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1. Introduction

a-Aminophosphine oxides, as well as cyclic a-aminophosphonates, triazolyl
phosphonates and their related phosphinate and phosphate derivatives have received significant
attention within the field of organophosphorus chemistry.r? The wide range of their possible
applications and their versatile biological activities have a stimulating effect on the continuous
development of synthetic methods and the preparation of new derivatives.

| performed the research work for my PhD theses under the supervision of Dr. Gyorgy
Keglevich and Dr. Erika Balint in the Green Chemical and Organophosphorus Research Group
at the Department of Organic Chemistry and Technology. Our research focused on the synthesis
of new a-aminophosphine oxides (1), bis- (2) and tris(phosphinoylmethyl)amine derivatives (3)
(Scheme 1). Considering the aspects of green chemistry, the compounds were synthesized by
the microwave-assisted and catalyst-free Kabachnik—Fields reaction. Our aims also included
the utilization of the synthesized bis(phosphonomethyl)amines as ligand precursors for cyclic

transition metal complexes (4).
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Scheme 1 o-Aminophosphine oxides (1), bis(phosphinoylmethyl)amine (2), tris(phosphinoylmethyl)amine (3)
and bis(phosphin) transition metal complexes(4)

We wish to develop methods for the preparation of cyclic a-aminophosphonates, 1,2,3-
triazolyl phosphonates (5), triazolyl phosphinates (6), and phosphates (7) by copper(l)-
catalysed domino and click reactions (Scheme 2). We also aimed to study the biological activity

of the obtained 1,2,3-triazolyl phosphonates (5).
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Scheme 2 1,2,3-Triazol-5-yl-phosphonates (5), (1,2,3-triazol-4-yl)methyl phosphinates (6)
and (1,2,3-triazol-4-yl)methyl phosphates (7)

'Hudson, H. R.; Kukhar, V. P. Aminophosphonic and aminophosphinic acids: chemistry and biological activity;
Wiley: Chichester, 2000.
2K. Moonen, I. Laureyn, C. V. Stevens, Chem. Rev. 2004, 104, 6177-6215.



2. Background

The a-aminophosphonates (8), bis(phosphonomethyl)amines (9) and their derivatives
may be prepared by the Kabachnik—Fields reaction (Scheme 3).® In the three-component
condensation a primary amine, an oxo compound (aldehyde or ketone) and a >P(O)H reagent
take part. Depending on the molar ratio of the reactants either a-aminophosphonates (8) or

bis(phosphonomethyl)amines (9) could be selectively synthesized with good yields.
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Scheme 3 The single and the double Kabachnik—Fields reactions of primary amines, paraformaldehyde and
>P(O)H reagents

The single and the double Kabachnik—Fields reactions, in most cases, were carried out in the
presence of an additive (catalyst and/or solvent),* however, in the last decades more and more
publications discuss environmentally friendly methods, in which the condensations were
investigated without expensive catalysts and solvents.®

One of the most noteworthy synthetic routes for triazolyl phosphonates and derivatives is
the Huisgen 1,3-dipolar azide—alkyne cycloaddition (Scheme 4).° 1,2 3-Triazol-4-yl-
phosphonates (10) can be selectively synthesized by the Cu(l)-catalyzed reaction of azides and
phosphorus-containing terminal acetylenes at room temperature,” while the preparation of
trisubstituted triazol-5-yl-phosphonates (11) can be accomplished by the reaction of azides and

internal acetylenes.®

3G. Keglevich, E. Balint, Molecules 2012, 17, 12821-12835.

4N. S. Zefirov, E. D. Matveeva, Arkivoc 2008, 2008, 1-17.

5P. Kafarski, M. Gorny vel Gorniak, I. Andrasiak, Curr. Green Chem. 2015, 2, 218-222.

®V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew. Chemie - Int. Ed. 2002, 41, 2596—2599.
’S. Mukai, G. R. Flematti, L. T. Byrne, P. G. Besant, P. V. Attwood, M. J. Piggott, Amino Acids 2012, 43, 857-874.
8P, Huang, Q. Su, W. Dong, Y. Zhang, D. An, Tetrahedron 2017, 73, 4275-4284.
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Scheme 4 The synthesis of 1,2,3-triazol-4-yl-phosphonates and 1,2,3-triazol-5-yl-phosphonates by 1,3-dipolar
azide—alkyne cycloaddition

The trisubstituted triazol-5-yl-phosphonates (11) also can be synthesized by the Cu(l) catalysed
domino reaction of azides, terminal alkynes and dialkyl phosphites (Scheme 5).° One of the

many advantages of the three-component reaction is that it avoids the isolation of intermediates.
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Scheme 5 The domino reaction of azides, terminal alkynes and dialkyl phosphites
3. Experimental methods and equipment

The MW-assisted reactions were carried out in a CEM Discover® MW reactor (300 W),
equipped with a pressure device.

The products were purified by column chromatography. The reactions were followed by
gas chromatography (GC), high-pressure liquid chromatography (HPLC) and/or thin-layer
chromatography (TLC). The products were identified by GC-MS and/or HPLC-MS
measurements. Purification of the products was carried out by normal and/or reversed-phase
flash column chromatography.

The compounds synthesized were characterized by 3P, *C, and 'H NMR spectroscopy,
moreover, they were identified by HRMS. The crystal structures of a few derivatives were
analyzed by X-ray diffraction measurements.

The quantum chemical calculations were carried out using Gaussian09 software package,
B3LYP/6-31G(d,p), and B3LYP/SDD(MWB60) method.

°L. Li, G. Hao, A. Zhu, X. Fan, G. Zhang, L. Zhang, Chem. Eur. J. 2013, 19, 14403-14406.



The 1Cso values for antibacterial and cytotoxicity studies were determined by

fluorescence-based measurements.

4. New scientific results

4.1. a-Aminophosphine oxides and derivatives

4.1.1. The synthesis of a-aminophosphine oxides and bis(phosphinoylmethyl)amines!*!

In the first approach, the singe and double Kabachnik-Fields reactions of various primary
amines, paraformaldehyde and secondary phosphine oxides were investigated (Scheme 6). In
every case, the condensations were carried out under MW conditions in the absence of any
catalyst. During the single and double Kabachnik-Fields reactions, 11 new a-aminophosphine
oxides (12a-g and 13a-g) and 8 new bis(phosphinoylmethyl)amines (14b-e and 15b-e) were
obtained in excellent yields.
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Scheme 6  Kabachnik-Fields reaction of primary amines, paraformaldehyde and secondary phosphine oxides
4.1.2. The utilization of bis(phosphinoylmethyl)amines as bidentate phosphine ligands!*!
We wished to study the utilization of N,N-bis(phosphinoylmethyl)amines as bidentate
phosphine ligands (Scheme 7). After the optimization of the double deoxygenation, the
synthesis of boron and platinum complexes was investigated from the obtained bisphosphines.
The preparation of new boron (16d and 17d) and new cyclic platinum complexes (18b-d and
19b-d) was accomplished. The structures of 3 platinum derivatives were investigated by X-ray

diffraction analysis as well as quantum chemistry calculations.
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Scheme 7 The double deoxygenation and utilization of N,N-bis(phosphinoylmethyl)amines as phosphine
ligands

The platinum complexes (18b-d and 19b-d) were tested as novel catalyst in the
hydroformylation of styrene. Out of the studied platinum complexes, the
[bis[di(p-(tolyl)phosphonomethyl]] derivatives (19b-d) proved to be more effective. In the
experiments, high conversion, chemoselectivity, and unusual regioselectivity were achieved.

The formation of branched aldehyde predominated in all cases.

4.1.3. Kabachnik-Fields reactions starting from aminophosphine oxides?

We have also developed an efficient, catalyst-free process for the synthesis of
bis(phosphinoylmethyl)alkylamines (20b-d and 21b-d), bis(phosphinoylmethyl)amines (20h,
21h and 22h), and tris(phosphinoylmethyl)amines (23-26) bearing identical or different
substituents on their phosphorus atoms (Scheme 8). With this approach the Kabachnik—Fields

reactions afforded altogether 13 new derivatives.
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Scheme 8  The synthesis of bis(phosphinoylmethyl)amines and tris(phosphinoylmethyl)amines



4.1.4. The Kabachnik-Fields reaction of amides and secondary phosphine oxides!

We have shown that the Kabachnik-Fields condensation can be extended to amides that
have lower reactivity than primary amines (Scheme 9). The reactions were carried out in a MW
reactor, using the amides in excess to afford the new acylaminophosphine oxides with good
yields. Altogether 12 new acylaminophosphine oxides (27a-c, 28a-c, 29a-c and 30a-c) were
synthesized by the condensation of three different amides, paraformaldehyde and secondary

phosphine oxides.
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Scheme @  Kabachnik-Fields reaction of amides, paraformaldehyde and secondary phosphine oxides
4.2. (1,2,3-Triazol-4-yl)methyl  phosphinates,  phosphates and  1,2,3-triazoyl

phosphonates

4.2.1. Synthesis of (1,2,3-triazol-4-yl)methyl phosphinates and phosphates by click
reaction“l

As a continuation of my research, the Cu(l)-catalyzed click reaction was investigated
through a model reaction of propynyl phosphinates, propynyl phosphates — which can be easily
prepared by esterification — and organic azides (Scheme 10). After the optimization of the click
reaction, the synthesis of 20 new (1,2,3-triazol-4-yl)methyl phosphinates (3la-j) and
phosphates (32a-j) was performed.
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Scheme 10 Synthesis of (1,2,3-triazol-4-yl)methyl phosphinates and (1,2,3-triazol-4-yl)methyl phosphates by
click reaction

4.2.2. The synthesis of 1,2,3-triazolyl phosphonates by domino reaction!

In the next part of our work, the synthesis of cyclic aminophosphonates and their
derivatives was studied. As a first step related to the preparation of triazol-5-yl phosphonates,
we optimized the Cu(l)-catalyzed domino reaction through a model reaction of

phenylacetylene, benzyl azide, and dibutyl phosphite. The reaction was extended to various



organic azides and dialkyl phosphites to give 17 cyclic aminophosphonates (33a-f, 34a,b,e,
35e, 36e, 37¢, 38e, 393,b,e and 40¢e) (Scheme 11).
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Scheme 11 The synthesis of 1,2,3-triazoyl phosphonates by domino reaction

4.2.3. The antibacterial activity and in vitro cytotoxicity of 1,2,3-triazol-5-yl-
phosphonates!®

The antibacterial activity of the synthesized 1,2,3-triazol-5-yl-phosphonates was tested
on Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia coli) bacterial cells, and
the in vitro cytotoxicity assessments were performed on three different cell lines. According to
the results, modest antibacterial activity was detected against the more sensitive Bacillus
subtilis strain. Several triazolyl phosphonates (33c, 33e, 33f, 34a, 35e, 36e, 37¢, 38e and 40e)
showed activity against mouse fibroblast (NIH/3T3) and human promyelocytic leukemia (HL-
60) cells. The ICsp values fall in the range of 9.7 and 27.5 uM.

In conclusion, the production of the targeted new a-aminophosphine oxides (12a-g, 13a-g,
27a-c, 28a-c, 29a-c and 30a-c), bis(phosphinoylmethyl)amines (14b-e, 15b-e, 20b-d,h, 21b-
d,h és 22h) tris(phosphinoylmethyl)amines (23-26) was successfully achieved. The synthesis
of the compounds was performed by single, double and multi-step Kabachnik-Fields reactions
under MW conditions. After double deoxygenation, the bis(phosphinoylmethyl)amines (14b-d
and 15b-d) were utilized as bidentate phosphine ligands in the synthesis of borane (16d, 17d)
and platinum complexes (18b-d, 19b-d). We also performed the preparation of cyclic
aminophosphonates, 1,2,3-triazolylphosphonates (33a-f, 34a,b,e, 35e, 36e, 37¢, 38e, 39a,b,e és
40e), (1,2,3-triazol-4-yl)methyl phosphinates (31a-j) and phosphates (32a-j) by copper(l)-
catalyzed domino and click reactions. In the course of my research, | have expanded the family
of aminophosphine oxides, triazolyl phosphonates, and their related compounds with nearly

100 new compounds.



5. Theses

1.

A new, environmentally friendly synthesis of a-aminophosphine oxides and N,N-
bis(phosphinoylmethyl)amines was accomplished by the M\W-assisted single and double
Kabachnik-Fields reactions.!!!

The double deoxigenaton of new bis(phosphinoylmethyl)amine derivatives was
optimized, and the synthesized phosphines were utilized as bidentate ligands. The
prepared platinum complexes afforded high conversion, chemoselectivity, and unusual

regioselectivity in the hydroformylation of styrene.[*!

The synthezis of new non symmetric bis(phosphinoylmethyl)amines and
tris(phosphinoylmethyl)amines was elaborated by the MW-assisted Kabachnik-Fields
condensation  of  secondary  phosphine  oxides, paraformaldehyde and

(aminomethyl)phosphine oxides.?!

An efficient method was developed for the Kabachnik-Fields reaction of amides. We
proved it first, that the acylated a-aminophosphine oxides can be prepared in good yield

using an amide excess, under MW conditions.!

The (1,2,3-triazol-4-yl)methyl phosphinates and phosphates can be synthesized with good
yields by the copper(l)-catalyzed click reaction of organic azides and propynyl

phosphinates or propynyl phosphates.

Formation of the 5-H-substituted triazole and alkynyl phosphonate besides the desired 1-
benzyl-4-phenyl-1,2,3-triazol-5-ylphosphonate  during the domino reaction of
phenylacetylene, benzyl azide and dibutyl phosphite was confirmed. Appropriate
conditions were elaborated to promote the formation of 1-benzyl-4-phenyl-1,2,3-triazol-5-

ylphosphonate as the main product. !

The domino reaction was extended to a number of organic azides and dialkyl phosphites.
Several of the synthesized new 4-phenyl-1,2,3-triazol-5-yl phosphonates showed mild

antibacterial activity as well as moderate in vitro cytotoxicity. ™!



6. Application possibilities

During my PhD work, we have elaborated generally applicable syntheses for
a-aminophosphine oxides, and triazolyl phosphonate, phosphinate and phosphate derivatives.
New families of compounds were made available.

The bis(phosphinoylmethyl)amines (14b-d and 15b-d) were utilized after double
deoxygenation as bidentate phosphine ligands for the synthesis of borane and platinum
complexes. In the hydroformylation of styrene, high conversion, chemoselectivity, and unusual
regioselectivity were achieved with the synthesized platinum complexes. As the formation of
branched aldehyde predominated in all cases, our complexes may be suitable for the possible
replacement of more expensive rhodium-containing catalysts after further development.

During the biological activity studies, we found that the 1,2,3-triazol-5-yl phosphonate
derivatives have low antibacterial activity and modest in vitro cytotoxicity compared to
commercially available drugs. However, the results obtained against human myeloid leukemia
(HL-60) cell lines suggest, that the developed methods may provide a good possibility for the

preparation of additional potentially bioactive compounds.
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