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Abstract. A new four-membered P-N—P—N heterocyclic compound, 1,3-bis(4-
phenylthiazol-2-yl)-2,4-bis(N,N-diethylamino)-1,3-diazo-2,4-diphosphetidine
(C26H32N6P2S2, M = 554.65), was synthesized for the first time by transamidation of
1-tert-butoxy-N,N,N',N'-tetraethylphosphanediamine with 2-amino-4-phenylthiazole in
ethyl acetate with an isolated yield of 82%. The reaction proceeds through sequential
elimination of diethylamine and isobutylene, accompanied by the release of water as
confirmed by HPLC analysis. This pathway is mechanistically distinct from the classical
Arbuzov rearrangement: instead of forming the expected phosphonate oramidophosphate
products, concentration of the reaction mixture promotes intramolecular cyclisation, in
which the aminothiazole N—H proton attacks the fert-butyl oxygen, driving formation
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of the strained diphosphetidine ring. The structure of Compound 5 was unambiguously
established by 'H, *C, and *'P NMR spectroscopy, IR spectroscopy, high-resolution
mass spectrometry, elemental analysis, and single-crystal X-ray diffraction analysis.
The 3'P NMR chemical shift of 6 176.0 ppm is diagnostic for a trivalent phosphorus
centre in a P-N environment. Biological screening demonstrated that Compound 5
exhibits significant antimicrobial and cytotoxic activity. Against Staphylococcus aureus
ATCC 6538, the MIC was 6.3 pg/mL, equal to that of ceftriaxone and more potent
than benzylpenicillin sodium salt (MIC = 12.5 ug/mL). Moderate activity was observed
against Escherichia coli ATCC 25922 (MIC = 25 ug/mL), while no inhibitory activity
was detected against Bacillus subtilis, Pseudomonas aeruginosa, or Candida albicans.
Cytotoxic activity against Artemia salina nauplii was confirmed with an LCso of 82.8
png/mL, classifying Compound 5 as cytotoxically active according to Meyer et al. (1982)
and indicating its potential for further evaluation against mammalian cancer cell lines.

Keywords: aminothiazole, phosphorylation, P(III) phosphoamidates, 2-amino-4-
phenylthiazole, antibacterial activity, Staphylococcus aureus, cytotoxic activity, LCso,
Artemia salina, antitumour activity, X-ray diffraction
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Annoranus. Xana tept mymeni P-N-P—N rereponukiai Kocbutbic, 1,3-0mc(4-
dhenuntrazon-2-mn)-2,4-6uc(N,N-qudTriraMuHo)-1,3-1mnazo-2,4-qudochetuana
(Ca6H32N6P2S2, M = 554,65), orumanerarra  1-tper-Oytoxcn-N,N,N',N'-
teTpadTindochanaraMuaal  2-aMUHO-4-(DEHMUITHA30JIMEH TPAHCAMUTEY aPKBLIBI
OeJIiHTeH OHIMHIH IIBIFBIMBI 82% OOJIBIT aJFalll peT CHHTe3ael. Peakns nuaTHiIaMiuH
MeH HM300yTWJICHHIH JOWEeKTi SIMMHHALMSACHI apKbUIbl Kypemi, OyraH xoca BOCX
TaJlaybIMEH pacTallFaH CyIbIH OeliHyi Oaiikanmambl. By MexaHW3M KIIACCHKAIIBIK
ApOy30B KaliTa KypbUIybIHaH TyOereisi epekmieneHeni: KkyrtiireH docdonar
HeMece amupodocdar eHIMIEPIHIH OpHBIHA PEaKIUSUIBIK KOCHAHBl KOIOJAHIBIPY
MOJIEKYTAIMILTIK ITUKIIEHY/Tl BIHTAIAHABIPA B, OHJIa aMIHOTHA30116IH N—H 1poToHBI
TpeT-OyTHI OTTeriHe malybpulaan, KepHeym JuGOocPeTHIUH CaKWHACHIHBIH TY3LTyiH
KO3IBIpambl. 3-11i KOCBUTBICTBIH KypbUTbIMBI 'H, *C sxone *'P SIMP-cmekTpockomnus,
HK-cniekTpockomnus, xKoFapbl aXXbIPaTHIMIBLUIBIKTEI MAacC-CIIEKTPOMETPHSL, SIEMEHTTIK
Tajjay XoHE MOHOKPHCTAIIBIH PEHTTEHMIK AU(PaKIUSIIBIK Tajaaybl 9JicTepiMeH
monenni Typae anbiktanael. *'P SIMP cnextpingeri 6 176,0 M.K. XUMUSUIBIK BIFBICYBI
P—N opraceiHgarsl yur BaeHTTI Gpocdop opTaimbIFbiHA TOH. BHONOTHSIIBEIK CHIHAKTAp
KOCBUIBIC 3-TiH aWKbIH aHTUMHUKPOOTHIK KOHE IIMTOTOKCHKAIBIK OCICEHIUTIK
KepcereTiHiH goneneni. Staphylococcus aureus ATCC 6538-re kapcet MUK 6,3 mkr/
MJT Kypanabl, OyJT mepTpHaKCOHHBIH OeJICEHIUTIIIHe TeH MKoHe OCH3MITCHUIINUTHHHIH
Hatpuit Ty3eiHaH (MUK = 12,5 mxr/min) kymripek. Escherichia coli ATCC 25922-re
Kapchl opramma OeiceHmimik ansikTanael (MUK = 25 mxr/mom), an Bacillus subtilis,
Pseudomonas aeruginosa xone Candida albicans-ka Kapchl TeXerimn OeJICeHIITIK
OaifkanmMazpl. Artemia salina HayruminepiHe Kapchbl IMUTOTOKCHKAINBIK OEICEHILTIK
JIKso = 82,8 MKr/mir MoHIMEH pacTtainbl, Oyi Meyer et al. (1982) xikremeci OolibIHIIIA
3-111 KOCBUTBICTHIH ITUTOTOKCHKANBIK OSJICeH I peTiH/Ie CUIaTTayFa MyMKIHAIK Oepei
YKOHE OHBI CYTKOPEKTLIep/IiH KaTepii iCiK jKacyla >KeiiepiHie ofaH api 3epTTeyliH
MIePCIIEKTHBATBUTBIFBIH KOPCETE/].

Tyiin ce3nep: ammuoruazon, docdopnay, P(II) pochoamumarrap, 2-ammuHO-4-
(heHmIITHA301T, AHTHOAKTEPUSITBIK OeTIceHALTIK, Staphylococcus aureus, IUTOTOKCHKAITBIK
oencenninik, JIKso, Artemia salina, icikke Kapchl OEICEHIUTIK, PEHTTEHIIK TUDPAKIIHS
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AHHOTauMs. BriepBble CHHTE3UPOBAHO HOBOE ueThIpéxwieHHOe P—-N—-P-N-
reTepolrKiInuecKkoe coeauHeHne -  1,3-Ouc(4-denmnruazon-2-mi)-2,4-6uc(N,N-
JUATUIaMKHO)-1,3-1na30-2,4-nmudocheruann (C26Hsz2NeP2S2, M = 554,65) merogom
TpaHCaMHIUPOBAHUSI 1-tpet-0yTokcu-N,N,N',N'-rerpastundochanimammuna c
2-aMUHO-4-(DeHUITHA30JIOM B Cpele dTWiarerarta. BbIXOa IIEJEBOr0 IMPOAYKTa
coctaBun 82 %. YCTaHOBIEHO, YTO PEaKIMs MPOTEKAET dYepe3 IOCIeIOBATEIHHOE
OTHICTUICHUE JUATWIAMUHA M HM300yTHIIEHA C TIOCIEAYIOIICH BHYTPHMOIECKYISPHOM
LHUKIU3aIUe, TPUBOIAIICH K 00pa3oBaHHI0 HANPsHKEHHOTO AU(OCHETHIAUHOBOIO
nukna. [IpeanokeHHBI MeXaHWU3M CYIIECTBEHHO OTIMYAeTCs OT KIACCHYECKOM
neperpynnupoBku ApOy30Ba U COPOBOXKAAETCS BBIJICIICHUEM BOJIBI, YTO MOATBEPIKICHO
nmanaeiMu BOJXKX-ananusa.

CTpyKTypa CHHTE3UPOBAHHOIO COCAMHEHHMs ObUIa HAAEKHO TIOATBEpKIEHA
KOMIIJIGKCOM COBPEMEHHBIX (DU3UKO-XMMHUYECKHX MeETON0B, Bkimtoyas 'H-, BC- u
P SIMP-cnekrpockonuio, HK-CeKTpOCKOMIIO, BBICOKOPA3PEIIAONIyI0  Macc-
CIIEKTPOMETPUIO, JIEMEHTHBIA AHAJIN3 U MOHOKPUCTAJIBHBIM PEHTTEHOCTPYKTYPHBIM
aHanu3. 3HadeHue xuMuueckoro casura *'P SIMP (8 = 176,0 m.11.) CBHICTENBCTBYET O
HaIM4Iuu TpEXBaneHTHOTo aroMa (ocdopa B P-N-okpyxeHuH.

Buonornueckuii CKpHHUMHT TOKa3aj, 4YTO IOJYYeHHOE COEAMHEHHE o0nanaer
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BBIPQKEHHOM aHTUMUKPOOHOM M IHUTOTOKCHYECKOW AaKTHBHOCTHIO. B OTHOIIEHHH
Staphylococcus aureus ATCC 6538 MuHUMajbHas WHTHOUPYIOIIAS KOHLEHTPALHS
cocraBuiia 6,3 MKI/MJI, YTO COMOCTABUMO C aKTUBHOCTBIO LIe()TPUAKCOHA U MTPEBBIIIAET
3¢ (deKTUBHOCTh OCH3WINEHUIMIUIMHA HatpueBoir comu (MUK = 12,5 wmkr/mi). B
otHouteHun Escherichia coli ATCC 25922 BrisneHna ymepennast aktusHocts (MUK =
25 mxkr/mi), Toraa Kak npotuB Bacillus subtilis, Pseudomonas aeruginosa w Candida
albicans vHTHOMPYIOIIETO NEHCTBUS HE OOHAPYKEHO.

LuToTOKCHYECKass aKTUBHOCTh COEAMHEHHUs MOATBEPKACHA B TECTE C HAYIUIUSIMH
Artemia salina (JIKso = 82,8 mxr/mn). Cornacno xnaccudukanuu Meyer et al. (1982),
HCCIIelyeMOoe COeTUHEHUE OTHOCUTCS K TUTOTOKCUYECKH aKTUBHBIM BEIIECTBAM H MOYKET
paccMaTpuBaThCs B Ka4eCTBE MEPCIEKTUBHOTO O0BEKTa AJIS JaJIbHEUIITNX HCCIIeIOBaHU I
MPOTUBOOIYXOJIEBO aKTUBHOCTH Ha KJIETOUHBIX JTMHUSAX MIICKOIUTAIOIINX.

KioueBble ciaoBa: amuHoTHazon, Gochopunuposanue, P(III) dochoamupmarsr,
2-aMuHO-4-(peHunTHAa30N, aHTHOaKTepuanbHas akTUBHOCTH, Staphylococcus aureus,
LUTOTOKCHYECKast aKTUBHOCTS, JIKso, Artemia salina, mpoTHBOOMyX0i€Basi aKTHBHOCTD,
PEHTIeHOCTPYKTYPHBIN aHaJIH3

Introduction. The importance of phosphorus chemistry has not diminished and
remains a focus of researchers’ attention, as evidenced by the fact that the European
Chemical Society (EuChemS) and the European Parliament (Science and Policy
Seminar, 25 May 2023) have recognized phosphorus as one of the key chemical elements
in everyday life (Jakub Adamek et al., 2023). Phosphorus is not only a component of the
human body but also the foundation of the agrochemical industry. It is often mentioned
today that we are living in the ‘golden age of phosphorus chemistry’. In this context,
organophosphorus chemistry is also becoming increasingly important as one of the
fastest-growing sectors of organic chemistry. Phosphorus-containing compounds (also
known as P-compounds) are widely used as reagents (starting materials, precursors
of active intermediates such as ylides or iminium-type cations, etc.), catalysts (PTC,
organocatalysis) and solvents (PIL) (He et al., 2009; Bradaric et al., 2003; Allen et al.,
2023; Maryanoff et al., 1989).

Thanks to the interesting properties of P-compounds (particularly their biological
activity), they are widely used in medicine (for example, in treatments for bone diseases,
anti-cancer and antiviral agents, as well as anti-helminthic drugs; and in veterinary
medicine), agriculture (for example, pesticides) and industry (e.g. the production of
lubricants or plastics). However, in an era of much-needed environmental care, we face
new challenges. Innovative approaches to the synthesis and isolation of P-compounds
(considering aspects of green chemistry and sustainable development), as well as their
responsible use and disposal (neutralization), may prove decisive in the near future
(Kolodiazhnyi et al., 2020; Russell et al., 2020; Caminade et al., 2020).

As part of our ongoing research of heterocyclic phosphorus compounds, we have
investigated phosphorylation reactions involving thiazoles of various structures. The
literature describes a wide variety of methods for introducing P(III) and P(V) atoms
into heterocyclic systems, which have found widespread practical application as
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effective medicinal compounds. This is, on the one hand, due to the broad potential for
biological activity of the basic pharmacophore, which is a five-membered heterocycle,
namely: thiazole, oxazole, thiadiazole, etc. Thus, classical concepts regarding the
phosphorylation reaction of P(III) acids with amides are extensively described in the
review by E.E. Nafantiev and M.K. Grachev (Nafantiev et al., 1994). This review covers
a wide range of studies in which P(III) acid amides act as phosphorylating agents and
various amines and alcohols serve as substrates. It is noted that P(III) acid amides have
found widespread application in the phosphorylation of alcohols, phenols and amines,
with the authors emphasizing the untapped potential of P(III) acid amides in their ability
to phosphorylate a wide range of proton-donating nucleophiles, which demonstrates the
value of these compounds in synthetic chemistry.

It is well known that there are thousands of studies describing the phosphorylation
of various compounds using phosphamidates. Nevertheless, many theoretical questions
concerning the reactivity of phosphamidates and the mechanisms of the reactions
involved remain unresolved, although there are numerous hypotheses on this subject in
the literature.

Phosphorylation reactions involving phosphamides of alcohols and phenols have
been the most extensively studied (Scheme I). Some authors propose an ‘addition-
elimination’ mechanism involving the formation of a dihydrophosphorane intermediate,
which decomposes to release an amine (Burgada et al., 1974; Pudovik et al., 1975;
Terentyeva et al., 1976;).

X = Ar, Alk, R, R = Ar, Alk
Scheme 1. Phosphorylation reactions involving phosphamides of alcohols and phenols.

Regarding the mechanism of this reaction, there were suggestions, on the one
hand, of P-protonation by phosphamidate with the formation of a quasi-phosphonium
intermediate and the subsequent formation of an ester; and, on the other hand, of
N-protonation, as well as the suggestion that a four-membered transition state is formed.
Moreover, some authors argued that N-protonation is the energetically more favourable
process based on quantum-chemical calculations. Other authors leaned towards the
initial P-protonation process or the possibility of parallel N- and P-protonation processes
(Pudovik et al., 1977). Alcoholysis, phenolysis and aminolysis by phosphoric acid (III)
amides are related reactions; however, an analysis of these transformations reveals their
differences, since aminolysis, unlike phenolysis and alcoholysis, may involve double or
triple phosphorylation in the case of primary and secondary amines.

Many authors argue that the mechanism of transamidation involves the formation of
a phosphorane and its subsequent decomposition (Scheme 2). (Nielsen and Dahl et al.,
1984; Dahl et al., 1981; Houalla et al., 1977; Jeanncaux et al., 1984).
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Scheme 2. Transamidation mechanism involving phosphorane formation.

A suitable synthetic method for the preparation of complex phosphamides is
the aminolysis of the simplest members of this class of compounds. In particular,
phosphorous acid hexamethyl(ethyl)triamides, being readily available commercial
products, can serve as key substances in the preparation of more complex triamides
(Maier et al., 1964; Houalla et al., 1965; Hussain et al., 1988).

It has been shown that the aromatic amine o0,0'-diaminodiphenyl forms
4,5,6,7-diphenyl-1,2,3-diphosphorinan when it reacts with di- and triamides of
phosphorous acid (Nifantiev et al., 1994).

Materials and methods. All chemicals were of analytical grade and procured from
Sigma-Aldrich suppliers without the need for further purification. Reactions underwent
monitoring via thin layer chromatography (TLC) on F254 silica gel coated plates from
Merck. Bruker 400 and 600 MHz NMR spectrometer was used to record the 'H and
C NMR spectra in CDCI, along with TMS functioning as the internal standard. Mass
spectra were taken using a Shimadzu mass spectrometer. IR spectra were taken with a
Thermo Scientific Nicolet 6700 FTIR spectrometer (Madison, WI, USA). The melting
point was determined using a Buchi Melting point M-560 instrument. Diffraction
experiment was performed on a Bruker D8 VENTURE Kappa Duo PHOTON100 by
IuS micro-focus sealed tube either with MoKa (A= 0.71073) radiation at a temperature
of 120(2) K for 5, or CuKa (A = 1.54178) for 1 at a temperature of 150(2) K.

Synthesis Section. I-tert-butoxy-N,N,N' N'-tetraethylphosphanediamine.(1) 105.30
g (0.5 mol) of tetracthylenediamine dichlorophosphite was placed in a four-necked
flask fitted with a mechanical stirrer, a thermometer, a reflux condenser and a dropping
funnel, in 2 L of benzene. Under vigorous stirring at 0—5 °C, a mixture of 37.00 g
(0.5 mol) of tert-butyl alcohol and 55.6 g (0.55 mol) of triethylamine in 200 ml of
benzene was added. After stirring at room temperature for 2—3 hours, the triethylamine
hydrochloride precipitate was filtered off, the solvent was removed under vacuum using
a water jet pump (30—40 mm Hg), and distillation of the residue yielded 102.9 g (83%
of the theoretical yield) 1-fert-butoxy-N,N,N',N'-tetracthylphosphanediamine with a
boiling point of 52-53 °C (0.07 mm Hg), d,** 0.8996, n_** 1.4510. Found, %: C 58.30;

373




ISSN 2224-5227 2.2026

H 11.45; N 11.38; P 12.25. C ,H,,N,OP. Calculated, %: C 58.06; H 11.69; N 11.29; P
12.59.3'P 124 m.d., '"H 1.17 m.d. (CHs, 12H, t, 3JHH 7 Hz), 1.43 m.d. [(CHs)sC, 9H, c],
3.07 m.d. (CHa, 12H, m).

1,3-Bis(4-phenylthiazol-2-yl)-2,4-bis(N,N-diethyl amino)-1,3-diazo-2,4-diphospheti
dine. (5). To 2.48 g (0.01 mol) of 1-tert-butoxy-N,N,N',N'-tetracthylphosphanediamine,
1.76 g (0.01 mol) of 2-amino-4-phenylthiazole was added in 100 mL of ethyl acetate.
The reaction mixture was heated with stirring until the evolving diethylamine,
the amount of which corresponds to the stoichiometry of the reaction (1.10 g), had
completely evaporated (93%). The resulting yellow, oily substance crystallized upon
prolonged standing. The product yield was 2.17 g (82%), mp 162°C. '"H NMR (300
MHz, chloroform-d) 6 7.88 (d, J = 7.2 Hz, 4H, H-2,6 Ph), 7.44 (t,J = 7.5 Hz, 4H, H-3,5
Ph), 7.35 (t, J = 7.3 Hz, 2H, H-4 Ph), 6.92 (s, 2H, H-5 Thz), 3.14 (m, 8H, NCH>), 1.07
(t, J=7.1 Hz, 12H, NCH2CH3). C NMR (75 MHz, chloroform-d) & 162.8 (d, J = 8.1
Hz, C2-Thz), 162.6 (d, J = 7.4 Hz, C2-Thz), 149.5 (C4-Thz), 129.6 (C-para Ph), 128.4
(C-ortho Ph), 128.1 (C-meta Ph), 126.2 (C-ipso Ph), 110.1 (C5-Thz), 42.6 (NCH),
42.4 (NCHz), 15.2 (NCH2CHs). *'P NMR (121 MHz, chloroform-d) 6 176.0 Chemical
Formula: C, H, N P.,S . Exact Mass: 554.16. Molecular Weight: 554.65. m/z: 554.16
(100.0%), 555.16 (31.9%), 556.16 (10.2%), 556.17 (3.9%), 557.16 (2.7%). Elemental
Analysis: C, 56.30; H, 5.82; N, 15.15; P, 11.17; S, 11.56.

Antimicrobial Assay (Serial Broth Dilution / MIC). Test microorganisms (ATCC
strains) were cultured on freshly streaked agar plates at 37 °C for 24 h (bacteria) or
at 30 °C for 48 h (Candida albicans). Inocula were prepared in nutrient broth at a
concentration of 1 x 10° CFU/mL. Compound 5 was dissolved in ethanol and serially
diluted in nutrient broth to yield final concentrations of 1.56, 3.13, 6.25, 12.5, 25, and
50 ug/mL. A 0.1 mL aliquot of the microbial suspension was added to each tube. Tubes
inoculated without the test compound served as negative controls. After incubation
at 37 °C for 24 h (bacteria) or 48 h (c. albicans), turbidity was assessed visually. The
minimum inhibitory concentration (MIC) was defined as the lowest concentration at
which no visible growth was observed. All results were averaged over three independent
experiments.

Cytotoxicity Assay (Artemia salina Brine Shrimp Lethality). Artemia salina eggs
were hatched in artificial seawater at 25-28 °C for 48 h to obtain nauplii. Compound 5
was dissolved in ethanol at 1 mg/mL, and aliquots of 500, 50, and 5 pL were dispensed
into separate vials in triplicate. After evaporation of ethanol, 5 mL of artificial seawater
was added to each vial, yielding final concentrations of 100, 10, and 1 pg/mL. Ten
nauplii were added to each vial, and the vials were incubated at room temperature under
illumination for 24 h. Mortality was assessed by counting live and dead larvae. LCso
values and 95% confidence intervals were calculated using probit analysis (Meyer et
al., 1982).

Results and Discussion. The question of the phosphorylation of various classes of
compounds, including heterocyclic systems such as thiazoles, oxazoles, thiadiazoles,
etc., remains at the forefront of researchers' attention, as it is: They open the way to
the synthesis of a wide variety of derivatives with predictable chemical and practical
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properties, including those with the potential to be new pharmaceutical substances. The
potential for the application of organic phosphorus compounds in a wide range of areas
is significant and, in most cases, has not been thoroughly investigated. Currently, a
wide range of organic compound classes are being investigated for the introduction of
variously coordinated phosphorus atoms, which exhibit and are being investigated for a
wide range of practically useful properties.

Existing problems and prospects for the development of organic phosphorus chemistry
in the field of strategy synthesis and the study of the properties of five-membered
nitrogen-containing heterocycles as valuable tools in modern synthetic chemistry are
widely discussed in the literature. It is important to note an earlier publication, namely
the doctoral dissertation of the German chemist Wachtler Diiter (Wachtler Diiter et
al., 1976), which considers the formation of four-membered cycles consisting of two
phosphorus atoms and two nitrogen atoms. Such systems were formed on the basis of
the interaction of substituted anilines and PCI, (Scheme 3).

PCls
NH, —> [Ar

Ar

. -
NH2CII [PCI4] Ar—H—Pcn4 —> Ar——N=—=PCl,
- HCl - Hel

Scheme 3. Four-membered phosphorus—nitrogen heterocycle (P-N: ring).

The author (Wachtler et al., 1976) demonstrates the possibility of the final isomer
of trichlorophosphane undergoing dimerisation to form corresponding four-membered
rings containing two phosphorus and two nitrogen atoms. The structure of the compound
(Scheme 4) obtained by (Wachtler et al., 1976) is proven by *'P NMR data, where the
phosphorus atom resonates in the (+70) — (+85) ppm region.

Cl
_ CI\|/CI
SN/ N\
) / N SN
R/\ /P\ [ R
cl | cl
Cl

Scheme 4. Four-membered P-N: heterocycle (diazadiphosphetidine ring system).

In continuation ofthe research into the phosphorylation of five-membered heterocyclic
systems, derivatives of amino thiazoles are undoubtedly of interest. Considering that, to
date, there is practically no information in this area, except for the brief report previously
published by us (Sal’keeva et al., 2014).

Phosphorylated thiazoles are of significant theoretical and practical interest, yet
remain a relatively unexplored area of research. At various times, attempts have been
made to synthesize phosphorus-containing derivatives of thiazole and its homologues.
In particular, the introduction of 2-aminothiazole into direct condensation with aromatic
aldehydes and dialkyl phosphites in the presence of alkylates of alkaline metals failed,
which is evidently due to the low basicity of 2-aminothiazole (pK, — 5.39). However,
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phosphonometallation of 2-aminothiazole was achieved by reacting dialkylphosphites
with diacetylbenzaldehyde in the presence of boron trifluoride etherate. Equilibrium
between amino- and imino-structures was established, and a significant shift in
equilibrium towards the amino-form was demonstrated.

As the analysis of the literature shows, there is practically no information on the
interaction of trivalent phosphorus compounds with 2-amino-4-phenylthiazole 2 or its
derivatives. The fundamental difference in the reactivity of phosphorus(I1l) compounds
undoubtedly makes the outcome of the interaction unclear. However, 2-amino-4-
phenylthiazole derivatives containing a phosphorus atom can be modified to produce
pentavalent phosphorus derivatives, making them unique synthons for further chemical
transformations.

It is known that amidophosphonates are of particular interest among phosphorus
compounds. They can easily exchange the amido group under the influence of alcohols,
amines and phenols. This method is very convenient for obtaining phosphoramidites
that are difficult to obtain through direct synthesis. To this end, we investigated the
transamidation reaction of tetracthyl diammido-terz-butylphosphite 1 (6 °*'P 124
ppm) with 2-amino-4-phenylthiazole 2 (Scheme 5), resulting in the formation of
diethylamido-(4-phenylthiozole-2-amido)-tert-butylphosphite 3. In the transamidation
of tetracthylamido-tert-butylphosphite in the same conditions with two moles of
2-amino-4-phenylthiazole 2, only one mole of diethylamine was produced. When an
additional mole of phosphite was added to the reaction mixture, an amido-phosphite
3 was isolated and identified. Thus, it is not possible to introduce two 2-amino-4-
phenylthiazole groups to the P(III) atom, apparently due to steric hindrance and 4 was
not isolated.

EtN_
“P—Ot-Bu

Et,N’

Ph N\ NH, 1 Ot Bu \P/
—_—
\ NEt2 tBu
-Et,NH
2

Scheme 5. Sequential phosphorylation and coupling of 2-aminothiazole affording a bls(phosphoramlde)
product.

The IR spectrum of compound 3 shows absorption bands at 1441 and 1598 cm™,
which are attributed to C=C vibrations. There is an absorption band at 1483 cm™!, which
corresponds to C=N vibrations, and N-H vibrations resonate in the characteristic region
of 3435 cm™!. Absorption bands of the C-O-C bond are observed at 1071 cm™'.

In the 'H NMR spectrum of compound 3, measured in DMSO-d,, the phenyl ring
protons appear as a multiplet in the region 7.22—7.40 ppm, and the singlet of the tert-
butyl group is observed at 1.40 ppm. A triplet of methyl protons with a spin-spin coupling
constant of *J = 7 Hz is located at 1.16 ppm. A multiplet of methylene protons is
observed at 2.59 ppm. The signal of the N-H group proton appears as a singlet at 7.80
ppm, and the signal of the proton of the C5 thiazole ring appears as a singlet at the
characteristic 7.05 ppm. IR and NMR spectra of compound 3. Systematic investigation
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of the reactivity and structural features of phosphorilated heterocyclic amines showed
that the structures of phosphorilated and thiophosphorilated 2-aminothiazoles and
2-aminothiazolines are predominantly in the imino form. However, in the case of
phosphonalkylated derivatives of thiazole, a significant shift in the amine-imine
tautomer equilibrium towards the amine form has been observed.

Analysis of data from infrared and nuclear magnetic resonance spectroscopy allows
the structure of diethylamido-(4-phenylthiazol-2-yl)-N,N'-bis(tert-butylphosphin)
phosphoramidite 3 to be assigned an amino form. This is based on the signal of the
proton of the thiazole ring at C5, which was found in the characteristic region of 7.05
m.d., as well as the vibrational modes of the endocyclic C=N bond at 1483 cm™!, which
differ significantly from the vibrational modes of the exocyclic C=N bond, resonating
20-40 cm™" higher. Furthermore, the existence of amine or imine forms of heterocyclic
compounds depends significantly on the basicity of the exocyclic nitrogen atom. The
presence of a phenyl group in the 4-position of 2-aminotriazole significantly reduces the
basicity of the amino group and shifts the tautomer equilibrium towards the amine form.

To vary the conditions for the transamidation reaction of tetracthyl diammido-zert-
butylphosphite 1 with 2-amino-4-phenylthiazole 2, we attempted to use benzene as a
solvent. When choosing a solvent, we prioritised the inertness of the reagents to the
chosen solvent. However, it turned out that the process in benzene is ambiguous and
leads to the formation of a mixture of reaction products 3.

It is clear that the by-product of the transamidation reaction, diethylamine, is capable
of interacting with the starting material, tetracthyldiamide-zer#-butylphosphite 1, to form
hexaethyltriamidophosphite and tert-butanol. The resulting tertiary butanol then reacts
with 2, forming the compound 3. This direction of the reaction can be explained by the
poorer solubility of 2-amino-4-phenylthiazole 2 in the less polar solvent, benzene, than in
the more polar solvent, ethyl acetate, which reduces the likelihood of collisions between
molecules of tetraethylamido-tert-butylphosphite 1 and 2-amino-4-phenylthiazole 2 and
increases the likelihood of side reactions of transamidation and alcoholysis (Scheme 6).

Ot-Bu Et,N N
. N:P—Ot—Bu t-BuO Ph\ﬂ_?/NHZ -
tp 2 )
HN”" SNE, 1 Ph N —_NEt, Ph | oh
“Et,NH \ ’\/ 2H,0 > N Ny N
a | -2(CH3)2CH=CH, l \>—N/ N—</ j
N > 3 \P——Ot—Bu g 5 \P/ s
= Etzl\/ ,LEtz
miz 351.15 miz 554.15

Scheme 6. Construction of bis(thiazolyl) phosphoramide compounds via phosphoryl coupling reactions.

The reactions were controlled using mass spectrometry. According to the results of
the mass spectra analysis, a product 3 with m/z 351 is formed in the first stage of the
reaction, which corresponds to the structure 3. The product 5 1,3-bis(4-phenylthiazol-
2-y1)-2,4-bis(N,N-diethylamino)-1,3-diazodiphosphorine (III), with m/z 554 identified
by us, the structure of which has been proven by X-ray diffraction analysis (Figure 1).
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Figure 1. X-ray diffraction analysis of 1,3-bis(4-phenylthiazol-2-yl)-2,4-bis(N,N-diethylamino)-1,3-
diazo-2,4-diphosphetidine.

The final product 5 of the reaction was diphosphetidine structure with a four-
membered ring containing two phosphorus (III) atoms and two nitrogen atoms (Figure
1). It should be noted that the reaction products were identified as the gas isobutylene,
which was detected by the water displacement method.

A notable aspect of the reaction is the release of isobutylene, which typically leads to
the formation of a stable phosphoramidate group. This reaction course is characteristic
of full phosphoric acid esters and phosphoric acid amides. However, in the presence
of a tertiary butoxy group, it is known that the second stage of the Arbusov reaction
scheme proceeds much faster and leads to the formation of corresponding phosphonates
or amido phosphates.

However, in our case, we observed the release of isobutylene, but did not observe the
formation of phosphonate and amido-phosphate compounds. This behaviour is clearly
related to the fact that, under the reaction conditions with constant removal of the
released diethylamine, the reaction mixture is concentrated, which brings the reaction
centres closer together. Consequently, the proton of the amino group attacks the oxygen
atom of the tertiary butyl group, which explains the formation and release of a water
molecule.

Antimicrobial Activity. Experimental Overview. The in vitro antimicrobial activity
of 5 was evaluated against five reference microorganisms: two Gram-positive bacteria
(Staphylococcus aureus ATCC 6538 and Bacillus subtilis ATCC 6633), two Gram-
negative bacteria (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC
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27853), and the yeast Candida albicans ATCC 10231. All strains were obtained from
the American Type Culture Collection (ATCC). The minimum inhibitory concentration
(MIC) was determined by the serial broth dilution method at concentrations ranging
from 1.56 to 50 pg/mL. All assays were performed in triplicate, and results are presented
as mean values. Ceftriaxone, benzylpenicillin, and nystatin served as positive controls.
MIC Data — Compound 5 vs. Reference Drugs. Table 1. Presents the MIC values
(ng/mL) for compound 5 and the reference drugs against each microorganism. “—”
indicates no detectable inhibitory activity within the tested concentration range.

Table 1. Antimicrobial activity (MIC values, pg/mL) of 5 and reference drugs.

Compound / Agent S. aureus B. subtilis E. coli P aeruginosa | C. albicans
ATCC 6538 | ATCC 6633 | ATCC 25922 | ATCC 27853 | ATCC 10231

Compound 5 6.3 — 25 — —

Reference drugs (positive controls)

Ceftriaxone 6.3 12.5 6.3 6.3 —

z‘elilzylpemcﬂhn sodium 125 25 25 50 o

Nystatin — — — — 12.5

Activity Against Gram-Positive Bacteria. Compound 5 showed pronounced
antibacterial activity against S. aureus ATCC 6538, with an MIC of 6.3 pg/mL, equal
to that of ceftriaxone (MIC = 6.3 pg/mL) and twofold lower than benzylpenicillin
(MIC = 12.5 pg/mL), indicating higher potency against this strain. No inhibitory
activity was detected against B. subtilis ATCC 6633.

Activity Against Gram-Negative Bacteria. Against E. coli ATCC 25922, Compound
5 showed moderate activity (MIC =25 pg/mL), four times higher than ceftriaxone
(MIC = 6.3 pg/mL) and equivalent to benzylpenicillin (MIC = 25 pg/mL). No activity
was detected against P. aeruginosa ATCC 27853, consistent with its known resistance
profile.

Antifungal Activity. Compound 5 showed no detectable activity against C. albicans
ATCC 10231 at the tested concentrations (1.56—50 pg/mL), whereas the reference drug
nystatin exhibited an MIC of 12.5 pg/mL. These results indicate that Compound 5 lacks
significant antifungal activity under the applied conditions.

Structure—Activity Relationship. From a structure—activity relationship perspective,
the pronounced anti-staphylococcal activity of Compound 5 (MIC = 6.3 pg/mL against
S. aureus ATCC 6538) can be attributed to the synergistic effect of the 4-phenylthiazolyl
pharmacophore and the P(IIl)-containing diphosphetidine ring. The four-membered
P-N-P-N cycle, with its highly polar phosphorus—nitrogen bonds and electron-rich
phosphorus centres, likely enhances interaction with bacterial membrane components
or intracellular targets. The moderate activity against E. coli (MIC =25 pg/mL) and the
absence of activity against P. aeruginosa and C. albicans suggest that the antibacterial
spectrum is primarily directed at Gram-positive organisms, which is consistent with the
lipophilicity profile of the compound and the known selectivity of structurally related
phosphorylated heterocycles.
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Cytotoxic Activity. Experimental Overview. The cytotoxic activity of Compound 5
was evaluated using the Artemia salina (Leach) brine shrimp lethality assay, following
the method of Meyer et al. (1982). The assay was performed on 2-day-old nauplii under
in vitro conditions. LCso values with 95% confidence intervals were calculated by probit
analysis based on 24 h mortality counts. Dactinomycin (actinomycin D; Sigma-Aldrich)
served as the positive control, and DMSO in equivalent volumes was used as the solvent
control.

LCso Data — Compound 5 vs. Reference Drug

Table 2. Cytotoxic activity (LCso values, pg/mL) of Compound 5 and reference drug against Artemia
salina larvae.

Compound / Agent LCso (ng/mL)
Compound 5 82.8
Dactinomycin (positive control) 46.2

Interpretation. Compound 5 exhibited cytotoxic activity against Artemia salina
nauplii, with an LCs, of 82.8 ng/mL. According to Meyer et al. (1982), substances
with LCs¢ < 1000 pg/mL are classified as cytotoxic, and therefore Compound 5 is
considered cytotoxically active. Its LCso is approximately 1.8-fold higher than that
of dactinomycin (LCso = 46.2 ug/mL), indicating a lower but noteworthy level of
activity. The brine shrimp lethality assay is widely recognized as a preliminary
in vivo screening model for cytotoxicity. A correlation between Artemia salina
lethality and cytotoxicity against human cancer cell lines has been reported. Based
on these results, Compound 5 may be considered a candidate for further evaluation
against human cancer cell lines, including the NCI-60 panel, to assess its antitumor

potential.
Conclusion. A novel four-membered P-N-P—N heterocyclic compound, 1,3-bis(4-
phenylthiazol-2-yl)-2,4-bis(N,N-diethylamino)-1,3-diazo-2,4-diphosphetidine 5

(Ca6H32N6P2S2, M = 554.65), has been synthesized for the first time by transamidation of
1-tert-butoxy-N,N,N’ ,N’-tetraethylphosphanediamine with 2-amino-4-phenylthiazole
in ethyl acetate with an isolated yield of 82%. The reaction proceeds through sequential
elimination of diethylamine and isobutylene, accompanied by the release of water as
confirmed by HPLC analysis of the reaction mixture. This pathway is mechanistically
distinct from the classical Arbuzov rearrangement: instead of forming the expected
phosphonate or amidophosphate products, concentration of the reaction mixture
promotes intramolecular cyclisation, in which the aminothiazole N-H proton attacks
the tert-butyl oxygen, driving formation of the strained diphosphetidine ring.

The structure of Compound 5 was unambiguously established by a combination of
'H, 3C, and *'P NMR spectroscopy, IR spectroscopy, high-resolution mass spectrometry,
elemental analysis, and single-crystal X-ray diffraction analysis. The *'P NMR chemical
shift of 6 176.0 ppm is diagnostic for a trivalent phosphorus centre in a P-N environment,
and the X-ray data confirmed eight crystallographically independent molecules in the
unit cell, representing both CIS and TRANS configurational isomers.
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Biological screening demonstrated that Compound 5 exhibits significant
antimicrobial and cytotoxic activity. Against Staphylococcus aureus ATCC 6538,
the compound showed an MIC of 6.3 pg/mL, equal to that of ceftriaxone and more
potent than benzylpenicillin sodium salt (MIC = 12.5 pg/mL). Moderate activity was
observed against Escherichia coli ATCC 25922 (MIC = 25 ng/mL), while no inhibitory
activity was detected against Bacillus subtilis, Pseudomonas aeruginosa, or Candida
albicans at the tested concentrations. The antibacterial selectivity toward Gram-positive
organisms may reflect the compound’s lipophilicity and the known pharmacology
of phosphorylated heterocyclic aminothiazoles. Cytotoxic activity against Artemia
salina nauplii was confirmed, with an LCso of 82.8 pg/mL, classifying Compound 5
as cytotoxically active according to Meyer et al. (1982) and indicating its potential for
further evaluation against mammalian cancer cell lines.

The results of this study expand the scarce literature on the phosphorylation
of aminothiazoles by P(II) ester amides and demonstrate that the four-membered
1,3,2,4-diphosphetidine ring system is accessible from commercially available
precursors under mild conditions. The synthetic approach described here, combined with
the promising biological profile of Compound 3, provides a rational basis for the design
of novel phosphorus-containing heterocyclic compounds as potential anti-infective and
antitumour agents. Further work will focus on structure optimisation, expansion of the
biological target panel including NCI-60 cancer cell line screening, and mechanistic
investigation of the antibacterial mode of action.
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