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OO0'eKT MOCHIKEHHSI — CyNPaMOJIEKYJISIpHI CHOJYKHM Ha MPHUKJIaAl KOMIUIEKCIB
"TiCTh-Xa3siH"' MPU BUKOPHUCTAHHI Yy SIKOCTI MoOJeKya "xa3siHiB" — O- ta N-BMicTHUX
reTepOLUKIIIB, KpayH-€TepiB pi3HOI OyIOBH, KUCIOT Ta JYTIB, a Y SKOCTI MOJIEKYJI
"rocteil" — opraHiyHUX 1 HEOPTaHIYHUX CHOJIYK.

Merta poboTH — IOCHiKEHHS] CHHTE3Y 1 aHali3 HOBHUX cronykK (‘'TicTh-xazsin")
MIpU BUKOPUCTAHHI K "Xa3siHIB" — TreTepOLUKIIIB, KpayH-€TepiB Pi13HOI OYiBIi, a SIK
"rocTell" — OpraHiyHUX 1 HEOPraHIYHUX CIOJYK, Y TOMY YUCIl O10JIOTTYHO aKTUBHUX
CIIOJIYK, a TAKOX JIAOUTbHUX PIBHOBAXKHUX PO3UYHUHIB (PIIYOPOKOMIUIEKCHUX KUCTIOT.

Merton  gochipkeHHS —  po3poOKa METOAMKM W CHHTE3  Ha3BaHUX
CyNpaMOJEKYJSIpHUX  CIHOJYK Yy  BHJOl  MOHOKPHUCTaNIIB 1  3/1ACHEHHS
PEHTIEHOCTPYKTYPHOI'O TOCHIKEHHS [T OTPUMAHUX IPOIYKTIB.

JloBesieHa MOKJIMBICTH @ TaKOX PO3POOJIECHO METOJMKHU 1 3[1MCHEHO CHUHTE3
KOMILUIEKCY a3aKkpayH-eTepa 13 (PIyOpOKOMIUIEKCHUMHU KHCIOTaMH Oopa, KPEMHIIO,
repMaHisi, OJi0OBa, IMPKOHIIO, TadHIlO, HIOOI0, TaHTandy. Po3poOiieHI METOAMKH 1
3M1MCHEH] CMHTE3U KOMIUIEKCIB MOXITHUX MIPUMIIUHIB 3 MAKPOIIKIIYHUMU MOMI—
azamoJjiieTepaMu. 3aBeplieHa poOdoTa 3 CHUHTE3y Ta BUBUYEHHS BIACTUBOCTI MPOJYKTIB
alUTIOBaHHSA  aMIHIB 1,8-HadTasmoinxmopugoMm  Ta  XJOpaHTigpuaoMm  2,3-
JTIXJOPMAJICIHOBOT  KUCJOTH. 3MIMCHEHO CHHTE3 KOMIUIEKCIB KpayH-eTepiB 3
MPOTIOHAMIZIOM Ta CyJib(paHUIaMITHUMU MIpenapaTaMu.

BuzHaueHo MDKHapOAHUN HAYKOMETPUYHUN TMOKa3HUK podotu OnechKoro
HepxxaBHoro EKOIOTIYHOrO YHIBEPCUTETY MO HAMNPAMKY I[l€i HAyKOBOi XIMIYHOI
TEeMaTUKd B pedepatuBHUX Oazax manmx Scopus (h-immekc nopiBHioe 11).
PesynbTaToM 11i€1 K HAyKOBOI MiSUIBHOCTI € TaK0X MDKHApOJHHM cepTudikat
"IIpoBinni BueHi cBity, 2013" i peztome B 30-0M OBUICHHOMY MiKHApPOJHOMY BHIaHHI
"XT0 € X10 y Cgiti, 2013".

Pesynbratu H/IP BUKOpHCTaH1 y CTAaTTAX Y NPOBIAHUX HAYKOBUX BUJIAHHSX.
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[MIPUMIJIUHN, ®IYOPOKOMIUIEKCHI KMCJIOTH, BOP, KPEMHIN, T'EPMAHIH,
OJIOBO, HIOBI, TAHTAJI, LIMPKOHIU, TA®HINA, TPUA30J, ITPOTIOHAMIZ,
CYJIb® AHIJTAMI/.

YMoBU oniepkaHHS 3BITY: 3a moroBopom. 65016, Onmeca-16, Byin. JIbBiBCchKa, 15,
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BCTVII

MonekynsipHa XiMisi KOHTPOJIO€ KOBaJIeHTHI 3B's13ku. CyInpaMoeKyIsapHa Ximis
- "XiMisg 3a MeEXaMu MOJIEeKYyIu'. Ii wine - JocsATHEHHS KOHTPOJIK Haj
MDKMOJIEKYJIIPHUMH HEKOBAJIEHTHUMH B3aemoaisiMu. CympaMoJieKyIsipHa XiMis Mae
cnpaBy 3 OUIbll CKJIAQJHUMH YTBOPEHHSIMH, YHM OKpeMl MOJEeKys, -
CyNpaMOJEKyIsIPpHUMU aHCaAaMOJISIMM  yTPUMYBAaHUMU Pa30M  MIKMOJICKYISIPHUMU
€IHAIBHUMU B3aeMoJlisiMu. lle - HalBUIOIO MIpOK  MUKAUCHUIUIIHAPHA Taly3b
3HaHHS, 110 MOEJHYE HAYKYy 1 TEXHOJIOTIIO, IO MEPEKHJae MOCTH B XiMii 10
O1omorii. Pe3ynbTaTu cynpaMosieKyIsIpHUX JOCIII)KEHb HEOJAMIHHO BUKOPUCTOBYETHCS
K XIMi4Ha 0a3a Impu MOJEIIOBAaHHI MOJICKYJISIPHUX 1 MDXKMOJIEKYJISIPHUX B3a€MOJIN
NPUPOJHUX MOJEKYJd, a B3arajil 1 B HaBKOJMIIHbOMY CEpPEIOBHUINE, a TaKOXK Yy
CIPSIMOBAHOMY CHUHTE31 CYIIPaMOJIEKYJIIPHUX aHCaMOJIiB.
[- Comprehensive supramolecular chemistry / Eds. J-M. Lehn, J.L. Atwood, J.E.D.
Davies, D.D. MacNicol, F. Wogtle. Oxford - New York - Tokyo: Pergamon, 1996.
Vol. 1-11. (moBa - aHTJIilCHKA);
- Jlen XK-M. CynpamonekymnsipHa ximia: Konnenuii 1 nepcrnektuBu. HoBocuOipehk:

Hayxka, 1998. 334 c. (MoBa - pociiicbka)

Jlew X-M. (J-M. Lehn) e maypearom HoOemBchbkoi mpeMii 1 TOJOBHUM
KOOPIWHATOPOM CYYaCHHUX CYNPaMOJICKYJIIPHUX JOCTIDKEHb y €Bpori it AMepwuiii. |

OO0'exTamMu AOCIIKEHHSI CYIpPaMOJICKYJISIPHOI XiMIi € BeIWKl MOPOKHUHHI
MOJIEKYJIM 1 IX KOMIUIEKCH 3 KaTlOHaMH, aHIOHAMHU Ta HEUTpaJIbHUMHU MOJIEKYJIaMH,
MOPIBHSHO HEBEJIMKOTO po3Mipy. B ocTaHHI JeCATHIITTS CHUHTE30BaH1 1 JOCTaTHBO
no0pe BUBYEHI TaKl HAJA3BUYANHO I[IKaBI MAKpPOTETEPOLUKIIUHI CIOIYKU K KpayH-
€TepH, KpUINTAHAM, KABUTAHIU, KaJIIKCApEHW, AaHHYJCHHW, UUKIO(paHU, KaTEHaHH,
potakcanu. OcoOiuBe Miclle NpU IbOMY B XiMIi MakpOUUKIIB 13 PSAy HOpUUYUH
3aiiMaloTh KpayH-€TepH, KPUNTAHAM 1 iXHI TreTepoaHanorud. Takl CHONYKH 3AaTHI
yTBOPIOBaTH CTAOUIbHI KOMIUIEKCH 3 10HAMU METajliB, HEUTpPaIbHUMH OpPTraHIuHUMHU
CIOJIyKaMH 1 BOJOI0, CONIOOLII03yBaTU iX B OpPraHiyHI PO3YMHHUKHU, a00 MEPEHOCUTH

10HU Yepe3 IPUPOJIHI 1 IITYyYHI MeMOpaHH.
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MeTtonamMu JOCHIKEHHST CYNpPaMoOJIEKyJIsIpHOi XiMli € Taki cydacHi (Di3UKO-
XiMiyHI ~ MeTtoau  gochimxenb gk [IMP, 4, VY®, wmac-cnekTpomeTpis,
PEHTIEHOCTPYKTYpHUIM aHami3 1 1H., 1m0 3a0e3reuye HAAIMHICTh 1 OJHO3HAYHY
IHTEepIpeTaIil0 OTPUMAHUX PE3YJIbTATIB.

OnHak, 1ajJeKo He BC1 3aKOHOMIPHOCTI TaKUX B3a€EMOJIN pPETEIbHO BUBYEHI 1 TOBEACHI.
Tomy nociimkeHHs B [IbOMY HAMPAMKY € JOCUTh aKTyaJlbHUMH.

MeTtoro JaHOTrO JOCHIIKEHHS € CHUHTe3 1 (I3UKO-XIMIYHE TECTyBaHHS HOBUX
OPUTIHATBHUX CYNPAMOJICKYJSIPHHX CHOJYK (KOMIUICKCIB "TiCThb-Xa3siH') mpu
BUKOPUCTaHHI K TIOPOKHMHHI MOJIEKYJIHM ''Xa3fiHIB" — KHCEHb 1 a30T BMICTHHX
KpayH-€TepiB pi3HOI OYIiBii, a SIK MOJIEKYJ 'TiCTed'"' — OpraHIYHUX 1 HEOPTaHIYHUX
CIOJIYK, Y TOMY YHCJI1 TOPIBHSHHHUX 32 PO3MIPOM 1 (PYHKIIIOHAJTILHOIO CTPYKTYPOIO 3
KpayH-eTepaMu, OIOJIOTIYHO AaKTUBHUX CIOJYK, a TaK0X JaOlIbHUX DPIBHOBAXKHUX
PO34YUHIB KHUCIOT. Pe3yapTaTu HUX AOCHIKEHb MOXYTh OyTH MPHUHHATI 10 YBaru siK
XIMIYHAa OCHOBA MpPHU MOJEIIOBaHHI MOJICKYJSIPHUX 1 MDKMOJEKYISIPHUX B3a€EMOJIN
MPUPOJIHUX MOJEKYJ, a TAKOXK Yy CIPSIMOBAHOMY CHUHTE31 IHILIUX CYNPaMOJICKYISIPHUX
ancamOmniB.  OTpumaHl pe3ynbTaTU 1€l poOOTH amnpoOOBaHI HA MIXKHAPOJAHHUX
KOH(EpEeHIIAX, HapaJaxX, CUMII031yMax 1 OMy0JIiIKOBaH1 B MDKHAPOJHUX JKypHaJaXx.

3agadl JOCHIKEHHS BKIIOYAIOTH aHalli3 BIJOMHUX JITEPaTypHUX JaHUX 1
pO3pOoOKYy METOJIB CHHTE3Y IEepEepaxOoBaHUX BHUIIE OO'€KTIB, MEPETBOPEHHS IX Yy
MOHOKpHUCTaNY, 3AIMCHEHHS PEHTIEHOCTPYKTYPHHMX  JOCHIKEHb  apXITEKTypH
OTpUMaHUX CYNPaMOJEKYJISIpHUX aHcaMOJiB y CHIBaBTOPCTBI 3  YCUISIKUMU
IHTEpHAIlIOHAIbLHUMU HAaYKOBUMHU KOMaHJaMH, aHalli3 1 Y3TO/KEHHS OTPUMaHUX
pe3yJabTaTIB  BIZHOCHO  BIIOMHUX  (EHOMEHIB  BKJIIOYCHHS,  HAKOIMMYCHHS
KOHCTPYKTUBHUX BUCHOBKIB.

Tepmin BukoHaHHs etanmy TeMu ~ CymnpaMoieKylasipHa XiMis Ha OCHOBI

TeTepOIUKIiB Ta eneMeHTohayopokommuiekcHux kuciaot* 3 01.01.2014 p. nmo

31.12.2014 p.
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1 CUHTE3 1 OCOBJIMBOCTI CTPYKTYPU IOXIJHUX 1,3-

JITCTAPOIIIPUMIJINH-2,4-JIOHIB (ITOXIJIHUX I[TIPUMIJIMHIB) ¥
KOMITJIEKCAX 3 MAKPOLIKJITYHUMU ITOJII- 1 A3ATIOJIIETEPAMU

31aTHICTh MOXITHUX MIPUMIIMHIB 0 CEJICKTUBHUX MEKMOJIEKYJISIPHUX B3aEMOJIII 3a
JIOTIOMOT'OI0 BOJIHEBUX 3B'3KIB BU3HAYA€ iXHS poyib y O1OJOTIYHUX Mpolecax M sBIsiE
VHIKQIbHUM TpUKIaA po3Mi3HABaHHA cyoOcTparty peuentopoM. I[logiOoHuM unHOM
(dhopMyIOTECSL JTIMEPH 3 Tap a30TUCTUX OCHOB HYKJIETHOBHX KHCIOT, KOMIUIEMEHTapHa
B3a€EMOJIS SIKUX 3/IIMCHIOETHCS 3a PaXyHOK CHUCTEMH BOJIHEBHX 3B'S3KiB. BinmoBigHO 110
ICHYIOUHX TOJaHb, 010JI0T1YHA aKTUBHICTh JIESIKUX MPUPOJIHUX IMYPHUHIB 1 MIPUMITUHIB, a
TaKOXK IXHIX CMHTETUYHUX AaHAIOrB OOYMOBIJIEHA 3[ATHICTIO (DYHKI[IOHYBaTH B CKJIaAl
CTaOUTbHUX [1-, TPU W TETPAKOMIIOHCHTHUX KOMIUICKCIB. Taki acolllaTd BIA€ThCSA
3apikcyBaTH W JOCHIKYBaTH PI3HUMHU crioco0aMu, OCHOBHUM cepen skux € PCA.
He3Baxkaroum Ha yuciaeHHI MyOJiKalii Mpo CUCTEMU MIDKMOJEKYJISPHUX B3a€EMOJIH,
HaM He BIJIOMUN YHIBEpCAJIbHUI pELENnTOop AJs 3B'I3yBaHHS HEUTpPAJbHUX MOJICKYJ 3a
normomMoror BoaHeBux 3B's3kiB (H-3B's13ki). IIpote, Ha ponp H-akmenTopiB, 3maTHHX
yTBOptoBaTu 3 H-moHOpamu KpucTaliuHl 3'€HAHHS 13 MOPOCTHN 1ETOYHCEITHOIO
CTeXIOMeTpi€lo, MOXyTh mpeTeHmyBaTH KpayH-etepu (KE) 1 ixmi anamorm. Taki
KOMILUIEKCH BHUBYAIOTHCSI B OCHOBHOMY 3 METOIO OjJiepKaHHs 1H(opmallii, HeoOX1aHOT
JUISL PO3YMIHHS BHECKY CJIa0KMX B3a€EMOJIN y 3arajibHy CHUCTEeMY cTabuTi3arii
cynpaMmoJieKyJsipuux acouiaTiB. Ciii 3a3HAYUTH, 10 3 MOMEHTY IMOSBU TEpMIHA
"Xa3sH-TICTh KOMIUIEKC" cTOCOBHO N0 komIuiekciB KE 3 HelTpanbHUMM OpraHiYHUMU
MOJIEKYJIaMH, YSIBH IIPO POJIb HOTO KOMIOHEHTIB MEPETEPHUIN ICTOTHI 3MIHHU, 1 TENEp
HEPIAKO MaKpOIMKIIIUHA MOJIEKYJIAa PO3TIISAAAETHCS SIK TICTh, IO BIPOBAIKYETHCS B
MaTpULI0 MOJEKyJl Xa3siiHa. Sk  Taki OpUKIAgd aBTOPU MOXKYTh HPHUBECTH
MOJIEKYJISIPHI KOMIUIEKCH JITI001CEYOBUHU ¥ TpU(PEHLIMETAHOBUX MOXITHUX 3 PI3HUMHU
no po3mipHocti KE. 3 iHmoro 0Ooky, cydacHa XiMmisi HYKJIETHOBUX OCHOB M IXHIX
CUHTETUYHUX aHAJIOTIB Ja€ SICKpaBl MPUKIAAU IXHbOI caMoOpraHizaiii B MPUCYTHOCTI
pPI3HUX TEMIUIATIB, SKMMHU HaW4yacTillle BHCTYNAlOTh KaTiOHHW MeETaiB. Y AIMCHOI

po0OOTI aBTOpU MalOTh HaMIp MIJKPECIUTH AOCTOIHCTBA MOJIETEpiB M IXHIX a3a-
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aHaAJIOTIB K TMEpPCIEeKTUBHUX TEMIUIATIB, M0 3a0e3MeuyloTh Mepepo3MnoaiI
MDKMOJIEKYJIIPHUX BOAHEBUX 3B'SI3KIB Y KPUCTAIIYHIA CTPYKTYpl YpamiabHOIO
MOXiHOTO (Xa3sAiHa) MPH BIPOBAKCHHI B HET MaKPOIMKIIYHOT MoJieKyimu (TocTs).
HasiBHiCT y MOJIEKYJII Takoro XxassiHa JeKUTbkoX H-moHOpHHMX (amimHi, OKCHUMHI,
cynmbho-, 1 aminorpymu) i1 H-akmentopuux uentpie (=0, =S, =N-) mianapHoi 1
TeTpaeqpUUHOI TeOMEeTpii J03BOJsiEe 3M1iMCHUTH KoMiulekcoyTBopeHHsl 3 KE BHacmimox
"BUBUIbHEHHSI 3 Xa3sliH - Xa3siiH B3aeMofiil cuiabHUX H-TOHOPIB mpU YaCTKOBOMY
30epexkeHHI Horo camoopraHiamii. KpiM Toro, ojepkaHHS KOMIUIEKCIB 3
MaKpOLUMKIIYHOIO  MOJEKYJOI  JIO3BOJIMJIO BCTAHOBUTU OyIOBY W  BUBUYUTH
0Cco0JIMBOCTI psixy HOBHUX 1,3-mirimpomipuminid-2,4-mi0HiB, SAKICTh KPUCTATIB SKUX HE
BIIMOBIAJI0O BUMOTaM PEHTIEHOCTPYKTYpHOro ekcnepumeHty. Ha cxemi 1

MpEACTaBICHI MOXIIHI MPIMUIIHY ¥ KpayH-€TepH, 10 CKJIAJal0Th MPEaMeT AiMCHOT

poOoTH.
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Iarepec no 2,4-nmitioyparmny (A), SK 0 HAWIIPOCTIIIOrO TPEACTABHUKA PSTy
ypauuiaiB, OOyMOBIEHUI MOJIMBICTIO BUBUEHHSI THUIIIB B3a€MOJIM, XapakTEpHUX s
TaHuX (PYHKIIOHATBHUX TPYH, a TaKOXX HANOUIbIIE JIETKO TiAPATYIOMIMXCS MO3UIIIH.
Binomo, 110 TEOpeTHMYHO I CIOMyKa MOXKE ICHYBAaTH Yy BUIVIS/II IIECTH TION-TIOHHUX
TayToMepiB. UMCIEHHI TEOpPETHYH1 AOCHIIKEHHS OIHIOBAIM MepeBary TayTOMIPHUX
(dbopM 13 €HEepreTUYHOI TOYKUA 30pYy 3aJ€KHO BIJ] arperaTHOro CTaHy PEUYOBUHHU. Y
KpHUCTaJll MOJIEKYJIM A MPUCYTHI B JUTIOHOT hopMi i 00'elHaHI B JiHIINHI JIAHIIOKKH 32
paxyHOK YepryBaHHS JBOX OJHAKOBHX R,%(8) CYNpPaMOJICKYJISIPHUX CHUHTOHIB C Y4acTiO
NH-rpymu i omHoro 3 TioHWX aromiB cipku. bimeme cmabki B3aemomii tumy CH™S

3MIMCHIOIOTH 00'€THAHHS IIUX JIAHIIOKKIB Yy map (muB. puc. 1.1).

Pucynok 1.1. Kpucraniuna ctpyktypa 2,4-nitioypammy. Bincrani N™'S B R,%(8)
cunToHax 3,314 i 3,334 A, maiikopormi Bincrani CS B CH S konrakrax 3,487 i 3,828
A

Mornekyisipai - komivieken  2,4-nmitioyparny  (A) 3 KE 1-9 numarecs Ha
JBOXKOMITOHCHTHI i TPHKOMITOHEHTHI CHCTeMH (TiIpaTH) i IEMOHCTPYIOTh KiJTbKa THIIIB
CTPYKTypHOi opranizaiii. J[BoxkommnoHeHTHI cucteMu 2(A);, (7A) (8A),;, (9A),
XapaKkTepU3yIThcs cTexiomeTpiero 2:1 abo 1:1. ¥V Bcix komiuiekcax 30epiraeTbes
00'eIHAHHS MOJICKYJI A y IiMep 3a paxyHOK CyIPaMOJIeKyISIpHOrO TOMOCIHTOHY R%(8).
CynpaMonekymsipHa opraHizailis JUKTYeTbCS T€OMETPIEI0 MAKPOLUKIIYHOI MOJICKYJIU: Y
BUTIAJIKY MaKpOIMKITY 2, 10 € CTPYKTYPHHM aHAJoroM 1, piBHOIIIHHICTH JBOX CTOPiH
MaKpOLUMKIY OOYMOBIIOE JAHLIIOTOBY CTPYKTYpy 13 UepryBaHHsAM JdiMepiB A Ta

MaKpPOIMKIIIYHUX MOJICKYJI (B, puc. 1.2).
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Pucynoxk 1.2. ®parmMeHT MOJIMEPHOTO JIAHIIOKKA B KpHUCTaT KOMITICKCY 2 (A);.

Tpu HIIMX KOMIUIEKCH IIi€1 TpyNmu SIBJISIOTH COOOK0 MOJIEKYJISIpHI Karcysd 3
po3TanryBaHHSAM JiMepHOro acomiaty (A), mixk aBoma moniekyiaamu KE (muB. puc. 1.3).
Bci  TpukomMmnoneHTHi cucteMu JeMOHCTpyroTh 1:1:1  crexiomerpiro. Komruiekc
5(A)22H,0, equnuii y 1ii rpyii, sBIsiE COO00 MIECTHWICHHUH acoIiaT, y SKOMY JTiMep
(A), yxmagenmii mixk qBoma mosekynamu KE, a Monekynu Bogu c1abko BTpUMYIOTBCS Ha

30BHIIIHIA CTOPOHI IOPOKHUHK Makpormkiy (mus. prc. 1.30) .

a) (6)
Pucynox 1.3. Ilpuknaau MosekyasspHuX Karcyd (a) komiuieke (8'A),, BimcraHi
NS 3,297, N0 2,790, C 0O 3,102 A; (6) xommieke 5(A),2H,0, Bincrani NS 3,340,
N0 2,953 i 3,137, C0 3,369 A, Bincrani O(Bona)...O(kpayn) 2,937 i 3,425 A.

B xommiekcax 1(A)H,O, 2(A)H,0, 4(A)H,O mosekyna BoIu BIPOBAHKYETHCS
MDK MakKpOLMKIIYHOIO MOJIEKYJIOK W Mojekyiow A, akuentys npotoH NH-rpymnu i
nitoun ik H-nonop s KE. Ile npuBoAWTh A0 JIAaHLIOTOBOTO MOTHUBY 13 YEpPryBaHHSIM
KoMIToHeHTiB. [likaBuM y mpoMy IUiaHi mpeacraBisieTbes kKomruieke 1(A)H,O (mms.
puc. 1.4), y skoMy MaKpOIMKII TiepeOyBae B HEXapaKTePHOMY HECUMETPHYHOMY OTOUYCHHI

it onucyetbes cumetpiero Ci.
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Pucynok 1.4. ®parMeHT MOJIMEPHOTO JAHIIOKKA B KPUCTAIl KOMIUIEKCY
1(A)H.O

B3aemHe po3rainryBaHHS KOMIIOHEHTIB y KOMIUIEKCAX SIBISIE COOOK0 KOMITPOMIC
MDK HAWKpalow COPSMOBAHICTIO BOJHEBHX 3B'SA3KIB 1 HAWOUIBII CHPUSTIUBUM
pO3TaITyBaHHAM [UKIIYHUX T-apOMATHYHHUX cUcTeM. Y BHmaaky 1-3 i 6, ¢ 30imHeHo1 -
€JIEKTPOHHOI0 CUCTEMOIO, MOJIEKyJIa A pO3TalloBaHa MPAaKTUYHO MEPHEHIUKYISIPHO 10
MaKpOLMKIIIYHOI MMOPOKHUHY, 10 3abe3nedye MakcuManbHy ydacTb sk NH- tak i CH-
NPOTOHIB Yy 3arajlbHId CHUCTEM1 MDKMOJIEKYJISIpHUX B3aemoxid. Kommuexcu 3 4 i1 5
JIEMOHCTPYIOTh ICTOTHUM BHECOK apOMAaTHYHOI CKJIaI0BOI MAaKPOIIMKIIYHOTO KUIbIL, 1110
MIPOSIBIISIETHCS] B OPIEHTALIIT MOJIEKYJIM A MPaKTUYHO MapalieIbHO TUIOMMHA OEH30JIbHOTO
kbt KE (muB. puc. 1.30). 3a BuHATKOM OiDeHWIBHHMX, BCi BHBYCHI MAaKPOITUKIIH
MOBOJISITECSL  SIK JIBOCTOPOHHI MOJIEKYJIM, 110 3a0e3nedye 3ay4eHHS MaKCHUMaJlbHOTO
yrcna atoMiB kucHiO KE y kommuiekcoyTBopeHHi.

HasBaicts y Monekymax BH - GH momatkoBux meHTpiB, 3MaTHUX HE TUTbKH 10 H-
3B'SI3yBaHHIO, ajie¢ ¥ JENPOTOHYBAHHS, MIPUBOJUTH 10 YCKIATHEHHS CYNPaMOJIEKyISIpHOT
apXITEeKTYpH KOMIUIEKCIB. Y TMpolleci BUBYECHHS MPOAYKTIB 3aMIIICHHS aMIHOTPYNH B
MIPUMUIHAX MM I1€10 TIAPOKCHIaMIHY OTpUMaH1 Pi3HOMaHITHI Ji-, TPH-, 1 TETPAOKCIMHU.
Oco6nuBocTi OY0BH JIETKUX 3 HUX, 30KpeMa, TayToMepHa popma niokcumy BH, a Takox
OymoBa OIMKITIYHKUX CHOJYK, MPOAYKTIB IHKIi3amii ai- 1 Tpuokcumis, (cmomykn CH 1
DH) noBeseHo B cKiiali KpUCTATIYHUX MPOAYKTIB ixHBo1 B3aemoii 3 KE i a3a-KE. PCA
YCTAHOBJEHO, MmO 3 4-ex TayroMepHUX (OPM MOXKJIUBHUX JJISI MIPUMITIH-
2,4,5,6(1H,3H)-TeTpaoH-4,5-1i0KCUMY Y KPHCTATIYHOMY CTaHi B KOMITIekcax 3 2 i 10
dbixcoanwuii (4Z,5E)-i3omep, BH. Y Burisini opranigyHux cojieli OTpuMaHi KPUCTATIIHI
npoayktu ckiany (2NHg)(B) i (H2-10)(B),, y siki oHa OKCHMHA TpyIa JeHpOTOHOBaHA
32 paxyHOK MEpeXoy MPOTOHA A0 MAKPOLMKIIYHOTO aToMa a3oTy abo J0 MOJEKYJIH

aMiaKy 3 YTBOPEHHSIM aMOHIMHOI cojii. B 000X BuMaakax y CTpyKTypax 30epiraeTbcs
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camoopraizauis anionis: B (H,-10)(B), y mianapHuit giMep 3a paxyHok R,%(6) oxcum-
OKCHMAaTHOTO CiHTOHY (muB. puc. 1.5), y (2’NH,4)(B) - y naHIior 3a paxyHOK KoMOiHaii
R,%(6) oxcum-okcumarHoro i R,%(8) xapGamimsoro cinrony (zms. puc. 1.6).
KondopmMauiiiHo Ginem pyxumBuii mikartion (Hp-10)*" Hamae me Tineku csoi >NH,'
MPOTOHOJIOHOPHI TEHTPU sl OKCiMHOI rpymu, ame W O-akmentopu mais NH O
B3aemoii 3 amuaHoro NH- rpynoro, 110 1 € IpUYrHOI OOPUBY JIAHIIIOTOBOTO MOTHUBY

B'- anioniB y komiutekci (Hz-10)(B)..

ol

Pucynox 1.5. Hait0nmkue orouenns aimepy (B'),y kommmiekci (H,-10)(B);

Pucynoxk 1.6. ®parment crpiukoBoi ctpykTypu B (2'NH,)(B).

VY cknami mMonekynsapaux komiuiekciB (10)(CH);2H,O i1 (10)(DH), Bu3naueHi
TaKOXX CTPYKTYpU NPOJYKTIB LMKII3AIii di- 1 TPU-OKCUMIB, BIAMOBIIHO. Monekynu
CH # DH vy xommiekcax MarTh IDIaHapHy reomeTpiro. OO0i  Cmomyku
XapaKTEePU3YIOThCS  JIAHIJIOTOBYIO  CTPYKTypor. HasBHiCTh B aHenipoBaHUX
azosoyparwiiB jume aBox H-gonopuux mentpiB (>N-H) y Bumagky komruiekcy
(10)(CH);2H,O kommeHCyeTbCs 3a paxyHOK MOJCKYJIH BOJHW, 3JaTHICTh SKOI
YTBOPIOBaTH MaKCHUMalbHO 4YOTUpU H-3B'SI3Ky B CHOJMy4eHHI 3 MajluM OOCSTOM,
JI03BOJISIE 30LIBIIATHA YHCIO MIKMOJICKYJISIPHUX BOJHEBUX 3B's3kiB (muB. puc. 1.7), 1

TUM CAMUM MOJINIIUTH TOMOJOTTYHY BIAMOBITHICTD.
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Pucynok 1.7. ®parMeHT NOJIMEPHOIO JIAHI[IOKKA B KPUCTAIIl KOMILIEKCY
(10)(CH),2H.0.

Y nBoxkommoHeHTHOMY komiuiekci (10)(DH), oxciMua rpyma Bukonye sik H-
noHOpHY, Tak ¥ H- akmenropny ¢yHkIii, Oyayun 3amydenoi qo OH™O(kpayH)
B3a€MOJII1 CBOEIO TiAPOKCHIBHOIO Tpymoto, a B NH(kpayn) "N B3aeMoii - OKCIMHUM
aToMoM azoty (auB. puc. 1.8). ITogiOHO ABOM TMOMEpeaHIM CTPYKTypaMm, 30epiraeThcs

2 S . .
R,°(8) xapOaMigHUit TOMOCIHTOH MK CHMETPUYHO 3B'sI3aHUMH MoJjieKyiamu DH.

Pucynoxk 1.8. ®parmMeHT moJiiMepHOTO JIaHII0KKa B Kpructam kominiekcy (10)(DH),.
Bincrani O(H) "O(kpayn) 2,906 i 3,000, N(H)(xpayn) "N 3,001 A, incrani N"O y
Kap6aMuIHOMY roMocinTone 2,834 A,

Y NmpHUCYTHOCTI AOCUTH CUIBbHOI OCHOBH, sikuM € 10, BigOyBaeThCs NEeMpOTOHYBaHHS
nepudepiitHoi cylnbdorpynu MOJIEKYITU 6-amino-2,4-miokco-1,2,3,4-
TeTpariapompuMinia-5-cyaspamoroi kuciaotu (EH) 13  yTBOpeHHSIM 10OHHOTO
komiutekcy (H,-10)(E),2H,0 . baraTtuii mpoTOHOIOHOPHUMH IICHTpaMH aHiOH (GopMye
HETaTHBHO-HETaTHBHO-3apsPKeHUI 1map, craburizoBanuii Tpaauniiaumu NHO(=C)
B3aEMOJISIMU B CKIaAl R22(8) CyIpPaMOJIEKYJISIPHOTO TOMOCUHTOHA W NEPEXPECHUMU
NH...(SO3-) BoaneBumu 3B'si3kamMu. KokeH aHIOH 3allydeHUH y B3aEMOJIIO i3 TPhOMa
HaWOIMKYMMU cycigamMu 3 (GOpMYBaHHSAM ' TOJBIMHOrO" ImIapy, IO BH3HAYAETHCS
TETPadIpUUECKOl F€OMETPIEI0 aToMa a30Ty CyJb(pamigHOI Ipylnu N TPUTOHAIBHOIO

Ooynosoro cynbdorpynu (muB. puc. 1.9). MakponmkiTiuHAN KaTiOH MOB'I3aHUN 3
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aHioHHOIO citkoro mpavumu NH'"O B3aemomismu. Y kpucTami 3aificHIOETbCS
"O1uHMil" criocid KoopMHaLli MaKpoUUKIy, o0uaBa atoMu BoaHIO NHp-rpynu MaroTh
ex30-opieHTallilo. MolleKylu BOAM, IO € NPUCYTHIMHU Yy CTPYKTypi, MOpsa 3
MaKpOLMKIIYHUMU KaTIOHAMHM, BHUKOHYIOTb MICTKOBY (YHKIII0O MDK CYCIOHIMHU

HCTATHUBHO - 3apAJPKCHHUMM IIapaMU.

Pucynoxk 1.9. bynosa kommiekcy (Hz-10)(E), 2H,0. ®parmeHT HeratuBHO-
3apsipKeHOro 1mapy. a). Bun 3Bepxy. 0) Bua 300ky. B) HaliOnmkde oToueHHS
MaKpOLMKJIIYHOTO KaTiOHA B KpUCTAIT1

Hami nmocmimpkeHHsT MOKa3alid, 10 B MPUCYTHOCTI a3a-MaKpOIUKIA MOKIHBO
JEPOTOHYBaHHS MOJIEKYJIM YpalWJy TaKoX 3a PaxyHOK BIIIIIIJICHHS BOJHIO BIJ
TeTEPOIMKITIYHOTO aToMa a30Ty. Lle BusiBieHo mpu B3aemogii B mapax GH - 101 FH —11.
B 000x Bumaakax, nmoaioHO NONEpeIHbOMY KOMILIEKCY, MAKPOLMKIIYHUNA JIKaTIOH 1 J1Ba
ypaluIbHUX aHIOHU YTBOpATH TicHy ioHHY mapy. B GH, ne sx i@ B CH Hemae
nepudepiiHuX QYHKIIOHATIBHUX TPy, Y KOMIUIEKCOYTBOPEHHS 3aJIy4eH1 () yHKI[IOHAIbHI
TPy MIPUMIIHHIBOrO IUKITy. Y cTpykTypi Komiuiekcy (Hz-10)(G),4H,O (mus. puc.
1.10a), kpiM CTEeKiHra CHMETPHYHO - 3B'SI3aHUX aHIOHIB THIIOBOT'O IS ITyPHHIB,
BIJICYTHI SIKI-HEOYIb CyImpaMOJICKYJISIpHI TOMOCHHTOHM TUIOBI JJIsl mipuminuHiB. Lle
MOB'A3aHE 13 BOPOBAKECHHSIM Yy KPUCTAIIIUHI IPATH MOJIEKYJ BOJHM, sIKI B sikocTi H-

JIOHOPIB OJIOKYIOTh KapOOHUIbHI aTOMHU KHUCHIO, a K H-akmenTopiB - aMmigHUM aToM
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BogHIO (muB. puc. 1.10a). CykynHicTh muX (HakTOpiB MHPUBOAMWTH IO IAPyBaTOl
CTPYKTYpH, Yy SIKIH MAaKpOLMKIIYHUM KaTioOH € (parMEHTOM IIapylouud W 3aiimae
MOJIOKEHHS B OcepenKy, copMoBaHoi 8 aHioHamu i 12 Monexymamu Boau. Y JaHii
CTPYKTYpl MOJICKYJIM BOJIM BUKOHYIOTHh BaXKJIMBY CTPYKTYpOYTBOPIOHOUY (YHKIIIIO,

dbopMmyroun Oe3rnepepBHi JaHI0KKH (mquB. puc. 1.100).

Pucynoxk 1.10. Bynosa komiuiekcy (Hp-10)(G),4H,0. a) BocbMuwieHHUI HETaTUBHO
sapsypkennit acomiat (G);4H,0. 6) dparMeHT mapy B CTPYKTYPi.

[Toxiono GH, aTtom a3oty B mosiokeHHi 1 mipuminuHiBoro mukiny 2-(2,6-miokco-
1,2,3,6-teTparigpomnipumigin-4-in)rigpazuaokapookcaminy (FH) y ckiami kKoMIuiekcy
(H-11)(F);2H,O nenporonosan. Jikarion (Hp-11)** YTBOPHUIOTH 13 JIBOMa aHIOHAMHU
ypauuny asi napu BopHeBux 3B's3kiB, N-H" "N i N-HO=C 3a yuactio atomiB azory i
KHCHIO JICTIPOTOHOBAHOTO JIakTOHOTO (parmenty ypariry (muB. puc. 1.11). AHioHuH
(GbOopMYIOTh HETAaTUBHO 3aps/KEHUN IIap, CTaOUTI30BaHUN KOMOIHAI[IEI0 TPHOX THIIIB
CYNpaMOJEKYJISIPHUX TOMOCIHTOHIB, JIBOX IEHTPOCUMETPUYHUX KapOaMiTHUX
CIHTOHIB, R22(8) 32 y4yacTi0 YpauujibHOrO LUKIY W mnepudepiiiHoi amiHOrpynu M

1 .
HeCUMETpUIHOTO R,7°(6) CIHTOHY THIIOBOTO JJIsSI CEYOBUHHU.
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Pucynoxk 1.11. Bynosa kommuiekcy (Hp-11)(F),2H,0. dparmeHTt HeratuBHO -

3apsipKeHOro 1mapy. a). Bun 3Bepxy. 0) Bua 300ky. B) HaliOnmkde oToueHHS

MaKpOLMKJIIYHOTO KaTIOHA Y KpUCTal

VY kpuctani roppoBaHi MIApU CTUKYIOTHCS Ye€pe3 MICTKOBI MOJEKYJIU BOJH,
(GopMyrOUn TPUBUMIPHY CTPYKTYpy. Monekynu Boau € noasiiiHumu H-noHopamu i
aKIenTopaMy OJHOrO0 MPOTOHA ¥ yTBOPATH 13 aTOMaMU KUCHIO JBOX KapOOHLIbHUX
rpyn MPaKTUYHO ifeadbHuit pomO, a gk  H-akuentopa BOHM B3a€EMOJIIOTH 13
riapazugHoro NH-rpymoro.

3aBepiyrouu el po3Aul, BapTO MiIKPECIUTH, 10 BUKOPUCTAaHI HAMHU B SIKOCTI
TeMIuIaTy MakpouukiigHi monekynu 10 it 11 craBmsatbesa no azamonierepaM 1 MarOTh
BJIACHUM LIEHTp 1HBepcii, mepumuii (HakTop BU3HAUAE TEepeBara yTBOPEHHS 10HHUX
3'€/lHaHb, a JPYTUN - CUMETPUYHICTh CYNPAMOJIEKYJISIPHOIO MOTHUBY B PE3yJbTYIOUUX
KoMIUiekcax. Ha pi3HOMaHITHMX NpHUKIaax MoKa3zaHa Oe3yMOBHA MEPCHEKTUBHICTh
MaKpOIMKIIIYHUX MOJICKYJT (KpayH-eTepiB i a3aMaKpOIUKITIB) /ISl BUBUCHHS CTPYKTYPHOT

Oprasizailii KOMIUIEKCIB 3 OI10JIOTIYHO BaXKIMBUMH MAJIMMHU MOJIEKYJaMH, MOXIAHUMH
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ypaumiay. TakuM 4YMHOM CHHTE30BAaHO Ta Y3araJlbHEHO pe3yJbTaTH JOCHIIIKEHBb
CTPYKTYpPH OpTraHiYHUX KOMIUIEKCiB moxigHuxX 1,3-mgiriaponupimMiana-2,4-mioHIB U
iXHIX CTPYKTYPHHUX aHAJIOTIB 3 MAKPOIMKITYHUMU MOTI— 1 a3aroaieTepamH.

XiMisi MUPIMIANHIB 3 a30T- T4 KUCEHb- BMICTHUMHU (PYHKIIOHAIbHUMU TPYyIaMu
B MapHUX MOJIOKEHHAX UKy AOTENEp 3aJMIIAETHCS 1[0/10 MAJIOBUBYEHOI. 3pO0JIEHO
OTJISiT METOJIB CHHTE3Y Ha3BaHUX MNHUPIMIAUHIB 1 BiJ3HAYEH1 HOBI MIAXOAU 10
noOy/TIOBM KOBAJICHTHUX 3B'A3KiB a30T-Cipka (CEJeHIB), a TaKOX OJIepKaHHIO U

TpanchopMaIlili KOHASHCOBAHNX a30TICTUX IeTEPOIMKIIIB.

2 CYIIPAMOJIEKYJIAPHI KOMIUIEKCU KPAYH-ETEPIB 3 1,2-
JIAMIHOMAJIEOHITPMJIOM

1,2-JliaMiHOMAJICOHITPHII — TpeKypcop (TomepemIHuKk, Precursor) i KOpUCHHMA
inrepmemiar (useful intermediate) y cuHTEe3i reTepo NMKIIB, HOBHX IOJIMEpIB 1
OaKkTepULIUIHUX TpemnapaTiB. 3 ypaxXyBaHHSIM MOIIMPEHOCTI I1aHICTOTO BOAHIO B
KOCMIYHUX 00'€eKTax 1 MOro BHCOKiM peakmiifHii 3maTHOCTI, 1,2-miaMiHOMAaNCOHITPIII
(rerpamep HCN) mpuifHSITO po3risigaTH SK OJHY 13 KIFOUOBHX CTPYKTYpP XiIMidHOI
€BOJIIONIT Ha NUIAXY NEPETBOPEHHS I[1aHICTOTO BOJAHIO B aMIHOKUCIOTH, HYKICOTHUIbI
W mporeinm y mpumiTHBHHX yMoBax (primitive conditions): B3aemomis 3
KOMIIOHEHTaMU TePMaJIbHUX BOJ B YMOBaX BUCOKOI €HEPT€TUYHOI aKTUBHOCT1 PAHHbOI
3emui. OnpoMiHeHHs 1 ajcopOIlis MOPOKHUHAMU MIHEPAJIiB MOMITHO BIUIMBAIOTh HA
i nmepetBopeHHs. Ilpu mMoxaenoBaHHI O010XIMIYHMX IMPOIIECIB ICTOTHUM € BUSIBIICHHS
MDKMOJIEKYJIIPHUX HE KOBAJEHTHHX B3a€MOJIM TOPIBHSHO HEBEIHMKUX MOJIEKYI 3
MOPOKHUHHUMHU, 30KpeMa , 13 KpayH-eTepamu.

i poOOTH — BU3HAYEHHSI MOMJIMBOCTI CUHTE3Y KPUCTAIIYHUX MOJICKYJISIPHUX
KOMITJIEKCIB KpayH-eTepiB 3 1,2-1iaMiHOMaJICOHITPUIIOM 1 BUSBIICHHS CEICKTUBHOCTI Y
B3aEMOJISX [IUX MAPTHEPIB KOMILIEKCOYTBOPEHHS.

3'sicoBaHO, 10 NPU MHUMOBUILHOMY BHUIIapi PO3UYMHHHUKIB 3 PO3YHMHIB KpayH-

eTepiB — O6eH30-15-kpayn-5 (Bz15¢5), 18-kpayn-6 (18c6), 6en3o-18-kpayn-6 (Bz18c6),
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CYMIIII ITUC-CIH-ITUC ¥ IUC-aHTIi-IIUC 130MePiB AinuKIorekcano-18-kpayn-6 (A-DCH6
i B-DCH6) 3 1,2-miaminomaneonitpmwioMm (DAMN)  yTBopsAThCS KpHUCTalidHi
mosekysipHi komruieken: [Bz15¢5 - DAMN] - (1), [18c6  DAMN] - (1), [Bz18c6 -
DAMN] - (111), [B-DCH6 ' DAMN] - (IV) BinmoBigao ¢hopmyit

™ )

! > 0 s
v %@A;ff b
%

@ﬁj
N %bd

18c6 B-DCH6

A~
SO
NN ”

Bz18c6 DAMN

g

Bz15¢5 - 2,3,5,6,8,9,11,12-okrarigpo-1,4,7,10,13-0eH30IIeHTAOKCAITUKIIONICHTAACTICH;
18c6 — 1,4,7,10,13,16-rekcaokcanmKiIOOKTaIeKaH,

Bz18c6 - 12,3,5,6,8,9,11,12,14,15-nexarinpo-1,4,7,10,13,16-
OEH30TeKCa0KCAIIMKIIOOKTAICTICH;

A-DCH6 — muc-cin-muc
eiikocarigpoan6enso[b,k][1,4,7,10,13,16]rekcaokcaKIOOKTaACIIIH;

B-DCH6 — muc-anTi-1tuc
eiikocarigpoan6enso[b,k][1,4,7,10,13,16]rekcaokcaKIOOKTaACIIIH;

DAMN - 1,2-niaMiHOMaJICOHU TP

Ha puc. 2.1 HaBeneHO TUMOBHI MPUKIIA]] OpraHi3ailii TAKUX KOMIUICKCIB.
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Pucynoxk 2.1 — Bynoa komiuiekcy [B-DCH6 - DAMN] - (1V)

Cra0inizaliisi KOMIIOHEHTIB Y KOMIUIEKCaX 3A1MCHIOETHCS 3a PAXyHOK BOJHEBHX
3B'SI3KIB  MDK KHCHEBUMH aTOMaMU KpayH-eTepiB ¥  amidorpymamu  1.2-
niamiHoMaieonutpuny 3 aucraniiero (O...N) y mexax 2.937-3.066 A. Bigznauumo,
o npu B3aemofii 1,2-miaMiHOMaNEOHUTPUITY 13 CYMIMIIIIO IIUC-CIH-ITUC W IMC-aHTi-
IIUC 130MepiB TIUKIOreKcaHO-18-kpayH-6 KOMIIJIEKC YTBOPUTHCS CEICKTUBHO — JIHILE
3 IUC-aHTI-LKMC 130MEPOM, IIO0 MAa€ EKBIBAJEHTHO MPOCTOPOBO E€KPaHOBAaHI CTOPOHU
MOPOKHUHU MaKPOIUKITYHOTO KUIBIIS.

Kpucranigai mostekyisipai komruiekcu (I-1V). Pozuunu 1.5 mmons DAMN 1B 1
mMmossi: Bz15c¢5, 18c6, Bz18c6, B-DCH6 ab6o 2 mMMoab €KBIMOJISIPHOI KOMEPITIHHOT
cyminni A-DCHG6 it B-DCH6 y 3 monps Metanonu it 3 Monb OeH301HM (QUIBTpyBaH,
noriM 3anumanu Bunaposysatucs npu 20 °C. Be3bapBHi MOHOKpHCTamM IO
YTBOPWIKCS BIIOKPEMIIIOBAIIUA, MPOMUBAIIH €dipOM 1 CYIIHIN HA TOBITPI.

Kommnekc 2,3,5,6,8,9,11,12-okrarumpo-1,4,7,10,13-6eH30IIeHTAOKCAITHKIIO-
nenTazeneny i3 1,2-niaminomaneonitpunom, 1:1 (1). Buxin 52 %, T. mun. 109-110 °C.
Cnextp SIMP 'H, DMSOgg, &, m. 1.: 3.60 M, 3.77 M, 4.02 M (16H, CH, — Bz15c5), 5.28
c, (4H, NH), 6.90 m (4H, CH — Bz15c5). 3mnaiineno, %: C 57.39; H 6.48; N 14.93.
C18H24N40s. OGuncneno, %: C 57.44; H 6.43; N 14.88 .

Kommexke  1,4,7,10,13,16-rekcaokcaniukiaookTagekany i3 1,2-miamiHo-
maneonitpumom, 1:1 (I1). Buxiz 65 %, T. mr. 76-78 °C. Cniextp SIMP *H, DMSOygg, 8,
M. 1.: 3.50 ¢ (24H, 18c6), 5.28 ¢ (4H, NH). 3naiineno, %: C 51.56; H 7.63; N 15.10.
C16H28N4Og. O0umceno, %: C 51.60; H 7.58; 15.04.
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Kommrexe 12,3,5,6,8,9,11,12,14,15-nekarinpo-1,4,7,10,13,16-6eH30reKcaokca-
UKI00KTaAeminy i3 1,2-giaminomaneonitpwiom, 1:1  (l1). Buxig 67 %, T. mi. 108-
110 °C. Crextp SIMP 'H, DMSOgs, 8, M. x.: 3.60 M, 3.74 M, 4.05 m (20H, CH, —
Bz18c6), 5.29 ¢ (4H, NH), 6.90 m (4H, CH — Bz18c6). 3naiineno, %: C 57.08; H 6.67;
N 13.39. CyH2sN4O6. O6uncneno, %: C 57.13; H 6.71; N 13.33.

Kommieke numc-anTi-iuc — eiikocarigponioensolb,k][1,4,7,10,13,16]rekcaokca-
muKIooKTaaenuny i3 1,2-miaminomaneonitpuwiom, 1:1  (IV). Buxin 78 %, npu
BUKOpHCTaHHI ekBiMoysapHOi cyminti A-DCH6 Ta B-DCH6 Buxin xommiekcy (I1V)
cTaHoBHTH 62 %, T. ma. 150-152 °C. Cnexrp SIMP 'H, DMSOy, 8, m. 1.0 1.19-1.71m u
3.53 m (36H, B-DCH6), 5.28 ¢ (4H, NH). 3naiineno, %: C 59.95; H 8.43; N11.77.
C24H40N4O0¢. OGuncneno, %: C 59.98; H 8.39; N 11.66.

Takum uynHOM, omMcaHi B3aeMOAli MOXYTh OYTH BpaxoBaHI $K CKJIaJl0Ba
JacTHHA TP MOJEITIOBAHHI MOJICKYJSIPHUX B3a€EMOMIN TPHUPOTHUX MOJICKYI.
OTpuMaHi KOMIUIEKCH MOKYTh CTAHOBUTH IHTEpEC SIK KOHTEHHEPU BHUCOKO PEAKIIMHO

3matHOTO 1,2-miaMiHOMAaNeOHITPIITY.

3 KOMITJIEKCY KPAVH-ETEPIB TA 2-OKCIBEH30MHOI (CAJIILNJIOBOI)
KUCJIOTU

2-okciOeH30MHa  (caiiuioBa)  KHCIIOTa  IIUPOKO  BHKOPUCTAETBHCS Y
(dhapmaneBTUIHIA MPAKTHIIL.

Meroro poboTu OylO BHU3HAYEHHS MOXIIMBOCTI CHUHTE3Y KpPHUCTATIYHUX
MOJIEKYJISIPHUX KOMIUJIEKCIB KpayH-€TEpIB 3 CaNIIUIOBOI KHCJIOTOIO 1 BUSIBICHHS

0COOJIMBOCTEN y B3aEMOJIISIX IIUX MAPTHEPIB KOMILIEKCOYTBOPEHHS.

BcranoBneHo, 1o nOpu MUMOBUIBHOMY BHIApl PO3UYMHHUKIB 3 PO3YUHIB
azakpayH-eTepiB —  aza-12-kpayH-4, aza-18-kpayH-8, OcH30-a3a-15-kpayH-5,
rekcameTuiTeTpaasza-14-kpayn-4, 3 CalilWIOBOI0  KUCIOTOK  YTBOPIOKOTHCS

KpUCTaJII4YHI MOJIEKYJISIPHI KOMIUIEKCH.
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Onucani B3aemMofii MOXyTh OyTH BpaxoBaHI SIK CKJIaJoBa 4YacTUHA MpHU
MO/IEJIFOBaHH1 MOJIEKYJISIPHUX B3a€MOJIIM JIIKAPCHKUX MOJIEKYI.
Ha pucynxkax 3.1 — 3.4 mpuBOuMO CTPYKTYypH KOMIUIEKCIB a3aKpayH-ETepiB 3

CAJIIMIOBOIO KUCIIOTOIO

Pucynok 3.1 — CtpykTypa koMiiekcy 0eH3o-a3a-15-kpayH-5 3 caminmioBoro

KHCJIOTORO

Pucynok 3.2 — CtpykTypa KoMIUIeKCy a3a-12-kpayH-4 3 caminuioBOO

KHCJIOTOIO
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Pucynok 3.3 — CtpykTypa KoMIuiekcy a3a-18-kpayH-6 3 caminuioBoro

KHCJIOTOIO

Pucynok 3.4 — CtpykTypa KOMIUIEKCY TekcaMeTinTeTpaa3a-14-kpayn-4 (tet B) 3
CaJIIUIOBOIO KACIOTOKO
[Tipepigua — 6 WieHHUI TeTEPOIHKJ, IUPOKO BUKOPUCTOBYBAHUN K 0a30BUI

(dbparMeHT y CUHTE31 JIIKapChbKUX 3aCO01B.
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[ine cuHTE3y — BHU3HAYEHHS MOXJIMBOCTI OTPUMAHHS  KPUCTATIYHUX

MOJIEKYISIPHUX KOMILJIEKCIB Ha OCHOBI MIPEPIIMHY Ta CATIINIOBOI KUCIOTH.

Ha pucynky 3.5 mpuBOIMMO CTPYKTYpy KOMIUIEKCY MipEPiANHY 3 CATIINUIOBOIO

KHCJIOTOIO.

Pucynok 3.5 — CtpykTypa KOMITJIEKCY MipepiAnHY Ta CaTilIOBOI KUCIOTH
Buxoasuu 3 nitepaTypHHUX JUKEpel, Led MpOoAyKT OyJae MaTh OuIblly XIMIYHY

CTaOUIBbHICTh Ta Kpallly 3aCBOIOBAHICTb.

4 KOMITJIEKCU A3AKPAVH-ETEPIB, IIIIIEPA3UHY 1 2-AMIHO-2-
(TTAPOKCIMETIDITPOITAH-1,3-A1UOJIY 3 ME®EHAMOBOIO KHUCJIOTOIO

MedenamoBa KUCIOTA € MOXITHUM AHTPAHUIOBOI KUCJOTH, 10 Ma€ €JIEeMEHTH
CTPYKTYPHOI MOJIIOHOCTI 13 CaNIIMIOBOIO KUCIOTOO 1 i MOXITHUMH, 3aCTOCOBYBAaHUMU
K MpOoTU3anaibHI 3aco0u. BoHa Mae aHaNre3uBHY, KapO3HIKYIOUY ¥ NpOoTU3anaibHy
aKTUBHICTb, MPUYOMY SIK MPOTU3ANAIBHUN 3aci0 TepeBepllye IO aKTHUBHOCTI
camiunatu. [lo ananre3uBHI aKTHUBHOCTI Me(eHAMOBAa KHUCIOTa PIBHOI[IHHA
OyTallioHy ¥ mepeBepllye calllluiaTd, a MO >KAPO3HIKYIOYiM A1 JOPIBHIOE UM
npenapaTam.

[lo mexanizamy nii MepeHamMoBa KHUCJIOTa OJM3bKa JI0 IHIIUM HECTEPOiTHUM
npoTu3anajibHUM pedoBuHaM. [lo 37aTHOCTI THITUTH OIOCHMHTE3 MPOCTArjlaHIiHOB

3aiiMae MPOMDKHE MICIe MDK OyTaJZlOHOM U 1IHJOMETALIIHOM.
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3acTOCOBYIOTh Me(EHAMOBY KHUCJIOTY TMpU pEBMATU3MI, Hecnenudiynomy

iH(pEeKUIMHOMY TOMIapTPUTI, apTpPaIrisiX 1 M'S30BUX OOJISIX, HEBPAITiAX, NpHU
TOJIOBHOMY ¥ 3yOHOMY 00711, IK KapO3HUKYIO0UE MIPHU PI3HUX FapSIYKOBUX CTaHAX.

HenonikoM kucnoTu, mo oOMexye ii BUKOPUCTaHHS SK JIIKApChKUM 3aci0, €
HEBHUCOKA PO3YMHHICTL y BOAl. EQeKkTUBHUM CcIOCOOOM MiJBUINEHHS PO3YMHHOCTI
MOX€E 3'IBUTHCS CHHTE3 PO3YMHHUX COJBOBUX KOMIUJIEKCIB Me(heHaMOBOI KHUCIOTI 3
aMiHaMH.

{116 poOOTH — BU3HAYEHHSI MOKIIMBOCTI CUHTE3Y KPUCTATIYHUX MOJEKYIIPHUX
KOMILIEKCIB Ha 0a31 Me)eHaMOBOT KUCJIOTH Ta a3aKpayH-€TEepiB, a TaKOX MiNepasuHy
1 2-amiHo-2-(rigpokciMerin)npornan-1,3-nuony. He BUKIIFOUEHO, IO IUTHOBI MPOTYKTH
OyIyTh MaTH OUIBIITY XIMIYHY CTAOUIBHICTD Ta Kpally 010J0T14HY 3aCBOIOBAHICTb.

B3aeMoniero 3a3HaueHUX KOMIIOHEHTIB OTPUMAHO KPHUCTANIYHI MOJIEKYJSpHI
KOMILJICKCH.

Ha pucynkax 4.1 — 4.4 npuBOIMMO CTPYKTYpU KOMIUIEKCIB Me(pEeHaMOBOT

KHCJIOTH 3 aM iHOCHOHYKaMI/I .

Pucynok 4.1 — CtpykTypa KoMIuiekcy MeeHaMoBO1 Kuciotu 3 tet B



Pucynok 4.3 — CtpykTypa KOMIUIEKCY Me(€HaMOBOi KUCTIOTH 3 MiNepasuHOM

Pucynok 4.4 — CtpykTypa KOMILUIEKCY Me()eHaMOBOI KUCIOTH 3 2-aMiHO-2-

(rimpokcimeTin)mponaH-1,3-1uonom

28
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KoMrionenTn  KOMIUIEKCiB,  Takkm  SK.  MmiOepasuH 1 2-amiHO-2-
(rimpoxcumeTin)nponan-1,3-11on BXKe BUKOPHUCTOBYIOThCS y (apmakomei. Tomy
OTpUMaHi CITOJIYKH MOXYTh TPEICTaBISATH IHTEPEC s MOMANBINIUX TOCTIIHKEHb 3

00Ky 010XIMIKIB.

5 CYITPAMOJIEKYJIAPHI CITIOJIYKU ®JIYOPOKOMIUIEKCIB P-EJIEMEHTIB
I3 KPAVH-1 ABAKPAYH-ETEPAMUM: CUHTE3, CTPYKTVYPU, IIEPETBOPEHHA

Bimomo [J.L. Atwood, 1996] mo, kpayH- i a3akpayH-eTepH, a TaKOX IX aHAJIOTH
e(heKTUBHO CTaOUII3yIOTh Pi3HI MAJIOCTINKI ¥ 10 BIAPI3HIIOTHCS BUCOKOIO PEAKI[IHHOIO
3ATHICTIO CIOJIYKH B CKJIaJi CYNPaMOJICKYJSIPHHX KOMIUICKCIB (KOMIUICKCIB THITY
"rictb-xa3sin", [-X). [lo yucia Takux CIONYK CTaBJIATHCS, 30Kpema, (IIyopuaHi
KOMIUIEKCH, CXWIbHI /0 TIAPOJITUYHUX TNEPETBOPEHb Yy BOASHUX pO3UYMHAX abo
atMoc(epi BOJIOTOr0 TMOBITPS 3 YTBOPEHHSAM JIAOUTbHUX MPOAYKTIB 3aMIIIEHHS
¢dnyopouniranaie  (akBa- 1 rigpokcodayopokomiuiekciB) [E.G. Rakov, 1990].
Buxopucrtanns crnenuPraHux KOMILIEKCOYTBOPIOIOUHX BJIACTUBOCTEHN
MaKpOLMKIIYHUX JIraHAiB uid cTabuli3alli B CKJIaAl KPUCTAIIYHUX KOMIUIEKCIB Y
AKOCTI 'TOCTeH" MPOAYKTIB THUIPOJUTHUYECKUX TpaHchopmali (HIryopoKOMILIEKCIB
pANly p-€lIeMEHTIB BUSBUJIOCS JOCHUTH IUTITHUM JUisl 3'sICyBaHHS OylOBHU 'TOCTed', a
TaKO0 OCOOJIMBOCTEN CTPYKTYpPHOI OpraHizallii il BIaCTUBOCTEH CYNpPaMOIEKYISIPHUX
KOMILJIEKCIB.

BigznauuMo, 1o 0 MOYaTKy HamMX poOIT Oarato 3 OOrOBOPIHOBAHHUX
(IIyOpOKOMILIEKCB, 30kpema  akBadiryopoxoMiuiekcr [MFg_,(H20),] %" (M = Si, Ge,
n=12;M=Sn,n=1) Oynu BiIOMIi JIHIlIe B PO3UYNHAX BIAMOBITHUX KOMIUICKCHUX
(bIyOpOKHCIIOT, a BIAOMOCTI O iXHIM cTepeoxiMii 0a3yBalucs Ha JAHUX CHEKTPaTbHUX
meronie (romosrmM umzoM SIMPYF) [Yu.A. Buslaev, 1987]. Limp posminy -
y3arajbHEHHS Pe3yJbTaTiB CUCTEMAaTUYHUX POOIT aBTOPIB, MPUCBIUYCHUX CTaOUTI3aIlll
bayopokomiiekciB p-enemenTiB 13 — 14 rpyn IlepiomuuHoi cucteMu B CKIami

CYIPaMOJIEKYJIIPHUX CHOJYK, BUBUCHHIO OYJOBM M BIACTUBOCTEH TaKUX CIOJIYK. B
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OITyOJIIKOBaHUX paHilie orisagoBux myomikamiax [Yu.A. Simonov, 1996; V.K. Bel’sky,
1999] yxe oOroBoproBajucs pi3HI acmekTd ximii crmoiyk [-X MakpOIMKITYHUX
JIraH/iB 3 TAJIOreHITHMMH KOMILIEKCaMH p- i d- eTeMeHTIB, OJHAK JaHi, 10 BBIAILIH
B HHX, CTaBHJIUCS 200 MepeBa)KHO JI0 KOMIUIEKCIB KIACHYHUX O-yTpUMYIOUHX KpayH-
eTepiB Ta y 3HauHid Mmipi 3actapinmu [Buslaev, 1987], abo B posi Takux KOMIUIEKCIB
po3risIanucs BUHATKOBO couti okconiro [P.C. Junk, 2008].
®dnyopoxomiuiekcu 6opy (I11). Hami mocmimkeHHS cTUMYyNIOBaM IMyOmiKarii
[S.G. Bott, 1999; J.L. Atwood, 1992], aBTopu sSKHX TOBIJIOMWIHM MPO CTAOLII3AIIIIO
HecTiikoro akBakomruiekcy BF3;H,O 1 moHorimpaty HeioHi3oBaHOiI (opmu
TerpadryopobopHoi krcnotn B ckiani cronyk [(BFs-H,0)-L' (1) ta [(HBF4-H,0),:L']
(L' = 18-kpayn-6). Kommmeke [(BFsH,0)-L'] 6yB oTpumaHmii mumsxom HarpiBaHHs
cyminri AgBF,, (n°-CsHs),TiCl, it L' y cepemoBumi oGBoxHEHOro ToOmIyoly; CIpoba
foro cuHTely mo peakiii BF3;H,O i3 L'y TOJIYyOJ1 BUSIBHIIACS Oe3ycCHilIHOw0. 3
BHKOPHCTAHHSAM 3arajbHOi IPOCTOI METOJIMKH, 3acHOBaHOI Ha B3aemoxii BF3-OEt; c
KpayH-€TepaMU y He3aXUuIIeH1i BiJ BOJOTH aTMocdepi, Oyau OTpUMaH1 MOJIEKYJISIPHI
komexen ckiany [(BFsH,0)-2L%] , [(BFs'H,0),-L'2H,0] [Yu.A. Simonov, 1995],
[(BFsH,0)-L*]  [M.S. Fonari, 1997] (L* = 15-kpayu-5; L® = yuc-aumi-yuc-
JiruKiorekcaHo-18-kpayn-6). Ilpoaykr peakuii 3 yuc-cin-yuc-minukiorekcano-18-
kpaye-6 (L*) siBisie co6oro ionHmit Terpaduyopoboparauit kommiexc[(HsO:L*)BF,]
[V.O. Gelmboldt, 1995]. Ilo mammm PCA, KOMIIOHCHTH KOMIUICKCIB 1 KaTiOHa
KoMIuiekcy oO0'eqnani cuctemamu H-3B'si3kiB tunmy OH:--O, y siki B sikocti H-
aKIIeNITOPiB GEPyTh Y4ACTh ATOMH KHCHIO KpayH-etepa (micts O-atomiB L', wotupu —
L3 i tpr — L*). Kommeke 6yB cuHTe30BaHMil Takox 1o peaxuii HBF, i3 L'y cymimi
CH,CIL,/CCl; i cTpykTypHO OXapakTepH30oBaHUI He3alexHo B pooOorti [H. Feinberg,
1993]. Amtopu [V.O. Gelmboldt, 1995] BcraHOBHIM TakoX OYIOBY 10HHOTO
xommekey [(HsO:L')BF,], Metomuka cunresy it xapakrepructuku UK- ta KP-criekTpiB
skoro Oynu onyOrikoBani panime [R. Chénevert, 1982].
JIume nopiBusno HenasHo [A.N. Chekhlov, 2005] 6yB orpumanwmii i BUBUSHUH
merogom PCA wmonekymnspuuii komruieke BF;-H,O 13 miranmom, mo He € kpayH-

erepoM, ckiaany [(BFs-Hy0)-2PhsPO], crabimizaiiis skoro 3a0e3medyerbcs aBOMA
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cuiibHuMu H-3B's3kamu Tty P=0--H-O—H:-O=P (Bizcrtani O--O 2.488(6) — 2.499(7)
A). 3rinno 3 mammmum Tepmorpasimerpii [V.O. Gelmboldt, 1996], Tepmoximiuni
NEPETBOPEHHS KOMIUIEKCIB MOXYTh OyTH ONMCAaHUN CXeMaMH, IO BKJIIOYAIOTh CTafli
TUIaBJICHHS ¥ HACTYITHOTO PO3KJIAJIaHHS CIIONYK 13 IIOBHUM BHIUICHHSM KOMIIOHEHTIB Y

ra3oBy (a3zy:

[(BF3-H20)n-mL] (t8) — [(BF3-H20)n-mL]()K) — nBF; @t nHZO(F) + mL ) (51)
[(HO-L)BF4] (1) = [(HsO'L)BF4] g = BFs 9 + H2O g +HF 9+ L y. ~ (5.2)

CtalinbHICTh KOMIUIEKCIB ICTOTHO BHIIE B MOPIBHSHHI 3 IXHIMU HEOPTaHIYHUMHU
KOMITOHEHTaMu - 'roctsamu'. cnonyka BF;-H,O mnmaButeest mpu 6,0 °C 1 wacTkoBO
poskmanaerbest mpu 20 °C, a (H3O)BF,; mmaButhest 3 poskimamanHsm npu 52 °C
[V.O. Gelmboldt, 1996]. BuBdeHi CHOJIyKH XapaKTEepPH3YIOThCS IOCUTH OJIM3BKOIO
TEPMIYHOIO CTIMKICTIO, IPUYOMY B DSl MOJEKYISIPHUX KOMIUIEKCIB BIIHOCHO OLIbIIIE
BHCOKI TeMIIepaTypd IUIABICHHS W po3kiagaHHs Mae croinyka [(BFs-HO0)pL%] |
CTPYKTypa sKOi cra0iri3oBaHa HaiiOuThmr MimamMu H- 3B'i3kamu (Bigcrani OO
2.589-2.642 A).

Cynsun 3 JaHUX CHEKTPOCKOIii SIMPYF, B y CEpEellOBHUIIl allETOHY

KOMILJIEKCH MiJIJAaI0ThCS YACTKOBOMY COJIBBOJII3Y 32 PIBHOBArolo:

[(BFgHzO)anHzo] + Me,CO — BF;-Me,CO + (HgO)[BFgOH] + L + nH,O (53)
L=L"n=2L=L%n=0.

YTBopenns ionizoBanoi Gopmu (H3O0)[BF;OH] mMoxe OyTi cTHMYIHOBaHO MOSIBOIO B
peakuiiiHii cucremi (5.3) kpayH-erepiB L, mposBistomux Ouibine cwibHi H-
aKIIeNTOPHI BJIACTUBOCTI B MOPIBHSHHI 3 al[€TOHOM.

[IpoToHyromMecss B KUCIOMY CEPEAOBUIIl a3aMaKpPOUUKIIH, IO MICTATh TPYNH
>NH, saxu € edekTuBHMMHU perienTopamMu s (ikcallli TaJOreHITHUX aHIOHIB 1
KOMIUIEKCHUX (hiryopoaHioHiB AF, BHacmigok koMOiHAIli €(eKTIB €IEKTPOCTAaTUYHOL

B3aemomii >NH,"AF,” i H- 3B's3yBanHs NH--F. IIpoxykramu B3aemonii BF3-OEt; i3
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azakpayH-eTepaMH y CepeJOBUIIl METaHOJIy a00 ATaHoa € 10HHI TeTpadryopobopaTHi
KOMIITIEKCH. 30KpeMa OIMCAHO MepIIHil MpHKIag KoMIuekcy 18-asaxpayn-6 (L°) i3
duayopyrpumyrounm amionom ckimany [L°Hg(F)(BF4)s]3H,0, mikaBoro it pigkoro
OCOOJIMBICTIO CTPYKTYpU SIKOTO € BKIIOUEHHS (IyOpUA-aHIOHY Y MOPOKHUHY
MakpoLuKIiaHoro Kationy (C,- cuMerpis). Y kommiexcHomy kationi [L°Hg(F)]**
anion F~ yrBoputs H-38'13ku NH:+-F 3 ycima mictsoma rpynamu >NH," Makpo mukmy
(cepennst Bincranp N---F 2.793(3) A, kyr N-H--F 164 °). Amionn BF, i Monekymu
Boau OepyTh ydacth y H-3B'si3kax NH--F, NH---O ta OH:--F, dopmyrounx 3D-cympa
MOJICKYJIIPHY apXiTEKTypy.

Y cIpyKTypi KOMIUIeKey ekaasaTpuuukio][28.2.2.2"3 ®jrerparpuakontany (L°)
cknany  [(L°Hio)(BF)1]-10H,O  mecsitmsapsinmmit kartion, y  30-wieHHHIA
MAaKpOIMKIIYHUN KICTAK SIKOTO BKJIIOYEHI JBa IMUIMEPa3IHOBUX IMUKIM, aHIOHUBF, 1
MOJIEKYJIM BOAM OO0'€THAH1 PO3rajayKeHOI Mepexero MiKMOoeKyasipHux H-3B'sI3kiB
NH:-F, NH---O, OH:--F u OH---O. Monekynu Boau KOHKYpPYIOTh 13 anionamu BF; 3a
MICLIE B JpYyriil KoopAauHaliiHIA cdepl MAKpPOUMKIY ¥ BUKOHYIOTH, SIK IMPaBUIIO,
MICTKOBY (DYHKIIi10, 3'€ JTHYIOUM MaKpOLHMKI 13 anioHamu BF, abo anionu Mix co001o0.
OxapakTepru30BaHH KOMIUIEKC panemary 5,7,7,12,12,14-rexcamerin-1,4,8,11-
terpaasarmknorerpagekany (L) ckmagy [(L'H,)(BF.),]-H,O mae GymoBy Tumy
"cimano" 3 po3TtamryBaHHsIM aHioHIB BF, Haz 1 mig cepeaHboro miiomuHow 14-umeHoro
MaKpOIMKJIIYHOTO KaTioHy. CuMeTpis kaTioHa 6mu3bka a0 Co.

Crpykrypu kommuiekciB N,N'-giGensmi-1,10-gia3a-18-kpayn-6 (L®) ta N,N'-4-
metokcunibensmn-1,10-nia3a-18-kpayu-6 (L% cxmany  [(L®H,)(BF4),]-H,0 i
[(L°Hy)(BF4),] BKitouarors kaTionu 3i smimanoi NH'-(nosopHOM0), O-(akuentopHow)
byHKII€I0. Y MaKpOUUKITYHUX KaTiOHAX L3H,*" it LPH,* (Ci-cumeTpis) MPOTOHOBAHI
N-atomu 3100yBalOTh 3HO0-3HOO0- OPIEHTAIllIO, IO CTAOUTI3YETHCS 3a JIOMOMOTOIO
BHyTpikaTioHHUX H-3B'13kiB NH:--O. V kommiekcax anionn BF, i kationu o0'eqHaHi
3a paxyHok cimabkux H- Bzaemomiit CH:--F, mpuuomy 3a3HavyeHi MEKiOHHI B3aEMOJIIT 3
MICTKOBOIO (pyHKIi€l0 aHiOHIB BF, mnpuBoaste 1o (opMyBaHHS KaHamiB, y SKUX

dikcyroTbest H- 3B's13aH1 MOJIEKYJIN BOJIH.
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3a JaHUMH TEPMOJTI3 KOMIUIEKCY CYIPOBOKYEThes edekTamu Aerigpararii (50

— 80 °C), mnasnenns (225 — 240 °C) i po3knamanns (270 — 311 °C) 3a piBHAHHSAM:

[(L'H2)(BF4)2]-Hz0 5y — [(L'Hz)(BFa)2] ¢ + H20 (g, (5.4)
[(L'H2)(BF4)2] ) — [(L'H2)(BF4)2] . (5.5)
[(L'Hz)(BF.)2] — L ¢ + 2HF (g + BFs g (5.6)

BigznauuMo, 1m0 moMiTHO OLIbllleé BUCOKA TE€PMIYHA CTIMKICTh Y MOPIBHSHHI,
HAIPHKIAK, 3 KoMmmiekcoM okconio [(HsO-L*)BF,] € macminkom posxomkens y H-
aKIIETITOPHOI 3JJaTHOCTI FeTepOaTOMIB MaKPOITUKIIIB L* i L” Ta monaTkoBoi crabinizawuii
cTpykTypu cuctemoro H- 3B's3kiB Tumy XH:--T'.

dnyopokomiuiekcu kpemuiro (IV). Pesynbraté mocmimkeHs 3'eqHanb [—X —
NPOAYKTIB B3aeMoii cimimiiidryopoBoaniii kucinotu (KDOK) i3 kpayH- u azakpayHamu
3'SIBUITUCS BAXJIMBUM apTyYMEHTOM Y JUCKYCIi PO CKJaJ (hJIyOpOKOMIUIEKCIB CLIIIIIO B
po3unHax KOK 1 kucnux po3unnax ii coneit. Haramaemo, mo po3unan KOK sBasioTh
co0010 PpIBHOBaXXHY 0araTOKOMIIOHEHTHY CHCTEMY, III0 BKJIIOYA€ aHIOH SiFe® i

MPOJYKTH MOTO T1APOTITUYHUX IEPETBOPEHb:

SiFs> + Hs0" <> [SiFs(H,0)]” + HF, (5.7)
[S|F5H20]_ + H:J,O+ < SiF4-2H,0 + HF, (58)
SiF4-2H,0 + nH,0 < SiO,-nH,O + 4HF, (59)

[Mpuyomy, piBHOBara (5.7) € JOMIHYIOYMM IPH AaTOMHOMY CITiBBIJIHOIICHHI
¢ = TF/ESi ~ 6. AnbTepHATHBHA TOYKA 30py pO3risiiac aHioH SiFe’ sk HOMiHyI0UY
dbopmy B poszunHax K®K 3 mMOpiBHIHO HHU3BKOK KHUCIOTHICTIO W MOKJIUBICTH
HarpomakeHHss  SiF, y  CHJIBHOKHMCIIMX ~ pO3YWHAX, TOMI  SIK  BHECOK
aKBarneHTadIyopoCiIiKaTHOTO aH10HA 3 PIBHOBArv BUKJIFOYaBCS.

Sk Oyno nokazano B [V.O. Gelmboldt, 2007], B3aemonis K®K 3 monoaza-12-
kpayr-4 (L'), monoasa-18-kpayu-6 (L), 1,10-miaza-18-kpayn-6 (L'?) mpuBomuts 10
kommiekcis  cxnagy  (L'°H),[SiFs(H.0)]»-3H,0, (L*H-H,0)[SiFs(H,0)-H,0] ta
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(LH,)[SiFs(H,0)],,  oxapakrepmsoBanum Meromamu PCA i KOIMBAJIBHOI
CHeKTpocKkomii. Y cTpykrypax oktadapuuHi aHioHu [SiFs(H,O)]™ crabinizoBani
cuctemamu H-3B'si3kiB NH:-F, NH:--O, OH-F, OH.--O. Xapaxkrepuctuku [U-criekTpiB
KOMIUICKCIB B 00JIacTi TPOSABY KIiCTAKOBHX KoyimBaHb aHioHa [SiFs(H,O)]™ |,
iHTepnperoBani B cuMmetpii Cgy mmsa monidapy SiFsO, Onu3bki W BiAPI3ZHAIOTHCS
Bi/ITHOCHUMH WHTCHCUBHOCTSIMH CMYT TOTTMHAHHSA. KpiM TOro, y CHEKTpi KOMILIEKCY
BIZICYTHI omHe 3 nedopMariiiHux KonuBaHb 3B's3kiB Si-F anmony E-tumy,
bukcupyemMoe B CriekTpi y BursAi 'muieua” oumst 450 cM . TakuM YHHOM, pe3ylibTaTu
po6iT [V.O. Gelmboldt, 1996, 2007] MoXxyTh pO3rIsgaTHCS B SKOCTI MPSIMOTO
CTPYKTYPHOTO MIATBEP/UKCHHS TE3W TMPO TMPHUCYTHICTH y po3umHax KOK
aKBaneHTa(IyoOpOCITIIKATHUX aHIOHIB.

[lepepaxoBaHni Buie a3akpayH-3pupu € B LEHd Yac €IUHUMHU JIIraHJIaMH,
POTOHOBaHHI (hopMHU IKUX cTaObLTI3yr0Th aHionu [SiFs(H,0)]™ y ckiami kpucramiaaux
kommiekcie ['-X. 3a manumu SIMP™F, PO3YMHEHHSI KOMIUIEKCY Y alleTOHITPHIIL
CYIIPOBOIKYETHCS JICTIPONIOPIIMOHYBaHHEM aHioHa 3a piBHSHHAM (5.10) 3 HacTynmHUM

TAPOTITUYHUM PYHHYBAHHSIM JiakBaTeTpadiyopokoMIuieKkey GopMyiu:

2[SiFs(H,0)]” — SiFe> + cis-, trans-[SiF4(H.0)-], (5.10)
cis-, trans-[SiF4(H20)2] + H,O — Si0,-H,0 + 4HF. (511)

Jlerkicte mepetBopenb (10, 11) mopo3ymiBaeThbest B Takuii croci6. JlaOinbHU aHiOH
[SiFs(H,O)]", yrBopenuii cnmabkoro kuciaoToo (SiFs) i ciaOkoro ocHOBOIO JIbroucy
(H20), nmpu po3umHEHHI ITiJl Yac BiJICYTHOCTI cTa0uI3yrouoro edekry MibkioHHHX H-
3B's13KiB TpaHCQOPMYy€Thes B Oibine criiikmii anion SiFe® i kommuieke [SiF4(H,0),].
OcranHiil, Oyay4yn CHIBHOIO KHCIOTOIO bpeHcTeny, BITHOCHO CTaOUIBHUN JUIIE Yy
BUCOKOKHCIIMX PpO3UYMHAX 1 JIETKO TIAPOJU3YETCS MNpPU 3HUKEHHI KHUCJIOTHOCTI
cepeaoBUIIIA.

Ha Bigminy Bix asakpayn-sgupos L — L' 1,7-niasa-15-kpayn-5 (L)
YTBOPUTH KOMIUIGKC i3 rexcaduryopocimikarauM amiomom (L™H,)SiFg, y ctpykrypi

SKOTO ydYacTh TPhOX 13 mectu (ayoporiranaiB y minaux H-3B's3kax NH:--F (N--F
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2.722(3) — 2.823(2) A) npmBomuTe 10 3HWKeHHS cuMmeTpii amioHa mo Coy. Ile
3HaXOJUTh CBO€ BIAOUTTS B MOMITHO OuIblne ckiaagHoMmy xapakTtepli WK-cnextpy
aHIOHY SiFg® y CKJIaJl KOMIUIEKCY y TMOPIBHSHHI 3 OYIKYBaHUM JUIsl 130JbOBAHOIO
aniona (kpamkoBa rtpyma Oy, y I[Y-criekTpi akTuBHI JBa KoymBaHHA). llikaBo
BII3HAYUTH, 110 npoaykTamu B3aemonii KOK 13 aminonogangamu L — anukimiyHuMu
aHaJIoTaMU a3akpayH-eTepiB, yrpumyrouiMu cTpyktypHi ¢pparmerntn —NH—(CH,),—O—-
(CHy)—NH- 51 —NH—-(CH;),—0O—(CH;),—O—(CH;),—~NH-, TaKOXK €
rekcaduryopocimikatn ~ (LHp)SiFs. YV cBoro  wepry, K®K pearye i3
TBAHAIIITHWICHHUMH TeTpaa3amakporukiaamu — 1,4,7,10-TeTpaa3anukiionoaekanoM
(L*), 1,4,7,10-tetpaasa-2,6-mupiginodanom[12] (L) Ta dwoTHpHAZUATHUICHHIM
me30-5,7,7,12,12,14-rexcamerin-1,4,8,11-TeTpaa3zanuKioTeTpaIeKaHOM (LN Cc
YTBOpEHHSIM  rigpatHux  ¢opMm  rexcaduyopocimikatie  (L**Ha)a(SiFe)s 7H,0,
(L™H3)2(SiFe)s-4H,0, (L"Hs)2(SiFe)s4H,0. OcobauBicTIO CTPYKTYpH € HAsSBHICTB
JiHiiiHoro "kmacrepy” 3 m'stu mosekya Boau O(7w)--O(1w)--O(2w)--O(3w)---O(4w),
06'eqHanux MinEuMu H-3'sskamu (OO 2.806(7) — 2.834(6) A). V wminomy B
CTPYKTypax JOMiIHYIOTh Mex10HHI B3aemoxii tumy NH--F, a cTyniHbp BiIXuJIeHHS
reoMeTpii aHIOHIB SiFs® Bix MPaBUIBbHOI OKTA3JIpUYHOI BU3HAYAETHCA CHUMETPIEIO
iXHBOr0 HAMOJIMKYOrOo OTOUYECHHS M 3aJIy4yeHHSIM yciX a00 4acTuHU (DIyoposiraHioi y
H-3B's13k1 p13HOT MIITHOCTI.
Bzaemonis KOK i3 1,4,7,10-rerpadbensmi-1,4,7,10-reTpaa3anukiooaeKaHOM
(L16) TaKOX NPUBOJIUTH M0 TIAPAaTHOTO KOMIUIEKCY, IO, OJHAK, Ma€ 3MiIlIaHuK
anionnmit cxaax (L'°Hs)(F)(SiFs)-4H,0. CtpykTypa wikaBa THM, 1[0 MaKpOLHKIIYHAN
karion L'°Hs** Briarouae bayopu-10H 3a gonoMoror Tprox minuux H-3B's3kiB NH---F
(N---F 2.507(2) — 2.647(2) A), y pe3ynbrati yoro koH(poOpMaIlis KaTiOHa HepeTepILTIoe
ICTOTHI 3MIHM B TIOPIBHSHHI 3 BIJIBHHUM JIIFaHJIOM L Bigznaunmo, mo BiaoMi
NpUKIagu 3MimaHux F - SiFez_—aHiOHHI/IX KOMIUIEKCIB MaKpOIMKJIIYHUX JIIraH]I1B
HEYWCIICHHI ¥ CTaBJISATHCS MEPEBAKHO O KOMIUIEKCIB 18-umeHnx azakpunTaHmiB, 1o
MICTATh apoMaTWU4Hi (parMeHTH, Ta OKca, a3zakpunTaHaiB. Crnoiyka € mepiui

. 16 . . .
MpuKiIag HEMCTAIIYHOI'O KOMILICKCY L , BUAUICHOI'O B KPUCTAJI1IYHOMY CTaHl1.
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Cnemudiuno mnoBoasatbess B peakuii 13 KOK kpayn-erepu. Ilpogykramu
Bsaemonii KOK 3 L' L? i 12-kpayn-4 (L) e kommexcu cxnany [(mparc-
SiF42H,0)-L12H,0],  [(mpanc-SiF42H,0)-L*H,0] 1 [(mpanc-SiF42H,0)-2LY],
oXapaKTepH30BaHI MeTojaMu KoiuBaiabHOI cnekTtpockonii # PCA. Bim3nauumo, 1io
KOMIUIEKC paHilie OyB BHIUICHHA SK  KPHCTATIYHUN TpPOAyKT peakimii SiF, 3
FeKCAHOBHM po3umHoM L' y He3axulleHi BiJ Bosoru atMocdepi. Y LenouyeyHOM
acoliari 30BHIC()EPHI MOJIEKYJIH BOJM BUKOHYIOTb MICTKOBY (YHKIIIO, 3B'SI3yIOUU
mpanc-SiF42H,0 i L.

CrexTpanbHI XapaKTEPUCTUKHU JO3BOJISIOTH MPUIMKMCATH aHajoriyHa Oymosa H-
3B'SI3aHUX ACCOLMATOB KOMIUIEKCAM, MPUYOMY ICTOTHI aHAJIOrii B JOBrOXBUJIbOBIN
yactuHi [Y-crekTpiB, ae nposBisioThes konuaHHs V(SIF) u o(SiF,) HeopraniuHoro
"rocTs'', BUpAa3HO BKa3ylOTh Ha Horo mpawuc- KoH(irypamiro. CrnocrepexyBaHe B
CIEKTpax PO3IMICIUICHHS cMyrd KojuBaHb V(SIF) tumy E, Ha 1Ba KOMIIOHCHTH MOXE
OyTH BUKJIMKAHO e€(eKTaMU KpUCTATIYHUX IpaT.

Sk Bigomo, aHioH SiFs , SKuii MOXXHA PO3IIAJAaTH SK MPOAYKT Aerigpararii
komiuekcy [SiFs(H,0)], Menm cumerpuunmit y mopiusieai 3 SiFs> (Dsn, On
BIJIIIOBIJTHO) 1 3BHYAHHO CTAOUTI3YETHCS B COJIAX 3 BEIIMKHMH TETPAATKUIAMOHIHHUMU
a00 METaJIOKOMIUICKCHHUMH KaTiOHaMH, ToAl sK ciib okcoHito (H3O)SiFs B
IHAMBIyaJbHOMY CTaHI HeBioMa. HaM yaanocs BUIUIUTH U JOCHIIKYBAaTH METOJAO0M
PCA kpucranianmii kommieke ckiany [(HsO-LY)SiFs] six mpoxykt B3aemoxii po3duny
FSA - HF 3 meranomsuuM posunmHoMm L*. ¥V kommmekci, cTpykTypHO mMOZiGHOMY
Terpadayopoboparaomy ananory [(HzO-L*)BF,], anion SiFs™ moB's3aHuii 3 KaTioHOM
TIIBKU €JICKTPOCTATHYHUMU B3aeMOisIMU. [U-CIIEKTPOCKOIIUHI XapaKTepUCTHKU SiFs
y KOMILJIEKCl THIOB1 Il MEHTA(IyopOCUTIKATIB 13 TPUTrOHAIBbHO-O1MKUpaMiialibHOIO
reoMerpiero aHioHa (cumetpist Dap).

Cragi€ero, 110 JIMITY€ MBUIKICTH MPOIECY TiIPOII3y rekcadiyopociiikaTHOro
aniona 3a cxemow (7), € Brpara amioHom SiF¢® mepuioro ¢ayopua- ioHa 3
yrBopeHHsIM SiFs 1o gicomiatuBHOMY Syl-mexaHu3My. VY 3B'S3Ky i3 UM YTBOPEHHS
KOMIUICKCY y peakmiiiHiid cuctemi FSA — HF — L* moxe, y SKIMCh HaOJIWKEHHI,

po3risaaTucs SK TpUKIAN cradimizamii kpayH-erepom ionnHoi mapu (H3O)SiFs —
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HECTIMKOTo 1HTEepMeiaTy Ha UISAXY TIAPOJITUYHOTO MEPETBOPEHHS

. - 19 29a; -
rekcaduryopocislikaTHOTO aHioHy. 3a nmanumu SIMPF, “°Si, xommekc y po3uuHi
alleTOHY HE MiJJIa€ThCS COJBBOJIM3Y 31 30epekeHHsM aHioHa SiFs , y Toi yac sk y

BOJIHOMY CEPEJIOBHIIII, 3T1THO, CIIOCTEPIra€ThCs HOTO TiIpodIi3 3a piBHOBaroro (5.12):
[(H;0-L%SiFs] + H,O — L* + SiO, + 5HF. (5.12)

YCTaHOBIEHO, IO B3AEMOJisS IOHHOrO KoMIuiekcy i3 18-kpayu-6 (LY) y
NPUCYTHOCTI BOJIOTH TIOBITPS NPUBOAUTH 10 MOJEKyJsipHOro 3'emHaHHs [(trans-

SiF4-2H20)-L1-2H20] ¢ BuxoqoM 73 % 3a piBaoBaroo (5.13):
[(H30:LYSiFs] + Ly + 3H,0 — [(trans-SiF42H,0)-L*2H,0] + Ly + HF  (5.13)

3a3HaueHe NEPETBOPEHHS, IO CYMPOBOIXKYEThCS TpaHCchopMali€lo ''TOCThOBOro"
dbparmMenTa, uIIOCTpye (pakT BIUIUBY, IO JETE€PMiHYy€, OyJOBU MOPOKHUHU
MaKpOLMKJIIYHOrO JIraHAy Ha CKiIaag 1 OynoBY MPOAYKTIB B3aeMOJli J1aOUTbHUX
bayopokoMILiekciB i ixHiX komIuiekciB I'-X 3 kpayH-eTepamu.

3mificHuTH cTaOUII3amiio aHloHa SiFGZ_ y ckianai 3'eqHadHsa [-X 3 OKCOHIEBUM
KOMILUIEKCOM KpayH-e€Tepa SIK KaTiOHy JOTenep He BraBajocs. Y TOM ke yac B
HaBEJCHO  pe3ynbTartd  BuUBUeHHA  Metonom  PCA  komimiekcy — ckiany
(NH,-LY),[SiFg]-4H,0, oTpuMaHOro sik mpomyKT B3aemoxii B cuctemi SiF42NH; — L —
H,0. V cTpykTypi Tpu aTOMHU BOJIHIO KaTiOHa aMOHII0 0epyTh y4yacTh y H-3B'si3yBaHHI1
3 O-atomMamu Makporukay (Bincrani N--O 2.923(5) — 2.940(5) A); uerBeptnii aTom
BOJIHIO IOB's3aHMii 3 aToMoM dropy amiona (N---F 2.797(6) A). IlikaBo Bimsnauuty,
10 KOMILJIEKC OYB OTpUMaHUN B YMOBaX, JOCUTh OJIU3BKHUX JI0 BAUKOPUCTAHOIO paHillie
wis cuatesy 3'emmans [(BF3NHs)-L']. CrocrepesxyBaHi po3XomKeHHS B CKIai
IPOAYKTIB B3aeMoxii B cuctemax SiF42NHj — Lt - H,O ta BF;:NH3 — Lt - H,0O
BIMOMBAIOTh  CTIMKICTH g0 Timponizy komiuiekcy BF3:NHz  (Moxe Oyt
NEPEeKPUCTATI30BAHNNA 3 TEIUIOrO BOJSHOTO PO3YWHY) Ha MPOTHUBAry KPEMHIEBOMY

aHaJIory, IO MiJIA€ThCS TiIpoIi3y 3a piBHOBarow (5.14):
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3(S|F42NH3) + 2H,0 — 2(NH4)28|F6 + SiO, + 2NH; (514)

Takum 9rHOM, 3aMiCTh OYIKYBaHOTO MOJEKyJsspHOro komiuiekcy SiF,2NHj i3
Lt y Oylo oTpuMmaHO i10HHE 3'eqHaHHs. OuUeBUAHO, 11O MPUCYTHICTH KpayH-eTepa B
peakuiitaiit cucremi SiF42NH; — L' — H,O crumymoe po3sutok pisroaru (5.11)
BHAC/IIOK €(EKTUBHOTO TPUIIOAHOTO 3B'I3yBaHHA amoHIdHOro karioHa. Cnpoba
OJICp)KaTH KOMIUIEKC 3ycTpidHuM cuHTe30M y cuctemi (NHg4),SiFg — L' - H,0
BUSIBUJIACS 0€3yCHINTHOIO.

Sk BUJIHO 3 JAHUX TEPMOTPABIMETPii, TEPMOJII3 KOMIUIEKCIB CYNPOBOIKYETHCS

iXHIM IUIABJICHHSM 3 HAaCTYITHUM PO3KJIaIaHHAM 34 piBHOBaFOIO:

[(S|F42H20)anH20] (s) ™ [(S|F42H20)anHZO] n — S|F4 (9) +
+ (m + 2)H,0 @ T NL (g, (5.15)
[(H:0-LY)SiFs] () — SiFa (g + HoO @ + HF g + L* g (5.16)

CrpykrypHi naHi 11 KOMIUIeKciB Ha ocHoBi 15-kpayn-5 (L?) it 12-xkpayn-4 (L)
HeBiomi. [Ipote, cmocrepexxyBaHa TEHJEHINSI 10 30UIBIIEHHS 3HAYEHb KParokK
wiaBneHHs B psiai [(trans-SiFs-2H,0)-2LY] < [(trans-SiF,2H,0)-L%H,0] < [(trans-
SiF4'2H20)'L1'2H20] MOK€ BiJIOMBAaTH BiJ3HAYCHHWH y JiTepaTypi (akT MOCHICHHS
epexkTuBHOCTI H-3B'sI3yBaHHA KOMIIOHEHTIB MOJEKYJISPHHX KOMIUIEKCIB ['-X KpayH-
eTepiB ¢ MPOTOHOAOHOPHUMH MOJICKYyJIaMH TIPH mepexoi oT 12-kpayH-4 1ol5-kpayn-5
118-xpayn-0.

®iyopokomiuieker repmanio (IV) i oxosa (IV). 3rizao 3 namumu SIMPYF,
po3unnu GeO, — HF — H,0 1 SnF; — HF — H,O saBas10Th 00010 piBHOBaXKHY CYMIIIl
duayopoxomirekcis MeFg?, [MeFs(H,0)]", cis-, trans-[MeF4(H.0),] (Me = Ge, Sn). ¥
Bumanky cuctemun GeO, — HF — H,O obroBoproBanacst Takok MOKJIUBICTh iICHYBaHHS
tpudyopokomiuiekcy [GeFs(H,0),(OH)]. 3okpema, mist pozunny GeO, — HF — H,O ¢
cuiBinHomenusMm HF/GeO, = 4.2 piBHoBara MiK ¢dopMamu OyJIO IIPEaCTaBICHO

HIDKYE 3a piBHOBarow (5.17):
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24Ge0O, + 101HF — [GEF;;(HQO)Q(OH)] + 9[G€F4(H20)2] + 7H[G€F5(H20)] +
H,GeFg + 5H,0, (5.17)

NIPUYOMY BiJTHOIICHHS KOHIIEHTpaIlii i3oMepiB Cis-[GeF4(H,0),]/trans-[GeF4(H,0),]
3, TOOTO OJIU3BKO IO CTATUCTUYHOTO 3HAYCHHS 4.

Panime anion [GeFs(H;O)]” ymanocs crabinisyBaTtet B KpucTamiuHid (aszi i
inentudikyBatu  [Y-cmekTpockomiuHo B ckiaai  coiedl 3 o0'emuctuMu
teTpaankinamoniiaumu katioHamu (R;N)[GeFs(H20)] (R = CsH7, CiHo). Sk i y
BUNaAKy (uyopokomiuiekciB kpemHito(IV), chekTpaibHi JaHi TpUBaIM dYac
3QNIMIIANIACA  €IMHUM JoKepesnoM 1HdopMalii mOpo CcTepeoxiMii  pi3HOMITaHAHUX
akBadyopokomiuiekciB repmanito (IV) i omosa (IV).

Bsaemoxnist posunny GeO, — HF — H,0 i3 18-xpayu-6 (L') ta 1,10-xia3a-18-
kpaya-6  (L'®) mpuBommmo 10  yTBOpEeHHS KOMIUIGKciB  ckmamy  [(trans-
GeF,-2H,0)-L1-2H,0] ta (LYH,)[GeFs(H,0)].. V cBoro gyepry, komruiekc [(trans-
SnF,-2H,0):L' 2H,0] 6yB oTpuManmii sk mPOAYKT peakwii posunny SnF, — HF — H,0
i3 L' [63]. BimmoBinHo 1m0 pesymbratie PCA, xommmekcu  [(trans-
MeF,-2H,0)-L}-2H,0] (Me = Si, Ge, Sn) i (L*H,)[MeFs(H,0)]; (Me = Si, Ge)
30cTpyKTypHH, prdoMy 3'eqHans [(trans-SnF,-2H,0):L'2H,0] € B weit ac equnamm
CTPYKTYPHO  OXapakTepU30BaHUM  mOpukiaagoM 3'eqHanHs tuny [ - X
axBaiyopokomiuiekcy ogosa(lV) 13 kpayH-erepoM. Y psai cTpyktyp [(trans-
MeF,-2H,0)-L'2H,0] (Me = Si, Ge, Sn) cmocrepiraerbcst Ieske 36UIbLICHHS
napaMeTpiB €JIEeMEHTAPHOI0 OCEPENKY BIAMOBIIHO 0 POCTY €PEeKTUBHOIO pajaiyca
IICHTPATBHOTO aTOMa.

OcoOUBICTIO CTPYKTYPH KOMITJIEKCY € HECKBIBAJICHTHICTh JIOBXUH 3B's13KiB Ge—
F y ¢parmenti [GeFs(H,O)]: 3B's30xk Ge-F y mpanc-no3umii momo 3B's3ky Ge-
O(H,0) BusBnseThcst OLTBIIE KOPOTKOI B MOPIBHSAHHI i3 YOTHPMa C€KBATOPiaIbHUMHU
sp'3kamn Ge—F (1.738(2) i 1.761(2) — 1.799(2) A mimnosigHo). 3a3Hauene

PO3XO/I)KEHHSI B JIOBXKMHAX 3B'SI3KIB MOXKE B1IOMBATH pealtizalito e()eKTiB CTATUYHOTO
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B3a€MHOTO BILTUBY JiranaiB (BBJI) y koMImiekcax HENmepeXiTHUX €JICMEHTIB MepIIoi
MOJIOBUHU MEPIoJIiB, 3a3HAUYEHE PO3XO/KEHHS B JIOBXKMHAX 3B'SI3KIB MOXE BIJOMBATH
peamizalito eQeKTiB CTaTUYHOrO B3aeMHOTO BIUMBY JiranfiB (BBJI) y xommiekcax
HEMEepeXiJHUX €JIEMEHTIB TMEepIloi IMOJOBUHU NEPIOAIB mpaHc-3MIITHEHHS 1 yuc-
ocnabnenHs 3B'si3kiB Ge—-F momo 3B'a3Ky 3 Oulblie KoBaJieHTHUM Jirangom Ge-—
O(H0).

[Ipoxykrom peakmii posunny GeO, — HF — H,O ¢ wormpHamnsTuaieHHAM
TE€TPaa3aMaKpOLMKIOM L’ € riagpaTHa dbopmu rekcadToporepMaHary
(L"H,)2(GeFe)s4H,0, ms sixoi BusiBIeHa peanizariist ABOX momiMopdHIX MoxudiKariii
— TpukiauHHOI (1p. Tp. Pl) [41] m MoHokimiHHOI (nip. Tp. P2:/¢). [omiMopdui dhopmu
CTPYKTYpHO TOMIOHI (MarOTh aHAJOTIYHEe HANOIMKYe OTOYCHHS MAKPOIMKIIYHOTO
kationa L"H,"" cumerpii Cj, o po3TamoByeThes B MEHTPi iHBepcii) 1 BiAPi3HAIOTHCS
Jauiie opraHizaiiero cucteMu H- 3B's3kiB. ['eoMeTpuyHl XapaKTEpUCTUKU aHIOHIB
GeFg* y moximopdHUX dopmax JocuTh OMM3bKi. 30Kpema, JAOBXWHHU 3B'si3kiB Ge—F
nepe6yBaroTh y Mexkax 1.732(5) — 1.802(4) A i 1.746(1) — 1.825(1) A nns tpuxnmuaHO
1 MOHOKJIIHHOT (hopM BiANOBIAHO. DiKcallisi ABOX CTPYKTYPHO HEEKBIBAJIGHTHUX (OpM
KOMILJIEKCY MOe OyTH 00yMOBJIEHA PO3XO/I>)KEHHSIMU B YMOBAaX CUHTE3Y 3'€ THAHHS.

Cripo6a cuHTe3yBatH repManicsuii ananor komrurekcy (L°Hs)a(SiFe)s-4H,0 (LY
= 1,4,7,10-rerpaa3a-2,6-nmupuainodan) uuisxom B3aemonii B cucremi GeO, — HF -
H,O — L™ Busiunacs Oe3ycmimuor. Peaxiis L® 3 po3unnom GeO, — HF — H,O —
HNO; npuBerna 1o oxepxkanns komrurekey ckiany [(L°Hs)2(GeFs)(NO3)s]- moxsiiteoi
CoJIl, CTPYKTYypa siKoi ctabinizoBana cuctemoro H- 3B'a3kiB NH:-F, NH---O, NH:--N.

TakuM YmHOM, HEOOXIMHO MIAKPECAUTH, 10 crenudika OyIoBH BCIX
00rOBOPIOBAHUX Y MIMCHOMY Ol 3'enHanb ['-X mojsrae y BiICYyTHOCTI 3B'SI3KIB M1k
aTOMaMU-KOMILUIEKCOYTBOpIOYaMU  (PIIyOpOKOMIUIEKCIB-'"TOCTe'" 1 MaKpOIMKIaAMHU-
"Xa3sisiIMU'': OCTaHHI BUCTYIAIOTh Y SKOCTI 30BHIC(EpHHMX JraHJiB 1 TMOB'A3aHl 3
MEePIIOI0 KOOPAMHAIINHOI CcPepor0 KOMIUIEKCIB 3a JIOMOMOTOK MDKMOJICKYISPHUX
(MixionHnx) H-3B's13kiB. CucTeMHu MIDKMOJCKYIApHUX H-3B'I3KIB  BHSIBJISFOTHCS
OCHOBHUM CTa0OUII3yI0U0i i CTPYKTYpOOPraHizyrounuMm (HakToOpoM y XiMii pO3IIISIHYTHX

3'eIHaHb, MPUYOMY TMPOCTEKYETHCA B3AEMO3B'SI30K MK OYIOBOIO MAKPOIMKITIYHUX
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JTraHAiB 1 TNOpUPOAOI  3B’si3aHMX Yy  ckianl  3'egHanb  [-X  nmabuibHUX
¢bayopokomiuiekciB. [lepmuit 1 1OCUTH OYEBUIAHUN BHUCHOBOK IMOJSTAa€ B TIM, MIO
MPOTOHYIOIIIECS. B KHUCIUX CEPEIOBHUINAX a3aKpayH-€Tepu 1 a3aMakpOLUKIU
CTaOUTI3yI0Th aH10HH1 (popMHU PITyOpPOKOMILIIEKCIB. SAKIIO y BUTIAJIKY CUCTEM 32 Y4acTIO
dnyopokomiiekcie  6opy  (Il)  craGumzyrouoro  GopmMo0 €  BHHSATKOBO

teTpadayopobopaTHuii aHiOH (He 3adiKCOBAHUM JKOAHOTO  BHUIAAKY cTabLmi3arii

anioniB tuny [BF,,(OH),]” — mnpoaykrie rimponizy [BF4]), Te mnsa cucrem
dnyopokomiuiekcie  kpemuiro(IV) 1 repmanis(IV) nposBiaseThcs mis, 110
T EepEeHIIiIoE, MaKpOLMKITYHOTO JIMTaH/A! MIPOTOHOBAHI dbopmu

TeTpaasaMaKpoLHKIiB 3B'13yioTh aHionn [SiFe]* i [GeFs]®, Tomi sk mporoHOBaHI
azaKpayH-eTepH, 3aJe)KHO BiJ  OyJIOBH, 3B'I3yIOTh $IK rekcadiyopOaHiOHH, Tak 1
neHTadiryopoakBakomiuiekcu [SiFs(H,O)]™ (Monoaza-12-kpayH-4, MmoHoa3a-18-kpayH-
6, 1,10-nia3a-18-kpayn-6) ta [GeFs(H,O)]™ (1,10-mia3a-18-kpayn-6 ).

Haii0inpiie  4iTKO  CENEeKTUBHOCTh  KOMIUIEKCOYTBOPEHHSI B CHCTEMax
"HeopraHiuHuil (IyOPOKOMIUIEKC - MaKpOUMKIIYHMI Jurann L» mnposBiaseTscs y
BUIAJKY, Konu L — kiacuuHi kpayH-eTepu. byna 3BepHeHa yBara Ha BIUIMB OylOBU
18-uneHHUX KpayH-€TepiB Ha pe3yJabTaT iXHHOI B3a€EMOJII 3 PIBHOBAKHOIO CYMIIIIITIO
(bIyOpOKOMILIEKCIB, IO MICTUTh MOJIEKYJsipHI ¥ 1oHHI (opmu. Kpayn-erepu c
CKBIBAJICHTHO CTEPUYHO CKPAHOBAHUMH CTOPOHAMH IUIOMIMHU  MAaKPOIHUKITY,
Hanpukiaax — 18-kpayH-6, CeleKTHBHE BUTATAIOTh 13 PO3YMHIB  HEUTpabHI
akBakomiuiekcu BF3-H,O Tta trans-MeF;2H,O (Me = Si, Ge, Sn), yuc-anmi-yuc-
i3omep  mimikiaorekcano-18-kpayn-6 - BF3:H,O, Tomi sk yuc-cin-yuc-uzomep
mirikaorekcano-18-xpaya-6  (L*) ¢ HeeKBIBAIGHTHO CTEPHYHO EKPAHOBAHOKO
TUTOIIMHOIO MaKPOITMKITY 3B'SI3y€ OJHO3apsHI aHioHHI KoMIniekcu [BF,]™ ta [SiFs]” y
dopmi  comeit  okcomis  [(HsO-L)BFs] ta [(HsO-L)SiFs]. Crpyxrypro
OXapaKTepU30BaHUI TaKOXX AHAJNOTIYHUN  MEpPXJIOpATHUM 10HHUM  KOMIUIEKC
[(H;O-LYClO,]. Cremmdiuna ocobmusicTs yuc-cin-yuc-ainikiorekcano-18-kpayH-6
yTBOPIOBAaTH  KOMIUJIEKCM 3  OKCOHIEBUMHM  COJIIMM  OJHO3apsHUX  aHIOHIB

OPO3YMIBAEThCS 3AATHICTIO MPOCTOPoBo-00'eMumx Kationie [HzO-L*" dopmysarn
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CTIMKUHA CTPYKTYPHUII MOTHMB y BHIVISAI 3HUI3aIONOAIOHMX KaHAIIB, Yy Kl
BOYIOBYIOThCS aHioHHU-"TOCTi" [BF4], [SiFs], [ClO4] .

[Ile omuH MiKaBWl  acmeKT TMPEACTABICHWX BUINE  pe3yibTaTiB  —
CTEPEOCENICKTIBHICTh KOMIUIEKCOYTBOpeHHS 18-kpayH-6 (LY mpm Blaemomii 3
PIBHOBO)XXHHUMH CyMilllaMHU TeOMEeTpUYIHHX 130MepiB komruiekciB MeF,;-2H,0 (Me = Ge,
Sn), MWONpPUBOIUTH 10 BHUOOPYOTO 3B'S3YBAaHHS MpaHc-i30MEpiB y CKIai 3'€HAHD
[(trans-MeF,-2H,0)-L'-2H,0]. [lns HOpiBHSHHS BiI3HAYMMO, IO AKBAXJIOPHIHHIL
xommiekc onosa (IV) SnCl,2H,0 yrBopurts i3 L' 3'exnanms ananoriqsoro ckiamy, ane
3 IHIIMA  CTepeoi3oMepHO0  (GOpPMOIO  HEOpraHiyHOro  Komiuwiekcy  [(Cis-
SnCly2H,0)-L*2H,0], Ttomi sk 15-kpayu-5 (L?) — kommiekc ckmaxy [(trans-
SnC|4'2H20)'L2]. OdyeBHIHO, IO BIJ3HAYCHI BHINEC MPHUKIAJH CEICKTHBHOTO
KOMITJIEKCOYTBOPEHHS (DIyOPUAHUX 3'€HAHb p-CIEMEHTIB 3 MaKpPOIUKIIYHUMUA
JIraHJaMu B 3araJIbHOMY BUJ1 MOXKYTh OYTH IHTEPIIPETOBAHI SIK pe3yJbTaT HAUOUIBII
e(eKkTUBHOI cTabuIi3alii (JIyOpOKOMIUIEKCY MEBHOTO CKIaAy i OyI0BH 3a JI0MOMOT0I0

MaKCHUMaJIbHOT'O YUCIIa MDKMOJIEKYIsipHuX H-3B'SI3KiB.

6 KOMIUJIEKCH 3,5-JIAMIHOTPIA30JIY I3 TETPA®JIYOPOBOPATOM
TA TEKCA®JITYOPOCUIIKATOM

Bzaemomiero 3,5-miaminorpiazony (L) i3 ¢uryopoOopHero Ta citiiifyopoBOIHIIO
KHCJIOTOI0 OTPHUMAaHO JIBI HOBHMX KpHCTaTiYHMX KomIuiekciB ckimany (LH)BF; Ta
(LH),SiFs. ByoBa NpoTOHOBaHMX JIIraHIIB y KOMILIEKCAX MPEJACTABICHO Ha PUCYHKAX

6.1 # 6.2 BiZIOBIIHO.
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Pucynoxk 6.1 — Bynosa (LH)" y kommnexcy (LH)BF,
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Pucynok 6.2 — Bynosa (LH)" y xommnexcy (LH),SiFg

BuBueHo cniekTpaibHi BIaCTUBOCTI KOMILIEKCIB.

7 CUHTE3 I KPUCTAJIIYHA CTPYKTYPA BIC(TETPA®JIYOPOBOPATY)
1,10-JTIA3OHIN-18-KPAYH-6

Binomo, mo npotoHoBaHHI (opMU a3zakpayH-€TEpiB € PO3MOBCIOIKEHUMHU
peuentopaMu y  cympaMoiekyiaspHoi  ximii  aHioHIB. Cnemudika OyaoBu

MaKpOILMKJIIYHUX KaTiOHIB HA OCHOB1 a3aKpayH-€TepiB MOJATa€ B HAIBHOCTI 3MIlIaHOI
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NH*-(toropHOi), O-(akientoproi) (yHKIi, 110, OYEBHIHO, € OAHI€I0 i3 NPHYMH
cTalimizamii B KPUCTATIYHUX COJISIX 13 3a3HAYECHUMH KaTIOHAMHU TaKMX MaJIOCTIMKHX 1
CXWJIBHUX JIO T1APOJIITUYHUM MEPETBOPEHb Yy BOJSHUX PO3UMHAX aKBa(IyOpiTHHUX
aHioHiB sk, Hampukian, [SiFs(H,O)] Ta [GeFs(HyO)]. IIpomecu rigposmizy
Tpudiryopuay 6opa i Mosiekyisipaux komiuiekciB BFs-L (L = N-, O-moHopHi Jriranm)
MIPUBOJIATH 10 YTBOPEHHS akBakomiuiekcy BF;-H,0, TerpadmyopobopaTHoro aniona, a
TaKOX HECTIMKHX Tiapokcipayopodopatie [BF,—~n(OH)N]", npudomy niMepHwmii aHioH
[B2F¢(OH)]™ Bmaetbcst cTabumizyBaTH B CKJIaJli COJICH 3 TETEPOIMKIIYHUMH KaTIOHAMH -
noxiiHUMu 4-okcominepiaiHito. Panime Oyjo Mmoka3aHo, L0 B3aEMOJIS €TepaTy
tpudayopuny ©Oopa 3 N,N’-miankinernmu noximaumu 1,10-mia3a-18-kpayn-6 B
HE3aXMILEHOT  BIJ BOJIOTH atMoc(epi  CYNPOBOIKYETHCS  YTBOPEHHSIM
Oic(teTpadayopbopatiB)  BigmoBimHMX "OHieBUX'  NIKaTHOHIB, OYIOBY  SKHX
yctanoBiaeHO MetojioM PCA. V niiicHiil poOOTI 3/1CHEH] CUHTE3 1 BUBYEHO OyAOBY
HOBOI crioayku — Oic(terpadayopodopary) 1,10-aia3onii-kpays-6 (1).

Cunte3. 77 mr (0.3 mmons) 1,10-mia3a-18-kpayH-6 posumnstore B 10 M
MeTaHony, JoJatoTb 1 wmi  erepaty Tpuduyopuay ©Oopa ¥ 3anuIIaloTh
KpUCTAJII3yBaTUCS MPY KIMHATHIA TeMIlepaTypl i MUMOBIILHOMY BUIAP1 PO3UUHHUKA.
Kpucranu, 1o BuImamy, NepeKpruCcTalli3oBYIOTh 13 CyMmilli MeTaHo - 3tinanerar (1 : 2).
[IponykT peakuii - Oe30apBHi mpo3opi kpucramd, T. wi. 182 — 184 °C. Bymosa

KoMIuiekcy | mokazano Ha puc. 7.1.

Pucynok 7.1. bynoa komiekcy |
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Kommneke  "xassiH-ricts" 31 crexiomerpiero  1:2, 'y sSKoMy JBa
terpadiyopobopar-aHioHa  poO3TalllOBaHI ~ CUMETPUYHO 1O  oOujaBa  OOKuM
MaKpOIMKIIYHOTO JAiKaTioHa ¥ moB's3ani 3 HUM H-3B'siskamu NH--F, craButhcsa no
tuny "cimano". Terpadiyopodopar-anion, ooOymoBiienuii atomom B(1), BiacToiTh Bix

cepe/IHbOT IIONIMHH, TIPOBEJICHOT Yepe3 reTepoaToMH Makpolmkiy, Ha 3.23 A.

Tetpadayopobopar-aHiOH Ma€ TEOMETPII0 NEPEKPYUYEHOro TeTpaenapa, OBXKUHU
3B's13kiB B—F myst mo3wuiiii 3 6uibmioro 3aceeHicTio nmepedyBaroTh B iHTepBam 1.319(11)
— 1.386(10) A. Kondopmariis Makpornukiy dhikcoBaHa XeIaTHO-MOCTKOBUM CIIOCOOOM
KOOPAUHYBaHHS TeTpad1yopoOOpaT-aHIOHIB 1 XapaKTePU3YEThCA TPAHC-aHYJISIPHUMU
Bincramsamu OO, pisaumu 5.931 u 5.977 A; icrorHo ckopouena Bincranp N--N
nopieaioe 4.735 A. Topcionni kytu y3moexk C—C 3B'3KiB IepeOyBaloTh y TOII-
koH(popmMartii, TopciorHi Kyt y3aosx C—X 3B's3kiB (X = O, N) — y romr- ta TpaHc-

KOH(pOpMaIIisix.

TakuM 4rHOM, TIPOYKTOM B3aeMOJii eTepaty Tpudayopumy 6opa 3 1,10-miaza-
18-kpayH-6 y TpHCYTHOCTI BOJOTH TOBITps € TeTpadimyopobopatauii komriuieke |,
0COONMBICTIO OYJIOBH SIKOTO € TpSMUNA THUI B3a€EMOAII B CHUCTEMl1 ' aHIOH -
MaKpoUMKIIYHUM KaTioH". KoMIuiekc 130MopHUi aHaoram, 1o MICTITh epxJjiopart-,

rekcaduyopodocdar- Ta HOAiI-aHIOHHU.

8 KOMITJIEKC TETPABEH3UILYKJIEHY I3 CHILIN®JIY OPOBOJIHIN
KH1CJIOTOXO

B octanHi poku B CynpaMoOJEeKyJISIPHOI XiMii CIIOCTEPITAEThCA CTIMKUM 1HTEpeC 10
BUBUYCHHS 3B'SI3YBaHHS TETEPOIMKIAMH TAJIOTCHI aHIOHIB dYepe3 iXHIO BUHSATKOBY
BAKJIMBICT y O10XIMIYHUX MpOLIECaX.

B3aemomiero Terpabensimykieny (L) i3 cimimifidguyopoBomHEH  KHUCIOTOIO
oTpuMaHo Kpuctamiuauii komruieke ckimany [HsL][F][SiFe]4H,O. Bcranorieno, 1o
Buximauid rirann (L) mepereprurroe  iCTOTHY KoH(GOpMAIiiHYy TepeOyaoBy i3

3aJlydeHHsIM aHioHa (Gayopy Yy BHYTPINIHIO TOPOXKHUHY Makpouukiy. bynosa
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teTpabensinnykieny U xkommuiekcy [HsL][F][SiFes]4H,O mpencraBieno Ha pucyHKax

8.1 i1 8.2 BigmoBigHO.

Pucynoxk 8.2 — Crpykrypa komiuiekcy [HsL][F][SiFs]4H,0

JlaH1 MOKyTh OyTH BpaxoBaHi MpH MOJICJIFOBaHH1 010XIMIYHHUX MPOIIECIB.

9 CMHTE3 I CTPYKTYPU KOMIUIEKCIB KPAYH- 1 ABAKPAYH-ETEPOB I3
®JIYOPMETAJIJIATAMMU IIUPKOHIIO, T A®HIIO, HIOBIIO 1 TAHTAJTY

TanTan 1 HI001M MArOTh 3JaTHICTh HE BUKJIUKATH B KUBUX TKAHUHAX 3alaIbHUX
MpOIIECIB, 10 JO3BOJSIE BUKOPUCTATH iX Yy wMeauluHi. [I’stTu oxuc TaHTamy
BUKOPHCTAETHCA ISl MPUCHUIIAHHS pPaH 3 METOI MPHUCKOPEHHS 3rOopTaHHS KpOB1 U

3aCTOCOBYETHCS IPH OMiKax. YHUcTi MeTasieBl HI001M 1 TaHTaJI 3HaXOATh 3aCTOCYBaHHS
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Py BUPOOHUIITBI JIeTalield ToauH, ¢oToanapaTiB, ONTUUYHUX NPHIAIB 1 XIPYpPriuHUX
IHCTpYyMeHTIB. Jlesiki CIUIaBu 3 HIKEJIEM, BOJbPPAMOM 1 PEHIEM € 3aMIHHUKaAMHU

IJIATUHY, IPUIII0 ¥ 30510Ta.

Onyopuau. [Ipu po3urHeHHI MeTaleBUX HIO0II0 U TaHTaly, TiApaToBaHUX abo
NPOKAPEHUX IT'SITU OKUCEH Yy (PIyopOBOJHIN KHUCIOTI YTBOPATHCS KOMIUIEKCHI
dbayopoBoaHi kuciotu. Ckiaj UUX KUCIOT 3alexXuTh Bil koHueHtpauii HF. Ilpu
HQUTUIIKY  (QIIyOpOBOAHIN KHCIOTH yTBOpAThCS  (uryopoHiobGieBa Hy[NbF7] 1
¢dnyoporantanoBa H, [TaF;] xucmotu. Ilpum Hemoniky QIyopoBOJIHIA KHCIOTH
KoMILIekcHuil i0H [MeF;]* mepexomuts B ion [MeFg]® , a ocrauHiii y BOASHHX
po3uMHaxX ruapoimsyercs 10 okcudropunos [MeOFs] %, [MeOF.], [MeOFs]* a6o
[Me,Fs]*. Kommekcui ¢uyopuan € HaHOUIbmI CTIHKHME CIOyKaMu Hio0il0 H
TaHTaly, BOHU 3HaXOJATh 3aCTOCYBAaHHS B aHAIITHYHINA XIMII.

®dropunni xommuiekcu nupkoHio(IV), rapuiro(IV), Hiobiro(V) i TanTany(V) €
KJIIFOYOBUMHU CIIOJYKAaMHU Y BHUTSTY, MOl i OUYMILNEHHS 3a3HAYEHUX METaJiB BIJ
JOMIIIOK. B OCHOB1 MeTOMy JIEKUTh MPOIEC EKCTpaKIlii abo ApoOOBOi KpucTaizalii
(IyOpOKOMIUIEKCIB 3 KHCIMX BOASHUX po3uuHIB. HeoOXigHUM eneMeHTOM
e(heKTUBHOIO 31MCHEHHS 1[bOTO MPOIECY € AaHl mpo OynoBy dayopokomruiekcis. Jlo
MOYaTKy AIMCHUX JOCHIKEHb MaTepian mo OyAoBi KOMIUIEKCIB (piyopuaiB HI001t0 i
taHTany i3 kpayH-a¢upamu (KE) O0yB BiacyrtHii, a nius Zr/Hf 6yB oOMexeHHi oIHIEO

CITOJTYKOM.

Bci BUXIIHI CHOJYKH BUKOPUCTAIM Y BUIVISAI KOMEpPIIHHHX 3pa3kiB, (pipwm:
Acros, Aldrich) 6e3 momarkoBoro ouwmmieHHs. Y crekTpu 3apeecTpoBaHi Ha MPUITATi
Specord IR-75 y BazeminoBomy Mmachi, ckia KRS-5. CuHTe3 cympamMoseKyIsIpHUX
KOMIIJIEKCIB 3J1MCHIOBAIM B3a€EMOJIEI0 METAHOJBHUX po34yuHIB BiamoBigHux KE 3
PIBHOB&XXHUMHU BOJSHUMH po3udHamMu (GIYyOpUIIB LUPKOHItO, radHito, HI00it0 U
TaHTany y (pJIyopOBOIHINM KMCIOTI, OTpPUMaHMMH sK 3 BianoBigaux okcuaiB Nb, Ta, Zr,
Hf, Tak i 3 nenradayopumie Nb, Ta. Pozunnu 3amumanu npu 20°C 10 NpakTUIHO

MOBHOI'O BHUIAPY pPO3YMHHUKIB. Kpuctamum KomIuiekciB BigokpemuttoBaiu. Buxomu
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KOMITIEKCIB Onm3bki Mo KinbkicHOro. bynmoBa KE BimOurta Ha pucynky 9.1. Cxman

CHUHTE30BaHUX KOMIUICKCIB HaBeaeHUH y Ta0mmmi 9.1.
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Pucynoxk 9.1 — Bynosa kpayn-erepiB (KE)



Taomuma 9.1. Ckitag CHHTE30BaHUX KOMILIEKCIB

Ne | Kpayn-erep Cknag KOMIIEKCY
1 |18K6 [H30-18K6][NbFg]
2 | 18K6 [H30-18K6][TaFg]
3 | yuc-cun- yuc -muuukiorekcano- | [H3O-ALI18K6)][NbFs] (TpuxmuHHMA
18K6 nosumMopd)
4 | yuc-cun- yuc -munmkiiorekcano- | [H3O-JALI'18K6)][TaFs] (TpukmuHHMI
18K6 nosiumMop Q)
5 | yuc-cun- yuc -muuukinorekcano- | [H3O-ALI'18K6)][TaFs] (MoHOKIMHHMIA
18K6 nosiumMopd)
6 | ben3o-18K6 [H30-B18K6][NbFs] (pomOiunwmit
nosiumMopd)
7 | ben3o-18K6 [H30-B18K6][TaFs] (pomOiunwmii
nosumopd)
8 | ben30-18K6 [H30-B18K6][NbFs] (MoHOKIMHHMI
nosiumMopd)
9 | Hudbennn-20K6 [H3O-1d20K6)][NbF]
10 | Judennn-20K6 [H30-1d20K6)][TaFs]
11 | Benszo-12K4 [H3O-(b12K4),][TaFs]
12 | ben3o-15K5 [H30-(B15K5)2] [H502- (B15K5)2] [TaF6]2
13 | 15K5 [HsO,-15K5][TaFs]
14 | Terpaben3o0-30K10 [HsO,-TB30K10][NbFg]
15 | Terpaben3o0-30K10 [Hs0,-TB30K10][TaF]
16 | [1.5]/1nGen30-18K6 [H703-([1.5]/1618K6),][NbF]
17 | [1.5]/1nGen30-18K6 [H703-([1.5]/1518K6),][ TaF¢]
18 | A3a-15K5 [(HA15K5)2] [Ta2 FloO]
19 | A3a-18K6 [(HA18K6-H,0)(A18K6-
H,0)][(H20)Nb,Fy0]
20 | 18K6 [(18K6)(H703).(Hf,F10-2H,0)]
21 | A3a-18K6 [(HA18K6)(Zf2F10-2HQO)-(H;;O)-HQO]
22 | A3a-18K6 [(HA18K6)(Hf2F10-2HQO)-(H;;O)-HQO]
23 1,10'[[1/13321-181(6 [(HQI[A18K6)(Zr2F10-2H20)-2H20]
24 1,10-,)11/13321-181(6 [(HQILA18K6)(Hf2F10-2H20)-2H20]
25 | b3-1,10-/Tna3a-18K6 [(B3-1,10-dwna3a-18K6)2(Nb Fg) 2(H, O)]
26 | b3-1,10-/Ina3a-18K6 [(B3-1,10-duna3a-18K6)2(Ta Fs) 2(H, O)]
27 | MB3-1,10-/Iua3a-18K6 [(MB3-1,10-/Tnasa-18K6)2(Nb Fe) 2(H, O)]
27 | MB3-1,10-/Iua3a-18K6 [(MB3-1,10-/{nasa-18K6)2(Ta Fs) 2(H, O)]
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Beranosneno, mo 18K6 38'a3ye HaitmpocTimmii ioH okcorito [HzO]" (Tabmmms

9.1). Ha ocHOBi O-yTpUMyIOYMX MaKpOIMKIIB y BCIX BHUMAJKaX OTPUMaHI OKCOHICBU
KoMIUTeKkcH 3 Tekcaduryopomeraiaramu [NbFg] (komruiekcu 1, 3, 6, 9, 14, 16) i [TaFg]
(komrmnekcu 2, 4, 5, 7, 8, 10—13, 15, 17). Binbmiicts rekcagentataux KE yTBOpSTSH
KJIacHYHUN Makporkimiuanid KaTioH [Hz3O°KD] y skoMy i0H OKCOHHUS IIEHTPYE
MaKpOIUKJIIYHY TMOPOKHUHY 3a PAXyHOK YTBOPEHHS TPhOX KIACHYHUX BOJHEBHX
3B's3kiB. Taxk moBogsaThbcss 18K6 1 iioro amamoru yuc-cun-yuc-JI11I'18K6, B18KS6,
JId20K6. 3aranpHOI0 3aKOHOMIPHICTIO OYIOBHM WX KOMIUIEKCIB € BiIMOBITHICTH
po3mipiB 18-dyieHHOT MaKpOIMKITIUHOT MOpOXKHUHK 10HY OKcoHito [H3O]'. Ilos's3anunii
3 MaKpOUMKIIYHUM KaTIOHOM aHIOH Oepe y4acTh JIMIIE B HEBAJICHTHUX B3aEMOJISLX

CH---F. Ha puc. 9.2 naBeneHo npukiaj opradizailii TAKUX KOMIUICKCIB.

Pucynoxk 9.2 — Bynosa kommuiekcy [HzO-18K6][TaFs]
3menmiennss po3Mmipy KE yHeMOXIuBItOe — po3TanryBaHHS KaTiOHAa OKCOHHUS B
MOPOXKHHHI, IO PUBOJUTH JI0 YTBOPEHHS COHABHYA y Bunaaky b12K4 (kommuiekc 11)
i maHIFOroBOro MoTHBY i3 ueprypanHam 15K5 i karionis [Hs0,]" (xommmexc 13). KE
13 YUCIIOM aTOMIB KHCHIO OUThITIe 6 JatOTh MOKJIMBICTD JIJIsi PO3MIIIIEHHS B MTOPOKHUHI
MaKpOLMKIIYHOT MOJIEKYJIU OJIITOMEpIB 10HIB OKCOHit0. Tak i€ BUBUEHUI HaMH
terpaden30-30K10 (kommuekcu 14, 15), moposkHMHA SKOrO BEIMKA IJIS PO3MIIICHHS
omuoro kariona [Hz0]", tomy KD kamcymioe rigpaT rugpoxconito [Hs0,]" (pucynok

9.3).
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Pucynoxk 9.3 — Bynoa kommutekcy [HsO,e TB30K10][TaFe]
VY Bunanky OideninpHoro moximuoro, [1.5]J1b18K6, y sikomy OMu3bKO po3TamoBaHi
(heH1JIbHI 3aCTYNMHUKHA CTBOPIOIOTH CTEPHUUHI MEPEIIKOAMN, TPUMOJIHUM 10H OKCOHUSI HE
MOX€E PO3MICTUTUCS B MOPOKHUHI MAaKpPOIMKIY Yepe3 3MEHIIECHHS YHCla JOCTYIMHUX
st B3aemojli atomiB kucHio KE. Ile mpuBoauTh A0 yTBOPEHHS TPUUIIEHOTO
okconiesoro knactepy [H7Os3]". Bimsmaummo, mo kpiM kommekcy 13, y sxomy
monekyna 15K5, BukoHye MicTKoOBY GyHKIi0 Mix kaTionamu [HsO,]", renepyroun H-
3B'I3aHUN JIAHIIOT, y JOCIIJDKEHUX 3'€JTHAHHSIX MaKpPOUUKIN 3B'S3yIOTb OKCOHHUEBI1
KaTioHU 3 yTBOpeHHsM kiactepiB 1:1 abo 2:1. ¥V Bcix KoMIUIeKcax i€l TPyIy BiACYTHI
psiMi KOHTAaKTH KaTiOH OKCOHIIO - aHIOH, a MPOTHIOHM 00'€qHaHI B KpUCTall 3a
paxyHOK MHOXUHHUX B3aemofidi CH---F 3 uepryBaHHSM pSAIiB MaKpOIMKIIYHHX
KaTIOHIB 1 rekcadryopomMeTanaT- aHIOHIB.
Ha mpuxnami xomruiekciB 4—5 i 7—8, BCTaHOBIJICHO, IO 3aJIEKHO BiJ] CHOCOOY
cuHTe3y (BUXITHI METAIyTPUMYIOUl CIOJYKH - BIAMOBiIHI OKcuau abo Quryopiau) y
CUCTEMI MOXYTh OYyTH OTPHUMaHI CYNPaMOJEKYJSpPHI 130MEPH, CIOIYKH, 10 MAlOTh
OJIHAKOBUU CKJAJ, aje KPUCTAII3YIOThCA B PI3HUX MPOCTOPOBUX Tpymnax. Skio B
cuctemi [H3O*B18K6][TaFg] (xommutekcu 7, 8) po3XOmKEeHHS MDK moJaiMopdamMu
MPOSIBIISIIOTHCS JIMIIE HA MAaKyBalbHOMY PiBHI, TO y 4, 5 3adikcoBaHi KoHpOpMaIliliHi
PO3X0KCHHSI MAaKPOIHUKITIHOro KicTsaka monekymu JI11"'18K6.

BusiBneno icToTHy BiAMIHHICTh KOMIUIEKCiB a3a-KE BiJl KOMILIEKCIB KIaCUYHUX
KE. ¥V kucnomy cepeaoBuiili, CTBOPIOBaHO1 (PIyOpPOBOJIHIIO KUCIOTOK, BUKOPUCTAHHS

aza-KE A15K5 i A18K6 npuBoauTh 10 MPOTOHYBAHHS a3a-TPYN MAKPOLUKITY i BUTATY
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pPIIKUX MeTaryTpuMyrounx aHioHiB. Tak, y cuctemi Ta;0s—HF—H,0—A15K5

orpumano ionHni komiutekc 18 cxmany [(HA15K5),][Ta,F100] (pucynok 9.4).

Pucynok 9.4 — Bynosa ¢pparmenrta kommiekcy [(HA15K5),][TazF100]

Jianion [TasF100], i aBa moHoxaTiony [HA15K5]" 3B'a3ani B KOMIIEKC BOTHEBUM
3B's13koM NH---F, N---F 2,886 A. B3aemonis B cucremi Nb,Os—HF—H,0—A18K6
npuBesno g0  oxepxkaHHs  3'emHanHs  ckimany  [(HA18K6-H,O)(A18K6-
H,0)][(H,O)Nb,FsO] (xommaeke 19).

Iarepec mo duyopokomiuiekciB  Zr(IV) ta Hf(IV), mnos's3anmii 3 ixHIM
BUKOPHCTaHHAM y QuyopuaHiid Metamnyprii [1-3]. Bimomo, mo B KHCIMX BOISHHX
po3unHax ¢uryopokomiuiekciB raduito 3 BimHomeHHsM HF:Hf > 1 sk mominyroua
dopma Bucrymae amion [HfFg]®. V Toit ke wac, crepeoxiMis KpUCTAIIYHHX
(bIyOpOKOMILIEKCIB Ta(HIIO XapaKTEPU3Y€EThCs 3HAYEHHSMH KOOPAMHAIIMHUX YHCEeN
(KY) Bigm 6 mo 8, mpuyoMy i TaKUX KOMIUICKCIB CIIOCTEPIraeThCs TCHICHINIS 10
peamizarii KU > 6 i pi3HOMaHITHHX O TEOMETpPii KOOPAWHAIIHHUX TOJUIIPOB.
[leBHuit BruUIMB, 110 AUGEPEHIIIIOE, HA CKiaj 1 OyI0BY, IO KPUCTAII3YIOTHCS 3 BOAHUX
pPO34UHIB (PIIyOPOKOMILIEKCIB radHit0 MOXKYTh poouTH 31atHi 10 H-3B's3yBannio KE,
BHUCTYIAI0YU B SKOCTI 30BHIIIHECPEPHUX JUTAHAOB, OJHAK BIJIOMOCTI PO MPOJYKTH
B3a€EMOJIII B TaKUX CHCTeMax y JitepaTypi Oymu BiacyTtHi. Y cucremi HFO,—HF—
H,O—KD 3anexHo Big BukopuctaHoro Makporukiay (18K6, A18K6, 1A18K6)
oTpuMaHi 5 kpuctanidaux komruiekciB (20-24, nuB. Tadmuio). Komruiekcu B mapax

Zr-Hf i30cTpyKTypHH, TOMY OIKC HABEACHHUH TUIBKHU )11 OJHOTO 3 HUX (puc. 9.5).
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Pucynok 9.5 — Crpykrypa komimiekcy [(HAL8K6)(Zr,F10-2H,0)-(H30)-H,0]

Sk BUHO 3 HaBeJleHUX OpyTTO-(HOpMYII, BC1 KOMIUIEKCH MalOTh OJMH 3arajlbHUI
CTPYKTYpHHil (parMeHT - Heopraiusmii amion ckiaagy [MoFio(H,0),]%. ¥V Beix
CTPYKTypax OynoBa IbOTO aHIOHA MOAIOHA HE3aJeXHO BiA MeTany. [BysnepHuii
KOMIUIEKCHUI aHI1OH [ngFlo(HZO)Z]Z' noOyoBaHuil i3 ABOX Oimipamif, 3'€THaHHX
3aranbHUM peOpoMm F—F. B onHiil 3 BepiuH Oimipamiau Ha MPOIOBXKEHH1 JiH1i Zr---Zr
pPO3TaIllIOBAaHO KOOPAMHOBAH1 MOJIEKYJIU BOJAU. Y BCIX MH'SIThOX KOMILIEKCaX aHIOHU
OJTHOMAHITHO 00'eqHAHI B HeopraHiyHwi mmap. Y komiuiekcax 21 i 22 3 A18KG6
MaKpOITMKI TPOTOHOBaH MO aromMy a3oTy. Y kowmruiekcax 3 JIA18K6 mo3uTuBHUIA
3aps] MAKpPOLMKIY BHSBISIETBCS JOCTATHIM, L0 MPOSBISETHCA Y BIACYTHOCTI 10HIB
okconws B 23 # 24.
Cunre3 Ha ocHoBi a3a-KE kommekciB 25—27 craGinizytounx, aHanorigHo KE,
rekcaduyopmetanatd  [NbFg] 1 [TaFs] mimkpeciroe — ponb, 1O JACTEpPMIHYE,
apXITEeKTypH MaKpOUUKIY TMpH (ikcailii ¢pTopMeTamiaToB 3 BIATOBIIHUX PIBHOBAXKHUX

BOJISHUX PO3YHHIB ()IIYyOPOKOMILIEKCHUX KUCIOT (pucyHok 9.6).

Pucynok 9.6 — bynosa kommutekcy [(MbB3-1,10-/Iua3za-18K6)2(Nb Fg) 2(H, O)]
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[lokazano, mo kucenbyTpumytouli KE yTBOpSTH OKCOHUEBI KOMIUIEKCH 3
rekcaduryopmetanar-anionamu [NbFg] 1 [TaFg]. 3amexHo Bim ULIAXIB CHHTE3Y, Y
aBoX cuctemax, [yuc-cun-yuc-JJLI'18K6-H30][TaF¢] i [618K6-H30][TaF¢], BusBneno
SABUIIE CYNMPAMOJEKYJSIpHOi 130Mepii, 1o mnomisirae B 3MmiHI KoH(opmaiii KE abo
YaCTKOBOMY MEPEpPO3NOLIl MIKMOJIEKYJIPHUX BOJIHEBUX 3B'SI3KiB. BUKopuCTaHHS B
AKOCT1 eKkcTpareHTiB aza-KE 103BOIMIO BUTATTH y BUIIISIAI KPUCTATIYHUX KOMIUIEKCIB
ckirany [(H-A15K5),][Ta;F00] 1 [(H-A18K6-H,O)(A18K6-H,O)] [(H.O)Nb,FyO]
VHIKQJIbHI T1IPOJIITUYHE HECTINKI aHIOHW, MPOJYKTH HEMOBHOIO 3aMIIEHHSI aTOMiB
KHUCHIO  aTtomMamMu  QTOopy Yy  BHUXIIHMX  OKCHJAX. Y  komruiekcax
[(18K6)(H7053)2(Hf2F10-2H,0)] [(H-A18K6)(M2F10-2H,0)-(Hz0) -H;0] i
[(Hy: JA18K6)X(M2F19-2H,0)-2H,0] (M = Zr, Hf) meranu BUTSAraroThCsi y BHIJISI
OIHAKOBMX aHIOHIB (M2F10-2H20)2‘ 3 mOomiOHOIO TOIOJIOTICI0. BHCOKI BHXOIH
KOMIUJIEKCIB JIO3BOJISIIOTH BIJ3HAUUTHU MOTEHI[IHHY nepcnekTuBHICTh K-E mns BuTAry
Zr(1V), Hf(1V), Nb(V) 1 Ta(V) i3 ¢uryopBMicTHUX BOIsHUX po3uuHiB. Bumano, mo KE i
a3a-KE € mepcnekTMBHUMH TeMIIaTaMi a00 MPSIMYIOUUMU CTPYKTYPY areHTaMu Mpu
CUHTE31 OPraHO-HEOPraHIYHUX CYNPAMOJEKYJISPHUX CIOIYK, Y TOOYJOBI SIKUX PO3MIp
1 reoMeTpis MaKpOILMKIYy MarOTh BHUpilllalibHE 3Ha4YeHHA. Pe3ynbraTtu MOXyTh OyTH
BpaxoBaHl SIK XIMiYHa OCHOBa MpPHU MOJICNIOBAHHI MPUPOJHUX B3AEMOAIN PIIKUX

PIBHOBXXHUX KHUCIOTHUX (a3 13 BEJIMKUMH MPOTOHAKIIENITOPHUMU MOPOKHUHAMU.

10 KPUCTAJUUIIYHI MOJIEKYJISIPHI KOMIUJIEKCH APOMATIYHUX
KPAVH-ETEPOB

KpayH-erepu MmIHUPOKO BHUKOPUCTAIOTHCA B CYNpaMOJICKYISIPHOT XiIMii SIK
e(eKTUBHI MOJIJEHTATHI JIraHAu JJis 3B'I3yBaHHS KaTIOHIB METAaJIB, TJPOKCOHIIO i
HEUTpaJbHUX MOJIEKYJl Y KOMIUIEKCU. 3HAYHY yBary 3ajly4aloTh MapTHEPU YTPUMYIOU1
xpoModopHI (parMeHTH, Yepe3 IMEepPCIEKTUBHICTh I BUKOPHCTAHHS B ONTHYHUX
JaTYUKaxX [Jig 10HIB MeETaliB. 3arajbHUN MiAXin y ik obnacti - QyHKiamizamis

KJIIACHYHHUX KpayH-eTepiB XpOMO(POPHUMHU 3aCTyIHUKAMU TaKUMH SIK: aHTpAIIEH,
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a300€eH30J1, CTUILOEH, TPUTLI ¥ 1H. SIK MpUKIIaI BIA3HAYMMO HIUPOKO BUKOPUCTOBYBaHI
B 1€l Yac B €NIEKTpOXimii 2,3-HadTaaiH yTpuMyIodi KpayH-eTepH.

CraHOBWJIO 1HTEpEC  OJAEpPKATH CYNPaMOJEKYJISpHI KOMIUIEKCH Ha OCHOBI
IHIIUX, 30KpeMa  (eHaTpeH-yTPUMYIOYUX 1 MICTKOBUX KpayH-€TepiB, 3JaTHUX
YTBOPIOBATH CaHJBi4l 3 TOCTHOBUMH MOJIEKYJIaMH. Y SIKOCT1 'TOCThOBHUX' BUKOPHUCTATH
nodapOoBaHi MOJIEKYJIH 3J]aTHI JI0 JOJATKOBOIO YTBOPEHHSI KOMILUIEKCIB 3 KaTlOHAMU
MetaniB. CrHuibHA J1i1 KOMIIOHEHTIB HalyacTile Belie 10 30UIbIIEHHS CEJIEKTUBHOCTI
KOMILUIEKCOYTBOPEHHSI M TONINIICHHIO (POTOXIMIYHOTO KOHTPOJIO IIOJO0 3B'SI3aHUX
KaTI1OHIB.

Kpayn-erepu i mapTHepu KpUCTaJIOyTBOPEHHS, BUKOPUCTOBYBaHI B JIHCHIiI
po6orti HaBeaeHi Ha cxemi 10.1.

BynoBa koMIIIeKCiB KpayH-€TEPIB 13 'TOCTHOBUMU' MOJEKYJIAMU IPEACTABICHO

Ha pucynkax 10.1 - 10.7.
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Pucynoxk 10.2 — bynosa 2,3-tipen-15-kpayn-5
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Pucynoxk 10.3 — bynosa 2,3-tidpen-15-kpayn-5 i3 n1iTiooKCaMHu10M

Pucynok 10.4 — bynosa kommiekcy 2,3-HadTamia-15-kpayH-5 i3
IITIOOKCAMUIOM
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Pucynoxk 10.5 — bynoBa xommiiekcy 2,3-Hadranin-15-kpayn-5 i3 1,2,5-

okcazaiazon-3,4-miaMmiHOM

Pucynoxk 10.6 — bynosa xommiekcy 2,3-Hadranin-15-kpayn-5 i3 3-nirpo-1,2,4-

TpiazonoM
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Pucynox 10.7 — bBymoBa xomruiekcy Oic-(18kpayH-6)-cTiibOeHY 13
IITIO0KCAMUAIOM
Takum YuHOM, yIepiie OTPUMAHO NPEICTABJICHI BHINE KOMIUICKCH M

BH3HAUYEHA TXHS KPUCTAJIIYHA CTPYKTYpA.

11 BYZAOBA TA BJIACTUBOCTI ITPOAYKTY ALHIJIFOBAHHA
4-HITPOAHUIIHY 1,8-HA®TAJIOUIXJIOPUAOM

BinnoigHo 10 cydacHux morisaiB, O-animimigata, y ToMmy uucii izoimigu (11),
ABJIAIOTH COOO0 BUCOKO €HEPreTHYHY, KIHETUYHO BUTIAHY MPOMIKHY CTPYKTYpy HpH
alUTIOBaHHI aMIHIB MOXIIHUMHU KapOOHOBHUX KHUCIOT M € MONEpeJHUKAMU B CHUHTE31
TepMOAMHAMIuHO Ounbmie ctabutbHMX iMimiB (). IcHyBamHs O-amigiMiZaTHOTO
1HTEepMe/laTy B OOTOBOPIOBAHIM peakilii OOIPYHTOBYETHhCS YTBOPEHHSIM HITPUIIIB 1
TpUALIUIAMIHIB Y SIKOCTI MOOIYHUX MPOAYKTIB.

[Tpo6nema cuntedy cronyk (I1) 1 THM camMuM TIpsIMOTO JOKa3y mepBUHHOCTI O-
armimigaty chopmynboBana i oOymoBiieHa "O-N meperpymyBaHHSIM SIKE JIETKO
BiOyBaeThes . IleperpynyBaHHs BiiOyBa€ThCS MUMOBIIBHO, a00 MiJ J1€0 OCHOBHUX
KaTajaizaTopiB, a0 mpu HarpiBaHHi. Big3zHadeHo Takox, mo O-aniiiMigaT BUALUISIOTH

nunie "'y BUHSITKOBUX BUIIAJKax' .
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[Tpu B3aemonii 1,8-nadramoinxmopuay 3 NEPBUHHUMHU aMiHaAMU yTBOPSAThCS N-
3amimieHi HadratiMian cumerpuanoi Oymosu tumy (I). ITi3Hime Oyno mokaszaHo, IO
npu BuKkopucTanHi 1,8-nadranoinxnopuny i 1,8-nadraneBoro aHriapumy B peaxiii 3
MEPBUHHUMU aMiHAMU YTBOPATHCS JIBA PI3HUX PANIU IMIAIB, 110 MAlOTh XapaKTEpH1 IS
KOKHOTO PsiIy KOHCTAHTH M (PI3MKO-XIMIYHI XapaKTEPUCTUKHU, y TOM Yac sSIK MOpu
MPaBUJIBHOCTI BUCHOBKIB MOMEPEHIX pOOIT MPOAYKTH MOBUHHI OyTH OJHAKOBL. [Ipu
IOMY CIIOJYKH, oTpuMaHi 3 1,8-Hadramomnxnopuay, y BigHeceHi g0 N-3amimieHnx
i3onadranimigam tuny (I1), a orpumani 3 1,8-nadraneBoro anrigpuay N-3amimeHuM
Haptamminam tumy (l). 3 ypaxyBaHHSIM JaHHX MPO OyIOBY HPOAYKTIB B3a€MOJIl
ananora 1,8-mHadramoinxiopuny -  ¢TajouTxyiiopuay ¢ aMiHaMH, BUCHOBKHU
nonepeAaHix poOIT TakOoX HE TMPEJCTaBISIIOTbCS OE3MEePeUYHUMH, OCKUIBKHA B
PO3MJISTHYTOMY BHUIAJKy MOXIMBO TaKOX OUIKyBaTU YTBOpPEHHsA i3oMepHUX N-
denimizonadranimiais (l1a-c) acumerpuuHoi OYI0BH.

i {

la-c l1a-c
me:a=H, b=4-NO,, ¢ = 3-NO;

Jns  3'sicyBaHHS THUTaHHA OyJOBH TPOAYKTIB amimoBaHHS aHUTIHIB 1,8-
HaQTATOUTXJIOPUIOM, MU BIATBOPUIM EKCHEPUMEHT MOMEPEeAHIX poOIT, a TaKoXK
oJlepXKaau IMIOU 3YCTPIYHUM CHUHTE30M 3 Ha(TalIeBOro AaHTrApUAy W aHUIIHIB.
PeuoBuHM, oTpuMaHi MO 00OM METOJaX MalOTh OJHAKOBY OpyTTO-(OpMYyIly, IO
Bignosinae sk ctpykrypam (la-c), tak i crpykrypam (lla-c), ane pizHi (hi3uKo-XiMidH1
XapakTepucTuku. Tak, 3'eqHaHHSA, OTpUMaH1 3 Ha (TaIEBOro AHTIAPUAY — OLIOrO
kopopy; B IU cmekTpax mpucyTHi 1B1 cMmyru moriauHanHsg nmpu 1705-1725 ta  1665-

-1 .. :
1690 cm . PedoBuHH, cMHTE30BaHi 13 HAPTATOUTXIOPUAY — KOBTOTO KOMbopy, B [U

CIEKTpaxX € JBI IHTCHCWBHI cMyru moriauHadHs mpu 1760-1770 Ta 1665-1680 oM
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3pymieHHs cmyr mnorivHaHHs B IY  cmekTpax KOBTHX 3'€lHaHb y  Ouiblie
KOPOTKOXBUIILOBY 00JIaCTh, BIJIMOBIIHO JI0 3arajbHOTO MpaBuia, J03BOJISE BIIHECTH 1X
no i3oimigHoi cTpyktypu (lla-c), a Oumi 3'emnanHs — no crtpykrypu (la-c). I3
3alpONOHOBAHUM BiJHECEHHsM, 3a aHanoriero 3 N-denutizopramimigom © N-
beHuIpTaNiMIIOM, TOTOJUTHCS PO3XOJKEHHS B TeMIepaTypax IUIaBICHHS W
(bapOyBaHHS pO3TISHYTUX 3'€AHaHb. [l OAHO3HAYHOTO PINIEHHS MNUTaHHS TIPO
OynoBy mponaykty B3aemonii 1,8-nadranoiixmopumy 3 4-HiTpoaHUTiHOM Oyia
BH3HAUYCHA MOTr0 MOJIEKyJIsipHa cTpykTypa. bymoBa N-(4-HiTpodenin)izoHadrarimMiny
(llb) 1 #ioro BmakyBaHHS B KpHCTali NpeACTaBJeHI Ha pucyHkax 11.1 # 11.2

BIJIIIOBIIHO.

Pucynok 11.1. TIpoctopoa OymoBa N-(4-aiTpodenin)izonadpramiminy (11b)
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Pucynok 11.2. YnakyBanus N-(4-wirpodenin)izonadraniminy (11b) y kpuctani

VY rerepouukinivnoi i3oiMimHo1 cucteMi N-(4-nitpodenin)izonadpramiminy (11b)
BIJICTaHI1 0*—C° it C*—C° 6nusbki JI0 OJMHApHHMX 3B's3kiB Ta piBHiI 1,37 # 1,46 A
Bignosizao. Kyr mpu O° (C—0*—C') cramours 125°. JIoBKHHA 3B'S3KY B
KapOOHUIBHIA TpyIi C°>—O" cranosuts 1,20 A. CyKynHICTh IIMX JaHUX yKa3ye Ha
HE3HAYHUU CTYIIHb JeJoKami3allli eJIeKTPOHHOI IUIBHOCTI Y TeTepOoLuKii. dparMeHT
CB—N'—C'—C? nepebyBac B OmHill IUIOMMHI 3 OCHOBHHM KiCTSKOM MOJIEKYIIH.
Bigcrami C1— N?! i Nl—C13, pieai 1,26 # 1,41 A, yka3yioTh Ha TOIBIMHUI U
OJIMHAPHUM XapakTep 3B'I3KIB BIAMOBIIHO. 4-HuTpodeHTbHMM 3aCTYITHUK U OCHOBHUM

KicTak MoJiekynu i3oHadgtamiminy (IIb) mepeOyBatoTh B aHTI-TIOJOKEHHI IOJIO

MOABIMHOTO 3B'SI3KY cl—NL



63

N-¢penimaadramimin (l1a) omepxyBanmu B3aemomiero 0,01 mons 1,8-HadraneBoro
aarigpuay 13 0,06-0,07 monp animiny mpu 150°C mpotsrom 2 1. Buxig 75 %,
0e30apsHi kpuctamu 3 T. mn. 201-202 °C (3 meranony). 3maiizeno = C(79.13%)
H(4.15%) N(5.18%). C1gH11NO,. O6umcneno = C(79.11%) H(4.06%) N(5.13%). 14
crekTp, v, M 1705 (C=0 - cum), 1665 (C=0 - acum). Monexy:mspruii ion (M*): 273
a.0.M.

N-(4-uitpodenin)nadprarimia (Ib) omepxysanm ananoriuno, B3aemomiero 0,01
mosib 1,8-nadraneBoro aumriapuay 3 0,01 momp 4-niTpoanininy y 150 mi omroBoi
kuciotw ipu 130°C mpotsirom 4 r. Buxin 78 %, 6e306apsHi kpuctamm 3 T. mi. 275-276
°C (3 ourosoi kucnoru). 3Haiineno = C(67.87%) H(3.10%) N(8.85%). C1gH1oN,O.,.
OGuncneno = C(67.92%) H(3.17%) N(8.80%). I crektp, v, cM : 1715 (C=0 - cum),
1680 (C=0 - acum). Monekynspruii ion (M*): 318 a.o.m.

N-(3-unirpodenin)uadpramimig (Ic) omepxkxysBamu B3aemoziero 0,01 moms 1,8-
Hadranesoro anriapuay 3 0,01 monp 3-Hitpoaniminy y 100 M onroBOi KHCIOTH TpH
130°C nporsrom 4 1. Buxig 65 %, 6e36apsui kpucramu 3 T. mwi. 273-274 °C (3 our.
anrigpuny). 3uangaeno = C(67.87%) H(3.10%) N(8.85%). C1gH1oN,O4. OOuncieno =
C(67.92%) H(3.17%) N(8.80%) . I4 cmektp, v, cM ~: 1725 (C=0 - cum), 1690 (C=0 -
acuM). Monekynspauii ion (M*): 318 a.o.m.

N-¢penitizonadramimin (I1a) omepxyBamu B3aemojiero 1,8-HapTaOMIXIIOPHIY 3
aHininoM y gietunoBoMy edipi. Buxing 75 %, »xosti kpucranu 3 T. mi. 162-163 °C (3
oenszony). 3maiigeHo = C(79.13%) H(4.15%) N(5.18%). C1gH11NO,. OGuncieno =
C(79.11%) H(4.06%) N(5.13%) . I cmextp, v, M : 1770 (C=0), 1680 (C=N), 1080
(C-O-C). Monexynsapsuii ion (M*): 273 a.0.m.

N-(4-uitpodenin)izonaprarimia (110) onepkyBasin B3aeMOJIEI0 EKBEMOJISIPHHUX
KiTbKkocTel 1,8-Hadramourxiiopuay 3 4-HITPOAHUTIHOM Yy KHUIUITYOMY OCH30J1 (BHXIiJ
50%), Tak i 3a MOTH(PIKOBAHOIO METOIUKOIO.

Jo 0,01 momp 1,8-madranoinxmopumy, pozumneHoro B 100 mur Genzomy, mpu
nepeminryBanni gonuBanu 1000 mn 6enzonsHOr0 po3unny 0,015 mons 4-HiTpoaHTIHY
i1 0,03 mMomp mipununy. Peakniiiny cymim ButpumyBanu 20 xB i mpomuBanu 200 mur

3 %-noi consHoi kucmoTH, nmotiM 3 x 200 M1 Boau, OSH30JI BiAraHsIH, 130HADTATIMI
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(11b) Buninsanm kpucranizaniero. Buxin 95 %, »xoBri kpuctamu 3 T. mwi. 262-263 °C (3
aneTony). 3pa3ok tepmoctabinin no 280-285 °C. 3naiigeno = C(67.87%) H(3.10%)
N(8.85%). C1gH10N2O4. O6uncneno = C(67.92%) H(3.17%) N(8.80%) . I4 cnekrp, v,
cm 1 1770 (C=0), 1665 (C=N), 1050 (C-O-C). Moxexymsipruii ion (M"): 318 a.o.m.
N-(3-niTpodenin)izonaprarimin (1IC) omepkyBamn B3aEMOMIEI0 EKBIMOJIIPHUX
kimbkocter 1,8-HadTanoinxmopuay 3 3-HITPOAHUTIHOM y KHIUITYOMY OeH30mi. Buxin
45 %, xosti kpuctamu 3 T. . 220-221 °C (3 anerony). 3uaiigeno = C(67.94%)
H(3.16%) N(8.81%). C1gH10N204. O6uncieno = C(67.92%) H(3.17%) N(8.80%) . 14
crekTp, v, cM 1760 (C=0), 1680 (C=N), 1050 (C-O-C). Moxexymsipuuii ion (M"):
318 a.o.m.

TakuM arHOM, MPOAYKTH aIrMiIyBaHHs aHuTiHIB 1,8-HadTamoinxiopuaom MarTh
oynosa N-3amileHux 130HaQTaIIMIIiB, @ HE BIAMOBIIHUX HA(TAIIMIAIB CUMETPUYHOL
oynoBu. N-(4-HiTpodenin)izoHadTamimMig €, HaleBHO, OJHUM 3 HaWOLIbIIe
TepMocTiiikux O-amirimigaTis. Hani mpo OymoBy mnpoaykriB B3aemoxii 1,8-
HaQTAIOUTXJIOPUAY C aMiHAMH MOXYTh OyTH BpaxoBaHi MpPHU CUHTE31 OApBHUKIB 1
TOMIHO(OPIB, @ TAKOK MOJ1(hIKOBAaHUX KPayH-E€TEPiB.

Tak, 30kpema Hamu BussieHo MmO N-(4-HiTpodeHT)izoHaADTATIMIT €

e(heKTUBHUM JIIOMIHOPOPOM.

12 KOMIUJIEKCHU KPAYH-ETEPIB 3 [TIPOTIOHAMIJIOM

[Mpotionamin (Protionamidum) — Tioami HpOMUTI30HIKOTHHOBOI KHCIOTH, a0
2-tipomin-4-tiokapbamoun-4-mipuaia.  3a  CTPYKTyporo W aHTHOAKTepialbHUMHU
BJIACTUBOCTSIMU OJM3BKUH 10 130HIa3Way, ajieé MEHII aKTUBHHM, pa3oM 3 THUM i€ Ha
CTIMKI 0 130HI1a3uay mramMu MikoOaktepii. [IporutryObepkynbo3uuil npenapar. MeHi

TOKCUYHHUM HIK €TI0HaM1Jl. 3aCTOCOBYIOTh TAKOX JIJIsl IIKYBaHHS JICTIPH.

XiMIYHO ONM3bKUNA 10 €TIOHaMiny, BIAPI3HAETHCS JIMILIE 3aMIHOIO ETLUILHOTO
pajuKana y TOJOKeHHI 2 Ha MPOIUILHUN. [To mpoTUTYOEpKYIHO3HIM aKTUBHOCTI

ICTOTHO HE€ BIJPI3HAETHCS BiJ €TIOHAMidy, aje Kpauie MNepeHoCUuThes. Moxke
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3aCTOCOBYBATUCS B KOMOIHAIli 3 130HIA31A0M ¥ I1HIIMMHU NOPOTUTYOEPKYJIbO3HUMHU

npenapataMu. [IpoTioHaMin peKOMEHAY€EThCS MIPU MOTAHUI IEPEHOCHOCT1 €TIOHAMITY.

{11 poOOTH — BU3HAYEHHSI MOKIIMBOCTI CUHTE3Y KPUCTATIYHUX MOJEKYJISIPHUX
KOMILUIEKCIB Ha OCHOBI NPOTIOHaMiAy, KpayH-€TepiB Ta HETOKCHUYHHMX OPTaHIYHUX
kucioT. LlinboBl mpoayktu OyAyTh MaTu OUIbIILY XIMIYHY CTaOUIBHICTH Ta Kparly

3aCBOIOBAHICTb.

B3aeMogiero 3a3Hauye€HUX KOMIIOHEHTIB OTPUMAHO KPHUCTAJIYHI CYNPaMOJEKYJSpHI

komiutekcu (Pucynok 12.1 — 12.3).

Pucynok 12.2. CtpykTypa KOMIUIEKCY MpPOTIOHaMigy Ta MIIMKIOreKcaHo-18-

KpayH-6
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Pucynok 12.3. CTpykTypa KOMIUIEKCY MTPOTIOHAMITY Ta KOPKOBOI KUCIIOTH

Cunte3. 180 mr (1 mmonb) mpotionamimy # 87 mr (0.5 MMoib) KOpkoBOT
KHUCJIOTH PO3YHMHSIOTH y cymimri: aneToH (5 mi) — erimanerat (1 mur) — rexcan (5 mo) 1
3QJIMIIAI0Th KPUCTATI3yBaTUCS MPU KIMHATHIM TeMIeparypli i MUMOBUILHOMY BHUMapi
po3uuHHUKiB. IIpo3opi xkoBTi kpucTamu 3 T. mi. 120-121 °C.

KommnoHeHT koMmIUIeKCy - KopkoBa kuciora (PucyHok 4.3) MaJOTOKCHYHA.
OTpuMaHi CHOJIYKH MOXYTh CTAHOBUTHU IHTEPEC ISl MOJATBIIUX JOCIIKEHb 3 OOKY

010X1IMIKIB.

13 KOMIUIEKCU ABAKPAYH-ETEPIB TA CYJIb® AHUUTAMIJIHUX
ITPEITAPATIB

CynbpdanuiamigHi mpenapaTd MHUPOKO BUKOPHUCTAIOTHCS Yy (hapMalleBTUYHIM
MPaKTUIIl IK OAKTEPUIIMIHI 3aC001 IMUPOKOT [ii.

Mertoro po6oTu O0yi0 BU3HAUCHHS] MOMKIJIMBOCTI CUHTE3y KPUCTATIYHUX
MOJIEKYJISIPHUX KOMILJIEKCIB a3aKpayH-€TepiB Ta cyiab(aHIaMiTHUX TpenapaTiB i

BUSIBJICHHS OCOOJIMBOCTEHN Y B3a€EMOIISIX IIMX MAPTHEPIB KOMILJIEKCOYTBOPEHHS.

BcranoBneHo, 1m0 nOpu MUMOBUIBHOMY BHUIIApI PO3UYMHHUKIB 3 PO3UYUHIB
azakpayH-etepiB — 5,7,7,12,12,14-rekcamerin-1,4,8,11-TeTpaazanukiaoTeTpacKkany
(tet B) Ta 1,4,7,10-rerpaazaumnononckan (Cyclen) 3 psgom cyiabhaHiIaMiIHAX

mpenapatiB.  €Ta3oll, Cyab(paMOHOMETOKCHH, HoOpcyibdazon, cyinbdaleH Ta
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Cyab(anuMesuH, 3a paxXyHOK MDKMOJIEKYJSIPHUX BOJHEBHMX 3B’SI3KIB, YTBOPIOIOTHCS
KPUCTAII4YHI MOJEKYJISIPHI KOMIUIEKCH.
Onucani B3aeMofii MOXYyTh OyTH BpaxoBaHI SIK CKJIaJoBa 4YacTUHA MpHU
MO/IEJIFOBAaHH1 MOJIEKYJIIPHUX B3a€MOJI1M JTIKAPCHKUX MOJIEKY.
Ha pucynkax 13.1 — 13.6 mpuBoIuMO CTPYKTYpH KOMIUIEKCIB a3aKpayH-ETePiB 3

CyJb(aHlIaMiTHUMH NpenapaTamu.

Pucynok 13.4 — Ctpykrypa komiuiekcy tet B 3 Hopcynbdaszomaom
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&

Pucynok 13.6 — Ctpykrypa komiuiekcy tet B 3 cynshamgumesnHOM
[lin wac poOOTM TakoX 3HAIEHI YMOBU CHHTE3Y HOBHUX KOMILJIEKCIB
CaJIlMJIOBOI  KHUCIOTH 3  HETOKCUYHHUMH  a30T-BMICTHIMH  TE€TEPOIMKIIAMH,

BUKOPUCTOBYBAaHUMH y (papMaKomorii.

14 KOMIUIEKCH ITIIEPUANVHY I THITEPASUHY TA CYJIbOAHUIAMIJIHUX
ITPEITAPATIB

[linepuaun 1 minepasuH MIUPOKO BUKOPUCTOBYIOThCA VY (apmakoioru sk
CKJIaJI0Ba YACTHHA TMPU MPUTOTYBAHHI PO3YMHHUX JIKAPCHKUX 3aCO0IB y 3B A3KY 3 1X

JOCHUTBh HHU3BKOIO TOKCUYHICTIO.

[i1p poOOTH — BU3HAYEHHS YMOB CHHTE€3y MOHOKPHUCTAIIYHMX KOMILJIEKCIB
MIMEPUJIMHY 1 Hinepa3uHy Ta cylbpaHUIaMIIHUX TMpenapaTtiB. PEeHTreHOCTpYKTYypHHI
aHai3 OyJJOBU OLMX CIOJIYK.

BcranoBneHo, 1o nOpu MUMOBUIBHOMY BHUIIApl PO3UYMHHHUKIB 3 PO3UYUHIB

MINEPUJIMHY 1 MINEpa3uHy 3 psioM Cyib(aHUIAMITHUX MpenapariB: HOPCYIb(azod,
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Cylb(paTuMETOKCUH Ta Cyiab(paauMe3nH, 3a paxXyHOK MIDKMOJIEKYJISPHUX BOJHEBUX
3B’S13K1B, YTBOPIOIOTHCSI KPUCTAIIYHI MOJEKYISIPHI KOMIUIEKCH.

Ha pucynkax 14.1 — 14.3 mpuBOANMO CTPYKTYPH KOMIUIEKCIB MINEPUINHY 1

inepasuny 3 cyiab(paHiiaMiTHUMHU NpernapaTamu.

-

Tw

Pucynok 14.1 — CtpykTypa KOMILIEKCY HINEPUAHHY 3 HOPCYIb(}a30a0M
’\/\i-“ ----- ™
' \/\/‘

Pucynok 14.2 — CTpykTypa KOMIUIEKCY MiMEpasuHy 3 HOpCyib(ha3oaom

Pucynok 14.3 — CTpykTypa KOMIUIEKCY MIMEPUANHY 3 CYIb(HaTUuMETOKCHHOM
BpaxoBytoun TH  0OCTaBMHH, 1[0 KOMIIOHEHTH  KOMIUIEKCIB  BXKE
BUKOPUCTOBYIOTHCS Y (papMakoriei, OTpUMaHl1 CIOJYKA MOXKYTh MATH IHTE€peC Ui

MOJAJIBIINX JOCHIKEHb 3 00Ky 010XIMIKIB.
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15 KOMIIJIEKCH KPEMHE®JIYOPOBO/IHII KMCJIOTU 3 TTOXIJTHUMU
BIITIPMJIVHY

Bimomo, 1m0 apxiTekTypa sKa peani3yeTbCsl y CTPYKTypax ' OHIEBHX"
rekcadayopocunikaTiB Ta MDKIOHHI H-3B'I3kM B MOMITHOMY CTyI€HI BH3HA4arOThb
0COOJMBOCTI reoMeTpli ¥ (i3MKO-XiMIYHE TMOBOJKEHHS cojieil. Pobora mpoaoBxkye
oyati paHille IOCHKeHHA npo BIuMB H-3B'A3kiB Ha OynoBYy © BIJIACTUBOCTI
rekcauIyopociTikaTiB  apujlaMOHII0O ¥ TMPUCBSYEHA BUBYEHHIO  KPUCTATIYHOT
CTPYKTypH rekcadayopoCuIiKaTiB 3 HOXITHUMU OINIPUIUHY.

Bzaemomiero cimikadayopoBomHiid Kuciaoti i3 2,2-OimipumuHoM Ta 4,4

OlMPUAMHOM OTPUMAHO KPUCTAIIYHI MOJIEKYJIIpHI kKomiuiekcn (pucyHku 15.1 — 15.2).

Pucynok 15.1 — CtpykTypa rekcadiryopocinikary 2,2'-0imipuanHito —
2,2"-bipyridine H,[SiF¢]

NI

Pucynok 15.2 — Ctpykrypa rekcadiryopocinikaty 4,4'-0imipuanHito —
4,4'-bipyridine H,[SiFg]
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Cnonyku TakoX oxapakTepu3oBani wetomamu [Y-,  mac-crekTpoMeTpii,

MOTEHI1IOMETPIi, PO3YMHHOCTI; Oy 10Ba BcTaHOBJIEHA MeTofoM PCA.

16 BUBHAYEHHA MIDKHAPOAHUX HAYKOMETPUYHNUX ITOKA3HUKIB
POBOTU

BuznaueHo MDKHapOAHUN HAYKOMETPUYHUN TMOKa3HUK podotu OnechKoro
JepxaBHoro EKONOriYHOro yHIBEpCUTETY IO HANpPAMKY Ii€i HAayKOBOi XIMIYHOIi
TeMaTHKH B pedepaTuBHUX O0a3ax manux SCopus (h-imgexc gopisHioe 11).

Innekc Xipma (h-iHmekc) € KiIbKICHOK XapaKTePUCTUKOI MPOJTYKTHBHOCTI
oprasizauii ¥ y4eHOro 3a IMepioJ HAyKOBOI MAISUIBHOCTI; BIH NPEICTaBICHUN Yy
pedepatuBHUX 0Oazax jgaHux Scopus. h-lHmexkc wmoke OyTh oOYHMCIeHUH 3
BUKOPUCTAHHSM O€3KOLITOBHUX 3arajibHOJIOCTYNHUX 0a3 naHux B IHTepHeTi. 3HaueHHS
h-iHmekcy mo maHuM SCOPUS YacTO HIDKYE JAaHUX IHIIMX JDKEpeN, TOMY Mo SCOPUS
ypaxoBye MUTyBaHHs, mounHaroun 3 1995 p. [anekc Xipira mo3BoJisie BiciBaTH i T.3B.
"BUMAJKOBUX CITIBABTOPIB'"; 1M MOKA3HUK OyJie BUCOKHUM JIMIIE IS THX, Y KOTO
JIOCUThL IyOJiKamii, i Bci BoHM (abo, mpuHAWMHI, 0arato XTO 3 HHUX) JOCUTh
3aTpeOyBaHi, TOOTO YacTO IUTYIOTHCS IHIIUMH JOCTITHUKAMU. 3HAUYCHHS MOKa3HUKA
3aJIe)KUTh BiJ ranysi Haykd. Y Oioiorii i MemuiuHi h-iHaekc HabaraTo BUINE, HDK Y
¢izuku ado Ximii. 3rigHo Xipiry, yCHilIHANA BUeHUH B 001acTi Qizuku (abo xiMmii) Mae
h-ingexc ve menm 10-12. Oninka myoumikamiin Oxecbkoro JlepxxaBaoro Exonorigaoro
yHiBepcutety 3 ximii (h-imgexc) € 11, mo go3BoJise BH3HATH IX YCHIIIHUMH
BIJIIIOBIJTHO IO CYYaCHHUX MIKHApOJIHUX KputTepiiB (muB. JlogaTtok P).

Pe3ynbTaToM I1i€i K HAYKOBOI AISUIBHOCTI € TaKOX MDKHApOJHUHN cepTudikart
"IIpoBimai Bueni cBity, 2013" i1 pestome y 30-oMmy FOBiICHHOMY MiKHAPOTHOMY
BuganHi "Xto € Xto y Caiti, 2013" (quB. Jomatku C,T, BiANOBIAHO).

Mixnaponaum biorpadgiuanm Lentpom, (KemOpummx, BemukoOputanis) Ha

mifCTaBl aHAMi3y iHQOpPMAIIHHUX MaHUX K SCOPUS, TaK W IHIINX CHEIiaTi30BaHUX 10
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ramy3six Hayk 0a3amM JaHuX, WIOPIYHO BIAOUPAIOTHCS, PO3TISJAIOTHCS U
patudikyroTscs kauauaaTa B "[Iposigni Bueni Mupy". Ceptudikat oTpuMaHuii.
AmnanoriyHo BifiOpano # omyOmikoBaHo pestoMe y 30-oMy IOBUICHHOMY
MixHaponHomy BunanHi "Xto € Xto y Csiri, 2013", bepkni, Cnomyueni lltatn
Awmepuxku ("Who's Who in the World - 2013", Berkeley, NJ 07922, USA). V ueii gac
HaM JIOCTYIIHA JIMIIE €JICKTPOHHA Komis. B omny0OiikoBaHOMY pe3toMe 3BEPHEHO yBary
1 0JTHO3HAYHO 3a3HAYCHO, 1110 32 OCHOBHUMH HAYKOBHUMH JTOCSTHEHHSAMH (110 1301MiIam
1 Makporereponukiam) ciig 3Bepratucs B Opecbkuit [lepkaBHuii Exonmoriynuit
yHiBepcuTeT. Aznpeca st nepernmcku Ta cama: (Office) Odessa State Environment
University, Lvovskaya Str 15, Odessa 65016 Ukraine.
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17 3BACTOCYBAHHA MATEPIAJIIB TOCJIIJIXKEHbD
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PP. 3647-3656;
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crown-5, 2,3-naphtho-15-crown-5, and bis-(18-crown-6)-stilbene constructed by weak
hydrogen bonding // CrystEngComm. (2011), Vol. 13, No. 2, PP. 674-683,;

4. Evgeny A. Goreshnik, Vladimir O. Gelmboldt, Larisa V. Koroeva, Eduard V. Ganin
/I Synthesis, crystal structure, IR-spectral data and some properties of 3,5-diamino-
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6. O.B. TI'ammn, M.I'. Topmmuenko, M.I'. BacmiwseBa, C.B. IlleBuenko //
CyrnpaMoiekyasipHble KOMIUIEKCHI KpayH -3(UpPOB ¢ PTOPOKOMIUIEKCHBIMU KUCIOTAaMHU
LHUPKOHUS, TradHus, HHOOMA Hu TaHTajga // BICTHUK OJECHKOTO €KOJIOTIYHOIO
yHiBepcutety. (2011), Bum. 11, C. 203-209.

7. V.O. Gelmboldt, E.V. Canin, M.S. Fonari // Supramolecular compounds of

fluorocomplexes of p-elements with crown and azacrown ethers: Synthesis,
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[HleBuyenko, B.®. [lleuenko // CynpamosnekysipHbie KOMILICKCHI KpayH-3(hupoB ¢ 1,2-
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BHUCHOBKHA

1. oBeaeHo, 10 MpU BUMApOBYBaHHI PO3UYMHHUKIB 3 PO3YMHIB (IIYOPOKOMILIEKCHUX
KHUCJIOT 00pa, KPEMHII0, TeépMaHisi, 0JIOBa, LIUPKOHItO, radHit0, HI00110, TAHTALY Ta PALY
O- # N-kpayH-erepiB y GIyOpOBOAHIM — KHUCIOTI, CEJIEKTUBHA YTBOPIOIOTHCS
KPUCTAJIIUHI CYNPaMOJIEKYJSPHI KOMIUIEKCH 13 (hiKcalli€ro aH10HIB P1AKICHOT Oy0BH.

2. JloBemeHa MOKIIMBICTh YTBOPEHHS CTIWKHX KPUCTATIYHHX CYMPaMOJICKYJISIPHUX
KOMIUIEKCIB CalillMJIOBOi Ta Me(deHaMOBOI  KHCIOTH 3 a3akpayH-eTepamMu Ta
PI3HOMaHITHUMH aMiHaMH, SIKI BUKOPUCTOBYIOThCA Y (hapMalieBTUYH1MA MPAKTHUIILI.

3. BcranoBmeno, 1m0 TpW  BHUMAPOBYBAaHHI  PO3YMHHUKIB 3  PO3YMHIB
CLTIIIH(TyOpOBOIHEBOI  KUCIOTI Ta 3,5-A1aMiHOTPIa30y CENEKTHBHE YTBOPIOIOTHCS
KPUCTAJIIUHI CYNPaMOJIEKYJSIPH1 KOMIUIEKCH 3 TeKCa(IyopOCUTIKATHUM aHIOHOM.

4. OTpuMaHO KPUCTATIYHI MOJICKYJISIPHI KOMIUIEKCH 13 XpoMOopOpHUMHU (parMeHTaMu
3 apoOMaTUYHUX KpAayH-€TEpOB Ta PAJIOM OpPraHIYHMX MOJIEKYJ W BHU3HAUE€HA IXHS
KpUCTaJIIYHA CTPYKTYpa.

5. Ha pi3HOMaHITHUX TpuUKIaAax JIOBeJAeHa Oe3yMOBHAa  MEPCHEKTHUBHICTD
MaKpPOIMKIIIYHUX MOJIEKYJ (KpayH-eTepiB i a3aMaKpOIUKIIIB) JJIsl BABUCHHS CTPYKTYPHOT
oprasizailii KOMILIEKCIB 3 OI0JIOTTYHO BAKIMBUMH MAJIUMU MOJIEKYJIaMH, MOXITHUMHU
MIPUMITHHIB.

6. Ilpomykrom B3aemoxii 1,8-mHadranoimxmopunay 3 4-Hitpoaniminom € N-(4-
HiTpodeHUT)130HadTaniMil, a HE BIAMNOBIAHUN HadTamiMiJ CUMETPUYHOI OYyJOBH, SK
YBa)Kajuocs paHile.

7. JloBeaeHO, 110 HAWOUIBII YITKO CEJEKTHUBHICTh KOMIUJIEKCOYTBOPEHHS Y CHUCTEMax
"HeopraHiuHuil (QIYyOPOKOMIUIEKC - MAKPOLUMKIIYHUN JUraHj’ TMpPOSBISIETbCS Y
BUMAJIKY, KOJIHM 'MaKpPOIMKIIUYHUAN JIUTAaH]]" — KJIACUYH1 KpayH-€TEpHU.

8. AHami3 ¥ OIliHKa 3 BHUKOPUCTAHHSM JOCTYIMHUX MDKHAPOJHUX HAYKO METPUYHUX
MpUNUOMIB Ta IHCTPYMEHTIB MOKa3aB YCIHIIIHICTh HAYKOBUX XIMIYHHMX JOCIIKEHb,

nposeneHux B OnecekoMy JlepxaBHOMY EKOJIOTIUHOMY YHIBEPCHUTETI.
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ABSTRACT: Interaction of mefenamic acid [2-(2,3-dimethylphenyl)aminobenzoic acid, maH] with piperazine (ppz), 1.4,7,
10-tetraazacyclododecane (cyclen), meso-5,7,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta), and tris-
(hydroxymethyl)aminomethane (tris) resulted in crystalline proton-transfer complexes of the compositions (ppzH;)(ma),+
4H,0 1, (cyclenH,)(ma),-2H,0 2, (tetaH,)(ma),-2H,0 3, and (trisH)(ma)-H,O 4. Immediate cation—anion hydrogen bonds
and those mediated by water molecules are the prime driving forces for the maH and amine assembly. Persistent CH- - -7
interactions involving the aromatic rings were found to play an important role in the formation of final structures. All complexes
reveal the pronounced segregation of hydrophilic and hydrophobic regions.

The active pharmaceutical ingredients (APIs) are most
conveniently developed and delivered as solid dosage forms
that contain a single crystalline form of an API due to the
inherent stability of crystalline materials and the well-estab-
lished impact of the crystallization processes on the purifica-
tion and isolation of a chemical substance. However, there are
often limitations in terms of solubility, stability, and bioavail-
ability for the crystal form of a single organic molecule; thus
the crystal form can be crucial to the performance of a dosage
form.! Obviously, the variations in physicochemical properties
can be achieved through structural variation, and pharmaceu-
ticals may be manipulated, for example, by using different
polymorphic forms, but the discovery of new polymorphs is
often serendipitous and can be difficult to control.? Another
possible way for modifying the physicochemical properties
with the goal to improve pharmaceutical profile of drug is the
creation of a multicomponent molecular complex (e.g., co-
crystal or salt) without altering covalent bonding and therefore
keeping the pharmacological behavior of the drug. Crystal
engineering’ has emerged into the pharmaceutical field with
importance of its strategy in the design of multicomponent
pharmaceutical solids.* The deliberate design of such organic
solids, possessing controlled supramolecular structures, is gen-
erally based on conventional “strong” hydrogen bonds and
robust, reproducible hydrogen bond motifs (synthons)® that
occur with a high frequency in known crystal structures.
Whereas stronger hydrogen bonds are ideal tools in this con-
text, weaker interactions such as C—H- - -7z, for example, are
more problematic, although interactions involving aromatic
systems are key processes in both chemical and biological recog-
nition.® Moreover, in the structures rich with aromatic hydro-
carbons the C—H - - - i interactions may dominate in molecular
association, and packing thus playing an increasingly important
role as a persistent structural motif in structure formation.’”

*To whom correspondence should be addressed. E-mail: fonari.xray@
phys.asm.md; kravtsov.xray@phys.asm.md; fax: +373 22 72 58 87; tel: +373
227381 54.

©2010 American Chemical Society

Therefore, it is believed that the C—H- - -7 interactions are
important in controlling the final structures of molecular
assemblies, and it is a great challenge to make a full screen of
various interactions changing from conventional strong hydro-
gen bonds to weak C—H- - -7 interactions in the structure of
relative molecular complexes.

Mefenamic acid [(2-(2,3-dimethylphenyl)aminobenzoic
acid, maH] is a well-known representative of fenamates®
showing a potent analgesic effect. Mefenamic acid is a non-
steroidal anti-inflammatory (NSAI), antipyretic, and anal-
gesic agent that is used for the relief of postoperative and trau-
matic inflammation and analgesic treatment of rheumatoid
arthritis, and antipyretic in acute respiratory tract infection.”
Recently, it has been reported that maH is perspective as a
therapeutic agent in Alzheimer’s disease since it improves
learning and memory impairment in an amyloid § peptide
(AB1—42)-infused Alzheimer’s disease rat model.'” Low water
solubility of maH limits its efficacy and therapeutic benefit as
an API in the clinic; therefore, efforts have been done to
enhance its solubility and dissolution rate.'' The polymorph-
ism of maH was studied for its effect on improvement physical
properties. Similar to diclofenac, flufenamic, and tolfenamic
acids that crystallize in three, two, and five polymorphic forms,
respectively,'? two crystalline polymorphic forms, stable Form
I (CSD refcode XYANAC) and metastable Form II, were
found for maH.'* Since prodrugs are known to enhance
numerous desirable qualities of pharmaceuticals and tem-
porarily mask the acidic group to suppress gastrointestinal
injury, the different esterified mefenamates were studied and
approved as possible prodrugs.'* Salts are usually considered
as another alternative for drug delivery.'> Sodium, manga-
nese(IT), cobalt(IT), nickel(IT), copper(Il), and zinc(IT) mefe-
namates were recently explored with the aim to solve the
formulation and dissolution problems of maH."'® On the other
hand, the structural information for maH complexes with
organic cocrystal partners is restricted by three salts with
alkanolamines, n-propanol-, diethanol-, and triethanolamine
(CSD refcodes NASBEP, NASBIT, NASBOZ, no fractional
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coordinates are available),17 and an inclusion complex with
cyclodextrin (CD).'® As indicated by authors,'” binary com-
pounds of maH with alkanolamines represent the proton-
transfer complexes sustained by the charge-assisted hydrogen
bonds. Hydrophobic and hydrophilic regions exist in the
crystal of each complex.

The diverse bases are successfully exploited nowadays as
suitable cocrystallization partners for fatty, oxy-, and aro-
matic acids."” The advantages of polyazamacrocycles as
N-bases are numerous.>' In the polyprotonated form they are
soluble in water. The high positive charge density and poten-
tial hydrogen-bonding sites promote complex formation with
biologically relevant anionic substrates. The well-elaborated
synthetic methodology provides the ring size readily varied in
the synthetic scheme. Moreover, incorporated in the ring or
attached as pendant arms organic moieties can vary their
charge density and lipophilicity. For example, the pharma-
ceutically acceptable smallest in size cyclic diamine, piper-
azine, acts both in neutral and cationic forms giving rise to
cocrystal with paracetamol,*® and salts with salicylic, ascor-
bic, camphoric, pamoic acids, diclofenac, and phenylbuta-
zone.”

Our previous research has been focused on the synthesis of
multicomponent crystalline solids involving as APIs sulfa
drugs,?* or pharmaceutical acids, p-aminobenzoic acid, sali-
cylic acid,?® and crown ethers (CEs) or azacycles as cocrys-
tallization partners with an emphasis on the modes of inter-
action of the components in the solid state. p-Aminobenzoic
acid yielded the binary molecular complexes of the 2:1 ratio
with 18-membered CEs, while the proton-transfer complexes
with mixed N,0-containing CEs and azacycles were obtained
both for p-aminobenzoic and salicylic acids. In view of the
above, our further attempts were aimed to design a system
wherein an addition of a cyclic amine molecule could improve
hydrogen bonding with maH, which in turn could impart
physicochemical properties. For this purpose, the gradually
increased in size aza cycles depicted in Scheme 1 along with
one acyclic amine (tris) have been used. Piperazine and tris are
pharmaceutically approved with their meaningful occurrence
in the Cambridge Structural Database (CSD) as good crystal
partners for APIs.”” Within the past decade, tetraazacycles
cyclen (1,4,7,10-tetraazacyclododecane) and cyclam (1,4,8,
1 I-tetraazacyclotetradecane, the parent azacycle for teta)
have found many applications in medicine. The advantages
of cyclen and cyclam are their low toxicity, low molecular
weight, and amphiphilic solubility.?! All of these properties
are beneficial for their investigation as suitable crystal part-
ners. In general, ApK, of an acid and a base is used as a rule of
thumb to estimate the proton transfer.”® The difference of
3.6—6 orders of magnitude between the acid dissociation
constants of the base (pK,=5.68 and 9.82 for ppz, 10.51 and
9.49 for cyclen, 12.60 and 10.40 for teta, and 8.06 for tris),?
and the acid (pK, = 4.2 for maH"*) should lead to proton
transfer and serves as an indication of the preferable for-
mation of salts. So, with a high degree of probability we
could expect the presence of ionic moieties in each structure
under discussion.

Herein we report the synthesis and crystal structures of four
novel complexes of maH with cyclic amines, piperazine (ppz),
1,4,7,10-tetraazacyclododecane (cyclen), meso-5,7,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta), and
acyclic tris(thydroxymethyl)aminomethane (tris) of the com-
positions (ppzH,)(ma),-4H,0 1, (cyclenH,)(ma),-2H,0 2,
(tetaH,)(ma),-2H»0 3, and (trisH)(ma)- H,O 4.

Fonari et al.

Scheme 1. Target Mefenamic Acid and Amine Molecules with
the Numbering Scheme
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Experimental Section

General. All reagents (Scheme 1) were purchased from commer-
cial sources and used as received. Solvents were obtained from
commercial sources and distilled before use. Single crystals were
obtained via slow evaporation of stoichiometric amounts of starting
materials in an appropriate solvent. Compounds 1—4 were char-
acterized by elemental analysis for C, H, and N in a Perkin-Elmer
240C device, X-ray powder diffraction (PXRD), and single crystal
X-ray analysis.

(ppzHz)(ma), -4H,0 1. Piperazine hexahydrate (194 mg, 1 mmol)
and maH (241 mg, | mmol) were dissolved upon boiling in methanol
(25 mL). The solution was allowed to evaporate at room tempera-
ture when colorless transparent crystals appeared. mp 178—180 °C,
found %: C 63.77; H 7.51; N 8.78 %, required for C34H4sN4Og %: C
63.73; H 7.55; N 8.74.

(cyclenH;)(ma), - 2H,0 2. 1,4,7.10-Tetraazacyclododecane (86 mg,
0.5 mmol) and maH (241 mg, | mmol) were dissolved upon boiling in a
mixture of methanol, ethylacetate, and water (20 mL/50 mL/1 mL).
The solution was allowed to evaporate at room temperature when
colorless transparent needles appeared. mp 148—150 °C, found %: C
66.11%; H 7.84; N 12.19, required for C33Hs,NgOg %: C 66.06; H
7.88; N 12.16.

(tetaH;)(ma),-2H,0 3. meso-5,7,7,12,12,14-Hexamethyl-1,4,8,
1 1-tetraazacyclotetra-decane (142 mg, 0.5 mmol) and maH (241 mg,
1 mmol) were dissolved upon boiling in a mixture of methanol and
ethylacetate (10 mL/30 mL). The solution was allowed to evaporate at
room temperature when colorless transparent crystals appeared. mp
215—218 °C, found %: C 68.85; H 8.77; N 10.49, required for
Cy6H70NgOg %: C68.80; H 8.79; N 10.46.

(trisH)(ma)-H,O 4. 2-Amino-2-(hydroxymethyl)propane-1,
3-diol (121 mg, 1 mmol) and maH (241 mg, I mmol) were dis-
solved in boiling water (15 mL). The solution was allowed to
evaporate at room temperature when colorless transparent thin
plates appeared. mp > 190 °C (melt. + dec.), found %: C 59.98; H
7.42; N 7.36, required for CgHosN,Og %: C 59.93; H 7.45; N 7.39.

Single-Crystal X-ray Data Collection and Structure Determina-
tions. The X-ray intensity data for 1—4 were recorded at 100 K on a
Bruker-AXS SMART APEX/CCD diffractometer employing gra-
phite monochromatized MoKa radiation (A = 0.71073 A) in w scan
mode. The structure solution and refinement proceeded similarly
for all structures using SHELX-97 program package.*” Direct
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Table 1. Summary of the Crystal Data and Structure Refinement Parameters for 1—4
compound 1 3 4

formula C14HysN4Og C33H54NeOg Cu6H70NOg CioH2gN>Og

composition (C4HNo)(CosH g (CgHpNY)(Cs5- (Ci6HagNL(CysH 14 (C4H15NO3)(CysH -
NO,),-4H,0 H,,NO,),-2H,0 NO,),-2H,0 NO,)-H,0

formula weight 640.76 690.87 803.08 380.43

crystal system triclinic monoclinic triclinic triclinic

space group PT C2/e PT PT

a(A) 6.9297(8) 32.809(4) 8.5654(14) 7.7773(16)

b(A) 7.1741(8) 7.6594(10) 8.7181(14) 8.4070(17)

c(A) 18.621(2) 29.684(4) 16.020(3) 15.127(3)

() 85.995(2) 90.0 102.383(3) 90.642(4)

£ () 83.245(2) 104.457(2) 91.415(3) 97.981(5)

y () 65.812(2) 90.0 112.494(3) 97.970(4)

V(A% 838.37(16) 7223.4(16) 1072.0(3) 969.6(3)

Z 1 8 1 2

De (Mg m™) 1.269 1271 1.244 1.303

u (MoKa)/(mm™") 0.091 0.087 0.083 0.097

F(000) 344 2976 436 408

reflections collected/unique ~ 6659/3121 [R(int) = 0.0219]  26893/7094 [R(int) = 0.0563]  5612/3929 [R(int) = 0.0206]  7911/3797 [R(int) = 0.0284]

reflections with 7 > 20(1) 2565 5093 2886 2507

goodness-of-fit 1.008 1.008 0.999 0.963

R, wR[I > 20(I)] 0.0408, 0.1106 0.0545, 0.1236 0.0472, 0.1135 0.0361, 0.0705

methods yielded all non-hydrogen atoms. Hydrogen atoms bonded
to nitrogen or oxygen atoms were localized in the difference Fourier
map and refined freely with Ujso(H) = 1.5¢4(0), Uiso(H) = 1.2¢4(N).
The remaining hydrogen atoms were placed in calculated positions
and refined in “ride” mode. Structure graphics shown in the figures
were created using the Mercury software package version 2.2.%!
Packing Index (PI) was calculated with the program PLATON.*?
Crystal data together with further details of the data collections and
refinement are given in Table 1. CCDC reference numbers 759430—
759433.

Results and Discussion

Commercially available maH, piperazine (ppz) hexahydrate,
1,4,7,10-tetraazacyclododecane (cyclen), meso-5,7,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta), and #ris-
(hydroxymethyl)methylamine (tris) were taken for cocrystal-
lization. Crystalline products of the compositions (ppzH,)-
(ma),-4H,0 1, (cyclenHy)(ma),+ 2H,0 2, (tetaH,)(ma), - 2H,0
3, and (trisH)(ma)-H,O 4 were obtained in similar synthetic
conditions in solution by direct mixing of maH with the basic
component. The cycles gradually increase in size from 6 to 14
ring atoms, and contain two or four NH-amino groups cap-
able of being protonated, contrary to one amino-group in tris.
The purity of the synthesized compounds was confirmed by
similarities between experimental and simulated X-ray powder
diffraction patterns. The final complexes demonstrated the
high stability within a long period of time. The melting point of
all complexes falls between that of the partner and the drug
substance, with no correlation with the melting points of initial
bases (Table 2).** The variability in melting points for the series
described herein may be attributed to the differences in struc-
ture, and primarily in the hydrogen bonding network. In 1—4
the acidic proton transfers from the carboxylic group of the
maH molecule to the NH- or NH,-group of the amine mole-
cule give rise to the di- (1—3) or monocation (4). The crystal-
lographic evidence for this proton transfer is the equalized
C—0 distances in the carboxylate group consistent with the
carboxylate anion [bond distances C(7)—O(1) and C(7)—0(2)
in Table 2, the most different values in the same COO ™~ group
being 1.286(2) and 1.244(2) A in 3] and unbiased localization
of the hydrogen atoms in close proximity to the nitrogen atoms
in the N-basic cations, respectively. In all complexes the ma
anion reveals an intramolecular N(1)—H- - -O(1) hydrogen

bond of the S,'(6) motif,” the N - - - O distance and N—H- - -O
angle ranging within 2.624—2.675 A and 132—143°, respec-
tively (Table 3). The ma anion consists of the three planar
fragments, the deprotonated carboxylic group, the phenyl ring
A that carries it, and the xylyl ring B (Scheme 1). The
conformation of the anion is defined by three torsion angles,
O(1)—C(7)—C(1)—C(6), C(1)—C(6)—N(1)—C(8), and C(6)—
N(1)—C(8)—C(9). These angles in 1—4 along with those in
pure maH"" are given in Table 2. It can be clearly seen from
Table 2 that the torsion angles C(1)—C(6)—N(1)—C(8) and
C(6)—N(1)—C(8)—C(9) in 1—4 essentially vary. This fact
indicates that the cocrystallization partner affects the observed
conformation in the crystal structures.

Compound (ppzH,)(ma),-4H,O 1 crystallizes in the tric-
linic space group P1 (Figure 1). The piperazinium cation
resides around an inversion center in chair conformation.

The seven-membered formula unit is stabilized by two
charge-assisted NH'-.-O(COO™) hydrogen bonds using
equatorial H-atoms, and two NH - - - O(H,O) hydrogen bonds
using axial H-atoms of azonia-groups, the cation- - -anion
separation N(2)---O(1) of 2.713(2) A (Table 3) being the
shortest in the structure. There are no more direct cation—-
anion interactions, and the two-membered O(1w)- - -O(2w)
(2.726 A) water clusters additionally link the charged entities
inside the formula unit giving rise to two R4*(13) graph sets.
The second H-atom of each water molecule, being involved in
the OH(H,0)---O(COO™) hydrogen bonds combines the
formula units in the layer propagated parallel to the ab
crystallographic plane (Figure 2).

The layer comprises the hydrophilic core and the hydro-
phobic outer surfaces. The internal hydrophilic region is
formulated by the combination of the above-mentioned
R,*(13) motifs within the formula units, and alternating
R.%(12) and R¢%(16) motifs involving water molecules and
carboxylic group of ma. Summarizing, six symmetry indepen-
dent H-bonds are responsible for the stabilization of the
hydrophilic area where all donors (two water molecules and
one cyclic cation) are involved in single H-bonds, while the
carboxylic oxygens act as multiple acceptors, taking part in
three [O(1)] and two [O(2)] hydrogen-bonds, respectively. The
parallel ma anions related by the shortest @ and b translations
demonstrate the edge-to-face arrangements of the A and B
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Table 2. Selected Parameters of 1-4

Fonari et al.

2
parameter maH"’ 1 a b 3 4

ma:base:H,O ratio 2:1:4 2:1:2 2:1:2, | DAEA )
melting point/°C 230—232 178—180 148—150 215-218 >190 (dec)
melting point base/ °C* 106 108—113 146—148 171-172
water envirogmcn[ DDA, DDA DDA, DD DDA DDA
o(H)—C(7) (A) 1.232 1.278(2) 1.265(2) 1.262(2) 1.286(2) 1.270(2)
0(2)—C(7) (A) 1.318 1.258(2) 1.258(2) 1.273(2) 1.244(2) 1.273(2)
C(6)—N(1)—C(8)—C(©Y) (°) 120.0 117.8(2) 79.3(3) 73.03) 160.4(2) 85.2(2)
C(1)—C(6)—N(1)—C(8) (°) 179.3 —172.2(1) 165.0(2) —175.6(2) 145.1(2) 171.2(2)
O(1)—C(7)—C(1)—C(6) (°) 1.71 —7.6(2) =7.0(3) —6.3(3) 13.4(3) 6.8(2)
A/Bangle (°) | 62.4 60.6 73.4 75.3 535 78.4
CH (sp?) -+ - (A) 3.59 3.41 391 3.44

. 3.66 3.90 3.41
CH(sp?) « - -7 (A) 3.63 355 3.54 3.63 3.64

3.83 3.67
. 3.99 3.74

NH: -7 (A) . 3.47
thickness of the layer (A) ; 14.0 18.5 18.5 16.7 13.6
thickness of the hydrophobic region (A) 14.0 139 12.2 14.1 11.4
area per one ma/(A?) 45.4 45.4 56.8 69.0 64.8
packing index/(%) 68.2 69.1 69.8 70.9 69.4

“Melting point is given for anhydrous form.

Table 3. Hydrogen Bond Distances (/D\) and Angles (°) for 1—4

D—-H---A d(D—H) dH---A) dD---A) Z(DHA symmetry transformation for acceptor
1
N(I)—H(INI1)---O(1) 0.85(2) 2.00(2) 2.652(2) 133(2) X, Y, Z
N(2)—H(IN2)---O(1) 0.98(2) 1.74(2) 2.713(2) 173(2) X, )
N(2)—H(2N2)- - -O(2w) 0.91(1) 1.91(2) 2.808(2) 169(2) 2=x,l=y—z
O(lw)—H(w1)---O(1) 0.87(2) 2.04(2) 2.851(2) 155(2) 1+x,p,z
O(lw)—HQwl1)---0(2) 0.87(2) 1.96(2) 2.732(2) 147(2) 2
OQ2w)—H(1w2)- - -O(1w) 0.90(2) 1.83(2) 2.726(2) 174(2)
O(2w)—H(2w2)- - -O(2) 0.92(2) 1.88(2) 2.802(2) 174(2)
2
N(la)—H(1A)---O(la) 0.88(2) 1.93(2) 2.641(2) 137(2)
N(I1b)—H(1b)---O(1b) 0.88(2) 1.90(2) 2.625(2) 138(2) X
N(I)—H(INI)---O(2b) 0.96(2) 1.74(2) 2.697(2) 175(2) %; 3
N(I)=H(2N1)---N(4) 0.92(2) 2.37(2) 2.832(2) 111(2) % 3
N(I)—H(@2N1)---N(2) 0.92(2) 2.39(2) 2.874(2) 112(2) X
N(I)—H@2N1)---O(1w) 0.92(2) 2.50(2) 3.021(2) 117(2) X,
N(3)—H(IN3)---O(la) 1.01(2) 1.67(2) 2.664(2) 169(2) X, 0,
N(3)—H(IN3)---0(2a) 1.01(2) 2.51(2) 3.192(2) 125(2) X, ¥,
N(3)—H(2N3)---N(2) 0.88(2) 2.35(2) 2.820(3) 114(2) X, ¥
N(3)—H(2N3)- - -N(4) 0.88(2) 2.42(2) 2.885(2) 113(2) X,y z
N(4)—H(IN4)---O(2a) 0.92(2) 2.09(2) 2.925(2) 151(2) 12-x,12+y,12-z
O(1w)—H(1w1)---O(2b) 0.87(3) 1.93(3) 2.806(2) 176(2) 12 —ix; 3j2— 3, 1 —z
O(1w)—HQ2wl1)- - -O(1b) 0.88(3) 1.88(3) 2.752(2) 177(2) z
O(2w)—H(1w2)---O(2a) 0.89(3) 1.95(2) 2.828(2) 170(3)
O(2w)—H(2w2)- - -O(1w) 0.95(3) 1.94(3) 2.887(2) 175(3)
3
N(I)—H(INI1)---O(1) 0.88(2) 1.91(2) 2.673(2) 144(2) X5 W2
N(2)—H(IN2)---N(3) 0.90(2) 2.09(2) 2.829(2) 139(2) 1—-x, =y, —2
N(2)—H(2N2)---0(1) 0.98(2) 1.81(2) 2.786(2) 171(2) X, ¥, 2
N(3)—H(IN3)---O(1w) 0.84(2) 2.34(2) 3.041(2) 141(2) l—x—y,—z
O(1w)—H(1wl)---O(1) 0.87(3) 2.03(3) 2.873(2) 163(2) X, 9,2
O(lw)—HQ2wl1)---0(2) 0.87(3) 1.91(3) 2.777(2) 174(2) 1-x;, 1=y, =z
4
N(I)—H(IN1)---O(1) 0.84(2) 2.01(2) 2.676(2) 136(2) X, 9,2
N(2)—H(IN2)---O(3) 0.97(2) 1.88(2) 2.830(2) 167(2) L=, =5, 12
N(2)—H(2N2)---0(2) 0.95(2) 1.78(2) 2.723(2) 171(2) X, ¥,z
N(2)—H(3N2)- - -O(5) 0.95(2) 1.83(2) 2.760(2) 169(2) —%; =y 1~z
O(lw)—H(1w)- - -O(2) 0.86(2) 1.93(2) 2.780(2) 174(2) X e
O(1w)—H(2w)- - -O(4) 0.89(2) 2.00(2) 2.859(2) 161(2) l=x%1—-3l1—z
O(3)-H(3B)---O(1) 0.84 2.02 2.858(2) 176 l—x1—yp1—2z
O(4)—H(4B)- - -O(1) 0.84 1.93 2:752(2) 167 X% W &
O(5)—H(5B)- - -O(1w) 0.84 1.81 2.630(2) 166 1-%-—y,1—g

aromatic rings (Figure 2b, Table 2). The A/B dihedral angle of
60.6° between the interacting rings is equal to the A /B dihedral
angle within the molecule. The layers meet by their hydro-
phobic surfaces and interactions across the layer boundary

include the CH;-- -2 contacts™ between the center-of-
symmetry related xylyl rings (B) and directed outside the
layer methyl groups, Figure 2c. The arrangement of ma anions
both inside the layer and across the layer boundary closely
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Figure 1. View of formula unit for 1 with the partial labeling
scheme. Hydrogen bonds are shown by dashed lines.

Figure 2. (a) Packing of two layers in 1; (b) arrangement of ma
anions in the slice parallel to the ab crystallographic plane. The
edge-to-face CH(sp?)- - -or interactions are shown by dotted lines;
(c) the CHj;- - v interactions of xylyl rings of ma anions in the
interlayer region are shown by dashed lines.

resembles the crystal packing of the H-bonded centrosym-
metric dimers of maH, ">’ which form similar layers with the
hydrophilic carboxylic groups inside and two hydrophobic
surfaces parallel to the crystallographic plane defined by the
two shortest unit cell parameters. The only specific recogniz-
able driving forces which hold the dimers within the layer are
the edge-to-face A/B interactions between the related by transla-
tion maH molecules, C(4)—H- - - Cg B(centroid B) = 3.59 A,
C(12) -+ -CgB = 3.66 A; the A/B dihedral angle equals 62.4°,
resulting in exactly the same packing motif as shown in
Figure 2b for 1. It is also noteworthy that maH in the pure
phase and ma in 1 occupy the same area of 45.4 A% in the slice
of parallel entities shown in Figure 2b. The conformations of
maH and ma in 1 are also identical as is evident from Table 2.
At the same time, the thickness of the layer given by the
distance between the parallel planes defined by the most distal
C(15) atoms is essentially different, being 14.0 A in the
structure of maH and 18.5 A in 1. Thus, the insertion of
N-base between the ma entities affords the lateral expansion
of the layer but preserves the intra- and interlayer CH- - -7
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Figure 3. View of formula unit for 2 with the partial labeling
scheme. Hydrogen bondings are shown by dashed lines.

interactions along with the relative arrangement of the anions
in the structure.

Figure 3 depicts the five-membered complex (cyclenH,)-
(ma),-2H,0 2, which crystallizes in the monoclinic space
group C2/c. All the components, being the macrocyclic dica-
tion, two symmetry independent ma anions marked with the a
and b trailers, and two water molecules, O(1w) and O(2w),
occupy general positions. The anions a and b have similar
conformations (Table 2). In the cyclic dication, each second
nitrogen atom is additionally protonated, all four nitrogen
atoms are perfectly coplanar (within 0.007 A), and all N-
bound hydrogen atoms display above this N, plane. The mode
of protonation and the shape of the (cyclenH,)** moiety is
identical to that found in its complex with p-aminobenzoic
acid.?>® The hydrogen atoms of the NH,-groups are endo- and
exo-oriented. The endo-oriented H-atoms participate in the
bifurcated NH- - - N intramolecular short contacts (Table 3).
The exo-oriented H-atoms anchor the a and b anions via the
charge-assisted N*-..0(COO ") hydrogen bonds,N(1)- - -O-
(2b)2.697(2) A, and N(3)- - - O(2a) 2.664(2) A, being the shor-
test in 2 similar to 1 (Table 3). The formula unit is completed
by the two-membered water cluster with the O(1w)- - - O(2w)
separation of 2.887(2) A.

The neighboring complexes are associated in the tapes
parallel to the b axis via the bridging carboxylic group of the
anion a and the H-donor function of N(4) atom, the interac-
tion being described by the C»%(9) graph set. The water clusters
additionally link the neighboring formula units into the tapes,
mediating the a and b anions. The O(1w) water molecule uses
one of its H-atoms for the cross-tape interactions giving rise to
the layer spread parallel to the bc plane (Figure 4). These
interactions generate the centrosymmetric heterotetramer,
R,*(12) that combines the two b anions and the two O(1w)
water molecules.

Similar to 1, the layer comprises the hydrophilic core and
the hydrophobic outer surfaces and has the same thickness of
18.5 A. However, the area occupied by one ma anion essen-
tially increases and equals 56.8 A2, and the only one weak
edge-to-face CH- - -7 interaction with C(Sa)- - -Cg B(b) se-
paration of 3.91 A and the A(a)/B(b) dihedral angle of 76.8°
preserves within the layer in 2. It is a consequence of the inser-
tion of the larger in size (cyclenH,)*" cations which impose the
increased separation between the pendant ma anions, while
the more spongiose hydrophobic region of the layer facilitates
the deeper interlayer interdigitation of the xylyl rings of the ma
(Figure 4b, Table 2). Additionally, the structure reveals the
NH- - -7 interactions™® of 3.47 A, mediated by the cyclic NH-
group and the unused sr-acceptor function of ring A (anion b)
Thus, the insertion of a larger cycle possessing an increased
number of NH-binding sites does not enlarge the thickness of
the layer but slides apart the neighboring ma anions.
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(@

(b)

Figure 4. Crystal packingin 2: (a) arrangement of two layers in the unit cell, (b) the CH- - -rand NH - - - winteractions involving aromatic rings

are shown by dashed lines.

Figure 5. View of formula unit for 3 with the partial labeling
scheme. Hydrogen bondings are shown by dashed lines.

Compound 3 of the composition (tetaH,)(ma),-2H-,O
crystallizes in the triclinic space group PI. The centrosym-
metric formula unit is shown in Figure 5.

The mode of protonation of teta molecule is identical to
that found in its complexes with 3- and 4-hydroxybenzoic
acids, 3,5-dihydroxybenzoic and phenylphosphonic acids.>®
The conformation of the cation is fixed by the two N(2)—
H--+-N(3) hydrogen bonds. Complex 3 is stabilized by the
combination of couples of NH™ - - - O(COO ™), NH - - - O(H,0),
and OH(H,0)- - -O(COO™) hydrogen bonds (Table 3). The
neighboring complexes translated along the b direction are
bound in the columns of the edge-fused R,3(10) and R,*(12)
rings due to the bridging function of water molecule. The
R,*(12) graph set describes the centrosymmetric heterotetra-
mer identical to that one found in 2 which combines two ma
anions and two water molecules at O---O distances of
2.776(2) and 2.871(2) A, respectively (Figure 6). All possible
hydrogen bonds are segregated inside the columns, which
have the external hydrophobic surfaces.

The column size along the [001] direction defined as a
separation between the parallel planes through the most distal
C(15) atoms of the xylyl ring is 16.7 A. The column size along
the [100] direction defined by the planes through the C(3)
atoms is 8.51 A. The columns related by the translation along
the a axis are connected by the CH- - - 77 interactions between
the methyl group of the (tetaH,)> " cation and ring A of the ma
anion. To the opposite side of the A ring approaches the other

(b)

Figure 6. Crystal packing in 3 (a); the scheme of CH- - -7 interac-
tions shown by dashed lines (b).

methyl group of the (tetaH,)*™ showing the intracolumn
CH- - -t interaction (Figure 6b). The methyl groups of the
(tetaH,)** cation, intercalated into the slice of the parallel ma
anions, substitute the edge-to-face interactions by the CH; - « -7
ones, which unite the columns in the layer similar to that found
in 1-2. The intervention of the methyl groups slides ma anions
apart and increases up to 69.0 A2 the area occupied by one ma.
The neighboring layers are stacked along the ¢ axis via CH-
(sp*)- - -7 interactions of 3.74 A acting exactly in the same
mode as in the pure maH and in 1-2.

The proton-transfer complex (trisH)(ma)- H,O 4 is the only
one where the acyclic amine (Scheme 1) is used as a base.
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Complex represents a monohydrate of the 1:1:1 stoichio-
metry, which crystallizes in the triclinic space group P1. The
formula unit is shown in Figure 7.

It is a solitary complex in this series where both oxygen
atoms of the ma anion interact with the same cation in a
chelate mode via the NH(NH;3 %)+ - -O(COO ™) and OH- - - O-
(COO™) hydrogen bonds giving rise to the R,*(9) asymmetric
ring. Three hydroxymethyl groups of N-base adopt around
the amino-methyl bond a propeller-like conformation, close
to the C; symmetry. The tripod geometry of the cation deco-
rated by one NH;" and three OH-groups facilitates its self-
assembling in the chains running along the « axis which via
bridging water molecules are further combined in the well-
defined H-bonded layer developed parallel to the ab plane.

The similar self-organization of the (trisH)™ cations in the
chains is found in its deoxycholate,”” while in the layer — in
{2-[(2,6-dichlorophenyl)amino]phenylacetate.’® The ma an-
ions in 4 attached to the cationic layer via hydrogen bonds
form its hydrophobic surfaces. The slice of the parallel ma
anions reveals the same B/A edge-to-face interaction pre-
viously found in 1—2 and characterized by the CH(sp?)- - -
and CH(sp®)- - -7 interactions (Figure 8b). Besides, cycle B is
involved in the CH(sp®)- - -7 interaction of 3.41 A with the
methylene group of the (trisH) " cation. Each ma occupies an
area of 64.8 A% The layer in 4is the thinnest among the studied
complexes with a thickness of 13.6 A between the planes
defined by the most distal C(4) atom of ring A. This is
explained by the rearrangement of the xylyl rings inside the
layer due to its involvement in the intralayer CHj;- - -7 inter-
actions (Figure 8b).

Figure 7. View of formula unit for 4 with the partial labeling
scheme. Hydrogen bonds are shown by dashed lines.

(C))
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The present study, our previous results,>2® and the litera-
ture data®® unambiguously show that charge-assisted N—
H- - -0 hydrogen bonds are reliable and predictable interac-
tions in the formation of organic complexes between aromatic
carboxylic acids and cyclic amines in which nitrogen atom
possesses sp>-hybridization. These intermolecular interac-
tions, being the shortest in the structure, determine the direct
binding of N-base with aromatic carboxylate. A similar
observation was made for the allied crystalline complexes
with acyclic amines where the charge assisted N—H---O
bonds were the driving forces for the aggregation of molecular
components in the complex."* In all mefenamic acid—amine
crystalline complexes known so far, the amine molecule inserts
between the carboxylic groups of maH, disrupts the R,%(8)
carboxylic acid homomeric synthon, and replaces it by charge-
assisted N—H- -+ O hydrogen bonds. These strong H-bonds
give the ability to control ma-amine assembly and represent
an ideal tool for reproducing predesigned multicomponent
crystals in this system.

The ability of organic crystals to form hydrated structures is
very intriguing.>** Structurally, hydrates of organic com-
pounds have been categorized into two classes: isolated site
hydrates and channel hydrates.*' Because of their small size
water molecules readily incorporate into crystal lattices and
provide versatile hydrogen bonding patterns.*> They can
contribute to stabilization of crystal structures when there is
an imbalance in the number of acceptors and donors* by
forming a diverse arrangement of supramolecular heterosyn-
thons. Our previous results for p-aminobenzoic acid com-
plexes give such examples.”> Referring to organic salts, the
authors?’ based on the survey of CSD generalized the increas-
ing hydrate formation with increasing charge on a single ion
or with increasing number of carboxylate groups in a struc-
ture.** Recent studies represent the attempts to find correla-
tions between the degree of hydration and thermal stability of
the crystals.*>*® Water molecules in 1—4 incorporate into the
hydrophilic region of the crystals and feature different struc-
tural functions. The single water molecule point inclusion in
the DDA (where D = H-donor, A = H-acceptor) environ-
ment is registered in 3 and 4, while in 1-2 two crystal-
lographically unique water molecules incorporate in the form

(b)

Figure 8. (a) Crystal packing in 4 shows the arrangement of two layers; (b) CH- - -7 interactions involving aromatic rings are shown by

dashed lines.

84



3654 Crystal Growth & Design, Vol. 10, No. 8, 2010

(c) ()

Figure 9. Water inclusion in 1 (a), 2 (b), 3 (c), and 4 (d).

of a two-membered cluster; in 1 both molecules exist in the
same DDA environment, while in 2 exist in DDA and DD
environments giving rise to the heteromeric clusters in the form
of R¢*(16) (1), R4*(12) (2, 3), and R5*(12) (4) H-bonded rings
(Figure 9).

The contribution of CH- - -7 intermolecular interactions to
the overall system of interactions is the subject of intense
debates nowadays.*” The scientists agree that these interac-
tions are very weak and being largely originated from the
dispersion force they possess very weak directionality. For
typical CHs in aliphatic and aromatic groups, the energy of
one CH- - -rhydrogen bond is ca. 1.5—2.5 kcal mol . Never-
theless, one of the most remarkable features of C—H-- -z
interactions is that they work cooperatively, and this effect is
most prominent in crystals.*® For example, Kobayashi and
Saigo™ starting from the X-ray crystallographic structures for
four less soluble organic salts sustained by the network of
NH;"---O(COO™) hydrogen bonds, using the periodic ab
initio MO method presented computational evidence in favor
of the cooperative effect of CH - - s interactions in the crystals.
The common feature of four complexes discussed herein is
their layered structure in which the hydrophilic area is isolated
within the layer. Whereas strong hydrogen bonds determine
the ma-N-base assembly, the rather weak C—H- - -7 inter-
molecular interactions predominate in the hydrophobic
interlayer region and reported structures demonstrate their
persistence (Table 2). The intra- and interlayer aromatic
C—H- - -7 interactions in the complexes iterate or resemble
those in the pure phase of maH, although some of them are
replaced by C—H- - -z or even N—H- - -7 interactions with

Fonari et al.

the base. These interactions determine the thickness of inter-
layer hydrophobic region formally evaluated as the distance
between the parallel to layer planes through the outer for this
region C(7) atoms of carboxylic groups. This parameter varies
in a relatively short-range of 11.4—14.1 A (Table 2). The
major discrepancy in interlayer interactions and in such
integrated parameters as thickness of the hydrophobic region
compared with the pure phase of mefenamic acid was found
for 4 which also differs from three other complexes by an ma/
amine stoichiometry of 1:1. Only in 4 the acyclic amine, rich in
donor-acceptor groups, and water molecules associate to
form the well-defined H-bonded layer, which dictates the
orientation of the attached to it ma anions. In the complexes
with cyclic amines the formation of H-bonded layers or even
columns occurs with involvement of carboxylic groups of ma;
thus, the role of ma and competitive ability of weak C—H - - - o7
interactions in the tuning of overall packing pattern increase.

The ma anion reveals the conformational mobility indi-
cated by the difference in the values of torsion angles around
N(1)—C(8) and N(1)—C(6) bonds which comes up to 87.5°
and 42.7°, respectively. At the same time, the dihedral angle
between the aromatic rings, which influences the geometry of
the C—H- - - winteractions, deviates in a relatively short range
of 24.9°. The most effective crystal packing with the largest
packing coefficient of 70.9% was found in complex 3 with the
teta base enriched by the methyl groups.

Conclusions

Four novel crystalline complexes of mefenamic acid with
N-bases, cyclic piperazine, 1,4,7,10-tetraazacyclododecane
(cyclen), meso-5,7,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclo-
tetradecane (teta), and acyclic tris(hydroxymethyl)amino-
methane (tris) have been synthesized and studied. All complexes
are formed due to the proton transfer from the carboxylic group
of mefenamic acid to the amino group of N-base. The compo-
nents are packed in the layers where the hydrophilic region
within the layer is surrounded by two nonpolar surfaces formed
by mefenamate anions. Notwithstanding a diverse hydrogen-
bonding system including the most reliable charge-assisted
hydrogen bonds between the mefenamate anions and cationic
amines, the structures demonstrate persistent CH- - -7 inter-
actions both within and across the layers that include the
aromatic moieties of the mefenamate anions. These interac-
tions are closely comparable to those in the crystal structure of
mefenamic acid itself, where the packing of the hydrogen-
bonded dimers is directed by the well-defined edge-to-face
interactions between the phenyl rings. Insertion of piperazine
or cyclen into the mefenamic acid layers results in a lateral ex-
pansion within the layers but a minimal change in the inter-
layer interactions. Cocrystallization with teta demonstrates the
competitive involvement of its own methyl groups into the
CHj;- - - ot interactions within the layer but the preservation of
the interlayer packing motif. Cocrystallization with tris buries
the xylyl rings of mefenamate anions within the layer thus de-
creasing the layer thickness and partly rearranging the inter-
layer hydrophobic interactions.
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ABSTRACT: Interaction of saheylic acid (saH) with the azacycles piperidine (pipe) and meso-5,7,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane (teta) and with the aza-crown ethers aza-12-crown4 (A12C4), benzoaza-15-crown-5
(BA15CS), aza-18-crown-6 (A18C6), and diaza- 18-crown-6 (DA18CS6) afforded the proton-transfer complexes (organic salts)
of compositions [pipeH][sa], [tetaH][sa]s, [A12C4H][sa], [BA15C5H[sa], [A18C6H][sa]- ZH,0, and [DA18CHH y][sa]s- 3H,0,
whose structures were deternuned by a single crystal X-ray method. These products were also obtained by the same synthetic
conditions starting from acetylsalicylic acid (aspirin) as a result of hydrolysis. The charge-assisted N—H- - -O hydrogen-bond
provides the maimn driving force for direct binding of sa with cyclic azonia cations. The crystal packing is also supported by weak
C—H- -0 hydrogen bonding and edge-to-face &« - - ¥ intermolecular interactions.

The crystal engineering of multicomponent systems includ-
ing active pharmaceutical ingredients (APIs) has attracted
much atiention m recent years because the physicochemical
properties of the APIs can be changed, thereby altermg their
pharmaceutical profile. Particularly relevant in this context is
aqueous solubility, which can critically influence the ADMET
(absorption, distnibution, metabolism, excretion, and toxicity)
properties of the APIs. Lipophilicity 1s another key parameter
that influences ADMET properties, as only APIs with the
appropriate hpophilicity can cross the blood bram barrier
for uptake by the brain. Modern strategies to affect these
parameters typmcally focus on salt and cocrystal formation or
medicinal chemustry approaches that rely on covalent trans-
formations of the APL' Organic acids, especially carboxylic
acids, represent ca. 30% of APIs, and they are also widely used
as salt or cocrystal formers.>® We have recently reported five
crystal structures formed by reacting p-aminobenzoic acid,
winch 1s topcally used as a sunscreen agent 1n vanous phar-
maceutical preparations, with azacycles and aza-crown
ethers.* We have also reported the crystal structures of four
proton-transfer complexes of mefenamicacid, a poorly soluble
anti-inflammatory agent, with aza-cycles of diTerent dimen-
sionality.® Qur aim was to study the supramelecular synthons
that occur between the cation and anion and to determine the
contribution of weak mteractions to the overall crystal pack-
mg. We report herein a new imvestigation along these hines by
reportmg how other aromatic pharmaceutical acids react with
aza-cycles and crown ethers, thereby offering a new opportu-
nity to study how both strong and weak hydrogen bonding
mteractions as well as aromatic siacking mteractions influence

" Dedicated to the memory of Yurii A. Smonov:
*To whom comespondence should be addressed E-mail: fonari xray(@
phys.asm.md (M.S.F); and kravtsov xray@phys.asmmd (V.Ch X).

pubs._acs.org/crystal Published om Web 10/13/2010

the crystal packing of APIs. Salicylic acid (2-hydroxybenzoic
acid, saH) represents an attractive target for this purpose.
Salicylic acd, & key mgredient of skm-care products, has
antiseptic, preservative, analgesic, and anti-inflammatory prop-
erties, covering a broad spectrum of applications,” and it also
has some sumilarities with aspirin, both m its analgesic action
and m its crystal packing arrangement’ (the formation of 2
centrosymmetric R,%(8) carboxylic acid dimer supramolecular
homosynthon occurs both in aspivin polymorphs and in the
reported crystal form of sabeylic acid®). The planar dimers of
saH are packed mto 2 herringbone motf v interactions
between p-H atoms and hydroxyl groups.® As with most APIs,
saH 13 hkely to be similar to other APIs in that it should
be amenahble to formation of coerystals or salts and form
multiple stoichiometry vanants of salts and cocrystals,'’ and
dependmg upon which method of preparation 1= emploved,
there also exist the possibilities of solvates, hydrates, and
polymorphic forms. Indeed, the reproducibility of the reaction
products 1 unlikely to be consistent over “routine” solvent
crystalliza tion, mechanochemical appmaches,” and melt crys-
tallization v the Kofler mixed fusionmethod ? Along with the
study of crystallme multicomponent compounds, the use of
ionic liquids formed between pharmaceutically active ions and
pharmaceutically acceptable counterions has recently been
suggested by Rogers and co-workers. The sahcylate anion has
been used i this context!* Salicylic acid has already been
shown to exist as either a cocrystal former or an anion m multi-
component crystals within the cocrystal-salt continuum.'
In the commentary by Haynes and co-workers'® based on
the CSD statistics (ConQuest'” version 1.6 on version 5.25 of
the CSD'®), salicylic acid is cited &s a component of 19 salts, 7
neutral cocrystals, 1 1onic cocrystal, and 3 cocrystals of salts.
Thas hist has smce been augmented by sahcyhcaad and DABCO,
phenazine, diacetylpiperazine,'® 3,5-dunethyl-1H-pyrazole,!

© 2018 Amencan Chemmical Society
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Table 1. Selected Structural Data for Salicylic Acid Complexes
Zuest SpGr* guestisaH/solvent® CSD code ref
salicylic acid FPyla SALIAC SALIACO] SALIACO3 9
SALIACI2 SALIACIS SALIACI6

ammonia P2yin 1:1 salt HUCPOL i |
antipyrine P2yfe 1:1 coerystal APYSAL 22
piperazine Plyn 1:2 salt BAKYES 23
2-amino-3,5-dibromo-N-cyclohexyl- PTC2je 1:1 salt BUSNIM BUISNIMIO 24, 25

N-methylbenzenemethanamine
2-amino-4,6-dimethoxypyrimidine P2,yfe 1:1 salt CIQBIO 26
creatinine Phin 1:1 salt DENXAW 27
Breyclodextrin, acetylsalicylic acid Pl 2:2:1:23.3 (H,0) clathrate DIFHOP 28
piperazine-2,5-dione Plfa 1:2 coerystal DEPSALILO 29
S-fluorocytosing Pyin 1:1 salt EDATOS 30
N-carboxyvimethyl- N-methylmorpholine Phea 1:1 salt EMUREJ 3
tetra-n-butylamine thiourea P 1:1:1:0.5 (H,0) cocrystal of salt FIXTAI iz
sulfadmmadine Phea 1:1 coerystal GEYSAE e
tetradecyitrimethyviamine Pl 1:1:1 (H;0) salt HABVIP 34
hexadecyltrimethylamine T 1:1:1 (H,0) salt HABVOV 34
8-hydroxygquinoline P2, 1:1 salt HURNEN 35
1,12,15-triaza-3,4:9,10-bis(4'-tere-butylbenzo}  P2,/e 1:2:1 (H,0) salt KAFSEQ 16

5,8-dioxacycloheptadecane
theophylline P2in 1:1 coerystal KIGLES 150
2-amincpyrimadine Phea 1:1 salt LEWROU 37
adenine Pn 1:1:1 (CH,OH) salt LOLDIA 8
physostigmine P2.2:2,  L:lsalt LUDDUJ 19
trimethoprim Pl 1:1:1 (CH;OH) salt MIFWUT 40
nicotine P2, 1:1 salt NICSAL 41
& hydroxyguinoline Pl 1:2 cocrystal of salt NIMDIW 42
1,5 dimethyl-1H-pyrazole Pral, 1:2 cocrystal ODOHEV 11
3,5-dimethyl-1H-pyrazole P2fe 2:1 cocrystal DODOHILZ 11
deoxycholic acid P2,2424 1:1 coerystal RAVVUF 43
cytidine Pl 1:1 cocrwstal SALCYS 44
9-methyladenme Phen 1:1 galt SLCADAICQ 45
2-aminopyridime Pbea 1:1 salt SLCADBID 46
wrea Clje 1:1 cocrystal SLCADCI10 45
nicotinamide P2yfn 1:1 ecerystal SODDOF 13, 15¢
guining P242924 1:1:1 (H O} salt WANTOU 47
2-amino-4,6-dimeth yipyrimidine P2, 1:1 salt WEPTIV 4%
guanidine Phea 1:1 galt XAGFAM 49
sonicotinamide P2yfle 1:1 coerystal XAQOEM 50
caffeine P2yin 1:1 coerystal XOBCAT XOBCATO1 19, 12
2,6 -dimethylpiperidine P2y 1:1 salt YAVRAO 51
mestanolone P22 1:1 coerystal YOFWLA 52
carbamazpine P2iin 1:1 cocrystal MOXWAY 20
SH-purin-S-amine Pfe 1:3 coerystal MUBRAD 53
piperidine-3-carboxylic acid Phea 1:1 coerystal YORJOF 54
DABCO Peen 1:2 salt NUKWUM 10
phenazine Ple 1:2 cocrystal NUKXAT 10
NN -diacetylpiperazme Pbea, PT  1:2 cocrystal NUEXEX NUKXEX01 10
4-aminoantipyrene P2.le 1:1 salt DUHYOV 55
gabapentin P2yn 1:1 salt FOXPAK 56
piperidine Plle 1:1 salt this work
meso-5,7,7,12,12,14-hexamethyl-1 4 5,1 1- Pife 1:2 salt this work

tetraazacyclotetradecane (teta)
aza-12-crown -4 Pile 1:1 salt this work
benzoaza-15-crown-5 1 1:1 salt this work
aza-18-crown-6 Pealy 1:1:2 (Hz0) salt this work
1,10-diaza-18-crown-6 P 1:2:3 (Hy0) salt this work

25pGr space group.  Assigned based on CSD structures, Only metal free structures with fractional atomic coordinates are included.

caffeme,m’Ha

and carbamazepine.’” In this contribution we

present details on the synthesis and structures of a new series
of multiple component crystals that include salicylic acid and
discuss them i the context of a CSD analysis (version 5.31,
release November 2009, including February and May 2010
updates). Table 1 presents a full hist of compounds involving
sahicylic acud as a cocrystal former or counterion.

Crown ethers represent a class of compounds that are
exceptionally versatile in that they can selectively bind a range
of metal ions and a variety of orgamc neutral and iomc
species.”’ Our long-term involvement m the crystal chenustry
of crown ethers®® explains our choice of crown ethers and

aza-cycles as cocrystal formers or countenions, Structurally,
when crown ethers are in thetr “crown”™ conformation, they
possess a hydrophobic nng surrounding a hydrophilic cavity,
which enables them to form stable complexes with metal ions
and at the same time to be incorporated in the lipid fraction of
the cell membrane. Aza-crowns have complexation properties
that are termediate between those of all-oxygen crown
ethers, winch complex strongly with alkali, alkahne earth,
and primary ammonium cations, and those of all-nitrogen
cyclams, which complex strongly with the transition metal and
heavy metal cations. Contrary to the cases of azacycles
{manly cyclen and cyclam denvatives), which are widely
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studied and explored in medicinal chemistry,* the toxicity of
crown ethers has imited their study to anticancer agents. In
fhis context, recent studies demonstrate that crown com-
pounds could either induce toxicities that are dufferent from
those of conventmnal antitumor drugs or complement drugs
in current use.* Our present study demonstrates the possi-
hility to develop further multicomponent crystalline solids from
such macrocycles and thereby modify their physicochemical
properties. The aza-cycles and aza-crown ethers studied herein
represent a varety of sizes and number of N-basic centers, and
they are ilustrated i Scheme 1.

In solution, ApK, 15 a useful measure of determimng the
outcome of an acid—base reaction, since salt formation is
expected to happen when ApK, is greater than 2 or 3.'% Inlight
of the relative strength of salicylicaad (pK,  2.97) and lugh
pk, values for the bases in Scheme 1 (they all fall n the
range 8.2—12.6),*' we expect proton transfer to form proton-
transfer complexes™ or organic salts. Depending on the
number and relative arrangement of mtrogen atoms within
the molecule, the cyclic bases studied herein were expected to
form with saH either of twe different types of molecular
assemblies sustained by hydrogen bonds. Formation of the
1:1 salts was expected for pipe, A12C4, BA15CS, and A18C6,
whereas teta and DA1BCS, with four and two NH-groups,
respectively, were expected to form 1:2 salts. In this study we
also analyze the crystal packing in these new structures withan
emphasis on the general features that could be more broadly
relevant in the context of crystal design.

Experimental Section

All chemicals were of analytical grade and were used without
further purification. Salts were obtained by mixing of equimalar
amounts of the corresponding macrocycle and saH (or acetylzalicylic
acid) dissolved in a water/methanol solution Suitable microanalyses
for C, H, and N weze obtained for all compounds using a Perkin-Elmer
240 C device.

Salicylic Acid with Piperidine, [pipeH]sa]. Piperidine (85 mg,
1 mmol) and salicylic acid (138 mg, 1 mmol) were dissolved in
methanol (25 mL} at 64 °C and then allowed to evaporate at room
temperature. The yield of crystalline solid was close to quantitative.
Transparent colorless crystals, soluble in methanol, ethanol, acet-
one, mp 108—110 °C. Found (%): C, 64.51; H, 7.72; N, 6.29.
Required for C,,H,NO; (%) C, 64.55, H, 767, N, 6.27.

Salieylic Acid with meso-5.7,7,12,12,14-Hexamethyl-1,4,8,11-
tetraazacyclotetradecane, [tetal:)[sal. mess-57,7,12,12, 14-Hexa-
methyl-1.4,8,11-tetraazacyclotetradecane (142 mg, 0.5 mmol) and
salicylic acid (138 mg, ]| mmol) were dissolved in water—methanal
(3 mL/10 mL) at 64 *C and allowed to slowly evaporate at room
temperature. Transparent colorless erystals, soluble in methanol,
ethanol, acetone, mp =280—282 °C (dec.). Found (%): C, 64.31;
H, 5.60; N, 9.94. Required for C,yHuN4 O C,64.26; H, 8.63; N, 9.99.

Salicylic Acid with 1,4,7-Trioxa-H-azacyclododecane, (A12C4H](sa).
1.4,7-Trioxa-10-azacyclododecane (1735 mg, 1 mmeol) and salicylic acid
(138 mg, 1 mmol) were dissolved in water/methanol (0.5 mL/5 mL) at
64 °C and allowed to slowly evaporate at room temperature. The
resulting solid was recrystallized from acetone/hexane (5 mL/5 mL).
Transparent colorless crystals, soluble in methanol, ethanol, acetone,
mp 166—167 ”C(dcc.). Found (%): C, §7.54; H, 742; N, 4.43, Required
for C1sHaaNOg (%): C, 57.50; H, 7.40; N, 447,

Sa.licylic Acid with 2.,3,6,‘:',8,’,]] II—Odﬂlydro-SH 1,4,10,13,7-

tetraoxazacyclopentadec BAISCSH][sa]. 23678911 J2-
Octahy&o-SH-] 4. 10,1 3,7 bcnzo!ztmmmaqdopenmdeum (13 mg
0.5 mmol) and salicylic acid (6% mg, 0.5 mmol) were dissolved
in water/methanol (1 mL/10 mL) at 64 "C and allowed to slowly
evaporate at room temperature. Colorless, transparent crystals,
soluble in methanaol, ethanol, acetone, mp 140—141 °C. (dec.).
Found (%): C,62.20; H,6.75; N, 3.47. Required for Cy;HysNO- (%):
C.62.21; H,6.71; N, 3.45.
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Scheme 1. Target Salicylic Acid with the Numbering Scheme,
and Cyclic Aza-Molecules

pipe
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Salicylic Acid with 1,4,7,10,13-Pentaoxa-16-azacyclooctadecane,
[A18C6H][sa]-2H,0. 1 4.7.10,13-Pentaoxa-16-azacyclooctadecane
(263 mg, 1 mmol) and salicylic acid (138 mg, 1 mmol) were dissolved
in water/methanol (0.5 mL/5 mL) at 64 °C and allowed to slowly
evaporate at room temperature. To obtain single crystals, the
resulting salid was recrystallized from acetone and hexane (5 mL/
$mL). Transparent colorless crystals, soluble in methanol, ethanol,
acetone, mp 83—85°C (dec.). Found (%): C,52.13; H, 8.09; N, 3.26.
Required for CyeHysINO (%): C, 52.16; H, 8.06; N, 3.20.

Salieylic Acid with 1,4,10,13-Tetraoxa-7,16-diazacycloocta-
decane, [DAISC6H ]sa),-3H,0. 1,4,10,13-Tetraoxa-7,16-diazacy-
clooctadecane (132 mg, 0.5 mmeol) and (69 mg, 0.5 mmol) salicylic
acid were dissolved in water/methancl (1 mL/10 mL) at 64 *C and
allowed to dowly evaporate at room temperature. Transparent
colorless crystals, soluble in methanal, sthanol, acetone, mp 156—
157 °C (dec.). Found (%) C, 51.22; H, 8.33; N, 6.24. Required for
CisHyyN, OGS, C, 5087, H, 6.71; N, 8.48; 8, 15.4].

Single-Crystal X-ray Data Collection and Structure Determina-
tions. X-ray data for all complexes were collected on a Bruker
SMART-APEX CCD diffractometer using graphite-monochromated
Mo Ko radiation at 100 K. There was no intensity decay. Struc-
ture solutions were performed by direct methods (SHELXS-97) and
refined by full-matrix least-squares methods on F (SHELXL-97).%
In all but [DDA1SC6H:][sa). - 3H20, non-hydrogen atoms were refined
anisotropically. In [pipeH][sa], all H-atoms were localized via the
inspection of a difference Fourier map and refined freely. In all the
other structures, H-atoms attached to carbons were included in
idealized positions using a riding model with isotropic temperature
factors 1.2 times that of the parent carbon atom, whereas those on
N and O(water) atoms were found from difference Fourier maps
and refined in an isotropic approximation, except for the case
of (DA1SC6H,][sa},- 3H,0, where such H atoms were not located.
In [A12C4H][sa], the hydroxyl group in the sa unit A is disordered with
H atoms in the other o-position, and it was refined with occcupancies
of 0.55 and 045, respectively. The crystal swucnure of [DAISCEH,}-
[sal- 3Hz0 was solved and refined in the centrosymmetric space
group P1. It is comprised of two similar but crystallographically
independent complexes. In both complexes the crown ether molscule
resides on the crystallographic inversion center, while both sa anions
and water molecules oocupy general positions and are disordered over
two positions with equal occupancies. Analysis of the disordered
positions and intermolecular contacts unambiguously showed that
although each crown molecule resides on the inversion center, it hasa
different-face enviromment, and each complex isnoncentrosymmetric.
The observed centrosymmetric structure is the result of superposition
in the crystal of two generally noncentrosymmetric structures. Never-
theless. attempts to solve this structure in the noncentrosymmetric
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space group F1 did not change the disordering pattern for sa and
water molscules and did not show any deviation in the geometrical
parameters of the macrocyclic molecule compared with that in the
centrosymmetric space group. The sa anions were refined isatropically
using a rigid group approximation, The N-bound H-atoms were
included in idealized positions in a riding model with isotropic
temperature factors 1.2 times the parent nitrogen atom temperature
factor. The disordered water molecule O1W was refined with the
partial occupancy of 0.71. The poor crystal quality for compound
[DAISC6H:][sal- 3H>0 did not permit reliable placement of the
H-atoms of the water molecules. Crystallographic data for structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication CCDC
Nos. 779399779404, Copies of these data can be obtained free of
charge via http://www ccde.cam. acuk/conts/retrieving html or from
the Director, CCDC, 12 Union Road, Cambridge CB2 [EZ, U.K.; fax
(+44) 1223-336-033; or e-mail deposit@cecde.cam.ac.uk. The struc-
ture graphics shown in the fz;urcs were created nsing the Mercury
software package version 2.3.7" The Packing Index (PI} was calculatsd
with the program PLATON.® Crystal data together with further
details of the data collections and refinement are given n Table 2.

Results and Discussion

In twe parallel series of supramolecular syntheses, we used
as API acetylsalicylic acid (aspirin) or salicylic acid (saH) and
as a cocrystallization partner the aza cycles piperidine and
meso-5,7,7,12,12,14- hexamethyl-1,4,8, 1 1-tefraazacyclotetra-
decane, the aza-crown ethers A12C4, BA15CS, A18C6, and
DAISCS, the crown ether 18C6, and cis-svn-cis- and cis-amti-cis-
stereoisomers of dicyclohexyl-18C6, All reactions were carned
out under srmilar synthetic conditions, by mung of equimolar
amounts of water/methanol solutions of saH or aspiin and a
correspondme cyclic molecule. The crystalline products were
obtained only for N-bases, and their X-ray structural analyses
mdicated thatin the reactions with aspirin, due to its hydrolysis,
the final products represented complexes of saH wentical to
those obtained starting from saH. The crvstal structures of six
new compounds were deternuned by a smgle-crystal X-ray
method. The carbon—oxygen bond distances in the carboxyhc
group in all structures were consistent with the deprotonated
form (the C—O distances range withun 1.240—1.278 A Table 3).
In addition, the Founer difference maps revealed that the acdic
protons are positioned m proxinmty to the N-atom of the cyche
molecule, and the compounds were classified as proton-transfer
complexes or salts. Hydrogen bond parameters are listed in
Table 4. The hydroxy group of saH 1s mvolved m an intra-
molecular O—H(hydroxy) - - -Ofcarboxy) hydrogen bond with
the carboxylic group to form a S5(6) ring, mherent in other
2 hydrexybenzoi and 2 hydroxynaphthoic acids *'?

[PipeH][sa] crystallizesin the monochinic P2y /e space group.
The asymmetnc unit consists of one piperidnium cation and
one saanion. Two cations and two anions form a centrosym-
metric assembly, giving rise to the R,*(12) heterosynthon. The
N(1}++-0(1)(2—x,1— 1 —z) and N(1)- - -O(2) distances
are equal to 2.721(1) and 2.771(1) A, respectively (Figure 1a,
Table 4). The mean plane of the piperidinium cation, which
adopts a chair conformation, and the planar sa anion are
melined at a shallow angle of 39.4°, Separated by the piper-
idinum cations, two sa amons are at the O« + - O distance of
4.56 A, measured across an mversion center of the hefero-
tetramer. The heterotetramers are further combmed into a 2D
layer parallel to the ¢ plane by a C—HipipeH): - - O(3)(sa)
hydrogenbond (C---0 3287A H---0 2.39A, ~CHO
156%) which mvolves an oxygen lone pair of the 2-hydroxy
group. Thus, the layer 18 built of alternative four- and eight-
membered H-bonded cydes. The sa amons related by the ghde

for Studied Comp
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Table 2. Summary of Crystal Data and Structure Refi
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Table 3. Selected Parameters for Stulied Compounds

parameter (pipeH][sa]  [tetaHul[sal:  [A12C4H][sa]  [BAISCSH]sa]  [AISCEH]sal: 2H,0  [DAISCSH.](sals 3H.0
base/sa/H,0 ratio i1 1:2 1:1 1:1 k12 1:23
melting point/"C 108—110 280282 166—167 140—141 83—85 156—157
0—-C/A 1.249(1} 1.240(2) 1.258(4} 1.264(2) 125003} 1.266
1.278(1) 1.290(2) 1.26%(4} 1.265(2) 1.272(3}
1.258(3}
1.272(3}
base®/sa angle/deg 10.4 70.5 68.8 891 439 £0.3
69.2 86.5
78.4
82.5
safsa anglefdeg 60.9 84.1 84.8 89.1 67.7 82.5(M/P}
. 86, 50N/R)
Cpfsa) + - Cplsal/A 6.25 528 519529 5,10 522 5,31-5.71
PLY% 67.7 69.4 7.5 0.7 707 »

*Packing index is not available—disordered structure. ¥ Base plane is calculated through the eydic heteroatoms, for pipeH—through all non-H atoms.

Table 4. Hydrogen Bonds (A and deg} for Studied Compounds”

D-H---A dD—H) d(H:+-A) dD-+A) Z(DHA)
[pipeH][sa]
O(3)—H(103)- - O(2} LO2(Z)  1.54(2) 250401}  155(2)
N(1}-H{IN}- - -O(2) 0.93(2) 1.79(2) 2721} 17201
N(1}=HEN)- - 001} 0.90(2) 1LEN2) 27701 179(1)
[tetaH,|[sals
O(3)—H(103)- - -0(2} LIZ)  145(2) 25111} 156(2)
N(1}-H(1}- - O} 1L.01(2) 1.69(2) 27012} 177(2)
N{1}-H(Z} - N(2) L.00(2) 1.94(2) 2.7752)  14002)
N}-H3} O F 0.87(2)  225(2)  3.0952) 1621}
[A12C4H][sa]

OGA)-H{3A) - -O(2A)  LOB(S) 148(5) 2451(4) 146(8)
OCAA}-H(3IAA} -+D(IA) LUI(5) 1.45(5) 2.490(6)  162(6)
N{IA}-H(l}- - O(54) 0.82(3) 2.09(3) 2827(3)  145(3)
N{IA}-H(Z} - D(2A) 1.02(3)  L.65(3) 26553} 168(2)
Cl14A)-H(14A)-- -O(1A}  0.98 2.46 3.356(4} 150
O(3B}~H(3B}. - -O(2B) LOI(3)  1.58(3)  2.516(3}  150(3)

N(IB)—H(3} - -O(5B) 0.90(3) 2.07(3) 2.842(4) 143(3)
N(1B}—H(4} « -O{1B) 1.08(3) 1.56(4) 26353} 171(3)
C{14B}-H(14D}- --O(zB} 0,99 247 3.382(4} 153
[BA1SCSH][sa]
O(3)—H(103)- - O(2) 0.95(3) L63(2) 25282  157(2)
N(L}—H({1} - 01} 0.98(2) 164(2) 2.626(2) 172(2)
[A18COH][sa] - 2H,0
O(3)-H(103)- - -O(2} 1.00(2) 1.50(2) 2472} 163(2)
N(1}—H{I} - O(1} 0.99(3) L30(3) 2.775(2) 166(2)
N(1j—H{2}: - O{IW) 0.97(2) LRI(3  2979(2) 171(2)

O(IWI-HIWI)- - -O(7) 0.80(2) 2.19(2) 2992(2)  174(2)
O(W)—HEW1 - O()  0.81(2) 211(2) 2920(2} 175(2)
OQW)-H(IW2) - O(WY 0.77(3) 217(3) 2901(2) 159(3)
OQW-HEW2. . O(1)  1L03(4) 1.89(5) 2918(2} 172(4)

C(9)}—H(SB) - O) 0.99 246 1413(3) 162
[DA18COH,)sal,-3H,0

N{4A}-H(4A 1) --O(1W}  0.52 1.94 28548} 173

N{A-HEA L. - O(1W) 0.9 212 2.84(4) 134

NEA}-H{4AZ): - ONF 0.9 1.90 2.78(2) 157

N4A}-HE#AZ)  O(IM)*  0.92 1.80 2TTXTY 157
N(4A}-H{4A 2} . .OQ2M} 0.9 222 2.938(2) 134
N(4B)—H(4B1)- --O2W) 0.9 1.77 2.687(1) 171
N(4B)-H(4B1)- - -O2W") 0,92 2.21 2.964(9) 138
N(4B)-H(4B2)- - -O(IPY" 0.9 1.77 2.666(7) 165

N{4B}-H(4B2)- - -O2R}* 0.92 2.06 291(1) 151
O(GM)-H(M)-- -OQM) (.84 1.80 2.544 146
O(N}-H(N). --O(2N) .84 1.80 2.544 146
O(3P)—H(3P}: - - O{2P} 0.%4 1.80 2.544 146
O(R)-H(3R)+--O2R} (.84 1.80 2.544 146

*Symmetry transformation foraceeptor (1} 2—x, 1 — p 1 —z (u} 1 — x,
I=pl=nl=x1=}-x

plane are arranged with an m/p edge of one ring directed to the
nng face of the adjacent anion, and they form the dihedral angle

of 60.9°, with the distance between the centroids of the aromatic
rings bemng equal to 6.25 A. The layer thickness corresponds to
the shortest 2 axis (Figure 1¢). Adjacent layers are held together
by van der Waals forces. The crystal density of 1.245 g cm >
and the packmg coefficient (67.7%) of [pipeH][sa)] are sigmfi-
cantly smaller than those for salicylic acid itself (1468 g cm™?,
72.0%,) and for the relative compounds discussed in ref 10,

[TetaHa)[sala. The anticipated hydrogen-bonded trimer
[sa][tetaH][sa] resides around a crystallographic center of
symmetry i the monoclme crystal, having space group P2,/c
(Figure 2a). The tetraazacycle comprases four anuno groups and
generally captures two protons from aadic speces to form a
dication [tetaH, "t . The dication conformation 1s folded by two
mtramolecular NH- - <N hydrogen bonds, N(1)---N(2)
2.775(2) A (Tablke 4). In the formula unit, two sa anions act in
a chelate mode across the macrocyclic cavity, giving rise to two
R,’(8) rings, each meludmg two intermolecular NH---O hy-
drogen bonds of 2.701(2) and 3095(2) A and one above-
mentioned mtramolecular hydrogen bond. The similar modes
of the cyde protonation, and complex organization were regis-
tered m other complexes of teta with aromatic acids ** The sa
amon forms the dihedral angle of 70.5° wath the mean plane of
the N,-cvdic atoms. Although the O- - - O expansion between
the related by the center of inversion sa anions across the cycle
mcreases up to 683 A, the general packing motif bears close
resemblance to [pipeH][sa]. The translated along ¢ direction
complexes are linked by weak C—H:.-0 hydrogen bonds
mvolving the 2-hydroxy group (C---G 3474, H---0
257 A, ZCHO 15%) to form a ribbon (Figure 2b). The
edge-to-face arrangement of the sa amons across the ribbons is
characterized by the dihedral angle 84.08° and the centroid-
to-centroud distance 5.28 A, with the m/p-edge pointing toward
the neighboring sa anion. Similar to the case of [pipeH][sa],
the layers pack along the shortest ¢ axis, and the thackness
of the layer increases (Figure 2c, Table 2). The Pl increases
up to 69.4%.

[A12C4H][sa] crystalhizes m the monochnie F24/¢ space
group. The asymmetric unit contains two saamons (A and B)
and two cyclic cations (A and B) (Figure 3a and b). The
conformation of the both cycles is folded by the mitramo-
lecular N(1)- - - O(5) hydrogen bond (Table 4). The hydroxyl
group in the sa unit A ig disordered with the H atom in
another o-position, while the positions for all other atoms of
the anon cowncide.

The sa—cycle interactions occur in a chelate mode wa
strong NH- - -O hydrogen bonds, N(1A)- --O(2A)  2.655(3)
A and N{1B}---O(1B)  2.635(3) A, and weak CH---O
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Figure 1. Perspective views for [pipeH][sa]: (a) four-component complexes defined by the R4*(12) hydrogen-bond pattern; (b) H-bonded layer
sustained by the combination of NH- - -O and CH - - - O interactions: (c) packing of the layers.

hydrogen bonds, C(14A)---O(1A) = 3.356(4) A and
C(14B)---O(2B) = 3.382(4) A, giving rise to the R,%(8)
hydrogen-bonding nonplanar pattern for two (A and B) formula
units. The same mode of interaction was registered in the salt of
p-aminobenzoic acid with A12C4." The A and B complexes are
associated into chains via weak CH(cycle)- - - O(cycle) inter-
actions. The chains related by the translation a pack to form
the edge-to-face interactions giving rise to the herringbone
arrangement of the sa anions described by the sa(A)/sa(B)
dihedral angle of 84.83° and by centroid-to-centroid distances
of 5.19 A and 5.29 A for A/B and B/A pairs, respectively
(Figure 3c). The p-H atom of sa(B) pointed toward the
hydroxyl group of the adjacent sa(A) anion, C(5B)---
O(BA)=3.741,H---0=2.80 A, while the m/p edge of sa(A)
is above the translated B anion. The sa anions are completely
buried within the layers parallel to the ac plane, whose
thickness is defined by the A12C4H cations (Figure 3d).
PI adopts the value of 71.5%.

[BA15C5H][sa] crystallizes in the triclinic PT space group.
In the asymmetric unit there are one macrocyclic cation and
one sa anion linked by the single NH- - -O hydrogen bond,
N(1)---O(1) = 2.626(2) A. The second oxygen atom of the
carboxylic group O(2) does not participate in any short
intermolecular contacts (Figure 4a). Although the second
H-atom of the azonia-group is pointed inside the macro-
cyclic cavity, all N(1)- - -O(cycle) distances exceed the range
of the hydrogen-bonded contacts. The complexes stack
along the shortest « direction (Figure 4b, Table 2). The
stacks related by the center of symmetry are packed in a
way to form the edge-to-face interactions between the sa
anions and the aromatic rings of the macrocyclic cations,
providing the dihedral angle between the aromatic units
of 89.1° and the shortest centroid-to-centroid distance

of 5.10 A. The crystal structure reveals a crystal packing
with PI being 70.7% (Figure 4c).

[A18C6H][sa]-2H,O crystallizes in the orthorhombic
Pca2, space group. The asymmetric unit is comprised of
one macrocyclic cation, one sa anion, and two water mole-
cules (Figure Sa). The charged units interact via a couple of
hydrogen bonds, with N(1)- - -O(1) = 2.775(2) and C(9)- - -
0O(2) = 3.413(3), A acting in a chelate mode identical to that
one registered in the [A12C4H][sa], which in Etter’s graph set
notation can be described as the R,%(8) pattern. The sa anion
isinclined at an angle of 43.9° to the NOs-macrocyclic plane.
Two water molecules fulfill different structural functions:
water molecule O(1W) centers the macrocyclic cavity and
acts as a double H-bond donor and a single H-bond accep-
tor, giving rise to three hydrogen bonds, and additionally
links the O2W water molecule as an H-acceptor (Table 4).
The second water molecule O2W, acting as a double H-bond
donor, bridges the complexes into a chain along the ¢ axis
(Figure 5b). The related by the screw axis chains are packed
in a zipper-like mode with the partial mutual interdigitation
of the macrocycles and with the herringbone edge-to-face
arrangement of the sa anions being described by the dihedral
angle_of 67.73° and the centroid-to-centroid distance of
5.22 A (Figure 5c). The PI of 70.7% is the same as that for
[BA15C5H][sa).

[DA18C6H,][sa],-3H,O crystallizes in the triclinic space
group PI. The crystal is built of two quite similar but
crystallographically independent complexes [sa M][cycle A]-
[sa N]-2H,O and [sa P][cycle B][sa R]-2H,O. The poor
crystal quality does not permit us to locate hydrogen atoms
of water molecules and thus discuss the details of hydrogen
bonding. Although the macrocyclic dication lies about
an inversion center in the given structural model, it has a
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(b)

©

Figure 2. Perspective views for [tetaH;][sa],: (a) three-component complex defined by the R3*(8)R,%(10)R5*(8) succession; (b) the layer
sustained by the combination of NH---O, CH- - -O, and 7—x edge-to-face interactions; (c) packing of the layers.

different-face environment (see details in the Experimental
Section, Figure 6a, and Table 4). At one side of the crown
ether the sa anion is linked with the macrocycle via a
NH- - -O(sa) hydrogen bond, while another oxygen atom
of the carboxylate group interacts with the O1W water
molecule being in a “perching” position which mediates the
macrocyclic cation and sa anion via short NH- - - O(water),
O(cycle)- - -O(water), and O(water)- - -O(sa) contacts. An-
other side of the macrocycle is also occupied by the water
molecule O3W, which again mediates the sa anion and
macrocycle, although being in a “side position™. At this side,
the sa anion acts in a bidentate cyclic mode, being coordi-
nated to the same N(4) atom giving rise to the R, %(4)
hydrogen-bonding pattern. In two complexes, the sa anions
are arranged approximately perpendicular to the N,Oj-
plane of the macrocyclic cation, with the corresponding
dihedral angles being 80.3 and 86.45° for cycle A and 79.4
and 82.5° for cycle B, respectively. Water molecule O2W
bridges the complexes in the chain running along the ¢ axis
(Figure 6b). The A and B cycles in the chain are inclined at an
angle of 58.0° (defined as the dihedral angle between their
N,O, planes), which provides the arrangement of the adja-
cent sa anions close to being perpendicular (Figure 6b). The
adjacent chains meet by their sa anions, which are arranged
again in a herringbone motif with the dihedral angle between
the aromatic rings of about 87° and with the centroid-to-
centroid distances being in the range 5.31—5.71 A (Figure 6c).

The examination of Table | and our results reveal that saH
is readily cocrystallized with N-bases of aromatic and ali-
phatic nature. The cocrystals are predominantly formed
via rearrangement of the R,*(8) carboxylic acid homosyn-
thon to the R,%(8) carboxylic acid—amide (CSD refcodes
DKPSALI10, SLCADCO01, MOXWAY), R,*(7) carboxylic
acid—pyridine (SODDOF, ODOHEV, XOBCAT), or R»*(8)
carboxylic acid—amino—pyridine (GEYSAE) planar supramo-
lecular heterosynthons sustained by two practically parallel
hydrogen bonds. The proton transfer that follows the formation
of salts is capable of either occurring within the robust R,%(8)
heterosynthon in the case of topological complementarity of
the components (EDATOS, FIXTAI, LEWROU, LOLDIA,
DENXAW, CIQBIO, MIFWUT, SLCADBI10, WEPTIV,
XAGFAM) or disrupting it in favor of higher-dimensional
aggregates (HURNEN, NIMDIW). In the case of salt bridges
(BAKYES, BUSNIM, HABVIP, HABVOV, KAFSEQ,
LUDDUIJ, NICSAL, WANTOU, YAVRAO, YORJOF),
the hydrogen bond distances are shorter than those between
neutral motifs, and even one charge-assisted hydrogen bond, as
in NICSAL and in [BA1SC5H][sa], appears to be enough for a
stable structure. The water molecule that is typically inserted
between the charged species often violates the predicted route
of cocrystallization®” and complicates the structural motifs
(FIXTAI HABVIP, HABVOV, KAFSEQ, WANTOU). The
salts under discussion demonstrate the diverse modes of sa
interactions with the cyclic cations, being a bidentate-bridging
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@

Figure 3. Perspective views for [A12C4H][sa]: (a and b) Two-component units defined by the R,(8) hydrogen-bond pattern. Only one position
of the hydroxyl group is shown for the disordered sa (A) anion. (¢) The layer sustained by the combination of NH---O, CH- - -O, and 7—x

edge-to-face interactions. (d) Packing of the layers.

(b)

(©)

Figure 4. Perspective views for [AB15C5H][sa]: (a) two-component complex; (b) stack along the a direction; (c) crystal packing.

mode in [pipeH][sa] built on two strong charge-assisted
NH- - - O hydrogen bonds, a chelate mode in [tetaH;][sa], built
again on a couple of strong NH- - - O hydrogen bonds or on a
combination of strong NH- - - O and weak CH- - - O hydrogen
bonds in [A12C4H][sa] and [A18C6H][sa] - 2H,O, monodentate
NH- - -O binding in [BA15C5H][sa], and a combination of a

bidentate cyclic R,%(4) hydrogen bonding pattern and a biden-
tate chelate mode in [DA18C6H,][sa],- 3H,0.

In spite of the variety of sa- - -cyclic azonia cation inter-
actions, all reported complexes invariably revealed at least
one strong charge-assisted NH---O hydrogen bond. To
estimate the reliability of such an intermolecular interaction,
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Figure 5. Perspective views for [A18C6H][sa]-2H,0: (a) formula unit; (b) edge-to-face interactions between adjacent chains; (c) crystal

packing.

(b)

(©)

Figure 6. Perspective views for (DA18C6H,)(sa),-3H,0: (a) view of the complex defined by the macrocycle A; (b) hydrogen-bonding chain;

(c) packing of the chains.

we have analyzed the CSD data (CSD v5.31, last update May
2010) involved in the search for the aromatic carboxylic acids
and cyclic amines relative to the cyclic molecules reported
herein in which the nitrogen atom in the sp*-hybridization
state might form the H-bond. The searches were subjected to
the following constraints: aromatic carboxylic group, either
in neutral or deprotonated form, the cyclic Ny,3-atom linked
with at least two neighboring cyclic methylene groups, metal
free structures, 3D coordinates present, repeated structures
excluded. The survey of the CSD revealed 165 hits that obey
our requirements. These entries include structures with
obviously wrong assigned types of atoms (C or N atoms)

in the piperazinediium moiety (KUFBIX, KUFBOD), dis-
ordered structures (EGODAF, NUKXOH), and structures
where the N—H atom was not located (JIHCIM, PIPCBZ,
PIPHBZ, WIFBUI, ZEJNAD). In the last case, the conclu-
sion about the type of the N+ - - O bond was originated from
the analysis of the C—O distances in the carboxylic group. Of
165 hits, 132 (80%) exhibit a NH"- - -O(COO ) hydrogen
bond (synthon I, Scheme 2); in five structures (3.0%), the
positively charged azonia-group forms a H-bond with the
neutral carboxylic group (synthon II), and six structures
(3.6%) include the H-bonded interaction between the neutral
components (synthon III). Thus, 143 (86.7%) hits revealed
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Scheme 2. Supramolecular Heterosynthons Observed between the Aromatic Carboxylate Anion or Neutral Carboxylic Acid and a Cyclic
Azonia or Amine Molecule: R = H, C

HC
RN
C

the intermolecular N---O H-bonded interaction. Of 132
structures with a synthon I type of interaction, 61 represent
hydrates; two hydrates were also observed in the structures
with synthons IT (WIZXIN, WOVWE]) and III (MIPVIQ,
SIXBAD), respectively. Only in one structure (FIFFIK)
does the insertion of a water molecule destroy the robust
NH " - -:O(COO ) synthon I. The lack of the charge-assisted
hydrogen bonds in the majority of the remaining 22 struc-
tures (13.3%) is explained by the presence of the competing
more acidic groups. This observation and our previous
investigations (relevant to p-aminobenzoic and mefenamic
acids)*® demonstrate the remarkable reliability of the
N---O interaction between the cyclic amines/azonia and
aromatic carboxylates and the promising potential for design
of multiple component crystals on the base of such interac-
tions.

Along with the diverse types of sa—N-cycle interactions,
the salts discussed herein demonstrate the different mutual
arrangement of the components, which changes from the
“side coordination™ described by the shallow dihedral angle
between the planes through the cyclic heteroatoms and
planar skeleton of sa until the practically perpendicular
arrangement. The corresponding dihedral angles are sum-
marized in Table 3. In spite of the pronounced differences,
the controlled by the H-bonds packing motifs reveal some
common features, namely the similar arrangement of the sa
anions, which preserve the herringbone edge-to-face packing
pattern. Only in the case of [BA15C5H][sa], where the crown
ether possesses its own aromatic moiety, is the sa/sa
T-shaped arrangement substituted by the uniform sa/Ar-
(crown) one, indicating that interactions between the aro-
matic units are still preserved. Thus, our results are in line
with the conclusion made by Childs and co-workers for the
carbamazepine containing structures®” that interactions in
the packing motif are cumulatively stronger than the
hydrogen bonding motifs in the family of structures con-
taining the same target molecule.

Conclusion

Six novel salts of salicylic acid with the azacycles piperidine
and meso-5,7,7,12,12,14-hexamethyl-1,4.8,11-tetraazacyclo-
tetradecane and the aza-crown ethers aza-12C4, benzoaza-
15C5, aza-18C6, and diaza-18C6 were synthesized and char-
acterized by single crystal X-ray diffraction analysis. All salts
are sustained by the combination of charge-assisted and
conventional hydrogen bonds. The Cambridge Structural
Database search corroborates the reliability of the charge
assisted hydrogen bonds, as the NH*- - -O(COO™) hetero-
synthon is formed in 80% of structures containing aromatic
carboxylate and cyclic azonia functional groups, even in the
presence of other hydrogen-bonding interactions. The edge-
to-face arrangement of salicylate anions as the robust supra-
molecular motif is preserved in the crystals.

H,C HyC
F\’ R./\r—u———o R_>N e H—0)
/'>_< > H,C >—< > c m
1 II 111

Supporting Information Available: X-ray crystallographic infor-
mation in CIF format. This information is available free of charge
via the Internet at http://pubs.acs.org/.
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For the first time a series of co-crystals of 2,3-thiophene-15-crown-5 1, 2,3-naphtho-15-crown-5 2, bis-
(18-crown-6)-stilbene 3 with dithiooxamide a, 1,2,5-oxadiazole-3,4-diamine b, and 3-nitro-1H-1,2,4-
triazole ¢ with compositions 1a, 2a, 2b-H,O, 2¢, and 3a, were prepared and their structures were
studied by X-ray crystallography. The components in the co-crystals demonstrate the different modes
of mutual arrangement and contribution of diverse weak interactions to the final architecture. Infinite
chains of the alternating component molecules linked by N-H:---O hydrogen bonds characterise the
structures of 1a and 2a, whereas in the case of 3a, formation of the loosely packed ladder-type structure
was observed. In 2b-H,O the planar naphtho- and oxadiazole moieties demonstrate their edge-to-face
arrangement, while in 2¢ the partially overlapping naphtho- and triazole moieties provide effective face-
to-face m—m stacking interactions. The improved synthetic strategy for 1 and 2 is given.

Introduction

Crown ethers are widely utilised as efficient polydentate ligands
for metal and ammonium ions as well as for neutral species.
Supramolecular systems combining crown ethers and light-
absorbing groups attract considerable attention as they have
a potential for use in optical sensors for metal ions? and in
photoswitchable molecular devices.* The common approach in
this area is the organic functionalisation of the classic crown
ethers with chromophoric substituents (e.g., anthracene,* azo-
benzene,* stilbene,* or trityl¥). The photoswitchable crown
compounds are created using functional groups that can undergo
substantial structural changes under the action of light.®

So far typical 2,3-naphtho crown ethers, involving one or two
large naphthylene groups, such as N15C5, N18C6 and DN18C6,
have been widely used in the field of electrochemistry and some
of their coordinating behaviors in solutions have been studied by
CV and ESI-MS methods.® Alongside, classic crown ethers
functionalised by the attachment of chromophoric or photo-
switchable units to the crown ether skeleton or incorporation of
a signal fragment into the crown framework,” bis-crown ethers
with chromophoric or electron switchable bridges are the subject
of great interest nowadays.® The crucial advantage of these
crowns is their possibility to act in a concerted way, thus forming
sandwich complexes around the guest. This often leads to
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edganin@gmail.com
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F CCDC reference numbers 771037-771042. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/c005284c

increased selectivity towards the complexing species. This is the
case for photochromic crown ethers, which allow the photo-
chemical control of cation binding, as well as for some optical
sensors, designed for cation recognition. The intermolecular
sandwich complexes based on bis-crown ethers range from
discrete face-to-face arrangements to extended supramolecular
architectures, which can generate nanosized aggregates and
materials. The variety of possible combinations with cations
bestows a particular interest in bis-crown dyes.

The crown ethers and co-crystal partners used in the present
study are summarised in Scheme 1.

The present article is aimed at the co-crystals of 2,3-thiophene-
15C5 1,° intensively exploited nowadays 2,3-naphtho-15C5 2,
and promising bis-18C6-stilbene 3 (Scheme 1). Owing to their
bulky substituents, these crown ethers present non-covalent

Sa_NH, HN NH. N-N
oy )
/N O,N
. N, N 2 N
HNTSS ~0” H
a b c

Scheme 1 Structural formulae with crystallographic numbering.
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forces in the crystal such as m—m stacking and cation-7 inter-
actions, occurring between themselves or with the guest mole-
cules. Moreover, one can expect the contribution of sulfur of the
thiophene moiety for intermolecular interactions. No structural
data are available so far either for 1 or for its larger analogues
both in pure or complexed form. For 3 such information is
restricted by the macrocycle itself along with its two smaller
homologues and photosensitive co-crystallisation compound of
3 with 1,2-bis[1-(3-ammoniopropyl)-4-pyridiniumyl]ethylene
tetraperchlorate.® This complex has a very high thermodynamic
stability that is provided by two-center host-guest bonding. Up
until now, structurally studied 15- or 18-membered 2,3-naphtho
crown ether complexes include preferably Na and K salts.®!!
Dou and co-authors on a series of these complexes have
demonstrated the contribution of 7—m interactions between the
naphtho-units to the supramolecular organisation of the
complexes built on strong metal-O,,,.,, interactions. Two types
of the stacking models, between the inner and external aromatic
rings were found and discussed. On the other hand, Kiviniemi
and co-workers have studied the complexation of biologically
important aromatic, nitrogen-containing cations with various
crown ethers using '"H NMR, mass spectrometric and crystallo-
graphic methods. Hydrogen bonding appears to be the most
important interaction in complexation, but minor effects such as
T-stacking or cation-7t interactions have also been observed.'?
In spite of interest in 1-3, no molecular co-crystals based on
them have been obtained so far. Along with other authors, we
have previously shown that molecules a—c are good candidates
for co-crystallization with crown ethers (CE)."*'* They possess
the different sets of H-donor groups for hydrogen bonding. On
the other hand, they have the planar skeletons with the alterna-
tion of single and double bonds, so it is possible to expect
different modes of stacking interactions and mutual arrange-
ments with 1-3, which in turn are possessed by extended
aromatic systems. Dithiooxamide molecule a via its two trans-
oriented amino-groups, preferably forms a 1 : 1 alternative chain
with 15C5, B15CS, sterically hindered [1.5]dibenzo-18C6, and
with lariat ethers, N,N'-bis(benzyl)-N,N'-diaza-18-crown-6 and
N,N'-bis(4-methoxybenzyl)-N,N'-diaza-18-crown-6 as well as
with azacycles.'®!'s The conformationally flexible 18C6 and its
dicyclohexyl-substituted analogues due to excess of their acces-
sible O-atoms as H-bond acceptors provide the coordination of
four dithiooxamide molecules to one CE makes it possible to
expand the supramolecular architecture up to 2D layer with the
second dithiooxamide molecule serving as a bridge between the
(CE-dithiooxamide), alternative chains. Based on the previously
reported structures we could most probably expect the alterna-
tive chain motifs for 1-2, while two scenarios, ladder-type chain
motif or extended layer seem to be possible for 3 (Scheme 2).
Alongside the crystal structures for pure 1 and co-crystals
based on crown ethers 1-3 with compositions 1a, 2a, 2b-H,0, 2¢

Et0OC, Et00C
oH I/\[\/O/ivl ’/\0
~ N ) NaOH
— 3 . J —~

S
—

CsF, DMF, 10h EtOH

=0
Et00C |\/o\)

EtO0OC

e, 78%

P
=

1, 80%

HOOC,
o
~—0 Cu
S, o —_—

1.2259C/20 mm Hg
2.250°C/1 mm Hg

Y
HOOC L.~
£, 79%

Scheme 3

and 3a, (where a = dithiooxamide, b = 1,2,5-oxadiazole-3,4-
diamine b, and ¢ = 3-nitro-1H-1,2,4-triazole) we present herein
the improved synthetic strategy for 1 and 2.

Experimental
Synthesis

Commercially available a—¢ from Aldrich Chemical Co trade
were used as purchased. 1 and all co-crystals were analysed for C,
H, N and S in a Perkin Elmer 240C instrument. Crystals suitable
for the X-ray diffraction experiments were isolated from the mass
of crystals obtained. Suitable microanalyses were obtained for all
compounds.

2,3-Thiophene-15-crown-5 1 was obtained in three steps from
2,5-bis-(ethoxycarbonyl)-3,4-thiophendiol d using a modified
procedure'® (Scheme 3).

It should be noted that the use of 1,11-diiodine-3,6,9-triox-
aundecane instead of tetraethyleneglycol ditosylate, and DMF as
a solvent at the cyclisation stage, and a copper catalyst at the
decarboxylation stage, allows us to simplify the synthetic proce-
dure for 1 and increase its overall yield from 18.6% up to 49.3%.

Diethyl-2,3,5,6,8,9,11,12-octahydrothieno[3,4-b]-1,4,7,10,13-
pentaoxacyclopentadecyn-14,16-dicarboxylate e. To a solution
of 2,5-bis(ethoxycarbonyl)-3,4-thiophendiol d,” (13.0 g,
0.05 mol) in 900 ml of anhydrous DMF in an argon atmosphere
at room temperature CsF (30.3 g, 0.199 mol) was added, and the
mixture was stirred for 1 h followed by addition of 1,11-diio-
dine-3,6,9-trioxaundecane (21.3 g, 0.0515 mol) in 100 ml of
anhydrous DMF. The temperature of the reaction mixture was
gradually increased up to 80 °C, and the stirring at the same
temperature continued for 10 h. DMF was distilled off under
vacuum to a volume of 100 ml, the resulting solution was
diluted twice with water and extracted with benzene (3 x 150
ml). The combined extracts were washed with water (100 ml),
dried over MgSO, and evaporated to dryness. The resulting dry
residue was purified on silica gel (Kiesilgel 60, 0.063-0.100 mm,
“Merck”), eluent, hexane—ethyl acetate (3 : 1). The target product
was additionally recrystallised from aqueous ethanol. Yield 16.3 g
(78%). Mp 6667 °C.*

2,3,5,6,8,9,11,12-Octahydro-thieno[3,4-b]-1,4,7,10,13-pen-
taoxacyclopentadecyn-14,16-dicarboxylic acid f. To a solu-
tion of diester e (25.1 g, 0.06 mol) in 300 ml of ethanol at room
temperature and under stirring 300 ml of 5% aqueous NaOH

This journal is © The Royal Society of Chemistry 2011
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was added. The reaction mixture was stirred for 2 h at 60 °C.
After the reaction ethanol was distilled off in vacuum. The
water solution was washed with benzene (2 x 100 ml), acid-
ified with concentrated HCI, cooled, and the precipitate
filtered off. The target product was purified by recrystallisa-
tion from minimal amount of hot water with 3—4 drops of
concentrated HCI. Yield 17.2 g (79%). Mp 244-245 °C.'¢

2,3-Thiophene-15-crown-5  (2,3,5,6,8,9,11,12-octahydro-thieno-
[3,4-b]-1,4,7,10,13-pentaoxacyclopentadecyne) 1. Diacid f (13.8 g,
0.038 mol) and freshly prepared metal copper (1.5 g) were placed in
the refluxing unit for distillation and heated in an oil bath to 225 °C
at 20 mm Hg. Thus there is a vigorous selection of CO,, which
ended after 1.5 h at 235 °C. Then the pressure was reduced to 1 mm
Hg, bath temperature was increased to 250 °C and the resulting 1
was distilled off, followed by additional purification by crystal-
lisation from heptane. Yield 8.3 g (80%). Mp 71-72 °C.'

2,3-Naphtho-15-crown-5 2 was obtained by alkylation of 2,3-
dihydroxynaphthalene by tetraethyleneglycol di-p-tosylate in
conditions of phase catalysis (50% aqueous solution of NaOH,
CsHg, 25 mol.% of tetrabutylammonium bromide),'® allowing
the 2.5 time output increase in comparison with the well-known
Pedersen’s method (Scheme 4).*°

To a solution of 2,3-dihydroxynaphthalene g (8.0 g, 0.05 mol)
and tetrabutylammonium bromide (4.0 g, 0,0125 mol) in 300 ml
of benzene was added with stirring 100 ml of 50% solution of
NaOH, the temperature was raised to 60 °C. The resulting
mixture was stirred for 30 min at this temperature, then the
solution of tetraethyleneglycol di-p-tosylate (25.85 g, 0.0515 mol)
in 300 ml of benzene was added. The reaction mixture was boiled
with stirring for 15 h. After cooling to room temperature, the
organic layer was separated, washed successively with 5% solu-
tion of HCI (100 ml), water (3 x 200 ml), saturated solution of
NaCl (100 ml), and dried over MgSOy. The solvent was evapo-
rated in vacuum; the resulting residue was extracted with boiling
heptane (3 x 200 ml). The precipitate was filtered off and
recrystallised from heptane. Yield 8.1 g (51%). Mp 118-119 °C
(lit."® mp 117-119 °C).

Table 1 Melting points for the studied co-crystals and starting materials

3 was synthesised following a procedure previously descri-
bed.*

Preparation of co-crystals

Equimolar amounts of the corresponding crown ethers 1-3 and
dithiooxamide a guest molecule were dissolved in boiling meth-
anol-ethyl acetate mixture and allowed to crystallise slowly at
room temperature. Similar synthetic procedure yielded the
crystalline 2b-H,O from methanol-benzene-n-butanol mixture
and 2¢ from acetone-hexane mixture. The resulting co-crystals
were separated by decanting. The crystallisation was repeated
and the desired co-crystals were obtained in nearly quantitative
yields. All the compositions were confirmed by elemental anal-
ysis. Melting points for co-crystals were determined and are
presented in Table 1 along with the melting points for the starting
compounds.

1 colorless crystals. Found, %: C, 52.59; H, 6.56; S, 11.64 for
Cy,H;5058S. Caled, % C, 52.54; H, 6.61; S, 11.69.

1a (1/1) Yield 97%, transparent red crystals. Found, %: C,
42.66; H, 5.67; N,7.13; S, 24.35 for C4H,,N,05S5. Calcd, %:C,
42.62; H, 5.62; N, 7.10; S, 24.38.

2a (1/1) Yield 94%, transparent red crystals. Found, %: C,
54.73; H, 5.96; N, 6.37; S, 14.68 for C,oH,sN,05S,. Caled, %: C,
54.77; H, 5.98; N, 6.39; S, 14.62.

2b-H,O (1/1/1) Yield 88%, transparent colorless crystals.
Found, %:C, 55.01; H, 6.49; N, 12.89 for C,yH»sN,0,. Cacld,
%:C, 55.04; H, 6.4; N, 12.84.

2c¢ (1/1) transparent colorless crystals. Found, %:C, 55.54; H,
5.63; N, 12.92 for C50H,4N407 Caled, %: C, 55.55; H, 5.59; N,
12.96.

3a, (1/2) Yield 15%, transparent rosy crystals. Found, %: C,
51.37; H, 6.39; N, 6.35; S, 14.45 for C33Hs¢N401,S,. Caled, %: C,
51.33; H, 6.35; N, 6.30; S, 14.43.

Crystallographyf

The crystallographic data collection for all six compounds was
carried out on a Nonius Kappa CCD diffractometer at 293 K,
using graphite-monochromated Mo-Ka radiation (1 =
0.71073 A).2* The structure solution and refinement proceeded
similarly using SHELX-97 program package®' for all structures.
Direct methods yielded all non-hydrogen atoms of the asym-
metric unit. The non-hydrogen atoms were refined anisotropi-
cally by full-matrix least-squares calculations on F?. Some
disorder was found in 1a and 3a,. In 1a dithiooxamide molecule
is disordered over two positions with occupancies of 0.75 and
0.25, correspondingly. The minor component was refined in

Starting materials/Mp (°C)

Co-crystal Mp (°C)
1 2 3 a b ¢
la 162-163 71-72 245
2a 197-199 118-119 245
2b-H,O 84-85 118-119 160
2¢ 111-113 118-119 212-214
3a, 205-207 153 245
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isotropic approximation. Only for the major component the
hydrogen atoms of the amino-groups were localised. 3a, was
obtained in a very low yield in the form of poor-quality crystals,
and the X-ray experiment was carried out from the only selected
very thin crystal. The whole structure is disordered over two
positions with partial occupancies of 0.79 and 0.21, corre-
spondingly. The minor component of the crown ether was refined
using the SAME restraints to make equivalent bond distances
and bond angles in two crown molecules equal. The crown and
dithiooxamide molecules that correspond to the minor occu-
pancies were refined in isotropic approximation. Only H-atoms
of the amino groups in the major position of dithiooxamide
molecule were localised and refined. In all structures C-bound
hydrogen atoms were added in calculated positions, and were
treated using a riding-model approximation, with Uj(H) =
1.2Ueq(C). The N- and O-bound H-atoms were determined from
a difference Fourier map and were then allowed to refine iso-
tropically with Ujso(H) = 1.5U.q(N/O). SADI restraints were
applied to the N-H distances in amino-groups in 2b-H,O and
3a,. Details of the crystal data, data collection and processing are
summarised in Table 2, hydrogen bonding geometry is given in
Table 3. All packing diagrams were produced using Mercury.*
Packing Index (PI) was calculated with the program PLATON.*

Results and discussion

Macrocycle 1 crystallises in the orthorhombic space group Pbca
with one molecule per asymmetric unit. The overall view of the
molecule is shown in Fig. 1(a). The thiophene ring is almost
exactly planar; the overall conformation of the molecule is chair-
like with the dihedral angle between the thiophene ring and the
mean plane of five oxygen atoms of 28.62(9)°. The molecule is
deviating from ideal crown conformation as two of the O-C
bonds adopt gauche-conformation being 83.3(3) for C(3)-O(2)-
C(4)-C(5), and —82.4(4)° for C(8)-0O(4)—C(7)-C(6), respectively.
The molecules have voids that could, in principle, accommodate
small guest molecules, although in the crystal structure access to
these voids is blocked by neighboring molecules connected via
CH---O weak interactions. The molecules pack in a herring-bone
motif affording the dihedral angle between the planes through
the thiophene rings in the neighboring molecules of 58.0°
(Fig. 1(b)). Apropos, the same herring-bone packing motif is seen
in the macrocycles 2-3 and their homologues in the solid state.**

Of a—c only molecule a forms co-crystals with all macrocycles
1-3. Compound 1a crystallises in the monoclinic P2,/n space
group. The content of the asymmetric unit is shown in Fig. 2(a).
The planar molecule a is inclined to the thiophene ring at an
angle of 28.74(9)° and forms the dihedral angle of 72.95(5)° with
the mean plane of the crown oxygen atoms. The molecules in the
co-crystal are held together via two NH:---O crown hydrogen
bonds provided by the H,N(2)-amino group. Through the
second H,N(1)-amino group that affords one single and one
bifurcated NH:--O crown hydrogen bonds the formula units are
combined in the helical chains where the components alternate
(Fig. 2(b)). Two NH,-groups of molecule a use all their H-donor
functions for hydrogen bonding with all crown oxygen atoms
which are involved in these interactions, the corresponding N---
O separations ranging within 2.993(12)-3.174(6) A (Table 3).
Although the separation of the macrocycles in the chain of ca.

793 A (calculated as the distance between the centroids of
pentagons of five crown oxygen atoms) provides space for partial
interpenetration of the adjacent chains, the structure demon-
strates the low packing efficacy (Fig. 2(c)) with the packing index
(PI) of 66.6% practically equal to PI of 66.4% for pure 1.

Co-crystallisation of 2,3-naphtho-15-crown-5 2 with co-crystal
partners a—c results in the compounds of the compositions 2a,
2b-H,0, and 2¢, respectively which are sustained by the different
sets of hydrogen bonds and auxiliary weak interactions. The co-
crystals demonstrate the different modes of component
arrangement. The extended naphthylene moiety imposes the
rigidity to the attached O-atoms, which are perfectly coplanar
with the aromatic unit, and prevents the 15C5 moiety from
attaining the ‘ideal crown’ conformation. Similar to la, 2a
represents a molecular complex of the 1: 1 stoichiometry. The
formula unit for 2a is shown in Fig. 3(a). The compound crys-
tallises in the monoclinic space group P2;/m, with molecule
a being displayed in a mirror plane which intersects the naph-
thalene moiety and the macrocyclic cavity through the O(3)
atom; thus the planar units demonstrate the perfect T-shape
arrangement. At the concave side of 2, molecule a forms only one
hydrogen bond, N(2)---O(3) = 3.287(3) A, as the catechol oxygen
atoms are removed from the possible interaction area. Similar to
1a via the second H,N(1)-amino group that participates in two
NH---O hydrogen bonds, N(1)---O(1) = 3.051(2), and N(1)---
0O(3) = 2.943(3) A the complexes translated along the a direction
are ordered in the linear chain with a separation of 7.97 A
between the neighboring crown molecules. The packing of the
chains occurs in such mode to maximise the edge-to-face inter-
actions between the planar skeletons of a, and naphthylene-units
due to participation of the S(1) atom in the bifurcated C(6)---S(1)
contacts with H---S = 2.97, C(6)---S(1) = 3.894 A, ZCHS =170°
(Fig. 3(b)). Although visually no pronounced voids are evident in
2a (Fig. 3(c)) contrary to 1a, the PI indicates practically the same
value of 66.7%, thus demonstrating the insignificantly improved
packing efficacy in comparison with pure CE 2, for which PI is
65.7% (calculated using YENMOT entry with geometrically
generated H-atoms).

Co-crystal 2b-H,O crystallises in the monoclinic P2,/c space
group, and represents a monohydrate of 1 : 1: 1 stoichiometry.
The formula unit for 2b-H,O is shown in Fig. 4(a).

The syn-oriented amino-groups of molecule b are capable to
co-ordinate either to two different molecules of CE (as in the co-
crystals with 15C5, B15CS, dicyclohexano-18C6), thus gener-
ating the 1D chains built of alternative components, or to the
same water molecule inserted between the crown ether, (for
example, [1.5]B18C6), and molecules b. In 2b-H,O the water
molecule is perching at 2.07 A above the mean plane of five
crown oxygen atoms. It acts as a double donor towards crown
oxygen atoms at N---O distances of 2.842(3) and 3.134(3) A, and
as a double acceptor towards two amino groups of molecule b,
thus generating the R,'(7) graph set. It is noteworthy that each
amino group uses only one of two hydrogen atoms in this
hydrogen bonding pattern. The second H-atom of N(2)-amino
group is pointed to the A cycle of the naphthalene moiety with
the CgA---H =2.69 and CgA---N(2) = 3.331 A (where CgA is the
center of gravity for ring A). The edge-to-face arrangement of
molecule b and the naphthalene unit is described by the dihedral
angle of 77.1(1)°. Between the formula units related by the screw
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Table 3 Hydrogen bond distances (A) and angles (°) for 1a, 2a, 2b-H,0, 2c, 3a,

Symmetry transformation for

D-H---A d(D-H) d(H---A) d(D---A) £ (DHA) acceptor

1a

N(1)-H(IN1)---O(1) 0.72(3) 2.47(3) 3.048(8) 138(4) x+ 12,12 -y, z+1/2
N(1)-H(IN1)---O(5) 0.72(3) 2.56(3) 3.140(12) 139(4) x+ 12,12 -y, z+1/2
N(1)-H(2N1)---0(3) 0.75(4) 2.28(3) 2.993(12) 159(4) x+1/2,12 -y, z+1/2
N(2)-H(IN2)---O(2) 0.82(3) 2.29(3) 3.097(5) 173(3) %55 2
N(2)-H(2N2)---O(4) 0.82(3) 2.46(3) 3.175(6) 147(4) X, ),z

2a

N(1)-H(1A)---0(3) 0.86(2) 2.27(3) 2.943(3) 135(2) x+LlLyz
N(1)-H(1B)---O(1) 0.79(3) 2.35(3) 3.051(2) 147(4) x+1,12—y,z
N(2)-H(2B)---O(3) 0.81(3) 2.48(3) 3.287(3) 176(3) X, 0,2

2b-H,O

O(1w)-H(1w)---O(2) 0.84(2) 2.07(2) 2.890(2) 168(2) %2
O(1w)-H(2w)---O(4) 0.86(2) 2.03(2) 2.886(2) 179(3) X, ¥,z
N(1)-H(2N1):--O(1w) 0.85(1) 2.31(2) 3.131(3) 163(3) X052
N(2)-H(2N2)---O(1w) 0.94(2) 1.91(2) 2.839(3) 173(3) X, )2

2c

N(4)-H(4)---O(4) 0.86 2.06 2.887(3) 161 %0, 2
N(4)-H(4)---O(3) 0.86 2.47 3.015(3) 122 XV 2
C(8)-H(8A)---O(6) 0.97 2.54 3.245(4) 130 l—x,—y,1-z
C(5-H(5A)---O(7) 0.97 253 3.431(4) 154 x,1+yz

3a,

N(1)-H(IN1)---O(6) 0.85(4) 2.49(5) 3.275(11) 153(6) X, )5z
N(2)-H(2N1)---O(4) 0.85(4) 2.33(4) 3.166(12) 170(6) X, )52
N(2)-H(IN2)---O(3) 0.98(4) 2.35(5) 3.253(14) 152(6) x+1lLyz
N(2)-H(2N2)---O(1) 0.99(4) 2.38(5) 3.346(11) 166(6) x+ 1,z

axis there are weak CH(CH,)---N interactions of 3.398-3.478 A
(Fig. 4(b)) that combine them into helical chains. The insertion of
water molecules in the structure increases the number of small
voids and results in the lower PI of 65.9%.

The formula unit for 2¢ that crystallises in the triclinic P1 space
group is shown in Fig. 5(a). It is constructed by one bifurcated
NH:---O hydrogen bond, with N---O distances of 2.887(3) and

(a)

(b)

Fig.1 Structure of 1. View of molecule 1 with the numbering scheme (a);
fragment of the layer sustained by CH:--O hydrogen bonds (the marked
CH---O contacts do not exceed 2.6 A) (b).

3.015(3) A, respectively (Table 3). The CH:---O crown distances
for the CH-group neighboring to the NH-group pointed inside
the heterocyclic cavity exceeding the reasonable value of CH:--O
hydrogen bonding (H---O = 2.6 A).

The molecule of 3-nitro-1H-1,2,4-triazole ¢ has a planar skel-
eton with all non-hydrogen atoms being coplanar within 0.034 A.
In the triazole cycle C-N distances range within 1.310(3)-
1.332(3) A, N-N distance being 1.342(3) A. Of all co-crystals
discussed herein only 2¢ demonstrates the face-to-face hetero-
meric T interactions between the cyclic units, being inclined at
an angle of 16.40(4)°. Further packing of the complexes is
characterised by their pronounced segregation in stacks parallel
to the @ axis with the interplane separation between the naph-
thylene unit and the molecule ¢ ranging within of 3.14-4.06 Ain
the complex and 2.68-3.60 A between the translated complexes
(Fig. 5(b)). The inversion-related stacks are held in the crystal via
weak CH---O interactions with participation of nitro-group of ¢
as H-acceptor. The efficacy of the crystal packing of 2c¢ is the
highest among the compounds described herein, as Kitaigor-
odskii’s PI of 69.6% indicates.

Concluding this section we can unambiguously state that the bulky
naphthalene moiety imposes an essential increase on the rigidity of
the crown ether framework in 2. It reduces the number of O-crown
atoms accessible for participation in the hydrogen bonding with
neutral molecules a—c that results in an elaboration of part of
potential H-donors from the overall interaction system. On the other
hand, the formation of 1a and 2a with the predicted 1D topology
confirms the previously demonstrated advantage of dithiooxamide
molecule as a suitable bidentate linker even in the case of the asym-
metric crown ethers with the reduced number of O-acceptors.

Complex 3a, further demonstrates the facilities of dithiox-
amide molecule a as a suitable bidentate linker giving rise to the
first ladder-type co-crystal based on bis-(18C6)-stilbene. The

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 View of la with the partial numbering scheme, only major
position for dithiooxamide molecule is shown (a); view of the helical
chains with the intermolecular distances including the shortest CH---S
contacts shown in pink color (H---S = 2.92, C(11)---S(2) = 3.844 A,
£ CHS = 171°) (b); packing of the neighboring chains (c).

formula unit for the 1:2 co-crystal 3a, is shown in Fig. 6(a). The
molecule 3 is situated at a symmetry centre, its E-stilbene frag-
ment being strictly planar. The dithiooxamide molecule occupies
general position. In 3, the oxygen atoms of the 18C6 subunit

Fig. 3 View of 2a. Formula unit with the partial numbering scheme (a);
view of the linear chains with the shortest C---S intermolecular distances
shown in pink color (b); packing of the neighboring chains (c).

form a hexagon with the side varying within 2.60-2.92 A. The
least-squares mean plane through the oxygen atoms is inclined
with respect to the benzene ring plane by 16.0° (39.7° in free
macrocycle). The dithiooxamide molecule is inclined at an angle
of 83.1° to the mean plane of six crown oxygen atoms. In the
formula unit molecule 3 and two molecules a are held via a couple
of NH---O hydrogen bonds, N(1)---O(6) = 3.275(11) and N(1)---
0O(4) = 3.166(12) A, the second H,N(2)-amino group is respon-
sible for the interaction with the translated crown molecule via
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(c)

Fig. 4 View of 2b-H,O with the partial numbering scheme (a); space-
filling presentation of crystal packing along the crystallographic a axis (b—).

two N(2)---O(3) = 3.253(14) and N(2)---O(1) = 3.346(11) A
hydrogen bonds. These rather weak NH---O hydrogen bonds
multiply by the bis-nature of 3. It allows to build the rigid ladder-
type framework with the parallel arrangement of the stilbene

(b)

Fig. 5 View of 2¢. Formula unit with the partial numbering scheme (a);
space-filling presentation of the crystal packing along the crystallo-
graphic a axis (b).

moieties and voids with linear dimensions 7.71 x 15.97 A
determined as the distances between the centroids of the crown
ether rings separated by dithiooxamide molecule or stilbene
fragment, respectively. The neighboring ladders stack in
a partially interpenetrating mode with the part of the oxyethylene
chain buried within the voids vie CH---S interactions, C(8)--
S(1) = 3.939 A. The PI for 3¢, adopts the smallest value of 65.3%
being essentially lower than 69.8% for pure 3 calculated using
QASVUC cif file. Nevertheless the multiple hydrogen bonding
provided by the bis-nature of the crown ether affords the rather
stable and predictable supramolecular architecture.

The reported data show that dithiooxamide can be used to
control the supramolecular architecture. Besides the discussed
crystal structures some physical properties change upon the
formation of the co-crystals. First of all we should mention that
the red-colored dithiooxamide assigns its color to the co-crystals
formed with the colorless CEs when the molecular mass of the
macrocyclic molecule does not essentially exceed the molecular

This journal is © The Royal Society of Chemistry 2011
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(c)

Fig. 6 View of 3a, with the partial numbering scheme (a); ladder-type
assembly (b); space-filling presentation of the ladders packing (c).

mass of dithiooxamide.'®* Only in the case of bis-(18C6)-stil-
bene the co-crystal coloring becomes less intense being light rosy
due to the increased mass portion of the colorless CE in the final
co-crystal. Co-crystals 1a, 2a, and 3a, possess the melting points
intermediate between the parent compounds, while monohydrate
2b-H,0, and weakly bound 2¢ have melting points lower than
the initial components (Table 1). Along with the decrease of the
melting point the water insertion in 2b-H,O also decreases the
co-crystal PI by increasing the number of narrow void spaces in
the crystal. The essentially improved PI registered for 2¢ can be
explained by the most effective packing of the extended planar
moieties.

Conclusions

For the first time the co-crystals of 2,3-thiophene-15C5 1, 2,3-
naphtho-15C5 2, and bis-(18C6)-stilbene 3, with dithiooxamide
alongside the co-crystals of naphtho-15C5 with 1,2,5-oxadiazole-
3,4-diamine, and 3-nitro-1H-1,2,4-triazole were synthesised and
their crystal structures were discussed. All the crown ethers used

in this study possess the asymmetry imposed by the cyclic unit
attached to the crown ether framework, which explains the
generated asymmetric hydrogen-bonding patterns. Dithioox-
amide as a suitable bidentate linker permits the control of the
supramolecular architecture thus giving rise to the helical, linear,
or ladder-type alternating component chains for 1-3. The
extended naphtho-moiety of 2 is responsible for the edge-to-face
and face-to-face heteromeric stacking interactions with planar
1,2,5-oxadiazole-3,4-diamine  and  3-nitro-1H-1,2,4-triazole
molecules. Along with the crystal structure for 1 the improved
synthetic strategy for 1 and 2 is reported.
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3,5-Diamino-1,2,4-triazolium tetrafluoroborate (LH)BF; and hexafluorosilicate (LH).SiFs have been
isolated and characterized by single-crystal X-ray structure determination, IR spectroscopy, mass
spectrometry, solubility data, potentiometry. The N-H.-.F and N-H-.-N hydrogen bonds play an
important role in a formation of 3-D structures of two compounds. The relationship between the salts

structure and some properties is discussed.
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Hexafluorosilicate

H-bonds

Crystal structure

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Functionalized derivatives of 1,2 4-triazole, particularly 3,5-
diamino-1,24-triazole (L), attract an interest and are actively
studied as ligands in the synthesis of d-metals complexes [1-3],
precursors of condensed N-heterocyclic systems [4,5], corrosion
inhibitors [6,7], biologically active compounds with a wide range
efficiency [8,9] and as high-energy compounds [10-12]. On the
other hand, ionic complexes with protonated form of N-containing
organic bases, including 3,5-diamino-1,2 4-triazole, and complex
fluoro-anions such as SiF;>~become convenient models to study an
influence of interionic N-H. . ‘F bonds on the structural character-
istics and properties of these compounds [13-16]. As it has been
noted [15,16], the high H-acceptor affinity of covalently bound
fluorine in SiFg?~anion result in a strong H-bonding interactions in
complexes (AmH },SiFg (Am-N-donor base) that is affected on the
disproportionation of Si-F bond lengths, solubility and thermal
stability of salt. In present communication we are describing some
results of synthesis, X-ray structure determination and physico-
chemical investigations of two new salts - 3,5-diamino-1,2,4-

* Corresponding author. Tel.! +386 1 477 36 45; fax: +386 1 477 31 55.
E-mail addresses: evgeny.goreshnik@ijs.si (E.A. Goreshnik),
vgelmboldt@te.net.ua (V.0. Gelmboldt), eksvar@ukr.net (LV. Koroeva),
edganin@gmail.com (EV. Ganin).

0022-1139/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jfluchem.2010.11.002

triazolium tetrafluoroborate (LH)BF; and hexafluorosilicate
(LH ), SiFs.

2. Results and discussion
2.1. Crystal structure

In the structure of (LH)BF, (I} five from six H atoms from each
LH moiety participate in a formation of strong (1.98-2.33 A} N-
H- - -F hydrogen bonds. The sixth hydrogen atom, which belongs to
one of the amino-groups, forms N-H.. N bond with the non-
protonated N4 atom from another LH unit. A pair of such N-H---N
bonds connects two LH moieties, mutually oriented in “head-to-
tail’ manner, into a dimer (Fig. 1). The N3-H3...F4 contact,
involving pyridine-type nitrogen atom, appears to be the shortest
hydrogen bond in this structure (Table 1). These bonds connect
each LH cation to four BF,~ anions. The F4 atom acts as a pL3-bridge,
being bound to two hydrogen atoms from two different LH units,
each of other fluorine atoms are connected to one H-atom. In turn,
each anion is bound to 4LH" units.

Such bridging role of both anions and cations, and the planar
geometry of LH resulting in a formation of layered three-
dimensional structure (Fig. 2). Three fluorine atoms from each
BF,~ — anion are bound with three LH units belonging to one layer,
and the forth F atom is connected to the LH cation from the next
layer. Because of small size of BFs~ moieties the distance of 3.2 A
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Fl"

.
b Fa!

Fig. 1. Coerdination of LH™ moiety in structure of L

between the closest LH units from two neighboring layers appears
to be rather short.

In the structure of (LH}, SiF; (I1) the organic cation acts similar as
in 1 role. Five hydrogen atoms are bonded to four SiFs>~ anions
{Fig. 3). Because of slightly higher than that in BF;~ fluorine atom
charge the distances H. - -F appear to be moderately shorter (1.90-
2.11 A) in comparisen with (LH)BF,. Possibly because of more
“spherical” shape of SiFs’~ anions and, therefore, higher spatial
accessibility of fluorine atoms, all N-H-: - -F bond lengths in 1l lie in a
narrow range (Table 1). Similarly to thatin I, the H-atom connected
to the pyridine-type nitrogen forms the shortest N-H. . .F bond.
Two F atoms act as p.3-bridges, other four as p,-bridges, resulting
in a connection of each SiFs?~ anion to 8 organic moieties (Fig. 4).
Inorganic anions and organic cations are interconnected into
slightly puckered double layers, whereas further association of
these layers occurs by non-valence interactions. Contrary to I, in
the structure Il the N-H. - ‘N bond involves removed from the N4
atom amino-group. It leads to an additional chain-like bonding of
LH units within each layer.

It is interesting to compare the geometry of neutral and
protonated forms of guanazole. In the structure of molecular 3,5-
diamino-1,2,4-triazole one may observe a noticeable asymmetry of
C-NH, bonds. It can be attributed to the difference in the
surrounding of both carbon atoms. The C1 atom is connected to
two-N-groups, and C2 one is bound to ~N-and-NH-groups. In the

Table 1

Parameters of hydrogen bonds in compounds I (top) and 11 (bottom).
Atoms D-H H-A DA <(DHA)
N1-H2- F4' 0.86 233 3.015(4) 136.3
N3-H3-- F4 0.86 1.98 2.836(3) 173.3
N2-H6-- F1 0.86 213 2.927(3) 153.1
N2-H5vF3i 0.86 229 2.922(4) 130.7
N5-H4- - F2# 0.86 2.24 2.925(3) 136.0
N1-H1-- -N4" 0.86 2.16 2.983(5) 160.9

D-H H-A DA <(DHA)

Atoms
N1-H2---F3' 0.86 211 2.918(4) 156.9
N1-H1-- F1* 0.86 2.02 2.849(5) 160.2
N3-H3-- F1® 0.6 1.90 2.703(4) 154.6
N2-H5-- F3% 0.86 2.00 2.833(5) 162.9
N5-H4-- F2* 0.86 20 2.751(4) 143.1
N2-H6-- -N4* 0.86 217 3.019(5) 167.8

Symmetry transformations: (i) 3—-x, 2 -y, —z (ii)x y -1, z(iii)x -1,y -1, z (iv)
2-%1-y. -2

Symmetry transformations: (i) x,y, z—- 1, (i) x =1,y z-1, (lii) x, y. 2 -1, (iv) x+ 1,
ytl,z, (V)xy+l, 2z (Vi)x+1, 3,2 (vii)x-1,¥, 2

Fig. 2. Layered structure of L

structure of molecular guanazole the C1-NH, distance is 1.353 A,
and the C2-NH, one is 1.376 A [17]. Such a tendency appears also
in LH units: C1-NH, bond lengths are 1.341(4) A in BF;~ and
1.352(3) Ain SiFs’~ derivatives respectively, and C2-NH, distances
are 1.320 A in both guanazolium salts. Similar values of 1.341(9)
and 1.320(9) A were found recently in the structure of
guanazolium picrate [18]. It was also observed, that strictly
identical in the structure of neutral guanazole N3-C1 and N3-C2
bond lengths of 1.363A become markedly different in its
protonated form. Respective values appear to be 1.372(5) and
1.352(4) A for tetrafluoroborate, 1.384(4) and 1.352(3) in
hexafluorosilicate, 1.372(8) and 1.343(1) in picrate respectively.
Also the protonation leads to a small deformation of the whole
triazole cycle, with increasing the C-N-C angle from 102.7° in the
neutral molecule to 107-108° in cationic form, and decreasing of
both N-C1-N angle from 110° to 106°, and N-C2-N one from 116°
to 111-112°,

2.2, Results of IR spectroscopy

In the IR spectrum of the ligand (Table 2) vibrations of amino-
and the NH-groups of the triazole cycle v,s(NH,) and v{NH)
appeared as a row of absorption bands with maxima at 3400, 3365,
3310, 3238, 3119 cm™". In the spectra of salts these bands were
found at 3395, 3330, 3142 cm ! (1) and the 3350, 3162 cm ! (II).
The observed transformation of the spectra appears because of
protonation of one of the N-pyridine-type nitrogen atoms and the

szll
F2¥
4
: HGV"
' ’
) H4 >
F w
ol } e & ,
"N y Ll
> c2 -
H5 ¥ . C1 -
N2 o H1
N1
= N3
? H2
y Ha Y .
’ 1

-( Na' Fall '. Fal “

Fig. 3. Ceordination of LH" moiety in structure of II.
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Table 2
IR spectral data (cm 1) for 3,5-diamino-1.2,4-triazole and complexes I and II.

[CzHaNs|[BF4]1

3400s. 3395 sh.
3365 sh.
3310 s. 3330 s.br.
3238 m.
3119s. 3142 sh.
1626 s. 1693 s.
1656 s.
1585 m. 1600 sh.
1563 s. 1531 s.
1490 s.
1417 s. 1411 m
1350 m. 1344 m.
1256 m.
1225 m.
1170 m.
1150 m.
1123 m.
1060 s. 1057 m.
1016 m. 1020 sh.
1013 s,
960 sh.
840 m.
807 m. 790 m.
740 sh. 740 sh.
727 m.
670 sh. 670 sh.
650 m.br, 657 sh.
615 sh. 621 w.
540 m. 330 w.
505 sh.

Assignment [C2HgN5 |2 SiFg ]I
Vs (NHz), v(NH), v(N'H)
3350 s.br.
3162 m.br.
S(NHy) 1695 s.
1660 s.
Veing, S{HNC), 8{NHa) 1595 sh.
1536 m.
1420 w.
#{NN), 8(CNN), {NHz) 1347 m.
1245 w.
@{NHz), 5(CNN), S(HCN) 1165 sh.
1140 w.
WCN). 1{NHz). &(>'NH) 1065 m.
1050 m.
Vputs . WBF) 1025 m.
1011 m.
S(NCN), 8(CNN), 8("NH), p(NH2).
810 sh.
WSiF), 1{NH,), 8(CCH) 741 v.sbr.
645 sh,
S(NCN), 5(CNN), §(BF2) 545 w,
5(SiF2) 482 m.
420 sh,

Note: w.=weak, m. = medium, s. = strong, v.=very, sh.=shoulder, br. = broad.

formation of system N-H. - F bonds instead of N-H.--N ones
realized in pure ligand [19].

As seen from Table 2 salts formation accompanied by a change
in the nature of absorption of complex valence-deformation
vibrations of the ligand at 1600-1400 cm " with contributions of
Viing: 8(NNC), and, probably, 8(NH,). Thus, in the spectrum of II
instead of the bands at 1585 and 1563 cm™!, found in azoles
spectrum, there are bands at 1595 and 1536 cm ™. In the spectrum
of | recorded these bands appear at 1600 and 1531 cm™!,
respectively. High-frequency shift of the azole’s band at
1585 cm~! may be due to protonation of pyridine nitrogen atom
with a maximum value of the negative -electron charge [20].

Identification bands vibrations v(SiF} in the spectrum of II at
750-710 cm ™! is difficult because of the presence in this region of
skeletal vibrations of the azole cycle and bending vibrations of
amino groups. Intense absorption at 741 cm ™" in the spectrum of I
is due to superposition of vibrations v(SiF} and deformation
vibrations of the cation. In turn, a sharp increase the intensity of

gor . SN

., ’
-

\ l:g;/ “_‘; ED-‘.-:!,;

Fig. 4. Bridging role of SiFs*> anions in IL

the band pulsation vibrations of the ring v,,;; about 1013 cm~'in

the spectrum of 1 in comparison with the spectrum of initial
triazole relates to the superposition of mentioned vibration with
the deformation vibrations v{BF) tetraftoroborate anion [21].
Deformation vibrations 8(BF,) and §(SiF, }in the spectra of I and Il
represented by a low-intensity band at 530 cm ™~ and doublet band
of medium intensity at 482, 420 cm™', respectively (Fig. 5).

2.3, Seme physico-chemical properties

Some physico-chemical properties of I and Il compounds are
listed in Table 3. Obtained pH values of water solutions I and II
show on their hydrolitic unstability, typical for tetrafluoroborates
and hexafluorosilicates [22,23]. The pH value of solution Il is close
to the similar values for pyridinium hexaflucrosilicates [15,16].

As was shown on the examples of the piridinium hexafluor-
osilicates with functionalized cations [15,16], values of solubility
explored salts one may depend on the h parameter:

Fig. 5. Layered structure of II,
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Table 3

Temperatures of thermedysis beginning, melting points, solubility of 1 and 11 in water and pH of salt sclutions,

Compound ta (°C mp (C) C (mol. %), 25°C pH 0.001 M solutions, 25°C
(LH)BE, (1) no 170-172 063 364
(LH1SiFg (11) 148 248-250 (decomp.) 028 333
b (1.675(2)-1.696(2) A) distances and corresponding N(H).- -F bond
Solubility of pyridinium hexafluorosilicates and W in water and & values, lengths [N---F 2'705[4)_2'9_15{4_J A) has been Dbs_emd' The
presence of such a correlation in structures of “onium" hexa-
Compound € (mol. ¥),25°C hiA?) fluorosilicates has been noted in the literature [13-16]. One of the
[2-CH3CsHNH ] S1Fg) 11.60 071 appearances of the H-bonds stabilizing effect is disclosed by
[2-HO(O JCCsHoNH o SiF 6] 3.33 076 authors the relationship between the number of short inrerionic H-
}iﬁg%g‘mgi‘i 3‘?3 :g: bonds in structure [l (and related pyridinium hexafluorosilicates)
[Z-thEsH:NHbISiFel : i s de and solubility of these salts.
[2,64 Hah lCsHs NH{5iFs] 0.06 235 One may conclude, that considering different charges of BF;~
[4-H:NHN(O)CCHNH] Sie 0,87 180 and SiFg*~ anions, it is impossible to make a strict comparative
[CaHelNs bl SiF ] 0.28 178 analysis of the structure-properties relationship of [ and I salts.
However, taking into account the above-mentioned similarities in
the H-bonds systems in [ and II, observed differences in solubility
Tabie 5 and thermal stability of salts can, in some approximation, reflect
EIpta! 4 and siecear: sefiatmei i canpiands ¥ and A decreasing in the stabilizing contribution of inter-ionic N-H..-F
Farmula bonds due to the lower H-acceptor ability of the BFs~ anion in
GNHEE, (o SiFs comparisen with SiFg*~ one [24].
[ 18693 34233
temp (K] 200 200 4. Experimental
space group 1 81
a(E) 5.2029(6) BASET(11) 4.1. Materials
b (A) 74504(5) 74881(16)
¢ (;‘]3 342:?353313 ;;;ﬁg‘;’] HBE, (40%, Aldrich), HaSiF5 (48%, Aldrich), 3,5-diamino-1,2.4-
81 85.386(17) 10'7.189(2] triazole (98%), Aldrich were used without further purification.
¥ B3.738(18) 108.324(8)
V(A% 34415(5) 300.00(10) 4.2, Instrumentation
z 2 1
3
2“?;:“55"““ ) 51):3?:59 é:g?gﬁg The IR-absorption sp:_rl:tra were recorded on a spen:tmphotm_n]—
u (mm ") 0196 029 eter Specord 75[R (ambient temperature, range 4000-400cm™',
GOF indicator 1151 1108 samples as suspension in Nujol mulls between KRS-5 windows).
&1 0.0856° 0.0569 The mass spectra were registered on a spectrometer MX-1321
wR2 [{ > 2.000({) 0.2418 01507 ; ; ; faniat
bl gt IR DAdE, 0385 0Ax, 053 (direct input of a sample in a source, energy of ionizing electrons

electronic dencity

Ri I|Fol-|FAI{ZIFel,.. where N, =no. of reflns and Ny = no. of refined params.
* Possibly rather high £1 value for | caused some water contamination due to
high hydeophilicity of BF; anion.

I
S O v

n - amount of short interionic contacts (H-bonds), d(D- - -A),, —
average donor-acceptor distance in the structure of complex.
Calculated from the structural data h values for II, correspondent
values for piridinium salts and solubility data are placed in Table 4.
One may note, that the h and C values for Il agree with anti-
exponential dependance (Fig. 4 in [16]).

3. Conclusions

One may conclude that in ionic structures of [ and 11 3,5-
diamino-1,2,4-triazole derivatives the pyridine type nitrogen atom
of heterocyclic core appears to be protonated. The N-H. . -F bonds,
formed in [ and [l compounds perform structure-directing and
stabilizing function, forming a supramolecular 3D-structure.
Involvement of fluoro-ligands in the H-bonding is accompanied
by disproportionating of the bond lengths M-F (M = B, Si), and in
the case of complex Il inverted correlation between the Si-F

70 eV). The isothermal conditions of experiments on detection of a
solubility and hydrolysis of hexafluorosilicate and tetrafluorobo-
rate salts (t = 25 £+ 0.2 °C) were provided with the help of an ultra
thermostat U15. The thermogravimetric experiments were carried
out on a OD-102 derivatograph of a system F. Paulil, ]. Paulik and L.
Erdeyin an ambient conditions (Al;05 internal standard, heating rate
of a sample 5 °C/min).

4.3. Synthesis of 3,5-diemino-1.2.4-triazolium tetrafluoroborate (1)

The compound with the composition (LH)BF, ([) was obtained
in an approximately qualitative yield by the interaction of L in
methanol solution with HBF, (40%) in mole ratio 1:3. Colorless
transparent crystals of | with m.p. 170-172 *C. Anal. found, %: B
5.93, N37.14, F 39.25. Calcd. for I, B 5.78, N 37.47, F 40.66. Mass
spectrum: [ML]" (mjz=99, [=100%), |[ML-2H.CN]® (mjz =43,
1=88%).

4.4, Synthesis of 3.5-diamino-1,2,4-triazolium hexafluorosilicate (1)

The compound with the compesition (LH), SiFs{1l) was obtained
in an approximately qualitative yield by the interaction of L in
methane! selution with H,5iFg (48%) in mole ratio 1:3. Colorless
transparent crystals of Il with m.p. 248-250 °C (with decomposi-
tion). Anal. found, %: 5i 8.33, N40.68,F 35.17.Calcd. for[1, 51 8.21,N
4092, F 33.30. Mass spectrum: [ML]" (m/z =99, I = 100%), [ ML-
2H,CN]* (mfz =43, I = 45%), SiFy* (mjz = 85, | = 24%).
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4.5. X-ray structural determination

Data were collected on a Rigaku AFC7 diffractometer equipped
with a Mercury CCD area detector using graphite-monochroma-
tized Mo-K, radiationat 200 K. The data were corrected for Lorentz
and polarization effects. A multiscan absorption correction was
applied to all data sets. Structure was solved by direct methods
using SIR-92 [25] program implemented in program package
TeXsan [26] and refined with SHELX-97 [27] software (program
packages TeXsan and WiInGX) [28]. The figures were prepared
using DIAMOND 3.1 software |29]. Some details of the data
collection, data processing, and refinement are given in Table 5.
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Appendix A

Crystallagraphic data (excluding structure factars) for the structure
in this paper have been deposited with the Cambridge Crystallographic
Data Centre as the supplementary publicationna. CCDC 771983 & CCDC
771981 for | and 1I, respectively. These data can be obtained free of
charge an application ta CCDC, 12 Union Road, Cambridge, CB12 1EZ,
UK, fax: +44 1223 366 033, e mail: deposit@ccdc.cam.ac.uk or on the
web wwaw: http:/fwww.ccde. cam.ac.uk.

References

[1] E Aznar, 5 Ferrer, ). Boreds, F. Lloret, M. Liu-Gonzilez, H Rodriguez-Priet, 5
Garcia-Granda, Bur. ). Inorg, Chem, 24 (2006) 5115-5125,

[2] RB. Zhang, Z). Li, Y.V, in, K Cheng, ). Zhang, ¥.G. Vao, Inorg Chem. 47 [2008)
48614876

[3] L. Wy, 5-M. Zhao, G Zhang, SW. Ng Acta Crystallogr. E64 {2008) m802

[4] K Chibale, ) Dauvergne, P.G. Wyatr, Synthesis {2002) 185-190.

[5] Z Zeng, W 5. Hyer, B. Twamley, J.M. Shreeve, Synthesis {2008) 1775-1782

[6] 5. Elissami, L Bazzi, b, Mihit, B. Hammouti, 5. Kertit, £ Ait Addi, R. Salghi, Pigment
Resin Technol. {2007) 161-168

[7] ¥ul Kuznetsov, LP. Kazansky, Russ. Chem, Rev, 77 (2008) 219-232.

[8] )A. Seamon, CA Rugg, S Emanuel, AM. Calcagno, 5.V, Ambudlkar, 5.4, Middleton,
). Butler, V. Borowshy, L. Greenberger, Mol Cancer Ther, 5 {2006) 2458-2467,

[9] ZH. Chohan, S.H Sumrra, MH. Youssoufi, T.B. Hadda, Bur. ). ted, Chem, 45 {2010)
2739-2747.

[10] TP, Kofman, Russ. ). Org. Chem. 38 {2002) 1231-1243,

[11] A, Astakhov, AD. Vasilev, LV, Gelemurzina, VA, Sololenko, LA, iruglyakova,
R.5. Stepanov, Russ. ). Org, Chem, 39 {2003) 120-124,

[12] )P, Agrawal, RO, Hodgson, Organic Chemistry of Explosives, Wiley, 2007,

[13] B.D. Conley, B.C. Yearwood, S, Parkin DA, Atwood, ). Fluorine Chem. 115 {2002)
155160,

[14] A. Pevec, A DemSar, ). Fluorine Chem. 129 (2008) 707-712

[15] V.0. Gelmboldt, LV, Koroeva, E4.V, Ganin, M5, Fonari, MM. Botoshansky, AA.
Ennan, | Fluorine Chem. 129 (2008) 63 2-636.

[16] ¥.0. Gelmboldr, EAV. Ganin, MS. Fonari, LY. Korosva, YuEd, hanov, MM,
Botoshansky, . Fluorine Chem, 130 | 2009) 428-433,

[#7] GL. Starova, O.V. Frank-Kamenetskaya, EF. Shibanova, VA, Lopyreyv, M.G. Vor-
onkov, V.V, Makarskii, Chem. Heterocycl Comp. 10 {1979 14221423,

[18] P. Zhao, Y.-H. Ren, D. Li, F - Zhao, J.-H. Yi, |.-R. Song, H.-X. Ma, Chinese ). Smuct.
Chem. 6 {2010) 957-951.

[19] SR Grap, LG Kuz'mina, ML.A, Poray-Koshiz, Russ. . Coord. Chem. 19 {1953)
SH6-569.

[200 AR Karrizzky {E4.), Physical Methods in Hererocydic Chemistry, vol 3, Academic
Press, New York, 1971

[21] K Makamoto, Infrared Raman Spectra of Inorganic and Coordination Compo unds,
Wiley, New York, 1986

[22] V.. Pakhotnick, Russ. ), Coord. Chem. 24 {1998) 201 -205,

[23] W.F Finney, E Wilson, A. Callender, M.D. Morris, LW, Becl, Environ. Sci. Technol.
40 {2006) 2572-2577.

[24] T. Seeiner, Angew. Chem. Int. Ed. 47 {2002) 48-76.

[25] A. Akomare, M. Cascarano, C. Glacovazzo, A, Guaghardi, ). Appl Crystallogr. 26
{1993) 343-350.

[26] nolecular Scructure Corporation, TeXsan for Windows: Single Crystal Structure
Analysis Software, Version 1.0.6, MSC, 9009, Mew Trails Drive, The Woodlands, TX
77381, USA, 19971599,

[27] G, Sheldrick, Acta Crystallogr, AGd (2008) 112-122

[28] L) Farrugia, ). Appl Crysallogr, 32 (1999) 837-838,

[29] DIAMOND, v3.1,, Crystal Impact GbR, Bonn, Germany, 2004-2005.

117



118

Jlonatoxk /1.
Komis crarri. “Tetrabenzylcyclen as a receptor for fluoride®



Downloaded by University of South Florida on 18 May 2011
Published on 21 April 2011 on http://pubs.rsc.org | doi:10.1039/C1CE05279A

CrystEngComm

Cite this: CrysttngComm, 2011, 13, 3682

WWW.Isc.org/crystengcomm

: . . View Qaline
Dynamic Article Links 6

COMMUNICATION

Tetrabenzylcyclen as a receptor for fluoridet

Vladimir O. Gelmboldt,” Eduard V. Ganin,? Stepan S. Basok,® Ekaterina Yu. Kulygina,*
Mark M. Botoshansky,” Victor Ch. Kravtsov® and Marina S. Fonari*

Received 3rd March 2011, Accepted 11th April 2011
DOI: 10.1039/c1ce05279a

A tetraazacyclic ligand, tetrabenzylcyclen (L), was synthesized
using an improved method with a higher yield by treatment of cyclen
with benzylchloride in the presence of potassium carbonate. The
reaction of L with an aqueous solution of fluorosilicic acid yielded
a mixed-anionic salt with the composition [H;L][F][SiF¢]-4H,O0 (1).
The single crystal X-ray study revealed that the macrocyclic tri-
cation essentially changes the conformation compared to the free
ligand in order to tightly accommodate the fluoride inside and to
keep the hexafluorosilicate anions and water molecules outside in the
solid state complex.

Recent years demonstrate the steady interest in the various aspects of
supramolecular chemistry of anions, and, in particular, in halide
anions due to their important role in chemical engineering and bio-
logical processes.'* Among the halide anions the smallest in size,
fluoride, occupies a special place due to its specific properties: in
aprotic media it acts as a very strong Lewis base and a nucleophile,
and it has a strong acceptor ability in the formation of hydrogen
bonds. Intensive studies of the complexation of the fluoride ion with
various organic receptors were stimulated by the participation of
fluoride in the processes of biological catalysis*® and organic
synthesis,"® and also due to search for new selective and sensitive
sensors for analytical monitoring of fluoride in the environment, as
well as in biological and chemical processes.'®** The aza-cycles,
azacryptands and relative molecules, easily protonated in the acidic
medium, proved themselves as effective receptors for fluoride.”*™* For
years we have been involved in the physicochemical studies of fluo-
rides and fluoro-containing complexes of the 3A, 4A and SA group
elements with an emphasis on the stabilizing function of spacious
macrocyclic cations in the retention of hydrolytically unstable and
even unique fluoro-containing anions. The aqueous solutions of
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fluorosilicic acid, H,SiFg, represent important products of fluoride
technology being used as reagents for the fluorination of potable
water'® as well as industrial fluorinating agents. Solutions of
fluorosilicic acid represent an equilibrium mixture of the
fluoride anions and fluorocomplexes with the general formula
[SiFs,(H,0),]> (n = 0-2). The interaction of this system with
a macrocyclic receptor is possible, resulting in the competitive coor-
dination of fluoro-containing anionic complexes with the macrocycle.
However, our previous investigations demonstrated the exclusive
formation of azonia hexafluorosilicates in the case of ‘all-N-contain-
ing’ cycles such as cyclen, 3,6,9-triaza-1(2,6)-pyridinacyclodecaphane
and tet b (meso-5,7,7,12,14,14-hexamethyl-1,4,8,1 1-tetraazacyclote-
tradecane),"” while the extraction of the hydrolytically unstable anionic
[SiFs], [SiFs-H,O] and neutral [SiF,-2H,O] species was registered
when aza-crown ethers or ‘all-O’ crown ethers were used.'®

The known examples of mixed-anionic fluoride-containing
complexes are scarce and refer mainly to the complexes of 18-
membered azacryptands containing aromatic fragments''*'* and
oxa,azacryptands.®® We previously reported the mixed-anionic salt
[He[18]aneN,][F][BF4]-3.5H,0,' which represents an interesting
example of fluoride ion encapsulation by the hexaazonia macrocycle,
[He[18]aneN,4]**. The fluoride perfectly centres the macrocyclic cavity
while the tetrafluoroborate anions form the second coordination
sphere of the {[H¢[18]aneN,][F]}** complex cation. In continuation of
this research, we describe herein the improved synthetic procedure and
crystal structure of the tetraazacycle 1,4,7,10-tetrabenzyl-1,4,7,10-tet-
raazacyclododecane (L), as well as the crystal structure of its mixed-
anionic salt with the composition [H3L][F][SiFg]-4H,O (1), where the
ligand in the form of trication encapsulates the fluoride, thus

9
& A

L
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(a) (b)

Fig. 1 ORTEP plot (with ellipsoids at 50%) (a), and space-filling
presentation (b) for L with partial numbering scheme. Selected torsion
angles: C(4)-N(1)-C(1)-C(2) —157.0(1), N(1)-C(1)-C(2)-N(2)' 91.0(2),
C(1)-C(2)-NQ2)-C(3)y —77.4(2), C(2)-N(2)-C(3)-C(4) 154.0(1)°.
Symmetry transformation: i —x, —y, —z.

demonstrating a crucial change of its conformation in comparison
with the free molecule. Compound 1 represents the unprecedented
metal-free complex where the tetrabenzylcyclen manifests its facilities
as a promising anionic and in particular fluoride receptor.

To obtain 1,4,7,10-tetrabenzyl-1,4,7,10-tetraazacyclododecane (L);
to the boiling mixture of cyclen (2.6 g, 0.015 mol)*** and potassium
carbonate (9.95 g, 0.072 mol) in anhydrous acetonitrile (100 mL), the
solution of benzylchloride (7.6 mL, 0.066 mol) in acetonitrile (30 mL)
was added dropwise over half an hour, and then the reaction mixture
was boiled for 10 h. The reaction mixture was left overnight. The
precipitate was filtered off, chloroform (200 mL) was added, the
mixture was boiled and after cooling the inorganic salts were filtered
off. The chloroform was evaporated to dryness. The product was
extracted with boiling heptane (2 x 150 mL), and after distillation of
the heptane it was recrystallized from acetonitrile. Yield 6 g (75%). M.
p. 145-147 °C. FAB mass MH" 533. '"H NMR (CDCl;, ppm) 6 2.69
(16 H, br s, CH,N), 3.53 (8H, br s, CH,—C¢Hs), 7.19-7.29 (20H, m,
CeHs). Monocrystals of L were obtained by recrystallization from
methanol/ethylacetate (50 mL : 20 mL), m.p. 136-138 °C. The given
improved method results in a higher yield compared with the previ-
ously reported synthesis (yield 54%), which was completed in the

medium of methylene chloride using NaOH as a main reagent.*
Complex 1, with the composition [LH;][F][SiF¢]-4H,O (1), was
obtained by mixing a boiling methanol solution (75 mL) of 1,4,7,10-
tetrabenzyl-1,4,7,10-tetraazacyclododecane (L, 53 mg, 0.1 mmol) and
5 mL of a 45% solution of fluorosilicic acid. The spontaneous
evaporation of the reaction mixture at room temperature led to single
crystals of the complex with the yield being close to quantitative and
m.p. 212-215 °C (with decomposition). Anal. found, %: Si 3.71, N
7.15, F 17.86. Calc. for 1, %: Si 3.65, N 7.29, F 17.30.
Tetrabenzylcyclen, L, crystallizes in the monoclinic space group
P2y/n. The molecule resides on an inversion centre and adopts 1,2-
alternate conformation with all N-atoms being displayed in the same
plane. The two neighbouring benzyl groups attached to N(1) and N
(2) and their symmetry-related counter-parts are situated on opposite
sides of this plane (Fig. 1). The T-shape mutual arrangement of the
one-side oriented phenyl rings is described by the Ar(A)/Ar(B)
dihedral angle of 89.22(7)° and Cg(A)---H-Ar(B) distance of 3.84 A.
The conformation of the heterocycle and the arrangement of
the aromatic substituents in L are very similar to those found in
1,4,7,10-tetrakis(4-nitrobenzyl)-1,4,7,10-tetraazacyclododecane® and
1,4,7,10-tetrakis(4-vinylbenzyl)-1,4,7,10-tetraazacyclododecane.””
The interaction of L with an aqueous solution of fluorosilicic acid
resulted in the mixed-anionic salt with the composition [H;L][F]
[SiFg]-4H,O (1), whose crystal structure was determined by single
crystal X-ray diffraction. The compound 1 crystallizes in the mono-
clinic C2/c space group with one formula unit in the asymmetric unit.
The structure is built of the globular cation [(H;L)(F)** keeping the
fluoride deeply encapsulated into the tricationic azacycle, the outer-
sphere hexafluorosilicate anion, and four water molecules, two of
which, O(3w) and O(4w), are subject to crystal disorder. The most
interesting feature of this structure is the trapping of the fluoride by
the tetraazacycle accompanied by the crucial changing of the ligand
conformation in comparison with its free state as well as with the
known metal-containing complexes.**® The ligand adopts an
asymmetric shape with three of four nitrogen atoms being protonated
(as follows from the objective location of three H-atoms in close
proximity to the N-atoms) and a cone conformation of the phenyl
substituents, all being situated on one side of the cyclic cavity. The
conformation of the 12-membered framework refers to the four-
angular type,” which is characterised by the four gauche,gauche-

Fig. 2 ORTERP plot (with ellipsoids at 30% ), bottom (a) and side (b) views, and space-filling presentation (c) for [(H;L)(F)]** complex cation with
partial numbering scheme. Torsion angles along the 12-membered framework: C(1)-C(2)-N(2)-C(3) 164.4(2), C(2)-N(2)-C(3)-C(4) —67.1(2), N(2)-C
(3)-C(4)-N(3) —74.5(2), C(3)-C(4)-N(3)-C(5) 150.5(2), C(4)-N(3)-C(5)-C(6) —65.9(2), N(3)-C(5)-C(6)-N(4) —66.0(3), C(5)-C(6)-N(4)-C(7) 167.9(2),
C(6)-N(4)-C(7)-C(8) —71.7(2), N(4)—C(7)-C(8)-N(1) —61.3(2), C(7)-C(8)-N(1)-C(1) 158.9(2), C(8)-N(1)-C(1)-C(2) —79.3(2), N(1)-C(1)-C(2)-N(2)

—60.6(2).
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Table 1 Hydrogen bonds for 1 (A and °)

D-H-A dD-H) dH-A) dD--A) £(DHA)
N(Q)-H2N)---F(7) 0982) 1.682)  2.6302) 161(2)
N(@3)-HGN)---F(7) 097(2) 1.552)  2.5072)  167(2)
N(4)-H(IN)---F(7) 092(2) 1.752)  2.647(2)  164(2)
O(IW)-HAWD)--F(5)  0.892) 1.87(2)  2.7532) 174(2)
O(IW) HQW1)--FQ2)’ 0.852) 2.022)  2.856(2) 169(3)
OQW)-H(IW2)---F(6)° 0.87(2)  2.17(3)  2.9453)  148(3)
OQW)-H(IW2)--F(1)° 0.87(2)  2.22(2)  2.982(3)  146(3)
O@W) HCW2):--0(3W)  0.92(2)  2.28(4)  2.7534)  111(3)
O(@W)-H(IW4)---F(3)  090(2)  1.984)  2.777(5)  147(6)
O@W)- HQW4)--OBWY*  0.90(2)  2.003)  2.814(6)  151(6)

Symmetry transformations used to generate equivalent atoms:
“l-x, y, 112-2; % 1-x, 2-y, 1-2; ¢ 1-x, 1-p, 1-z.

fragments separated by C-N bonds in anti-conformations, which
maximises the distances between the charged NH*-sites (Fig. 2). The
phenyl substituents are arranged in a T-shape mode again with the
dihedral angles between the phenyl rings equal to 68.6(1), 59.2(1),
89.6(1), and 57.1(1)° for the A/B/C/D/A sequence. The fluoride sits
1.583(1) A from the Ny-mean plane (the r.m.s. deviation of the fitted
atoms of 0.059 A). The three NH-binding sites are involved in similar
strength NH---F hydrogen bonds, with N---F separations ranging
within 2.507(2)-2.647(2) A (Table 1). The N(1)---F(7) separation, to
the non-protonated nitrogen atom, is equal to 3.148(2) A.The degree
of protonation, as well as the conformation of the macrocyclic cation,
is quite similar to the 1.4,7,10-tetraallyl-10-aza-1.4,7-tri-
azoniacyclododecane in its trichloride complex.*

The solid state structure of 1 demonstrates the pronounced
demarcation of hydrophilic and hydrophobic regions. The hydro-
philic regions represent the negatively charged inorganic sheets
expanded parallel to the be plane and built of the hydrogen-bonded
hexafluorosilicate anions and water molecules (Table 1), the hydro-
phobic regions represent the cyclic azonia-cations centred by fluoride

Fig. 3 Fragment of crystal packing for 1.

(Fig. 3). Between the regions the strongest interactions are the
numerous CH--F interactions.

In summary, the tetrabenzylcyclen has manifested itself as
a promising fluoride receptor, as it demonstrates the deep accumu-
lation of the anion inside the nest-shaped cyclic trication due to the
cumulative effect of three NH'---F~ hydrogen bonds and the
shielding effect of four pendant benzyl arms. Compound [H;L][F]
[SiFg]-4H,O represents the first metal-free complex of this ligand
selected in the crystal state.
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3.B. F'anuy, o.x.#., M.I'. lopaugenxo, x.n.#., M.I'. Bacuasesa, C.B. lllepuenxo
Odeccruil 20cy0apCmEeHHBII HKONOZULECKUL YHUBEPCUMEM

CYNPAMOJIEKYJISIPHBIE KOMILIEKCHI KPAYH - 3@UPOB C
®TOPOKOMILIEKCHBIMH KHCJIOTAMM IIUPKOHMS, FT'A®PHUA,
HHAOBHUA ¥ TAHTAJIA

Ilpupoda npomonoOonopusix Mmonexyn, cmaburusuposantslx 6 KpUucmaiuyecKue Moxekynnpnue
KOMAEKCHl KDAVH-3(DUDAMU U3 DABHOBECHBIX BOOHBIX DACMEOPOS Pmopudos up 2ap
HUObUR U MaHmMana, OeMePMUHUPOBAHA CMPOERUEM xpayﬂ«stjmpos Heceneo
NEPCREKIMUBHOCTG MAKPOYUKIUYECKUX KOMIIEKCOHO8 ONA U3ENEYEHUS NEPEYUCIEHHBIX SNEMEHIMO8 U3
gmopcodeparcanyux 600HBIX pAcCMBOPOS.

Kniouessie cnoea: Kpayn-agupsi, pmopokomMnieKcHble Kucnromol, KOMIEKCsl.

Brenenue.
Oropuapsie xoMiviexkcsl nuproaas(lV), rapaua(lV), suobus(V) u tanrama(V) sBisiorcs
KIIOUEBBIMH COCHHEHAAMH B M3BJICHCHHH, PA3ACICHHH H O9HCTKE YKa3aHHBIX METAUIOB OT
npumecedl. B oCHOBE METONA JIEKHT NPOMECC IKCTPAKIHH MM APOOHOH KPHCTAUIH3ALMH
(TOPOKOMILIEKCOB M3 KHCIBIX BOAHBIX pactBopoB [1-3]. HeoGxomumsmm sneMeHTOM
9(hpexTUBHOr0 OCYHIECTBIEHHS 9TOro Ipomecca SABIMIOTCA JAHHBIE O CTPOCHMH
¢dropoxommexcos. K Hagamy HACTOSIMX WCCJICHOBAHMH MaTepHan 1O CTPOCHHMIO
KOMILIEKCOB $TOpHIOB HHOOHA 1 TanTana ¢ kpayH-a¢pupamu (K3) orcyrcrsoan, a mus Zr/HE
OBIT OrpaHAYeH OJ(HAM COCTHHEHHEM.

MarepHajbl H METOXBI HX HCCIeIOBAHH.
Bee mexopHbIe COSMMHEHAS HCIIONB30BAIM B BUE KOMMEpUYECKHX 06pa3nos, (¢upm: Acros,
Aldrich) Ge3 pmomomaurensHON ouncTkH. MK CHeKTpel 3aperHcTpupoBaHbl Ha mpubope
Specord IR-75 B BazenunoBom macne, crekina KRS-5. TCX npoBoaumy Ha mactunax Silufol
€ JIIOMPOBAHHEM CMECBI0 MeTaHom-Xxiopodopm, 1:5, npossinenue HuaruapusoM. Cunres
CYNpaMOJCKyJISPHBIX ~ KOMIDIEKCOB  OCYIIGCTBISUIM  B3aUMOJECHCTBHEM  METAHOIbHBIX
pacTBOpOBR cooTBeTcTByommx KD ¢ paBHOBECHBIMM BOJHBIMH PacTBOpaMH (TOPHIOB
UHMPKOHHS, rahHuA, HHOOHMS H TaHTaIa BO (PTOPOBOJOPOAHOH KHCIOTE, HOTyICHHRIME KakK U3
coorsercTByIOmUX okcunoB Nb, Ta, Zr, Hf, Tax u u3 nearadropuaos Nb, Ta. Pacrsopst
octapstiy nopH 20°C 0 MpakTHYeCKH NOMHOTO MCHapeHus pacTsopurencid [4-9].
O6pasoBaBmuecss KpHCTAUIGI KOMIUICKCOB OTACHAIH. BBIXOABI KOMILICKCOB ONH3KM X
xomagecTBeHHbIM. Crpoerne KO orpaxeso Ba puc. 1. CocraB CHHTE3HPOBAHHBIX
KOMILIEKCOB IpUBE/IeH B Tabu. 1.

Pe3yabTarhl HCCHEOBAHHS W HX AHAJIH3.
BhINONHEHO HCCHeNOBaHME NpPOAYKTOB B3auMoOJeHCTBHA oOxcHmoB (dropuaos) Zr(1V),
Hf(IV), Nb(V) 1 Ta(V) ¢ KD B Boassix pactBopax (HTOpPOBOJOPOIHON KMCIOTHL

Vcranoneno, uro 18K6 ceassiBaer mpocreiinmii HoH okconus [H;0]" (ra6i. 1). Ha
ocHoBe O-cofepKamHX MAKPOLMKIIOB BO BCEX CITyYasX NOTyIEHbI OKCOHHEBRIC KOMILIEKCH ¢
rexcadropmerautaramu [NbFq] (xommurekcsi 1, 3, 6, 9, 14, 16) u [TaFs] (xommexct 2, 4, 5,
7, 8, 10—13, 15, 17). bBomsmmHcTBO TekcaneHTatabix KO obpasyror xmaccuyeckuii
Makpormimdeckuii  katmoH [H3;O0<KD] B KOTOPOM HOH OKCOHHS  LEHTPHpYET
MaKPOUHKIHIECKYIO IOJIOCTE 33 C4eT 00pa3oBaHus TPeX KJIACCHYECKUX BOJOPOINHBIX CBA3EH.
Tax Benyr cebs 18K6 u ero amanorn yuc-cun-yuc-JUI'18K6, B18K6, JJ®20K6. Obmeii
3aKOHOMEPHOCTBIO CTPOCHHS 3THX KOMIUIGKCOB SABJISETCA COOTBETCTBHE pasMepoB 18-
WICHHOH MAaKpOUHKIHIECKOH momocTw HoHy okconns [H;O].  Cemsammsii ¢
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MAKPOLHITHYECKHM KATHOHOM AHMOH YYAcTBYeT JIHIILb B HEBAICHTHEIX B3aHMOJEHCTBHAX
CH---F. Ha pxuc. 2 npusenex npimap OpraHH3aLHH ramx KOMILIEKCOB.
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Cynpamonexyaaphsie KoMIEKCH KPayH -Pupos ¢ pmopoxomnaexcruimu kucromawmu Zr.Hf, Nb, Ta

Tabmuna 1 - CocTaB cCHHTESHPOBAHELIX KOMILIEKCOB

Ne | Kpayu-s¢up Cocras kommiexca

1 18K6 [H;0-18K6]{NbFs)

2 | IBK6 [H;0-18K6]{TaFs)

3 | yuc-cun- yuc -mauaknorexcaso-18K6 | [HyO-ALIT'18K6)][NbFs)  (Tprxnunmii nonumopd)
4 | yuc-cun- yuc -muxnorekcano-18K6 | [H;O-ALI'18K6))[TaFs] (rpuxmeuuuii nonumopd)
5 | yuc-cun- yuc -puumxnorexcano-18K6 | [H;O-JIIT'18K6)][TaFs] (Monoxmunumi nomuMopd)
6 | Benso-18K6 [HyO-B18K6][NbFg] (pombiunmii mommmopd)

7 | Benso-18K6 [H;O-B18K6][TaF,) (poMGiunmit nonumopd)

8 | Beuso-18K6 [H;0-B18K6][NbF;] (Monox1MHHR nonxmopd)
9 | Mudenun-20K6 [H;0-A®20K6))[NBF]

10 | Jiudenna-20K6 [H;0-4®20K6))[TaF4)

11 | Benso-12K4 [H;0-(B12K4),][TaFs]

12 | Benso-15K5 [Hy0-(B15K5)2}{HsOz- (B15K5),}[TaF¢}

13 | 15K5 [Hs0,-15K5][TaF¢]

14 | TerpaGen3o-30K10 [Hs0,-TB30K10][NbFg]

15 | Terpabenso-30K10 [Hs0,-TB30K10)[TaF]

16 | [1.5}qn6en3o-18K6 (H705([1.51iB18K6),][NBFs]

17 | [1.5)u6en3o-18K6 [H705+([1.5)[IB18K6),][ TaF,)

18 | A3a-15K5 [(HA15K5),][Ta.F,,0]

19 | Asa-18K6 [(HA18K6-H,0)(A18K6-H,0)][(H,O)Nb,F;0]

20 | 18K6 [(18K6)H,0;)(HfF)0-2H,0)]

21 | A3a-18Ké [(HA18K6)(Z1;Fo-2H,0)-(H;0)-H,0)

22 | Aza-18K6 [(HA18K6)(Hf;F)o-2H,0)-(H;0)-H;0)
23 | 1,10-Iwaza-18Ké [(HoZ1A 18K6XZr>F o-2H;0)-2H,0]
24 | 1,10-Inaza-18K6 [(HAA 18K6)(HFp-2H;0)-2H,0]
25 { B3-1,10-/Inaze-18K6 ((B3-1,10-/Inaza-18K6)2(Nb F¢y 2(H, O)]

26 | B3-1,10-/Iuaza-18K6 [(B3-1,10-[naza-18K6)2(Ta Fs) 2(H, O)]

27 | MB3-1,10-[{uaza-18K6 [(MB3-1,10-MIna3za-18K6)2(Nb F¢) 2(H, 0)]

27 { MB3-1,10-[Inaza-18K6 [(MB3-1,10-Inasa-18K6)2(Ta Fq) 2(H; O)]
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Puc 2 - Crpoenne xommuiekca [H3O-18K6][TaFg)

YMmensnienne pasmepa KD zienaer HeBOIMOXKHLIM DacloNOXeHHE KATHOHA OKCOHHE B
MOJIOCTH, YTO NPHBOOMT Kk obpasoBanuio conapuda B ciaydae B12K4 (xomnmekc 11) m
LCIIOYCTHOTO MOTHRA ¢ 4epenoBaHuem 15K5 n xarHoHOB [Hst]+ (kommnekc 13) KJ e
YHCIOM AaTOMOB KHCA0POAa Ooublle 6 JAAIOT BO3MOXHOCTL JUIR PA3MCIUEHHA B IOIOCTE
MAaKpOLMKTHIECKOH MOJIEKY/ThI OJIHTOMCPOB HOHOB OKCOHHA

Puc 3 - Crpoenre koMiuickca [HsO2*TB30K 10][TaF¢)

Tax jefictByer u3ydenHniit Hamu TeTpaber3o-30K10 (kommaekcsr 14, 15), monocts koTopane
BCNMKA U4 pasMemieHds oamoro xartuona [H;O]', mostomy KD kancymupyer ramper
runpokconns [HsQ,]" (pucyrox 3) B cydae Gudermashoro npouasoasoro, [1 5)/1618K6, s
KOTOpOM ONIM3K0 pacillONOKCHABIC (eHHMBHBIE 3aMCCTHTCIH CO3JA0T  CTEpHICCEmE
NPENATCTBHA, TPHNOAHBIH HOH OKCOHHA HE MOXET Pa3MECTHTHCA B MONOCTH MaKpOL(MKIA NS~
3a YMCHBIUEHHA YHCHAa JIOCTYNABIX VIS B3aUMOMACHCTBAA aToMoB kucaoposa K2 Jwe
NPHBOJHT K OOPA3OBAHHIO TPCXWIEHHOTO OKCoHHeBOro wiactepa [H;0:;]" OrmersM, wre
kpome Komnuiekca 13, B kortopoMm monckyna 15K5, Bemonnser MocTHKOBYW ¢(yRxmmse
MeX¥Jly KaTHOHaMH [HsO2]', rencpupys H-CBA3aHHYIO LiElb, B HCCICHOBAHHBIX COCIHACRIE
MAaKpPOIHKITbI CBA3LIBAOT OKCOHHEBBIC KaTHOHBI ¢ oOpasopanueM knactepos | 1 i 2 1 Be
BCEX KOMIJIEKCAX JTOH rPYINbLl OTCYTCTBYIOT NPAMbIE KOHTAKTHI KATHOH OKCOHUS — AHRO,
a ITPOTHBOHOHB! 0OBETHHEHBI B KPHCTAILTE 33 CUCT MHOXECTBCHHBIX B3auMogencBui CH—F
€ 4epe/IOBAHHCM PALOB MAKPOUMKINYCCKHX KATHOHOB M 1 eKCaQTOPMETAIAT-AHHOHOB

Ha npumepe xomrickcoB 4—S5 i 7—8, ycTaHOBJIEHO, MTO B 32BUCHMOCTH OT cnocobe
CHHTE3a (HCXOQHBIC MCTAUICOACPXAIUME COCAHHCHHS — COOTBETCTBYIOMHC OKCHIH Hum
(propuasl) B cHcTeMe MOrYT DhITh NOJYYCHB! CYTIPAMOJICKYNSPHBIE H30MEpE, COCARACEm,
HMEKIIHE OJHHAKOBBIA COCTAB, HO KPHCTAUTH3YIOIIHECA B PasiHYHBIX MPOCTPAHCTBCHMMEE
rpymmax Ecnu B cucreme [H;O<B18K6)[TaFgs] (xommickcn: 7, 8) pasiHums mexay
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Cynpamonexyasprsie Komraexcsl Kpayr -sghupoa c gpmopoxomnrexcrsimu xucromamu Zr,Hf, Nb, Ta

ooMAMOpPAME DPOARNAIOTCA JIMIIb HA YNAKOBOYHOM YPOBHE, TO B 4, 5 3aduxcupoBaHsl
KOR(OpMaNEOHHKE pa3IHIus MAKPOLMKIHICCKOro ocToBa Moexky skl LI 18K6.
O6napyXeno CymICCTBCHHOS OT/IMYHE KOMIUIekcoB a3a-KD or xommiekcos
xnaccugecknx KD. B kmenoit  cpene, coszaBaeMoll  (rropoBomopomHOi  KHCNIOTOH,
Acnome3oBagde a3a-K? AlISKS w A18K6 npHBOAHT K NPOTOHMPOBAHHIO Aa3a-rpynn
MAKPOIHKNA H H3BJICYCHHIO PEAKAX METALICONCPXANMHX ARHOHOB. Tak, B cHcTeme Ta;Os—
HF—H>0—A15K5 nonysen HonHzli komrutekc 18 cocrasa [(HA15K5):][Ta,F00] (puc. 4).

Puc. 4 -Crpoenme ¢parmerra kommrexca [(HA15K5);)[TazF100).

Juauuon [Ta;F100); u mea Momokatnosa [HA15K5]" cRssannl B xoMOiexc BOJOpOAHOM
ceaabio NH---F, N—F 2,886 A. Baammopgiicteue B cuctemMe Nb,Os—HF—H,0—A18K6
OpHBENO K NONydenuio cocauucHua coctasa [(HA 18K6-H,0)A 1 8K6-H20)][(H0)Nb;F50]
(xomiutexc 19).

Hrrepec k ¢ropoxomiutexcam Zr(IV) u HR{IV), cessan ¢ HX Hcnons3opaHHeM BO
¢ropunroii  metaumyprum [1-3]. H3BectsHo, 9TO B KHCABIX BOJHBIX pPacTBOpPax
¢ropokoMILiekcos raduna ¢ orsomernem HF:Hf > 1 B xavectBe MomwEmpyromeil ¢opmsi
BHICTYTIACT AaHHOH [Hth]". B T0 3¢ BpeMi, CTCPCOXHMHA KPHCTAILIHIECKHX
($ropoROMILICKCOB radHMUA XaPAKTEPHIYyETCA 3HAYCHHAMH KoopauHanroHasX Tncen (KY) or
6 no 8, npuieM AR TAKAX KOMILIEKCOB HabmonaeTcs TeHNeHIHA X peamusamnn KU > 6 u
paiHooOpasHEIX 1O TEOMETPHH  KOOPAMBALMOHHEIX  Iomuaapos.  Omnpenenennoe
JA(epeHIMpPYIOmEe BIMAHHE HA COCTAB H CTPOCHHE KPHMCTANNMIYIONIMXCS M3 BOAHBIX
PACTBOPOB (HTOPOKOMIIEKCOB raHAA MOTYT OKalhiBath cnocobmbic x H-cBasmpanmio K3,
BHCTYDAad B KayecTBC BHEMRCCPCPHHX JIATAHAOB, OAHAKO CBEACHHA O NIPOXYKTAxX
B3aHMOJECHCTBAA B TAKMX CHCTEMaX B JIHTECpaType oTcyTcTBOBaIH. B cHcreme HfO,—HF—
H,O0—KD3 B 3aBHCHMOCTH OT HCHOAL30BaHHOTO Makpouwkaa (18K6, A18K6, JIA18K6)
NOMYYCHH 5 KPHCTALIHYCCKHX KoMIUtexcoB (20—24, cM. Tabammy). KoMmuiekcu B mapax
Zr—Hf B30CTPYKTYpHBI, IO3TOMY OITHCAHHC MPHBEACHO TONBKO 1A OAHOrO U3 HUX (puc. S5).

Kak BHaHO H3 mpuBeAcHHBIX 6pyTTO-(OpMYI, BCE KOMIUICKCH HMEIOT OJHH oOmmil
CTPYKTYPHBIi (parMeHT — HEOPTaHHYECKHH aHMOH COCTaBa [MaF o(H20%). Bo Beex

CIPYKIYpPaX CTPOEHHE 3TOT0 AHHOHA CXOJHO HE3aBHCHMO OT Mera/la. [IBysaepHEIi

KOMILIEXCHEIH aunoH [Zr,F o(H20)2]* noctpoeH u3 ABYX GHIMpaMuA, coeMMREHHEIX 0bmmM
pe6pom F—F. B onno#i u3 sepund OHNMpaMHAB HA MPOAOIDKCHUM NWBHH Zr-—Zr
PACTIONIONEHR KOODAMHHPOBAHHELIE MONEKYNbl BOARL. BO BceX NIATH KOMIUIEKCAX AHHOHHI
equHOOOpasHo obbeNMHEHN B HeopranddeckHi cnoil. B xommuercax 2I m 22 ¢ A18K6
MaKpOLMKI MPOTOHHPOBAH N0 aroMy asora. B xommiercax c¢ JIA18K6 momoxwurensHelit
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Fawue I B Foptiowmo MU Bucuneisa M1 Hleswesno L B

3APAK MAKPOIHKNE OKAIBIBACTCA AOCIATOMHEM, WO IIPOARIALICH B OICYILTRIDE HOHOB
oo 8 23w 24

Puc 5 - Crpyrrvpa nomistexca [(HAIBKOY ZroF - 2H,0)-(H;0) H0)

Cuires Ha ocHose a3a-KD xomunexkcos 25—27 crafwmsupyrommx, anatordguso XD,
rencadnopmeraanatsr  [NbFg] u [lakg]  nogqepausael  AeiepMaHdpyiONylo pots
APXUTCKTYPHEL MIKpOLMKIa NP  dHACAUME  (IOPMETAIINALOR M3  COOTBCTCTBYIOLIN.

P4BHOBECHBIX BOAHLIX PAcIBOPOB ¢ rOPOKOMIIEKLHEIX KHCTOT (PHL 6)
¥

Pac 6 - Crpyxrypa sommiesca [(MB3 1,10 [nasa 18K6)2(Nb B4} 2(H; O)]

Brimonsi

llokazano, wro Rucnopoacogepwanmm. KD ofpasyior OKCOHHEBHE KOMIICKCH ¢
1excadropmeraniar amponamu [Nbk( 1 [TaFs] B asucasMocin ot nyTell CHATC3a, B (BYA
cucaemay, (e cun yuc-JUT18K6 HiO[TaF,] u [h18K6 HaO}[TaF;], oGmapyweno sanenue
CYNMpaMOICKYIMPHOH WIOMCPHH, jaKIiovaiomeecs 8 iiMencnun kondopvamm K23 mbo
HAUTHYHOM NICPCPACTIPCASIICHUHE MCRMONCRYIIPHBIX BOJOPoAHLD cifiell Henomsonauue 8
KARCCTRE IKCTPATCHTOR 4334 KD uoanom 10 u3s 1e4s B BHIAC KPHCIAUIHIOLKHX KOMIDICKLOR
coctasa  [(H AISKSR)[Ta) 0] w  [(HAIBKe HONAIBKe HoO)]  [(H-OINDE O
VHHKATBHBIC THAPONATHYCCKA HOCTOMKHE SHHOHBI NPOIIKTH HOUOAHOIO 3aMOICHKS
ATOMOB  KHCIOpOA4  aloMamu  GTOpPA B HMCYOAHBIX  OReMAAX B xoMuuekcax
[(18K6)H-Oa)a(tifF 0 2L0OY], [(H AIBK6)YM:Fio 2HA0)-(HO) Hy0) H
[(H) JAIBKOX({M,Fig 2H,0) 2H,0] (M Zr, H) Me12.01h HIBIEKAKI CH B BHAC OHHAKOBEIY
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CympamosexyRipubie KOMATEKCH KPayK -3Pupos ¢ PmopoxomrrexcNumu kucromamy Zr,Hf Nb, Ta

anuonos (MaFip2H 0) co cxomuoii Tomonorweil. BICOKHE BEIXOAM KOMIUIEKCOS
TIO3BONIAIOT OTMETHTL MOTCHIMANBHYIO mepenekrusHocTs K-D is Hisneuenus Zr(IV),
Hf(IV), Nb(V) 1 Ta(V) m3 ¢ropconepkanmx BOIHKX PacTBOPoB. Buamo, yto K3 u asa-K?
ABIMIOTCS MEPCMEKTHBHBIMK TEMIUIATAMH WM HANPABNAIOMMMH CTPYKTYDY ArCHTAMH TIpH
CHHTE3e OprAHHIECKO-HEOPraHWYCCKHX CYNpPaMONEKyNSPHEIX COCAMHCHHMH, B TOCTPOCHMH
KOTOPBIX pa3Mep M T'eOMETPHA MAKPOLHKIA HMEIOT Pelalolmee 3HaYCHHE.
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Cynpamonexynnpul KoMniiexca xpayH-eTepis i3 $yoOpoKoMILIEKCREME KNCIOTEMHE QHPKORIN0, radnin,
wioGivo & TanTany. Fanin E.B,, Nopaiuenxo M.I"., Bacuisesa M.T"., Hlesaenxo C.B.

Hpupooa upmnanodanopma’ MOREXYN, CMAGII308aNUX Y KPUCARTYHI MOAEXYARDHI KOMINexCU Kpayn-emeparu
3 pianosaxciux 6008 posvunis guyopudis yupionio, 2adnio, uiobio ti manmary, demepuinoearo Gydosoio
xpayx-agupos. [locriducenns mnoxasano nepcnexmusnicms MAXPOWUXAINHMX KOMPRexcowis oae sumszy
NEPEPAXOBANIX EREMENMIE I3 PRPOPYMPUMIIONLX BOORHUX POTYUNIE.

Kawouoni cioea: xpayi-emepui, ghayopoxoMniexcii KuUCAOMy, KoMRREKCU.

Supramolecnlar complexes of crown-ethers with fluorinecomplexes acids of rirconium, hafaium, niobium
and tantalum, Gasin E.V., Gorlichenko M.G., Vasileva M.G., Shevchenko S.V.

The nature of protondonor's moleculas which stabilized in crystal molecular complexes by crown-ethers from
equilibrium water solutions of fluorides of zirconium, hafniwm, niobium and tantalum is determined by a
structure of crown-ethers. The investigation has shown perspective position macrocyclic complexes for
extraction of titled compounds from fluorine containing water solutions.

Key words: crown-ethers, fluorine complexes of acids, complexes.
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Supramolecular compounds of fluorocomplexes of p-elements with crown and
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syntheses, structural features, spectral characteristics, therma-chemical conwersions of these
comprands, as well 25 the selectivity probdems in these complex systems composad of inorganic
Huorocompleses and macrooyclic ligands are discussed.

Duddicated b2 he memory of & HNY Elsevier BY. All nghts reserved.
Prafircar Vialimir H. Plikhomik

Kaywards:

Flunfacamiples

Crown ethix

Arscreswn vlher
Aramacrocys b

Hydralytie Cransforsaions
Singh cryilal K-ray dillesetion

H-lainis

Conte s
L P R O e o e g T R e i e e 15
£ At ol B e M o i e e T L et e e T m SIS e v B e B e e = e e T 16
A1 Bordnf ) Beonboammpl el . e e e e e e e S S L s T e T S N L T s e s L T 15
22 Silcondl¥) fuprommplexes .. ...l I | -
23, Germanium{ V] and tie V) leorocompbeces ik rr)
B CanCImERIE - S A i e o s i b S b e B A 2
MR - e e e e e e e s L e s R e A e e e i i R T 3
1. Intreduoction complexes of the ‘guesc-host” type [ 1,2]. OF particular interest and
concern are the Auoro-complexes prons oo bydrolytic rransforma-
Hawadays crown and azacrawn ethers as well as their analogs tions im aquecus solutions or in moist air, thus giving rize to the
manifest themselves as effective stabilizers for various unstable labile compounds, aqua and hydroxofluorocomplexes as the
and highly reactive compounds in the form of supramelecular preducts of substitution of Aucrsligands [3.4]. The macrooyclic

ligands have prowen to be suitable for stabilization in the form of
crystalline complexes the products of hydralytic transformacions
of fluorocemplexes far a series of p-elements that allowed to shed

LI & T or N P 1
Corneapeadiag """'":' 1:“,‘ AN e TR T2 320 light on the structure of these “guests’ as well as on the structural
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(EN. Ganin, fonasi ariy@phys.asm.md, Sar srayogmail com {5 Fesari), organization and properties of the resulting supramobecular
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16 W, Calwboidl ot ol foumal af
complexes. One should ke emphasized that before our studies,
many of the discussed herein Auorocomplexes, in particular
aguaflucrocompleses with the general formula [ME;[H D] [
(M =5, GCe,n=1,2; M=5n0m=1)were known only as solutions of
the corresponding complex fluoroacids, while the information
about their stereschemistry was based primarily on spectrascopic
data [mainly "F MMR] [5.6]. The earky reviews in this feld were
focused on differens aspects of the chemistry of halide complexes
af p- and d-glements with macrocyclic ligands which predomi-
nantly were the classic crown ethers [CE] [7-22), and oxoniom
salts were mainly considered as stabilizable systems [10].

This review is aimed to generalize our recent results in the Aeld
of stabilizatkon of fluorocomplexes of the 13-14 group p-block
elements in the form of supramolecular compounds with crown

134

Flaonne Chembery 155 (WFE) 15-34

ethers and aza cycles with an emphasis on structure and properties
of theze com pounds. The schematic representation ef macrecyclic
mualecules nsed in our research is given In Scheme 1.

2. Structure of fluorocomplexes

2.0, goren{in} fusrocomplexes

Atwoed et al. demonstrated stabilizackan of the unstable agua
complbex BF3-Ha0 and the monabydrate of non-ionized form of
tetrafluoraboronic acid HHEFgHZO in the form of compounds
[{BF2.Hz0LL'] (1) and [(HEF.H2002.L") (L' = 18-crown .6, 1806
[13.14]. Complex | was obtained by heating a mixture of AgHF,,
:'l'|='-l.'=H=.1;'l'|l:.'J:| and L' in agueous toluense, whereas attem pes of

0 * n..'_\ L/\u/\l 0 ? o
iﬂ' “j q‘ %n 0 ¢
I\.x_x'l::!,l {\/D\) o L\/t}fJ
m !\'IL-
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Seheme 1. Schematic cepesienlalen of sarosycli molecukes used in our eseanch
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Fig 1. Structune I stabilized by OH-0 hydmgen bonds

direct symthesis threugh the interaction of BF3Hz0 with 1" in
toluene were unsuccessful. These findings stimulated our studies
in this feld. Using the simple general procedure based on
interaction of BFy.0Et; with CEs in unprotected from moisture
atmasphers molecular complexes with  the compositions
[CBE2-Hz00-2LE (0 1Sk [IBEsHz0i L 2H0) (M1 |16] and
[(BFy - H0 L7 {Ew) [17] (17 = 15C%; LY« cis-onef-cis-dicyclohes-
ano-18046 ) were obtained. In the case of cis-syn-cls-dicyclohexano-
18C6 (LY the imteraction product represents ionic complex
[{Hz0 L‘]BF¢| (V) [ 148]. According to the single crystal X-ray data,
the components in the complexes 11V as well as thase of the
complex macrocyclic cation in ¥V are linked by the integrared
system af ¢H- -0 hydrogen bonds, where the CE axygen atoms act
a5 H-acceptors |six, four or three axygen atoms from L'. LY and L‘.
respectively . The structure of complex IV is shown in Fig. 1.
Complex 1 was also synthesized through interaction of HEF,
with L' in the solvent mixture CHzCkCCLy, and its crystal structure
was reported in [1%). For the lonic complex [(Hy0.L"|BE,| whose
structure was also reparted i | 18|, the synthetic procedurne as well
a5 IR and Baman spectra were published sarlier |20]. The recently
docum ented molecular comples [ BF3-Hz0 -2 PhyP0 | with the non-
macrocyclic ligand PhyPO is stahilized by two strong H-bonds of
the P=(d. . H-0-H--.0=PF type (0.0 distances range 2.488(6)-
2.498(7]A)[21). The selected parameters af H-bonds and thermal
characteristics of boron Reorecomplexes with CEs are summarized
in Table §. According to the thermogravimetric data |15-18], the
thermochemical rransfarmations can be described as consecutive
stages including melting and subsequent decomposition with
camplere isolation of the components in the gas phase:

Fig. L Struciune of Wi

The stability of complexes 1-V is significantly higher compared
to their inorganic guest components: for example, compound
BEFy-HzO melts at 5.0°C and partially decompeses at 20 C [22],
while [Hi0BEs melts with decomposition ar 52 °C [231]. The
studied compounds are characterized by the very similar thermal
stabiility, and o the row of molecular complexes the relatively
higher melting and decomposition temperatures has compound
[{BE5-Hz0 ) L’| [V} {Table 1), whose structure is stabilized by the
strongest H-bonds {0.-.0 distances are in the range 2.589-
2642 AL According o the "% and "' NME data |24]. in acetone
solution complexes 18 and IV are subpecred to parmal solvolysis
following the solvolysis scheme (3}

[(BFy-HaOjg-L-aHz0| + MezCO — BF;-MezC0O L3
+ (M DIEFOH] + L+aH0 L= L'a= 2L = L'n=0

Probably, crown ethers, which reveal stromger H-atoeptor
properiies caompared fo acetone |25) can stimulate the farmation
of the nized form [H O[BE,DH].

The azacrawn ethers and azacycles whose macrocyclic frame-
works contain MH-grou ps, easily protonated in the acidic mediom,
manifest themselves as efficient rece ptors capalble to fix either the
naked halide anions (26,27 |, or the com plex |AF, ] luoroanions via
combination of elecrrostatic interaction =MH: AF,  and H-
banding of NH---F type. The products of interaction of BF 0Bz
with azacrown ethers in methanol or ethanol soluttons represent
exclusively somic  tetrafluoroborate  complexes, Compounds
[{LH 2% BEgR] HaO (W1 [28] and [[L°Hz}HBELIz) (V1] |29 (Fig. 2]
include the dications of two lanat ethers, NN'-dibenzyl-1,10-
diaza- 1206 (L") and N4 -4-methoxydibenzyl-1.10-diaza- 1806 (L")

[{BF3-Hal la-mLjjn; — |(BFa:Ha0O)amL}y— nBFay, + eH2 g + mly, with the mixed donor {MH'], acceptor (-0-) funcrions. Hoth
1] macrecyclic dications abey Cesymmetry with endo-oriented MH-
groups that participate in intramolecular HH- -0 hydrogen bonds,
and the benzyl arms being arranged abowe and below the
(B2 0 L1BFafi — [{Ha0 - LiBFain, — BFag) + Hally + HEg + Lig macrecyclic cavity in folded conformation. The ionic species are
121 linked only via weak CH-- .F interactions, which in the case of Wi
Tabils: 1
H-bond dsd thermal chaacerivtice of bocon Nuoocsmpleses with coown elhers.
Tl Mumber of H-bosds Desmades O -4, & mp, T Tinin s 0 Relevroe
|{BF, H 0L ¥ 176, LEO T2 = TEl
| BF-HaO 3 217 - - L1d-150 1BS 15]
[[BFy Hyl L FH 0] B 1HS-LRS B0-75 145-100 |6, 15
[[BFy Hylig 1] 4 1.5R0-2 641 1.40-155 172-2040 1171
[(HyL" HHEy ] 5 LEE-173 140143 - (1]
|1 Hy O E"8F, | £ LEXa-2650 a0- 13 175-220 jed]

4 The separatisas wigh Bdonar]-H- - Alsccepies) < LA N and anghe DHA > 120 wene Lakem s conde ralios

™ Wil data
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Fig. 3. Seoactuie of X! [4) vore of complis catmn [ HGPY™ stabilised by sia B8- - -F bdeiien bond and [b) ayvatal packing.

provide the formation of channels occupied by the H-bonded water
molecules.

The reported in [30] complex | L7H 2 BE ) - Ho0 [WI] LT = noc-
5.7.7,12,12 14-hexamethyl-1.4.8 11 -tetraazacyclotetradecana)
has the perching structure with two [BE,|” anlons arranged abave
and below the average plane of the Td-membered macrocyclic
dication. The symmetry of the dication is close o Cp According to
|30], thermolysis of complex Wil is accompanied by the effects of
dehydration {50-20 °C), melting (225-240 "C) and decom posttion
(270-311 L) following the schemes [4]-[B):

WL Ha}(BEL)z] - Ha0,,, — L7 Ha}(BFs)zl,, + HaO,y, (4]
WE"Ha i BES)z)iw — [(L7Ha)(BFa)zln (5]
[ILTH 3} BFlz|m — LTu + 2HFg + BF1q,. [B]

Compared 1o the oxonium complbex [[HoO0EYBE,] (W] the
essentially higher thermal stability of Wil has its origin in the
different H-acceptor capabilities of the heteroatoms in macros
cycles LY and L7, as well as in the contribution to the general
complex stability in VI made by the system of host-guest H-
bands absent in V. Becently we reported the first example of the
muined-anionic caomplex of hexaaza-1BCG (L) with the com position
|L'H¢[ﬂj BFals|-3H0 (1X], where the Ruoride perfectly centers the
hexaazonia macrocyclic cavity that obeys the Ca-symmetry [21] In
the complex cation [L"HgF]]® (Fig. 3a) each =NH;' group is
involved im single NH. . F H-hond with Ruoride {the average
distance N-.-F 2.7%3(3} A, the angle N=H. .-F 164" ], whereas the
|BFs) anions and water molecules participate in the MH-.F,
NH-- 0 and OH---F H-bonds giving rise ta the 3D-supramobecular
architecmure with the alternation of organic and Inorganic reglons
in ehe crystal selid (Fig. 36

In complex ||L“!I|||:|:H-Fq,:|,n|-IDH;U [X] the J0-membered
macrocycke with rwo  piperazine rings imcorporated in the
macrocyclic skeleton, decaazatricyclo[28.2 2. 213, 16| tetratracon-
tame (L] acts as decaazonia cation, linking the jBF,]” antons and
water moelecules vio an extensive nerwork of intermolecular H-
bands of M- -F, MH -0, OH---F and OH- -0 types (Fig. 4] [32].
Water modecules compete with the [BF4] anions fer the place in
the second coordimation sphere of the macrocycle, acting as
bridzes betwesn the macrocycle and the [BF4] ankons or berwesn
the amians.

2.2, StlicorfTV) luorecom pleces

Structural and speceroscopic studies of host-guest compounds,
the products of interaction of fluorosilicic ackd with crown and
azacrown ethers provided important arguments in discussion of
composition of the silicon fluorocom plexes in aqueous solutons of
fiworosilicic acid and acid selutions of its salts [6.33]. One should be
emphasized, that according to the data summarized in |3], the
solutions of Aucresilicic acld represent an equilibrivm muli-
component system comprising the [$iFg]® anions and the
products of their hydrolyric transformations, as it follows from
Eqs. [T)=(9):

[$iFa[®" + HiD" = [SEFs(Hz000 + HE (7]
[SiFy Ha0) " + H 07 = SIF, 2H,0 + HF, (5]
SiFe 2H30 + mHO & Sil3nHa0 + SHF. [a]

It b5 known, that eguilibriom (7)) dominates at the atomic rateo
@ = ZFESi = 6. An alternative point of wiew, the most compre-
hensively sounded in the survey [32], considers the |5:F.:'|1 anions

Fig- 4. The closest envimmnment of deca-saties (L% 0" in X, C-Bound H-aoms
dgi sasilted Mor chasry.
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Fig % Fragment of polymeri chain in X1,

asdominant species in selutons of Ausrosilicic acd with relatively
lew acidity, and the possibility for SiE4 accumulation in strongly
acldic solutions, w hike the contribution of aquafluorosilicate anicn
in the eguilibrium processes is excluded. The specific behavior of
fMluarasilicic acid in reactions with classic crown ethers has been
elucidated. The products of interaction eof fluarasilicic ackd with LE,
L:. amd 1204 IL"’I represent molecular complexes with the
compositions |irrams-SiF g 2H 0 L 2H, 0] [XE], |{troms-
SiF42H0 17 Ha0] (X0 and [(trans-5iF 2450020 "7) (X101, whoss
structures were studied by vibration speciroscopy and X-ray
analysis |35,36). Complex X1(Fig. 5)was primarily identified in the
solid state as the produoct of interaction of 5iFy with the hexane
solution of L' in unprotected from moisture armosphere |37]. in
the chain structure water molecules fulfill the bridging functions,
linking the trans-5iFs 2H:0 complexes and macrocyele L',

The wlentical spactral characteristics allowed us to assign the
simiidar structures va X1 and X1, as the prosounced similarities
exist in the long-wavelength reglon in the IR spectra for X- X1,
where the bands corresponding to w5iF] and &[5iF;) vibrations
of inorganic 'guest’ {Table 2) definitely indicate in favor of its

trans-configuration {3526, Splitting into pwo components the
band assigried to the doubly degenerate vibrations o{SiF) of
the E.-type can be attributed to the coystal lattice forces. The
physico-chemical characteristics of siticon fluorocomplexes with
crown ethers are summarized in Table 3. As far as it follows fram
the thermogravimetric and differential scannming calorimetry
IDSC) data |35 ,34), the thermalysis of complexes s accom panied
by meling, follawed by decompaosition according to schemes
[116] and {11):

||'5|F...-!Hzﬂ:--rlL-mHgC|..... — [4{51Fq - 2Hz 0 -nL- mHa O, (1o}
— SiFqy + (m + 2JHz0:5 + a1l

[iH38 - LYy5iFsy, — SiFug + HaOug + HE g + LY 50 {11}

The characteristic curve of DEC [Fig. 6] demonstrates the
thermochemical cenversion of compound X1 which is accompa-
nied by endothermic effects. Mote that the experimentally
determined walue of the mass Ioss that accompanied the
decomposition of complex X1l with the release in the gas phase

Talsle 2
1k daga Soe siloon [1V] Nuorscomplenss is the guist @ the supramokecukar compoasds with croem and azacrown dfhirs,
Conapdicn Gl Gursl sy mmetry wl5iF] &SEiF Relerrace
xi erane-[5iF, 2Hz0] D T5 v (£ A v (Al [EET]
T15 sh (£ 415 sh (E.}
il eraii-[5iFy 2Ha0] g a5 & [Eul 445 & [Ag.) [35]
T15 sh [EJ 420ish [E)
Xl eraini-[5iF, 2Hy0] D T mIE] 468 E (A, [EL]
T2E sh [E]
KW [565] D, B75 & be £ 478 & (A7) 1421
85 &h [A7) 445 2 (A7)
745 sh [AT)
Xix [ 5] (=8 THS b Azl 482 v [Aeal 151]
2008 [l 473 5 (EL)
RBD & [E,] 452 sh (Egp
Wole: e sstdiom; &= sineeg; Y= very wineety; dh e iboulder; b= bnsad
Table 3
H-liand asd 1 al charactertics f silican Muonompleses with cirms elheis.
ot i Bumber of H-Bondse® Distance 04, & i, L | PRSI R levinhs
|{ rreis -5iF 2H, 0} 4 25002 KT 40-00 EEO-120 [35]
|{ 1Fiis -5iF 2HZ0 - S0-B0 S1-130 [35]
| tres 5Py 2Ha05 L) - A5-40 128 3]
|1 Hy O L | ] 2.815-2.882 To- 100 145 142]
[ H# L 1] SiFg - AH L0 d 2.MT-3057 ] - [45]

“ The weparatisas with Dijdoner|-H- Alsseeptee] < TA A and anghe DHA - 120 wene Lakin i oo (L.
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of one male of 2iF,; and four malbes of HzO(Am gy = 42 .55) agrees
well with the caleulated value (Am_ g = 3995

Although the structural data for the complexes based on 15C5%
(L jand 1204 (L") are absent, the tendency of their melting points
increase in arder ||Jran:-5|[-'4-2H;gD'|-::Lm| = |{rrams-
SIF, 2H 0 LA H 0] = [{rrams-5iF, 2H 0L 2H 0| indicates in fa-
vor of the increased efficacy of hydrogen bonding in this row as the
number of the parential H-bond acceptors increases from 1204 ta
1HCG [38]. The pentafluorosilicate anion [SiFs] . which can be
cansidered as a preduct of dehydration of [SiF5Hz0], is less
symmetrical compared to !sim‘ {D3p and Oy symmetries,
respectively], and it is nsually stabilized in the form of salts with
large cetraalkylammanium (39| or metal cations {40,41], whersas
the sxonium salt (H30)5IF; remains unknown in the individwal
state 5o far. We managed to isolate and study by single crystal X-
ray diffractbon complex with the composition || H-;D-L"]5|}'|| X1V
which represents the product ofinteraction of Ho%iF;-HE with LY in
methanc| salutkon [42 ). In X1V (Fig. 7} which is structurally similar
to the tetrafluoroborate analeg |(H,O-LY)BF, ). the cation-anlon
interactions are of predominantly electrostatic origin, The 1R
spectroscople characteristics of |5iF,| " in complex XIV [Tablbe 2|
are typical for pentafluoresilicates with the wrigonal-bipyramidal
geometry of the anion (symmetry Dq) [43].

In line with the conceprs sounded in [4], the rate-limiting step
for hydrolysis of hexaluworosilicate anion according to scheme (7]
is the loss of the first fluonide anion with the formation of [%iFs)]
follewing the dissociative Sx1-mechamsm. In this concern, the
farmaticn of complex XV in the reaction system HaSiFs- HEF-L"
may, in same extent, be considered as an example of the crown

b [ -~
~7 P S \h

Fag . Struciuse of XIW.

ethers stabkilizing effect an the {H30 15iFs donic pair being unstahle
intermediate in the bydrolytic conversion of the hexafluorasilicate
anipn. According to the "F and % MME data |24, complex X1V is
not subjected to salvolysis with the conservation of the |[SiFs)
anion in acetone solution, whereas in agueous environment,
according to [41], the hydrolysils occurs in accordance with scheme
R F5H

[(Ha0 - L98iFs] 4 HapO — LY 4 5005 + SHE. i1z

It has besn proven |44 that interaction of lonle com plex XV
with 1HCE [L:':- In the presence of 2ir maisture reswlis in the above
discussed molecular compound || rrons-5iF 2H 001" 2H0| (X0)
with the yeeld of 73X in accordance with scheme [213):

[(H20 L |5iFs | = L 43820 — [{troms—SiFe-2H, 00 . L 20,0 (12)
+ LY+ HF

The given conversion accom panied by the transformation of the
‘guest” fragments, (lustrates the decisive influsnce of the
macrocyclic ligand on composition and structure of the labile
Auorocomplexes and thekr ‘host-guest complexes with crown
ethers, To the best of our knowledge the cxonlum-CE-hexafluor-
osilicate complex Is unknown so far, &t the same time the
crystalline complex (MH, LV5[5iF;)4H 0 [XV) was obtained from
the system SiF.q-ZNIh-L'-H;U and its crystal structure was
reparted im |45, In XW¥ three hydrogen atoms of ammoninm
cation are involved in MH- -0 H-bonds with O-atoms of macr-
cycle (M...0 distances .92 520405 A1 while the fourth
hydrogen atom is invalved in the KH...F H.bond with [5iFg]"
anion [M---F 2,797(4] .i|] (Fig. 8

It isinteresting that complex XW was abtained under conditions
very similar to those used far the synthesis of ||H.F-,-N!II;||-!L' | [45].
The difference im the final products obrained from the systems
SiFgIHH3-L"-Ha0 and BE3-MH3-L'-H30 reflects the hydrolytic
stability of complex BF3 NHj (it can be recrystallized from warm
water solution) contrary o silicon analog subjected to hydrolysis
in accordance with scheme (14) |47

Fi5aFs- 2N H1y + 2H20 — Z{MH41251F; + 5105 + 2MH,. 114]

Thus, instead of the expected molecular complex between the
5iFs-2NH3 adduct and LY the ionic compound X¥ was ocbtained. It ks
ewident that the pressnce of CE in the reaction system SiF2NH -
L'-H:p.'.! stimulates equilibrium (14) due to efficient binding of
triped ammonium cation. Attempts to ohtain complex XIV by

i £
e,

T3
#ﬂif-— i

Fig- & Sreuctune of X,
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direct synthesis in the sysrem |.N:H..||z:i|.Fu-li-Hzl:r WEFe LWRSLC-
cessful [45] Unexpectedly, interaction of Nluarosilicic acid with
menoaza-12¢4 [L''), monoaza-18C6 (L), and 1,10-diaza-18C6
(L'} afforded the crystalline complexes with the compositions
(L B[ SEFs) H 20 12 3HA0 (XVE, [LHHZ0 ) SiFs(H10 3 Ha0 | (XVI)
and (LY 5iE [ Ho0 ] |5 (XKW, whose structures were studied by
single crystal X-ray diffraction and vibration spectroscopy [42,48]
The octahedral anion [SiFsfHa0)] " discovered in structures Xwi-
XVIll is stabilized by the systems of HH...F, NH. .00, OH. .-F, and
{dH- . H-homds u‘igs. B oamd TOL

These findings [44.49 | show structural evidence in faver of the
aquapentafluorosilicate anion existence in salutions of fluorasilicic
acld. Currently the only thres above mentioned azacrown ethers in
their cationic forms are documented to stabilize the [2iF;[Hz0)]
anion in the form of crystalline complexes of the 'host-guest type.
The "F NME data |48] indicate thar disselution of XV in
acetonitrile 15 accompanied by  disproportienatton of  the
|SiFsiHaD] | anbon followed by hydrolytic destruction of diaqua-
tetraflunrocomplex, schemes (13] and [16):

2ISiIFs Hy0| " — [SIEg|* + cis— trans— [SiF,(H, 015, [15]

cig- frore=|5iFy [ Hz O] + HzO — 5103 Hz:D + 4HF. [0E)

Fig. 1, Fragment of cryscal packing i BVL The [SiFiH G| asions aee svesciated
in e Ligier thisugh OH. . F and OH- -0 higdogen bamds,

The eastness of transformations (1%] and (16} 45 explained as
fallows. The lakile anion |5iFH00] 7, formed by the weak Lewis
acid |SiFs] and the weak Lewis base (Hz0), when dissolved in the
absence of the stabilizing effect of interionic H-bonds s
transformed into two species, the more stable |l1:|}'.;.|u anion
and the neutral complbex [SiFH 0. The latter, being a strong
Bronsted acid [50], i relavively stable only in strong ackdic
solutions and is hydrolyzed easily when the acidicy of the reaction
medium s decreasing.

On the contrary to L'9-L'7 1.7-diaza-15C3% (L™ forms the
hexafl uum:i]lcnt:Dmpl.ﬂcwu:hlhernmpu:lrlnrl.llL“H;gISJI-'pl-jKIXI
[51], where participaticn of three frem six luoroligands in streng
MH. . F H-bonds (N.--F 2.722(3)-2823(2)A) affards the anions
symmetry decrease to Cgy, [Fig. 11]. The corresponding decrease af
symmetry reflects a more complicated 1B spectram {Table 2]
com pared with the expecred one for the isolated anion [ peint group
iy, the two vibrations are active in the IR spectrum [£3]). It shoukd ke
emphasized that interaction of fluoresilicic acid with aminopodands
L, being acyclic analegs of azacrown echers and containing the
structural  fragments =MH-{CHzh-0-{CHz):-NH- and -NH-
[CH, | -0-[CH |,~0-(CH; - NH- results in the corresponding
hexaflporosilicates with the general formula [LH;)50Fg |52

Im 15 turn, interaction of fluorasilicic acid with tetraazacycles,
the twelve-membered 14,7, 10:-tetraazacyclodadecans iL'sl.
14,7, 1k tetraaza-2,6-pyridinophane[12] {L'], and the fourteen-
membered mesp-5.7.7 1212 14<he umﬂh)‘l-l AZ N tetraazacy-
clotewradecans [L7] afforded the hydrated hexafluorosilicates

Fig. 11. Fragmest of polymeric Lape in XIX stabilized By MH- - F mlractions
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(L M)z SiFLe TH2O (XX) (53], (L'®H1k(SiFala9H 0 (XX1) [54],
and |:].-"H4'||5|F5|; AHZ0 (XX [55). The intriguing feature of XX is
the formation of linear five-membered warer cluster fixed hy
strong H=bonds (0 - .0 ZH0G6(T =2 B3a(6) A I In general, the inter-
ionic interactions of the NH- . .F type dominate in structures XX-
XXM, and for the hexalluorosilicate amion the symmetry deviation
from the ideal octabiedral ene is dictated by its closest envirenment
and an invelvement af all er part of the Ruoreligands in H-bonds of
different strength. Interaction of Auorosilicic acid with 1.4,7,10-
tetrabenzyl-1.4,7 10-tetraazacyclododecans [L':r;l alsa resulted im
the complex hydrare [L'7H 0 FISIFG)-4H 0 (XXI0), howeser, of a
mixed-anionic compaosition [56]. In the crystal structure XXI0 the
macrecyclic trication [L'7H3 " encapsulates the fluoride inside the
cavity and holds it through three strong MH---F hydrogen bonds
(N F R507(2)-2.647(20A) (Fig. 12) Being inwolved in these
interactions the macrecyclic cation und ergoes a substamtial change
of its conformation compared with the free ligand. One might
be noted, that very few examples of [F| iSIFg]:I mixed aniznic
camplexes of macrocyclic ligands are known so far and they
incorporate either the t8-membered azacryptandes containing
aromatic moleties [57-549], or oxa, azacryptandes |60]. Compound
XXMM s the firstexam ple of the crystalline metal-free complex of L7,

2.3, Cermarigm V] and gafiv) Avorocomplexes

According to the ""F NMR data |61 62, solutions Ced,- HE-Hy0
and SnFi-HF-H30 represent equilibrivem mixtures of luorocom-
plexes |r.1F1;|'1 , IMEs{HpO )|, and oise trans-[M Fql HzOz| (M = Ge,
&n|. For the system Gedg-HF<HzO the possibility of rrifluorocom-
plex |GeFyHzO00OH)| was also discussed. In particular, for
solution Gelz-HF-HzD with the ratio HF/Ge0y = 4.2 the equilibri-
um berween the forms is expressed by equation (17 )

24Ce0; + 10THF — |GeFy H:O2(0H || + 9|GeFyiHa0 )2 [17]
= THGeFsiHzO0 + HayGeFg + GHa O

where the ratio of isomers cs-jGeFyd HaO ] ftrons:| GeFiHaD 3| = 3
|ti1]. being close to the statistical walue of 4.

The stahilization and spectroscopic evidence for the [GeFs H 0]
amion in the form of sold salts with bulky tetraalkylammanium

Fig. 13X Srructure of XX0

cations, { R JGeFs H200) (R = CyHy, CaHa) was documented [E3].
Similar to the silicon(I¥ jflusrocom plexes, for a loog time the spectral
data remained the only source of information abour the stereo.
chemistry of mixed-ligand germanium(iv] and tinIV) aguafluors
ocomplexnss. In line with the resulis docomented in 3544,
Interaction of Geli-HF-Hz0 solution with 1806 -jL1:: and 1,10-
diaza-18C8 [L'") resulted in complexes with the compositions
[{rrams-GieFa 2Hz00-L " 2H20] XXM and (L' Ha)[Geba Halh |1z (XNV)
|B4). In itz tuen, complex Eltmns-SnF4-!H,L:|-l'-1H2ﬂ| (XEMI] was
oheained as 2 product of interaction of Sn Fy-HF-HZ0 solution wich L
|B5). According to the Xeray data, compounds  |(rrans
ME2ZH0)L 2Ha0] (M =8I, e %n) and  (L'Ha)|MFs Ha00k
M = 50, Ge) form two serves of sostructural complexes, and until
e com pound l(emns-:inh-!H:ﬂl-l'-zH;ﬂl represents the unigue
‘hast-guest’ supramolecular aggregate berween tinl V] aquaflucr-
stomplex and crown ether. In the series of structures |{trans-
MFy ZHzI:H-L'-J Hz] (M = 54, G, Sn) 2 slight increase in the wnit cell
dimensions propartional toan increase of the effective radius of the
central atom was abserved. As it was noted in |64, the structural
feature of complex XXV is the non-eguivalence of the Ge=F bond
lengths in the fragpment [GeFs{Hz0)| - the Ge-F bond in trans-
position to the Ge-O[H0) bond &5 shorter than the four equatonal
Ge-F bonds being 1.732(2] and 1.7E1(Z] against 1,799(2] A,
respectively. This bond kengrh diffzrence, namely, rraps-strengthen-
Ing and cis-weakening of the Ce-F bonds relative to the G- H0)
bond with a mare covalent ligand, may reflect the effects of static
inter-ligand influence cypical for the complexes with the non-
transition elements of the first halves of the perinds [GE4T).

The product of interaction of the GeQz-HF-Ha0 solution with
the fourteen-membered tetraazamacrocycle L7, represenis a
hydrated hexafluorogermanate complex with the compesition
[LTH ¥ GeFglz-4aH 0 ( XXV which erystallizes in twe different
space groups, triclinic{sp. gr. - 1}[55] and monoclinic{sp. gr. F2 i)
|68] pnes, thus representing example of true polymanphs. The
geometric characteristics of the |GeFgl' ™ anions in twao structares
are very close. In particular, the Ge<F bond lengrhs are in the range
E732(5]-1.802(4) and 1.744{1 - 182511 A for the tricling and
mancclinic forms, respectively. These twao com pounds possess the
same immediate environment of the macrocyclic cation [LTH, ™
[that abeys Cr-symmetry) and only differ by the organization of H-
bonds. The reason for crystallizacion of twa polymorphs of XXvN
may onginate from the different synthetic conditsns: the reacoon
mixtures were kept at & room temperature in [55], whileat 100 “Cin
| 64|, followed by the cooling and spontaneous evaparation ar room
temperature. One might also e noted that the triclinic forms of
XXVI and its silicon analog II.TH.q]:IElF;].q--leD | XX |55] are
Ispstructural Am attempt to synthesize the germanium analog of
complex i L %Hy el SiFe - 28z0 [L'® = 1,4,7,10-t2traaza-2,6-pyriding-
fam |1Z]} by interactbom in the system Gedz-HE- Hz0-L"" was
unsuccessful. The interaction of L' with solution a0 - HF-H 0~
HMOs resulted in complex [[L'®H11= GeFaX N0 4] XXV, being
the double salc whose structure is stabilized by the system ol NH. - F,
KNH. .0, and HH.. .N H-bonds [54].

3. Conclusions

In conclusiom, it sheuld be emphazized that competition in
aguenu s medinm betweesn water, fluoride and m acrocyclic lgand for
the place in the coordination environment of the 13 or 14 p-group
element always glves advantage to the formers (Ha, P ibecause of
their stranger electron -donating properties and the steric prefer-
ences. The macrocycles act as outer ligands being linked with the rst
coordinatien sphere of the inorganic complexes through intermo-
lecular (intertonic ) Bydrogen bonds [69] The syscems of interma-
lecular H-bamds are the main doving forces and structure-directing
fzctors in the chemisory of thess compounds, and an obwious

140



WO Cedmbeidl o of Sfowmed of Fuerios Clembiney 135 72002) 15-24 a3

relaticnship Berween the structure of the macrocydic ligands and
the mature of the stabilized lahile Auorocom plexes is documented.
The rather evident conclusion sounds that the protonated in the
acidic media azacrown ethers and azamacracycles stabilize the
anionic forms of fluorocomplexes, and in the systems inwvaolving
hareni U] Auorocomplexes the only stabilized form is the tetra-
fluorobarate anion (na examples of stabilization by macrocycles
such anbkins as [BEFs-o{0H ]| being the bydralyzed products of
|BF,]" [#] have been reported so far]. The silicon(l¥] and
germanium(iV] flusrocomplexes demonstrate the differentiating
effect of the macrocychic ligand: the protonated azacrown ethers,
depending om  the structure, bind either pentafluoroanions,
|SiFs[Hz0)] " [monoaza-1204 (48], monoaza-18C6, 1,10-diaza-
18CE [49]) and |GeFdHa)] 1, kdiaza-18C6 |[64]] or hexafluors
aankins, whils the protonated forms of cetreazamacrocyclkes kind
exclusively |5|.F\.|.|2 amd |l:-:F.;k:' anlons. It might not be excluded
thatche specific capability of protonated forms of azacrown ethersta
stabilize the anion |SiFsHZ0)|  Im the complexes XWI-XVIHD is
provided by the H-acceptor properoes of O-donor ligands being
absent in azacycles.

The most pronowunced selectivity im the systems inorganic
usrecomplexes—macrecy<lic ligand demonstrate classic crown
sthers, In | 70) attentien was focused an the spatial conveniences
af the §2-membered crown ethers as crucial factor that
determines the fnal product of their imteraction with the
equilibrivm mixoure of molecular and jonke forms of Muorocom-
plexes. The cemtrosymmetric crown ethers with the equally
sverically shielded sides selectively elicit from solutions the
neatral adduces such as BFy HaO with the aid of 18C6 |1 6] and cis-
anti-cis-dicyclohexana- 1806 | 17], irams-MF4-2H0 (M = 5, Ge, 5n )
with the aid of 18CE again [2564,63], while the cis-syn-cis-
dicyclohexano- 1866 (LY with the sterically non-equivalent sides,
himds the single-charged anionic complexes [BFy| and [5iF5] in
the farm of axonium salts, {I:H:;.D-l"]!!-‘d |28] and [[H0 L*:l_'-itl-'g,]
|42]. The specific feature of cis-syn-cis-dicyclohexano-18CG6 o
form the oxonium saltsof single charged anions [BFs] , [5iFs] and
€10, is explained by the capability of the bulky macrecyclic
cation [H10 L*|" to generate stable structural motifs in the form of
zigzag channels, which assemble the single-charged anions as the
guests. The crystal structure of complex [(H ;U-L*'lr.‘bl:l.d Was
reported in [T1].

One more interesting aspect of the above given results is the
sterenselective interaction of 18C6 (L") with an egquilibrium
mixture of grometric isomers MFg.2Hz0 [M = Ge, 5n), resulting
in the selective binding of fross-isomers in the form of
compounds ||frars-MFs2H thI-:I.|I 2H:0|. One should be empha-
sized that although tin(I¥] aguachlonide complex SaCl-2HzD
forms with L' the product of the same compositicn
|-;|.'J:-511EI4-2H;|D:|L1-1H=D], it differs by the sterepchemisiry of
inorganic complex being |{cis=5nCl,-2H,0)] [72], whereas 15C5
I;LIJ forms the complex wich trors-isomer with the composition
|{erans-SnCl,-2H401.L%] [73].

The collected data demonstrate selective complexation of
flupride compounds of 13-14 group elements with macrecyclic
ligands, and reveal that the bulky macrocycles with the multiple
sets of Hedanoer and H-acceptor binding sites, give origin to
strong and hranched intermolecular H-bonds 25 a main
stabilizing factor which made possible the identificavion of
unigque supramolecular compounds of Auorocomplexes of
peelements in the solid state.

Appendix A. Supplementary data

supplementary data associated with this arricle can be found, in
the online versiom, at doiz 1001016 jluchem 201112004,
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VJIK 547.89:541.49
9.B. 'anuw, o.x.#., M.I. T'opiuuenxo x.n.1., I.H. T'epacumenxo x.x.#., M.I'. Bacuibesna,

C.B. [lleruenko, B.®. [lleyenko x.m.H.
Odecckuii 2ocyoapcmeenHblil IKON02UYeCKUll yHugepcumem

CYIIPAMOJIEKYJISIPHBIE KOMILTEKCHI KPAYH-2®HUPOB
C 1,2-INAMAHOMAJIEOHUTPIIOM

Obpazosanue cmabuibHblx KOMRAEKCO8 KPAVH-3UPOE ¢ OUAMUHOMATEOHUMPUNOM MOXNcem Goimo
UCROTL30BAHO  ONA  CO30AHUA KO, inepos  1,2-0 oManeoo pula U YYmeno  npu
MOOeRUPOSANUY CAMOOP2AHUAYUOHHBLX NPUPOOHBLY NPOYECCOE.

Knrouegste crosa: kpayn->gupel, QUAMUHOMATCOHUMPUN, KOMITEKCHL.

Brenenne. 1,2-/[naMHHOMATICOHATPIII — HPEKYPCOp (MPELECTBEHHNK, PIECUrsor) 1
nonessbii naTepMeuar (useful intermediate) B cunTese rerepounkios [1,2] HoBbIx
nomaMepos [3,4] n GaxTepHUMAHBIX IpenapaTos [4-6].

C y4eToM pacipocTpaHeHHOCTH IUAHKUCTOrO BOJOPOLA B KOCMHYECKHX 0OBEKTaX U €ro
BBICOKOH peakuuoHHOH crocobrocty, 1,2-nuamunomanconntpui (rerpamep HCN) npunsto
paccMaTpHBaTh Kak OAHY M3 KIIOYEBBIX CTPYKTYp XHMHYECKOH sBomormy [7-10] ma myrtn
MPEBPAIICHUs IIMAaHHCTOIO BOJOPO/Ja B AMHUHOKUCIIOTEI, HyKJICOTUAB U npoTenHsl [11-15] B
DPUMHTUBHBIX ycioBuax (primitive conditions): B3auMogeiicTBue ¢ KOMIOHEHTAMH
TepMajbHEIX BOA B YCJIOBHSAX BBICOKOH 9HEPreTHYECKOH aKTMBHOCTH paHHeH 3emim.
Obiryuenne [16-19] u agcopbuus nogoctsaMu MuHepanos [20-21] 3aMeTHO BIHAIOT HAa 3TH
IpPEBPAILICHHA,

Marepuanabl 1 METOABI UX HCcIeRoBaHust. VICXOMHBIC COEMHEHNS UCIIONIL30BANIA B
BHJIE KOMMepuecKux oOpasmnos, (pupmsr Acros) Ge3 xonommurensHO ouncTKH. CIEKTpbi
SAMP 'H peructpuposanu sa mpuGope Bruker AC 300 (300 M), BuyTpenHuii cTannapt —
TMC. TCX nposojunu na rmiactuHax Silufol ¢ omrouposannmeM CcMecbl0 MeETaHOT—
xa0podopm, 1:10, posiBICHAE HAHTMIPHHOM.

Kpucranmueckue monexysprsie komriekcsl (I-IV).

Pactsopst 1.5 mmons DAMN u 1 mmoms: Bz15¢5, 18¢6, Bz18¢c6, B-DCH6 win 2 mMMoins
IKBUMOJIAPHOH KoMMepyeckoii emec A-DCH6 u B-DCH6 B 3 mut metanona u 3 mia Gensona
¢unbTpoBany, 3areM ocTaBIid ucmapatees npu 20°C. Beiygenusimmecs GecuperHble
MOHOKPHCTAJIBI OTAENANH, IIPOMBIBAIIN 3(GUPOM M CYyNIHII HA BO3AYXE.

Kommnexe 2,3,5,6,8,9,11,12 — okraruapo - 1,4,7,10,13 - GeH30meHTA0OKCALMKIIOEHTA-
nenena ¢ 1,2-muamunomaieonutputoM, 1:1 (I). Bexon 52 %, T. mn. 109-110 °C. Cnextp
SIMP "H, DMSOus, 8, M. 1.: 3.60 M, 3.77 m, 4.02 m (16H, CH, — Bz15¢5), 5.28 ¢, (4H, NH),
690 M (4H, CH - Bzl5c5). Haitneno, %: C 57.39; H 6.48; N 14.93. C;sH2N4Os.
Beraucieno, %: C 57.44; H 6.43; N 14.88 .

Kowmmaexce 1,4,7,10,13,16 - rekcaokcauKiIookTajekana ¢ 1,2 - [HaMUHOMAICOHHTPH-
joM, 1:1 (1I). Beixon 65 %, T. mn. 76-78°C. Cuextp SIMP ’H, DMSOgs, 6, M. 11.: 3.50 ¢ (24H,
18¢6), 5.28 ¢ (4H, NH). Haiineno, %: C 51.56; H 7.63; N 15.10. C;6H2sN4O¢. Beraucneno, %:
C 51.60; H 7.58; N 15.04.

Kommexe 1,2,3,5,6,8,9,11,12,14,15 - nexarmnpo-1,4,7,10,13,16 - Gen30orekcaokco-
LMKIOOKTazenena ¢ 1,2 - auamunomaneountpuiaoM, 1:1 (III). Beixox 67 %, Temmepatypa
mnasiaenus 108-110°C. Cnexrp SIMP H, DMSOgs, 8, M. 1.: 3.60 M, 3.74 M, 4.05 M (20H, CH,
~Bz18¢6), 5.29 ¢ (4H, NH), 6.90 m (4H, CH — Bz18c6). Haiizeno, %: C 57.08; H 6.67;

N 13.39. CyH25N4Og. Beraucneno, %: C 57.13; H 6.71; N 13.33.

KoMmmieke uuc-antu-uuc sikocaruapoaudenso [b.k][1,4,7,10,13,16]rekcaokcanuiio-

okrazenuHa ¢ 1,2 - quamunoManconuTpmiom, 1:1 (IV). Boixox 78 %, npH HCHOJIB30BAHAK
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axBUMOIsIpHOI cMecu A-DCH6 u B-DCHG6 Brixoa kommiexca (IV) cocrasmser 62 %, T. i
150-152°C. Cnextp SIMP 'H, DMSOgs, 8, m. a.: 1.19-1.71m u 3.53 M (36H, B-DCH6), 5.28 ¢
(4H, NH). Haiizeno, %: C 59.95; H 8.43; N11.77. Cy4H4N4Os. Brraucneno, %: C 59.98;
H 8.39; N 11.66.

PesyabraTs! Hecien0Banys 0 HX aHAJIH3.

Cormacuo [22-24], npu MOAEIHPOBAHUA OHOXUMHYECKHX IPOLECCOB CYIECTBEHHBIM
ABIACTCS OOHAPYKEHUE MEXMOIICKYIAPHBIX HCKOBAICHTHBIX B3aHMOACHCTBHI CPaBHUTETEHO
HeOOJBIIIX MOJICKYJI C TIOJIOCTHBIMH, B YaCTHOCTH, € KpayH-d(pupamu.

Ilens  paboTBl  —  OMpCHACTEHHC  BO3MOMKHOCTH — CHHTE3a  KPHCTALTHYECKHX
MOJICKYJISIDHBIX KOMIUICKCOB KpayH-2¢upoB ¢ 1,2-TMaMMHOMAJICOHUTPUIOM M BBIBICHHUC
CEICKTHBHOCTH BO B3aUMOJEHCTBHAX THX 1apTHEPOB KOMILIEKCOOOPA30BaHHS.

VcraHoBieHO, 4TO B NPHUMHTHBHBIX YCIOBHAX IIPH CaMONPOM3BONBHOM HCIApEHUH
pacTBopuTesieil u3 pacTBopoB kpayH-a¢upos — 2,3,5,6,8,9,11,12 — oxraruapo - 1,4,7,10,13-
6ensoneHTaoKcanukIonenragencua (Bz15c5), 1,4,7,10,13,16 - rexcaokcalMkIOOKTaACKaHa
(18c6), 1,2,3,5,6,8,9,11,12,14,15 — nexarumpo - 1,4,7,10,13,16 - GeH30reKCaOKCALHAKIIOOKTA~
nqeuena (Bz18c¢6), cMecH wpc-CHH-ITUC ¥ THIC-aHTH-IUC H30MEPOB diikocaruapoaubenso [b.k]
[1,4,7,10,13,16]rexcaokcannKIOOKTaACIIHA (A-DCH6 " B-DCH6) ¢ 1,2-
juamuHOoManeonutrpwioM (DAMN) 00pasyroTcs  KPUCTAUIMIECKHE  MOJIEKYJISPHEIE
koMiutekent: [Bz15¢5 - DAMN] — (1), [18¢6 - DAMN] — (II), [Bz18c6 - DAMN] — (1II), [B-
DCH6 ' DAMN] — (IV) COOTBETCTBEHHO:

@f % jﬁ
(im%
C

)AL \f%

Lo

18¢c6 B-DCH6
(\o/ﬁ NH,
0.

L2 T
n ) ~

Bz18c6 DAMN

Bz15¢5 ~2,3,5,6,8,9,11,12-oxraruapo-1,4,7,10,13-6eH30MeHTa0KCALMKIONEHTAICHEH;
18¢6 — 1,4,7,10,13,16-rexcaoxcanuknooxragexan; Bz18c6 —1,2,3,5,6,8,9,11,12,14,15 —
nexaruapo - 1,4,7,10,13,16-6er3orexcaokcauukio- okrajenes; A-DCH6 — nuc-cus-nuce
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siikocarnapoaubenso [b.k] [1,4,7,10,13,16] rekcaokcaurkiookta-ieussn;  B-DCH6 — nuc-
aHTH-IHCOHKocaruapo- qubenso [bk] [1,4,7,10,13,16] rexcaokcanukiookrageia: DAMN
- 1,2- IMaMUHEOMANICO- HUTPUIL.

Ha puc. 1 npejcrabien npuMcp OpraHU3alMi KOMILIEKCA ITHC-aHTH-1HC
sikocaruaponubenso[bk][1,4,7,10,13,16]rekcaokcalMKIOOKTageuHa ¢ 1,2-
JMaMHHOMANCOHUTPUIIOM,

Puc. 1- Crpoenne komiuiekca [B-DCH6 - DAMN] — (IV)

Crabumisarins KOMIOHEHT B KOMIUICKCE OCYINCCTBIIACTCA 3a CYET BOJAOPOIHBIX
CBA3CH MEXJLy KHCTODOAHBIMH aTOMAMH IMC-aHTH-IHC SiiKkocaruaponuGenso  [b.k]
[1,4,7,10,13,16] rexcaokcalKIOOKTa{eliMia U aMHHOIPYIIIaMH 1.2-IuaMHHOMAJIEOHUTPHIA
¢ qucranmmett (O...N) B npenenax 2.937-3.066 A.

OrmeruM, 9TO 1pH B3auMojeicTBHN |,2-1HaMHHOMAICOHUTPUIIA CO CMECHIO IC-CHH-
IMC M lMC-aHTH-UMC ~ HM30MepoB  siikocarumapoambenso  [bk]  [1,4,7,10,13,16]
FeKCAOKCALMKIIOOKTAICIIMHA KOMIUIEKC 00pa3yercsi CENCKTHBHO — JMIOb C LHUC-aHTH-IHC
H30MEPOM, MMEIOIIMM KBUBAJICHTHO NPOCTPAHCTBEHHO SKPAHMPOBAHHBIC CTOPOHBI OJIOCTH
MaKpOIMKIMYECKOT0 KOJIbIa, aHAIOTHYHO paboT [25-26].

Puc. 2 - Crpoenune xomiuiekca [Bz15¢5 DAMN] — (I)

Apxurextypa komiiekcos 2,3,5,6,8,9,11,12 - oxrarumpo - 1,4,7,10,13-6Gen3omncura-
OKcallMKJIoncHTaneuena, 1,4,7,10,13,16 - rekcaokcanukiookragekana u 1,2,3,5,6,8,9,11,
12,14,15 — pexaruapo - 1,4,7,10,13,16 - GcH30rekcaoKcalMKIooKTagencHa ¢ 1,2-
JIHaMHHOMAaJICOHHTPHIIOM [IPHBECHA Ha PHC. 2-4 COOTBETCTBCHHO.
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Puc. 3 - Crpoenne kominrekca [18c6 - DAMN] — (II)

Puc. 4 - Ctpoenue kommekca [Bz18c6 - DAMN] — (III)

BuuHo, uTo mpH wucnodb3oBaHHM GeH3okpayH-a¢upos: 2,3,5,6,8,9,11,12-okTaruapo-
1,4,7,10,13-6enzonenraokcanuiionenrasenesa . 12,3,5,6,8,9,11,12,14,15-nexaruzapo-
1,4,7,10,13,16-6eH30reKCaOKCALHKIOOKTaACHICHA B cTabunM3anmu KOMILJIEKCOB
3ajeHCTBOBAaHA JIMIIb OfHA aMmuHorpymma 1,2-JIuaMHHOMAJICOHUTPUIA. ODTO KOMIUIEKCHI
[Bz15¢5 ' DAMN] — (I) u [Bz18c6 - DAMN] — (IIT) cooTseTcTBEHHO.

Briroapl. OnucaHHBIC B3aMMOACHCTBHS MOTYT OBITh YUTCHBI KaK COCTaBHAs acTh
Opy  MOJCIMPOBAHHH MOIEKY/IPHBIX B3aUMOJACHCTBHH TNPUPORHBIX Mojekyn [22-24].
IToydeHHBIE KOMILUIEKCH MOTYT IPE/ICTaBIATh HHIEPEC B KadecTBe KOHTeiiHepos [27] mus
J1aMIBHOTO M BBEICOKO PEaKIHOHHOCIIOCOOHOrO 1,2-1MaMMHOMaNICOHUTPHIIA.
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Cynpavoiekyaapni kosmnaexcu Kpayi-emepie 3 1,2 intp

Tanin E.B.. Toprivenko M.T., I'ep I'L,B ea M.I., LI C.B., LI Ko B.®.

Ymeopenns muatitenux kommiekcie kpayw-emepie 3 1,2-Ouiaminomaneonimpunom modxce Oymu euxopucmane 01
Ccmeopenus konmennspis 121, 2-0uiaMiHoMATeoRimpuny it 6paXo6aHO Npu MOOETIOGAHHI CaMOOPLANIZAYIRHUY NPUPOOHIX
npoyecis.

Knrouosi cro8a: spav-cmepu | 2-ouiavinOMQIeoRimpul,, KOMIIEKCHU,

Supramolecular complexes crown-ethers with 1.2- diaminomaleonitrile

Ganin E.V., Gorlichenko M.G.. Gerasi; ko G.I.. Vasileva M.G., Shevchenko S.V., Shevchenko V.F.,

The formation of stable complexes 57 crown - etners witk 1 2- duminomaleonitrile can be utilised for making containers 1,2-
diaminomaleonitrile and is taken 1115 2 operarion of self-organizational connatural processes..

Key words: crown-ethers, |,2- diaminomaiz:

e, complexes
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ABSTRACT: The asymmetric isonaphthalene imide, 3-[(4-
nitrophenyl)imino]-1H,3H-benzo[ deJisochromen-1-one was
obtained by condensation of 1,8-naphthoylchloride with p-
nitroaniline in the presence of pyridine. The crystal structure
and vibrational and electronic absorption spectra are reported.
The emission spectrum of the crystalhine phase demonstrates
dual luminescence, with short and long wavelength compo-
nents, while only the short wavelength component is present

I

4o

in chloroform solution. The geometrical and electronic structures of the ground and excited states of the molecule are
investigated using density functional theory methods. Dual fluorescence is explained in terms of the excited states of different

nature. The spectroscopic properties of newly synthesized compounds for possible biosensor applications are discussed.

B INTRODUCTION

Core-substituted naphthaldiimides and their derivatives with an
extended 7-conjugated system represent a rapidly emerging
area due to their applications in functional nanomaterials and
implications in biological and supramolecular arrays."? On the
other hand, acylation of amines by derivatives of carboxylic
acids results in O-acylimidates, including isoimides that
represent the labile intermediates and act as precursors in the
synthesis of thermodynamically more stable N-acylimidates, i..,
imides.** According to the previously reported data,>®
interaction of 1,8-naphthaloylchloride with anilines resulted in
yellow symmetric chromophores, N-phenvinaphthalimides Ia,b.
However, taking into .account the reported records about
condensation products between phthaloylchloride and
amines,”™® those findings look ambiguous, as far as the
isomeric asymmetric N-phenylisonaphthalimides IIa,b might
also been expected (Scheme 1).

Scheme 1. Structural Formulas for Symmetric N-
Phenylnaphthalimides Ia,b and Asymmetric N-
Phenylisonaphthalimides Ila,b

“ _@R

Ia,b Ifa,b, where R = H, NO,

< ACS Publications  © 2013 American Chemical Society 18154

Since in recent years naphthalimide derivatives are
increasingly used as fluorescent dyes,"'®'® isonaphthalimides
that possess possible higher reactivity due to their asymmetric
structure in comparison with the symmetric naphthalimides are
of keen interest as precursors in the synthesis of such materials.
With the aim to disclose the actual structure of the interaction
product of 1,8-naphthaloylchloride with anilines, we repro-
duced the reported earlier experimental conditions* using p-
nitroaniline as a starting agent (Scheme 2). This contribution

Scheme 2. Synthesis of IIb

_
(o]
[y S
+ HN NO, 0
e A5 T

11

summarizes the synthesis and X-ray structural evidence for the
asymmetric isonapthalimide, 3-[(4-nitrophenyl)imino]-1H,3H-
benzo[delisochromen-1-one IIb, and provides an overview
based on DFT computations of the experimentally detected
dual luminescence of the crystalline phase on the studied
compound that has never before been observed. The reported
claims can lead to the development of better fluorescent dyes
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Figure 1. ORTEP representation of IIb with numbering scheme. Thermal ellipsoids are drawn at 0% probability level. Selected bond lengths (A):
0(1)-C(5) 1.194(2); O(2)—C(1) 1.375(2); O(2)=C(5) 1.379(2); N(1)—C(1) 1.263(2); N(1)—C(13) 1.407(2); O(3)-N(2) 1.222(2); O(4)—
N(2) 1.216(2); N(2)—C(16) 1.455(3) A. The pink and blue arrows indicate two dihedral angles that determine the molecular conformation:
C(18)—C(13)-N(1)—C(1) and C(13)—N(1)—C(1)—O(2), respectively (experimental values are 51.9(3)° and 6.4(3)°).

while contributing to the theoretical understanding of this
group of compounds.

B EXPERIMENTAL SECTION

1. General Considerations. Reaction monitoring was
carried out by TLC on the Silufol UV-254 plates, eluting in the
acetone hexane = 1:10 with developing by ninhydrin. Spots
were detected under ultraviolet light. The IR spectrum was
obtained on the instrument Perkin-Elmer 580B in a tablet with
KBr. The mass spectrum was obtained on the MAT 112
instrument at 70 eV ionizing voltage with a direct input into the
source of the sample, sample evaporation temperature 20—70
°C, and temperature of the ionization chamber 220-230 °C.

2. Synthesis. N-(4-Nitrophenyl)isonaphthalimide IIb was
obtained according to the published procedure” by interaction
of 1,8-naphthoylchloride with 4-nitroaniline in boiling benzene
(yield 50%) and by modified technique given herein. 1,8-
Naphthoylchloride (0.01 mol) dissolved i1 100 mL of benzene,
with stirring, was poured in 100 mL of benzene solution of 4-
nitroaniline (0.015 mol) and pyridine (0.03 mol). The reaction
mixture was kept for 20 min and washed with 200 mL of 3%
hydrochloric acid, 3 X 200 mL of water, and the benzene was
then distilled off, and isonaphthalene imide IIb was isolated by
crystallization. The yield of yellow crystalline solid is 95%. Final
product is insoluble in water, methanol, ethanol, hexane, and
ethylacetate and soluble in chloroform upon heating. Mp 262—
263 °C (from acetone). Anal. Calcd for C;gH;oN,Oy:
C(67.92%), H(3.17%), N(8.80%). Found: C(67.87%),
H(3.10%) N(8.85%). IR (1, cm™): 3395, 3111, 2922, 2871,
1754 (C=0), 1653 (C=N), 1582(/*NO,), 1501, 1488,
1335(1°NO,), 1314, 1296, 1216, 1108, 1037 (C—O—C), 877,
839, 770, 753, 700, 680. Molecular ion: (M*): 318 a.e.M.

3. X-ray Crystallography. A yellow crystal of compound
IIb was mounted on a Xcalibur Oxford Diffraction CCD
diffractometer equipped with a graphite monochromator. Data
collection was performed at ambient conditions using MoKe
radiation. The structure was solved by direct methods using the
program SHELXS-97 and refined by full matrix least-squares on
F* with SHELXL-97."” All nonhydrogen atoms were refined
anisotropically. All hydrogen atoms were included in calculated
positions and treated as riding atoms using SHELXL-97 default

parameters. An empirical absorption correction using spherical
harmonics implemented in SCALE3 ABSPACK scaling
algorithm was applied. Crystallographic data for IIb:
C5H,oN,0,, monoclinic, space group C2/¢, a = 29.360(3), b
= 3.8228(3), c = 24.968(2) A, # = 93.109(10)°, V = 2798.2(4)
A% Z = 8, M = 31828, Dcalc = 1.511 g cm™>, GOF = 1011, R,
= 0.0486, wR, = 0.1071, for 1886 reflections with I > 26(I); R,
= 0.0778, wR, = 0.1266, for all 2744 independent reflections.
Crystallographic data (excluding structure factors) for the
structure have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC) as supplementary publication
No. CCDC 916517.

4. Electronic Spectroscopy. UV—vis absorption spectrum
was recorded on Perkin-Elmer UV~vis Lambda-25 spectrom-
eter at room temperature. Emission spectrum was measured for
monocrystals at room temperature on an Excitation YAG:Nd**
laser, third harmonic generation, 4 = 355 nm, duration = 10 ns,
time repetition 15 Hz, impulse energy 0.3 kJ. The emission was
registered by a FEU-79 output amplifier; the proper time of the
recording system is 10 ns. Fluorescence decay curves were
measured in the solid form and in chloroform solution.
Experimental lifetimes, obtained from the fitting of the
fluorescence decay curves, were found to be 20 + 0.3 and 25
+ 03 ns for the solid and solution forms respectively.
Fluorescence quantum yields, ®, were measured using the
standard method of comparison with a known “red” standard
dye, Cresyl Violet perchlorate (Sigma Aldrich) in methanol,
which has an absorption peak at 594 nm, fluorescence peak at
620 nm, and a quantum yield of 0.54. For both solid and
solution forms, the @ were found to be low on the order of
0.01.

B RESULTS AND DISCUSSION

Two absorption bands at 1754 and 1653 cm™ in the IR
spectrum of the resulting yellow compound, being similar to
those found for the five-membered iscophtha\limid(».‘s,"'7 indicate
in favor of the isonaphthalimide structure Ilb. As far as the
retrieval of CSD (version 5.34 November 2012, one update)'®
revealed no examples of six-membered isoimides, the single
crystal X-ray diffraction study has been undertaken, and the

dx.doi.org/10.1021/jp402016j | . Phys. Chem. C 2013, 117, 18154-18162
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final product has been identified as the asymmetric n-(4-
nitrophenyl)isonaphthalene imide ITb.

1. Crystal Structure. Compound IIb crystallizes in the
monoclinic space group C2/c with one molecule per
asymmetric unit. The molecular structure with selected bond
distances is shown in Figure 1. The structural parameters of
planar tricylic core for IIb are comparable with those found for
1,8-naphthalic anhydride and 3-(4,5-ethylenedithio-1,3-dithiol-
2-ylidene)naphthopyranone.'® The N-attached p-nitrophenyl
moiety exhibits a nearly planar geometry with the dihedral
angle between the aromatic ring and nitro group of 4.0(2)°.
The whole molecule adopts an angular shape with the dihedral
angle C(18)—C(13)—N(1)—C(1) of 51.9(3)° that minimizes
the steric hindrance as the H(C18)...0(2) separation of 2.62 A
indicates.

In the crystal, the molecules stack along the b-axis in a
herringbone type arrangement (Figure 2). The interplanar

separations between the aromatic moieties in stacks are equal to
3.407 A between tricyclic cores and 3.511 A between the
phenyl rings of 4-nitrophenyl substituents.

2. Emission Spectra. The most intriguing optical property
of Ilb found in the present study is dual fluorescence in the
solid state (Figure 3). The shape of the emission curve indicates
a superposition of at least two bands with peaks at 2.99 eV (420
nm) and 2.39 eV (525 nm). Of the most commonly used
Alentsev—Fock and Gaussian methods the latter was employed
for spectrum resolution herein.®® To our knowledge, such
phenomenon was not previously reported, although dual
fluorescence in solution of other naphthaleneimides is well
documented.”>**

As many as 11 different mechanisms of dual fluorescence
were identified in the literature.*> All these mechanisms can be
classified into three groups: tautomerism, conformational
change, and excimer/exciplex formation. The dual fluorescence
with the low quantum yield is typical for polar solutions of
naphthalimides.”’ Previously published studies of dual fluo-
rescence from naphthalimides under pressure reported an
increase in quantum yield in the solvents with increased
viscosity and were interpreted as emission from planar and
twisted intramolecular charge transfer (TICT) states.””
Hindering the twisting motion upon geometrical relaxation of
TICT state decreases intersystem crossing rates into the triplet
state and improves fluorescence quantum yield. Similar effects
were reported for related chromophores upon hydrogen bond
formation® and DNA intercalation.*>?® Potential sensitivity to
the molecular environment makes the new class of compounds
prime candidates for future biosensor and anticancer®® activity
studies.

3. Computational Studies of Optical Properties and
Potential Energy Surfaces. In order to obtain deeper
understanding of the electronic structure, optical, and
conformational properties of IIb, we performed a series of
quantum chemical calculations using DFT and TD-DFT
methods. All calculations employed the Gaussian 2009 suite
of programs.”® We elected to use range-separated hybrid
exchange correlation functional CAM-B3LYP,*® which was
designed to improve the description of the states with
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Figure 3. Solid-state (a) and solution (b) emission spectrum for IIb at room temperature. Red and brown lines, elementary bands.
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Table 1. Properties of the Seven Lowest States in IIb Monomers, Dimers, and Trimers: Vertical Absorption Energy (E, eV),
Absorption Wavelengths (4, nm), and Oscillator Strengths (f)

experiment monomer dimer trimer
A E i f E P! f E 1 f
S 361 3.73 332 0975 3.67 337 0.023 3.59 344 0.089
S, . 4.06 304 0.000 3.69 335 1456 3.68 336 0014
S, 431 287 0.066 4.05 305 0.000 371 333 0.581
Sy 437 283 0.120 408 308 0.001 391 316 0.000
S 4.67 265 0.000 413 299 0.074 392 315 0.000
Ss 268 4.70 263 0.169 425 291 0.332 3.94 314 0.000
S, 4.84 255 0.017 430 288 0.009 4.02 308 0.047
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Figure 4. Theoretical (a) and experimental (b) absorption spectra of IIb in chloroform.

substantial charge transfer character. It is worth noting that the
more popular functionals with low Hartree—Fock exchange,
such as B3LYP or PBEO, overestimate the emission wave-
lengths more than twice in some cases with strong charge
transfer (such as nitro and amino substitutes dyes) and require
empirical linear regression correction in order to produce
results comparable with experimental emission wavelength in
naphthalimide derivatives.®' The solvent effect of the chloro-
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form was taken into account using polarizable continuum
model (PCM) in recent solvent model density (SMD)
parametrization.”> The ground state geometry of IIb was
optimized at the CAM-B3LYP/6-31G*/PCM theory level, and
the vertical electronic transitions were predicted in this
geometry at TD-CAM-B3LYP/6-31G*/PCM theory level
The energies, corresponding wavelengths, and oscillator
strengths (proportional to the absorption intensities and
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inversely proportional to the radiative lifetimes) of the seven
lowest singlet excited states are presented in Table 1, while
spectra broadened with empirical 0.33 eV line widths are shown
in Figure 4a. One can see that the multiple maximum observed
at 340350 nm corresponds to absorption into S; state, which
has the largest oscillator strength and will be called “bright
state” S, in the following. The vibronic structure of the
absorption band, partially resolved in experiment, was not taken
into account in DFT simulations. The shoulder at 330 nm
corresponds to absorption into S; and S, states, which are too
close to be separated, while S, state with the second largest
oscillator strength corresponds to the short wavelength peak
observed at 268 nm. The second excited singlet S, has low
oscillator strength (which will be called “dark state”, S;) and is
nearly degenerate with S,. Therefore, these two states may
result in dual fluorescence and will be analyzed in detail below.

The bright state S, presents essentially HOMO to LUMO
transition of zz* nature. Examination of the Kohn—Sham
orbitals, involved in this transition (Figure Sb,c) allows one to

Figure S. Essential Kohn—Sham orbitals of the IIb in the dark excited
state optimized geometry: (a) HOMO—1; (b) HOMO; (c) LUMO.

conclude that both HOMO and LUMO are delocalized over
the whole molecule (except for the NO, group in the case of
HOMO). Therefore, the excitation into state S, is accompanied
by a weak charge transfer onto the nitro group. This conclusion
is supported by the value of the permanent dipole moment for
this state (15.3 D), which is slightly higher than the ground
state dipole moment of 14.4 D. The dark state S, presents
predominantly HOMO—1 to LUMO transition of nz* nature
(see Figure Sa,c). Upon excitation into S, the electron density
is transferred from the oxygen lone pairs localized on the nitro
group into LUMO, delocalized over the whole molecule. As a
result of the charge transfer from the nitro group to the rest of
the molecule, the permanent dipole moment for this state (11.5
D) is reduced in comparison to the ground state moment.
Prediction of the emission spectra requires the geometry
optimization of the excited states. If the states S, and Sy had
distinctly different geometries, with the dark S, corresponding
to a deeper energy minimum, this could explain the emission at
two distinct wavelengths, similar to the one observed in polar
solutions of N-phenylnaphthalimides.”” In those systems, the
origin of dual fluorescence was explined by the quick
conversion of the strongly emitting planar bright state into
twisted charge transfer state, which is more stable but emits
weakly. One could expect similar nature of dual fluorescence in
the case of IIb. In order to test this hypothesis, we performed
the relaxed scan and plotted the potential energy curve (also
known as minimum energy profile, MEP) in Figure 6a. All

internal coordinates were optimized during this scan, except for
two dihedral angles marked with the curved arrows in Figure 1:
CCNC (twisting of the nitrophenyl ring) and CNCO (twisting
of the fused naphthalene ring). The {CCNC_CNCO} notation
will be used in the following discussion to identify the
conformation. As one can see from Figure 6a, the S, ground
state energy is relatively insensitive to the twisting of the
CCNC dihedral (rotation about single N—C bond, scan points
1-10 in Figure 6a) with the shallow minimum corresponding
to {50_04}, fairly close to experimental values {52 06}.
Twisting of the CNCO dihedral angle (rotation about double
N==C bond, scan points 11—21 in Figure 6a) is associated with
substantial energy barrier (about 25 kcal/mol). The top of the
barrier appears to be flat, as the CNC angle approaches 180°,
and potential energy becomes insensitive to the changes in the
dihedrals. Increase of the CNCO dihedral angle beyond 90°
(scan points 11-21 in Figure 6a) is leading to another energy
minimum that corresponds to the cis-conformation of IIb.
Optimization of the CCNC dihedral on this interval was
necessary to minimize the steric repulsion. The cis-conforma-
tion is separated from the trans-conformation with ground state
energy barrier of nearly 11 kcal/mol. The profile of the dark
state Sy is very similar. The global minimum corresponds to
{54.7_3.5} for the ground and {38 2.7} for the dark excited
state, fairly close to the crystallographic conformation {S2_6.4}.
The metastable cis-conformation corresponds to the local
minimum at {83_180} for the ground and {42.6_180} for the
dark singlet states. The bright excited state Sy, on the other
hand, has a steep slope from the Franck—Condon geometry
toward planarization of CCNC dihedral, and further toward the
twist of CNCO dihedral, the only minimum is achieved at the
orthogonally twisted conformation {0_90} with the permanent
dipole moment of 5.56 D. This indicates much stronger charge
transfer into the nitro group than that predicted for this state in
the optimized ground state geometry. In addition, the oscillator
strength in the optimized geometry of the S, state is reduced
sharply to the value of 0.002 from the value of 1.125 in the
ground state optimized geometry. This explains the low
emission quantum yield of Ib.

These changes in the oscillator strengths can be explained
with the help of the natural orbitals of the excited states (Figure
7). While the absorbing state (S, at S, geometry) presents
transition between two delocalized 7-orbitals, its relaxation
results in localization of the transition on the imido bridge.
Hence, the nature of this state changes into n(N)—r*(C=N)
with a large twist along C=N bond and low oscillator strength.
The S, state, on the other hand, retains n(NO,)—7z* nature and
the low oscillator strength upon its relaxation (which consists of
planarization in this case).

The predicted emission wavelength in the optimized
geometry of the bright state is 813 nm, far from the weak
emission at 390 nm observed in chloroform solution. One can
speculate that the major channel of the bright state decay is
radiationless. This is supported by the MEP of the triplet state,
obtained at U-CAM-B3LYP/6-31G* theory level and presented
by the black circles in Figure 6. The singly occupied orbitals in
this state (not shown) are similar to the essential orbitals of the
dark state (Figure Sb,c). As one can see, at the twisted
conformation {0_90} (point 20 on Figure 6a) the energies of
S, and T, states approach each other closely, drastically
increasing the probability of intersystem crossing. Although we
did not attempt to estimate spin—orbit coupling matrix
elements in this study, the sizable value of this matrix element
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Figure 7. Transition natural orbitals for the absorbing state (S, in Sg geometry, S,// S,), and relaxed excited states (S, and S;): the electron transfer

occurs from the left (hole) to the right (particle) orbitals.

is expected from nz* and z7* nature of the T, and S, states
and the El Sayed rule.*® From a close inspection of Figure 6,
one can see that the dark state MEP crosses the bright state
MEDP at two points, close to the trans- and cis-conformations:
{30_0} and {-21_150} (points 9 and 28 in Figure 6a). This
indicates the approximate location of the conical intersections,
where internal conversion between the singlet states can take
place rapidly. However, the dark singlet MEP is flat at the
crossing point in the trans-conformation. Therefore, trans-Sy
species do not accumulate long enough to emit light and

18159

convert quickly back to the S, state to continue their geometric
relaxation. The radiationless decay from the twist-S; results in
appreciable concentration of the cis-conformation of the ground
state. The absorption wavelength in this conformation is fairly
close to the one of trans-conformation, which makes it difficult
to verify this prediction experimentally. However, the light
absorption by cis-S; leads to excitation into S, state, close to the
vicinity of the S,/S, intersection. The cis-conformation of Sy is
separated from the intersection point by 1 kcal/mol barrier,
sufficient to accumulate these species for the picosecond
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lifetime necessary for them to emit. We predict the emission of
cis-S4 to have 370 nm wavelength, close to the experimentally
observed 390 nm.

Next we will move to simulate the solid state spectra. In
order to investigate the possibility of excimer formation, we
performed the computational modeling of the seven lowest
excited states of the stacking molecular dimer taken from the
crystal structure. The results are presented in Table 1 and
Figure 1S. Detailed orbital analysis (Figures 2S and 3S) reveals
that the dimer states S; and S, originate in splitting of the
bright monomer state Sy, while the dimer states S; and S, result
from the splitting of the dark monomer state S,. The oscillator
strengths distribution between the S, and S, states indicates H-
aggregate nature of this stacking dimer, although the energy
splitting between these states is very low (2 nm). The splitting
typically increases to the detectable values when interacting
chromophores have ionic nature> Results of the geometry
optimization for each of the excited dimers (not shown) reveal
that the excited states can be separated into two groups: the
bright states (S;, S,, S,), which emit in short wavelength range
(420—460 nm), and the dark states (S;, S,), which are strongly
stabilized and emit in long wavelength range (620—660 nm).
The reasons why both the bright and the dark states emit light
with comparable quantum yield is not clear from the dimer
model. However, the orbital analysis (Figures 4S and 5S)
demonstrates that electronic excitation in the representative
states S, and S; is completely localized upon geometric
relaxation and their electronic structure is almost identical to
the states S, and Sy of the monomer. The reason for extra
stabilization of the dark state is the proximity of the second
molecule in the dimer. Specifically, two nitro groups with the
large negative charge are positioned at a short distance from
each other. This destabilizes the ground and the bright excited
state, resulting in relative stabilization of the dark state. The
localization of the excitation on one of the two branches of z-
stacking dimer is faitly common.>® Hence, the formation of
excimer in IIb crystal where the excitation is localized over two
or more molecules is not supported by our simulations.

In order to investigate the detailed mechanism of the
molecular packing effects on the excited state processes in the
crystal, we used TD-CAM-B3LYP/6-31G* level of theory to
predict the minimum energy profiles for the S, Sy, Sy, and T
states in the stacking trimer. The terminal molecules were
frozen at their experimental X-ray coordinates, while the central
molecule was optimized with CNCO dihedral fixed at nine
values between 0° and 40°. Values of the other dihedral CCNC
were optimized. They appeared to be largely determined by the
steric repulsion between the central and the terminal
monomers and were found to be similar in the ground and
all the excited states. The values for the ground state are shown
as labels next to MEP data points in Figure 6b. The minimum
energy profiles display the pattern that is entirely different from
the free molecule MEP in Figure 6a. One can see that after the
light absorption in the Franck—Condon region {S0_04} the
trimer can relax along the bright state MEP into a minimum at
{25_35}, where it emits a photon. The vertical emission energy
was found to be 2.54 eV (488 nm emission wavelength).
Alternatively, the system can undergo internal conversion into
the dark state at the crossing point close to {41_20}, which is
located 0.1 eV (2.7 keal/mol) above the bright state minimum.
After internal conversion, the system ca1 relax into the dark
state minimum at {S7_0S}, which is nearly S kcal/mol below
the crossing point. This minimum is also well above the triplet

surface. These two factors allow for a lifetime of the dark state
to be long enough to emit a photon with vertical energy 2.13
eV (corresponding to 582 nm wavelength). Thus, our trimer
model of the crystalline material allows us to qualitatively
explain its dual fluorescence, while quantitative predictions are
both red-shifted by 0.4 eV.

B CONCLUSIONS

In conclusion, the asymmetric isonaphthalene imide 3-[(4-
nitrophenyl)imino]-1H,3H-benzo[de]isochromen-1-one ob-
tained as a product of 1,8-naphthoylchloride coupling with p-
nitroaniline represents the perspective candidate for future
studies in biological systems and materials science applica-
tions.””** The reported data on structure and absorption
properties of this compound can be useful also in the synthesis
of dyes and luminophores® including the modified lariate
crown_ethers, similar to those for N-substituted isophthali-
mides®®*® using this luminophore as a side substituent attached
to the macrocyclic backbone to provide the spectroscopic
response in the complexation reactions.

The new compound was characterized by single crystal X-ray
diffraction, FTIR and UV—vis absorption spectroscopy, as well
as emission spectroscopy in the solid and chloroform solution.
In the crystal, the molecules stack in columns. The interplanar
separations between the aromatic moieties in stacks are equal to
3.407 A between the tricyclic cores and 3.511 A between the
phenyl rings of 4-nitrophenyl substituents. The dual
fluorescence with low quantum yield was observed from
crystalline material. Quantum chemical simulations using time-
dependent density functional theory and CAM-B3LYP func-
tional predict the dark nz* and the bright zz* excited states
with substantial charge transfer character to differ in geometry
from each other and from the ground state. Unlike well-studied
TICT mechanism in naphthaleneimides, where relaxation of
the charge transfer dark state results in intramilecular twist, the
isonaphthaleneimide molecule studied here has the bright state
that relaxes into geometry with 90° intramolecular twist and the
dark state that is essentially planar. Experimental geometry in
the solid is intermediate between these conformations. The
simulations predict that the geometric constraints by the
crystalline environment are responsible for the partial geo-
metric relaxation of these states and appearance of the potential
barrier separating them. This barrier explains the dual emission
observed from both of these states in experiment. At the same
time, in solution complete relaxation of the bright state into
twisted conformation is predicted. This twisted conformation
undergoes nonradiative deactivation and does not contribute to
the emission spectrum. The weak, blue-shifted fluorescence
signal detected in chloroform solution can therefore originate
from the dark, nearly planar nz* state, trapped in cis-
conformation.
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Cratps nocrynuia

Bzaumoneiicteue 1,10-amaza-18-kpayn-6 (L) ¢ sdpuparom TpudTopuaa Oopa NpUBOIUT K
oOpazoBanuto komiiekca cocraBa (LH2)[BF4]2, ctpoeHne koTOporo ycTaHOBICHO METOJI0M

PCA. CymnpamonexymnsipHas CTpyKTypa KOMIUIEKCA THIIA «HACecT» CTa0MIM3MpOBaHa

mexuoHHbMa H-cBsi3simur NH-+-F (N--F 2,715(11)-2,964(9) A).

KnwueBble cJoB al KpayH-3pup, X03IHH-TOCTh KOMILJICKC, BOJIOPOJIHBIE CBS3H,

KPHCTAJUIMYeCKasi CTPYKTypa

Kax wm3BectHo [1, 2], mnporoHupoBaHHBIE (QOPMBI  a3aKpayH-I(HPOB  SIBISIOTCS
pacnpoCTpaHEHHBIMU PELENTOPaMH B CYIPAMOJCKYISIPHOH XuMuM aHUOHOB. Crernmdurka
CTPOCHHSI MAaKpPOIMKIMYECKHX KATHOHOB Ha OCHOBE a3aKkpayH-d(pupoB 3akiroyaercss B
Hamuunu cMemmanHo NH+-(monopHoit), O-(akientopHoi) (GYHKIUH, YTO, MO-BUIAMMOMY,
SBISIETCS. OJHOM W3 NPHYMH CTAaOWIM3alMd B KPHCTAJUIMYECKUX COJSX C YKa3aHHBIMH

KaTuOHaMMu TaKHX MaHOyCTOfI‘{I/IBBIX U CKJIOHHBIX K THAPOJUTHYCCKHUM IMHPCBPAILICHUSIM B
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BOJHBIX pPacTBOpax akBaQTOPHUIHBIX aHUOHOB Kak, Hampumep, [SIFS(H20)] [3] u
[GeF5(H20)] [4]. Ipouecch ruaponuza TpupTopuaa 60pa U MOJCKYISIPHBIX KOMILICKCOB
BF3:-L (L = N-, O-nonopusie nuranipl) [5] npuBoasT k 0Opa30BaHUIO aKBAKOMILICKCA
BF3-H20, terpadTopobopaTHOTO aHMOHA, a TakXe HEYCTOWUYMBBIX T'HAPOKCHPTOPOOOPATOB
[BF4-n(OH)n]-, mpuuem numepnbiii anuon [B2F6(OH)]- ymaercs craObunusupoBaTh B
COCTaBE COJIEW C I'eTePOLMKINYECKMMHU KAaTHOHAMH — TPOU3BOJHBIMH 4-OKCOTHIICPUANHUS
[6]. Panee Obut0 MOKa3zaHo [7, 8], uro B3ammoneiicTBue 3¢upara Tpudpropuma 6opa ¢ N,N’-
ouankunvuvimu  npoussoonvimu  1,10-ouaza-18-kpayn-6 6 uezawuwennou om erazu
ammocghepe conposodicoaemcsi obpazosanuem buc(mempagpmopbopamos)
COOMBEMCMBYIOUUX KOHUEBbIX» OUKAMUOHO8, CIPOEHUE KOMOPbIX YCMAHOBIEHO MemoooM
PCA. B paszeumue uccaeoosanuii [1, 8] 6 nacmosuwyeii pabome ocywecmenen cunmes u
U3YHEHO CIMPOeHUe HOB020 coedunerus — ouc(mempagmopobopama) 1,10-0uazonuti-kpayn-6
.
OkcnepuMeHTanbHas yactb. Cunres. 77 mr (0,3 mmous) 1,10-1mnaza-18-kpayH-6 pacTBopstoT
B 10 mn wmeranosa, pobGasmstor 1 mia adupata TpudTopuma Oopa U OCTaBISAIOT
KPHCTAJUIM30BAThCS MpPU KOMHATHOW TEMIIEpaTrype M CaMONPOW3BOJBHOM HCHApCHUH
pacTBOpHTENs. BbInaBmive KpHUCTaUIbl MEPEKPUCTAUTM30BBIBAIOT M3 CMECH METaHON —
stunanerat (1 : 2). [Ipoxykt peakiuu — OECIBETHBIC MMPO3PavYHbIe KPUCTAILIBI, T. 1. 182 —
184 oC.

Pentrenoctpykrypuseiii ananu3. s PCA oToOpan OecHBETHBI MOHOKPHCTAILT
npuU3MaTuieckoro raburyca, ¢ juneidHsiMu pasmepamu 0,300,250,2 mm. MuTeHCHBHOCTH
3098 orpaxenuit ans kpuctaiuia | u3MepeHbl Ha aBTOMATHUYECKHUM YETHIPEXKPY>KHOM
mudpakromerpe KUMA KM4 ¢ toueunsim nerekropoM (CuK-msmydenue, rpaduToBbIit
MOHOXpOMAaTop, -ckanupoBanue, 2makc=140), u 1970 HaOMOIAEMBIX OTPAKCHHS
UCMOJb30BaHbl B JajbHeHmmx pacderax. Kpucramisl coctaa CI12H28B2F8N204
monokmuHHbIe: 8 = 9,055(3), b = 10,129(3), ¢ = 12,259(3) A, =111,55(3)°, V = 1045.8(6)
A3, np. op. P21lc, Z = 2, ey = 1.391 o/em3. Cmpyxmypa pacwugposana npamvimi
memooamu u ymounena noaHomampuynvivm MHK 6 anuzomponHom npubaudxiceHuu no
komniaexcy npoepamm SHELX97 [9]. Tempagpmopobopam-anuon cmamucmuuecku
pazynopsioouen no 0sym nosuyusm ¢ 3acerennocmsmu 0.602(11) u 0.398(11). Dmunenosuwiii
@paemenm kpayn-sgpupa C(1)-C(6) pasynopsoouen no 08ym nozuyusim ¢ 3aceieHHOCmaMU
0,572(19) u 0,428(19). Hosuyuu amomos 6000poda npu amome a3z0ma HAUOEeHbl U3
paznocmuozo cunmeza Dypve, 6cex OCMANbHLIX AMOMOE 8000PO0Ad  PACCHUMAHDL
2eomMempuiecku U BKII0UeHbl 8 YMOYHEeHUe 8 MOoOelu dHcecmkol zpynnul. JJobpomuocms

ymounenuss S = 1,054. 3axnrouumensusiii R-gpaxmop cocmasun 0,0731 no 1123 pegrexcam c
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I > 2(1). Kpucmannoepaguuecxkue oannvie onss | denonuposanvt 6 Kembpuocckoii baze
cmpykmypuwvix oannvix (CCDC MNe 913685).

Pesynbrarsl 1 ux obcyxaenue. Ctpoenne komruiekca | mokasano Ha puc. 1. Kommiekc
«xo3simH-TocTh» [10] co crexmomerpueirr 1 : 2, B koTopoM JBa TeTpadTopobOpaT-aHHOHA
pacIoyioKEeHbl CHMMETPUYHO IO OOEHUM CTOPOHAM MAKPOIMKIMYECKOTO JIUKATHOHA U
csa3anbl ¢ HUM H-cBszsimu NH--F (H...F 1,83(2)-2,12(2), N...F 2,715(11)-2,927(9) A, NHF
156(3)-171(4) ), otHOCHTCS K THITYy «HacecT». TerpadTopoOOpar-aHHOH OTCTOUT OT CpEeaHEH
IIOCKOCTH, HPOBEJCHHOI uepe3 reTepoaToMbl Makpouukia, Ha 3,23 A. Terpadropo6opar-
aHMOH MMEET T'COMETPUI0 HCKa)KCHHOTO TeTpadnupa, JUIMHBI cBsi3eit B—-F mis mosuiuum c
Gonblueil 3aceIeHHOCThI0 HaxoaaTes B uHTepBane 1,319(11) — 1,386(10) A. Kondopmarms
MakpoIukia  (UKCHpOBAaHA  XEJIATHO-MOCTHKOBBIM  CHOCOOOM  KOOPJIMHHPOBAHUS
TeTpadTopoOOpaT-aHUOHOB M XapaKTepusyeTcs mpauc-anyiapuvimu paccmosnusamu O--0,
pasnvivu 5,931 u 5977 A; cywecmeenno coxpawennoe paccmosmue NN pasno 4,735 A.
Topcuonnvie yenvl oons C—C ceazell Haxo00amMcs 8 20ul-KOHopmMayuu, MmopcuoHHbvle y2iibl
oo C-X ceszer (X = O, N) — 6 cow- u mpanc-kongpopmayusx. Taxum obpasom,
AHANO02UYHO paHee onyorukosanuvim oanuvim [1, 8], npodykmom ezaumooeiicmsus s¢hupama
mpugmopuoa 6opa c¢ 1,10-ouaza-18-kpayn-6 6 npucymcmeuu enacu 6030yxa s6/1s1emcs
mempagmopobopamuwiii komniexc |, ocobennocmvio cmpoenus Komopo2o A611emcs npsamo
Mun  83auMo0eliCmeus 8 cucmeme <AHUOH — MAKpOYukaiudeckuti xamuow». Komnuexc
uzomopen ananozam, cooeprcawum nepxaopam- [11], eexcagpmopogpocgpam- [12] u ioouo-

anuonwt [13].
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XUMHS TAPUMHIMHOB C a30T-KUCIOPOACOACPKAIMMHU (PYHKIMOHATLHBIMHU IPYIIIAMHU B YETHBIX MOJTOKEHUSIX
LUKJIa J0 HACTOSIIEr0 BpEMEHHU OCTAaETCs OTHOCUTEIBHO MaJoN3y4eHHOH. M3BecTHO ABa criocoba momydeHHs
6-rupokcnamMuHOypanmioB 1 u3 6-xmopmipumuanHOB 2a [1], u Oonee qocrynHbix 6-amuHOyparmiios 2b [2],
WITH TIPOU3BOIHBIX IUTO3MHA [3, 4]. B cBOIO 0uepens, u3 5-0poM-6-ruapokcuaMuHoOypamuia peakimei ¢
a3u/IOM HaTpHsl ObUT CHHTE3HUPOBaH 5-aMuHO-6-HUTpOo3oypanmi 3 [5] (cxema 1).

Cxema 1
0 Q i
H. NHOH  H< LBr, Ry N,
0~ "N "NOo
07 >N Dx 07" "N” "NHOH 2.NaN, |
! H H
2ab 1 3

2a X=ClI; 2b X=NH,
Pa3paboransl Takke 3¢ (heKTHBHBIE CIIOCOOBI CEIIEKTUBHOT'O OKUCIIEHHS 2- U 4-TUAPOKCHAMHHOITUPUMHUINHOB
710 HUTPO30-, HUTPO- U a30KCUTIPOU3BOAHKIX [6, 7]. Tlon nelicTBreM a30TUCTOM MM a30THOW KUCIIOT 6-
THIPOKCHaMUHOYpalmibl Tpancopmupyrores B N-okcunsr 1,2,5-okcaaunasonol3,4-d]nmupumuins-
5,7(4H,6H)nuonsr [8, 9]. Criocob monmydenue mupumuann-2,4,5,6(1H,3H)terpaoH-4,5- nHoKkcHMa UCXOAS U3
M30BUATYPOBOH KUCIOTHI ObLT ipemtoker B 1932 r [10]. Bonee moctymHblit Meron oOpa3oBaHus H-, TPH- U
TETPAOKCUMOB MUPUMHIMHOBOTO psizia 4a-C 3aKITI0YAETCSl BO B3aUMOACHCTBHH S-HUTPO30aMHUHOIUPUMHITHOB
5a-C ¢ runpoxIOpHIOM I'HIPOKCHIAMHUHA B BOJIE ITPH NOBBIICHHON Temiieparype [11-13] (cxema 2).
Hcnonp3oBaHue 3TOH peaklul OrpaHUIeHO CTePUIECKUMH (PaKTOpaMu: IPH HAJIMYUH B UCXOIHOM
MUPUMHUIMHE ABYX 3aMECTUTENEH B COCETHIX C aMUHOTPYIIIOH MOJIOKEHUSIX 3aMEIlICHNE HE TIPOUCXOIUT.
Cxema 2
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Oxucnenne oKCUMOB 4a-C a30THOH KHCIOTON KpoMe 00pa3oBaHusl PypOKCaHOBOT'O LIUKJIA COMPOBOXKIACTCS
THIPOTU30M OKCUMHOM TPYIIIBI B MOJIOKEHUH «4» NCXOMHBIX MUPUMHUANHOB ¢ oOpa3oBanueM N-okcuaa 1,2,5-
okcaaunaszono[3,4-dlnupumunun-5,7(4H,6H)mona 6a u ero monookcuma 6b [12] (cxema 2). M3BectHO
HECKOJIBKO BapHaHTOB 00pa30BaHMs KOBAJIGHTHON CBSI3M a30T-Cepa, B3aUMOJIEHCTBUEM HUTPO30- U
W30HUTPO30COCANHEHHUH C PSAOM MIPOM3BOJAHBIX CEPBI, B TOM YHCIIE, TEOPETUUECKUN HHTEPEC MPEACTABIAET
MexXaHH3M peakuuu oopa3oBaHus 1,2,5-THaana3onbHOro UKIA B Pe3y/IbTaTe CIUIaBIeHus 6-aMuHO-5-
HUTPO3OIMUPUMHUANHOB C THOMOYEBUHHOM [14]. Hamu ObIIO YCTaHOBIIGHO, YTO HAYaJIbHOM CTaaMeH
B3aUMOJICUCTBHSA S-HUTpOo3oypaimioB 5a,d,e ¢ TnomoueBuHOi (cxema 3, 4) siBisieTcss 00pa3oBaHue
CTaOMJIBHBIX S-MMUHOTUYPOHHUEBBIX COJIEH 7a-C, KOTOpbIe ObUIN BBIACICHBI B BUJE N-TOIYOINCYIb(hoHATOB [15,
16]. O0pa3oBaBLIAsCS N30THOYPOHHEBAS TPYIITA OKA3aIach JOCTATOYHO YCTOIYMBOM B HEHTPAIBHOM cpesie — B
BOJIHOM PAcTBOpE COeAMHEHMsI 7a B TedeHue aecsati cytok rpu 20-30°C nabnromaercs ruaponus (cxema 3)
9K30LMKINYECKOH aMHUHOIPYIIIBI YpaLuiia, B pPe3yJbTare Yero ¢ BBICOKMM BBIXOOM oOpa3syercst S-
UMUHOTHYPOHHEBasi colb OapOuTypoBoii kucnotel 7d [15]. ITonmyunTs coenuHenue 7d HEMOCPEACTBEHHO U3 5-
HHUTP0300apOUTYPOBO KHUCIOTHI 8@ HaM He yaajiock. B Toxxe BpeMs, mpu HarpeBaHuu 8a-C ¢ THoceMukapoa3uaoM
B YCIIOBHSIX KUCIIOTHOTO KaTaim3a ObUIo 3a()MKCHpOBaHO 00pa3oBaHue THOCEMIKapOa3oHoB 9a-C [17] (cxema 3).
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8a,9a R=H; 8b,9b R=CH,; 8¢,9¢ R=C,H,

[TorbITKa MOMTYYUTH MTUPUMUIMHBI COIEPIKAIINE THOAHAIOT Y HUTPO30- HIIM W30HUTPO30rPYII THAPOIH30M 7D, ¢
MPY MCTOJIb30BAaHNU B KAYECTBE OCHOBAHUS TPUATHIIAMUH MTPUBEJIO HE K O’KUIAEMBIM 5-
M30THOHUTPO30YpaIliiiaM, a K mpoxykram ux aumepusanuu 10a,b [16] (cxema 4).

Cxema 4
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0

1% 0 NH, R J\
R NO ’ N°ON
N (HN),CS R\N /N\S)J\NH H,0, -10°C |
)\ | H.,O* )\ T i N | N/ﬁ

—

° ’?l N/ﬁ : ¢} N N/ﬁ N(C,Hy), RO N_.-N K/O

H k/o K/O N = s

%j\ “
5d,e Tbic 0P NTONTY  10ab

l¢]
5d,7b,10a R=CH,; 5e,7¢,10b R=C,H,

U3BectHO nBa ciocoba cunaTe3a N-okcuaos 1,2,5-tua- u 1,2,5-cenenonanasonos. AnudaTuieckue u
apoMaTH4ecKHe MPOM3BOAHBIC MOTYYAIOT peaKieil 3aMenIEHHbIX 1,2-THOKCHMOB C XJIOPUIAMH WIIN
MoHoXJIopuaamu cepbl (cenena) [18, 19]. O6pasoBanue rerepoanHenipoBanHbix N-okcuaoB 1,2,5-
XaJBKOICHANA30JI0B 0Ka3aJI0Ch BO3MOYKHBIM C IIOMOIIIBI0 O0HAPYKEHHOH HAMU PEaKIUH O-
aMUHOHHMTPO30COSIMHEHNH ¢ MOHOXJIopHaaMu cepsl (cenena) [20]. O6paborka ypauumios 5a-C, f-i (cxema 5)
COOTBETCTBYIOIIMME MOHOXJIOpUaMH B 6e3somHoM JM®A mpu 40-60°C ¢ XopomuMy BEIXOAAMH TPHBOIUT K
N-okcuaam 1,2 5-xanmbrorenoauasonol3,4-dlmupumuanuaronos 11a-m [12, 20].

Cxema 5
o o ? 0 0 ?
R NO R NO  x,cl
™~y X,Cl, ™y /N\ N | 2~z N /N\
)\ | — )\ — 5(se) )I\ - )|\ )
07 N7 TNH o >N N s N 'NH, s NT N
| 2 I
R R \’J \,J
5i -
5a,f,g,h 11a-h 11i,j
o
NH, NH, ) NH, NH
2
NO  X,Cl, NO  xcl, A

J N soo AL Y
0~ N NH 0~ >N =N HNT SN NH )\\ <0 ®
|1| 2 h 2 2 HzN N N

H

b 11Kk | 5c 11m,n

5a R=R,=H; 5f R=CH,, R,=H; 59 R=CH,CH,OH, R,=H; 5h R=R,=CH,;

11a R=R,=H,X=S; 11b R=R,=H,X=Se; 11¢ R=CH,,R,=H,X=S;11d R=CH,,R,=H X=Se

11e R=CH,CH,OH,R,=H,X=S; 11f R=CH,CH,OH,R,=H X=Se; 11g R=R,=CH,,X=S;

11h R=R,=CH,,X=Se; 11i X=S§; 11j X=Se; 11k X=S; 11l X=Se; 11m X=§; 11n X=Se
Hcnonp30BaHKe B ATOW pEaKIUU MUPUMUANHOB, COACPIKALIMX JOMOTHUTEIbHBIC PEAKIIMOHHBIC IICHTPHI —
ruapokcuibHyo (59) u amuHorpymsl (5b,C), He oka3epiBaeT cymiecTBeHHOro BIUsIHUS Ha oOpa3zoBaHue N-
OKCHJIOB Y BBIXOIbI LICNICBBIX MPOAYKTOB. [Ipy HEMPOMOIKUTEFHOM HarpeBaHuu B Boje 1,2,5-
tiaauasono[3,4-dJmupumunun-5,7(4H,6H)mmon-2-okcun 11a obpasyer yeroituusbiii 10 140°C murumpar,
CTPYKTypa KOTOPOro ObLIa POaHAJIM3HPOBAHA PEHTTEHOCTPYKTYPHBIM MeTozioM [21]. CpaBHEHHE CTPYKTYPHBIX
napameTpoB 1,2,5-tuaauazonol3,4-d]nupumunun-5,7(4H,6H)mmona [22] u ero N-okcuaa (11a - 2H,0) BbisiBIIM
MEK/Ty HUIMH CYIIIECTBEHHBIC OTINYHS, TTO3BOJIMBIINE C/IENIaTh BBIBOJ 00 OTCYTCTBUU JICTIOKATU3AIIMU CBS3CH B
N-OKCHHOM ITMKJIE U CJIEOBATEIIFHO O €ro HeapOMaTHYECKOM Xapakrepe. [Ipeanonoxenue o
HeapoMaTnaHOCTH N-0KCHIIOB 1,2,5-XainbKoreH1Ma30510B XOPOILO COrIACYeTCsl C MOBBIICHHON PEaKIIMOHHON
CIIOCOOHOCTBIO TIOCNeHUX. VIHTepecHBII pe3yapTaT ObUI IOMYYEH B PE3y/IbTaTe JUIUTEIbHOIO HarpeBaHHs
BomHoro pactBopa N-okcuma 11a, koTopoe mpuBeno k oopazoBaHuto 6-amuHo-2,4-muokco-1,2,3,4-
TETParuApOMHPUMUANH-5-CyabpamoBoii kuciotel 12 [21] (cxema 6).

Cxema 6
0 ? 0
Rl\N /N\ H,0 H\N NH-SO,H
L Le — A
~ 7/
o >N~ N 07 N UNH,
& H
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AHanM3 CTPYKTYphl TUPUMUANHOB 4a, 6D, 12 nznoxen B monorpaduu [23]. Takum 0Opa3oM, pe3ynbTartsl,
MOJTy4YEeHHBIE HAMU B ITOCJICAHEE BPEMs], TO3BOJIAIOT HAACIATHCS, YTO XUMHS PACCMOTPEHHBIX KIaccoB
COEIMHEHUH JajeKo He ucyepliana, 0COOEHHO B 00J1aCTH MOMCKA HOBBIX TIOAXOA0B K IIOCTPOCHHIO
KOBAJICHTHBIX CBsi3ell a30T—cepa (CelieH), a TakkKe MOMyYSHHIO U TpaHC(HOpMaLiK KOHACHCUPOBAHHBIX
A30TUCTBIX TETEPOLIMKIIOB.

Pfleiderer W., Ferch H., Liebigs Ann. Chem. 1958 615 52.

SIBonmoBckmii A.A., Bano 3.1., Masena A.B., Banos 10.3., JKypn. obweri xumuu 2003 73 (9) 1572.

Bleackburn M., Solan V.C., J. Chem. Soc., Chem. Comm. 1976 724.

Brown D.M., Hewlins M.J.E., Shell P., J. Chem. Soc.(C) 1968 1925.

SIBonoBckwmii A.A., UBanos 10.3., JKyph. obweui xumuu 2007 77 (11) 1932.

Mockanenko I'.I'., Cenosa B.®., Mawmaes B.I1., H36. AH CCCP Cep. xum. 1987 (3) 701.

Mockanenko I'.I"., Cenosa B.®., Mawmaes B.I1., H36. AH CCCP Cep. xum. 1987 (3) 702.

Yoneda F., Sakuma Y., Ueno M., J. Het. Chem. 1973 10 (3) 415.

Yoneda F., Sakuma Y., J. Het. Chem. 1973 10 (6) 993.

10. Davidson D., Bogert M.T., Proc. Natl. Acad. Sci. U.S. 1932 18 490.

11. SBomosckuii A.A., UBanos D.1., XI'C 2004 3 443.

12. SBonoBckuit A.A., Kunmuenko B./1., Oneitanuenko O.A., UanoB D.1., JKypH. obwert xumuu 2005 75 (3)
493,

13. Simonov Y.A., Fonari M.S., Lipkowski J., Yavolovskii A.A., Ganin E.V., J. Inclusion Phenomena.
Macrocycl. Chem. 2003 46 (1-2) 27.

14. Timmis G.M., J. Chem. Soc. 1958 (2) 804.

15. Yavolovskii A.A., Fonari M.C., Bocelli G., Ganin E.V., J. Sulfur Chem 2005 26 (4-5) 337.

16. SBonoBckuit A.A., UBano D.U., Kypn. ooweir xumuu 2007 77 (1) 161.

17. SIBonoBckuit A.A., Pakuno .M., Kamanos I'.JL., JKypu. obweii xumuu 2011 81 (2) 349.

18. Pilgram K., J. Org. Chem 1970 35 (4) 1165.

19. Pedersen Ch. L., Acta Chem. Scand. 1976 30 675.

20. SBomorckuit A.A., Kykiienko E.A., Usanor 3.U., XI'C 1996 7 997.

21. SBomoBckuit A.A., I'anun 3.B., ®onaps M.C., Cumonos 10.A., Uymakos F0.M., bouenmu I'., JKypH.
obweri xumuu 2004. 74 (10) 1728.

22. Kpasuos B.X., Uymakos 10.M., [Ipstaenko C.A., Kypr. cmpykmypnou xumuu 1990 31 (2) 146.

23. Cumonos 10.A., ®onaps M.C., JIunkosckuii f., ['anun 3.B., SABonosckuii A.A., Kamanos I'.JL., JKypH.

cmpyxmyprou xumuu 2009 50 (mpunoxenune) 143.

CoNOOR~WNE



170

Jonatok I1.
Komis crarti. “2-Oxcuapl-7,8-nuruapo-1,2,5-tua(cenen)auasonol3,4-d]tuazono[2,4-

b]nupumunua-4-oHOB”
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2-Okengpbl-7,8-gurngpo-1,2,5-tna(ceneH)anasono[3,4-dJtnasonol2,4-bjnupumngunH-4-oHos
Ssonosckuii A.A.L, Tanun D.B.2

Y dusurko-xumuuecruii Unemumym um. A.B. Bocamckoeo HAH YVrpaunst, 65080 Odecca,
JIrocmoopgcras oopoca 86, men.: (048) 766-23-96, ¢haxc: (048) 766 282, e-mail:
physchem@paco.odessa.ua

200ecckuii 2ocyoapcmeennviii sxonoeuveckuii Ynusepcumem, 65016 Qoecca, yn. Jlvéosckas 15, men.:

(048) 232-67-55, e-mail: edganin@gmail.com

@] 0] ?

N NO  x,cl, \ _N,
A,

~ 7/

S\/jN NH2 s N N
1 2a,b

2a X=S, 2b X=Se

2-Oxcun-7,8-quruapo-1,2,5-tnaguazono[3,4-d]tuazoeno[2,4-bJmupuvuaun-4-on (2a). K 2 r (10 mmons)
BemectBa 1 [1] B 25 mu 6e3BogHOoM JIM®PA npu nHTEHCHBHOM niepeMernrBanny 1odasistor 10 Mo (12,5
MOJIb) MOHOXJIOPH/IA CEPBI, C TAKOH CKOPOCTBIO, YTOOBI TeMITepaTypa PeaKIMOHHOW CPEIbl He PEBbIIIaia
60°C. BoimaBimii ocaiok OpICTPO OT(GUIBTPOBBIBAIOT, IPOMBIBAIOT CYXHUM XJIOPO(GOPMOM H CYIIAT Ha
Bozayxe. [Tomyuaror 1 r 2-okcuma-7,8-auruapo-1,2,5-tuaauaszono[3,4-d]tuazono[2,4-bmupumuana-4-ona 2a,
BoIx0 44%, T na >300°C. Macc-criektp, M/z, (I ot %): 228(11), 212(42), 161(19), 128(9). UK cnextp
(macra), v, cM 11740, 1700, 1550, 1530, 1500. DnemenTHsIi ananus: Beruncieno mis CsHuN,S,0, C 31.58, H
1.75, N 24.56; naiineno C 31.60, H 1.77, N 24.60.

2-Oxcnpa-7,8-murnapo-1,2,5-cenenanasono[3,4-d]tuazono[2,4-bJnmpumu-qun-4-on (2b). K 2 r (10 mmoib)
BemectBa 1 [1] B 25 mu 6e3BogHOM JIM®PA npu mHTEHCHBHOM niepeMerniBanuy qodassot 10 mo (12,5
MOJIb) MOHOXJIOPHU/IA CEJIEHA, C TAKOH CKOPOCTBIO, YTOOBI TEMIIepaTypa peakOHHOW Cpe/Ibl He MPEeBbIIIaa
40°C. BpinaBimii 0cagoK ObICTPO OTGUIBTPOBBIBAIOT, IPOMBIBAIOT CyXHM XJIOPO(OPMOM U CyIIaT Ha
Bozayxe. [Momyuaror 1,2 r 2-okcuaa-7,8-muruapo-1,2,5-cenenauaszonol3,4-d]rnazono[2,4-b|nupumuun-4-ona
2b, Beixo1 42%, T na >300°C. Macc-criektp, M/z, (I ot %): 276(11), 260(39), 208(20), 180(8). UK crextp
(macTa), v, cM 11730, 1710, 1690-1600, 1570, 1550-1500. DneMeHTHBIN aHATN3: BEIYKCIEHO IS
CeHsN4,SSeO, C 26.09, H 1.45, N 20.29; naiineno C 26.10, H 1.46, N 20.30.

1. ABomosckuit A.A., Tumodees O.C., Usanos D.U., X7'C 1998 1130.
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ABSTRACT

Pyridinium  hexafluorosilicates ~ with  the  compositions  (LH),[SiFs] (where L=2,6-
bis(hydroxymethyl)pyridine) (), 4,5-bis(hydroxymethyl)-2-methylpyridine-3-ol (I1)), monohydrate
(LH)2[SiFs]-H20 (L = 2-bromo-6-methylpyridine (111) and (LH,)[SiFs] (L = 4,4'-bipyridine (IV),
2,2'-bipyridine (V)) were separated as crystalline products of interaction of fluorosilicic acid with
different pyridines. All compounds were characterized by elemental analysis, IR, NMR *°F and mass-
spectrometry, solubility data, and X-ray crystallography. The structural study revealed the details of
the anion binding and solid state supramolecular architectures provided by the combination of the
plethora of intermolecular interactions including strong charge assisted and conventional hydrogen
bonds of NH...F, OH...F types along with O...Br contacts and r-rt interactions. The relationship
between the salts structure and physico-chemical properties is discussed.

Keywords: Hexafluorosilicate, N-base, Solubility, Hydrogen bonding, Crystal structure
1. Introduction

Fluorosilicic acid, the large-capacity by-product in production of phosphate fertilizers and elemental
phosphorus, is considered as a main alternative source of fluorine for chemical industry [1]. One of
the existing ways of utilization of fluorosilicic acid is its use for the fluoridation of drinking water (in
the U.S., the UK and Ireland) to prevent the dental caries disease [2,3]. In their turn, the "onium"
hexafluorosilicates, in particular, ammonium hexafluorosilicate (AHF) (NHy);[SiFs] and
hexafluorosilicates of amino acids represent in the recent years the objects of intensive research as
compounds possessing by the caries-protected and hyposensitive properties [4-10].
Nowadays AHF is proposed as a possible alternative to the known drug silver diamine fluoride,
[Ag(NH3).]F [11], which, having an effective remineralizing and bactericidal action, causes an
undesirable darkening of the treated hard dental tissues. Otherwise, AHF being deprived of this
drawback has a number of advantages. In particular, according to [4, 12] silica, as a product of
hydrolysis of AHF, acts as a non-trivial catalyst promoting the deposition of calcium phosphate or
fluorapatite from saliva and similar biological liquids; silica is present in sediment that is formed
on the dentin surface [4], thus providing prolonged dentin tubule occlusion. On another hand one
more positive aspect of AHF is an increased acid resistance of both tooth enamel and dentin [13].
It is supposed that the other "onium™ hexafluorosilicates, for example, with heterocyclic cations
must have similar effect. For example, the patented data [14] suggested the hexafluorosilicates of
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benzyl ester of 3-pyridincarbonic acid and monoalkylammonium (C;, — Cyg) as caries-protected
agents.

However, the physico-chemical properties of hexafluorosilicates as potential caries protectors
are studied insufficiently. Recently we reported the aqueous solubility data for carboxypyridinium
and aminopyridinium hexafluorosilicates [15, 16]. This contribution continues that study and covers
the synthesis, structure and properties of several substituted pyridinium hexafluorosilicates with the
compositions (LH)2[SiFs] (where L=2,6-bis(hydroxymethyl)pyridine (1), 4,5-bis(hydroxymethyl)-2-
methylpyridine-3-ol (I1)), monohydrate (LH);[SiFs]-H>.O (L = 2-bromo-6-methylpyridine (I111) and
(LH)[SiFs] (L = 4,4-bipyridine (1V), 2,2-bipyridine (V)).

2. Results and discussion

2.1 Crystal structures

All compounds were obtained by interaction of relevant N-base with fluorosilicic acid in aqueous
solution. Crystal structure and refinement data for 1-V and unexpected product Vb are given in Table
1, hydrogen bonding geometry is summarized in Table 2. Six structures can be naturally separated
into two groups, the first one based on pyridine derivatives includes complexes I-111, and the second
one based on bipyridine derivatives includes complexes 1V, V, and Vb. Their formula units are
shown in Fig. 1. Compounds I-111 have the 1 : 2 acid : base ratio with the [SiFs]* anion occupying
position on inversion centers in the centrosymmetric C2/m (1), C2/c (1), and P-1 (111) space groups.
Compounds IV and V also crystallize in the centrosymmetric orthorhombic Pcan and monoclinic
C2/c space groups. They have the 1 : 1 acid : base ratio with the [SiFs]*” anion occupying position on
inversion centers again, and bipyridinium ligands residing on the two-fold axes that cross the middle
of single C-C bonds in the dications. The detailed inspection of crystalline product V revealed that
this material is composed of two types of crystals, the major component being an expected salt
(LH)[SiFe] V, and the minor component being unexpected chelate cis-[SiF4(2,2'-Bipy)] (2,2'-Bipy =
2,2'-bipyridine) (Vb) (Fig. 1f) previously reported in [17]. The positions of N-bound hydrogen atoms
were found in the difference Fourier map. Proton transfer to the pyridine nitrogen atom is clearly

indicated by the widened C—N-C bond angles in the aromatic rings falling in the range 122.2(2)-

124.2(3) °. Hexafluorosilicate anion in the structures has the geometry of the distorted octahedron
with the Si-F distances running from 1.658(2) till 1.706(2) A. The ionic species are held together via
strong charge-assisted NH"...F hydrogen bonds (Table 2).

ol
F . )
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02 o N
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(a) (b)

(d)
Fig. 1. ORTEP drawings for formula units in I-V, Vb with partial labelling scheme.

The additional H-donor centers in | and 11, the incorporation of water molecule and Br...O
contacts in Il11, and numerous CH...F short contacts and stacking interactions in 1V and V also
specify the supramolecular architecture of these compounds. The solid | represents the layered
structure. The H-bonded layer may be interpreted as composed of two interpenetrated H-bonded
arrays, the three-membered formular units held by a couple of NH™...F hydrogen bonds (Fig. 1a),
and combination of acentric R1%(3) and centrosymmetric R4%(20) patterns [18] with the involvement
of hydroxyl oxygens and four other fluorines of anions affording infinitive tapes running along the b
direction (Fig. 2a). The C,, molecular symmetry of 2,6-bis(hydroxymethyl)pyridine) in | provides the
symmetric layer developed parallel to the ab plane (Fig 2b). The layer thickness equals to c-sing =
9.727 A (Fig. 2b). The difference in positions and number of hydroxyl groups in 4,5-
bis(hydroxymethyl)-2-methylpyridine-3-ol in Il resulted in rearrangement of hydrogen bonding
patterns, that represent now the interpenetration of two 1D infinitive motifs built of the different
Rs%(20) and R,*(20) H-bonded patterns (Fig. 3a,b) acting similar to I within the double layer
developed parallel to the (011) crystallographic plane, the layer thickness being of 1/2a sing = 7.902
A in 11, the interlayer interaction is supported with strong O2...F2 H-bond (Table 2) that combines
the layers into 3D network along the a axis (Fig. 3c).
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Fig. 2. Packing motifs in I. (a) : 1D array developed along the b direction. ( b): side

view of H-bonded layer.

(a) (b)

Fig. 3. Packing motifs in I1. (a), (b) : 1D arrays. (c): 3D network

In structure 111 the hydrogen bonds unite the structural components in linear motif (Fig. 4).
The water molecules act as double H-donors towards the successive [SiFs]* anions with the
formation of the centrosymmetric R,*(12) H-bonded patterns that combine two water molecules and
two [SiFs]*> anions, giving rise to the infinite chain running along the a direction in the unit cell.
Moreover, water molecules act as acceptor towards the NH-site in pyridinium cations, which decorate
the chain. Infinite stacking interactions between pyridinium cations along the a axis unite chains in
layers parallel to the (011) crystallographic plane. The interplanar distances between the parallel
aromatic moieties in the stack equal to 3.409 and 3.425 A, and corresponding centroid... centroid
separations being 3.718 and 3.972 A. The short O...Br contacts of 2.975 A and CH...F interactions
unite the layers in 3D network.
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Fig. 4. Packing motifs in I11.

In the solids 1V and V the charged components alternate in the chains, being linear in 1V and
meander-like one in V (Fig. 5a,b). The components are held together via NH...F hydrogen bonds.
Both 2,2° and 4,4’-bipyridinium dications have the twisted shapes with the dihedral angles between
the aromatic rings of 44.3° in IV and 36.4° in V. In both structures the tapes stack along the ¢
directions with the alternation of hydrophilic and hydrophobic regions.

, |
| W/ﬁ( T\ U
r - t

/
\
\

Fig. 5. Packing motifs in IV and V. (a) side view of the linear chains in 1V; (b) side
view of the meander-like chain in V; (c ) packing of chains in IV; (d ) packing of

chains in V.
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The most intriguing result reported herein is the detection and structural identification of the
chelate complex cis-[SiF4(2,2'-Bipy)] (\Vb) as one of the products of fluorosilicic acid interaction with
2,2'-Bipy. It is known that the silicon tetrafluoride complexes with N-donor ligands reveal extremely
low hydrolytic stability, therefore their synthesis by interaction of SiF, with ligands is carried out in
anhydrous solvents or in gas phase [19]. Even in the humid air complexes tend to be converted into
the corresponding hexafluorosilicates. Evidently, the detection of complex Vb as a by-product of V
crystallized from aqueous solution, is provided by the chelating ligand effect, according to scheme 1.
Compound Vb represents the first structurally confirmed example of molecular complex formed by
SiF4 with N-donor ligand separated from the mixed aqueous-organic medium, which retains its
structure after recrystallization from agqueous solution.

[SiFs]* + 2,2-Bipy — cis-[SiF4(2,2-Bipy)] + 2F 1)
2.2 Selected physico-chemical properties

2.2.1 Solubility in water
It has been previously shown [16] that for the substituted pyridinium hexafluorosilicates their
water solubility correlates with parameter h defined as

h=n/d(D-A)av., 2),

where n is the number of short inter-ionic contacts (that include strong and medium H-bonds, D...A <
3.2 A [20]), d(D...A).,. is an average donor-acceptor distance in the complex structure. The increase
in h values means an increase in intensity of inter-ionic H-bond interactions, and results in an
exponential decrease of solubility of the relevant hexafluorosilicates. Table 3 summarises the
solubility data for the newly synthesized salts 1-V together with the previously reported
hexafluorosilicates, and the numerical values for parameter h calculated from the X-ray data. In
concordance with the data reported in [15, 16] the pyridinium salts I-111 reveal the tendency toward
solubility decrease with increase the number of H-donors in the pyridinium moieties. Thus, the
decrease in solubility for compounds | and Il in comparison with 2-methyl- and 2,6-
dimethylpyridinium hexafluorosilicates is associated with the presence of OH-donor groups in the
pyridinium cations. The similar effect observed for monohydrate 111 is explained by the same reason,
as far as the water inclusion provides an additional stabilization of salt due to the extended system of
H-bonds (increase of parameter h) (Table 3) [22]. However, the observed significant difference (in
order of magnitude) in water solubility for the salts of isomeric dipyridinium cations IV and V, which
are characterized by the same h value, cannot be resolved within the framework of this concept, and
probably is explained by structural factors unaccounted in [16]. It is noteworthy that the solubility
data for compound Il illustrate the so-called Lipinski "rule of 5" [23] that predicts the low water
solubility and absorption for compounds with the number of H-donors Ny > 5.

2.2.2 Hydrolysis

It is known [2] that in aqueous solutions the hexafluorosilicates are subjected to hydrolytic
transformations with the formation of hydrated form of silica (silicic acid), and hydrofluoric acid
(fluoride ions) in accordance with the general schemes:

[SiFe]> + 4H,0 = Si(OH)s + 4HF + 2F, (3)
[SiFe]> + 4H,0 = Si(OH)s +6F + 4H". (4)

The hydrolysis process is generally controlled by *°F NMR spectrometry and pH-measurements [2,
21, 24]. The formation of silica is registered by spectral tests [24]. As it has been above noted, the
silicic acid as a hydrolytic product is an essential component providing caries-protected and
hyposensitive action of AHF. In this regard, particular interest represents the comparative evaluation



179

of the degree of hydrolysis for pyridinium/bipyridinium hexafluorosilicates and AHF. Table 4 shows
the results of determining the degree of hydrolysis for hexafluorosilicates in 1.10™ M aqueous
solutions. The degree of hydrolysis for compound V could not be determined in spite of the expected
development of the yellow color of the reaction solution after addition of (NH4)2M00O, as far as its
intense opalescence impedes the spectrophotometric measurements.

As it follows from the reported data, the degree of hydrolysis for all studied

hexafluorosilicates is consistently high, reaching in some cases almost quantitative values. High

degree of conversion of [SiFs]* anions into silicic acid (silica) in dilute aqueous solutions facilitates,
according to schemes (3) and (4) an effective release of fluoride ions, that together with formation of
silica, should provide caries-protected effect of studied compounds. It should be noted that we did not
register in the *°F NMR spectra of aqueous solutions | - V the signals of any intermediate products of
hydrolysis of the [SiFs]* anion, for example [SiFs-H,0O]", as reported by the authors in [21].

Conclusions

Concluding, the products of interaction of fluorosilicic acid with substituted pyridines 2,6-
bis(hydroxymethyl)pyridine, 4,5-bis(hydroxymethyl)-2-methylpyridine-3-ol, 2-bromo-6-
methylpyridine, and 2,2 and 4,4-bipyridines represent expected pyridinium(bipyridinium)
hexafluorosilicates. The crystal structures are stabilized by the systems of inter-ionic H-bonds, which
provide significant impact on the salts’ aqueous solubility, lowering it with increase of H-donors in
the corresponding pyridinium cations. For complexes | and 11 the involvement of hydroxyl groups in
the cation — anion H-binding was demonstrated for the first time. The studied compounds are
characterized by the predicted high tendency to hydrolysis in dilute aqueous solutions with the
formation of silica and fluoride anion that allows considering these salts as potential caries-protected
agents. The study of biological activity of these compounds is the subject of further investigations.

3. Experimental

The IR-absorption spectra were recorded on a spectrophotometer Spectrum BX Il FT-IR
System (Perkin-Elmer) (range 4000 — 350 cm™, samples as tablets with KBr). *°F NMR spectra were
recorded on Varian Gemini-200 spectrometer (188.14 MHz, CFCl; as standard). The mass spectra
were registered on a spectrometer MX-1321 (direct input of a sample in a source, energy of ionizing
electrons 70 eV). The isothermal conditions of experiments on detection of solubility and degree of
hydrolysis of hexafluorosilicates (t = 25 = 0.2 °C) were provided with the help of an ultra thermostat
U15. The determination of the soluble form of silica (orthosilicic acid, formally SiO,:2H,0 ) in the
hydrolyzed hexafluorosilicates was conducted by photocolorimetric method similar to reported in
[23], which is based on the ability of silicic acid to form with molybdate ions (reagent — ammonium
molybdate, (NH4):Mo00,) in acidic medium the complex silicomolybdic acid as a yellow
chromophore. Measurements were performed at 380 nm using a spectrophotometer KFK-3. The
degree of hydrolysis a was calculated by the formula a = Cs; hydr/Csi, tota, Where the Cs; nyar. -
concentration of silicon determined in the hydrolytic products in the form of silicic acid, Csi, total. —
calculated combined silicon concentration in salt solutions. The commercial ammonium
hexafluorosilicate (Sigma-Aldrich) has been used.

3.1. Synthesis of bis[2,6-bis(hydroxymethyl)pyridinium] hexafluorosilicate (I)

2,6-Bis(hydroxymethyl)pyridine (L*; 1.39 g, 0.01 mol) was dissolved in boiling methanol (100 mL)
and to the obtained solution the fluorosilicic acid (FSA, 45 %, 9 mL, molar ratio L*: FSA =1 : 3) was
added. A reaction mixture stored at ambient conditions prior to the beginning of crystallization of the
reaction product, which was obtained in an approximately qualitative yield. Colorless transparent
crystals with the composition (L*H),[SiFs] (1) with m.p. > 150 °C (with decomposition). Anal. found,
%: Si6.92, N 6.38, F 29.18. Calcd. for C14H20FsN204Si: Si 6.65, N 6.63, F 26.99. Mass spectrum:
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[MLYT" (m/z = 139, | = 22 %), [ML'-H]" (m/z = 138, | = 84 %), [ML*-H,0]* (m/z = 121, | = 30 %),
[SiFs]" (m/z = 85, | = 100 %). IR-spectrum: 3315, 3165, 3129 (v(OH), v(NH")), 723 (v(SiF)), 482
(8(SiF2)). *°F NMR (188.14 MHz, D,0): & = —130.70 ppm (s, J(SiF) = 107.6 Hz, SiF¢®).

3.2. Synthesis of bis[4,5-bis(hydroxymethyl)-2-methylpyridinium-3-ol] hexafluorosilicate (I1)
4,5-Bis(hydroxymethyl)-2-methylpyridine-3-ol (L% 1.69 g, 0.01 mol) was dissolved in boiling
methanol (70 mL) and to the obtained solution the fluorosilicic acid (FSA, 45 %, 9 mL, molar ratio L
: FSA =1 : 3) was added. A reaction mixture stored at ambient conditions prior to the beginning of
crystallization of the reaction product, which was obtained in an approximately qualitative yield.
Colorless transparent crystals of the composition (L?H)2[SiFe] (I11) with m.p. > 175 °C (with
decomposition). Anal. found, %: Si 5.59, N 5.88, F 22.14. Calcd. for CisH24FsN2OsSi: Si 5.82, N
5.81, F 23.63. Mass spectrum: [ML?]" (m/z = 169, | = 53 %), [ML*-H,0]" (m/z = 151, | = 50 %),
[ML?-H,0-CHO,]" (m/z = 106, | = 52 %), [ML?*~H,0-CO-HCO]"* (m/z = 94, | = 100 %), [SiFs]"
(m/z = 85, | = 67 %). IR-spectrum: 3350, 3277, 3094 (v(OH), v(NH™)), 721 (v(SiF)), 482 (5(SiF,)).
F NMR (188.14 MHz, D,0): & = =130.59 ppm (s, J(SiF) = 108.0 Hz, SiF¢>).

3.3. Synthesis of bis[(2-bromo-6-methylpyridinium)hexafluorosilicate] monohydrate (111)
2-Bromo-6-methylpyridine (L*; 1.72 g, 0.01 mol) was dissolved in boiling methanol (150 mL) and to
the obtained solution the fluorosilicic acid (FSA, 45 %, 9 mL, molar ratio L* : FSA = 1 : 3) was
added. A reaction mixture stored at ambient conditions prior to the beginning of crystallization of the
reaction product, which was obtained in an approximately qualitative yield. Colorless transparent
crystals of the composition (LH),[SiFs]-H.0O (111) with m.p. > 230 °C (with decomposition). Anal.
found, %: Si 5.41, N 5.70, F 24.11. Calcd. for C12H16Br,FgN2OSi: Si 5.55, N 5.53, F 22.52. Mass
spectrum: [ML]*- (m/z = 172, | = 39 %), [SiFs]" (m/z = 85, | = 100 %). IR-spectrum: 3391, 3380,
3305, 3218 (v(OH), v(NH"), 733 (v(SiF)), 485, 425 (3(SiF2)). 1°F NMR (188.14 MHz, D,0): & = —
129.31 ppm (s, SiF¢?).

3.4. Synthesis of (4,4'-bipyridinium) hexafluorosilicate (1V)

4,4'-Bipyridine (L* 1.56 g, 0.01 mol) was dissolved in boiling methanol (100 mL) and to the obtained
solution the fluorosilicic acid (FSA, 45 %, 9 mL, molar ratio L®: FSA = 1 : 3) was added. A reaction
mixture stored at ambient conditions prior to the beginning of crystallization of the reaction product,
which was obtained in an approximately qualitative yield. Colorless transparent crystals with the
composition (L*H,)[SiFe] (1V) with m.p. > 245 °C (with decomposition). Anal. found, %: Si 9.12, N
9.51, F 39.24. Calcd. for C1oH10FsN,S: Si 9.35, N 9.33, F 37.96. Mass spectrum: [ML*]"- (m/z = 156,
| =100 %), [ML*—H,CN]" (m/z = 128, | = 12 %), [SiFs]" (m/z = 85, | = 45 %). IR-spectrum: 3441,
3184, 3098 (v(NHY), 720 (v(SiF)), 482, 436 (5(SiF2)). °F NMR (188.14 MHz, D,0): & = -130.39
ppm (s, J(SiF) = 108.0 Hz, SiF¢®).

3.5. Synthesis of (2,2'-bipyridinium) hexafluorosilicate (V)

2,2"-Bipyridine (L°; 1.56 g, 0.01 mol) was dissolved in boiling methanol (100 mL) and to the obtained
solution the fluorosilicic acid (FSA, 45 %, 9 mL, molar ratio L®: FSA = 1 : 3) was added. A reaction
mixture stored at ambient conditions prior to the beginning of crystallization of the reaction product.
The precipitate was recrystallized from water, thus giving rise to the single crystals of two different
types. For the dominant (major) crystalline product the elemental analysis was carried out. Colorless
transparent crystals with the composition (L°H2)[SiFs] (V) with m.p. > 235-240 °C (with
decomposition). Anal. found, %: Si 9.41, N 9.59, F 35.33. Calcd. for C1oH10FsN2S: Si 9.35, N 9.33, F
37.96. *°F NMR (188.14 MHz, D;0): & = -130.40 ppm (s, J(SiF) = 108.0 Hz, SiFs™).

3.6. X-ray structure determination for I-V.
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The X-ray intensity data for I, 11, V, and Vb were collected at a room temperature on a Xcalibur E
diffractometer, and for Il and 1V on Nonius Kappa diffractometer, both equipped with CCD area
detectors and a graphite monochromator utilizing MoKa radiation. Final unit cell dimensions were
obtained and refined on an entire data set. Lorentz, polarization, and empirical absorption corrections
were applied for diffracted reflections. All calculations to solve the structures and to refine the
models were carried out with the programs SHELX97 [25]. The structure of 11 was refined as non-
mesohedral two-component twin. The C-bound H-atoms were placed in calculated positions and
were treated using a riding model approximation with Uiso(H)=1.2Uey(C), while the N- and O—bound
H-atoms were found from differential Fourier maps at intermediate stages of the refinement and their
positions were restrained using DFIX instruction. These hydrogen atoms were refined with isotropic
displacement parameter Uiso(H)=1.5U(O). The figures were produced using MERCURY [26].
Crystallographic data (cif files) for 1-V, Vb have been deposited with the Cambridge
Crystallographic Data Center, CCDC Nos. 977655-977660. Copies of this information may be
obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax:
+44-1233-336-033; E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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OCOBEHHOCTH B3AUMOJAEACTBHUA CYJIb®AHHJIAMMI0B C
KPEMHE®TOPOBO/IOPO/JHOMN KUCJIOTOM
Temsm6oabar B.O.!, Tauun 9.B.2, Kopoesa n.B2, ®donaps M.C.*, Borowanckuii M.M.*
'Oneccknii rocyAapCTBEHHbIH MEAHUMHCKHIT YHUBEPCUTET,
*Onecckuii rocYAapCTBEHHbII JKOIOTHYUECKHIi YHHBEPCHTET,
S Ou3uKo-xiMituecKii HHCTHTYT 3aIUHTBI OKpY)Katowwei cpeast 1 uenoseka MOH Ykpantet
n HAH VYkpanssl, r. Onecca.
‘“MuctutyT npukaaanoii dusukn AH Pecny6anku Monmosa, r. Kimmnues,

Sl/l3pamx>c1<nii TEXHOJIOrMUeCKHH MHCTUTYT, r. Xalida

Cynsdanunamuast - rpynna npenapato odmeii ¢popmyasl 4-H-NO-SCqH4NHR, wipoko
HCTIONB3YyeMbIX B MEIHLUMHCKOI MPaKTHKE H B KauecTBe repOHUMAOB. B nocneaHue roasl Xumus
HPOAYKTOB COKPHCTAMTH3AUMH MOJEKYJ CYIb()aHNIAMHAO0B C Pas3THYHBIMI COEANHEHUSIMH HHOI
MPUPOAbI SBISETCS MPEAMETOM TIOBBILIEHHOrO MHTEPECa KaK B KOHTEKCTe MOMCKA B3aMMOCBS3H
CTPYKTYpa — CBOMCTBA, TAK H B CBS3H C BO3MOMHOCTSMH NPHKJIAZHOrO HCMOJIB30BAHHS TAKHX
H-cBsizanHbIX accounaTtoB. B nponomkeHue nccnenoBannii B3auMoaeifcTis OHOAKTHBHBIX [IHIaH-
0B ¢ kpemHedToposoaopoanoii kucaoroii (KDK) Hamu nsydyeHsl npoaykThl B3aHMOIEHCTBUS
K®K c cynsbharnasonom (stz) u cyabpanenom (sh).

Beiaenentnoe u3 peakuuonHoro pacrsopa KOK — sl — H>O kpucramnueckoe coeanHeHue,
Cyas 1O AaHHBIM 31eMEeHTHOro aHatusza u PCA, npeacrasaser co6oii rexcadTOPOCHINKAT COCTABA
(4-H-NO>SC(H4NH3):SiF, (cxema, I1). O6pasoBanne komnaekca Il MoxeT paccMaTpuBaThCs Kak
pe3yabTaT ruaponutTHueckoii tpancdopmauu sl ¢ paspsiom cBsizin C—-N B kucoii cpene.

&\ §7N
¢ /)~’> H,SIF, H R A SiF,
HN n—\ H = " ﬁ".\ i [~
= H

N
MO o \\ H,SiF, 1 7
s LD/ N

=, H=N
(N !

IMponykr peaxuun stz ¢ KOK npencrasnser codoii rexca@Topocunnkar cyibhaTHasonus
(I), kpucrannuueckas CTPYKTypa KOTOPOrO MOKa3aHa Ha pucyHke. LleHTp mpoTOHHpOBaHUS B Ka-
tnoue [stzH]' — atom N1 TepmitnanbHoit amusorpynnst. Jnunsi cesiseii Si—F B aHnone SiFy" Ha-
xomsTes B npeaenax 1.654(2) — 1.679(2) E; crpyxrypa I ctabuan3npoBana cucteMoi MEKHOHHBIX
H-cBsizeit Tuma NH--F 1 NH--"N. Panee Hamu ObL10 MOKa3aHO, YTO B PNy rekcadTOpOCHINKATOB
MHPHAMHIS 3HAYEHHS PACTBOPHMOCTH coJeli B Boje (') aHTHOATHO KOPPeIHpYIOT ¢ napaMeTpom /A
= n/d(D*+A)p, TAE N — YNCTIO KOPOTKHX MEKHOHHBIX kOHTakTOB (H-cBaseii), d(D-A)p. — cpennee
paccTosiHie JOHOP-AKUENnTop B CTPYKTYpe kommekca. 3aBucumMocts € OT /i MMEET IKCMOHEHLH-
anpHblii Xxapaktep. Beanuunst pacrBopumoctu coeannennii I n 11 (25 €C: 0.10. 0.06 mon %, coot-
BETCTBEHHO) XOPOLIO YKJAABIBAIOTCS B YKA3aHHYIO 3aBHCHMOCTb, OTPAXKAIOILYI0 YMEHbLIEHHE pac-
TBOPHMOCTH CO€IMHEHHs ¢ POCTOM YHCJIa KOPOTKMX MeKHOHHbIX H-cBsseil. He nckiroueHo, uro
OTMEUEHHAs B3anMOCBs3b Bemnund €' M A MOKeT umerb o0uMii XapakTep A1s rekcadpTOpOCHINKA-
TOB C "OHHEBBIMH" KATHOHAMH, HMEIOLLUMH aPOMaTHYECKHIi XapakTep.
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METOAbBI HCCIERAOBAHAA H MOAEJINPOBAHILA
‘CAMOOPTIAHHU3IOBAHHLIX TPUPOAHLIX KOMILIEKCOB

C.A. Bacunses, D.B. I'anun, 0.x.n., M.I'. I'oprusentko, x.n.H.
O()eccxuu eocydapcmeeunbm axonozuqecxuu yuueepcumem Yxpauna

Cynpamonexympnax - XMMMT .- H3yHaeT  CIPOCHHME W CBOHCTBA
cynepuonexynf‘n»oprarmaonaxmmx-nonmonexympﬁmx CUCTEM, a4 TaICKEe KX
MexMosiekynsIpraoe  B3auMmopeHctBre. Ocoboe  MecTo B u3yUeHUM
cynpamohexyns{pm,lx COC/MHECHMH 3aHHMAIOT KPayH-3(QHMpEI, KOTOpPLIE HAOLIN
CBOE TIPAKTMYECKOS IPUMEHEHHE B OPraHHYeCKOM CHHTE3¢, MEOWIMHE M
arpoxuMuM. CIOXKHOCTYs B IPHMEHEHMH KpayH-COCNMHEHMWI 3aKIIOYAeTcy B
TOM, 4TO CTOMMOCTh HX 3HAMMTEINBHA M HEKOTOPHIC COSHMHEHWA TOKCHYHBEL.
INosToMy HCHOMB30BaHHE KpPayH-2QMPOB €M ‘HEe NOCTHIIIO HPOMBIMIICHHBIX
MacTabos, 3a MCKIIOYEHHMEM HEKOTODHIE TPOIECCOB CHHTE3a MPUPOIHBIX
COSHMHEHMH, = JOPOTOCTONMIMX ' PEAKTUBOB M  PAJMOAKTHUBHBIX MEYCHBIX
coeppmeHuit. K. HacToguleMy ‘BpEMEHM CHHIC3HDOBAHO HECKOJLKO COTEH
KpayH-COS/IMHEHHMH M X TUIOZIOTBOPHO MCCIEAYIOT B OMOXMMIH U Guodu3HKE,
HanpuMep [UIA TIEPEHOCa KHCIOPOfa W DIIEKTPOHOB, UIA Kalanusa IIpH
doTocunTese, U W3OHPATENHFHOTO: YAANCHUA METAUIOB TAKCIBX WX
BBEJICHIS MUKPOKOJIHICCTEE HE3AMEHUMEBIX JUTH OPraHu3Ma YeI0BEKa METAILIOB,
CHHTE32 OMUMEPOB M ME/JHKAMEHTOR.

Haxoxznenre 3aBMCHEMOCTI MEKITY CTpOCHHEM MoneKynH BEIIECTBA ¥ €10
(H3HONIOTHYECKOH aKTHBHOCTBIO ABIAETCA MCKIIOUMTENBHO TPYRHOM 3anadcil.
C y4eroM pacUpOCTPAHEHHOCTH IMBHHCTOIO BONOPOAA B KOCMHYECKMX
o0BeKTAX M er0  BBICOKOM  PEaKIMOHHOM  CriocobHOCTH, 1,2-
IpaMBHOManCOHATpHI (TeTpaMep HCN) IPHHATO PACCMATPHBATE KAK OJIHY W3
KIFOYERBIX CIPYKTYP XuMudeckoH sBomroimd [1] Ha Iytd npespaumierms
IMAHKUCTOTO BOZOPOAA B AMMHOKHMCIOTH, HyKICOTHAR ¥ mporeussi [1,2] B
NPHMHTHBHEIX ~ yonosuix ~(primiitive ' cowditions).  msammopeiicTsne ©
KOMIIOHEHTAMM ' TSPMAIGHEIX BOJ B YCHOBUMAX BBICOKOM SHEPreTHYECKOH
akTuBHOCTH pasHe# 3emimt Obnyuenwe [2] u a,ucop6um TIOJOCTAMH
MUHEPAJIOB 3aMETHO BIIITIOT Ha 3TH MPEBpaNICHUs.

1,2-JIHaMMHOMANEOHMTPHIT — TIPEKYPCOP (npedmecmee;mu;c precursor) "

fOJIE3HBIM MHTEPMEJHAT B CHHTE3¢ TETePOLHINIOB HOBBIX IOMMMEPOB H
faKTEPUIEAHEIX TIPETIAPATOB, MCIIONE3YEMBIX B MEIMIMHE M- (DapMAKOJIOrHML.
ObpazoBanue | CTabMIBHBIX KOMIIJIEKCOB KpayH-3Q)HpOB c
JUMAMHHOMATECOBMIPMIOM MOXeT OBITh MCIONB30BAHO Ui CO3NAHMS
KOHTEHHepOB 1,2-TMaMUMHOMANCOMHMHATPIIA M YYTCHO IPH MOJEIHPOBAHHA
CaMOOPraHM3OBAaHHBIX  OpupomEsix  pponeccoB.  Commacso  {2], 1pm
MOZEIHPOBAHMK OWOXHMHYECKHX IIPOLECCOB  CYMIECTBEHHHBIM  SIBISETCH

06Hapy>i<e}me MEAKMONICKYJLIPDHBIX HCKOBANCHTHBIX B3aUMOICHCTBHMA

HeGONBINHX MOZEKYII C HOIOCTHLIMH, B YaCTHOCTH, ¢ KpayH-o(QHpaMH.
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Hcxonpsie COGAMHOHYA HCNIONB3OBAIM B BUJIe KOMMEPECKHX ofpasuos,
6€3 MONONHHTENBHOM OYHCTRHL: CneKTpm SIMP 'H pErHCTpUpOBAIA Ha pudope
Bruker AC 300, sHyrpennmii craumapr - TMC. ToHkoCIOMHYO
xpomarorpadmio npopomn Ha-juiacruHax Silufol ¢ smomposanmeM CMeECHIO
meTaHon—xmopodopm, 1:10, IpOSBICHHE HUHTHIPHHOM.

Iens paboTsl — ONpeNENeHAE BOMOKHOCTH CHHTE3A KpncTannnqecmx
MOJIEKYJUIPHBIX KOMIUIEKCOB KpayH-3(hHPOB C 1,2-THaMHHOMATCOHHUTPHIOM H
BEIIBJICHME  CEJIEKTMBHOCTH BO  B3aMMOJGHCTBMAX 3THX  TIApTHEPOB
xomnnegéooGpaaonam. Ha puc. mpuBenieH THITMYHEIN IpHMED OpraHM3aLdH
TAKKX KOMIDIEKCOB. , . . ~
o o CraOmNM3anMs  KOMIIOHEHTOB . B

KOMIUIEKCAX OCYIIECTRIDICTCH 33 CYeT

BOJOPOIHBIX CBi3EH MEXIY
. KHCHOPOAHBIMH aTOMaMH KpayH-3(HpOB
CH AMUHOTPYIIIAMM 1.2-

. AMAMHHOMAICOHMTPHIA C JMCTAHIIMCH
(O...N) B upememax 2.937-3.066 A.
OTMeruM, YTO NPy B3aUMoCHCTBI: 1,2~
JHAMEHOMAJICOHATPHIIA CO' CMECBIO 1IHC~
CHH-IMC M IMC-3HTH-IHMC H30MEpOB
JHUHKIOTeKCaHo- 1 8-KpayH-6 KOMITIeKC -

Puc. - Crpoerme KOMILTEKCA [B-
DCH6 DAMN]

ofpasyeTca CCHEKTMBHO — JNHIb C UHC-ZHTH-IIAC H3OMEPOM, = MMCHOIIAM
IKBHUBANCHTHO IPOCTPAHCIBEHHO JKPAHUPOBAHHBIC ~CTOPOHEI TIONOCTH
MAKPOLMKIMYECKOT0 KOJBIA, aHAIOTHYHO pabor [3].

Taxum 00pa3oM, ONMMCAHHBIE B3aUMOACHCTBHS MOTYT OBITh YUTSHHI Kak
COCTaBHAA 4ACTh IIPHM MONEIMPOBAHMHM MOICKYIAPHBIX B3aHMMOACHCTBHH
rpupozaeix Monekyn [3]. Ilomydensble CT3OMIBHBIE KOMIUIEKCH MOI'YT
TIPEZCTABIATE HHTEpEC B Ka4ecTBe KOHTEHHEPOB BBICOKO
PEeaKIMOHHOCTIOCOOHOTO 1,2-IHAMMHOMAICOHHTPIIIA, KOTOPBIE HCTIOIB3YIOTCH
TP MOJIETMPOBAHHMA CAMOOPTAHH30BAHHEIX IPHPOXHEIX KOMILIEKCOB, o
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BPEHBIX BEIECTB, CONEPXKALMXC B BriOpocax mpeaupuaTai. Ne 192 or 4

asrycra 1986 1.

9. Hoxasnuxu emicil (ITATOMI BHKHIK) 320pyIHIOIOUYHMX PEIOBHH BiJl MPOLIECiB
SICKTPO-, Ta303BAPIOBAHMS, HAIUIABIIOBAHHA €JCKTPO-, Ia3Opi3anmsiTa
HANMIIOBAHH METAIIB. 3aTBEP/UKSHO MIiHICTPOM €KOJIOTil.Ta IIPHPOIHHX
pecypeis Yxpainm 11 ciunz 2003p.

POJIb CYIIPAMOJIEKYJISIPHBIX COEAMHEHUI B IIPOIECCAX
' NOCTPOEHUS 1 OBPA3OBAHUS BEIHECTB '

C.A. Bacwibes, 3.8. I'anun, 0.x.1., M.I". I'opruyenro, k.nH.. -
Oodeccruti 20cy0apcmeennuiti IKON02UYECKUT YHUGepcumen, Ykpauna

MonexynapHad . XMMHA YTBEpIMIach B CBOGH BIIaCTHU TOJBKO HAX
KOBAICHTHOM CBA35I0, HO 34 IIPEeAeNaMH MOJNIEKYJIAPHOM XUMMY, OCHOBAHHON HA
MAHUIYJIMPOBAHUM = KOBAJICHTHBIMH  CBA3SAMM,  TPOCTHPAETCT - OONacTh
CYNpAMONEKYTAPHOM ~ XUMUM,  KOTOpas : [pH3BaHa  [OJYUHMTS * - cebe
MONeKkyIspusie CBa3M. CHHTE3 M HCCHCIOBAHHE CYIIPAMOJICKYJAPHBIX
COCOMHCHHE 00pa3oBaHHBIX TIOCPEACTBOM HE KOBAJICHTHBIX coezmnermifl
SBIICTCS CEMUac axTy IBHOM 3anadeil.
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!
CynpamonexyapHas XMMHUA — B BBRICIUEH CTEIEHHM MEXIUCHHITIMHAPHAS

obnacTe HayKW, BKIIOYAION(As XuMuYeckwe, (usmueckue, Ouomormueckye
ACTIEKTHI paccMOTpeHus bosee CIOMHBIX, YEM MOICKYITbI, XUMHYECKHX CHCTEM,
CBA3AHHBIX B EAUHOE LETIOE NOCPEACTBOM MEKMOTICKYIAPHBIX B3AaUMOASHCTBHEL
C_erqgm 9Ta, CPAaBHMTENBHO  MONOJas  oOmacte = OQOpMHUNACE . KaK
ga}moé"roxfem,ﬂoe, LENIOCTHOE ¥ ONHOBPEMEHHO XOPOIIO CTPYKTYPHPOBAHHOS
,ﬁanpaBneHHe CO cBOMMH KOHUemmaMu. KopHiMu cynpaMosiexy iaphas XuMHs
YXOIMT B OPTaHMYCCKYH) XMMMIO — HAyKy O CHHTE3e MOJIEKyJ, OJHAKO OHA
crocoGHa  PaclIMpHTh IPAHMLEI ©  dusuKoif M . Guonormeit.  Tak . kax
CYTIPaMOJIEKY IAPHAT XMMHS — CBOEOOPa3HAasA COLONOTHA, TO OHA TIPU3HACT, YTO
HE KOBAICHTHBIE B3aUMOJIEHCTBHA. ONIPEAEITIOT CBASHM MKy KOMITOHCHTAMHU
peaxumi, a HOBEIECHME MOJIEKYJIAPHBIX HHIMBYUIYYMOB ¥ IO JIILIHH, L
Ocofoe MeCcTO B M3YYCHMH CYTPAMONCKYIAPHBIX COCAMHCHMM 3aHHMAIQT
KpayH-3GHPEL, KOTOPBIE HANUIM CBO® IPAKTHYIECKOS TPHMEHEHMC B
OPTaHUYECKOM CHHTE3€, MEIMIMHE M arpoXuMum. - CIOXKHOCTE B TIPHMEHEHUM
KPayH-COSAUHEHHH 3aKII0YAETCA B TOM, YTO CTOMMOCTD HX 3HAYMTENLHA M
HEKOTOPBIE COSAMHEHHMA TOKCHYHBL II03TOMY HCHONB30BaHME - KpayH-3(UpoB
€lle HE. JIOCTUTIIO TPOMBIIUIEHHBIX MAcIITa00B, 38 HCKIIOYEHHEM HEKOTOPHIX
TPOLIECCOB CHHTE3d IPHPOIHBIX COCNMHCHMM, AOPOTOCTOALMX DEaKTUBOB M
PAZMOAKTHBHEIX,. . MEUEHHX  coemmuermit. K macrosmemy — Bpemenu
CHHTE3UPOBAHO HECKONBKO COTEH KpayH-COSIMHCHMH M MX IUIONOTBOPHO
HCCHEAyIoT B OMOXUMUH W OHOdMIMKe, HanpHMep s HepeHoca KHUCIOPOLa M
JNEKTPOHOB, UM Karaausa 1pu GoTocHHTe3e, [yl m6nparen:5noro_ynan¢1mi
TDKEJBIX. METAUIOB. WIH BBENEHMA MHUKDOKOJIHMYECTBA -HEe3aMEeHMMBIX (s
Oprasu3Ma YenoBeKa METAIOR, CHHTe3a HOJIMMEPOR M MECAMKAMEHTOB.

B cBA3M ¢ WIHOUEBOH PONIBIO TETEPQUMKIIOB. B OHOXHMHYECKHX IPOIIECCaX B
MULL - yueTa MaTPMUHBIX KOHTAKTOB B CHCTEMaX «o0BekT-cyOcTpary Takux
B3aMMOZICHCTBHH, B TIOCHENHUE TOABL AKTMBU3HMPOBATIOCH U3YUEHHME CTPOCHHI
TETEPOLMIIIOB B COCTABE CYNPAMOJEKYAPHBIX COEIHHEHMA ¢ MONOCTHBIMU
Monekymamu [4,5,6]. . v

Henpemermbiv YCIOBHEM o6pazosaHus KPHCTATHIECKHX
CYyNpPAMOJNIEKYIIPHEIX  COCHMHEHMH  KpayH-5QHMpoB ¢ . OpPraHMYCCKHMH
MOJEKYJIaMH, SBIETCS TPUCYTCTBHE B ITOCHCIHMX, IPOTOHONOHOPHEIX LIEHTPOB
mpu omuoM C, N mwmm O — aromax, B wacTHoctd HoN— HoNSOp- H.NCS—
H;NHNCO-,, H,C=, H;C-, CH;0- 1 aHaROTHMHBIX TPYIIT HIH MOJEKY BOJEL,
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00eCICUMBAIOINX - CTAOHIM3ALHIO KOMITOHEHT  CyNpaMOfeKyIsPHOro
COSAMHEHHSL BOJIOPO/IHBIMH CBA3AMHM. B CBA3BIBAHMM, KaK TIPABIIO, YYACTBYET
Iapa fIPOTOHOB 3aMECTHTENA, NPHYCM CTaGMIBHOCTh COSIHMHCHMI INaZlaeT B
pany: OH; > NH, > CH, [7]. Kpucramimyeckue CyrpaMOJeKyIBIPHEIC
COEIUHEHMI KPayH-3()UPOB C IeTEePOLHKIIAMH CTA0WIH3HPOBAHBI BOJIOPOIHBIMH
CBA3AMM 3a CYET IMOO OIHOTO M3 MEPEIUCICHHBIX 3K30-I[AKITHUECKIX
3aMecTUTENeH MIPH TeTepOIMKIIE, 00 — UMKIMYECKONR AMMOHMMHON IpyImIst
IIPOTOHHpOBaHHOTO rerepoiwsia  [3].  MseecteH = eauuudHBIA  IpuUMep
06pazoBaHus KPACTAIUIMHECKOIO CYNPAMONEKYIAPHOrO COSAHHEHHA HANOONee
st pexrusHOTO [6,7] KpayH-3dhHpa ¢ HE3AMEIIEHHBIM TpHasonoM [5].

Hensto  paboTBl ~ SBIBUIOCE  ONPEACHEHHE  BO3MOKHOCTH  CHHTE3a
HE3APKEHHBIX KPHUCTAIUIMYECKUY. CYNPAaMOJICKyJIFPHBIX ‘COSMUHCHUH KkpayH-
3UPOB  PA3NMYHOTO  CTPOEHHE C  IMTUWICHHBIMA  ApOMAaTHYECKHUMM
FETEPOLMKIAMY, HMEIOIIHMH II0 OJHOMY MPOTOHY TIPH IBYX COCEIHHX
TIPOTOHOHNOHOPHEIX aTOMaX, pPAa3leieHHBIX ONHONM KOBAJICHTHOM CBA3BK), H
ofecrieunpaOmMyx CTa0MNU3aMI0  CYIPAaMONISKYJIAPHON0 COSIMHEHUS JTHIIb
I1apOH MPOTOHOB APOMATHYECKOT'O TeTePOLHKIIA, HAIOIHIHO JAHHBIM [0].

CreuMaibHO TI0CTaBICHHBIE IKCIICPUMEHTEI TI0 BO3HEGHCTBHIO Pa3IHYHBIX
BUIOB JSHEPrUH (W3/IyveHHE, YOAPHLIC BOJHGEI M T. L) Ha Ta30BHIC CMCCH,
OTBEYAIOMHE TPEIIIOIAraeMOMy COCTaBY IEPBHUHOM arMOC(epsl, NOKA3AIM,
YTO B HEH AOIDKEB! OBUIM 00PA30BBIBATECH HA NEPBOM HTale (A3 BOIBI, OKCHIOB
yIIepoAa, METaHa, BOAOPOAd U AaMMHMAKa) NHMAHOBOHAOPOL, JHIIMAHAMMUIL,
MypaBBEHMHAA KHCI0Ta, (GOPMaNbIErHy, TIHKOABATLACTH, YKCYCHA KUCTOTa U
JIp., & 3aTeM sSHTapHad KUCIIOTa, TIHLHH, &JIaHWH, ACHApParMHOBad KUCIIOTa U T.A.
- Bce MeTabOIHTEL, OOIIME AT BCEX COBPEMECHHBIX OPTaHH3MOB. DTH BEIIECTEA
(DOMMMO MHHCPATIBHEIX COJIEGH) TAKKE BXOMWIH B COCTaB (IEPBHYHOTO
Gynponay. Hexoropeie HCCIEA0BATENHM UCTIONB30BAIH KOHICHCUPYIOMIMIA areHT
juumanamuy (N=CNHC=N) nns monyueHMA NENTHAOB M3 DIIMUMHA, X JAXKE
VTBEPIKIAIM, YTO HONMISUTHAHBIA CHHTE3 ¢ OUUMAHAMHIOM  SBILLICH
KIFOUEBBIM IIPOLECCOM, MOCPEACTBOM KOTOPOro 0Opa3oBaiHCh NENTHILL B
npocredmen runpochepe». HurepecHsie BRIBOHBL crenan Dibercon [1],
YKa3aBIIMH, YTO PEaKIMH C CHHWIDHOH KHCIIOTOM CHMJIBHO 3aBHCIT OT
KHCAOTHOCTH BOIHBIX PACTBOPOB, B KOTOPBIX OHHM MPOTEKAFOT. ITH PEAKIMM He
HIYyT B KHCIBIX Cpendax, Torja Kax memoudsie yciosus (pH 8-9) Hm
OIaronpUATCTBYIOT. YU&HBIE O CHX NOP CIOPAT MOT JIM TEPBMYHBIA OKCaH
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HMETh TAKOM COCTaB, HO BIIOJNHE BEPOATHO, YTO MMEHHO TaxuM plfi obnasana
03epHasi ‘BOJIA, CONPHKACABIIAACH C GA3ATBTOM, M 9TH PEAKLMH BIIONHE MOITH
IPOUMCXOJUTE IPH  KOHTAKTe C 6aBaJIBTOBBIMH:XH0p0)IaMI/I. Ha ocHoBanmu
MBYUCHHBIX MaTepPHANOB HEOOXOMMMO C/ENATh CIGAYIOIIME [PEHIIOCHUIKH, B
HACTOSAINEE BpPEMSA €CTh MHOIO CIOCOOOB SKCHEPUMCEHTAIBHOTO IIONYJYEHHA
"oprasuueckux”  MONEKYd ~— HGOPTaHMuecKuM  TyTeM B YCIOBHAX,
MOZETUPYIOIIHX IEPBUUHYIO aTMOCGhepy, HO, Pe3yIbTaThl ATHX SKCIICPHUMEHTIOB
¢ TCONOTHYSCKOM TOYKHM 3PCHMS HE ABIIOTCH  YIOBICTBOPUTEIIBHEIMY,
TOCKOJIBKY TOBONBHO TPY/IHO MOAEAMPOBATH I'CONOTHMECKOE MPOILIOe {2].
TakuM  ofpasom,  00pasoBaHMe  YCTOMUMBEIX Kpncrannm{ecmx
COSOUHEHUM HEHIPAIBHBIX TETEPOIMKIIOB C KpayH-aqmpaMH, UMEFOTIIMMH
PasTMUHBIA Pa3sMEP MAKPOUMKIHYECKOTO KONBLA — COSOMHEHHS, & TaKKe
PasiUYHO IIPOCTPAHCTBEHHO 3KPAHMPOBAHHBIE CTOPOHBI MAKPOUMKIMIESCKOH
HONOCTH — COSAMHEHMs, NO3BONNET 1ONaraTs, 9ro GaxTsl CBA3LIBAHMUA KpayH-
3QHUPOB B CYNMPAMONEKYISPHBIE COSIMHEHHS NapaMy IIPOTOHOB aPOMaTHIECKHX
TETEPOLMKIIOB HOCAT HECIyUalHEIX Xapaxtep. [laHube MOryT 6HiTD YUTEHB! TPH
aHQJIHM3e W MOJETMPOBAHHM MOJNEKYJAPHBIX B3AMMO/EHCTRHIL HE3aPAKCHHBIX
NPMPOAHBIX Momexkyn [1, 2, 6], a TakKke B HATPABNEHHOM CHHTE3S
KPHCTATTMYECKHX  CYTIPaMONCKYIAPHBIX COC/IMHEHMH KpayH-2pupop ¢

rereporpiaMu. Ho 510 o3mavaer, 9to (OPMHUPOBAHHE KM3HM - TPOLECC,

CBOMCTBEHHBIH HE TOJIBKO HameH 3eMire.
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BJ{OCKOHAJEHHSA EKOJIOTTYHOI OCBITH I BAXOBAHHA ¥
- BUIIUX HABYAJIbBHUX 3AKJIAJIAX

A.I'. Bamyx, O.I1. Mimpsicosa, 0.ned.n., npog.
Yopromopcorui Oepoicasnuii ynisepcumem imeni [1. Mozunu,
o . M. Muxonais, Yipaina C

Exomnoriuna ocBiTa Ta KyJNbTYPa € HAA3BHYAHHO BAKIMBUMHE Y (HOPMYBaHH]
BCebIYHO po3BUHEHOI TBOPHOI 0coOUCTOCTI. 3HAYHMM HEAONIKOM - eKOXOrTYHOL
OCBITH T4 BUXOBAHHA Y BUIUX HABYATBHIX 38K1A/1aX € OPIEHTALIS CTYASHTIB Ha
34CBOECHHS 3HAHb 0€3 NAKPUUIGHHA iX TMPaKITHYHHUM ,ZIOCBiIlOM. Kpim Toro,
CHOrO/HI EKONMOTIYHI 3HAHHA CTYACHTIB HE 3MIHIOIOTH iX CHCTEMY LIHHOCTCH,
dopMyrOTE nMIIE YACTKOBHH TOTIAN Ha CBIT. BoaHowac aHam3 -CraHy
€KOJIOTIYHOI OCBITH Y BHIUX HABYAIBHHX 3aKJaNaX [OKa3ye, WO B Uik ramysi
ICHYIOTH 3HaYHI HEAOJUKXH, 30KPEMA YBara CTyAEHTIB aKLECHTYEThCI HA OCBITHBO-
indopMauifiHKX acmeKkIax 1 He JOKIAmacThCs HAICKHHUX 3YCHIb  JyIA
UEPETBOPEHHs 3HAHD Y KOHKPETHI TISPCKOHAHHS Ta BYMHKA, CKONOrIYHI 3HAHEM
VYHIB MalOTh HCHOCTAaTHIO mpodecifily CrpaMOBAHICTH, WO MPU3BOAMTL 0
PO3PHMBY MiX BHBUCHHAM TEOPETUMHOTO MaTepiany Ta MpakTukoio. Came Tomy
poO3B’A3aHHIO TIPOOJIEMM eKOJIOTIYHOI KyJABTYPH 1 CBIOMOCTI - MOJIOZI
NPHCBAYEHO 6araTo MEAAroTiYHMX JOCIIKEHb Ta PO3PoOOK HayKOBIIB. ABTOPH

0CO6IMBY ‘yBary TIPHIIAIOTH MEXaHi3MaM dopmyBarHa ekonori4Hol KynbTypu

Ta EKONOTIYHOTO MMCICHHS OCOBMCTOCTI. ANe Bei HOBi TpOfIo3HILi  TaK i
3AIMIIAIOTHCS IMIIE NCKIAPATHBHMME, B PEanbHOMY. XHITI HE BiAGyBacThCH
3pyureHs. PiBers KyJIBTYPH, 1 30KpEMa eKONOIiIHOI Kynbrypu CTyHEHTIB: Tak 1
3anMmacTbes Hu3pkuM. lle € mie omHmMM i3 mpobiemMHMX cynepeqﬂocréﬁ y
CYCIIBCTBI, AiKe TpeOa BUpIILy BaTH.

24

197



198

Jonatoxk @.
Komis 3anura "BignoBink Ha 3amuT y peepaTuBHUX 0a3zax JaHux SCOPUS (mocTym

BUIbHUI)"



http://www.scopus.com/authid/detail.url?authorld=35480833000

Click here to learn more about accessing SCOPUS with our Integration Services. Visit also our

Ganin, Eduard V. (Eduard V. Ganin)

Personal
Name
Other formats

Author ID
Affiliation
(mpUHANECKHICTH

10 OpPraHi3aiii)

Research

Documents
(moxymenTanbue
JIZKepeI1o)
References
Citations

h Index
Co-authors
Web search

Subject area
(TemaTn4Ha
00J1aCTh)

his is a preview of SCOPUS.

SCOPUS Info Site.

Enyapn B. NaHiH

Ganin, Eduard V.

Ganin, e. V. Ganin, Edward
Ganin, Eq V. Ganin, E. V.
Ganin, E. V Ganin, Edward V.
Ganin, E. V

35480833000

Odessa State Environmental University,

Onecskuit lepxaBHiii Exosioriuniii YHiBepcuTet
Odessa
Ukraine

168

2020
277 View citation overview

11 View h-GraphThe h Index considers Scopus articles published from 1996 forward

132

87

Chemistry (ximis)
Physics and Astronomy

Biochemistry, Genetics and Molecular Biology
More...

Find potential author matches

History
Publication range
Source history

1982-Present
Russian Journal of Inorganic Chemistry

Journal of Inclusion Phenomena and
Macrocyclic Chemistry

Tetrahedron
Dalton Transactions

Russian Journal of Coordination
Chemistry/Koordinatsionnaya Khimiya

More...

View documents
View documents

View documents
View documents
View documents


http://www.scopus.com/authid/detail.url?authorId=35480833000

200

Show Related Affiliations (MaB BigHOLWeHHA A0 opraHi3auin)

The data displayed above is compiled exclusively from articles published in the Scopus database.
,U,aHHbIe, NOKa3aHHbl€ BbilLe KOMMUITMPYKTCA UCKIMKOYNTEITBHO OT CTaTeI7I(VI3,D,eJ'IVII7I), Mn30aHHbIX B
Scopus 6a3e gaHHbIX.

Documents (AOKyMeHTanbHe gXXepeno)
This author has published 168 documents in Scopus (Ileii aBTop Buga 168 nokymeHTIB B SCOPUS):
(Showing the 2 most recent - [lokazaHO 2 HaUCy4YaCHILINX)
1. Ganin, E.V. Masunov, A.E. Siminel, A.V. Fonari, M.S.
Preparation, characterization, and electronic structure of asymmetric isonaphthalimide:
Mechanism of dual fluorescence in solid state
(2013)Journal of Physical Chemistry C
2. Gelmboldt, V.O., Ganin, E.V. Fonari, M.S.
Supramolecular compounds of fluorocomplexes of p-elements with crown and azacrown ethers:
Synthesis, transformations and crystal structures
(2012)Journal of Fluorine Chemistry
View details of all 168 documents by this author
Inform me when this author publishes new documents in Scopus:
Set alert

Cited by since 1996 (MpouuToBaHO No4nHaroum 3 1996)
This author has been cited by 277 documents in Scopus (Lleii aBTop OYB IIUTOBaHHIA BiJIIOBIIHO 10
277 nokyMeHTIB in SCopus):
(Showing the 2 most recent - [lokazaHO 2 HaUCy4YacCHILINX)
1. Ponomarova, V.V. Komarchuk, V.V. Boldog, I.. Krautscheid, H.. Domasevitch, K.V.
Modular construction of 3D coordination frameworks incorporating SiF 6 2- links: Accessing
the significance of [M(pyrazole) 4{SiF6}] synthon
(2013) CrystEngComm
2. Davidovich, R.L.. Marinin, D.V. Stavila, V.. Whitmire, K.H.
Stereochemistry of fluoride and mixed-ligand fluoride complexes of zirconium and hafnium
(2013) Coordination Chemistry Reviews
View details of all 277 citations

Copyright © 2013 Elsevier B.V. All rights reserved.Scopus® is a registered trademark of

Elsevier B.v.
November 8, 2013

http://www.physchem.chimfak.rsu.ru/General/h-index.html



http://www.physchem.chimfak.rsu.ru/General/h-index.html

201
(h-index)noexc Xupwa (cnpaska)

Nunexc Xupma (h-index, xpurepuit Xupimia) — HayKOMETPUYECKUI MOKa3aTellb, NPEAI0KESHHBIN B
2005 . amepukanckuMm ¢usnkoM Xopxe Xwupmiem (yHuBepcuter Can-/luero, Kammdopuwus) B
Ka4yecTBE aJbTEPHATUBBI KIACCHUYECKOMY '"'HMHAECKCY LUTHPYEMOCTH', MpPEICTaBISAIOMIEMY COOOM
CyMMapHO€ YMCJIO CChUIOK Ha paboThl yuéHoro. Kpurepuii ocHOBaH Ha y4ére yucia MyOIHKaIMii
UCCIIeIoBaTeNs ¥ YMCIa IUTUPOBAHUN ATUX MyOJIMKALUA.

Yuénwuit umeem unoexc h, eciu h us eco N cmameu yumupyromes kax munumym h pas xaxcoas, 6 mo
spems kax ocmaswuecst (N — h) cmameii yumupyiomes menee, uem h pas xascoas.
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professor Eduard Victorovich Ganin

into LEADING SCIENTISTS OF THE WORLD - 2013 -
and as such stands testament to the efforts made by said individual in area of chemistry
witnessed on the date set out below by the officers of the International Biographical Centre at its
headquarters in Cambridge, England and signed by Editor-in-Chief and Director General
(original signature) (original signature)
Editor-in-Chief Director General
Date 13-th September 2013

@hjis luminated Certificate proclaims thie induction of
Professov Eduawd Victorovich Ganivw
into
Leading Scientists of the Yor(d
- 2013 -
and as such) stands testament to tfi efforts made by said
individual in the arena of
Chemistry
Witnessed on the date set out befow by the Officers of the
3nternational Biographical Centre at its Headquarters in Cambridge,
England and signed 6y the Editor-in-Chief and Director General /)

§
@:

@/L/\— i - / il
Editor-in-Cief Director General
13th September 2013 - -~

nPOBIAHI BYEHI MUPY
- 2013 -
Lle cBigoTCTBO BKa3ye Ha NpUHaNeXHiCTb
lMpoghecopa NaHuHa EAyapda Bikmopoesuya
Ao
MnPOBIOHUX BYEHUX MUPY

- 2013 -
| TakoxX 06GMOBNSAE NPO MakcMMaribHi 3ycunnsa sku 3pobrieHn 3asHavyeHuM iHAMBIOYYMOM B
ranyasi

Ximiga
3acsigyeHo B ieHb 3a3HavyeHnn Hux4ye oditepamn MixkHapogHoro biorpacdidyHoro LieHTpy B
noro wtabi B Kembpuoxi, AHrnii n nignucaHun [onoBHUM penakTopom i ['eHepanbHUM

ANPEKTOPOM

(OpwriHanbHW Nignuc) (opuriHanbHM Nignuc)
"onoBHUM pegakTop "eHepanbHUN OUpekTop
HaTta

13-oro BepecHda 2013 [MeyaTtka YyepBOHa

Sponsored & Administered by the International Biographical Centre, Cambridge, E
22" March 2013



204

Mr Eduard Victorovich Ganin Odessa State Environment University Lvovskaya Str 15 Odessa 65016
Ukraine

Ref. LSC/inv

Dear Mr Ganin

You are to be congratulated. Many thousands of biographies from a wide variety of sources are investigated by
the Research and Editorial Departments of the International Biographical Centre each year for inclusion in our
renowned reference books and for consideration for our Awards Programme. A select few are those of
individuals who, in our belief, have made a significant enough contribution in their field to engender influence
on a local, national or international basis. You are one of these contributors to excellence. You have, through
your constant efforts, maintained a standard worth rewarding. Therefore, as a noted and eminent professional
in your field you have now been considered and nominated for recognition by the IBC. Ratification of this
nomination by the Awards Board is now complete and it is therefore my great honour to name you as a
member of the IBC

LEADING SCIENTISTS of the WORLD 2013

As holder of this distinction, you can be assured of your place in our history and be gratified that your work
has not only been noticed but recognised as outstanding. In any one year few of the world's foremost scientists,
both the famous and the uncelebrated, from all disciplines will be able to populate this exclusive list. These are
people whose daily work makes a difference - not just those who populate the headlines. It is henceforth
decreed that you should be on this list for 2013 but as bearer of this honour you will be recorded in perpetuity
in the halls of the International Biographical Centre - I trust you will be proud to know your name is to take its
rightful place.

As a listee of the IBC LEADING SCIENTISTS of the WORLD you are eligible for the commemorative
items available - the distinguished and limited LEADING SCIENTISTS of the WORLD medal, designed by
our regalia-makers to the World's Monarchies, and the distinguished illuminated certificate which is printed in
full-colour on finest parchment -1 enclose details for your perusal.

The International Biographical Centre prides itself on being one of the leading biographical reference book
publishers in the world with more than 20 Who's Who titles in 132 separate editions. Among these titles, some
of which have been established for nearly 50 years, are Dictionary of International Biography, 2000
Outstanding Intellectuals of the 21* Century, International Register of Profiles and more recently World
Who's Who of Women.

I am very pleased to be able to bring you this news and hope you feel proud of the influence you have on

your colleagues and friends. It is only left tor me to offer my sincere congratulations. 1 look forward to hearing
from you.

Sincerely, Editor-in-Chief

Hinrpumannii i Keposanuii Mixxknapogaum Biorpagiunnm LenTtpom, Kemopnmx
22-oro 6epesnst 2013
Onyapa Buxroposuu ['anin Opecbkmii Jdep:xaBHiii Exosoriuniii yniBepcurer, JIbBiBcbka Byn.. 15 Oneca
65016 Ykpaina
Bignocuo. LSC/inv
anoBHiit ['anin
[IpuiimiTe mo3mopoBNeHHs. Bu Big3HaueHi K OAWH 3 BHIATHUX MpodecioHaniB y Bamniid ramysi. Temep Bu
Oy BHCYHYTI W pO3DISIHYTI Juisi Bu3HaHHS MixHapoauuMm biorpadiuaum Llentpom (IBC). Patudikaris
uporo npusHaueHHs [IpaBiaiHHAM Tenep MoBHA, 1 TOMY s Malo 4ecTh Ha3BaTu Bac unenom IBC
MNPOBIAHUX BYUEHUX MUPY 2013
SIx BIacHMK LbOr0 MpU3HAUYeHHs, BU Mo)kere OyTH BIIEBHEHI y BAIIOMY MicCIli B icTOpii i OyTH 3a0BOJIEH], 110
Bamia poOoTa He TUIBKM Oyna 3amiueHa, ane BH3HaHa sK BuAatHa. LI{opoky mmme aesxi i3 BCECBITHIX
MEepe/IOBUX 1 BIJOMUX YYEHUX BiN BCIX NUCHUILTIH OyAyTh 3JaTHI HACEIWUTH I BHHSITKOBUU CHHCOK. Bu
Oyzere 3apeecTpoBaHi HazaBkIu B 3ayax MixHaponHoro biorpagiunoro Lentpa. S mymato, mo Bu Oyznere
TOpJIi 3HATH, 1[0 Ballle iM's 3aKOHHO 3aiiMae 11e TiIHEe MiCIIe.
[upo, I"'onoBHMIA penakTop



205

Jonatok L.
Komis pe3rome it nepenmcku Big "' Xto € Xto y CBiti - 2013"



206

Who's Who in the World
Format: Hardcover (8.5 x 11")
Pages: 2,856 (approx.)

. Vohai¥iaa in the Worlef

KTo ectb K10 B Mupe

dopmart: KHura B TBEpOOM nepennete
(8.5x11")

Ctpanuy; 2,856 (NnpubnmsnTenbHO).
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XT10 € XT0 y CBITI

®opmar: Knura y tTBepaomy mierinHi (8.5 X
11"

Cropinok: 2,856 (mpubnu3HO).

Dear Eduard Ganin,

Congratulations on being selected for the forthcoming 30th Pearl Anniversary Edition of Who's Who
in the World! Your inclusion in this exclusive reference directory distinguishes you as one of the
world's foremost achievers in your field.

This commemorative anniversary edition will feature approximately 55,000 leaders from all fields of
endeavor and from every corner of the globe. This special keepsake, which will include your
complete biography, can be one that you and future generations refer to again and again.

Sincerely,

Fred Marks Editor-in-Chief

[TanoBuuit Eqyapn I'aniH,

[TpuitmiTe TO370POBICHHS MIOA0 OOpaHHS s MailOoyTHhoro foBimeriHoro 30-oro
Bunganns "Xto € Xto y Cgiti"! Bamie BkiIrOueHHS B 1€l BHHSATKOBUU JOBITHUK
BiApi3HiAe Bac sk OJHOTO 13 BCECBITHHO TMEPEAOBUX JIIOAECH, SKI JIOMOTJIUCS YCIIIXY B
KUTTI1 Y BaIlliid 00JacTi AiSTBHOCTI.

Ile roBimeitHe BumaHHS Tokaxe mpuOmm3Ho 55,000 mimepiB Bim Bcix obmacTei
TSITBHOCTI M B1Jl KOKHOTO KyTa 3eMHO1 Kyui. [le crnernianpHuil mogapyHOK Ha aM'siTh,
o Oyzae BKIOYATH Bamry Oiorpadiro i, Mmoxke OyTu TO#l, 10 sikoro Bu i MailOyTH1
MTOKOJIIHHS 3BEPHETECS 3HOBY U 3HOBY.

[lupo,

®pen Mapkc ['onoBHUN penakTop
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Ganin, Eduard Victorovich
From "Marquis Who's Who in the World"

Mailing address: Office Odessa State Environment University, Lvovskaya Str 15, Odessa 65016 Ukraine

Additional address: Home Malaya Arnautskaya Str 29 Apt 9, Odessa 65012 Ukraine

Email: edoganin@gmail.com

Born: October 23, 1950 Odessa Ukraine
Gender: M

Education: Diploma Odessa State U. (formerly Mechnikov U.) 1973; PhD Odessa State U. (formerly Mechnikov U.) 1982; DSc
Odessa State U. (formerly Mechnikov 17.) 1999

Family: s. Victor Ivanovich Ganin and Tamara Vasilievna Ganina, Vasiliy Semenovich Kachinskii (Stepfather); Creative works:
Conthr. articles to profl. jours. Career: Prof. Odessa State Environment U, Ukraine, 2002— Achievements: Achievements
include research in new way of synthesis of isoimides and macroheterocycles;
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Ganin, Eduard Victorovich

From "Marquis Who's Who in the World"
Mailing address: Odessa State Environment University, Lvovskaya Str 15, Odessa 65016 Ukraine Office
Additional address: Malaya Arnautskaya Str 29 Apt 9, Odessa 65012 Ukraine Home
Email: edganin@gmail.com
Born: October 23, 1950 Odessa Ukraine
Gender: M
Education: Diploma Odessa State U. (formerly Mechnikov U.) 1973; PhD Odessa State U. (formerly Mechnikov U.) 1982;
DSc Odessa State U. (formerly Mechnikov U.) 1999
Family: s. Victor Ivanovich Ganin and Tamara Vasilievna Ganina, Vasiliy Semenovich Kachinskii (Stepfather); Creative
works:
Contbr. articles to profl. jours. Prof. Odessa State Environment U., Ukraine, 2002— Achievements Career: Achievements:
include research in new way of synthesis of isoimides and macroheterocycles;
Copyright © 2013 Marquis Who's Who LLC.

MaHiH, Eayapa BikTopoBuy
Bia " Xt1o € XTO0 Yy CBITi "
Mowrtosa agpeca: Ogecbkun flepxaBHun EKonoriyHMM YHiBepcuTrer,

JIbBiBCcbka Byn. 15, Ogeca 65016 YkpaiHa (Po6oTa)

HDopnaTtkoBa agpeca: Mana ApHayTtcbka Byn. 29 kB. 9, Ogeca 65012 YkpaiHa (byanHok)
E nowrTa:: edganin@gmail.com

Hapoauscsa: 23 xoBTHA, 1950 Ogeca YkpaiHa

Cratb: M.

OcsiTta: Junnom Ogecbkun [depxasHui YHiBepcuteT. (konucb MeyHikoBa yHiBep.) 1973;
Kananpat Hayk - Opgecbkun [epxxaBHun YHisepcuteT (konucb MedHikoBa yHiBep.) 1982;
Hoktop Hayk - Opecbkun JepxaBHuin YHiBepcuteT (konuck MeyHikoBa yHiBep.) 1999
Cewmbsa: Biktop IBaHoBMY ["aHiH 1 Tamapa BacuneesHa ["aHiHa, Bacunuin CemeHoBn4
KaunHcbkun ; TBopui poboTu:

Cratti B npodecinHux xypHanax. [podecop Opecbkoro [depxaBHOro
EkonoriyHoro YHiBepcuTeTy, Ykpaida, 2002 — [JOCArHEeHHs:

BkntoyatoTb gocnigKeHHs1 HOBUX LWNAXIB CUHTE3Y i30iMUAIB | MakporeTepoLmKIiB;
Asmopckoe npaso © 2013 Mapku3sa, kmo - Kmo LLC.
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Komis Tte3 momosiai “ Crystal structures and solubility of 4,4-bipyridinium and 2-
brome-5-methylpyridinium hexafluorosilicates
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P33
CRYSTAL STRUCTURES AND SOLUBILITY OF
4,4’-BIPYRIDINIUM AND
2-BROMO-5-METHYLPYRIDINIUM HEXAFLUOROSILICATES

Vladimir O. Gelmboldt'?, Larisa V. Koroeva?, Eduard V. Ganin?,
Marina S. Fonari?

'Odessa National Medical University, Valikhovskiy lane, 2, 65026 Odessa,
Ukraine
2 Physico-Chemical Institute of the Environment and Human Protection,
Odessa, Ukraine e-mail: vgelmboldt@te.net.ua
30dessa State Environmental University, Lvovskaya str., 15, 65016,
Odessa, Ukraine
*“Institute of Applied Physics, Academy str., 5, MD2028 Chisinau, Moldova

Hexafluorosilicates with heterocyclic cations are convenient models for
the estimation of H-bonds influence on structural characteristics and properties
of these onium salts. As a part of our systematic investigation here we describe
results of X-ray structure analysis and solubility data determination of the
hexafluorosilicates (4,4"-DipyH,)SiF (I) and (2-Br-6-CH,C,H,NH),SiF -H,O
(Im).

Colourless crystals of the compounds I and II were separated as products
of the interaction of hexafluorosilicic acid with corresponding amine. Crystal
structures of T and II (a, ¢) and fragments of crystal packing in I and II (b, d)
are presented below.

o1 52
¢ N 1
c4 05 i

O1wW
N1WCs
F3 “
Si{wF1

c

Both structures are built from the H-bonded units consisting of the SiF -
anion and cations. Structure IT also includes the water molecule. Complex

106



I represents example of the structure in the form of 1D chain, in which
4,4’-DipyH,* cations and SiF > anions joined through strong N(1)H---F(3)
bonds (N--F 2.694(2) A). In the SiF ;. anion the Si—F bond lengths are between
1.6749(11) and 1.7054(10) A. The fluorine atoms in the longer Si(1)-F(3)
bond participates in the H-bond. The crystal structure II is stabilized by the
network of H-bonding O(1W)H-F(1) (O--F 2.805(8) A), O(1W)H-Br(1)
(O-Br 3.00(4) A), O(1W)H--F(3) (O--F 2.779(7) A), N(1)H--O(1W) (N---O
2.709(9) A).

The solubility data of I, IT and (2,2"-DipyH,)SiF  (III) in water (mol. %, 25
°C): 0.36,2.01, 10.58. Some relationship between solubility data and interionic
H-bonds characteristics of onium hexafluorosilicates will be discussed.
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