ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)

KA3AKCTAH PECITYBJIUKACKI
YJITTBIK FBUILIM AKAJIEMUASCBIHBIH

J.B.Cokonbckuii ateiHaarsl «Kanapmait,
KaTaJlu3 KOHE JEKTPOXUMHUS MHCTUTYThD» AK

XABAPITAPDI

N3BECTHUA NEWS

HALIMOHAJIBHON AKAJIEMHU HAVK OF THE ACADEMY OF SCIENCES

PECITYBJIMKU KABAXCTAH OF THE REPUBLIC OF KAZAKHSTAN

AO «HCTUTYT TOIUIMBA, KaTajan3a u JSC «D.V. Sokolsky institute of fuel, catalysis

anekTpoxumun uM. J1.B. Cokoabckoro and electrochemistry»
SERIES

CHEMISTRY AND TECHNOLOGY

5 (437)

SEPTEMBER - OCTOBER 2019

PUBLISHED SINCE JANUARY 1947

PUBLISHED 6 TIMES A YEAR

ALMATY, NAS RK



2 Clarivate

Analytics

NAS RKis pleased to announce that News of NAS RK. Series of chemistry and
technologies scientific journal has been accepted for indexing in the Emerging Sources Citation
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Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of chemistry and technologies in
the Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of chemical sciences to our community.
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NMR SPECTRA OF PHOSPHORYLATED CARBAMIDE-CONTAINING
HETEROCYCLES: PECULIARITIES OF CHEMICAL SHIFTS
FROM THE VALENCE STATE OF THE PHOSPHORUS
AND THE SIZE OF THE CYCLE

Abstract. The article discusses the results of using NMR spectroscopy to study the structure and flexibility of
the skeleton of the analyzed molecules of phosphaze compounds and the electronic environment of nitrogen and
phosphorus atoms. The authors carried out a cumulative system analysis of chemical shifts in the 3P and *C NMR
spectra of 89 phosphorus derivatives of carbamidecontaining heterocycles, which differ in the valence state of the
phosphorus atom, the size of the cycle and the method of cycle junction.

Key words: heterocyclic compounds, NMR spectroscopy, phosphazo compounds, phosphorylated carbamide
containing heterocycles (PCCH), 3-coordinated phosphorus atom, 5-coordinated phosphorus atom.

Introduction

Phosphazaheterocycles containing an urea fragment and a phosphoryl group in the cyclic skeleton are
attractive because these links of molecules, acting as the key structural elements of these compounds, give
them a skeleton of the structure and contribute to the formation of multifunctional reaction centers. The
simultaneous combination of urea fragments and phosphoryl groups in a molecule makes it possible to
impart specific physicochemical and practically useful properties to the target substance, the investigation
of which is the subject of many studies, including and using NMR spectroscopy.

The use of NMR spectroscopy to study the structure of phosphaza compounds allows not only to
identify the compounds, but also to judge the flexibility of the skeleton of the analyzed molecules and the
electronic environment of nitrogen and phosphorus atoms. In addition, a generalized analysis of chemical
shifts of an array of phosphazacycles helps to reveal their characteristics for the considered range of
compounds. However, so far no attempts have been made of the cumulative analysis of an array of NMR
spectral data of phosphorus-containing urea-containing heterocycles.

In order to fill this gap, we carried out a cumulative system analysis of chemical shifts in the 31P and
13C 89 NMR spectra of phosphorus-containing urea-containing heterocycles, which differ in the valence
state of the phosphorus atom, the size of the cycle and the method of junction cycles.

In a number of works [1-14] devoted to the synthesis of the corresponding phosphazacycles, the 3P
NMR spectroscopy data was used to identify a larger number of different phosphorylated carbamide
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containing heterocycles (PCCH). This paper summarizes the intervals of changes in chemical shifts (CS)
of PCCH in the 3'P NMR spectra, which are illustrated by the data given depending on the valence state of
phosphorus, the size of the cycle and the method of junction.

Results and discussion

CHEMICAL SHIFTS OF 3-COORDINATED PHOSPHORUS ATOM IN PCCH NMR
SPECTRA

Analyzed PCCH containing 3 valence phosphorus atom are represented by 4-membered
phosphazacycles  (diazaphosphetidinediones  1-6),  5-membered  phosphazacycles  (diaza-
phospholidinediones 7-10) and 6-membered phosphazacycles (triazaphosphorinandiones 11-25).

A comparative analysis of CSphosphetidinediones1-2 [1] and 3-6 [2] shows that, for all other equal
structural parameters, the electronegativity of the substituent, directly attached to the phosphorus atom,has
a decisive influence on CS. In other words, in the series of phosphetidinedionesl-6 alkoxy groups
(compounds 3-6) cause pronounced disshielding of the phosphorus atom (10 ppm), rather than amino
groups (compounds 1-2)

(0]
1 - R,=Me, R=Ph (83.6);
2 - R{=Me, R=uuknorekcun (81.9);
_ I - —FPh 3 - R=Me (95.2);
HsC—N N—CH;  Ph N\ /N 4. ReEt (63.1).
P P 5-R=i-Pr (92.3);
| | 6 - R=n-Bu (93.1)
/N\ /O
R R, R
1-2 3-6

As one can see from the above data, the formation of N, N-P-N and N, N-P-O units in the 4-
membered PCCH cycle of the compounds 1-6 contributes to the appearance ofCSof phosphorus atoms in
the positive spectral region in the interval 81.9-95.2 ppm.

The CS values of 5-membered PCCH 7-10 [3] correspond to the interval from 24.2 to 38.3 ppm,
which indicate a significant screening of the phosphorus atom in the diazaphospholidinediones 7-10
compared to the 4-membered phosphetidinones1-6. In this case, the strong-field shift of phosphorus atoms
in compounds 7-10 compared with phosphazacycles 1-6 is due to the isolation of the second urea nitrogen
atom by the carbonyl group at the 5th position of the cycle, which excludes its direct electronegative effect
on the phosphorus atom. At the same time, a similar effect of the carbonyl group, as can be seen from the
comparison of CS, is not comparable with the influence of the nitrogen atom.

Thus, the formation of the N, C-P-C = O link in PCCH 7-10, compared with FCSG 1-6, causes a
significant strong-field shift (by 50 ppm) of phosphorus.

O]

RZ\N)j\N/Rz 7 - Ri=R,=Me (30.7);
(0]

\ 8 - Ri=Me, R,= n-Bu (24.2);
Y 9 - R=i-Pr, R,=Me (30.8)
/ 10 - R1= CH3’ R2 = CGHS (383)
R4

7-10

Turning to the 6-membered PCCH 11-25 [4-6], it should be noted that the influence of substituents
(R) in the N, N> P-R unit on the CS of the 3P nucleus appears in the interval of 66.7-106.9 ppm.
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I [ I
OYN\]/O O\‘/N\'/O OYN\’/O
/N\/N\ /N\/N\ /N\/N\

HsC F|> CHs Ph Fl’ CH;  Ph F|> Ph

R R R

11-18 19-21 22.25
11 - R=NMe, (82.7 ppm); B _ 22 - R=Me (79.9 ppm);
12 - R=NEt, (80.1 ppm); ;9 - R=Me (80.5 ppm); 23 - R=Ph (68.7 ppm);
13 - R=NPh, (66.7 ppm): 0 - R=CI (106.9 ppm); 24 - R=CI (101.6 ppm);
14 - R=NHCH,CH,ClI (70.6 ppm); 21 - R=Ph (68.4 ppm); 25 - R=NMe, (79.3 ppm)

15 - R=N(CH,CH,Cl), (82.3 ppm);
16 - R=OMe (90.6 ppm);
17 - R=0Si(Me), (90.6 ppm);

At the same time, in the series of triazaphosphorinandiones of the general formula 11-25 CS of the
phosphorus atom bound to the R group, depending on the nature of the substituent in the P-R link, shifts to
a weaker field in the series: P-C (compounds 19, 21-23 [6]) <P-N (Compounds 11-15 [6], 18 [4], 25 [6])
<P-O (compounds 16, 17 [5]) - P-Cl (compounds 20, 24 [6]). The established order of CS change in
phosphazacycles 11-25 is in accordance with the electronegativity of the substituent R, directly attached to
the phosphorus atom. The displacement of electrons by the R substituent from the phosphorus atom in
these compounds contributes to the localization of the lone electron pair at the skeletal carbamide nitrogen
atoms, thereby causing an additional contribution to the weak-field shift of phosphorus atoms.

From the CS data presented, it is clear that the effect of the distribution of electrons in the carbamide
unit of the heterocyclic fragment of molecules 11-25 is worse than the direct displacement of electrons
within the P — R sigma bond in the considered phosphazocycles. It is quite well established that CS of the
three-coordinated phosphorus atom in PCCH 1-25 locate in the positive spectral region within 24.2-106.9
ppm and in the given corridor, the CS values depend on the chemical environment of the phosphorus
atom.

CHEMICAL SHIFTS OF THE 5-COORDINATED PHOSPHORUS ATOM IN PCCH NMR
SPECTRA

A general analysis of the changes in 3P CS in PCCH shows that 3-coordinated phosphazacycles 1-25
exhibit CS in the positive spectral region, whereas for 5-coordinated phosphazacycles this property is
mixed. In other words, CH for 5-coordinated phosphazacycles 26-49 [7, 8] is characteristic both in the
positive spectral region and in the negative region with a clear tendency toward the latter.

The change in cholesterol 3P CS in a series of thiylateddiazaphosphophetidinone derivatives 26-49 is
very interesting. So, if thionic phosphetidinones 27-34 [7] exhibit 3P CS in the positive spectral region
(58.5-83.1 ppm), regardless of the nature of the R substituent, then thiylatedchlorophosphetidinones 35-46
(-44.0; -49.6 ppm) and alkoxyphosphetidinone 26, (-39.9 ppm) show negative CS values [8].
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)Ok
HiC—N.  N—CHs HC
N\ ’
s |\Ph
| oL _cr
Ph
26 (-39.9 ppm)
CFs

35 -R,
36 - R,
o 37 -R;
I 38 - R,
i 39 - R,
/N 40 - R,
HsC—N N—R, 41-R,
N/ 42 - R,
Ry—S" | Ry H-Ry
! 44 R,
4 45 - R,
46 - R,
47 - R,
48 - R,
49 - R,

27-34

N—CH3

27 - R=CI (59.20 ppm);

28 - R=NMt;, (64.4 ppm);

29 - R=Net, (65.2 ppm);

30 - R=(CHy), (58.5 ppm);

31 - R=OMe( 67.5 ppm);

32 - R=SMe, (83,1 ppm);

33 - R=NPh, (58.5 ppm);

34 - R=N-(uyuknorekcwun), (58.8 ppm)

= Ph, R, = CH3 Rj = Ph; R, = Cl (-44,3 ppm)
= Ph, R, = Ph, R3 = Ph; R, = CI (-49,6 ppm)

= Ph, R, = CH3 R = CHg; Ry = CI (-44,0 ppm)
= Ph, R, = Ph, R = CH3; R, = CI (-46,2 ppm)

= 4-CH306H4!
= 4-CH306H4’
= 4-CH3CGH4’
4-CH3CgH,
4-0,NCgH,

= 4-02NC6H4

= 4-CH3CgHy,

= 4-CH306H4

R, = CH; R = CH3: Ry = CI (-44,6 ppm)

R, = Ph, Ry = CHa: R, = Cl (-45,6 ppm)

R2 = CH3, R3 = CH2C|, R4 =Cl (-47,33 ppm)
R2 = CH3, R3 = t-BU; R4 =ClI (-20,6 ppm)

R2 = CH3’ R3 = Ph; R4 =ClI (-48,6 ppm)

R, = Ph, R = Ph: R, = CI (-50,9 ppm)

R, = CHy R = Ph; Ry = CI (-43,8 ppm)

R, = Ph, Rs = Ph; R, = CI (-48,7 ppm)

= CH3, R2 = F;h, R3 = Ph, R4 = 4-02NCGH4 (-54,1 ppm)
= CH3, R2 = 4-CH3C6H4Y R3 = t-BU; R4 = 4-02NCGH4 (-34,1 ppm)
= CH3, R2 = 4_CH3C6H4, R3 = Ph, R4 = 4-02NCSH4 (-53,9 ppm)

In the series of phosphetidinones 26-49 in the first approximation, the carbamide group of the
heterocycle is equivalent in its effect on the phosphorus atom. Consequently, when comparing CS of the
phosphorus atoms in these phosphazacycles, their positive shift is provided by the sp? hybridized state of
the thionic group, and the negative shift of CS, along with other groups, is mainly due to the shielding
effect of the thiol group, since chlorine atoms and alkoxy groups are present in all compounds 26—49.

One of the interesting features in the data analysis 3P NMR spectra of phosphazacycles 50-53 [9] and
54-57 [10] is that the location of CS of phosphorus atom significantly depends on the hybridization of the
P = X bond. So, for example, a distinct dependence of the CS shift to the negative region in the series P =
N <P = O <P = S in compounds 50-57 is revealed.

o) CH o)
N/ \
/C—N\ o /C—N

— pZ _

HaC N\ R HsC N\
//C—N\ C—N
0 CH, o//

50-53

50 -
51 -
52 -
53 -

NHCH,CH,CI (3.1 ppm);
CI (5.1 ppm);
N(CH,CHy); (4.2 ppm)

A 0070

CH,CH,CI
/
~N

N
|/
C

NO,
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CH CF3

(@) 3 O CH3

\\C_N/ o CF, C_N / ﬁ\ \\C_ /

/7N NS

HaC—N p—0 CF, C_N HsC—N /P\N(CH2CH2CI)2

\ / C—N N(CH,CH,Cl), _

7\ o// \CH 7\
o CH, 3 © CHa

55 (-36.0 ppm) 56 (-38.8 ppm) 57 (-58.8 ppm)

The effect of other substituents at the phosphorus atom in these compounds on the screening of the P
atom is not as obvious as the change of the heteroatom in the P = X fragment of the PCCH examined.

For the series of spiro compounds 58-75 with the nodal phosphorus atom CS 3P become more
characteristic. All PCCH with the nodal phosphorus atom in the spiro compounds 58-62 [11] and 63-75
[12] give only negative CS *!P values (from -64.3 ppm to -79.9 ppm). For example, in phosphazacycles
58, 59 there are two CH 3!Ps (wherein in different valence states), however, CS of the nodal atom of
phosphorus can be clearly recognized due to its strong negative shift (-64.3; -69.0 ppm), while the three-
coordinated atom P gives positive CH in the region of 1.9-6.3 ppm.

(0] R1

o \
R SC\N N -R O#N\ /N%O
% P\RZP\RZ N/\\N
0”7 N /RN
R1 H3C R

58 - R,=Me, R4=Ph (1.9; -69.0 ppm) 60 - Ry = CgHy-CF3-3, Ry = CgF5 (-79.9 ppm)
59 - R,=R,=Ph (6.3; -64.3 ppm) 61-R; =Me, R, =Ph (-67.8 ppm)
62 - Ry = Ph, R, = Ph (-68,5 ppm)

The intervals of CS %P changes for spiro compounds 63-75 [12] are largely determined by the direct
influence of the substituents R at the phosphorus atom, and their oscillation range varies from -51.4 ppm
to -119.1 ppm Attention is drawn to the fact that by varying halogen-containing substituents R for
spirocycles 63-66 CS *'P become more negative in the series: F <ClI <Br <I. The observed order of CS
change of the nodal atom of phosphorus in compounds 63-66 is in full accordance with the electronegative
properties of halogens. The phenyl group in the spirocycle 60-62, 70, 72 sensitively screens the
phosphorus atom compared with the methyl derivatives 68, 69, 71, 73-75, which is most likely due to the
anisotropic effect of the aromatic core.

63 - R = Cl (-56.0 ppm);
64 - R =F (-51.4 ppm);

H,C CHs 65 - R = Br (-73.3 ppm);
\ / 66-R=1(-119.1 ppm);
N N 67 - R = CN (-89.4 ppm);
o% \ / /v/o 68 - R = MeP(SiMe3) (-56.1 ppm):
P 69 - R = OMe (-57.0 ppm);
/,\ 70 - R = OPh (-61.1 ppm);
N N 71 - R = SMe (-56.0 ppm);
R \ 72 - R = SPh (-59.4 ppm);
H3C CHs 73 - R = NMe, (-57.3 ppm);

74 - R = N3 (-66.2 ppm);
75 - R = NPMej3 (-71.0 ppm)

One of the factors affecting the location of CS 3!P in the PCCH is the possibility of molecular
flexibility of a heterocycle that is not directly related to the phosphorus atom. So, in imidazolidone 76-85,
—=104 ——
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this possibility leads to shielding, and for imidazolidones 86-89 — to unshielding of the phosphorus atom
compared to phosphoric acid itself or its esters, as indicated by the significantly strong-field shift of
cholesterol, observed on going to compounds 76-85 and weak-field shift on going to compounds 86-89.

(@) 76 - R1, R2= CGHS (-12,4 ppm),
(0]
OR
HN N ||3|< 277 R4 =_@ , Ro= CgH5 (-9,8 ppm);
\ 7/ | Dor,
R1 78 - R1 = CH3’ R2= C6H5 (-21,2 ppm),

76-80 79 - R1 = CGH5, R2= ClCH2CH2 (-12,5 ppm)
80 - R1 = CBHS, R2= H ('16,4 ppm),

@) 0 81 - R»]' R2= CGH5 (-11,6 ppm),
£ gon
ROSp | "SNP~ 82-Ry= —@ . Ry= CHs (-9,2 ppm);

83 - R1 = CH3’ R2= CGH5 (-16,2 ppm),
81-85 84 - R1 = C6H5, R2= C|CH20H2 (-11,0 ppm)
85 - R1 = C6H5‘ R2= H (-15,8 ppm),

(0] 0]
//O P 4
PR
CH
(CHy) N /P\OH (CHy)3 N . / >SOH
HN/< HO N/&
@] (0]

86 - n=0 (18.1 ppm, 20,6 ppm) Ho—F|>=o 89 (17.6 ppm, 21,1 ppm)
87 - n=1 (15.5 ppm, 19,4 ppm) OH

88 - n=2 (17.6 ppm, 20,0 ppm)

Conclusion

Comparative consideration of CS of the phosphorus atom in PCCH with five-coordinated phosphorus
shows that they undergo a negative shift, and their location mainly depends on the hybrid state of P atom
in the cycle and the junction type of the cycles

An attempt to make a comparative analysis of CS of the carbonyl group (C = O) in PCCH did not
reveal significant differences due to their changes in a narrow range of values (151-156 ppm), regardless
of the valence state of the phosphorus atom in the cycle and the method of junction of cycles (for example,
in the spiro compounds and bicycles 58-75). Only some shielding of C = O-group in PCCH compared
with urea itself (159.5 ppm) [15] and the bicyclic bisurea of octane series - glycoluril (161.9 ppm) [15] is
of interest. The observed effect appears to be determined by an increase in steric stresses (compression) in
PCCH due to the limitations in the flexibility of their skeleton, and, as a consequence, by strengthening the
order of the amide bond. The informational content of the NMR spectra analysis of PCCH is somewhat
reduced due to the absence of CS data of the NH groups. But this circumstance is due to the fact that
almost all synthesized and identified PCCH given in [1-14] contain substituents at the nitrogen atoms.

The dependences of chemical shifts on the structure of bicyclic bimocarbons and spiro compounds
obtained can be used to study the properties of macromolecular nitrogen-containing systems, as shown by
the example of some nitrogenous alkaloids [16].
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FrueMuzeprTey ToMCK MeMJIeKeTTiK yHuBepcuTeTi, Tomck, Peceit
2M.X.JlynaTu atbinaarsl Tapas MemiekeTTik yHuBepcutet, Tapas, Kazakcran
FpupivMuseprTey TOMCK NONMTEXHMKANBIK yHUBEpcuTeTi, ToMmck, Peceit
“J1.H. T'ymunes aThinaarsl EBpasusuibK YITTHIK yHHBepcuTeT, Hyp-Cynran, Kazakcran

®OCPOPUIMPJIEHIEH KAPBAMUJKYPAM/IbI TETEPOUUKJIIAPABIH SAIMP CHEKTPJIAPDI:
OOCPOPIABIH BAVIEHTTIJIIK KYPAMBI MEH IUKJIJAP OJIIIEMIHE BAWJIAHBICTBI XUMUSAJIBIK
KO3FAJBICTAPABIH EPEKIIEJIIKTEPI

AHHOTanus. Makanaia TalJaHsll OThIpFaH (Hocda3akoChLIBICTAp MOJICKYNIANAPBIHBIH KYPBUIBIMBI MEH KaHKAJaphI-
HBIH MUITIIITITIH %9HE a30T neH Gochop aTOMAAPBIHBIH allHAIACBIHIAFEI 3JIEKTPOHAApAb! 3epTreyne SIMP-cnekTpocko-
IUSTHBI KOJAaHy HOTIKENepl TalkplUIaHaabl. ABTopiap 89 kapOaMHUAKYpaMIIbl FeTepOLUKIIapAbH (GochopTyBIHIBLIAPEIH
SIMP 3P u B¥C crnexrpnapslHaarsl XUMUAIBIK KO3FAIbICTAPbI JKYHeni Tangay xyprisiiren. by koceuisicTap 6ip-6ipinen
¢docdop aTOMBIHBIH BaJEHTTUIIK KYHIMEH, HUKIIAp eJIEeMiIMEH XoHe LUKIAapAbH 0ip-OipiMeH KOchLIy dfici GoifbIHIa
epeKIIeIICHE .

TyiiiH ce3aep:TeTepOIMKIIbIKOChUIBICTap, SIMP-criekrpockomnus, (ocdazokocsuibicTap, GHochoprIupacHreH
kapOamuakypamsl rereporukiaap (OKKI), 3-koopanuupienrendpocdop arom, 5S-koopauaupiaeHrendocdop atom.

VK 543.429

A.A. Bakub6aes!, K.b. ’Kymanos?, C.JO. Manbmmna®®, C.U. Fop6un'?, JI.B. XpedoTopal,
0.B. Monomapenko*, C.B. Manskos?, UL.I'. Loii%, I'.K. MaTtaussosa, J.A. Baiiéaszaposa’

'Hanuonansueiit uccnenoparensckuit TOMCKUI roCyJapcTBEHHBIH YHUBEPCUTET
2Tapasckuii rocyapcTBeHHBbIH yHuBepcuter uM. M. X. [lynatu
SHanuoHanbHbli HccneaoBaTenbekuii TOMCKUIM MOMMTEXHUYECKHH YHUBEPCUTET
“Eppasuiickuil HalMOHANbHBIH yHuBepcuTeT uMenu JL.H. T'ymusena,

CHEKTPBI AMP ®OCPOPUINPOBAHHBIX KAPBAMUJCOAEPKAIIUX TETEPOLIUKJIOB:
OCOBEHHOCTHU XUMHNYECKHX CABUI'OB OT BAJIEHTHOT'O COCTOSHUSA ®OCDPOPA
U PASMEPA IIUKJIA

AHHOTanus. B cratbe 00CyXmarloTCs pe3ynbraThl IpuMeHeHus! SIMP-crieKTpocKonHy ISl M3YUeHUsT CTPYKTYPHI H
rHOKOCTH CKeJeTa aHAJM3UPYEMBIX MOJICKYN (Qocda3zacoeIMHEHUI U IEKTPOHHOTOOKPYKEHHS aTOMOB a30Ta u gocdopa.
ABTOpaMH IIpOBEIEH COBOKYIIHBIH CHCTEMHBIH aHAIM3 XUMHUYECKMX CIABUroB B crmektpax SIMP %P u BC 89
(dochopnpor3BOAHBIX KapOaAMHICOACPIKAIIUX TETCPOLUKIOB, KOTOPhIE OTIMYAIOTCS BaJCHTHBIM COCTOSHHEM aToMma
bocdopa, pa3MepoM IUKIA H CITIOCOOOM COUJICHEHHS LIUKIIOB.

KuroueBble cioBa: rereporukinueckue coeaunenus, IMP-cnekrpockonus, ¢pochazocoenunenus, pochopunupo-
BaHHbIe Kapbamunconepxarue rereporuiisl (OKCI), 3-koopauHupoBanHbld atom (Gocdopa, 5-KoOpAHHHUPOBAHHBIN
atoM ¢ocdopa.
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