100 10 — 55
7 1:1 DMAP! 480 100 10 - 30
8 1:1 DIPEA’ 120 100 10 85> 45
9 1:1 DIPEA’ | 480 70 7 85%* 60
10 1.5:1 DIPEA’ 120 100 10 85> 47
11 1:1.5 DIPEA’ 120 100 10 85> 55
12 1:1 DIPEA’ 120 20 0 — 0°
13 1:1 DIPEA’ | 240 20 0 — 5°
14 1:1 DIPEA? | 360 20 0 - 10°
15 1:1 DIPEA’ 120 40 4 — 0°
16 1:1 DIPEA’ 120 60 6 — 8
17 1:1 DIPEA’ 120 80 8 — 12°
18 1:1 DIPEA? 120 100 10 - 16
19 1:1 - 120 100 instantly® 97 85

! DMAP 4-dimethylaminopyridine. > DIPEA — di(i-propyl)ethylamine. * 170°C, 0.1 mm Hg (see Experimen-
tal). * Yield after distillation of combined samples (entries 8—11). > As mixture with starting compounds.
® Immersion of a flask with the stirred reaction mixture in an oil bath of a given temperature.

Conclusion

As a result, we proposed a suitable protocol of the synthesis of diethyl
2-{[3-(triethoxysilyl)propyl]amino}ethylphosphonate by alkylation of APTES with diethyl
vinylphosphonate under quick heating and further mixing at 100°C in neat. Additionally, the
impossibility of carrying out the processes with APTES derivatives in absolute EtOH due to their
polycondensation was shown.

Experimental

"H NMR spectra were registered in CDCl; (8 = 7.26 ppm) and in (CD;),SO (8; = 2.50 ppm) at
400 MHz using Varian MR-400 spectrometer with Si(CH;)4 as an internal standard, chemical shifts
are given in ppm, coupling constants are given in Hz. Resonance multiplicity was described as
s (singlet), t (triplet), q (quartet), m (multiplet) and br (broad signal). Syntheses with APTES deriva-
tives were performed in argon (99.993 %) atmosphere. Starting APTES, acetyl chloride,
1,2-dibromoethane, triethyl phosphite, DMAP, DIPEA, triethylamine, 1-bromo-3-chloropropane,
inorganic reagents and solvents were commercially available. Silica of 400230 mesh (40—60 um) by
Swambe Chemicals was used. APTES was distilled under reduced pressure before use and stored un-
der argon. Acetyl chloride was distilled under atmospheric pressure before use and stored under argon.
All the solvents for the synthesis with APTES (except hexane) were dried over active zeolites. Activa-
tion of zeolites (CaA and NaA from «Reakhim») was performed by 400°C during 3 h., then cooling in
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desiccator over KOH. THF was dried over KOH and distilled over molten potassium before use. Di-
chloromethane (DCM) was dried over K,COs. Triethylamine was dried over KOH. K,CO; was acti-
vated by heating at 400°C for 3 h., then cooled in desiccator over KOH. Ethanol was dried over
K,CO;, then over active zeolites and stored over active zeolites. Diethyl 2-bromoethylphosphonate 3
was obtained as shown elsewhere [22—-24], diethyl vinylphosphonate 2 was obtained analogously to
been reported [21, 25].

3-(N-Acetylamino)propyltriethoxysilane 5. A solution of CH3;COCI (7.8 g, 99 mmol) in 40 ml of
dry CH,Cl, was added under cooling (ice/water) during 5 min. to the solution of APTES (20 g,
90 mmol) and NEt; (12.0 g, 119 mmol) in 200 ml of dry CH,Cl,. The resulting mixture was stirred for
12 h., then washed 5 times with 120 ml of water, 250 ml of 1% water solution of HCI, 250 ml of satu-
rated water solution of NaHCO; and twice with 100 ml of saturated water solution of NaCl. Organic
phase was dried over Na,SO4. After filtration and evaporation of the solvent 19.5 g (82 %) of colorless
oil 5 was obtained. 'H NMR (CDCly), o, ppm (J, Hz): 6.02 (1H, br. s, NH), 3.76 (6H, q,
J =172, OCH,), 3.13-3.21 (2H, m, CH,N), 1.91 (3H, s, COCH;), 1.51-1.62 (2H, m, CH,CH;,N),
1.16 3H, t,J= 7.2, CH;CH,), 0.55-0.61 (2H, m, CH,Si).

Diethyl 3-chloropropylphosphonate 7. A mixture of triethyl phosphite (20.0 g, 0.12 mol) and
1-bromo-3-chloropropane (38.0 g, 0.24 mol) was heated to reflux with Dean-Stark trap during 5 h.
The mixture was cooled and distilled under 15 mm Hg. The fraction with boiling point of 140-150°C
was collected and 11.1 g (43 %) of colorless liquid 7 were obtained. 'H NMR ((CD3),S0), 8, ppm
(/, Hz): 3.90-4.08 (4H, m, POCH,), 3.52-3.70 (2H, m, CH,CI), 1.60-2.20 (4H, m, (CH,),P),
1.19 (6H, t, J = 7.2, CHa).

Diethyl 2-{|3-(triethoxysilyl)propyl]amino}ethylphosphonate 1. A well-stirred homogeneous
mixture of APTES (7.0 g, 31.6 mmol) and diethyl vinylphosphonate 2 (5.19 g, 31.6 mmol) was
quickly immersed in preheated (100°C) oil bath. Stirring and heating continued during 2 h. Reaction
mixture was cooled and distilled at 0.1 mm Hg. The fraction with boiling point of 163—171 °C was
collected and 7.80 g (64 %) of viscous colorless oil 1 was obtained. '"H NMR (CDCls), &, ppm (J, Hz):
3.95-4.09 (4H, m, POCH,), 3.74 (6H, q, J = 7.2, SiOCH,), 2.77-2.87 (2H, m, CH,CH,P), 2.53 (2H, t,
J = 7.2, Si(CH,),CH>), 1.83-1.96 (2H, m, CH,P), 1.47-1.57 (2H, m, CH,CH,CH,), 1.25 (6H, t,
J=17.2, CH;CH,0OP), 1.14 (9H, t, J= 7.2, CH;CH,0Si), 0.51-0.59 (2H, m, CH,Si).
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HO.U. Yyniko, 10.B. XonuH, M.A. Konocos. CuHTes AnaTun-2-{[3-(TpnaTokcncmunmn)nponunj
amuHo}aTundgocgoHara.

XapbKOBCKUI HaumoHanbHbIN yHUBepcuteT umenn B.H. KapasunHa, xumnyeckuin cakynbteT, nn. Ceobogsl, 4,
XapbkoB, 61022, YkpanHa

Onatun 2-{[3-(TpmaTokcmcmnun)nponunlammHo}aTundocgoHaT — NepcnekTUBHbIN peareHT Ans Moaudukauum
NMOBEPXHOCTM KPEMHE3EMOB M, TakuMm obpas3oM, co3naHust aacopbeHToB ANs U3BNEYeHUs MOHOB d-MeTannoB 13
BOAHbIX Cpea.

Onatun-2-{[3-(TpnaTokcmucunun)nponunlammHo}atundocgoHat Obil  CMHTE3MPOBaH MNyTEM  ankuiMpoBaHus
3-amuHonponunTpuatokcucunarda (APTES) auatuneuHundocdoHaToM npu BbicTpoMm HarpeBaHun 6e3 pacTtso-
putens. bbinu uccrneaoBaHbl BO3MOXHbIE anbTepHATUBHbLIE MOAXOAbl K CUHTE3Y 3TOro COeAMHEHUs1 (anKunupo-
BaHne APTES n N-auetunAPTES), a Takke noBegeHve APTES npu HarpeBaHum B aOCOMOTHOM 3TaHome u TeT-
parngpodypaHe. MNMokasaHo, 4To APTES HecTtabuneH B abConOTHOM 3TaHOME, YTO BbI3BAHO NpoLieccamun nonu-
KOHAeHcauun. MN3-3a aTtoro hakta paHee ONMUCaHHbLIN NOAXOA K CUHTe3y AnaTtun-2-{[3-(Tpuatokcucunun)nponun]-
amMuHo}aTMndocdoHaTa B 3TaHOmNe okasancs HEBO3MOXKHbIM.

KniouyeBble cnoBa: 3-amuHonponuntpuatokcucunaH (APTES), ankunvposaHue, nonvkoHgeHcauns, moamdu-
Kauwms NOBepXHOCTU.

O.I. Yyiiko, KO.B. XoniH, M.O. Konocos. CuHTte3s gietun-2-{[3-(TpieTokcucunin)nponinjamiHo}etmundocdoHaTy.

XapkiBCbkuii HauioHanbHWiA yHiBepcuTeT iMmeHi B.H. KapasiHa, ximiuHmi dakynetet, mangaH Csoboau, 4,
XapkiB, 61022, YkpaiHa

HieTun-2-{[3-(TpieTokcmcunin)nponinjamiHo}eTundocdoHaT — NepcnekTMBHUIA peareHT Ans moaudikadii nose-
PXHi KPEMHE3EMIB i, TAKUM YMHOM, CTBOPEHHS XenaTHUX afCcopOeHTIB ANsi BUNYYEHHs ioHiB d-MeTaniB 3 BOOAHUX
cepeaoByLL.

3agym oTpumaHHsa gietun-2-{[3-(TpieTokcueunin)nponinjamiHo}eTundocdoHaTy, sK i iHWKUX yHKLiIOHANbHMX
N-noxigHux 3-amiHonponinTtpietokcucunaHy (APTES), nonsrae B oTpMMaHHi LUMSIXOM OPraHiYHOro CUHTE3y KOHK-
peTHOi peyvyoBMHM (Npekypcopa) 3 HagiMnHO JOBEAEHOK CTPYKTYpPOH, CTabinbHOI BMPOAOBXK TpUBANoOro 4acy npwu
36epiraHHi 3a KiMHaTHOI TemnepaTypu; Lis cnonyka nicns 0gHOpPa3oBOro NPULLENIEHHS HA MOBEPXHIO KpEMHE3EMY
hopmye Lap OAHOTUMHUX DYHKLOHANbHMX rpyn (BTOPUHHMX amiHOrpyn Ta 3anuiikis (pocdoHOBOI KUCMOTH, NOo-
€4HaHVX BYIMEeBOOHEBMM NaHLIOroM), ctabinbHNX y BOOHOMY CepefoBMLLI, Ha MOBITPI Ta y 4aci. Takun nigxia
BUrQHO BiApi3HAETLCA Big noeTanHoro npuvuwenneHHa APTES Ta B3aemogii nosepxHi APTES-mogudikoBaHmx
KpeMHe3eMiB 3 NMEBHMMU peareHTamm, OCKiNbKM B OCTaHHbOMY BUMAaAKy MiCNS KOXHOI CTagil 3anywaeTbCcs HeaMmi-
HEHOI YacTUHa NOBEPXHEBUX IPyn BUXIQHOro copbeHTy, a 6yaoBa pyHKUIOHaNbHNUX rpyn € HEOAHO3HAYHOLO.

HOieTun-2-{[3-(TpieTokcucunin)nponinjamiHo}eTundgocdoHatr OGyB  CMHTE30BaHWA  LUNAXOM  ankinyBaHHA
APTES gietunsiHindocdoHaToM npu LWIBMAKOMY HarpiBaHHi 6e3 po3unmHHuka. Okpim Toro, Gyno pocnigkeHo
MOXTUMBI Nigxoan Ao cuHTe3y Liei cnonykun (ankinysaHHs APTES i N-aueTunAPTES y pisHux ymoBax, ki BUKOpU-
cToBytoTbes Anst N-ankinioBaHHs, BignoBigHO, amiHiB Ta amifiB), ane, Haxanb, yci BOHU He Npu3Benu Jo 6axaHo-
ro pesynbtaty. 3okpema, HeraTMBHUI pesynbTaT ankinysaHHa N-aueTunAPTES y npucyTHOCTIi ocHOBM MK nosic-
HIOEMO POPMYBaHHSM NacMBHOIO LMKNIYHOrO Si-BMiCHOrO aHioHy. BuBuyeHo Takox nosegiHky APTES npu Harpi-
BaHHi B abcontoTHOMY eTaHoni Ta TeTparigpodypani. MNMokasaHo, wo APTES HectabinbHuin B abCcontoTHOMY eTa-
Honi (3MeHLLeHHs1 kinbkocTi EtOSi-rpyn y cnektpax H AMP), wo, BiporigHO, BUKINMKAHO npoLecaMu NoniKoHAEH-
cauji, Tomy onucaHuii paHilwe nigxig Ao cuHtesy aietun-2-{[3-(TpieTokcucunin)nponinjamiHo}eTundocdoHaTy B
eTaHoni Buxoasum 3 APTES Ta gieTunsiHindocdoHaTy BUSBUBCA HEMOXITUBUM.

KnrouoBi cnoBa: 3-amiHonponintpietokcucunaH (APTES), ankinyBaHHsi, nonikoHAeHcauis, mogndikauis nose-
PXHi.
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