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BCTVII

MonekyrisipHa XiMiss KOHTPOJIFOE€ KOBaJIeHTHI 3B's3ku. CylpaMojIeKyIisIpHa XiMis
- "XiMmis 3a MexamMH MoJeKynu'". [i wimb - JOCATHEHHS KOHTPONIO Hajl
MDKMOJIEKYJIIPHUMH HEKOBAJICHTHUMH B3aeMofisiMu. CynpaMosiekymsipHa XiMmis Mae
cnpaBy 3 OUIbII  CKJIQJHUMHU  YTBOPEHHSMHU, YHUM OKpeMi  MOJEKyl, -
CYNpPaMOJICKYIISIPHUMU ~ aHCAMOJIIMA ~ YTPUMYBaHUMH  Pa3oM  MDKMOJIEKYJIAPHUMHU
€IHAIBHUMH B3aeMmojisiMu. lle - HalBUIOI MIPOI0  MDKIMCUHMIUIIHApHA Taly3b
3HAHHS, 10 MOEAHYE HAYKY 1 TEXHOJOTII0, IO MEPEeKHIae MOCTU Bl XIMIi 0
O1oJiorii. Pe3ynbpTaTu cynpaMoseKyIsipHUX JOCHIII)KEHb HEOAMIHHO BUKOPHUCTOBYETHCS
K XiMiyHa 0a3za MpuU MOJICTIOBAHHI MOJICKYJSPHUX 1 MDKMOJIEKYJISIPHHX B3a€MOJIM
NPUPOJHUX MOJIEKYJ, a B3arajl 1 B HABKOJUIIHBOMY CEPENOBHILIE, a TaKOXK Y
CHPSIMOBAHOMY 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 - aHTITIHChKA);
- Jlen XK-M. CynpamonekyinsapHa ximist: Konuemnii 1 nepcrnexktuBu. HoBocuOipChKk:

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

Jlew XK-M. (J-M. Lehn) € naypearom HoOemiBcbkoi mnpemii 1 TOJIOBHUM
KOOPJIMHATOPOM CYYaCHHUX CYNPaMOJIEKYJIIPHUX AOCTIIKEeHb Yy €Bporni i AMepuit. |

OO0'exTaMu JOCTIKEHHSI CYMPAMOJIEKYJSIPHOI XiMii € BeJIMKI TMOPOXHUHHI
MOJIEKYJIM 1 iX KOMIUIEKCH 3 KaTiOHaMH, aHIOHAMHU Ta HEUTPAIbHUMHU MOJIEKYJaMU,
NOPIBHSHO HEBEJIMKOTO0 po3Mipy. B ocTaHHI AECSATHIITTS CHHTE30BaHI 1 JOCTATHHO
no0pe BUBYCHI TakKl HAJ3BUYAMHO IIKaBI MAaKPOTETEPOIMKIIIYHI CIIOIYKH K KpayH-
eTepu, KPUNTAHIW, KaBUTaHAW, KaJlIKCApEHW, AaHHYJICHU, IUKIO(paHH, KaTCHaHH,
potakcanu. OcoOivBe MiCIle TPH IOMY B XiIMii MaKpOIMKIIB 13 PsAy TPUYUH
3aiiMalOTh KpayH-€TepH, KPUIITAaHIW 1 iXHI TeTepoaHalord. Taki CHOMyKH 3/1aTHI
yTBOPIOBaTH CTAOUIbHI KOMIUIEKCH 3 10HAMHM MeETajliB, HEUTpaJIbHUMH OpPTraHIYHHUMU
CHOJyKaMH 1 BOJIOIO, COJIFOOLII030BAaTH X B OpPraHiuHl PO3UYUHHUKH, a00 MEPEHOCUTH

10HU Yepe3 MPUPOJIHI 1 ITYIHI MEMOpaHH.
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MeTtogamMu JOCHIIKEHHSI CYMpPaMOJIEKyIsIpHOi XiMii € Taki cy4acHi (i3uko-
XIMIYHI ~METOOM  JIOCIIKCHB gk [IMP, I4, VY®, wmac-cnekrpometpis,
PEHTTEHOCTPYKTYpHUN aHami3 1 1H., 10 3abes3neuye HAAIMHICTh 1 OJHO3HAYHY
IHTEPIIPETALII0 OTPUMAHUX PE3YIbTATIB.

OnHak, JaJIeKO HE BC1 3aKOHOMIPHOCTI TaKUX B3a€MOJIN PeTeIbHO BUBYEHI 1 IOBE/ICHI.
Tomy gocniKeHHs B IbOMY HANPSAMKY € JJOCUTh aKTyaJbHUMH.

MeTo10 naHOrO AOCHIKEHHS € CHUHTe3 1 (PI3MKO-XIMiUHE TECTyBaHHS HOBHUX
OpUTIHAJIBHUX CYNPAMOJCKYJISIPHUX CHOIYK (KOMIUIEKCIB '"TicTh-Xa3siiH") mpu
BUKOPUCTAaHHI AK TOPOKHMHHI MOJEKYIH '"Xa3sdiHIB" — KHCEHb 1 a30T BMICTHHUX
KpayH-€TepiB pi3HO1 OY[IBII, a K MOJIEKYJ "TocTe" — OopraHiyHUX 1 HEOPTraHIYHUX
CIIOJIYK, Y TOMY YHCJI MOPIBHSHHUX 32 PO3MIPOM 1 (PYHKI[IOHAIBHOIO CTPYKTYpOIO 3
KpayH-eTepaMH, OI0JOT1YHO AKTHUBHUX CIIOJYK, a TaKOX JIAOUIbHUX PIBHOBAXHUX
PO3YMHIB KUCIOT. Pe3ynpTaT UX JOCHIKEHb MOXYTh OYTH MPUUHATI 0 YBaru siK
XiMIYHAa OCHOBa TPH MOJICITIOBAHHI MOJIEKYJISAPHUX 1 MDKMOJEKYISIPHUX B3a€EMOIIN
MIPUPOTHUX MOJIEKYJI, a TAKOXK Yy CIIPSIMOBAHOMY CHHTE31 1HIIMX CYNpPaMOJIEKYISIPHIX
ancamOmiB.  OTpumani pe3ynbTatu 1€l poOOTH anpoOOBaHI HA MIKHAPOIHHUX
KOH(epeHLIsIX, Hapalax, CUMII031yMax 1 onmyOJIiKOBaH1 B MIXKHApPOJHUX JKypHaJIax.

3amaul JOCHIDKEHHS BKIIIOYAIOTh aHAJ3 BIIOMUX JITEPATypHUX JaHHUX 1
pPO3pOOKY METOMIB CHHTE3y IIepepaxoBaHUX BHUIIE OO'€KTIB, IMEPETBOPEHHS iX Yy
MOHOKPHUCTAJIM, 3JIACHEHHS PEHTIEHOCTPYKTYPHHUX  JOCIIKEHb  apXiTEeKTypu
OTPUMAHUX CYIOPAMOJEKYJISpPHUX aHCaMOJNIB y CHIBaBTOPCTBI 3  YCUISIKUMHU
IHTepHAILIIOHAIbHUMHA HAYKOBMMM KOMaHJIaMH, aHaji3 1 Y3rO/KEHHS OTPUMAHHUX
pe3yabTaTiB BITHOCHO BIZIOMHUX dheHoMeHIB BKJIIOUCHHS, HAKOITMYECHHS
KOHCTPYKTUBHUX BHCHOBKIB.

Tepmin BukoHaHHs Temu “ CyInpaMoJieKyJisipHa XiMisi Ha OCHOBI KpayH-€TepiB,

opraniyaux kucyaoT i ayriB” 3 01.01.2007 p. no 31.12.2010 p.
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1 KOMIIUIEKCU KPAYH-ETEPIB TA 4-AMIHOBEH30MHOI KUCJIOTH

4-AminoGensoiiHa kuciora (ITABK) Oyna BimHeceHa mo BitamiHiB B 1940 p.
micns Toro, sk Byac 1 ®@umbac ycTaHOBWIIM, MO BOHA HEOOXITHA JJIT PO3BUTKY
0araThb0X MIKPOOPTaHI3MIB 1 IO i CyJb(aHIIaMiIHUX TpenapaTiB IPUAYITYEThCS
MaJIUMU KUTBKOCTSIMH 4-aMiHOOCH30MHOT KUCIIOTH, 1HT101TOpaMu SIKHX BOHHU €.

4-AminoOeH3oitHa kucioTta (BitamiHn H) HeoOximHa st G10CHHTE3Y MESIKUX
BITaMiHIB Tpynu (oJiieBOi KUCIOTH, JI0 CKIIATy MOJIEKYJH SKUX BOHA BXOAHUTH. [0
TaKUM BiTaM1HaM, HAIPUKJIA]], CTABUTHCS ITEPOLITITyTaMIHOBA KHUCIIOTA.

Sk peuoBuHa, 110 MICTUTH amiHorpymy i kapOokcwui, [TABK Bononie amdboTtepaumu
BJIACTUBOCTSIMH, OyIy4Yd OJHOYACHOIO i CJIa0KOI0 KHUCIOTOI M CIIa0KOI0 MiJCTaBOIo;
BOJSHUI po3unH npu 25° mae pH 3,79. Jlng Hei XxapakTepH1 BCl XIMIUHI BJIACTUBOCTI

apOMaTUYHUX 3'€HaHb, MOB'sI3aH1 3 11 PYHKIIOHATLHUMU TPyTaMHu.

4-AmiHOO€H30MHas KUCI0Ta YTBOPUThH YHMCIEHHI MOXIAHI SK 10 aMIHOTPYIIi, TaK 1 1O
KapOOKCWJIBHOT TpyIi; 0araTo XTO 13 IHUX MOXIJHUX MAalTh KOIITOBHI JIKYyBaJbHI
BJIacTUBOCTI. ETunoBuii ecrep 4-aMiHOOEH30MHOT KUCIOTH (aHECTE3MH) 1 METHJIOBUMN
edip 4-amiHOOEH30MHOI KUCIOTH BOJIOAIIOTH Jyxke ciadkoi (0,01-0,06%) BiTamiHHOT
AKTUBHICTIO BIJBHOI KHUCIOTH. Y TOH K€ dYac JIeTHJIaMIHOCTHJIOBUN ecTep 4-
aMiHOOEH30MHOT KHUCJIOTH (HOBOKAiH) Ma€ AaKTUBHICTh BUIbHOI Kuciaoth. lle
MOPO3YMIBAETHCSI MOTO JIETKUM TIAPOJI30M B OpraHi3mi 3 YTBOPEHHSIM BUIBHOIO

BITaMIHY.

4- AMiHOOEH30MHa KUCIOTa KaTajizye 010XIMIYHI peakilii, MoB'sA3aHl 3 CHHTE30M
PI3HHX 3'€/IHaHb, NMUISIXOM BBEICHHS B IXHIO MOJICKYJy OJHOBYTJCIIEBOTO 3'€THAHHS
TUIy MypamuHoi KuciaoTd. llpukimagoM Takuil peakiii cioyXuTb Ol0CHHTE3
TIMTOKCAHTIHY.

Mertoto po6oTH OyJI0 BUSHAYEHHS MOKIIMBOCTI CHHTE3Y KPUCTATIYHUX MOJICKYJISIPHUX
KOMIUJIEKCIB KpayH-eTepiB 3 4-aMiHOOCH30HHO0 KUCIOTOK 1 BUSIBJICHHS 0COOJIMBOCTEN

y B3a€EMOJISIX IIMX MAapPTHEPIB KOMIUIEKCOYTBOPEHHSI.

BcranoBneHo, 1o mnpu MHUMOBUIBHOMY BHIIapi PO3YMHHHUKIB 3 PO3YHHIB

azakpayH-eTepiB —  aza-12-kpayH-4, mia3za-12-xpayH-4, Terpaasa-12-kpayn-4
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rekcameTinrerpaasa-14-kpayn-4, aza-18-kpayHn-6 ta ninepuauny 3 4-aMiHOOEH30MHOIO
kucnotoio (ITABK) yTBopsThCS KpHrCTaIiuHi MOJIEKYIISIPHI KOMITJIEKCH.

Onucani B3aeMojii MOXYTh OyTH BpaxoBaHI $IK CKJIaJloBa YacTHHA TMIPH
MOJIETIIOBaHHI MOJICKYJISIPHUX B3a€MO/IIN JTIKAPCHKUX MOJIEKYJI.
Ha pucynkax 1.1 — 1.6 npuBoAMMO CTPYKTYPH KOMIUIEKCIB a3aKpayH-eTepiB 3

ITABK.

81W

Pucynok 1.3 Ctpykrypa koMmIuiekcy aiaza-12-kpayn-4 3 [IABK
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Pucynok 1.5 CtpykTypa KOMIUIEKCY TekcaMmeTinTeTpaa3a-14-kpayn-4 (tet B) 3

ITABK

/\

Pucynok 1.6 Ctpykrypa koMIiekcy a3za-18-kpayHn-6 3 [IABK

KomnoneHnt komiuiekcy minepuaud (PucyHok 1.1) BxKe BHKOPHUCTOBYETHCS Y
dapmakonei.  ToMmy oTpuMaHi CHOJYKH MOXYTh TMPEACTaBIATH 1HTEpPEC s

MOJAJIBIINX JTOCIHIKEHb 3 00Ky 010XIMIKIB.
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2 KOMIUIEKCU KPAYH-ETEPIB TA 2-OKCIBEH30MHOT (CAJIILMIIOBOT)
KUCJIOTU

2-oKkciOeH30MHa  (CcalmiluiIoBa)  KUCJIOTa  IIUPOKO  BUKOPUCTAETHCS Y
dbapMaleBTUYHIN MPAKTHII].

Metoro poGotu Oyl0 BHU3HAYEHHS MOMJIMBOCTI CHHTE3Y KPHUCTATIUYHUX
MOJICKYJIIPHUX KOMIUICKCIB KpayH-€TepiB 3 CaJIIMIOBOI KHCJIOTOK 1 BUSBIICHHS

0COOJIMBOCTEN y B3a€EMO/IISAX IIUX MAPTHEPIB KOMILJIEKCOYTBOPEHHS.

BcraHoBieHo, 110 NP MUMOBLIBHOMY BHIApl PO3YMHHHMKIB 3 PO3YMHIB
azakpayH-eTepiB — aza-12-kpayn-4, a3a-18-kpayH-8, OeH30-a3a-15-kpayH-5,
rekcameruiterpaasa-14-kpayn-4, 3 CaIIWIOBOIO  KHUCJIOTOIO  YTBOPIOIOTHCS
KpUCTAJIYH1 MOJIEKYJISIPHI KOMIUJIEKCH.

Onucani B3aeMmojii MOXyTh OyTH BpaxoOBaHI $IK CKJIaJloBa YacTUHA TIPU
MOJICITFOBAHH1 MOJICKYJIIPHUX B3a€MOJIIH JIIKAPCHKUX MOJICKYJI.

Ha pucynkax 2.1 — 2.4 npuBOJIMMO CTPYKTYpH KOMILUIEKCIB a3aKpayH-eTepiB 3

CAJIIUIIOBOIO KUCIIOTOIO

Pucynok 2.1 — CtpykTypa KoMIuIeKcy OeH30-a3a-15-kpayH-5 3 camiuioBoio

KHCJIOTOIO



Pucynok 2.2 — CTpykTypa KOMIUIEKCY a3a-12-kpayH-4 3 caniiuaoBorO

KHCJIOTOIO

Pucynok 2.3 — CtpykTypa KoMmIuiekcy a3a-18-kpayH-6 3 camiiuioBoro

KHCJIOTORO

14
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Pucynoxk 2.4 — CtpyKTypa KOMIUIEKCY rekcameTinTeTpaasza-14-kpayn-4 (tet B) 3
CaITIIHAIIOBOIO KHCIIOTOIO
[Tipepiaua — 6 YICHHUI reTepPOIMKI, IMUPOKO BUKOPUCTOBYBAHHM SIK 0a30BuUit

(dbparMeHT y CUHTE31 JTIKapChKUX 3aCO0IB.

[{ine cuHTE3y — BHU3HAYEHHS MOKJIMBOCTI OTPUMaHHS KPUCTATIYHUX

MOJICKYJIIPHUX KOMIUIEKCIB Ha OCHOBI MIPEPIIMHY Ta CATIIUIOBOI KUCIOTH.

Ha pucyHky 2.5 NpuBOAMMO CTPYKTYPY KOMIUIEKCY MIPEPIIUHY 3 CATIUIOBOIO

KHCJIOTOIO.

Pucynok 2.5 — CTpyKkTypa KOMILUIEKCY MPEePiIMHY Ta CAIIUIOBOI KUCIOTH
Buxonsun 3 miteparypHux JpKepen, el mpoayKT Oyjae mMaTu OUTbINy XIMIYHY

CTaOLIBHICTh Ta KpaIly 3aCBOIOBAHICTb.
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3 KOMIIJIEKCU ABAKPAYH-ETEPIB, ITIITEPA3UHY 1 2-AMIHO-2-
(TTAPOKCIMETIUITPOITAH-1,3-A1OJIY 3 MEOGEHAMOBOIKO KUCJIOTOHO

MedenamoBa KHCIIOTa € MOXIAHUM aHTPAHILIOBOI KHUCIOTH, IO MA€ €IEMEHTH
CTPYKTYPHOI MO1IOHOCTI 13 CAIIIMIIOBOIO KMCJIOTOXO 1 ii MOX1THUMH, 3aCTOCOBYBAaHUMU
AK MpoTHU3anaibHi 3aco0u. BoHa Mae aHanre3uBHY, )KapO3HIKYIOUY 1 MPOTU3ANATIbHY
aKTUBHICTh, MPUYOMY SK MPOTU3aNajJbHUI 3acid mepeBepllye MO aKTUBHOCTI
camimwiatid. [lo aHanre3WBHIM aKTUBHOCTI Me(peHaMOBa KHUCJIOTa PIBHOIIHHA
OyTanioHy W mepeBeplIye callllWiIaTh, a MO >KAPO3HWXKYIOYINH Ali JOPIBHIOE UM
mpernapaTam.

[To mexanizmy nii mMedeHamMoBa KucIoTa ONU3bKA N0 1HIIUM HECTEPOiTHUM
MpoTH3analbHUM pedoBUHaM. [0 31aTHOCTI THITUTH OIOCHHTE3 NPOCTArJIaH]IIHOB
3aiiMae MpoOMIXKHE MICIe MK OYTa{lIOHOM i 1HIOMETAI[IHOM.

3acToCcOBYIOTH Me(eHamMOBY KHCIOTYy TP peBMaTH3Mi, HecnenudiuHomy
1H(MEeKIIHHOMY TIOMIAPTPUTI, apTpairisix 1 M'S30BUX OOJIAX, HEBpaiTrisX, Mpu
TOJIOBHOMY ¥ 3yOHOMY 00J11, SIK KapO3HMKYIOUE MPU PI3HUX TAPIIYKOBHX CTAHAX.

Henonikom kucnotu, mo oOMexye il BUKOPUCTAHHS K JIIKapChKHM 3aci0, €
HEBHUCOKA PO3YMHHICTH y BOJi. EQEKTHUBHHM CIOCOOOM MiABUIIECHHS PO3YMHHOCTI
MOXKE 3'SBUTHCS CHUHTE3 PO3YMHHHMX COJHOBUX KOMILJIEKCIB Me(eHaMOBOi KHCIOTI 3
aMIHaMHU.

[inp po6OTH — BU3HAYEHHSI MOKJIMBOCTI CUHTE3Y KPUCTAJIIYHUX MOJIEKYJISIPHUX
KOMILJIEKCIB Ha 0a31 Me()eHaMOBOI KUCJIOTH Ta a3aKpayH-€TepiB, a TAKOX MINepa3uHy
1 2-amiHO-2-(TiApoKcimMeTu)nponaHn-1,3-auony. He BukitoueHo, 0 1UJIbOB1 MPOAYKTH
OyayTh MaTH OLIbIILY XIMIUYHY CTAOUIBHICTD Ta Kpally 010JI0T1YHY 3aCBOIOBAHICTbD.

B3aemoni€ero 3a3Hau€HHX KOMITOHEHTIB OTPUMAHO KPHUCTAIIYHI MOJEKYJSIpHI
KOMILIEKCH.

Ha pucynkax 3.1 — 3.4 npuBOOUMO CTPYKTYpH KOMILIEKCIB Me(eHaMOBO1

KHCJIOTH 3 aMiHOCHOHYKaMI/I.



Pucynox 3.3 — CtpykTypa KoMIiekcy Me(h)eHaMOBOI KHCIIOTH 3 TiNepa3uHOM

17
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Pucynox 3.4 — CtpykTypa KoMIUIekcy Me(heHaMOBOI KUCIIOTH 3 2-aMiHO-2-

(rimpokcimetin)nponan-1,3-1roaom

KoMrioneHTH  KOMIUIEKCiB,  Taku  sIK:  MiONepasuH 1 2-aMiHO-2-
(rimpoxcumeTtinm)nponan-1,3-11M0a Bke BUKOPHUCTOBYIOThCA y ¢apmakorei. Tomy
OTpUMaH1 CIOJYKA MOXYTh MPEJCTABISITH 1HTEpPEC I MOAQIBIINX TOCTIIKEHb 3

00Ky 010X1MIKIB.

4 KOMIUIEKCHA CIIOJIYKA — ITMPAHTEJI ITIAMOAT

[TupanTen mamoaT — KOMIUIEKCHA cib 1, 4, 5, 6-Terparinpo-1-meTun-2-[TpaHc-
2-(2-tienin)-BiHN|-MipiMiAKHY 3 3-0KCi-2-HAPTOATOWHOI KHCIOTO¥O.

VY 3B'A3Ky 3 BHUCOKOIO €(EKTUBHICTIO i HU3BKOK TOKCHYHICTIO HOTO IIMPOKO
3aCTOCOBYIOTH IPH JIIKYBaHH1 SHTEP00Oi103y B JITEH.

[{ime poboTM — BU3HAYEHHS MOXJIHMBOCTI CHHTE3y MOHO-KPUCTATIYHUX
KOMIUIEKCIB MUpPAHTEN NmamMoary. PEeHTreHOCTPYKTYpHHUM onuc OyI0BU II€T CHOTYKU
BIJICYTHIH.

BcranoBneno, 1o npu MEUMOBUIBHOMY BUTIAPl PO3YMHHUKIB 3 PO3UMHIB 1, 4, 5,
6-Terpariapo-1-merni-2-[Tpanc-2-(2-TieHia)-BiHUI|-TpiMiIUHY 3 3-okci-2-

Ha(i)ToaTOI\/IIHOIO KHCJIOTOIO YTBOPIOIOTHECA MOHO-KPHUCTAJIN KOMILICKCY.

Ha pucyHky 4.1 npuBoauMO CTPYKTYpy NUPAHTEN IaMOATYy.
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Pucynok 4.1 — CtpykTypa KOMIUIEKCY MHUPAHTEN MamMoaTy

5 KOMIUIEKCH I30HIA3NAY TA OPTTAHIYHUX JIKAPBOHOBUX KUCJIOT

[3on1a3un (isoniazidum) — rigpa3uj] 130HIKOTUHOBOI KHUCIOTH. € OCHOBHHUM
MPEICTABHUKOM TOXITHUX 130HIKOTHHOBOI KHCIIOTH, IO 3HAWIIIN 3aCTOCYBAHHSI SIK
MPOTUTYOEPKYITHO3HI 3aco0u. [Hii npenapaTu 1iei rpynu (GTuBaszu, erioHamis i iH.)
MOXYTh PO3TIISIAATUCS K MOX1AHI TiApa3uaa 130HIKOTUHOBOI KUCIOTH. [30H1a3ua Mae
BHCOKY OakTeploJIOTIYHY AKTHMBHICTh BIAHOCHO MIiKOOAaKTepiki TyOepkynbo3y. Jis
oOyMOBJIEHA 3JATHICTIO 130HIa3Uy OJIOKYBAaTH aKTHUBHICTh (PEPMEHTIB, IO OepyTh
y4dacTb y 010CHHTE31 KOJlIareHa.

[{ims po6OTH — BU3HAYCHHSI MOXKJIMBOCTI CHHTE3Y KPUCTAIIYHUX MOJICKYJISIPHUX
KOMILJIEKCIB Ha OCHOBI 130H1a31/ly Ta OPTaHIYHUX AIKAPOOHOBUX KUCIOT. MOMKIHBO, IO
LIJTLOBI MPOAYKTH OYyTh MaTH OUTbIITY XIMIYHY CTaOLIbHICTb, Kpallly 3aCBOIOBAHICTbD,
MaTH MEHII TOO19H1 €(heKTH.

BcranoBneHo, 1m0 Opyd MUMOBLIBHOMY BHIapi PO3YMHHHUKIB 3 PO3UYMHIB
130H1a31]1y 13 psIIOM HETOKCHMYHMX OPTaHIYHUX J1KApOOHOBUX KHCJIOT YTBOPIOKOTHCS
KPUCTAIIYH1 MOJIEKYJIAPHI KOMILIEKCH.

Ha pucynky 5.1 — 5.3 npuBoauMO CTPYKTYpU KOMIUIEKCIB 130HIa3uay Ta

OpraHiuyHUX J1KapOOHOBUX KHUCIIOT.
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Pucynok 5.3 CtpykTypa KOMIUIEKca 130HIa3UAy Ta aIUITMHOBOT KUCIIOTH

Taki KOMIOHEHTH KOMIUIEKCIB, SIK TIEpPENTiueHl KUCIOTH, B)KE€ BUKOPUCTOBYIOTHCS
y dapmakoniei. ToMy oTpuMaHl CHOJIYKH MOXYTh TMPEJACTABIATH 1HTEpeC i

MOJAJIbIINX JTOCIIKEHb 3 00Ky 010XIMIKIB.

6 CYITPAMOJIEKYJIAAPHI KOMIUIEKCH 2.4-JITIOYPALIMITY
3 KPAYH-ETEPAMHU

Bigomo mio 2,4-mpitioypamnui icHye y 6 tayromepHux dopmax (Pucynok 6.1).
CrpykrypHi BigoMocTi monao ¢ikcamii Tid yu iHIINA Qopmu  2,4-miTioypanuiy y

CynpaMoIyKysIpHi 200 1HIII KOMIIJIEKCH BIJICYTHI.
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Pucynok 6.1 — TayromepHi gopmu 2,4-niTioypanuily Ta BUKOPUCTaH1 KpayH-
eTepi
JloBeeHO, 0 KpayH-€TEepU CEJIEKTUBHO 3B'A3YIOTh Y KOMIUIEKCH JIMIIE OJIHY

tayToMepHy dopmy 2,4-nitioyparminy — DTU, nepury (Pucysok 6.2-6.5).

Pucynox 6.2 — CtpykTypa KoMIiekcy 2,4-nmitioypammty 3 6er30-18-kpayn-6



Pucynox 6.5 — Ctpyktypa komIiuiekcy 2,4-nitioypanuiy 3 4-6pomOen3o-18-kpayH-6

7 KOMILJIEKCU KPAVH-ETEPIB 3 ETIOH- 11 ITIPOTIOHAMIJIOM

ETIOHAMIJT (ethionamidum) — Tioamis eTHII30HIKOTUHOBOT KKCIIOTH, a00 2-
eTun-4-tiokapOamoin-4-mipuaiH. 32  CTPyKTyporo W aHTHOaKTepialbHUMU
BJIACTUBOCTSIMU OJNM3BbKHUI A0 130HIa3uiy, aje MEHII aKTUBHUH, Pa3oM 3 TUM Ji€ Ha
CTIWKI 70 130HIa3umy mmTaMu MikoOakTepii. [IpoTutyOepKynbo3HMIA Tpemapar.

ETionamin 3acTOCOBYIOTH TaKOXK ISl JIIKYBaHHS JICTIPH.
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[MPOTIOHAMI/J] (Protionamidum) — Tioamia MpOIiTi30HIKOTHHOBOI KHCIIOTH,

a6o 2- npomnin-4-tiokapoamoin-4-TipuIiH.

XiMIiYHO OJU3BKMM JI0 €TIOHaMITy, BIAPI3HIAETHCA JIHUIIE 3aMiHOK ETIJILHOTO
paaukana y mojiokeHHl 2 Ha mpomuibHuM.  [lo mpoTHTYOepKynbO3HIM aKTHUBHOCTI
ICTOTHO HE BIJIPI3HSAETHCS BiJI €TIOHAMiAy, ajieé Kpalle MEePEHOCUTHCS. Moxe
3aCTOCOBYBATHCS B KOMOIHAIl 3 130HIA31JOM ¥ 1HIIUMH MPOTUTYOEPKYJIHO3HUMHU

npenapatamu. [IpoTioHamia peKOMEHIY€EThCS P MOTaHUH IEPEHOCHOCTI €TIOHAMITY.

{116 po6OTH — BU3HAYEHHSI MOKIIMBOCTI CUHTE3Y KPUCTAIIYHUX MOJEKYJISIPHUX
KOMILJIEKCIB Ha OCHOBI NPOTIOHaMiJy, €TIOHamigy, KpayH-eTepiB Ta HETOKCUYHUX
OpraHiyHuX KUcaoT. L{11b0B1 MpoyKTH OyAyTh MaTH OUIBILY XIMIYHY CTAOUIBHICTh Ta

Kpally 3aCBOIOBAHICTb.

B3aemoniero 3a3HaYCHUX KOMITOHEHTIB OTPUMAaHO KpHUCTaII4HI

cympaMoliekysipHi komiuiekcu (Pucynok 7.1 — 7.7).

Pucynok 7.2 CtpykTypa KOMIUIEKCY €TIOHaMIly Ta JIIUKIOrekcaHo-18-kpayH-6
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Pucynok 7.3 CtpykTypa KOMILUIEKCY €TiOHaMiy Ta KOPKOBOT KUCIOTH

Pucynoxk 7.5 CtpykTypa KOMIUIEKCY MpoTioHaMiny Ta 18-kpayH-6
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Pucynok 7.6 CrpykTypa KOMIUIEKCY MpOTIOHaMiAy Ta IiIUKIOTreKcaHo-18-
KpayH-6

Pucynok 7.7 CTpykTypa KOMILIEKCY TPOTIOHAMITy Ta KOPKOBOI KHUCIOTH

Kommonent kommiekcy - axmiminoBa kucinora (Pucynok 3.4) Bxke

BUKOPHUCTOBYETbCA y ¢apmakomnei. ToMy oTpuMaHi CIOIYKH MOXYTh CTaHOBUTHU

1HTepec JUIs MOAAIBIINX JOCTIIKEHb 3 00Ky 010XIMIKiB.

8 CEJIEKTUBHA B3AEMO/IIS1 MOJIEKYJI "XA3SIHIB":
KPAVYH- ETEPIB 3 I[IOXIIHUMU TPUOGEHIVIMETAHY

[Tomryk CeIEKTMBHUX B3a€EMOJIIM HEHUTPATbHUX MOJIEKYJ, IO MPUBOAATH JI0
YTBOPEHHSI MOJEKYJSIPHUX KOMILIEKCIB MOJICTIOIYNX IIHPOKO PO3MOBCIOIKEHI
nporiecu B 010JI0OTIYHUX CHCTEMax € OfHa 3 MPIOPUTETHUX 3a7ad XiMii "TiCTh-xa3siH".
Buuepnaum kepiBaunrBoM [Comprehensive supramolecular chemistry / Editors J-M.

Lehn, J.L. Atwood, J.E.D. Davies, D.D. MacNicol, F. Wogtle. Oxford — New York —



26
Tokyo: Pergamon, 1996, Vol. 1-11.] sx kpayH-eTepH, TaK i MOXiJHI TpudeHIMeTaHy
BIIHECEHI 10 MOJICKYJ "Xa3siB", 3MaTHUM 3B's3yBaTH MEHIII MO PO3Mipi "TOCThOBI"
MOJIEKYJIA Y KOMITJIEKCH.

{16 po60TH — BU3HAUECHHS] MOKJIMBOCTI CHHTE3Y KPUCTAIIYHUX MOJICKYJISIPHUX
KOMIUICKCIB KpayH-ETepiB 3 MOXITHUMHU TPU(PEHUIMETaHYy 1 BUSBJICHHS CEJICKTUBHOCTI
y B3aEMOJIISX IIUX TAPTHEPIB KOMILIEKCOYTBOPEHHSL.

BcranoBieHo, o npu MUMOBUIBHOMY BHIIapi PO3YMHHUKIB 3 PO3YMHIB MaJIOTO
"koponauay" — 1,4,7,10-terpaokcanukinonoackany (12c4) i3 rpudeninmeranonom (1a),
1,1,1-tpudeninmerinaminom  (I6) 1 Tpudenunmerantiosom (IB)  yTBOpATHCS
KpUCTATIYHI  MOJCKyJsapHi  komruieken —  [12¢42(CeHs);COH] - (II0),

[12¢42(CgHs)sCNH;] - (IV), [12¢42 (CeHs)3sCSH] - (V) BianosiHo.
[
o 0 j
L. A
L
12¢4

Y -

¢
/

Y Y

[0 Oj /_\

BusiBieHo TakoXk, 110 B IUX K€ yMOBaxX MPU BUKOPUCTaHHI CyMIIl KpayH-
etepiB: 12c4, 15¢5 Tal8c6 moximui Tpudeninmerany (la,0) cenekTUBHO YTBOPSTH
KpUcTalliuHi komruiekcu jumie 3 12c4 - (III, IV). BBenenns B apoMaTuuHy 4acTUHY
MoJieKynu TpudeHiameranony H-moHopHOi cynb(amigHOi Tpynd iCTOTHO 3MIHIOE

pe3ynbTaT KOMIUIEKCOYTBOpEHHs. Tak mpu B3aemomii 3-(ruapokcuaudeHiIMeTin)
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6enszoun cynbbhaminy (I1) 3 Ha3BaHOIO CYyMIMIIITO KPayH-€TEPIB CEIEKTUBHE BUILISIETHCS
KpucTamiyauii komruieke ckimany [18k6 =~ 2 m-HoNSO,CeHyu(CgHs),COH] — (VI).
Panime y B3aeMojii HEUTpaJbHUX MOJEKYJ 3 TEpepaxoBaHUMHU KpayH-eTepamu
CEJIEKTUBHOCTI  BiJ3HaueHO He Oyno. Hasnpotu, N-(peHuicynbhoHLT)OEH30T
cyasdhamig HN(SO,CeHs), mae xpucramiuai MOJEKyISIpHI KOMILIEKCH K 3 12¢4, Tak i
3 18c6.

Sk mpukiazn, Ha pUcyHKy 8.1 HPUBOIMMO CTPYKTYypy Komruiekcy [18k6 ~ 2 m-
HoNSO,CgH4(CeHs),COH] — (VI):

CQSA] @

=

Q
Ce)  CiS)

Pucynok 8.1 Crpykrypa [18k6 2 m-H,NSO,CeH4(CgHs),COH] — (V1)

TakuMm 4YWHOM, BIEpIE OIKCaHI CEJEKTUBHI  B3a€EMOJi KpayH-eTepiB 3
00'éeMHUMH TOXITHUMHU TPU(DEHUIMETAHY KPUCTATIYHMX MOJIEKYJISIPHUX KOMILIEKCIB,
o npuBoAATh A0 yrBopenns, (III, IV, VI) 1 mo Moxe OyTu BpaxoBaHe sIK CKJIa0Ba
JacTHHA MIPHU MOJEITIOBAHHI MOJICKYJISIPHUX B3a€MO/I1i MOPIBHIHO BETUKUX TPUPOTHIX

MOJIEKYJI, @ TAKOX 3'IBUTHUCS XIMIYHOIO OCHOBOIO MOy CyMIlIeH KpayH-€TepiB.

9 KOMIUVIEKCU A3AKPAYH-ETEPIB TA CYJIb®AHIJTAMIAHNX
[TPEITAPATIB

CynpdaninaMiHl mpemnapaTd HIHUPOKO BUKOPHUCTAIOTHCS y (apMaleBTUYHIN
MpaKTUI K OaKTEPUIIK/IHI 3aC001 MMPOKOT ii.

Mertoro po6oTH Oys10 BUSHAYEHHSI MOXKJIMBOCTI CHHTE3Y KPUCTAIIYHUX
MOJIEKYJISIPHUX KOMILIEKCIB a3aKpayH-eTepiB Ta Cyjb(paHiIaMiIHUX PEnaparis 1

BUSBJICHHSI 0COOJIMBOCTEN y B3a€MOJISIX LIUX MAPTHEPIB KOMILIEKCOYTBOPEHHS.
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BcranoBneno, mo mnpu MUMOBUIBHOMY BHIApl PO3YMHHUKIB 3 PO3UMHIB
azakpayH-etepiB — 5,7,7,12,12,14-rexcamerin-1,4,8,11-reTpaa3anukioTeTpaackaHy
(tet B) ta 1,4,7,10-terpaazammiogonekan (Cyclen) 3 psamom cynbdaHinamigHux
mpenapariB:  €Ta3ojd, Cyiab(aMOHOMETOKCHH, HOpCyibdhaszon, cyiabdameH Ta
cynbhaguMe3rH, 3a paXyHOK MIKMOJICKYJSIPHHX BOJHEBUX 3B’SI3KiB, YTBOPIOIOTHCS
KPUCTAJIIYHI MOJICKYJISIPHI KOMITJIEKCH.

Omnucani B3aeMoAll MOXyTh OyTH BpaxoBaHI fK CKIaJoBa YacTWHA TPHU
MOJIETIIOBaHHI MOJIEKYJISIPHUX B3a€MO/I1H JIIKAPCHKUX MOJIEKYIL.

Ha pucynkax 9.1 — 9.6 npuBoIMMO CTPYKTYpH KOMIUIEKCIB a3aKpayH-€TepiB 3

cyJb(haHIaMITHUMH MperapaTaMu.

HE /
B

[ A

y o

~N3A NIA

X
t 2

Pucynox 9.2 — Ctpykrypa kommuiekcy Cyclen 3 eTazonom

1 N1

Pucynok 9.3 — Ctpykrypa komiuiekcy tet B 3 cynbdamonomeTokcunom
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Pucynoxk 9.6 — Ctpykrypa komIuiekcy tet B 3 cynbdagumesnnom
[linx 4yac poOOTM TakoXX 3HANMIEHI yMOBU CHHTE3Y HOBUX KOMILICKCIB
CATIIIMIOBOI  KHUCJIOTH 3  HETOKCHYHUMH  a30T-BMICTHIMH  Te€TEPOIMKIAMH,

BUKOPUCTOBYBAaHUMHU y (papMaKoJIoTii.

10 KOMIUIEKCHU TIIITEPUANHY 1 ITHIEPA3VHY TA
CYJIbOAHUTAMIIAHUX TTPEITAPATIB

[linepuauH 1 minepasuH MIUPOKO BUKOPUCTOBYIOTHCA Yy (apmakojoru sk
CKJIa/I0Ba YaCTWHA TMPHU MPUTOTYBaHHI PO3UMHHUX JIIKAPCHKHUX 3ac00IB y 3B’S3KY 3 X

JOCUTH HU3BKOIO TOKCHYHICTIO.
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[{ine poOOTH — BHU3HAYEHHS YMOB CHHTE3y MOHOKPHCTAIIYHUX KOMIUIEKCIB
HiNepUIMHy 1 Minepa3uHy Ta cyib(aHlIaMiTHUX TpenapaTiB. PEHTreHOCTpyKTypHUi

aHaJji3 OyJ0BU OITUX CIIOJIYK.

BcTranoBneHno, 1o mnpu MHMOBUIBHOMY BHUIIapl PO3YMHHUKIB 3 PO3UYHHIB
HiNepuIMHy 1 MinepasuHy 3 psAaoM Cyib(haHUIaMIIHUX MpernapaTiB: HOPCyIb(aszol,
Cynb(haIUMETOKCUH Ta CyJIb(GaAuMe3uH, 3a PaxyHOK MDKMOJEKYISPHHX BOJHEBUX
3B’SI3KIB, YTBOPIOIOTHCS KPUCTAIIUHI MOJIEKYJISIPHI KOMIUICKCH.

Ha pucynkax 10.1 — 10.5 nmpuBoAMMO CTPYKTYpH KOMIUIEKCIB MINEPUAMHY 1

ninepasuny 3 cyJib(aHiTaMiTHUMU TpernapaTaMu.

Pucynox 10.1 — CTpyKkTypa KOMIUIEKCY TINEPUANHY 3 HOPCYIb(hazonom

%

I

Pucynox 10.3 — CTpyKkTypa KOMIUIEKCY TINEPUIUHY 3 CYIb(HaTUuMETOKCUHOM
BpaxoByroun T  OOCTaBMHM, 110 KOMIIOHEHTHM  KOMIUIEKCIB  BXKe
BUKOPHUCTOBYIOThCSl ¥ (hapmakomnei, OTpuMaHi CHOJYKH MOXKYTh MaTu IHTEpeC A

MOJAIBIIHNX JTOCTIKEHB 3 00Ky 010Xi1MIKIB.
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11 KOMIIJIEKCY KPEMHE®JIYOPOBO/JIHIM KHCJIOTH 3 MOXIJTHUMMU
[MIPUANHY TA KPAYH-ETEPAMU

Bimomo, mio apxitekrypa sKa peami3yeTbcsi Yy CTPYKTypax "oHieBuX"
rekcadayopociaikatiB Ta MikioHHI H-3B'S3kM B MOMITHOMY CTYIEHI BHU3HA4YalOTh
0CcoOJMBOCTI TeoMeTpii ¥ (i3UKO-XIMIYHE TOBOKEHHSI cosieil. Pobora mpomaoBxkye
MoyaTi paHilmie IOCIHIPKeHHS Mpo BIMB H-3B's3kiB Ha OymoBYy U BIAcCTHBOCTI
rekcapiyopocuTikaTiB  apujiaMOHII0O ¥ TpHUCBSYEHAa BHUBUCHHIO KPHUCTAIIYHOI
CTPYKTYpH rekcaayopoculiKaTiB 3 MOXITHUMH MIPUIUHY Ta KpayH-€Tepamu.

B3aemomni€ero 3a3Hau€HHX KOMIIOHEHTIB OTPHUMAHO KPHUCTAII4HI MOJEKYJSPHI

komruiekcu (pucynku 11.1 —11.10).

Pucynok 11.3 — Crpykrypa rekcadiayopociiikaty 2,6-aiaMiHOMIPUANHIIO
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Pucynok 11.8 — CtpykTtypa rexcadayopociiikaty 3-aMiHOMIPUAUHIIO

Pucynok 11.9 Ctpykrypa KkoMIuiekcy KpeMHe(ITyopOBOIHIA KHUCIOTH 3 4-

amMiH00eH30-12-kpayH-4

Pucynoxk 11.10 CtpykTypa KOMIUIEKCY KpeMHEe(DIyOpOBOIHIA KHUCJIOTH 13 a3a-
12-xpayn-4
Cnonyku TakoXX oxapakTepuszoBaHi wmeromamu [Y-, Mac-cmekrpomerpii,

MOTEHI[IOMETPIi, PO3YMHHOCTI; Oy0Ba ycTaHOBIeHa MeTo oM PCA.
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12 CUHTE3 I CTPYKTYPU KOMIUJIEKCIB KPAYH- 1 ASAKPAYH-ETEPOB I3
®JIYOPMETAJJIATAMU ITUPKOHIIO, T A®HIIO, HIOBIIO i1 TAHTAJIY

TanTan 1 HI001M MarOTh 37aTHICTH HE BUKJIMKATH B )KMBUX TKAaHWHAX 3alaIbHUX
IpoLeCiB, WO JIO3BOJISIE BHUKOpPUCTATH iX Yy wMeaunuHi. [I’stu okuc TaHTany
BUKOPHUCTAETHCSA [JIsl TPUCHUIIAHHS PaH 3 METOI0 TNMPUCKOPEHHS 3TOpPTaHHS KpOBI M
3aCTOCOBYETHCS TIPH Omikax. YucTi MeTasieBl HI001# 1 TaHTall 3HAXOATh 3aCTOCYBAHHS
npy BUPOOHHUIITBI JeTayiel TOAuH, (oToarnapariB, ONTUYHUX MPWIAJIB 1 XIPYPriuHUX
IHCTpYMEHTIB. Jleski CIUlaBu 3 HIKEJIeM, BOJb(pPaMOM 1 pEHIEM € 3aMIHHHUKaMU

IJIATUHY, 1pUJIIO i 30J10Ta.

Onyopunu. [Ipu po3urHeHHI MeTajleBUX HIOO1I0 ¥ TaHTally, TipaToBaHUX a0o
MPOKAPEHUX II'ATU OKUCEH y (IIyOpOBOAHIN KHUCIOTI YTBOPSATHCS KOMIUIEKCHI
dbayopoBoani kuciaotu. Ckiaa IUX KHCIOT 3aJeKuTh Bif KoHmeHtparii HF. Ilpu
HAUIMIIKY  (QIyOpOBOMHINA KUCIOTH yTBOpsAThes — (ayoponiobieBa H,[NbF7] i
¢uryoporantanoBa H, [TaF;] kucmoru. Ilpm Hemoniky (iayopoBomHili KHCIOTH
xommiekcHuit ion [MeF;]* mepexomuts B ion [MeFg]® , a ocramHiil y BOMSHHX
pO3YHHAX THUApOIM3yeTcs 10 okcupropuaoB [MeOFs] #, [MeOF,], [MeOF]* a6o
[Me,Fs]*. KommrexcHi diayopuan € Haibinbm CTifKAMM CIOTYKaMH HioGil0 i
TaHTaJTy, BOHU 3HaXOJATh 3aCTOCYBAaHHS B aHAIITUYHIN XiMIi.

3pocTaroue 3aCTOCYBaHHs H100110, TaHTay, LIMPKOHIIO U TadHIt0, a TAaKOX iXHIX
CHOJYK Y PI3HUX Tally3sfX HOBOI TE€XHIKH, BUKJIMKAIO HEOOXiJHICTh y BCEOIYHOMY
BUBUEHHI 1UX eneMeHTiB. Onyopuani xommiekcu 1upkoHito(I1V), raduio(IV),
H100110(V) 1 TanTanmy (V) € KIIOYOBUMHM CIIOJYKAMU B TEXHOJIOTII BUTATY, MOAUIM WU
OUMINICHHS 3a3HAUEHWX METATB BiJ JOMINIOK. B OCHOBI METOAy JIEKHUTH TMPOIEC
eKCTpaKIlii abo 1poOOoBOi KpucTamizallii (PIyopOKOMIUIEKCIB 3 KUCIMX BOJISHUX PO3UYUHIB.
HeoOxinHum eneMeHTOM e(EeKTHBHOTO KEepyBaHHS IIMM TPOLIECOM € JaHl Mpo CTaH
(ITyOpOKOMIIIIEKCIB y PO3UHHAX.

3 ypaxyBaHHSAM OJIHI€EI 3 TPIOPUTETHUX 3aJad CYMNPAMOJICKYJSPHOI XiMii MO
BUSIBIICHHIO CEJIEKTHMBHHX B3a€MOMAIM 1 cTabumizamii KpayH-eTepaMH MaloCTIMKHX

CIIOJIYK B CTaOUIbHI KPHUCTaTI4HI CIOJYKHM BKJIIOYEHHS, METO pPoOoTu OyIo
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BHU3HAUEHHS MOKJIMBOCTI CEJIEKTHUBHOI €KCTpakiii 1 CHHTE3y CYNpaMOJCeKYyJISIpHHUX
KOMIUIEKCIB ~ pI3HOMaHITHHUX  a3akpayH-eTepiB 3  Tekca-  abo  remTta-
(bIyOPOKOMIIEKCHUMH KHUCJIOTaMHU H100110 1 TaHTaJy a TaKOXX IUPKOHII0 Ta radHiio 3

iX po34HHIB Y (hIyOpOBOIHINA KHCIOTI.

BcTranoBneHo, 1o mpu BUIIAPOBYBAHHI PO3YMHHHMKIB 3 PO3YMHIB HIOOIO 1
TaHTAJly a TaKoX IIMPKOHII0 Ta TadHII0 1 pPI3HOMAHITHUX a3aKpayH-eTepiB Yy
(GIyopOBOJIHINA KHCIIOTi, CEJIEKTUBHE yYTBOPIOIOTHCS KPUCTANIYHI CYNpPaMOJIEKYJISpHI
KOMIUIEKCH 3 JAeKadyopo-OKCcO-HI00aTOM, JeKadiyopo-OKCO-TaHTaJIaToOM,  JieKa-
dbayoporupkoHatoM ¥ aeka-gayoporadgHiatoM BiANOBIAHO. CTpyKTypa AESKHUX
CHUHTE30BaHUX CYIPaMOJEKYISIPHUX KOMIUICKCIB MpeAcTaBieHa Ha pucyHkax 12.1 —

12.4

Pucynox 12.1 — CTpykTypa KOMIUIEKCY JeKadIyopo-OKCO-TaHTaIaTy 3

aza-15-kpayH-5
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Pucynox 12.2 — Kommiekc nekadiayopo-okco-Hio0aty i3 aza-18-kpayH-8

*
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Pucynox 12.3 — CTpykTypa KOMIUIEKCY AeKa-()IyoporupKoHary 3 aza-18-

KpayH-6

Pl

Pucynox 12.4 — CtpykTypa KOMIUIEKCY Jeka-iyoporadHiaty 3 miaza-18-
KpayH-6

OpeprkaHi KpUCTaIYH1 CYNPaMOJIEKYJISIPHI CIIOJIYKH € MPHUKJIAJA0M CEJIEKTUBHOI
EKCTpaKIlii KpayH-eTepoM (IIyOpPOKOMIUIEKCUX KHUCIOT HI00110, TaHTAIly, IUPKOHIIO Ta
raQHIl0 3 KUCJIOTHHX pPO3YMHIB; BOHHM CTaOLIbHI 1 MOXYTh OYTHM I[IKABUMHU SK
KOHTEeiHepn 1ux KucioT. IlpoBeaeHe MOCHIDKEHHsS MOKa3auo  OE3yMOBHY
NEPCICKTUBHICTh MAKPOIUKIIYHUX KoMmIuiekcoHoB st Butary Zr(1V), Hf(IV), Nb(V) i

Ta(V) i3 Quryop yTpuMyrounx BOJASIHUX PO3YHUHIB.
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BHCHOBKU

1. JloBenena MO>KJIUBICTh YTBOPEHHS CTIAKUX KPUCTaTTYHUX
CYNPaMOJICKYJISIPHUX KOMIUIEKCIB 4-aMiHOOCH30iHO1, camimmioBoi, MedeHaMoBOi
KHCJIOTU Ta CyJb(aHIIaMIIHUX TpenapaTiB 3 a3zakpayH-eTepaMHu Ta PI3HOMAaHITHUMH
aMiHaMHU, SIK1 BAKOPUCTOBYIOThCA Y (DapMarieBTUUHIN MPaKTHIIL.

2.  BcraHoBieHa = MOXJIMBICT  YTBOPEHHS  CTIHKHX  KPHUCTAJIIYHHUX
CYNpaMOJIEKYJISIPHUX KOMIUJIEKCIB 130H1a31/1y, MPOTIOH- ¥ €TiIOHaMiy 13 KpayH-eTepaMu
Ta J1KapOOHOBUMU KHUCIIOTAMH 1110 BUKOPUCTAIOTHCS 'y (papmakoriei.

3. CuHTe3oM psay KOMIUIEKCIB 13 KpayH-€TepiB Ta  JITIOypaluly
EKCIIEpUMEHTAJILHO JIOBEJICHA MOXJIMBICTh 3B'A3yBaHHs O-BMICTHUMH T'e€TEPOIUKIAMU
ypaluiaiB B CTaOUIbHI CynpaMoJIeKYJsIpH1 KoMmruiekcd. CTpyKTypHI OCOOJIMBOCTI
CHUHTE30BAHUX KOMIUIEKCIB MOKYTh OYTH CKJIAJOBIH SIKy HEOOX1THO BpaxOBYyBaTU IpH
MOJIEJTIOBAaHH1 O10XIMIYHUX B3a€MO/IIH.

4. JloBeieHa MOXIJIMBICTD PIAKICHOI CEIEKTUBHOI B3a€EMOJI1T KIIACUYHUX MOJIEKYJI
"xa3qiHIB" MK CO00I0: KpayH-€TepiB 3 MOXIAHUMH TPU(PEHUIMETaHy 3 CEICKTUBHUM
YTBOPEHHSIM CTIMKUX KPUCTATIUHUX CYNPAMOJIEKYJIIPHUX KOMIUIEKCIB.

5. BcranoBneHo, 1m0 TNpH BUIMAPOBYBAHHI PO3YMHHHMKIB 3 PO3YHHIB
CUIIINA(ITYOPOBOIHEBOI  KUCJIOTI Ta Psiy TMOXIJIHUX aMIHOMIPUIUHIB CEJIICKTUBHE
YTBOPIOIOTHCSA KPUCTAIIUHI CYNPAMOJIEKYJISIPHI KOMIUIEKCH 3 TeKca(IyopOCHIIKaTHUM
aHIOHOM.

6. JloBemeHo, w0 TOpU  BUMAPOBYBAaHHI  PO3YMHHUKIB 3  PO3YMHIB
(bIyOPOKOMIIEKCHUX KHUCJIOT IUPKOHIIO, TadHiio, HI00110, TaHTAIly, SIK1 € KIIFOUOBUMH
CTHOJyKaMH B TEXHOJIOTIi BUTATY, TIOJIUTA M OYMINEHHS 3a3HAYEHUX METANIB BiJl JIOMIIIOK,
ta psaay O- i N-xkpayH-eTepiB y (IyopoBOJHIM KHCIOTi, CEJICKTUBHE YTBOPIOIOTHCS

KPUCTAIYHI CYyNIPaMOJICKYJISIPHI KOMITIEKCH 13 (hiKCaIli€ro aHIOHIB PiKICHOT OYT0BH.
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Abstract

The reaction of thionicotinamide (3-thioamidopyridine) with 18-membered crown ethers, 18-crown-6 (18C6), benzo-18-crown-6
(B18C6) and cis—anti—cis-dicyclohexyl-18-crown-6 (D18C6) results in the molecular complexes of 1:1 ratio for 18C6 (complex 1) and
BI8C6 (complex 2) and monohydrate of 2:1:1 ratio for DI8C6 (complex 3), respectively. The complexes are sustained by combination
of N-H-- -0, O-H: - -N and C-H- - -O hydrogen bonds, and the components are associated into molecular adduct (1) or infinite chain (2

and 3).
© 2006 Elsevier B.V. All rights reserved.

Keywords: H-bonded adducts; Thionicotinamide; 18-Membered crown ethers; Synthesis and crystal structure

1. Introduction

In the last decade we witnessed an increased interest to
the co-crystals including active pharmaceutical ingredient
(API) [1-3] with the aim to produce new valuable materi-
als. Crystalline self-assemblies are promising for improving
drug solubility, dissolution rate, stability and bioavailabil-
ity. Supramolecular synthesis is now being widely explored
to obtain new pharmaceuticals from known APIs and a
benign solid component (cyclodextrins [4-6], carboxylic
[7-10] and dicarboxylic acids [11-13], etc.). The recent find-
ings in this topic are summarized in the fresh review paper
by Zaworotko and co-workers [14].

Crown ethers (CEs) exhibit themselves as very useful
model compounds capable to function as do more complex
chemical structures. Moreover, some simple crown ethers
exhibit biological activity. These two properties make them

* Corresponding author. Tel.: +373 22 73 81 54; fax: +373 22 72 58 87.
E-mail address: fonari.xray@phys.asm.md (M.S. Fonari).

0022-2860/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j. molstruc.2006.04.034

very attractive molecules that permit a detailed analysis of
interactions that are thought to be important in biology
[15]. For several years we are involved in the problem of
the molecular recognition of biologically important
molecules (nucleic bases, drugs) by macrocyclic molecules,
as the model systems mimic substrate-receptor interactions
[16,17]. We have analyzed series of complexes, e.g.,
streptocid (4-aminobenzenesulfonamide) — 18-membered
CEs  (18-crown-6, dicyclohexyl-18-crown-6, benzo,
cyclohexyl-18-crown-6) [18-20], PABA (4-aminobenzoic
acid) — CEs (isomers of dicyclohexyl-18-crown-6, aza-12-
crown-4) [21,22], hypothiazide (6-chloro-3,4-dihydro-2H-
1,2,4-benzothiadiazine-7-sulfonamide-1,1-dioxide)} — CEs
(18-crown-6, dicyclohexyl-18-crown-6) [23,24]. It has been
shown that the interaction with the neutral macrocycle
results in the genius co-crystals with the primary amino-
group involved in the coordination to macrocyclic molecule,
while aza-macrocycle is easily protonated and interaction
results in an organic salt. The self-assembly of the drug mol-
ecules via hydrogen bonds typical for their pure forms is
destroyed and is substituted by the interaction with the
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macrocyclic molecule [25]. As the rule, the complete rear-
rangement of the hydrogen bonds occurs, and only the stron-
gest homosynthons typical for the pure form (as that R,*(8)
combining two carboxylic groups [26]) remain in the com-
plex [20] (Scheme 1),

In continuation of this research, we studied the system
thionmicotmamide (3-thioamdopyriding) — CE [18-crown-6
{18C6), benzo-18-crown-6 (B18C6) and cis—anti-cis-dic-
yelohexyl-18-crown-6 (D18C6)] and report here on the
X-ray crystal structures of three novel complexes.

The thicamade functional group is present in many
drugs and agricultural chemicals, and exposure to man
can result mm madvertent toxacity. Thus, a large number
of potentially useful drugs containing the thioamide group
are limited in their use due to the toxic side effects associat-
ed with these compounds. The diverse thioamide deriva-
tives have been used as herbicides, antitubercular and
antibacterial agents. The associated toxicity of the thioa-
mides is explained to be linked to their oxidative metabo-
lism, especially S-oxygenation [27]. Some recent studies
were devoted to the synthesis of modified thionicotinamide
to decrease its toxicity and maintain the useful medicinal
properties [28]. Thionicotinamide is a known xenobiotic.
Itis a drug used for the treatment of Chagas disease, a com-
mon health problem in South America [29].

The crystallographic data [30] for this class of com-
pounds are rather scanty. They are restricted by three
someric  thioamidopyridines of general formula
CgHgN,S, 2-thicamidopyridine [31], 3-thioamidopyridine
[32] and 4-thicamidopyridine [33]. The structure of the
2-propyl derivative of 4-thioamidopyridine has also been
reported [34]. The structural interest to these compounds
has centered on the parameters of the thioamide group
and the consequent electron arrangement within the group.
Additional features of mterest are the non-coplanarity of
the pynidine ring with the thioamide group and the hydro-
gen-bonding schemes. The isomers have three possible
coordination sites, and the packing of all of them reveals
some common features. The molecules he in the layers

O—H----------0

via R,%(8) centrosymmetric rmgs built on NH.: - :S contacts
(N--.S ~34 A, abit longer than the sum of van der Waals
radil) and C{7) chains (contacts NH-. N, N...N about
2.96 A), and then these layers stack along the shortest axis
(Scheme 2).

As for the multicomponent adducts mvolving 1somers of
thionicotmamide, only its S-oxade monohydrate [35] and
thionicotmamdium 3,5-dimitro-4-methylbenzoate 3,5-dini-
tro-4-methylbenzoic acid adduct [36] are reported. From
the viewpoint of crystal packing, it is interesting that only
NH: - N contact (NN distance of 2.954 A) remams in
the crystal packing of the first adduct, while weaker
NH-: - S contacts are substituted by the mteraction with
water molecule as a more powerful H-acceptor, while m
the second compound the full rearrangement of the inter-
molecular interactions occurs, and two homosynthons
typical for 3-thionicotinamide itself are substituted by the
heterosynthons between thionicotinamidium cations and
3,5-dinitro-4-methylbenzoate  anions (or  3,5-dinitro
-4-methylbenzoic acid molecules).

The aim of our study is to eluadate the mode of interac-
tion of the drug molecule with the macrocycles and to
compare the crystal packing motifs in the complexes.

2. Experimental

Commercially available reagents were used as received.
Compounds 1-3 were analyzed for C, H, N and S in a Per-
kin-Flmer 240 C. The thin-layer chromatographic control
of the substance purity was performed on Silufol UV-254
plates. "H NMR spectra were recorded at 300 MHz on a
Varian Oxford 300 NMR spectrometer.

2.1. Synthesis

Compound 1. A solution of 18C6 (0.264 g, 1 mmol) and
thionicotmammde (0.138 mg, 1 mmol) in 2 ml of methanol
and 3ml of ethyl acetate was stored for 3-5 days at
20°C m an open flask. The crystals, separated in a yield
of 91% (0.365 g), were suitable for X-ray analysis. Yellow
crystals, soluble in methanol, ethanol, acetone, m.p.
120-122 °C. Analysis: found C, 53.71; H, 7.51; N, 6.96;
S, 7.97%. C;gH3N,048 requires C, 53.68; H, 7.54; N,
6.93; S, 7.94%. 'H NMR (CD;ODg,, 300 MHz): 3.60 s
(24H, 18C6), 7.45 m, 8.26 m, 8.60 m, 9.00 m (4H, CH).

NN
oo M \ /:‘\
H
-»--s/ / Wy
=

Scheme 2. The mode of association of 3-thionicotinamide molecules in the crystal,
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Compound 2. A solution of B18C6 (0.312 g, 1 mmol) and
thionicotinamide (0.138 mg, 1 mmol) in 7 ml of methanol
and 15 ml ethyl acetate was stored ~3 days at 20°C in
an open flask. The crystals, separated in a yield of 96%
(0.430 g), were suitable for X-ray analysis. Yellow crystals,
soluble in methanol, ethanol, acetone, m.p. 140-142° C.
Amnal. found C, 58.59; H, 6.83; N, 631, S, 7.12%.
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CyH3oN,OS requires C, 58.65; H, 6.71; N, 6.22; S,
7.19%. '"H NMR (DMSQygq, 300 MHz): 3.55 m, 3.73 m,
4.05 m (20H, CH,) and 6.90 m (4H, CH — B18C6), 743
m, 8.18 m, 8.64 m, 8.99 m (4H, CH).

Compound 3. A solution of DI18C6 (0.372 g, 1 mmol)
and thionicotinamide (0.138 g, 1 mmol) in 5 ml of acetone
and 5 ml hexane was stored for 3-5 days at 20 °C in an

Table 1
Crystal data summary for complexes 1-3
Complex 1 2 3
CCDC number 601910 601911 601909
Empirical formula Ci13H3gN206S CaH3gN206S Cs32Hs5gN405S;
Formula weight 402.50 450.54 666.88
Temperature (K) 293(2) 293(2) 293(2)
Crystal system Monoclinic Triclinic Orthorhombic
Space group Ce P-I Peen
Unit cell dimensions
a [A) 17.228(2) 8.471(2) 16.880(1)
b(A) 8.525(1) 9.866(2) 18.685(1)
¢(A) 14.866(1) 15.111(2) 11.331(1)
o (deg.) 90.0 84.37(1) 90.0
B (deg.) 102.75(2) 84.69(2) 90.0
y (deg.) 90.0 65.78(2) 90.0
Cell volume [Az) 2129.4(3) 1144.2(4) 3573.7(5)
Formula units/unit cell 4 2 4
Dy (gfem™) 1.256 1.308 1.239
¢ (mm™? 0.186 0.181 0.198
F(000) 864 480 1432
Crystal dimensions (mm) 0.55x0.53 x0.40 0.58 x0.46x0.38 0.42x0.34x0.25
& Range for data collection (deg.) 242-27.51 2.27-25.00 2.18-27.00
Limiting indices 25hg 17, 0K ALY, 15 2<21,
10k, 10 k<10, 23 k<23,
18119 17117 14<ig14
Reflections collected/unique 6608/3703 4304/4008 20874/3909
[R(int) — 0.0274] [R(int) —0.0103] [R(int) — 0.0287]
Reflections with I > 2¢(J) 1667 3505 1865
Refinement method Full-matrix least-squares on F° Full-matrix least-squares on F° Full-matrix least-squares on F°
Data/restraints/parameters 3703/2/253 4008/0/289 3909/0/216
Goodness-offit on F2 0.881 1.020 0.849
Final R indices [I > 20 (1)] % R, — 0.0401, R, —0.0332, R, — 0.0350,
wRy — 0.0721 wRy — 0.0930 wR; — 0.0782
R indices (all data) % R, — 0.0886, R; —0.0390, R, — 0.0829,
wR, — 0.0763 wRy — 0.0960 wRy — 0.0854
Largest diff. peak and hole (eA™%) 0.179/ 0.209 0.208/ 0.214 0.187/ 0.232
Table 2
Hydrogen bonding in complexes 1-3
D-H---A »(D-H) (A) #(H:-A) (A) #(D-+-A) (A) Z(DH---A) (deg) Symmetry transformation for acceptor
1
N2-HIN2...02 0.90(3) 2.10(3) 2.998(4) 176(3) X Wz
N2-H2N2..-06 0.93(3) 2.59(3) 3.294(4) 132(2) X Pz
2
N2-HIN2...04 0.88(2) 2.11(2) 2.989(2) 173(2) KWz
N2-H2N2.--01 0.87(2) 2.43(2) 3.231(2) 153(2) T V2
N2-H2N2...06 0.87(2) 2.48(2) 3.218(2) 144(2) K PT
3
N2-HIN2...02 0.90(2) 2.07(2) 2.934(2) 161(2) x5 Wz
N2-H2N2...01 0.88(2) 2.10(2) 2.975(2) 170(2) ekl gkl 2sh2
O4-H104---N1 0.81(2) 2.16(2) 2.957(2) 165(3) x+1/2, y+3/2 2
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open flask. The crystals, separated mm a yield of 71%
{0.235 g), were suitable for X-ray analysis. Yellow crystals,
soluble in methanol, ethanol, acetone, m.p. 115-116 °C.
Anal. found C, 57.61; H, 7.59; N, 8.38; S, 9.67%.
C33HsoN4O7S; requires C, 57.63; H, 7.56; N, 8.40; §,
9.62%. '"H NMR (DMSO.s, 300 MHz): 1.19-1.71 m and
3.55 m (36H, D18C6), 744 m, 8.19 m, 8.65 m, 8.99 m
{8H, CH), 9.68 s, 10.04 s (2H, NH; 2H, SH).

2.2. X-ray crystallography

The X-ray mtensity data were collected at room temper-
ature on a Bruker CCD diffractometer for 1 and 3and on a

Table 3
Selected bond lengths (A) and angles (deg) for thienicotinamide molecule
in complexes 1-3

1 2 3
$1-C6 1.653(3) 1.667(2) 1.652(2)
NI-Cl 1.297(5) 1.337(2) 1.333(3)
NI-C5 1.361(4) 1.330(2) 1.340(2)
N2-C6 1.318(4) 1.324(2) 1.314(2)
cl-c2 1.367(6) 1.367(3) 1.361(3)
c2-C3 1.381(5) 1.368(2) 1.368(3)
C3-C4 1.369(4) 1.391(2) 1.375(2)
c4-C5 1.378(4) 1.384(2) 1.372(2)
C4-C6 1.465(4) 1.492(2) 1.483(2)
CI-N1-C5 116.1(4) 116.5(2) 116.0(2)
NI-C1-C2 125.2(4) 123.8(2) 123.4(2)
C1-C2-C3 117.4(4) 118.8(2) 119.2(2)
C4-C3-C2 120.5(3) 119.4(2) 119.5(3)
C3-C4-C5 116.5(3) 117.0(1) 112.0(2)
C3-C4-C6 122.3(3) 121.1(1) 121.3(2)
C5-C4-C6 121.1(3) 121.5(1) 121.9(2)
N1-C5-C4 124.2(3) 124.5(2) 124.8(2)
N2-C6-C4 116.1(3) 116.7(1) 115.5(2)
N2-C6-S1 122.8(3) 122.2(1) 122.7(1)
C4-C6-S1 121.0(2) 121.1(1) 121.8(1)

Siemens P4 diffractometer for 2. The recorded data were
corrected for pelanzation and Lorentz effects. The struc-
ture solution and refinement proceeded similarly for all
structures using SHELX-97 program package [37]. Direct
methods yielded all non-hydrogen atoms of the asymmetric
unit. These atoms were treated amisotropically (full-matrix
least-squares method on F%). C-bound hydrogen atoms
were placed in calculated positions with their 1sotropic dis-
placement parameters riding on those of the parent atoms,
while the N- and O-bound H-atoms were found from dif-
ference syntheses at an mtermediate stage of the refinement
and were treated isotropically. The X-ray data and the
details of the refinement for 1-3 are given in Table 1, H-
bonding data are given m Table 2, geometry of thionicoti-
namide molecule in 1-3 is summarized in Table 3.

Crystallographic data (cif files) for complexes 1-3 have
been deposited with the Cambridge Crystallographic Data
Center, CCDC Nos. 601909 (complex 3), 601910 (complex
1), and 601911 (complex 2). 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.camac.uk or http://
www.ccde.cam.ac.uk).

3. Results and discassion

Complexes 1 and 2 represent anhydrous co-crystals of
1:1 ratio of thionicotinamide and corresponding crown
ether, while 3 is a monohydrate of 2:1:1 stoichiometry.
As all three complexes reveal a lot of common features m
the complex orgamization, we present the comparative
analysis for 1-3. Fig. 1 reveals the ORTEP view for com-
plexes 1 and 2.

These two complexes are very close i structure orgami-
zation: 1 1 the formula umit 1s sustained by two NH:--O
hydrogen bonds, with the mvolvement in these interactions

Fig. 1. (a and b). ORTEP view of complexes 1 and 2 with the numbering scheme. Displacement ellipsoids are drawn at the 30% probability level

Hydrogen bonds are shown by dashed hnes.
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of two crown oxygen atoms, O2 and O6 separated by the
oxyethylene fragment, The N --O distances adopt the val-
ues 2.998(4) and 3.294(4) A. It is evident that the second
value 1s rather long as well as the corresponding
H(N)- .06 distance, however, this contact contributes to
the complex stability. In complex 2 thionicotinamide and
BI18C6 molecules are held together agam through two
NH: - -O hydrogen bonds, single one with the N- - O sepa-
ration of 2.989(2) A, and the second one which 1s bifurcat-
ed, with two aromatic oxygen atoms O1 and O6 of B18C6,
the corresponding N---O distances being 3.218(2) and
3.231(2) A. The nitrogen atom of thioamide group is situ-
ated at 1.720(3) and 1.748(2) A from the mean plane of
s1X oxygen atoms of the macrocycles in the complexes 1
and 2, correspondingly. 18C6 in 1 has a crown-like shape
typical for D;; conformation with the mean deviation of
six oxygen atoms from their least-square plane being within
+0.23 A. B18C6 in 2 has a more distorted shape with the
maximal deviations for O3 and O4 atoms equal to 0.40
and 042 A, correspondingly from the mean plane
through all six oxygen atoms where they are fitted within
+0.26 A. The molecules in the complexes are arranged in
such a way that the dihedral angle between the mean planes
of crown oxygen atoms and the pyridine ring of thionicoti-
namide molecule is equal to 36.4(1)°in 1 and 58.8(1)° in 2,
correspondingly. The subtle differences in 1 and 2 are con-
nected with the nature of the CE used, namely with the
availability of the phenyl ring in the molecule of B18C6.
These differences exhibit themselves in the crystal packing.
The packing of 1 does not reveal any specific features
besides van der Waals interactions between the neighbor-
mg complexes. In contrary, m 2 one may note two short
C-H- - O contacts, one, C5- - 06 functions within the com-
plex (C---O 3.445(2) A, CHO angle is 164°), while the sec-
ond ome, C3.--O3(x 1, y, z) functions between the
neighbormg  complexes translated along a direction
(C---0O 3.281(2) A, CHO angle 1s 133°). These weak inter-
actions combine the complexes in the chains (Fig. 2).

Fig. 3 depicts the ORTEP view of complex 3. The asym-
metric part of the unit cell comprises of one molecule of CE
that resides on the inversion center, one thionicoimamide
molecule In general position and one water molecule that
resides on twofold screw axis. It results in the common

Fig. 3. ORTEP view of complex 3 with the numbering scheme. Displace-
ment ellipsoids are drawn at the 30% probability level. Hydrogen bonds
are shown by dashed lines.

complex stoichiometry of 1:2:1. Due to CE position on
an inversion center, two thiomicotimamide molecules
approach its two faces m a similar manner. The molecules
in a 1:2 molecular unit are held together by four simgle
mversion-related NH- ..O hydrogcn bonds, N-- O distanc-
es being 2.957(2) and 2.975(2) A. These H-bonds are the
shortest amongst three studied complexes. In the complex
the mitrogen atom of thioamide group deviates at
1.883(2) A from the mean plane of six oxygen atoms of
the D18C6, which are coplanar within +0.14 A. The mole-
cules in the complex are arranged in such a way that the
dihedral angle between the mean planes of crown oxygen
atoms and the pyridine ring of the thionicotinamide mole-
cule is equal to 60.8(1)°.

Water molecule occupies position on twofold screw axis.
Via OH-: - ‘N hydrogen bond with the pyridine nitrogen it
binds two neighboring complexes in the corrugated chain.
The fragment of the chain is shown in Fig. 4.

Fig. 2. Chain organization in 2. C-bound H-atoms of B18C6 molecule are omitted for clarity. Atom marked with a hash (#) is at the symmetry position

x Lyz
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Fig. 4. Chain organization in 3. C-bound H-atoms are omitted for clarity. Atom marked with a hash (#) is at symmetry position x+ 1/2, y+3/2, 2.

The geometry of thionicotinamide molecule is consistent
in 1-3 and in pure 3-thionicotinamide [32] (Table 3). The
molecule is characterized by the planar pyridine ring with
S1 and N2 atoms of the side chain considerably displaced
from the plane of the pyridine ring, but C6 atom of the thi-
oamido-group is not significantly displaced from this mean
plane. The mean plane through the pyridine ring and the
mean plane through the thicamide group [S1/N2/C6] are
mclined at an angle of 40.8(1)° m 1, 24.0{1)° in 2, and
34.7(1)° in 3 to one another, the same angle in thionicotina-
mide itself 15 equal to 33.8°. This non-coplanarity is not
uncommon and due to [38] it arises from the steric hin-
drance between the atoms in the side chain and the nng
atoms orrho to the side chain.

4. Conclusion

Three molecular complexes of thionicotinamide with
18-membered crown ethers were synthesized in approxi-
mately the same conditions and their crystal structures
were described. As we noted in Section 1, the molecules
of isomers of thionicotinamide are held in the crystal via
R,*(8) supramolecular synthon (Scheme 2). In the supra-
molecular adducts with the macrocycles this synthon is
destroyed. In all studied complexes the H-donor amino-
group forms NH---O hydrogen bonds with the crown
ethers’ oxygen atoms. The availability of sterically bulky
sulfur atom m the thioamide fragment does not permit to
create a system of equal NH:. .O hydrogen bonds that is
especially pronounced in complexes 1 and 2.
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A series of novel supramolecular multicomponent complexes of p-aminobenzoic acid (PABA)
with N-containing cyclic molecules and aza-crown ethers, (H,PPz) - (PABA), - 2H,0 (1),

(Hateta) - (PABA), - H>0] (2), (Hacyclen) - (PABA), - 2H,0 (3), (Hy-diazonia-

12C4) - (PABA), - 2H,0 (4), (H-azonia-18C6) - (PABA) - 3H,0 (5) (PPz = piperazine, teta =
meso-5,1,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, cyclen = 1,4,7,10-
tetraazacyclododecane, diaza-12-crown-4 = 1,7-dioxa-4,10-diazacyclododecane and aza-18-crown-
6 = 1,4,7,10,13-pentaoxa-16-azacyclooctadecane) has been synthesized. Crystallographic studies
reveal that all complexes are organic salts formed due to the proton transfer from the carboxylic
group of PABA to the amino group of the macrocycle, and thus are comprised of PABA anion,

macrocyclic mono- or dication and a variable number of water molecules. In all complexes the
cations and anions are associated via (H;NT)NH. . O(COO ) charge-assisted hydrogen bonds.
The number of PABA involved in the complex equals to the number of N-protonated binding
sites in the cyclic molecule. Water molecules play a significant role in the formation of the

supramolecular architecture.

Introduction

The p-aminobenzoic acid (PABA) molecule as well as p-
aminobenzoate salts are known for their role in biological
processes’ and are well suited for use in supramolecular
syntheses based on hydrogen bonding interactions with a
variety of organic acids and bases. The presence of favorably
arranged carboxylic and amino groups in PABA affords the
generation of advantageous hydrogen-bonded arrays because
these functional groups can form predictable patterns useful
for constructing a wide range of supramolecular assemblies.
This property was recognized by Etter and Frankenbach? as a
possible tool for promoting co-crystallization with the aim of
designing acentric organic materials. Since the first PABA
structural determination by Alleawme ef af. in 1966, a number
of works devoted to PABA complexes have appeared; how-

- ever, only three complexes between a neutral PABA molecule

and 18-membered O-containing macrocycles, 18-crown-6* and
cis-isomers of dicyclohexano-18-crown-6,> have been pre-
viously reported. Moreover, only two other studies describe

* Department of Chemistry, Brown University, Providence, Rhode
Island, (02912, USA

5 Institute of Applied Physics, Academy of Sciences of Moldova,
Academiei str., § MD-2028 Chisini, R. Moldova. E-mail:
kravtsov.xray@phys.asmamd, fonari. xray@phys.asm.md; Fax:
(+373 22) 725887; Tel: (+373 22) 738154

S ©A.V. Bogatsky Physico-Chemical Institute, Lustdorfskaya doroga,

86, 65080 Odessa, Ukraine
Odessa State Environmental University, Lvovskaya str., 15, 65016
Odessa, Ukraine
t The HTML version of this article has been enhanced with colour
images.

ionic complexes of the p-aminobenzoate amon with proto-
nated aza-containing macrocycles {cyclam, 1,4,8,11-tetraaza-
cyclotetradecane,® and aza-12-crown-47).

A survey of the Cambridge Structural Database® (version
5.27, update Augunst 2006) revealed two known PABA poly-
morphs. iu the w-formw, molecules forn chaios vie alternating
carboxyl-carboxyl and amine—carboxyl homo- and heterosyn-
thons,” while only amine—carboxyl heterosynthons are respon-
sible for the 3D association of PABA molecules in the B-
polymorph.!® PABA is known to be mneutral, cationic or
anionic in its complexes. Complexes of PABA with such
molecules as 4-nitropyridine N-oxide (1 : 1), 1,3,5-trinitroben-
zene, urea, 2-carboxyphenoxyacetic acid, 4,4’-bipyridyl N,N-
dioxide, carbamazepine, 4,4'-bipyridine, 2,2’-bipyridine!! !®
represent neutral adducts. Lynch and McClenaghan'® investi-
gated the influence of the pX,, values on the formation of either
neutral-component co-crystals or proton-transfer complexes.
In a small number of multicomponent compounds, the car-
boxylic group of PABA (pK, = 2.38) protonates the amino
group of a Lewis base, e.g., diethylamine (1 : 1*° or 2-
aminopyrimidine (2 : 1).! On the other hand, the amino
group of PABA is reported to be protonated by such acids
as 3,5-dinitrosacdicylic, S-sulfosalicylic or finorosilicic acid.? 2

As a part of our ongoing efforts toward the supramolecular
synthesis of new multicomponent solids involving active phar-
maceutical ingredients (APIs), we carried out the systematic
investigation of the interaction of PABA with azaheterocycles
having different ring sizes (6, 12, 14, 18 atoms in the ring) and
a variable mumber of basic nitrogen atoms (n = 1, 2, 4)
capable of varying degrees of protonation by acidic moieties
{in our case PABA). The ionized acid-base pairs,?® or salts by

This journal is @ the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007
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definition, are the most common multiple-component systems
involving APIs.? To the best of our knowledge, this con-
tribution is the first systematic study of PABA interaction with
cyclic molecules of different size and chemical nature.

Experimental
Synthesis and crystallization

Complexes 14 were obtained in a similar way by mixing of
the corresponding macrocycle (1 mmol) with PABA (2 mmol)
in a water—methanol solution and heating until completely
dissolved. Complex 5 was obtained by dissolving of an equi-
molar (1 mmol) amount of the corresponding macrocycle and
PABA in a hot water—methanol solution. Crystals suitable for
X-ray structural determination were obtained by recrystalliza-
tion from a mixture of methanol and ethyl acetate. Initial
crystallization products were characterized by elemental ana-
lysis. Melting points for co-crystals were determined and are
presented in Table 1 along with the melting points for the
parent compounds.

1. CgHeN,Og: Cale.: C, 54.53; H, 7.12; N, 14.13. Found:
C, 54.57, H, 7.16; N, 14.10%.

2. CagHs3:NgOs: Cale.: C, 62.47; H, 9.09; N, 14.57. Found:
C, 6245; H, 9.13; N, 14.61%.

3. CpHagNgOg: Cale.: C, 54.76; H, 7.94; N, 17.42. Found:
C, 5478; H, 7.91; N, 17.46%.

4. CyoHagN,Og: Cale.: C, 54.53; H, 7.49; N, 11.56. Found:
C, 54.56; H, 7.45; N, 11.53%.

5. CgH3gN;O,: Cale.: C, 50.21; H, 8.43; N, 6.16. Found: C,
50.24; H, 847; N, 6.19%.

Structure determinations

X-Ray data for all complexes were collected on a Bruker
SMART-APEX CCD diffractometer by w and ¢-scan mode
at 90 K using graphite-monochromated Mo-Ko radiation.
There was no intensity decay. Structure solutions were per-
formed by direct methods (SHELXS-97) and refined by full-
matrix least-squares methods on F2 (SHELXL-97).2% Lorentz
and polarization corrections were applied for diffracted reflec-
tions. In addition, the data were corrected for absorption using

S SADABS.? In all complexes non-hydrogen atoms were re-

fined anisotropically. H atoms attached to carbons were
included in idealized positions in a riding model with isotropic
temperature factors (1.2 times the parent carbon atom tem-

Table 1 Melting points for the starting materials and complexes 1-5

Starting materials
———— Complex
Mp (L)f Mp (PABA)/ Mp/
Complex °C °C °C
"1 (piperazinium)(PABA), - 2H,0 44 45 188 189 189 190
2 (Hateta( PABA}; - H,0 97 105 188 189 270 271
3 (Haeyden)(PABA) - 2H,0 108 113 188 189 206 207
4 (diazonial2C4)(PABA) - 2H,0 56 57 188 189 126 127
5 (azonial8CE}PABA}-3H,0 46 50 188 189 111 112

perature factor), whereas those on N and Ofwater) atoms were
found from difference Fourier maps and refined isotropically.
The hydrogen bonding geometry for 1-5 is swmmarised
in Table 2. All the figures were prepared using MERCURY
facilities. Displacement ellipsoids are shown with 50% prob-
ability level.

Crystal/refinerent data

1. CigHpeN4Og: M = 396.44, monoclinic, space group £2,/c,
a = 6.5739(13), 5 = 11.597(2), ¢ = 12.604(3) A, § = 90.133)°,
V =960.93)A% Z=2,D. = 1.370 gem % x = 0.104mm !,
specimen: 0.22 x 0.25 x 0.30 mm, ‘7" min/max = 0.74,
N, = 7319, N = 1891, N, = 1685 (R = 0.0287), GOF on
F® = 1.005. Final Rindices >I > 2a(D: Rl = 0.0373, wR2 =
0.1039; R indices (all data): R1 = 0.0420, wR2 = 0.1073.

2. CyHs2NOs: M = 357678, monoclinic, C2/c,
a = 19.0506(13), b = 12120009), ¢ = 14.4397(10) A,
B = 107.720)°, ¥V = 1758(4) A®, Z = 4, D, = 1.206 g

cm 3, p = 0.083 mm ’, specimen: 0.25 x 0.25 x 0.20 mm,
‘T minfmax = 0.87, N, = 13 533, N = 3646, N, = 2940
(Ripe = 0.0321), GOF on F* = 1.006. Final R indices
[Z > 20(D]: Rl = 0.0484, wR2 = 0.1211; R indices (all data):
Rl = 0.0619, wR2 = (.1283.

3. CpHpNOg: M = 482.58, monoclinic, P2,, a =
9.6004(19), 5 = 11.350(2), ¢ = 12.088(2) A, B = 111.91(3)".
Vo= 12220@) A% Z = 2, D, = 1311 gem 3, u = 0.096
mm !, specimen: 0.20 x 0.20 x 0.40 mm, ‘7" min/max = 0.80.
N, = 9148, N = 4232, N, = 3939 (R, = 0.0272), GOF on F*
= 1.009. Final R indices [f > 20(D)]: Rl = 0.0366, wR2 =
0.0881; R indices (all data): R1 = 0.0400, wR2 = 0.0906.

4. CpH3N,Og: M = 484.55 monoclinic, Pe, a = 10.9044(14),
b o= 9.M75(13), ¢ = 121429(15) A, p = 11426722y,
Vo= 120083) A%, Z = 2, D, = 1340 g cm 3, u = 0.102
mm *, specimen: 0.10 x 0.40 x 0.40 mm, ‘7" min/max = 0.58.
N, = 8749, N = 4343, N, = 4062 (R, = 0.0267), GOF on
F? = 1.004. Final R indices [ > 20(])]: R1 = 0.0349, wR2 =
0.0800; R indices (all data): R1 = 0.0381, wR2 = 0.082S.

5. C1gH3gN;O 1 M = 454.51, orthorhombic, Pea2), a =
24.784(4), b = 9.67ST(1T), ¢ = 10.0867(18) A, ¥ = 2418.8(7)
A Z=4D,=1248gam 3 x = 0.100 mm !, specimen:
0.10 x 0.30 x 0.30 mm, ‘7" min/max = 0.57, N, = 12926, ¥
= 3892, N, = 3038 (Ripx = 0.0601), GOF on F* = 0.996.
Final R indices [I > 20())]: Rl = 0.0424, wR2 = 0.0849,
R indices (all data): R1 = 0.057S, wR2 = 0.0913.

CCDC reference numbers 626905-626909.
For crystallographic data in CIF or other electronic format
see DOL: 10.1039/b618207k

Results and discussion

Commercially available PABA, N- and N,O-containing cycles,
piperazine, meso-5,7,7,12,12,14-hexamethyl-14,8,11-tetraazacy-
clotetradecane (teta), 1,4,7,10-tetraazacyclododecane (cyclen),
and azacrown ethers, 1,7-dioxa-4,10-diazacyclododecane (dia-
za-12-crown4) and 1,4,7,10,13-pentaoxa-16-azacyclooctadecane

2 | New J. Chem., 2007, 31, 1-8
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Table 2 Hydrogen bonding geometry in 1-5 (15&, %)

n 4

D H---A d(D H) D(H---A} d(D-- A} £ (DHA} Symmetry operation for acceptor
1

- N(1} H(INT}-O(1} 0.50(2) 2.56(2) 3.311(2) 142(2) % y+ 12z + 12
N(1} HN1}.--O(1W) 0.89(2) 2.04(2) 2.930(2) 1782} 1 oy 2+ 12
N(2} H(IN2}--0(2) 0.92(2) 1.80(2) 2.697(2) 165(2) x+2 yp+1, z
N(2) H@N2} --0(1) 0.95(2) 1.72(2) 2.632(2) 1602} % Pz
O(1W) H(IWT1).--O(1} 0.87(2) 1.95(2) 2.804(2) 168(2) % ¥z
O(1W) HEWI1}.--0(2) 0.88(2) 1.92(2) 2.789(2) 163(2) X+ 2y 12 z+ 12
2
N(1} H(IN1}--0(2) 0.86(2) 2.07(2) 2.923(2) 170(2) % wz 12
N(1} H@N1}--0(2) 0.89(2) 2.10(2) 2.988(2) 1762} x+ 12y 12, z 12
N(2} H(IN2).--O(1W) 0.89(2) 2.16(2) 3.040(1% 172(1) X+l p+1, oz
N(3} H(IN3). . -N(2) 0.94(2) 2.01(2) 2.790(2) 139(1} %z
N(3} H(N3)--0(1} 0.93(2) 1.78(2) 2.704(2) 171(2) % ¥z

5 O(1W) H(IW).--O(1) 0.93(2) 1.82(2) 2.737(1) 168(2) x+1, p+1, z
3
N(1A) H(INA} - -O(2W) 0.94(2) 1.99(2) 2.928(3) 176(2) %y lLz+1
N(1A) HZNA} --O(14) 0.89(3) 2.03(3) 2.911(3) 1703} x Ly 12, z
N(1B} H(INB}---O(ZB)} 0.94(3) 2.27(3) 3.098(3) 146(2) x 2y 12, z 1
N(1B) H(ZNB}---O(1W) 0.92(3) 2.14(3) 2.981(3) 1522} x L,y+12 z 1
N(3) H(IN3}--N(4) 0.94(2) 2.29(2) 2.796(3) 113(2) X Wz
N(3} H(IN3).--N(2) 0.94(2) 2.34(2) 2.857(2) 114(2) X 9,z
N(3} H(ZN3}..-O(1B)} 0.92(2) 1.82(2) 2.710(2) 164(2) % Pz
N(4) H(IN4}.--O(2B} 0.86(2) 2.28(2) 3.116(2) 163(2) x Ly 12, z 1
N(5} H(INS). - -O(2A} 0.97(3) 17103} 2.656(2) 165(2) % ¥z
N(5) H(IN5}--O(1A} 0.97(3) 2.45(3} 3.146(2) 129(2) X Wz

S N(5) H2NSY - -N(2) 0.87(2) 2.37(%) 2.840(3) 114(2) % ¥z
O(1W) H(IWI1}--O(1B) 0.89(3) 1.98(3) 2.850(2) 166(3) x Ly 12, z 1
O(1W) HEWI1).--O(1A) 0.85(3) 1.92(4) 2.753(2) 167(3) % Pz
O(2W) H(IW2)..-O(1B) 0.89(3) 1.98(3) 2.869(2) 172(2)  Ly+132 z 1
O(2W) H(ZW2} - -O(2B) 0.51(4) 1.87(4) 2.765(2) 165(3) % Pz
N(1A) H(ZNA} --O(1B) 0.84(3) 2.36(3) 3.069(3) 143(2) % y lz 172
N(1B} H(INB})---O(1W) 0.86(3) 2.27(3) 3.105(3) 165(2) x Ly 1,z
N(1B) H(ZNB})---O(2A} 0.88(3) 2.08(3) 2.942(3) 163(2) x 1, y 1,z 12
N(3) H(3A): - O(1W) 0.88(3) 1.93(3) 2.777(2) 162(2) X Pz
N(3)} H(3B)--O(1A) 0.90(3) 1.97(3) 2.850(2) 164(2) % ¥z

_ N(4) H{4A).--O(1A) 0.91(2) 2.18(2) 2.993(2) 148(2) %Pz
N(4) H(4B)--O(1B} 0.98(2) 1.66(2) 2.635(2) 169(2) %Wz
O(1W) H(1W1)---O(2B) 0.86(2) 1.87(2) 2.725(2) 172(3) i+ 1, pz+ 12
O(1W) HEWI1} - -O(2W) 0.87(2) 1.83(2) 2.698(2) 1723} % Pz
O(ZW) H(1W2).--O(2A) 0.86(2) 1.98(2) 2.762(2) 150(2) X9z
O(2W) H(ZW2}..-O(1B) 0.87(3) 1.92(3) 2.758(2) 162(4) x+ 1,5z
5
N(1} H(IN1}.--O(5) 0.88(3) 2.22(3) 3.061(3) 161(3) 5y lz+1
N(1} H2N1}--0(2) 0.50(3) 2.08(3) 2.962(3) 167(3} i+ 1, pz+1p
N(2) H(ZN2).--0(1) 0.86(3) 1.91(3) 2.759(3) 170(3) X 9,z
N(2} H(IN2).--O(1W) 0.98(3) 1.90(3) 2.881(3) 1713} % ¥z
O(1W) H(IW1}---O(6) 0.88(6) 1.97(6) 2.83%(3) 167(5) X 9,z

- O(1W) HEW1}-0(4) 0.83(4) 2.26(4) 3.077(3) 170(4) %Wz
O(1W) H(ZWI1}--O(3} 0.83(4) 2.54(4) 2.999(3) 116(3} X 9,2
O(2W) H(IW2) - -O(3W) 0.81(5) 2.04(5) 2.799(3) 156(5) X Pz
O(2W) HEZW2) - -O(1W) 0.85(4) 2.09(4) 2.938(3) 172(4} % Pz
O(3W) H(IW3}..0(2W) 0.82(5) 2.11(5) 2.908(3) 164(4) X+ 3z + 12
O(3W) H(ZW3).--O(1} 0.80(4) 1.99(4) 2.7%4(3) 175(4) % ¥z

(aza-18C6) were chosen for complex formation. The macro-
cycles gradually increase from 6 to 18 ring atoms, and contain
one to four ‘anchor positions’, namely secondary NH-amino
5 groups capable of being protonated to give a mono-, di-, tri-
or tetra-cation.® In the complexes described herein, only
aza-18Cé is protonated by PABA to a single cation, while
all the other macrocycles are doubly protonated to form
the dications.

In all five complexes the acidic proton transfer occurs
from the carboxylic group of PABA molecule to the amino-
group of macrocycle. The crystallographic evidence for
this proton transfer is the approximately equal C-O distances
in the carboxylate group consistent with the carbo-
xylate anion (the most different values in the same
COO  group are 1.250 and 1.278 A that correspond to the
delocalised C-O bond) and unbiased localisation of two
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Fig. 1 ORTEP plot of the compact formula unit in 1.

hydrogen atoms in the close proximity of macrocyclic nitrogen
atoms.

The formula units for five studied complexes 1-5 shown in
Fig. 1-5 represent the common view of the hydrated acid-base
complexes of the compositions (H,L)PABA), - 2H,0 for L. =
piperazine, cyclen, diaza-12C4 (complexes 1, 3 and 4, respec-
tively), (H,L)}PABA), -H,O for L = teta (complex 2), and
(HL)XPABA)-3H,O for L. = aza-18C6 (complex 5). The
hydrogen bonds for 1-5 are listed in Table 2. The ionic
components of 1-5 invariably form charge-assisted hydrogen
bonds, and the N(NH,*)- - -O(COO ™) distances are the short-
est amongst those that sustain the structures. In all materials,
the H-bonded complexes form additional hydrogen bonds to
water molecules resulting in 3D supramolecular architectures
where PABA moieties are involved in both PABA-macrocycle
and PABA-PABA interactions. The N-H.--O and O-H-:--O
hydrogen bonds provide for intermolecular binding, while
N-H- - N intramolecular hydrogen bonds were found within
(Hyteta)®* and (Hycyclen)?™ dications.

In 1 (Fig. 6(a)) each aminia group is H-bonded to two
PABA anions, which act as a bridge between two centrosym-
metric piperazinium cations, resulting in a supramolecular
chain along [010]. The length of the two hydrogen bonds
varies slightly (N---O separations being 2.697 and 2.632 A),
both being the shortest in the structure. The resulting supra-
molecular synthons are hetero-tetramers corresponding to the
R,*%(12) rings in graph set notation.>® Furthermore, two inver-
sion center related PABA anions and two water molecules
form R,*(20) hetero-tetrameric rings, which assemble into
corrugated chains via shared water molecules (Fig. 6(b)).
The combination of these two motifs results in the 3D grid.

In 2 (Fig. 2) the (Hjteta)>" dication resides around an
inversion center, and the anion occupies a general position.
The acid-base interaction (N---O separations being 2.704(2)
A) is the shortest in the structure; but unlike 1, only one
carboxylate oxygen, Ol, participates in the PABA—cycle inter-
action. Additionally aminia moieties are involved in typical

Fig. 2 ORTEP plot of the compact formula unit in 2.

o2w

Fig. 3 ORTEP plot of the compact formula unit in 3.

NH- - -H intramolecular hydrogen bonds that span the cyclic
cavity. The other carboxylate oxygen atom, O2, and the
amino-group of PABA are involved in NH. - -O anion-anion
self-associated interactions via alternating of R,*8) and
R,%32) rings, thus generating a negatively charged sheet as
shown in Fig. 7(a). The same anionic sheet was reported in the
structure (cyclamH,)>* - 2(PABA)™ - H,0O%nd resembles the
association of neutral PABA molecules in its B-polymorph.!®
The (Hateta)?" cations are linked to the anionic framework
via direct NH- - -O hydrogen bonds and additionally via inter-
mediate water molecules. The mode of water incorporation in
the crystal structure is depicted in Fig. 7(b).

Complexes 3 and 4 both contain the 12-membered macro-
cyclic dication, two crystallographically non-equivalent PABA
anions (A and B) and two water molecules (Fig. 3 and 4).
Although in the both cycles NH,*-aminia centers are sepa-
rated by the chain [CH,CH,O(NH)CH,CH,] of the same
length, the conformations of the molecules are different, due
to the different set of donor, acceptor atoms in the rings and
the availability of the short intramolecular NH™*- - -N interac-
tions in (Hocyclen)® ™ (Table 2). This results in different modes
of interaction with PABA anions, as it is clearly evident from
Fig. 3 and 4. In 3, three charged components are held together
via two single NH'...O hydrogen bonds, 2.656(2) and
2.710(2) A, and the anions are in a ‘side arrangement’, while
in 4 one of the PABA anions acts as a bridge between two

Fig. 4 ORTEP plot of the compact formula unit in 4.
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Fig. 5 ORTEP plot of the compact formula unit in 5.

cyclic nitrogens, N3 and N4, and thus is arranged just above
the cyclic cavity. Further differences are evident from the
PABA anions arrangements in the crystals. In complex 3 the
PABA-A anions form head-to-tail chains due to the
NH,- - -O(COQO") interactions (Fig. 8), which alternate with
the PABA-B anions without any direct PABA-PABA H-
bonded interactions, and are surrounded by water molecules.
The connection of two types of anions occurs via 12-membered
H-bonded ring and combines two PABA-A anions that belong

e %8

e O
LA )%*1\ . A,
0z, . oW
A

ke 4

Fig. 6 (a) Fragment of chain combining the opposite-charged com-
ponents in 1. (b) Mode of association of PABA anions and water
molecules, only few of the piperazinium cations attached to this chain
are shown. C-bound H-atoms are omitted for clarity.

b)

a)

b)

Fig. 7 (a) The negative sheet of PABA anions in 2 sustained by the
alternation of R,*(8) and R,*(32) hydrogen-bonded rings. C-bound H-
atoms are omitted for clarity. (b) The mode of water incorporation in
the structure.

to the same chain, one PABA-B anion and two different water
molecules. It is interesting to note that PABA-B anion appears
to be completely hydrated, its carboxylic group and one
hydrogen of amino group participate in three COO™---O(-
water) and one NH- - -O(water) hydrogen bonds.

In 4 six hydrogen bonds of the NH":--O~ and OH---O
types act within the formula unit shown in Fig. 4, while four
other bind the formula units into a supramolecular 3D net-
work: translated along [100] direction complexes are combined
into chain via bridging O2W water molecule (Fig. 9a)). The
amino-group of each of two symmetrically independent PABA
anions (A or B), being hydrogen bonded with its counterpart,
forms the ABAB head-to-tail chain (Fig. 9(b)), similar to that
found in 3. Water molecule O1'W unites these two structural
motifs into 3D grid.

This journal is ® the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007
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Fig. 8 Fragment of the continuous negative motif in (3) built of the
alternative rows of PABA-A and -B anions and water molecules; view
down the [100] direction. The Rs*(12) ring in a conditional ‘boat’
conformation binds three PABA anions (AAB) and two water mole-
cules. C-bound H-atoms and [H,cyclen]*™ cations are omitted for
clarity.

Contrary to 1-3, with the point inclusion of water molecules
in those structures, in 4 we observe the association of two
water molecules into a two-membered OIW..-O2W water
cluster, the O---O separation being 2.698(2) A These water
molecules act as double donors and single acceptors, thus only
the O1'W water molecule interacts with the macrocycle, while
the second O2W water molecule bridges carboxylic groups of
A and B anions.

Complex 5 stands aside due to only one cyclic aminia
binding site, the largest cavity amongst the discussed hetero-
cycles and the richness in a number of included water mole-
cules. Three incorporated water molecules fulfill different

Fig. 9 (a) The hydrogen-bonded chain of complexes (4) developed
along [100] direction. (b) The chain of alternating A and B PABA
anions running along [001] direction. Only a few of the macrocyclic
cations are shown. C-bound H-atoms are omitted for clarity.

b).

Fig. 10 (a) Fragment of crystal packing in 5§ showing the bridging
PABA and macrocyclic cation inclusion and water chains, view along
[010] direction. (b) Fragment of face-to-tail PABA chain with the
macrocyclic cations attached to the PABA carboxylic moiety. C-
bound H-atoms are omitted for clarity.

structural functions. Water molecule Ol W in a perching mode
centers the macrocyclic cavity acting as an H-double donor
towards macrocyclic oxygens and as an H-acceptor from one
of the aminia hydrogens. The displacement of O1W atom from
the mean plane of the macrocyclic heteroatoms equals to 0.918
A. The same O1W water molecule is H-bonded to the next
O2W water molecule, which, alternating with O3W, form the
continnous water chain in the structure (Fig. 10(a)). The
NH, " -group of the macrocycle is characterized by the exo,en-
do-orientation of its hydrogen atoms, that explains the 1 : 1
ratio of the acid-base associate, where the charged units are
bound via ome single NH™...O(COO™) hydrogen bond,
N2---01 2.759(3) A. This structure is also exceptional by the
involvement of PABA amino-group in the interactions with
the crown oxygen atom of the macrocylic cavity via a conven-
tional NH:--O hydrogen bond, N1---05, 3.061(3) A and,
henceforth, the bridging function of both PABA anion and
the macrocyclic cation. The robust motif of PABA-- -PABA
head-to-tail association still exists in this structure, combining
anions related by the two-fold screw axis (Fig. 10(b)).

The predominant structural features in complexes 1-5 are
the interaction of the PABA carboxylic group with the amino-
group of cyclic molecule accompanied by a proton transfer
and resulting in either single NH---O hydrogen bond in 1-3
and §, or bifurcated (two-point) hydrogen bond in 4. Data
mining the CSD® reveals no examples for cyclen, diaza-12-

6 | New J. Chem. 2007, 31, 1-8
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crown-4 and aza-18-crown-6 complexes with carbonic acids,
and thus this contribution represents the first examination of
such interactions, with a specific emphasis on the nteraction
of PABA with these cyclic molecules. Examples of interactions
5 between carbonic acids and teta (Refcodes CUTVOC, CUV-
NOW, CUVNUC, JAHCOL, HUSRUI, WUXJAA) and
piperazine (more than SO hits), reveal that all adducts are
organic salts with the carboxylate group involved in the
different modes of interaction with the protonated binding
site of the ring. The tetrameric mode of two carboxylic groups
and two NH,"-aminia centers association found in 1, is
typical for piperaziniwm adducts (BAKYES, BEXCEMIO0,
BEXDAJ01, BEXDIRO1, BOCLIO, RIKBIW, ZEMXOE,
ZUGQEX), including the formation of R,*(12) heterosynthon
(HIHJOX, QIBRUO, VAJWUZ). Surprisingly, no chelate-
type interaction, common for carboxylic groups and observed
for the p-aminobenzoate anion in its cyclam complex® and for
the salicylate anion in complexes with similar macrocycles,®
was exhibited here. Typical for ‘all O-containing’ crown
ethers, an interaction with the neutral PABA molecule via
two conventional NH- - -Ofcrown) hydrogen bonds with the
PABA amino-group exhibits itself only in complex 5 in the
form of a rather weak single subsidiary NH(PA-
BA)- - -O(crown) interaction.

Excluding 1, two main motifs of PABA anion self-associa-
tion are observed: in 3-5 the PABA anions are linked into a
head-to-tail chain via a single NH. - -O hydrogen bond; the
sheet motif similar to that in p-polymorph of PABA is
observed only in 2 and in (cyclamH,)>* - 2(PABA) - H,0.°

Water molecules feature different structural fanctions in the
complexes.*>*® Water point inclusion is registered in 1-3: in 1
it acts as a double H-donor and single H-acceptor towards
three PABA anions and is responsible for their association in
the ribbons. Water incorporation in 1 results in a complete
violation of any self-association of PABA anions. This sitna-
tion differs from 2, where water function, although present,
might be considered as a negligible one, adding ounly a minor
component to the binding between the (Hteta)®* cations and
PABA anionic sheet, which is the most ordered and vast
fragment of PABA association within 1-5. The transition
from aza-macrocycles to N,O-crown ethers reveals the asso-
ciation of water molecules, acting as a two-membered cluster
in 4, three-membered cluster in bis(1,4,7-trioxa-10-azoniacy-
clododecane) bis(4-aminobenzoate) trihydrate’ or as an infi-

S nite chain in 5.

Conclusion

The supramolecnlar synthesis of the PABA-macrocycle com-
plexes in a water-methanol solution unambignously leads to
the organic hydrated salts. The mumber of PABA involved in
the complex equals to the nmwmber of N-protonated binding
sites in the cyclic molecule. The present study shows the
remarkable coordinating properties of the PABA molecule,
and illustrates its ability to achieve a suitable balance between
the driving force to coordinate to aminia binding sites of the
cyclic molecules and its tendency to self-assemble via supra-
molecular heterosynthons in the structure of the complexes
described herein.

The proton transfer within the complex seems to be a
favorable factor for aquation, while in the case of the less
polar classic O-containing crown ethers the anhydrous ad-
ducts have been obtained.® In the light of the hot paper™
addressed to the important factors crucial for the organic
crystal hydrates formation, the following generalizations for
the studied systern PABA-macrocycle could be highlighted.
Survey of the hydrogen-bonding arrays easily reveals the
significant role of water molecules to balance the number of
proton-donor and proton-acceptor sites involved in the inter-
molecular hydrogen bonding interactions. In all supramole-
cular assodiates excluding 2 the sum of proton-acceptor sites
for PABA and heterocyclic molecule exceeds the sum of
proton-donors, and water molecules compensate this misba-
lance. Owr study shows that the degree of such misbalance
correlates with a number of water molecules included in the
supramolecular associate. The largest disagreement between
the number of H-donors and H-acceptors was found in
trihydrate 5, while only one water molecule per formula unit
is involved in the supramolecular associate 2, where the system
PABA-heterocycle reveals a balance of H-binding sites. Thus,
the reported crystal structures obviously show the important
glue water function, which in all cases serves as an intermedi-
ate between the supramolecular reagents.
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OU3NYECKHE METOABI HCCIETOBAHWA

KPUCTANIMYECKAS CTPYKTYPA TEKCA®PTOPOCHUIHUKATA
OPTO-TOIIYUIUHUA

©2007 r. B. O.TenemGoasar*, 3. B. Fanun**, M. M. Boromanckuir**¥, M. C. ®oHapp***¥,
A. A, JuHap**

* PUIUKO-XUMUHECK UL UHCIIUILYIL 3AUUITILL OKDYROWET cpedot I 4eao8eKa
Munucmepcmaa obpazosanua uHayku Yepaurst u HAH Yrpaunvt, Odecca

** Qdeccruti 200Y0apCHIBeH LI IKOA0UUECKULL YHUBEDCUITIENT, YKPaAUHA
*k Hapauaverull mexno aczudeckuti uncmumym, Xatigha, Hapauay
ks Hremuwmym npukaaoroti gusuru AH Pecnybaurkyu Moadoea, Kuuinnea
TTocrynuna B pegakmao 17.08.2006 r.

Merogom PCA onpepgeneno crpoenne xommnekca (o-CH,CH,NH;),SiF;. B nonnofi cTpykType rek-

caTOPOCHTIHKATA AaHHOHBI SiFg_ (Si-F 1.595(9)-1.683(17) A) u xaTHOHSBI o—CH3C5H4NH; 06 LETHHEHBI
H-ceazamu NH.--F (N---F 2.757(10)-3.25(2) A). KomnonenTsI CTPYKTYPBI OGBEIHHEHEI B CIIOH, ISHTPAllb-

p2-
HYIO 4acTk KOTOporo QOpMHpPYIOT aHHOHBI SiFy |, a HapyXHBIe rHIpo¢o6HEIC TOBEPXHOCTH — ApOMaTH-

YECKHE HHKIIBI KaTHOHOB.

W3BecTHO, 4TO peann3yrolhecs B CTPYKTYpax “OHH-
€BbIX FeKCa(pTOPOCANAKATOB MEKHOHHbIe H-cBsisH B
3aMETHOH CTeNCHA ONPENEIAOT OCOGCHHOCTH FeOMET-

PHH QaHHOHOB SiFg_ [1,2] m ¢pr3EKO-XAMAYECKOE NIOBE-
nenne coned [3]. Hacrosmas paSora npogonskaeT Ha-
yaThle paHee HoclefoBaHms [4-6] snmanma H-ceasei
Ha CTPOCHHE H CBOHCTBA IeKCa(PTOPOCHIHKATOB apH-
TTAMMOHHS! B OCBAIIICHA H3YYEHAR KPACTANIAYECKOH
CTPYKTYPbI ek capTOPOCANAKATA OpH1O-TONYH HHAA.

OKCITEPMUMEHTAJIBHAS YACTB

Cunres. MoHokpHCTannel coegHHeHHs (o-
CH;C¢H,NH;),SiF; (I) mony4mng no Metonnke [4].

PCA. TIlapameTpbl 3neMeHTapHOH sS4eHKH H
TPEeXMEpPHbIH HAaGOp HHTEHCHBHOCTEH OTpasKeHHH
nnst MoHokprcTannal pasmepom 0.24 X 0.14 < 0.01 MM
nony4yeHbl Ha AH(ppakToMeTpe Nonius Kappa CCD
(MoK,,-m3ny4eHre, rpadaTOBbIH MOHOXPOMATOP, O-
cKaHApoBaHHe,20,,,, = 51.0°) npr 293 K. Beero 3apern-
crpapoBaHo 3483 oTpakeHnsa (—16 <h <16, -6<k <6,
-11 <1< 12), u3 HEx 1452 He3aBACAMBIX.

Kpacramner I (CHyFN,Si, M = 35841) moHo-
KiEHHBIE: a = 14.582(3), b = 5.892(1), ¢ = 10.184Q2) A,
B =105.83(3)°, V=841.8(3) A%, p,oe = 1.414 1/ cM?,
W =0.198 mm7!, F(000) =372, Z =2, np. rp. P2/ c.

CrpykTypa paciuadpoBaHa NPAMbIM METONOM
(SHELXS-97 [7]) B yro4uHeHa NOTHOMATPHYHbIM aHH-
30TPONHBIM METONOM HAHMEHBIIAX KBaJpaToB
(SHELXL-97 [7]).

OKOHYATeNbHbIE PE3YNbTAThl YTOYHEHHS: R =
=0.0525, wRy = 0.1167 no orpaxkenmsam ¢ I > 20()),
R; =0.1380, wRy = 0.1376 o BceM OTpaskKeHEsIM. 3Ha-
YeHHA APy, APpin cocTamsiror 0212 1 —0.145 A
COOTBETCTBEHHO,

B LEHTPOCHMMETPHYHOM TeKCa(pTOPCHIHKAT-
AHHOHE aTOMBI (PTOpa PasyIOPANOYEHb! 1O ABYM IO-
3HALAAM ¢ 3aceneHHocTamA 0,602 u 0.398; o6e nozuupn
VYTOYHEHb! B AHA3OTPONHOM NprONAKeHAr. [Tonoxe-
HEE ATOMOB BOIOPOia IIPH aTOMAaxX YIIepofa YTO4YHe-
HO 11O MO ENH “Hae3IHAKa . ATOMBI BOJOPOTa aMMO-
HAHHOH TPYNNbI, JOKANA30BaHHbIE H3 Pa3HOCTHBIX
caHTe30B Dyphbe, YTOUHATHE A30TPOIHO ¢ IPAMEHEHHA-
€M MATKAX OrpaHA4YeHAH (EHCTpyKuEa SADI nns pac-
crosunii N-H g H---H).

JINMEHEI HEKOTOPBIX CBA3¢H H BAlleHTHBbIEC YITIbI
npasepensl B Taln. 1. CIF penonaposad B Kem6panx-
CKOM GaHKe CTPYKTYPHBIX JaHHBIX, HOMEP PerHcTpa-
uaa CCDC 614304,

PE3VIIBTATEI U X OBCYXIEHHNE

CTpyKTypHBIE €IHHHIBI KOMINIeKca I — rek-
capTOPOCANHKAT-aHAOHBl H KaTHOHBI O-TONYHIH-
HHsA, 00beHHECHHbIE BONOPOAHBIMA cBa3saMa NH---F
(prc. 1). O6e nosHUEA pasynopPsAAOYEeHHBIX aTOMOB
¢pTopa NpAHAMAKOT y4acTHE B Pa3BETBICHHOH CACTe-
me H-cpazeii. B TaGn. 2 npaBeNeHbl FeOMETPHYECKH-
enmapameTpbl H-cBasel ansa o60nx NONOXKEHAR pasy-

NOPANOYEHHOTO AaHAOHA SiFg_. O6cyKpeHAe CTPYK-
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2 TEJIBMBOJIBAT u sp.
Taéauua 1. [Lnunbl cesizeit (d) u BajseHTHbIE yriibl (©) B ctpykType |
Cas3b d, A Yron , rpajg
Si(1)-F(1) 1.611(10) F(2)Si(1)F(1) 87.9(4)
Si(1)-F(2) 1.611(5) F(2)Si(1)F(3) 91.2(4)
Si(1)-F(3) 1.630(5) F(1)Si(1)F(@3) 88.5(5)
Si(1)-F(1") 1.683(17) F(3)Si(1)F(2") 90.0(7)
Si(1)-F(2") 1.603(6) F(3")Si(1)F(1") 93.3(8)
Si(1)-F(3") 1.595(9) F(2)Si(1)F(1") 96.0(7)
C(1)-C(6) 1.344(5) C(6)C(1)C(2) 121.5(4)
C(1)-C(2) 1.402(5) C(6)C(1)N(1) 122.1(4)
C(1)-N(1) 1.453(5) C(2)C(1)N(1) 116.4(4)
C(2)-C(3) 1.343(6) C(3)C(2)C(1) 119.7(4)
C(3)-C(4) 1.381(6) C(2)C(3)C(4) 119.7(5)
C(4)-C(5) 1.358(6) C(5)C4)C3) 120.7(5)
C(5)-C(6) 1.405(5) C(4)C(5)C(6) 120.2(4)
C(6)-C(7) 1.480(5) C(1)C(6)C(5) 118.2(4)
C(HC(6)C(T) 122.4(5)
C(5)COG)C(T) 119.4(5)

* Illrpuxamu ormeuenbl nosuiun aromon F(1)-F(3).

Typbl 0a3upyeTcs TONBLKO Ha MO3UIMHU ¢ GonbLIeH
3aCeJIEHHOCTBIO, MOCKONbKY OOIIMH MOTHB yna-
KOBKH OCTaeTCsl Heu3MeHHbIM. Bee aromel Bofopo-
Jla aMMOHHITHON TPYMNIbI U BCE aTOMbI (PTOpA aHM-

sl N
oHa SiFg; BoBneuens! B cucremy H-cpszeit. bau-
Xaiilllee OKpyXeHHe KaTHOHAa (POPMHPYIOT TpH

annona SiF; , 3aHHMAIONINX YACTHBIC MO3HIMH U
HAXOSIIMXCA B BEPIIHHAX MPAKTHYECKH PAaBHO-
CTOPOHHErO TPeyrolbHUKa cO cTopoHamu 5.892,
5.883 1 5.883 A (puc. 2). AToM a30Ta aMMOHUITHOI
PYIIBI OTCTOUT OT 3TOM muockoctu Ha 1.75 A. B

CBOIO OYepe/ib, KaXKblil aHHOH SiF(Z)_ 3aHHMaeT Mo-
3ULHUIO B LEHTPE reKcarona, o0pasyrouerocs B pe-
3yJbTaTE COYJEHEHUs] IMIeCTH OJMXKaHIIUX Tpe-
YrOJIbHUKOB TaKUM 00pa30M, YTO KATHOHbI OPUEH-
THPOBaHbl 1O 00€ CTOPOHbI OT IIOCKOCTH
aHMOHOB. KOMNOHEHTBI CTPYKTYpPbl 00 bEAUHEHDI B
CJIOM, NMEepPNEeHAUKYISPHbIN HANIPABJIEHUIO d B KPH-
cramne (puc. 4). LlenTpanbuyo 4acTh cios ¢dop-

o =
MHUpYIOT aHHOHBI SiFg , HapyxHble rugpodobHbIe
NOBEPXHOCTH CJIOSi CO3[al0TCs apOMaTHYECKUMHU
LUKJIaMH1 KaATHOHOB.

Puc. 1. Crpoenne kommiekca I ¢ nymepaiueit atomoB.

KYPHAII HEOPTAHUYECKOM XUMUU  tom 52 Ne5 2007
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KPUCTAINTMYECKAS CTPYKTYPA TEKCA®TOPOCHUIIMKATA 3

Ta6umua 2. I'eomerpuueckue napamerpbl H-casizeit B crpykrype I*

D-H--A Paccrosinue, A DHi;m:pan
D-H H--A D--A ¥
N(I)-H(IN)---F(1)#2 0.81(2) 2.00(3) 2.797(10) 170(3)
N(1)-H(IN)--F(2)#3 0.81(2) 2.51(3) 3.087(10) 130(3)
N(1)-H(2N)--F(3) 0.79(2) 2.00(3) 2.757(10) 160(4)
N(1)-H(3N)--F(2)#4 0.82(2) 2.13(3) 2.878(10) 153(4)
N(I)-H(IN)---F(1")#2 0.81(2) 2.47(3) 3.25(2) 164(3)
N(1)-H(IN)--F(3")#2 0.81(2) 2.37(3) 2.955(14) 131(3)
N(1)-H(2N)---F(1") 0.79(2) 2.51(4) 3.136(19) 138(3)
N(1)-H(2N)---F(2") 0.79(2) 2.34(3) 2.963(16) 136(3)
N(1)-H@3N)---F(1')#4 0.82(2) 2.26(3) 3.02(2) 155(4)
N(1)-H@3N)--F(3")#5 0.82(2) 2.15(3) 2.820(19) 139(3)

* TIpeoGpa3oBaHusl CHMMETPHH, HCTIOJIb3YEMbIE [UISl FEHEPallii 9KBUBAJICHTHBIX aTOMOB: #1 —x, =y, —2: #2 —x, y + 1/2, -z + 1/2; #3 x,
=+ 1/2,z+ 1/2; #4 —x,—y+ |, -z #5x,y+ 1, 2.

B 3akmioueHne OTMETHM, YTO (DUKCHpyeMasi He-  CYETCs C MyJIbTUIIETHBIM (1yOIeTHBIM) XapaKTepOM
MKBHBANEHTHOCTb JUIMH CBsizeil SI-F anmona SIF,  Toriouenus koneGanuii V(SIF) u 8(SIF,) B MK-cnek-
(unrepsan 3Hayenuuit 1.595(9)-1.683(17) A) corna-  Ttpe I [5], yKa3bIBalOIUM Ha MOHIXKEHHE CHMMETPHHI

Puc. 2. Banxaitiuee OKpy>KeHHe KaTHOHA 0-TOJYHIMHUs B KpucTamie 1.

KYPHAIl HEOPTAHUYECKOW XUMUM  tom 52 Ne 5 2007
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I'EJIbMBOJIBAT u ap.

&g 2

b

3 s 2=
Puc. 3. bmkaitiee okpyxkenne aunona SiFg B kpucranie.

Puc. 4. ®parment cnios B kpucrainie L.

KYPHAIl HEOPTAHUYECKOM XUMUU  1tom 52 Ne 5 2007
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KPUCTAIITHUYECKAS CTPYKTYPA TEKCA®TOPOCHUIINKATA 5

aHHOHa OTHOCHTEIIBHO OKTazfipayeckoi 0. B cTpyk-
Type I OTCYTCTBYeT aHTHGATHAs KOPENALHA MEXKNY
npouHocTeio H-caser NH-~F H COOTBETCTBYIOILEX
casefi SI-F, oGHapy:KeHHasd B CTPYKTYpax MHOTHX
“OHHeBbIX ' rekcapropcEnEkaros [1, 2, 6].
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Abstract—The crystal structures of [(cys—syn—cys-dicyclohexano-18-crown-6 - H;O)][TaF,] and [(cys—syn—
cys-dicyclohexano-18-crown-6 - H;O)][NbF,] complex compounds are determined using X-ray diffraction
analysis. The tantalum complex has two polymorphic modifications, namely, the monoclinic (I) and triclinic (IT)
modifications. The unit cell parameters of these compounds are as follows: a = 8.507(4) A b= 11.947k5) A,
c=27392(12) A, B =93.11(1)°, Z = 4, and space group P2;/n for modification I; and & = 10.828(1) A, b =
1120410 A, ¢ =12.378(1) A, ¢t =72.12(1)°, B = 79.40(1)°, y = 73.70(1)°, Z = 2, and space group P-1 for mod-
ification II. The triclinic niobium complex [{(cys—syrn—cys-dicyclohexano-18-crown-6 - H;O)][NbE,] (III) with
the unit cell parameters a = 10.796(3) A, b = 11.183(3) A, ¢ =12.352(3) &, o =72.364(5)°, B =79.577(5)°, y =
73.773(4)°, Z = 2, and space group P-1 is isostructural with tantalam complex II. The structures of all three
complexes are ionic in character. The oxonium cation in complexes I-III is encapsulated by the crown ether
and thus forms one ordinary and two bifurcated hydrogen bonds with the oxygen atoms of the crown ether. This
macrocyclic cation is bound to the anions through the C-H---F contacts (H---F, 2.48-2.58 A). The conformation

of the macrocycle in complex I differs substantially from that in complex IT (IIT).

PACS numbers: 61.66.Fn
DOI: 10.1134/51063774507020150

INTRODUCTION

This study is a continuation of our systematic inves-
tigations into the influence of the synthesis conditions
and nature of macrocyclic ligands on the composition
and structure of the products of the interaction of nio-
bium(V) fluoride and tantalum(V) fluoride complexes
with crown ethers (CE) [1, 2]. In our previous studies,
it was demonstrated that, in the case of benzo-18-
crown-6 [1] and diphenyl-20-crown-6 [2], the sizes of
the cavities of their macrocyclic rings appearto be large
enough to accommodate one oxonium cation and the
composition of the final product in both cases corre-

sponds to the formula [CE - H;O][MF,] (M = Nb, Ta).
In the case of other biphenyl derivative, namely,
[1.5]dibenzo-18-crown-6, the oxonium cation cannot
be accommodated in the cavity of the macrocyclic ring
because of the decrease in the number of oxygen atoms
acceptable for the interaction in the ligand. Therefore,
the three-membered aqueous cluster H,O}, which has
the form of an HyO--H;O*-H,O chain linked by the
hydrogen bonds, is encapsulated between two crown
ether molecules with the formation of a positively
charged associate composed of two ether molecules

and an H,0; cation and the composition of the final
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70



254

product is described by the formula [(CE),
H;05][ME].

Using the complex [benzo-18-crown-6 - H;O][MF]
as an example, we demonstrated that the technique used
for synthesizing the compound affects both the process
of crystallization and the structure of the final crystal-
line product.

This paper reports on the results of investigations
into the crystal structure of the complexes [(cys—
syn—cys-dicyclohexano-18-crown-6 - H;O)][TaF,]
and [(cys—syn—cys-dicyclohexano-18-crown-6 .
H;0)][NbF,], which are the products of the interaction
in the M,0s(MFs)-HF-H,0-CE systems (where M is
Nb or Ta and CE is cys—syn—cys-dicyclohexano-18-
crown-6).

SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The complex cys—syn—cys-dicyclohexano-18-
crown-6 - H;O*TaF, was synthesized in the form of

two polymorphic modifications (I and II). Crystals of
modification I were prepared by the reaction of tanta-
lum oxide (0.5 mmol) dissolved in a 45% hydrofluoric
acid (6-7 ml) with cys—syn—cys-dicyclohexano-18-
crown-6 (1 mmol) dissolved in methanol (8-10 ml).
The melting temperature of complex Iis equal to 103
104°C. Crystals of modification IT and those of the
complex cys—syn—cys-dicyclohexano-18-crown-6
H;O*NbF, (III) were prepared according to the same
procedure through the reaction of tantalum fluoride
(niobium fluoride for complex III) (1 mmol) dissolved
in a 45% hydrofluoric acid (6-7 ml) with cys—syn—cys-
dicyclohexano-18-crown-6 (1 mmol) dissolved in
methanol (8-10 ml). The melting temperatures of com-
plexes IT and IIT are equal to 110-111 and 106-107°C,
respectively. Single crystals of compounds I-III suit-
able for the X-ray diffraction analysis were obtained
through isothermal evaporation of the reaction mixture
at a temperature of 18-20°C.

The experimental intensities of 16714 reflections for
the crystal of complex I were collected at a temperature
of 293 K on a Bruker Smart 1000 CCD automated dif-
fractometer (MoX,, radiation, graphite monochromator,
® scan mode, 20, .. = 58°), and 6521 observed reflec-
tions were used in further calculations. The experimen-
tal data were processed and averaged with the SAINT
Plus program package [3], and the semiempirical cor-
rection for absorption was introduced using the SAD-
ABS program package [4]. The structure was solved
with the AREN program package [5]. The coordinates
of the tantalum atom were determined from the Patter-
son map. Then, all the non-hydrogen atomsin the struc-
ture were located from two successive difference elec-
tron-density syntheses. The stmcture was refined by the
full-matrix least-squares procedure in the anisotropic—
isotropic approximation on F? with the SHELXL97

CRYSTALLOGRAPHY REPORTS
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program package [6]. The analysis of the residual elec-
tron-density syntheses revealed that the TaF; anion is

disordered over two positions with occupancies of
0.4 and 0.6. The positions of the fluorine atoms with
occupancies of 0.6 and 0.4 were refined in the anisotro-
pic and isotropic approximations, respectively. The
refinement was performed under the constraint that the
Ta-F tjﬁ(:nd lengths tend to be equal to the mean value of
1L.8TTA.

The hydrogen atoms of the crown ether were placed
in the calculated positions and refined with the fixed
thermal parameters U, taken to be equal to 1.2 U; of
the carbon atoms bonded to these hydrogen atoms.
Since the scatter in the bond lengths in the second
cyclohexyl fragment was relatively large, the refine-
ment was performed under the constraint that the bond
lengths tend to be 1.54 A. The oxonium cation was
located in the course of the refinement of the structure.
The hydrogen atoms of the oxonium cation were
located from the difference electron-density syntheses
and refined within a riding model.

The experimental intensities of reflections for the
crystals of complexes II and III were collected on a
Bruker Smart antomated diffractometer equipped with
a CCD detector (MoK, radiation, graphite monochro-
mator, - scan mode, 20, = 52°). The structures
were solved by direct methods with the SHELXS97
program package [6] and refined by the full-matrix
least-squares procedures on F? with the SHELXL97
program package [6]. The semiempirical correction for
absorption was introduced with the SADABS program
package [4]. The analysis of the residual electron-den-
sity syntheses revealed that the fluorine atoms in the

TaF, (NbF;) anion are disordered over several posi-

tions, as can be judged from the final parameters of
thermal vibrations. However, only two positions with
their equal occupancies were taken into account in the
course of the refinement. Both positions were refined in
the anisotropic approximation. The refinement was per-
formed under the constraint that the Ta-F bond lengths
tend to be equal to the mean value of 1.877 A and the
distances between the fluorine cis atoms tend to be
equal to the mean value of 2.653 A. In the cys—syn—cys-
dicyclohexano-18-crown-6 molecule, the C(5) atom is
disordered over two positions with occupancies of 0.75
and 0.25. The positions of the C(5) atoms with occu-
pancies of 0.75 and 0.25 were refined in the anisotropic
and isotropic approximations, respectively. In the
course of the refinement, it was revealed that the oxo-
nium cation is disordered over two positions with occu-
pancies of 0.9 and 0.1 and shared hydrogen atoms. The
minor component of the oxonium cation was refined in
the isotropic approximation.

The hydrogen atoms of the crown ether were placed
in the calculated positions and refined with the fixed
thermal parameters U; taken to be equal to 1.2 U; of the
catbon atoms bonded to these hydrogen atoms. The
Vol. 52
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'Il'silllie 1. Crystallographic data, experimental details, and parameters of the structure solution and refinement for complexes
Compound 1 I I
Empirical formula CyoH30FsO;Ta CyoH3F0;Ta CyoHzoFsO;Nb
Molecular weight 686.46 686.46 598.42
Crystal system Monoclinic Triclinic Triclinic
Space group, Z P2in, 4 P1,2 P1,2
Unit cell parameters:
a A 8.507(4) 10.828(1) 10.796(3)
b A 11.948(5) 11.204(1) 11.183(3)
¢ A 27.392(12) 12.378(1) 12.352(3)
o, deg 90 72.117(2) 72.364(5)
B, deg 93.110(8) 79.400(2) 79.577(5)
7, deg 90 73.697(2) 73.773(4)
v, A? 2780(2) 1363.8(3) 1357.0(6)
Pealeds glcm® 1.640 1.672 1.465
u, mm™! 4.027 4.105 0.519
Crystal size, mm 03x02x02 048 x0.39 x0.22 0.63 x0.52 x0.48
Index ranges -11<h<11 -13£h <13, -13£h <12,
-15<k<13 -6<k=<13, -12<k <13,
-33<1<36 -15<i<15 -10<i<15
Number of reflections measured/mum- 16714/6521/3777 7914/5279/2624 7682/5244/3990
ber of unique reflections/number of re- [R(int) = 0.0421] [R{int) = 0.0234] [R(int) = 0.0128]
flections with I > 2¢6(f)
Son F? 1.088 0.861 1.105
Final R factors for reflections with I>20(f) | R) =0.0547, wR, =0.1127 | R; =00401, wR, =0.0867 | R; =00598, wR, =0.1821
Final R factors for all reflections R, =0.0910,wR,=0.1200 | R, =0.0826,wR, =0.0938 | R, =00739,wR, =0.1947
Extinction coefficient - 0.0051(4) 0.011(3)
APpe and Ap,,,, efA3 1.266 and -1.205 0.583 and -0.983 0.594 and -0.786

hydrogen atoms of the oxonium cations were located
from the difference electron-density syntheses and
refined under the constraint that the O-H bond lengths
tend to be 0.86 A (in order to unify the geometry of the
oxonium cation in the crystal structures of complexes I1
and III) with the fixed thermal parameters U, taken to
be equal to 1.5U; of the oxygen atoms bonded to these
hydrogen atoms. The crystallographic data, experimen-
tal details, and parameters of the structure solution and
refinement for complexes I-III are summarized in
Table 1.

The crystallographic data for complexes I-III have
been deposited with the Cambridge Crystallographic
Data Centre (CCDC no. 609787 for complex I, CCDC
no. 609786 for complex II, and CCDC no. 609785 for
complex III).
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RESULTS AND DISCUSSION

As was reported earlier in [1], we investigated the
monoclinic and orthorhombic polymorphic modifica-
tions of the benzo-18-crown-6 complexes with oxo-
nium hexafluorotantalate and oxonium hexafluoronio-
bate of the general formula [(benzo-18-crown-6) -
H:O][MF;] (M = Ta, Nb). It was revealed that, in the
system under investigation, the oxonium cation H,O" is
generated and then encapsulated by the crown ether.
The macrocyclic cation and the inorganic anion are
held in the crystal through the CH---F hydrogen bonds
and m—minteractions between the phenyl substituents in
the macrocycle. It was established that the molecular
complexes in both polymorphs are organized almost
identically. The differences between the monoclinic
and orthorhombic modifications are apparently deter-
mined by the thermodynamic conditions used for syn-
thesizing the complexes and lie in the slight variations
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(b) oan

o(s)

Fig. 1. (a) Structure of complex I (only the main positions
of the fluorine atoms are shown). (b) Schematic drawing of
the conformation of the macrocyclic skeleton of the cys—
syn—cys-dicyclohexano-18-crown-6 molecule in the crystal
structure of complex I (only the oxygen atoms are shown).

Fig. 2. Packing of complexes I in the crystal structure (only
the hydrogen atoms involved in hydrogen bonds are
shown).

observed in their packings. This manifests itself in dif-
ferent degrees of corrugation of both the organic and
inorganic layers in the structure.

The structures of compounds I-III are ionic in char-
acter. They are composed of inorganic anions [MF]
and cations formed by the crown ether and the encapsu-
lated oxonium cation H;O*. The structure of complex I
is depicted in Fig. la. In the anion, the tantalum atom
has an octahedral coordination. All six fluorine posi-
tions are split. The Ta—F and Ta—F' bond lengths in the
octahedron fall in the range 1.874(4)-1.891(4) A. The
cis angles at the tantalum atom vary in the range from
81.5(5)° t0 95.8(5)°.

In the structure of the crown ether, the C-O and C-C
mean bond lengths are equal to 1.428 and 1.479 A,
respectively, and the C-O-C and O-C-C mean bond
angles are 113.7° and 108.3°, respectively. The macro-
cyclic skeleton of the crown ether molecule in the struc-
ture of complex I has a sofa conformation (Fig. 1b).
The five oxygen atoms O(2), O(3), O(4), O(5), and
O(6) are coplanar to within 0.0468 A, and the O(1) oxy-
gen atom deviates from the plane of the aforementioned
atoms by 1.249(7) A. The endocyclic distances O--O
in the macrocycle take on values in the range from
5.225(7) 10 5.509(6) A. The torsion angles about the C—
C and C-0 bonds lie in the ranges 57.7(8)°-67.6(8)°
and 142.8(7)°-178.5(8)°, respectively. It is worth not-
ing that the C(3)C(4)O(3)C(5) and C(8)O(5)C(9)C(10)
torsion angles in the structure of complex I [145.6(6)°
and —142.8(7)°, respectively] differ substantially from
those in the structure of complex II [90.7(8)° and
=79.0(7)°, respectively]. The torsion angles character-
izing the conformation of the macrocycles in the struc-
tures of complexes I and II are listed in Table 2.

In the structure of complex I, the oxygen atom of
the oxonium cation deviates by 0.714(5) A from the
plane determined by the five oxygen atoms of the mac-
rocycle. As in the previously investigated structures of
the crown ether complexes with oxonium hexafluoro-
tantalate and oxonium hexafluoroniobate [1, 2], the
configuration of the oxonium cation has a slightly pyra-
midal coordination: the oxygen atom deviates from the
plane of the hydrogen atoms of this oxonium cation by
0.24 A. Although the accuracy of the location of the
hydrogen atoms was not very high, their positions best
correspond to two ordinary hydrogen bonds and one
bifurcated hydrogen bond (Table 3).

The interaction between the macrocyclic cation and
the inorganic anion occurs through the CH---F contacts,
the shortest of which are presented in Fig. 2 and Table 3.
Owing to the C—H:-F interactions, the hexafluorotanta-
late anion forms three macrocyclic cations in its envi-
ronment. In this case, the F(6) atom is bonded to the
two cations, thus forming a centrosymmetric dimer.
Then, the dimers spaced at a translation along the b axis
are linked together into chains through the F(1) and
F(4) atoms (Fig. 2).

CRYSTALLOGRAPHY REPORTS ~ Vol. 52 No. 2 2007
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Table 2. Torsion angles in the cys—syr—cys-dicyclohexano-
18-crown-6 molecule in the structures of complexes I and IT

1, deg
Angle
I o
C(12)0(1)YC(1)YC(2) 178.5(7) 179.7(4)
O)C(1HC(2)02) -62.1(9) —65.5(6)
C(LC(2)O(2)C(3) -173.0(6) -172.0(5)
C2)02)C3)CH) -157.1(6) -164.6(5)
O2)CBYCHOB) 58.4(7) 60.0(6)
CRICAOBICE) 145.6(6) 90.7(8)
CEOBYC(5)C(6) 168.0(6) 166.9(7)
O3)C(B)C(6)0(4) —67.2(7) 53.7(12)
CEYCOYOMCT(T) 168.4(5) -172.3(7)
CEOEHTCTICEB) —-167.6(6) 158.6(6)
OMT(THC(BYO(5) 67.6(8) -57.7(8)
C{NHCBYO(5)C(9) -174.3(7) -160.9(5)
C(8)O(5)C(9)C(10) -142.8(7) =79.0(7)
O(5)C(9C(10)0(6) -57.7(8) —56.4(6)
C(9)C(10)O(6)C(11) 149.5(7) 167.8(5)
C(10YO(6)C(11)C(12) 168.5(7) 177.9(4)
O6)C(11)C(12)01) 64.6(10) 64.2(6)
C(11)C(12)O(1)C(1) -169.2(8) 170.6(4)

Since complexes II and IIT are isostuctural to each
other and are characterized by close values of the geo-
metric and conformational parameters, the description
is given only for complex II. The structure of complex
IT is shown in Fig. 3a. In the anion, the tantalum atom
has an octahedral coordination. The fluorine atoms in

the TaF; anion are disordered over two positions with

equal probability. The Ta—F and Ta—F bond lengths in
the octahedron lie in the range from 1.859(4)° to
1.898(4)°. The cis angles at the tantalum atom vary in
the range from 84.4(5)° to 95.3(5)°.

The macrocyclic skeleton of the crown ether mole-
cule in the structure of complex II exhibits a boat con-
formation (Fig. 3b) elongated in the direction of the
cyclohexane substituents. The endocyclic distances
O--0O in the macrocycle are as follows: O(1)--O(4),
4.811(5) A; O(3)-0(6), 5.345(5) A; and O(2)--O(5),
5.365(5) A. The four oxygen atoms O(2), O(3), O(5),
and O(6), which are bonded to the cyclohexane substit-
uents, are coplanar to within 0.0585 A, and the two
oxygen atoms O(1) and O(4) deviate from the plane of the
aforementioned atoms by 0.714(5) and 1.445(6) A,
respectively. The oxygen atom of the oxonium
cation deviates by 0.386(5) A from the plane deter-
mined by the four oxygen atoms of the macrocycle.
According to the C—C bonds, the macrocycle (symme-
try C,) has the most favorable gauche conformation.

Table 3. Geometric parameters for the hydrogen bonds in the structure of complexes I and IT

i B Distances, A Angle, deg Symmetry operations
D-H H-A DA DHA for the acceptor
O(W)»-H(1W)---O(1) 0.92(2) 1.82(2) 2.599(6) 143(4) X2
O(IW)-H(1W)---O(6) 0.92(3) 2.39(2) 2.901(7) 116(5) X2
O(1W)-H(2W)---O(3) 0.90(3) 1.68(2) 2.561(6) 173(5) X2
O(IW)-H(3W)---O(5) 0.92(2) 1.64(2) 2.553(7) 179(4) X2
C(5)-H(5B)--F(4) 0.97 242 3.362(11) 165 X, ¥, 2
C{4)-H(44)---F(6) 0.98 241 3.384(11) 171 X2
C(5)-H(5B)--F(4) 0.97 2.37 3.269(18) 156 X, ¥, 2
C{4)-H(44)---F(6" 0.98 2.44 3.32(2) 151 X2
C(1)-H(1B)---F(2) 0.97 248 3.077(11) 120 —X, =Y, ~Z
C(8)-H(8B)---F(6) 0.97 2.56 3.259(13) 129 -x+1,-y+1,—z
O(IW)-H(1W)---O(1) 0.87(2) 1.84(2) 2.709(6) 176(4) X2
O(IW)»-H(2W)---O(3) 0.86(2) 1.76(2) 2.584(5) 160(5) 9,2
O(IW)-H2W)---O4) 0.86(2) 2.43(4) 2.949(6) 119(4) X2
O(IW)-H(3BW)---O(5) 0.86(2) 1.77(2) 2.622(5) 175(4) X, ¥, 2
C(1)-H(14)---F(5) 0.97 2.56 3.469(11) 156 xy-1,2
C(6)-H(6B)---F(1") 0.97 2.55 3.421(16) 149 —x+1,-y+1,—z
C(18)-H(18B)---F(6") 0.97 2.24 2.981(9) 132 —x,-y+1,-z

CRYSTALLOGRAPHY REPORTS Vol 52 No. 2 2007
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F(4)
F(1)

F(6),

Fig. 3. (a) Structure of complex IT (the fluorine atoms
located in only one position are shown, and the minor com-
ponents of the C(5) and O(1W) atoms are omitted).
(b) Schematic drawing of the conformation of the macrocy-
clic skeleton of the cys—syn—cys-dicyclohexano-18-crown-6
molecule in the crystal structure of complex II (only the
oxygen atoms are shown).

Fig. 4. Packing of complexes II in the crystal structure (only
the hydrogen atoms involved in hydrogen bonds are
shown).

The conformation of the C—O bonds is determined by
ten trans and two gauche fragments (Table 2).

A comparison between the conformations of the
macrocyclic skeleton of the cys—syn—cys-dicyclohex-
ano-18-crown-6 molecule in the structures of com-
plexes I and II demonstrates that these conformations
differ significantly. Quite possibly, the conformational
transformation is associated with the redistribution of
the OH--O hydrogen bonds with the participation of
the oxonium cation, as can be seen from Table 3 and
Figs. 1a and 3a.

CRYSTALLOGRAPHY REPORTS
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The interaction between the macrocyclic cation and
the inorganic anion in the structure of complex II
occurs through the CH--F contacts, the shortest of
which are presented in Table 3. First and foremost, it
should be noted that the number of these interactions in
the structure of complex II is considerably smaller than
that in the structure of complex I. Since the fluorine
atoms of the anion are disordered with equal probabil-
ity, the CH---F contacts are formed only in half the
complexes in the crystal (with the primed fluorine
atoms); in this case, the main packing motif remains
similar to the packing motif in the structure of complex I
(Fig. 4).

Earlier, we studied host—guest complexes of the fol-
lowing compositions: [dicyclohexano-18-crown-6
H,O*[BE,] [7], [dicyclohexano-18-crown-6
H;O[SiFs] [8], and [dicyclohexano-18-crown-6
H;O*[CIO,] [9]. A comparison of the structural motifs
in these three complexes [8] revealed their close simi-
larity: all three compounds (like compound I crystal-
lize in space group P2,/n with very close values of the
unit cell parameters. In the crystal structure, the bulky
organic cations [dicyclohexano-18-crown-6 - H;O%]
form zigzag channels occupied by the BF,, SiFs , and

ClO, counterions. A similar structural motif is
observed in the crystal structures of complexes I and 11
(IIX). Moreover, complex I can be the next member of
this series, because compound I crystallize in the same
space group, P2,/n, with the corresponding increase in
the unit cell parameters.

It should be noted that, unlike the previously studied
system [benzo-18-crown-6 - H;O|[MF¢] (M = Nb, Ta)
in which the difference between the polymorphs mani-
fests itself only in their packings, the structures of com-
plexes I-IIl are characterized by conformational
changes in the macrocyclic skeleton of the cys—syn—
cys-dicyclohexano-18-crown-6 molecule in different
polymorphs.
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Two novel compounds, (L'H),[SiF4]-2H,0 (1) and (L*H),[SiF5(H,0)],-3H,0 (2), resulting from the
reactions of H,SiF with 4-aminobenzo-12-crown-4 (L') and monoaza-12-crown-4 (L?), respectively,
were studied by X-ray diffraction and characterised by IR and F NMR spectroscopic methods. Both
complexes have ionic structures due to the proton transfer from the fluorosilicic acid to the primary
amine group in L' and secondary amine group incorporated into the macrocycle L*. The structure of 1
is composed of [SiF,]*~ centrosymmetric anions, N-protonated cations (L'H)*, and two water
molecules, all components being bound in the layer through a system of NH--- F, NH--- O and

OH - - - F hydrogen bonds. The [SiF]*~ anions and water molecules are assembled into inorganic
negatively-charged layers via OH - - - F hydrogen bonds. The structure of 2 is a rare example of
stabilisation of the complex anion [SiFs(H,0)] ", the labile product of hydrolytic transformations of the
[SiF4]* anion in an aqueous solution. The components of 2, i.e., [SiFs(H,0)] , (L*H)*, and water
molecules, are linked by a system of NH---F, NH---O,OH---F, OH - - - O hydrogen bonds. In a way
similar to 1, the [SiFs(H,0)]~ anions and water molecules in 2 are combined into an inorganic

negatively-charged layer through OH - -- F and OH - - - O interactions.

Introduction

The products of reaction of fluorosilicic acid (FSA) with organic
bases, the fluorosilicates of the relevant “onium™ cations, find ap-
plication as inorganic-organic hybrid functional materials,' ionic
liquids® and reagents for modified zeolite catalytic agents,** and in
the synthesis of silicon tetrafluoride complexes,®” in the production
of fungicides,® and in the preparation of herbicide-containing
mixtures.” In addition, these compounds are of interest for the
stabilisation of various fluorido complexes of silicon, the products
of the hydrolytic transformations of FSA.'™!" The equilibria in
the FSA solution, and number and composition of the co-existing
silicon fluorido complexes, still remain a subject of debate.'*"?
The most effective reagents for the selective stabilisation of certain
silicon fluorido complexes still remain 18-membered crown- and
azacrown-ethers. In particular, the labile products of hydrolytic
transformations of the [SiF,]*~ anion, viz. complexes [SiFs(H,0)]",
[SiFs]~ and trans-[SiF,(H,0),], have been stabilised in the solid
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state and structurally described as host-guest complexes with aza-
and 1,10-diaza-18-crown-6," cis,syn,cis-dicyclohexyl-18-crown-
6" and 18-crown-6,""'® respectively. It is noteworthy that the
smaller 1,7-diaza-15-crown-5'7 and azamacrocycles'™ exclusively
form the anhydrous or hydrated ammonium hexafluorosilicates.

It should, however, be noted that the complexing ability of
other macrocycles, e.g. 12-crown-4 and its substituted derivatives
in the reaction with FSA remains practically unexplored. The
present study is carried out in continuation of our previous
systematic investigations''" and is devoted to the specific features
of FSA complex formation with the macrocyclic ligands. We report
herein the synthesis, spectroscopic characterisation and structural
organisation of compounds resulting from the reaction of FSA
with two 12-membered macrocycles, 4-aminobenzo-12-crown-4
(L") and monoaza-12-crown-4 (L*) (Scheme 1).

HaN I % 0/(?
\O:o\_/oj QNio\)

L1 LZ

Scheme 1 12-Membered crown ethers used in this study.

Results and discussion
Synthesis

4-Aminobenzo-12-crown-4 (L') was prepared in 3 steps from
pyrocatechol following the modified Pedersen procedure.®

This journal is © The Royal Society of Chemistry 2007
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Aza-12-crown-4 (L*) was obtained following the protocol reported
in the literature. Compounds 1 and 2 were synthesised by mixing
a methanol solution of the corresponding crown ether and an
aqueous solution of fluorosilicic acid in a 1 : 3 molar ratio. Crystals
suitable for X-ray study were obtained by slow solvent evaporation
at room temperature.

Crystal structures

Compound (L'H),[SiF]-2H,O (1) crystallises in the monoclinic
space group P2,/c¢. The asymmetric unit of 1 consists of one half
of the hexafluorosilicate anion in partial position on an inversion
center, one ammonium-benzo-12-crown-4 cation and one water
molecule, both occupying the general positions (Fig. 1). The
FSA molecule protonates the primary amine group of the crown
ether molecule. Complex 1 is composed of the [SiF¢}*~ anion, two
macrocyclic cations and two water molecules.

Fig.1 ORTEP view of 1 with the atom numbering scheme. Displacement
ellipsoids are drawn at the 50% probability level. Dashed lines represent
the hydrogen bonds.

Table 1 Hydrogen bonding geometry for 1 and 2

The components are bound by a network of charge-assisted
hydrogen bondsof NH--- F,NH---Oand OH - - - F types (Fig. 1).
The [SiF,]*" anion has an usual distorted octahedral geometry with
the Si-F distances in the range 1.6588(15)-1.6719(11) A, F(cis)
Si-F(cis) bond angles being close to 90° and F(trans)-Si-F(trans)
angles equal to 180°. Each of the [SiF¢]*~ octahedra is involved in
four bifurcated NH - - - F hydrogen bonds with ammonium groups
of four macrocycles and in four OH - - - F hydrogen bonds with four
water molecules as multi-center acceptors via F(2) and F(3) atoms
(Fig. 1, Table 1). The water molecules act as H-acceptors towards
the ammonium group via a single NH - - - O hydrogen bond, while
as H-donors they bridge two symmetry-related [SiF]*~ anions via
one single and one bifurcated OH --- F hydrogen bond. These
latter interactions result in the negatively-charged layer (Fig. 2)
that runs perpendicular to the [100] direction in the crystal.

Fig. 2 Fragment of the inorganic negatively-charged layer in 1.

The macrocyclicammonium cations are joined via NH - - - Fand
NH - - - O hydrogen bonds in a centrosymmetric mode to the both
sides of this inorganic sheet, forming its two hydrophobic surfaces
(Fig. 3).

The host-guest complex (L*H),[SiF;(H,0)],-3H,0 (2) is a quite
rare example of stabilisation of the complex anion [SiF;(H,0)] .

D-H---A d(D-H)/A dH---A)/A d(D---A)/A d(DHA)/°® Symmetry transformation for acceptor
Complex 1

N(1)-H(1A)---F(3) 0.95(3) 1.86(3) 2.731(2) 151(3)
N(1)-H(1A)--- F(2) 0.95(3) 2.48(3) 3.235(2) 136(2)
N(1)-H(IB)---F(2) 0.86(3) 2.10(3) 2.903(2) 156(2)
N(1)-H(1B)---F(3) 0.86(3) 2.20(3) 2.883(2) 137(2)
N(1)-H(1C)- - - O(1W) 0.97(2) 1.74(2) 2.701(3) 174(2)
O(IW)-H(IW1)---F(1) 0.90(4) 1.91(4) 2.790(3) 166(3)
O(IW)-H(1W1)---F(2) 0.90(4) 2.60(4) 3.280(3) 133(3)
O(IW)-H(2W1)---F(1) 0.80(4) 2.24(4) 2.915(3) 143(3)
O(IW)-H(2W1)---F(2) 0.80(4) 2.26(4) 2.949(3) 145(3)
Complex 2

N(1)-H(IN1)---F(4) 0.83(3) 2.02(3) 2.829(2) 164(2)
N(1)-H(IN1)---F(3) 0.83(3) 2.46(2) 2.982(2) 121(2)
N(1)-H(2N1)---0(2) 0.83(3) 2.09(3) 2.811(2) 146(2)
N(1)-H2N1)---O(1) 0.83(3) 2.38(3) 2.785(2) 111(2)
N(2)-H(IN2)---0(5) 0.86(3) 2.043) 2.786(2) 145(2)
N(2)-H(IN2)--- O(6) 0.86(3) 2.38(3) 2.799(2) 111(2)
N(2)-H(2N2)--- F(8) 0.86(3) 1.94(3) 2.786(2) 169(2)
N(2)-H(2N2)---F(7) 0.86(3) 2.47(3) 3.079(2) 128(2)
O(IW)-H(1W1)---E(10) 0.85(4) 1.78(4) 2.629(2) 175(3)
O(IW)-H(2W1)---O(3W) 0.88(2) 1.72(2) 2.588(2) 171(3)
O(2W)-H(1W2)- .. O(4W) 0.87(2) 1.71(2) 2.569(2) 169(3)
O(Q2W)-H(2W2)---F(3) 0.86(3) 1.77(3) 2.626(2) 172(3)
O(3W)-H(1W3)---F(7) 0.83(3) 1.97(3) 2.794(2) 172(3)
O(3W)-H(2W3)---F(©9) 0.79(3) 1.96(4) 2.733(2) 168(3)
O(4W)-H(1W4)--- F(5) 0.84(4) 1.90(4) 2.744(2) 173(3)
O(4W)-H(2W4)- .. F(1) 0.79(3) 1.98(3) 2.754(2) 167(3)
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Fig. 3 Packing of the layers in 1.

the labile product of hydrolytic transformations of [SiF]* . The
asymmetric unit of 2 consists of two 12-membered macrocyclic

cations, two [SiFs(H,0)]™ anions and three water molecules, one of

which, O(5W), has been found to show 25% occupancy. In the crys-
tal each of two crystallographically independent FSA molecules
protonates the NH-binding site of the independent macrocycle and
is linked with the latter via a bifurcated NH - - - F hydrogen bond
(Fig. 4, Table 1) with formation of two neutral units. The second
hydrogen of the crown ether ammonium group is directed inside
the cavity and is involved in the bifurcated NH - - - O hydrogen
bond responsible for the folded conformation of both cations.
The [SiFs(H,0)]" anion has a distorted octahedral geometry with
the Si-F distances in the range 1.6424(12)-1.6979(11) A. The
distances Si-O(H,0) adopt the values 1.8416(15) and 1.8675( 14) A
in two independent anions, the F(cis)-Si—F(cis) bond angles being
87.32(6)-93.94(6)°, F(trans)-Si-F(trans) angles being in the range
173.21(6)-176.65(7)°, H,O(cis)-Si-F(cis) angles being 85.99(6)-
89.10(6)° and H,O(trans)-Si-F(trans) angles adopting the values
178.31(7) and 177.89(7)° in two independent anions, respectively
(Fig. 4). The geometry of the [SiFs(H,O)]™ anion is in agreement
with the reported data.'>"

As in 1, the inorganic anions [SiFs(H,0)]~ and water molecules
in 2 form the negatively-charged layers via OH--- Fand OH--- O
interactions (Fig. 5). The fluoride ligands of both [SiFs(H,0)]
anions, which are situated in approximately the same plane as those

Fig.4 ORTEP view of two (L*H),[SiF:(H,0)],-3H,O units in 2 with the
atom numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level. Dashed lines represent the hydrogen bonds.

coordinated to the silicon atoms’ water molecules, are involved
in the intermolecular interactions, and the layer is built up of
two alternative ribbons. The first one represents the alteration
of five H-bonded unique rings with the following graph set
notations:** R,*(12), R;*(10), R;°(12) [taking into account non-
localised H-atoms of the O(5W) water molecule, the corresponding
O(5W)---F(©) and O(5W)---FO9)Y (i =1 — x, =1 — y, —2)
separations being 2.664(8) and 2.856(8) A], R,°(12), and R;*(10).
The next ribbon with the edges shared with the previous one is
built up of four unique alternating rings, R.°(16), R;*(10), R,*(12)
and R:¥(10).

As is evident from Fig. 5, the two water molecules coordinated
to two silicon atoms [O(1W) and O(2W)] and the two lattice
[O(3W) and O(4W)] water molecules use the maximal number
of their proton-donor capabilities within the layer: all water
molecules act as double donors and all but O(5W) act as single
acceptors (via coordination or hydrogen bond) within this layer.
As we have already noted, this is only the third example of
crystal structures that include [SiFs(H,O)]" anions and proto-
nated N,O-containing macrocycles [those previously reported were
complexes (L*H-H,0)[SiF;s(H,0)]-H,O and (L*‘H,)[SiFs(H,0)]..
where L = aza-18-crown-6 and L* = 1,10-diaza-18-crown-6]."
The supramolecular architecture of these related compounds
reveals an essential difference: the {[SiFs(H,O)]  }, units are joined
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Fig. 5 Fragment of the inorganic negatively-charged layer in 2.

into centrosymmetric dimers or in chains due to incorporation of

lattice water molecules, and the hybrid organic-inorganic layer
combines these inorganic motifs and organic cations. Compound
2is the firstexample of layer organisation of the negatively-charged
species by incorporation of additional lattice water molecules.
This leads to different types of anion-anion associations with
water molecules mediating the interaction between neighbouring
[SiFs(H,O)] anions.

In a manner similar to 1, the macrocycles are attached to this
inorganic layer using the axial fluoride ligands that are not involved
in the intermolecular interactions within the inorganic layer, Fig. 6.

Fig. 6 Packing of the layers in 2.

It is well known that FSA does not exist as an individual
anhydrous compound H,SiF,.* It crystallises as low-stability
hydrates of the general formula H,SiFs-nH,O (n = 4, 6, 9.5),
which represent the oxonium salts of composition (Hs0),SiF,,
(H;0,),[SiF¢]-2H,0 and (H;0,),[SiF]-4.5H,0.** Recently, the
relatively stable (mp =60 °C) “simplest hydrate™ H,SiF,-2H,0
was obtained, and its structure was described as an oxonium
hexafluorosilicate, (H;0),[SiF4].>* Despite its high symmetry (0,),

the hexafluorosilicate anion may be a suitable component for ionic
liquids when paired with an appropriate linear or planar base. The
family of hexafluorosilicates of aromatic bases is restricted to a
few examples**® with different networks of hydrogen bonding in
these compounds resulting in different final supramolecular ar-
chitectures. Thus, in complexes [0-CH;0(O)CC,H,NH;],[SiFJ*
and [0-CoH4(NH;),L,[SiFs* all fluoride ligands of the [SiF,]?
anions are involved in hydrogen-bonding. In the case of [o-
CH;O(0)CC4H;NH;],[SiF,] the components form chains, and
the chains are involved in stacking interactions via benzene
rings. The general topology of the structure [0-C4H4(NH,),],SiF,
corresponds to a 2D network formed by [0-C,H4(NH;),]* cations
and [SiF]*~ anions. The hydrates of p-bromoanilinium hexaflu-
orosilicate and p-toluidinium hexafluorosilicate?® both also form
2D structures, where the hexagonal H-bonded network built up of
[SiF¢J*- anions, ammonium cations and bridging water molecules
is surrounded in a centrosymmetric manner by the aromatic rings
of the cations arranged perpendicular to the inorganic network
and forming two hydrophobic layer surfaces.

The use of 4-aminobenzenesulfonamide or the 4-aminobenzoic
acid in the reaction with fluorosilicic acid results in the correspond-
ing ammonium hexafluorosilicates® with a complex system of
hydrogen bonding that combines the components into a 3D grid.
The presence of a tetrahedral ammonium group in L' provides the
only 2D supramolecular architecture in 1. In the crystal structure
there are no interactions between H-donor groups and oxygen
atoms of the polyether ring, indicating that 1 is not a host-guest
complex. Instead, it can be categorised as the salt-like adduct
of functionalised arylammonium cation. The starting thermolysis
temperature, f,, for compound 1 and for a number of hexafluo-
rosilicates of ortho-substituted anilinium hexafluorophosphates®
(Table 3) has been determined, showing a correlation between the
1, values and pK, values of the corresponding arylamines.

It is worth noting that none of the products resulting from
reactions of crown ethers or their aza-analogues with FSA are
inclusion complexes."""” The interaction between the inorganic
“guest” and macrocycle occurs exclusively via a net of hydrogen
bonds. Therefore the influence of the macrocycle structure on the
identity of the extracted from aqueous solution of FSA inorganic
species should be considered from the point of view of their ability
to form hydrogen bonds. Starting from different macrocycles, we
succeeded to stabilise (along with [SiF]*") the labile products
of its hydrolytic transformations, viz., [SiFs(H,0)], [SiFs]~ and
[SiF,(H,0),]). In particular, the homoleptic compounds with
equivalently sterically-shielded macrocycle sides, viz., 18-crown-
6, 15-crown-5 and 12-crown-4, stabilise selectively the trans-
[SiF.(H,0),] species, whereas the cis,syn,cis-dicyclohexane-18-
crown-6, with non-equivalently shielded macrocycle sides, forms
an ionic complex with [SiFs]~ anion. The observed relationship
between the crown-ether structure and the composition of the
bound fluoro-containing inorganic complex (molecular or ionic)
has also been documented for related “host-guest” systems based
on neutral BF;-H,O and anionic [BF,]"."" Stabilisation of the
[SiFs(H,0)]  anion has been observed when azacrown-ethers with
the N-to-O ratio in favour of oxygen have been used as “host”
molecules and organic bases.

Obviously, in each particular case upon interaction of FSA or
similar equilibrium system with the corresponding macrocycle,
the species is sequestered from aqueous solution, for which the
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Table 2 Crystal data and structure refinement parameters for 1 and 2

Compound 1 2

Chemical formula CyHgF,N, 0,81 CxHgFuN;0,,81

Formula weight 658.67 688.73

Temperature/K 100(2) 100(2)

Wavelength/A 071073 0.71073

Crystal system Monoclinie Monoclinic

Space group P/¢ P/e

a/A 21,8543(6) 14.888%(7)

b/A 8.0625(2) 9.3635(5)

e/A 8,5300(2) 20.3291(9)

B 98.509(2) 93.000(3)

V/A? 1486.31(7) 2827.6(2)

Z, pge/g cm™? 2, 1.472 4,1.618

/mm 0.173 0.247

F(000) 692 1448

¢ range/® 1.88-20.82 2.35-27.50

Limiting indices -31<kh<3l -19<h<19
~-1lzsk=<ll -2csk<12
-12<l<12 -26<1<26

Reflections collected /unique 33020/ 4660 [R(int) = 0.0296] 88034/6465 [R(int) = 0.0409]

Goodness-of-fit on F* 1.111 1.063

Final R indices [/ > 20(I)) Ry = 00493, R, = 00410,
wR; =0.1370 wR; =0.1148

R indices{all data) R = 00752, R, =00512,
wR, =0.1515 wR, =0.1199

Largest diff. peak and hole,e A~ 0,380/-0.335 0.594/-0.380

Table3 Relationship between the pK, of arylamines and thermolysis
temperatures f, of the corresponding arylammonium hexafluorosilicates®

Amine pX. 5/°C
3 4.63¢ 190¢
0-CH;OCsH:NH; 4.49 175
0-CH;GHNH, 439 135
0-CIC;H,NH, 2.64 125
0-BrCgH,NH, 2.60 125
0-CH, O(O)CC,HNH, 223 115
o-HO(O)CC,H,NH, 211 140
0-O,NCH,NH, -0.29 100

= Calculated value. * For the anhydrous form.

most effective stabilisation of the host-guest complex by a net
of hydrogen bonding interactions is achieved. In addition, lattice
water molecules often act as bridging species between “inorganic”
and “organic” fragments with formation of supramolecular archi-
tecture of the host-guest complex.

Infrared spectra

Broad bands of medium intensity between 3650 and 3030 cm~! in
the IR spectrum of 1 (Table 4) have been assigned to the stretching
vibrations of the NH,* groups and water molecules involved
in the hydrogen bonding network. The deformation vibrations
8(NH,) and 5H,0) were registered at 1655 and 1620 cm™,
correspondingly. Absorptions at 705, 465 and 440 cm~' were
attributed to the wWSiF) and &SiF;) vibrations of the [SiFeP~
anion, respectively The character of absorption changes in
the range 1145-1095 cm™', where the bands assigned to the
conformationally-sensitive v,.(COC) vibrations of macrocyclic
fragment were registered: instead of the observed for L' doublet
band of medium intensity at 1145 and 1115 cm, an intense band

at 1130 cm~! with the shoulder at 1100 cm is found for 1, while
the band at 1090 cm™ changes its intensity but not the position.
In addition, the vibrations w.(COC) appear in the spectrum as an
intense singlet at ca. 1040 cm™, instead of two bands of medium
and weak intensities at 1060 and 1045 cm™ in the spectrum of L.
We note that the assignment of the skeleton vibrations of the
macrocycle in the spectra of L' and 1 (Table 4) was made taking
into account the data for the related monobenzo-12-crown-4.%

ThelR spectrum of 2 (Table 4) shows the wNH) vibrations of the
protonated secondary amine group and the WOH) vibrations of
coordinated and lattice water molecules as broad bandsof medium
intensity with weakly pronounced maxima between 3590 and
3110 cm™, The position of higher frequency components at 3590
and 3550 cm™ isin line with the X-raydata, indicating the presence
of outer-sphere water molecules in 2. The complex band with a
maximum at 1585 cm™ and shoulders around 1725, 1655 and
1625 cn~! was assigned to deformation vibrations S(H,0), 5(NH;)
and 8(CNH). Intraligand vibrations of macrocycle attributed to
the fragments NCH,CH, O and OCH,CH, O [v.(CNC), v,.(COC)
in the range 1170-1050 crm-, and v{COC), v.(CNC) and WCC),
WCN) in the range 1050-940 crn~'] were also observed. A marked
difference between the IR spectra for L* and 2 in the range of the
Y5:(CNC) and v, (COC) vibrations, as well as in the range typical
of valence-deformation vibrations of the ligand (1000-800 cm™)
indicates the change of conformation and macrocycle symmetry
upon complex formation.

In accordance with the X-ray data, the interpretation of the
vibrations of the SiFs;O polyhedron was carried out using an
approximation of peint group symmetry C,. Thus, the most
intense component (760 cm™') of the complex absorption band
in the range 800-700 cm~ includes the WSiF.) (4,) vibration,
and a clearly pronounced shoulder around 720 cm! - vibrations
W(SiF,) (4;). The band of doubly degenerate vibrations wSiF) (£)
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Table 4 IR spectral data for 1 and 2 and free organic bases

L 1 L2 2
3560 m 3480 m w 3590 m w
3455m 3550 m w
3430 m 3415mw 3400 m w
3345mw 3300m w V(NH), v(OH)
3170 mw 3130mw 3230 mw
3110 sh 3090 m w 3110 sh
3045 sh 3030 sh
1655 m 1655 sh 1725 sh
1620 m 1635 m 1655 sh 3(NH,), S(OHZ) d(NH3),
1620 m 1620 m
1625 sh
1585 sh 15855
1595 s 15855
1555m 1570 sh V(CC)py
1510 s 1505s
1360 sh 1340 sh 1360 sh 1340 sh
1320m 1320 m ©(CHy), 7(CHy),
1295 m @(NH),
1275 m 1275 m 1280 s 1285 m 'S(C‘,"ig’ _“(’)(g)”"
1240 m 1240 m 1240 s 1240 sh . (C"’ _OC;
1220 sh 1220 sh 1220 sh 12205 L
1180 m
1165 m 1160 sh 1170 sh
1145 m 1130 1130 1140's S(Cg:g"’
1115m 1100 sh 11005 "-szcoc;'
1090 sh 1090 m g (é'ac) W&0)
1060 m 10705 1070 m et ¥ R
1045 w 1040 m 1055 sh 1050 sh A5
1030 s 1025 sh 1020 m 1020 m
965 m 965 m 930's 940 m
915 m 920's 920 sh vi(COC), v{(CNC),
900 m 905 sh 900 s 900 sh 8(CCH), p(CH,) +
885 sh 890 w V(CO) + v (CC),
870 sh 855m 850 m p(CH;) + V(CO) +
830m 840 w W(CC) + V(NC)
815 sh 800 sh 820 m 820 sh
Toosh it Tom 1205 } V(SiFw), VSIED. V(SIF).
725 sh 705 720 sh 680 sh P(NH2), p(NHs), Vpus, Y(H20)
620 w 610 sh 620 sh 610 sh
565w 565 w 565 sh } S(Cca((’])iggoc’*
530 w 530 w 510m 510m )
465 m 465 m .
440 sh om )OS

Abbreviations: w: weak, m: medium, s: strong, sh: shoulder.

is revealed as a shoulder around 680 cm™'. The plane vibrations
&(SiF,) (E) were assigned to the band around 465 cm™'; out-of-
plane vibrations &(SiF,) (4,) were registered as a shoulder around
420 cm™'.

F NMR study on 2

F NMR spectra for 2 in acetonitrile solution show several signals,
some of them being temperature-dependent, typical for systems
with fluorine exchange (Fig. 7). Their line widths decrease with
decreasing temperature due to the decreased exchange rate. Thus,

the spectrum measured at the lowest temperature of 243 K was
used for the assignment of the different fluoride complexes (Fig. 8
and Table 5).

The intense singlet at 6 —127.86 ppm and a heteronuclear
coupling constant J(*Si,"F) = 108 Hz corresponds to the [SiF >
anion.’ Only at 243 K can the silicon satellites be observed, as
at higher temperatures the line width exceeds the J coupling. Two
signals of equal intensity with chemical shift values of —123.81 and
—136.05 ppm can be attributed to cis-SiF;-2H,O (Fig. 8). They
appear as poorly resolved triplets due to a rather small fluorine
coupling constant J(YF,"F) = 1.3 Hz at 243 K, which increases
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Fig. 7 "F NMR spectra for 2 at different temperatures (vertical scaling optimised for the minor signals, with the main signal in the inset).
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Fig. 8 "F NMR spectrum of 2 at 243 K.
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Table5 ®FNMR data for complex 2 in CDsCN at 243K

Complex &F)/ppm* J/Hz
[SiF,P- —127.86 (#S1,°F) 108
trans-8iF,-2H,0 —133.0(F,)

¢is-8iF 2H,0 —123.81* (F.); —136.05%(F.) (®F"F) 1.3
HF —137.81

BF,~ —151.27; - 15232

*F,, F,: fluorine atoms ¢is and trams to H,0, respectively. * Incompletely
resolved triplet.

slightly to 2 Hz upon elevating the temperature to 301 K. In
addition, as the only fluorine-silicon species, these signals exhibit
the same sharp line over the whole measured temperature range.

The signal with the chemical shift 6(F) around 131.96 ppm
can presumably be referred to the trans-isomer. The assignment
has been made taking inte account the closeness of the chemical
shifts of ¢is- and trans-SiF,- 2ZH, O with those of isomeric complexes
SiF,-2DMSO with an analogous O-donor.® The cis-isomers of
SiF, with the molecular N-donors show *F signals for the vector
N-Si-F shifted to higher fields.®* The broad signal with the
chemical shift at —137.8 ppm is probably due to HF or exchange
interaction between HF, F- and HF,-,* formed as a result of
hydrolytic transformations of fluorido complexes. The strong field
signals at —151.27 and —151.32 ppm with relative intensities of
1: 4 refer to the anion BF,~ * (resonance "BF,- and "BF,-
correspondingly, with a chemical shift difference between the two
signals of about 20 Hz as the sequence of the isotopic shift "B
IB), which is probably formed as a by-product by reaction of HF
with the borosilicate glass of the NMR tube®

The results obtained may be interpreted as follows: the labile
anions [SiFs(H,O)]" formed from the weak Lewis acid (SiFs™)
and weak Lewis base (H;O) as a result of the first step of the
hydrolysis of SiF¢*- anions in solutions of FSA'® can be stabilised
in the solid state as host-guest complexes with the protonated
forms of azacrown ethers. The system of charge-assisted hydrogen
bonds serves as a stabilising basis for complex 2 and related
compounds reported previously, e.g (L*H-H,0)[SiF:(H,0)}H,0
and (L*H,)[SiF(H,0)}, (L* = aza-18-crown-6, L* = 1,10-diaza- 18-
crown-6). Upon dissolution in the absence of that stabilising factor
the anions [SiF,(H,0)]- disproportionate according to eqn (1):

2SIF,(H,0)]" — [SIF[~ + [SiF,(H,0),] (4

with the formation of a more stable [SiF¢[*~ anion and [SiF.(H. 0),]
complex. The last species may undergo further hydrolysis with the
patticipation of the outer-sphere water molecules according to
eqo (2):

[SIFL(H,0),] + H,O — Si0,.H,0 + 4HF @

This, together with the volatility of the diagua-complex, proba-
bly explains the rather low content of cis- and trans-SiF,-2H,0 in
acetonitrile solution. We note here that the coraplex SiF,.2H,0,
which is a strong Brensted acid,* is relatively stable only in highly
acidic solutions of FSA; the decrease of solution acidity results in
the hydrolytic decomposition of the complex.

It should be also noted that ®F NMR spectroscopy data
indicate that [SiF,(H,0),] is present in acetonitrile solution in
the form of two geometric isomers Previously,'®* we succesded to

stabiliseand describe the crystal structure of the trans-{SiF,(H,0),]
isomer isolated in the solid state as a host-guest complex of com-
position (trans-SiF,.2H,0)-18-crown-6.2H,0. The possibility for
SiF,-2H,0 to exist as cis-and trans-isomers has been predicted*” on
the basis of gaseous-phase non-empirical calculations for the prod-
ucts of hydrolysis of silicon tetrafinoride. The theoretical study
tevealed higher therrnodynamic stability (by 5.0 kcal meol™) for
cis-SiF,-2H,0 (symmetry C,) compared to the trans-SiF,. 2H,0
(symmetry C)) for the idealised geometries in the gaseous state
The evident influence of the medium (solvation and other factors)
on the relative stability of the isomeric forms of SiF,.2H,0 in
liquid phase has also been discussed.

Conclusions

A povel 12-membered crown ether, 4-aminobenzo-12-crown-4
{L"), has been synthesised using the modified Pedersen procedure
This macrocycle, containing 2 primary amine group, together with
another as-yet poorly exploited 12-membered crown ether, aza-
12-crown-4 (L?), with a secondary amine group incorporated into
the macrocyclic framework, were used as ligands in the reaction
with flueresilicic acid. Two novel complexes, (L'H),[SiF4]- 2H,0
and (L*H),[SiF, 2(H,0)}-3H,0, were obtained and studied by
IR and *F NMR spectroscopy and X-ray diffraction meth-
ods. In complex 1, the ligand does not use its macrocyclic
function, and the final product belongs to the family of the
aromatic ammonium hexafluorosilicates sustained by the plethora
of charge-assisted NH(NH:*)---F~ and OH{H,0)---F~ hydro-
gen bonds. The majority of the bases that belong to vari-
ous classes of compounds, e.g, arylamines* alkylamines***
propargylamine,® nitrogen-containing heterocycles of the piperi-
dine or quinoline type,® derivatives of guanine*# hydrazides,
thiosemicarbazides and tetraazamacrocycles," form complexes
exclusively with the highly symmetric hexafluorosilicate anion,
[SiFsf-. At the same time, only two examples of stabilisation
of the labile complex [SiFs(H,0)]- (present in solutions of
FSA) by azacrown ethers have been documented so far.'* The
complex (L"H),[SiF,(H,0)},-3H,0 is only the third example of
[SiFs(H,0)]" anion stabilised by complex formation with a pro-
tonated N-containing crown ether. The major role in stabilisation
of the less symmetric and labile species [SiFs(H;0)]" is playsd
by the multiple H-bonding interactions between “organic” and
“inorganic” components of the host-guest complex.

Experimental
General methods

All chernicals were purchased from commercial suppliers and used
as received. Elemental analyses were carried out at the Physico-
Chemical Institute of Environment and Human Protection,
Odessa, Ukraine. EI mass spectra were recorded on an MX-1321
instrument (direct sample injection into the ion source, ionisation
voltage 70 eV). Infrared spectra were recorded on a Specord 75IR
spectrophotometer (4000400 ¢, samples in Nujol mulls, KRS-
5 glasses). Thermogravimetric analysis (TGA) and differential
thermal analysis were performed simultaneously with an OD-102
Paulik-Paulik-Erdey apparatus, with a 10 °C min~' heating rate in
air. All NMR experiments were recorded on Avance spectrometers
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(Bruker Biospin GmbH, Rheinstetten, Germany), ie. '"H NMR
spectra on a DPX 400 instrument (UltraShield™ Magnet) at a
resonance frequency of 400.13 MHz, and ¥F NMR spectra on
a DRX 400 WB instrument equipped with an ATM-BBO probe
(outer coil double tunable for 'H or ¥F) at a resonance frequency
of 376.5 MHz. Chemical shifts were referenced internally to the
residual, non-deuterated solvent signal for 'H, or externally to
CFCl {3 =0 ppm) for “F,

The synthesis of L' was performed by catalytic reduction of 4'-
nitrobenzo-12-crown-4, resulting from the nitration of the initial
benzo-12-crown-4 by 50% nitric acid.

Benzo-12-crown-4  [2,3-benzo-1,4,7,10-tetraoxacyclododeca-2-
enel. The compound was synthesised using the meodified
Pedersen procedure® To a solution of pyrocatechel (22,0 g,
0.20 mol) in »-butanol (300 ml) stirred under inert atmosphere
a solution of LiBr-2H,0 (61.5 g, 0.50 mol) and LiOH-H,0
(17.8 g, 0.42 mol) in water (45 ml) was added. The reaction
mixture was brought to reflux and then within 5-10 min 1,8-
dichloro-3,6-dioxaoctane (38.5 ml, 0.20 mol) was added. The
mixture was allowed to react at this temperature for 28 h, After
cooling to room temperature the reaction mixture was acidified by
concentrated HC| to pH 34, filtered and the filtrate evaporated
to dryness The residue was dissolved in chloroform and washed
successively with water, saturated Na,CO; and NaCl solutions.
After chloroform removal the resulting product was extracted
by boiling heptane (2 x 100 ml). After cooling the combined
fractions yielded an oil. The supernatant was decanted. The
addition of diethyl ether to the remaining oil produced crystals of
dibenzo-24-crown-8, which were filtered off, washed with diethyl
ether and dried in air. Yield: 1.2 g(27%), mp 112-113 °C (lit.* mp
113-114°C). The filtrate after evaporation of diethyl ether yielded
benzo-12-crown-4, which was purified by distillation ir vacue, bp
140-145 °C, mp 43-44 °C. An analytical-grade sample was
obtained by recrystallisation from hexane, mp 44-45 °C, in
accordance with the literature data'® (mp 44-45.5 °C). Yield:
11.7 g2 (264).

4 -Nitrobenzo-12-crown-4  [2,3-(4"-nitrobenzo)-1,4,7-tetraoxa-
cyclododeca-2-ene}.  To a beiling solution of benzo-12-crown-4
(11.2 g, 0.05 mel) in acetonitrile (15 ml), 56% nitric acid (6.0 ml,
0.075 mol) was carefully added. The reaction mixture was allowed
to react at this temperature for 30 min and then poured into
the ice-water. The precipitate formed was filtered off, washed
with water until peutral pH, dried in air and re-crystallised
from ethanol. Yield: 12.4 g (92%), mp 108-109 °C (lit.,** mp
105-108 °C).

4-Aminobenzo-12-crown-4 |2,3-(4-aminobenzo)-1,4,7,10-tetra-
oxacyclododeca-2-ene)l. In a hydrogenation flask were placed
1094 Pd/C (1.0 g) and anhydrous methanel (100 ml). The catalyst
was activated by passing a stream of hydrogen through the
suspension for 1h. Then a solution of 4-nitrobenzo-12-crown-4in
methanel (100 ml) was added and the mixture was hydrogenated
for 8-10 h to complete the conversion of the substrate [TLC
control, DC-Alufolien Kieselgel 60 F254 “Merck”, eluent hexane-
acetone(1: 1) or GC control, DIP, glasscolumn{(3 x 1200mm), 5%
SE-30 at Inerton N-Super (0.100-0.125 mm) at 50-250 °C]. The
catalyst was filtered off, washed with methanol and the combined
methanol fractions were evaporated to dryness. The residue was

extracted by boiling »-heptane (3 x 200 ml) for 20-25 min. The
combined extracts were evaporated to one fourth of the initial
volurme and cooled to 5-10 °C, producing an oil that crystallised
on standing for 12-24 h. The product was thoroughly ground and
dried in vacuo. Yield: 99 g(83%), mp 86-88 °C. '"H NMR {(CDCl)
& 3.6 (s, broad, 2H, NH,), 3.80 (s, 4H, OCH,CH, 0), 3.81-3.94 (m,
4H, ArOCH,CH,0), 4.00-4.16 (m, 4H, ArOCH,), 6.24 (dd, 1H,
H6, Juy =8Hz, Jyy = 3Hz), 6.34(d, 1H, Hy), 6.72(d, TH, Hx).

Aza-12-qown-<4 (L?). Obtained following the literature
protocol.

(L'H),[SiF]-2H,0 (1). To a solution of L' {0.24 g, 1.0 mmol)
in methanol (10 ml) was added 45% H, SiFs (mmolar ratio 1: 3). The
resulting solution was allowed to stand at room temperature. Slow
evaporation of methanol resulted in almost quantitative formation
of a colourless crystalline product, mp >180 °C (decomp.). Anal
Cale. for CHoFsN,0Si: C 43.76, H 6.12, F 17.31, N 4.25, Si
4,26%; Found: C 43.71, H 6.16, F 17.38, N 4.33, Si 4.30%. Mass
spectrum: [ML']* (m/z = 239, I = 100%), SiF,* (m/z =85,1 =
45%),

(L*H),|SiF(H,0)},-3H,0 (2). L* (0.18 g, 1.0 mmol) in
methanol (5 ml) was mixed with 45% H,SiFs in a 1 : 3 molar
ratio. The resulting solution was allowed to stand at room
temperature. Slow evaporation of methanol resulted in almost
quantitative formation of a coloutless crystalline product, rap
>110°C (decomp.); Anal. Cale. for C;sH.xFioN, 0y, 8i;: C 2790, H
6.73, F 27.59, N 4.07, 8i 8.16%; Found: C 2796, H 6.77, F 27.64,
N 4,14, Si 8.23%. Mass spectrum: [ML*)* (m/z = 175, I = 4%),
[ML* — CH,OHJ* (m/z = 144, I = 8%), SiF;* (m/z =851 =
58%).

X-Ray diffraction measurements

Diffraction intensities for two complexes were collected at 100 K
on a XS8APEX II CCD diffractometer with MoKa radiation
(A = 071073 A) in ¢ and w scan modes. The structures were
solved by direct methods and refined by full-raatrix least-squares
method on F using SHELXS97 and SHELXL97 programs,
respectively.® Non-hydrogen atoms were refined anisotropically
C-bound hydrogen atoms were placed in geometrically calcnlated
positions, N- and O-(water) bound hydrogen atoms were found
from difference Fourier maps and refined isotropically The
hydrogen bonding geometries for complexes 1 and 2 are listed
in Table 1, and crystallographic data in Table 2. Crystallographic
data (CIF files) for the structural analysis of complexes 1 and 2
have been deposited with the Cambridge Crystallographic Data
Centre, CCDC referencenumbers 635343 and 635344, respectively
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b703645k).
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Abstract

In 2-carboxypyridinium hexafluorosilicate, 2[C6H5NOZ]+'SIF62_, {I), and in 2-carboxyquinolinium hexafluorosilicate di-

hydrate, 2[C1pHaN Oz]+~Sﬂ~“62_-2HZO, (I), silicon atoms of the anions occupy center of inversion. Primary intermoiety
interactions in (I) occur by means of strong NH~'F and OH''F hydrogen bonding yielding corrugated layers incorporating
SiFsz_ anions as four-connected net nodes and organic cations as simple links between them. In (II), a set of strong hydrogen
bonding NH--F, OH---O and OH-F, involving also water molecules, led to three-dimensional heterocoordinated rutile-like

framework that integrates SiF52_ anions as six- and water molecules as three-connected nodes. Carboxylic group of the
cation was hydrogen bonded to water molecule (O--O 2.5533 (13) A), while NH function supports direct bonding to the
anion (N--F 2.7061 (12) A).

Comment

Fluorosilicate salts involving onium cations of N— and O-containing organic bases have a significance for practical applic-
ations as high crystallinity ionic liquids (Katayama ef /., 2000), dielectrics with cryptocrystalline structure (Kalem, 2004),
layered organic-inorganic hybrid materials (Airoldi & De Farias, 2000) and also as chemical reagents (Han ef a/., 2000;
Gelmboldt, 1989). Their structure is commonly dominated by strong directional interactions involving fluorine atoms and
convenient hydrogen bond donors, although the relations in such systems could be more complicated due to the presence of
competitive OH and NH binding sites, inclusion of solvent molecules and extensive weak CH:-F hydrogen bonding, as it
occurs for 4-carboxyanilinium hexafluorosilicate hydrate (Gelmboldt ef a/., 2004). Therefore, heteroaromatic onium cations
combining set of typical hydrogen bond donating functions (such as NH', COOH, CONH2, efc) are especially well suited
for examination of hydrogen bonding preferences of hexafluorosilicate and its utility as arigid building block for designing
of framework structures. In this context we have prepared two new hexafluorosilicate salts involving 2-carboxypyridinium
[compound (I}] and 2-carboxyquinolinium [compound (II)] cations as ambidentate NH/OH H-bond donors, and report their
structures here.

Compounds (I) and (I1) adopt complicated framework structures originating in strong hydrogen bonding between the
cationic and anionic counterparts. In (I), the hexafluorosilicate anion is centrosymmetric with the silicon atom occupying
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a center of inversion (Fig. 1). Each of the 2-carboxypyridinium cations provides pair of strong directional hydrogen bonds
(NH+-F and OH'-'F) (Table 2). That is a second known example for direct hydrogen bonding of carboxylic group to hexa-
fluorosilicate and O-F separations in (I) and in /V-carboxymethyl-N-metylpiperidinium salt (2.58 and 2.56 A, respectively)

(Szafran, et @/., 2001) are actually the same. Thus the SiF62_ anion accepts in total two pairs of such interactions utilizing

four fluorine atoms, which are coplanar within the coordination octahedron. Therefore the primary strong hydrogen bond

connectivity in the structure may be considered as plane (4,4)-net, with SiFsz_ moieties providing four-connected net nodes
and the organic cations as simple links between them (Fig. 2). Such principle is very comparable with eight-connected
framework topology of tetrakis(2-carboxypyridinium ) octacyanomolybdate(IV) (Basson et @/., 1980) and this suggests util-
ity of the bifunctional organic cation for designing of hydrogen bonded frameworks, in combination with suitable counter
anions as geometrically rigid acceptors of hydrogen bonds.

Corrugated hydrogen bonded layers are parallel to [-101] plane and they pack with a set of weaker interlayer interactions
(Fig. 3), such as CH-~'F hydrogen bonding (C--F 3.14-3.18 A, Table 2) and a weak slipped m/z interaction that occurs
between apair of antiparallel organic moieties related by inversion (symmetry code: 1 —x, 2 — y, —z). The parameters of such
interaction, interplanar and intercentroid distances (3.347 (2) and 3.626 (2) A, respectively) and slippage angle 22.6 (1)° are
typical for m/m contacts of electron-deficient heteroaromatic rings (Janiak, 2000).

Structure of the quinolinium salt (IT) [the silicon atom of the anion occupies a center of inversion] is much more com-
plicated due to the incorporation of water molecules, which provide additional donor and acceptor sites for strong hydrogen
bonding. That is a first structure involving simple 2-carboxyquinolinium cations, since in the previously reported salts of
3-carboxy-4-hydroxybenzenesulfonate (Smith et @/, 2004), iodocuprate (Goher et a/., 2001) and tetrabromoaurate (Goher
et al., 1994) the 2-carboxyquinolinium cations were typically associated by strong OH:+-O hydrogen bonding with neutral
zwitterionic quinolinium-2-carboxylate moieties.

Carboxyl group donates strong hydrogen bond to O atom of water molecule (Table 4), while NH function retains dir-
ect interaction with the SiFsz_ anions, similarly to structure (I). This situation parallels hydrogen bonding preferences of
hexafluorosilicate in 4-carboxyanilinium hexafluorosilicate hydrate (Gelmboldt et @/, 2004), while in a simpler hydrated
quinolinium salt the cation/anion interaction was extended by inclusion of water molecules: NH-+OHy - F (Conley et al.,
2002). In the latter case the incorporation of water molecules indicates lack of convenient hydrogen bond donors for the

quinolinium/hexafluorosilicate system.

Water molecules form pairs of OH--F bonds with the anions (O-F 2.6711 (13) and 2.7064 (13) A), in a very characteristic
manner found for the aqua/anion dimers (Domasevitch & Boldog, 2005). This yields the aqua/anionic chains along 0x
direction in the crystal and the organic cations connect these chains into three-dimensional framework as simple bitopic
connectors (through employing OH and NH functions). Thus either fluorine atom of the anions accepts one strong hydrogen
bond and the water molecule participates in three such interactions as acceptor of one and donor of two bonds. Therefore,

the entire hydrogen bonded structure exists as three-dimensional heterocoordinated framework constituted with 3- (water
molecules) and 6-connected (SiFéz_ anions) nodes in a 2:1 proportion [total Schlafli symbol {4;62}{42;610;83}] {Fig. 6).
Such topology is commonly related to the heterocoordinated rutile net (rtl) (O Keeffe et @!., 2000).

There are a set of weaker hydrogen bonding with CH groups of the aromatic frames, in particular C9H9 center F1F2F3
triangular edge of the [SiF¢] octahedron forming trifurcated hydrogen bond. Stacking interactions were also of significance

for the crystal packing. They occur between carbocyclic ring of the cation and two carboxylic groups situated at the both
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In bis(2-carboxypyridinium) hexafluorosilicate, 2C{HNO, -
SIEZ™, (D), and bis(2-carboxyquinclinium) hexaflucrosilicate
dihydrate, 2C;HNO,"-SiF:>~2H,0, (II), the Si atoms of the
anions reside on crystallographic centres of inversion. Primary
interion interactions in (I) occur via strong N—H. . .F and
O—H.-.F hydrogen bonds, generating corrugated layers
incorporating [SiFs]*” anions as four-connected net nodes
and organic cations as simple links in between. In (II), a set of
strong N—H. - -E O—H...O and O—H. - -F hydrogen bonds,
involving water molecules, gives a three-dimensional hetero-
coordinated rutile-like framework that integrates [SiFg]*~
anions as six-connected and water molecules as three-
connected nodes. The carboxyl groups of the cation are
hydrogen bonded to the water molecule [O---O =
2.5533 (13) A, while the N—H group supports direct bonding
to the anion [N---F = 2.7061 (12) A].

Comment

Fluorosilicate salts involving onium cations of N- and O-
containing organic bases have practical applications as ionic
liquids (Katayama et al., 2001), dielectrics with cryptocrystal-
line structure (Kalem, 2004), layered organic-inorganic hybrid
materials (Airoldi & De Farias, 2000) and chemical reagents
(Han et al, 2000; Gelmboldt, 1989). Their structure is
commonly dominated by strong directional interactions
involving F atoms and convenient hydrogen-bond donors,
although the relationships in such systems could be more
complicated due to the presence of competitive OH and NH
binding sites, inclusion of solvent molecules and extensive
weak C—H. . .F hydrogen bonding, as occurs for 4-carboxy-
anilinium hexafluorosilicate hydrate (Gelmboldt et al., 2004).
Therefore, heteroaromatic onjfum cations combining sets of

typical hydrogen-bond donating functions (such as NHT,
COOH, CONH,, efc.) are especially well suited for the
examination of the hydrogen-bonding preferences of [SiF]*~
and are useful as rigid building blocks for the design of
framework structures. In this context, we have prepared two
new [SiF,]>” salts involving the cations 2-carboxypyridinium
and 2-carboxyquinolinium as ambidentate N—H/O—H
hydrogen-bond donors, giving the title compounds, (I) and
(II), respectively, and report their structures here.

= S
l\ > .5“.,‘3_ = -S|l‘},2_ 2H,O
N “COOH N5 TCOOH

lII 2 H 2
(] (Iny

Compounds (I) and (II) adopt complicated framework
structures originating in strong hydrogen bonding between the
cationic and anionic counterparts. In (I), the [SiF4]* anion is
centrosymmetric, with the Si atom occupying a crystal-
lographic centre of inversion (Fig. 1). Each of the 2-carboxy-
pyridinium cations provides a pair of strong directional
hydrogen bonds (N—H. - ‘Fand O—H. - -F) (Table 2). Thisisa
second known example of direct hydrogen bonding of a
carboxyl group to [SiFsJ*™; the O- - -F separations in (I) and in
the N-carboxymethyl-N-methylpiperidinium salt (2.58 and
2.56 A, respectively; Szafran et al., 2001) are similar. Thus, the
[SiF4]*~ anion accepts (in total) two pairs of such interactions
utilizing four F atoms, which are coplanar within the coordi-
nation octahedron. Therefore, the primary strong hydrogen-
bond connectivity in the structure may be considered as a
plane (4,4) net, with [SiF4]*~ anions providing four-connected
net nodes and with the organic cations as simple links between
them (Fig. 2). Such a principle is comparable with the eight-
connected framework topology of tetrakis(2-carboxypyri-
dinium)octacyanomolybdate(IV) (Basson ef al., 1980) and this
suggests the utility of the bifunctional organic cations in the
design of hydrogen-bonded frameworks, in combination with
suitable counter-anions as geometrically rigid acceptors of
hydrogen bonds.

Corrugated hydrogen-bonded layers of (I) are parallel to

the [101] plane and pack with a set of weaker interlayer

Figure 1

A view of (I), showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level and H atoms are shown
as small spheres of arbitrary radii. [Symmetry code: ()1 —x,2 —y,1—z]
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interactions (Fig. 3), such as C—H---F hydrogen bonding
(C---F = 314318 A; Table 2) and a weak slipped w7
interaction that occurs between a pair of antiparallel organic
moieties related by inversion (symmetry code: 1 — x, 2 — v,
—z). The parameters of such interactions, i.e. the interplanar
and intercentroid distances [3.347 (2) and 3.626 (1) A,

Figure 2
Aview of the O—H- - -F and N—H- - -F hydrogen-bonded four-connected
network in (I). [Symmetry codes: (i) 1 — 2,2 — y,1 — z; (i) § — x, 1+ y,

Figure 3

A projection of the structure of (I) on to the [101] plane, showing the
packing mode of three successive hydrogen-bonded layers. The [SiEg]*~
anions are represented as shaded polyhedra.

respectively] and the slippage angle [22.6 (1)°], are typical for
-7 contacts between electron-deficient heteroaromatic rings
(Janiak, 2000).

In the quinolinium salt, (II), the Si atom of the anion resides
on an inversion centre (Fig. 4). The structure is more
complicated due to the incorporation of water molecules,
which provide additional donor and acceptor sites for strong
hydrogen bonding. This is the first structure involving simple
2-carboxyquinolinium cations, since in the previously reported
salts of 3-carboxy-4-hydroxybenzenesulfonate (Smith er al,
2004), iodocuprate (Goher er al., 2001) and tetrabromoaurate
(Goher et al., 1994), the 2-carboxyquinolinium cations were
typically associated by strong O—H:---O hydrogen bonding
with neutral zwitterionic quinolinium-2-carboxylate moieties.

The carboxyl group of (IT) donates a strong hydrogen bond
to the O atom of the water molecule (Table 4), while the N—H
function interacts directly with the [SiF4]*~ anions, similar to
(I). This situation parallels the hydrogen-bonding preferences
of the anion in 4-carboxyanilinium hexafluorosilicate hydrate
(Gelmboldt er al., 2004), while in a simpler hydrated quinolin-
ium salt, the cation-anion interaction was extended by inclu-
sion of water molecules (N—H---OH,---F; Conley et al,
2002). Here, the incorporation of water molecules indicates a
lack of convenient hydrogen-bond donors for the quinolinium/
[SiFg]*~ system in (II).

The water molecules of (II) form pairs of O—H: - -F bonds
with the anions [O- - -F = 2.6707 (13) and 2.7070 (13) A] ina
very characteristic manner found for aqua-anion dimers
(Domasevitch & Boldog, 2005). This generates aqua-anion
chains along the a-axis direction in the crystal structure (Fig. 5)
and the organic cations connect these chains into a three-

H1W

Figure 4

A view of (II), showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level and H atoms are shown
as small spheres of arbitrary radii. Dashed lines indicate hydrogen bonds.
Note the trifurcated hydrogen bonding of the C9—H9 group. [Symmetry
code: (i) —x,2 — y, —z.]
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dimensional framework as simple bitopic connectors (using
O—H and N—H functions). Thus, either Fatom of the anions
accepts one strong hydrogen bond and the water molecule
participates in three such interactions as an acceptor of one
and donor of two bonds. Therefore, the entire hydrogen-
bonded structure exists as a three-dimensional hetero-
coordinated framework consisting of three- (water molecules)
and six-connected ([SiFg]>~ anions) nodes in the ratio 2:1
(total Schlafli symbol {4;6°}2{4%6'°;8}) (Fig. 6). Such topology
is commonly related to the heterocoordinated rutile net (rtl)
(O’Keeffe er al., 2000).

There are weaker hydrogen bonds involving the aromatic
C—H groups of (II), in particular the C9—H9 group directed
towards the F1/F2/F3 triangular edge of the [SiFg] octahedron,
forming a trifurcated hydrogen bond (Fig. 4). Stacking inter-
actions are also of significance for the crystal packing. These
occur between the carbocyclic ring of the cation and two
carboxyl groups situated on both axial sides (Fig. 7). Atoms

01" and 02" [symmetry codes: (v) § — x, y — L, 1 — z; (vi)

—3 —x,y — 3.3 — 2] are situated almost exactly above the ring
centroid with relatively short O- - -centroid distances (3.22 and
330 A) (Table S). Such stacking may be compared with
recently documented examples of - --anion (heteroatom)
interactions, which are characteristic for the most electron-
deficient systems of 1,2,4,5-tetrazine (Schottel ef al., 2006) and
1,3,5-triazine (Maheswari et al., 2006) [F(O)---w = 2.80-
3.20 A].

In both structures, the organic cations adopt a planar
structure [O1—C1—C2—NI1 torsion angles do not exceed
—3.3(2)°], with a frans orientation of the O—H and N—H

Figure 5

A view of the aqua—[SiFs]>~ chains dominating the connectivity in the
structure of (II). The [SiF4]>~ anion (acceptor of six hydrogen bonds) and
the water molecules (acceptors of one and donors of two hydrogen
bonds) provide six- and three-connected net nodes for the entire three-
dimensional framework. [Symmetry codes: (i) 3 — x, 3 + », 3 — z; (iii)
“t-xi+yi-zGv)—2x3-y1-2z]

groups. The geometric parameters agree well with those of the
2-carboxypyridinium (Smith er al, 1995) and 2-carboxy-
quinolinium salts (Goher et al., 2001).

The geometry of the [SiFg4|*~ anion is sensitive to H:--F
hydrogen bonding and strong interactions effect an elongation
of some Si—F bonds. This is observed in (I) and involves a set
of three main bond types (O—H-:--F3, N—H--F1 and C-
H- - -F2), with a longest Si—F separation corresponding to the
F atom interacting with the strongest hydrogen-bond donor
[Si—F3 = 1.7003 (9) A; Table 1]. For (II), there is no such
evident differentiation in the strength of the primary hydrogen
bonding (N—H- - -Fand O—H:- - -F with water molecules) and
all three unique Si—F separations are similar (Table 3).

Figure 6

A schematic view of the heterocoordinated three-dimensional rutile-like
framework topology in (IT). The long grey-shaded links of the net
represent 2-carboxyquinolinium bridges between [SiFs*~ anions (six-
connected nodes) and water molecules (three-connected nodes).

Figure 7

Stacking interactions between the carbocyclic fragment and two carboxyl
groups of the 2-carboxyquinolinium cations in (II). [Symmetry codes: (v)
I-xy-4i-nGi)d-xy-13i-2]
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In conclusion, both 2-carboxypyridinium and 2-carboxy-
quinolinium cations reveal potential as singly charged donors
of two strong hydrogen bonds and, in combination with
[SiE4]*~, they support two- and three-dimensional framework
topologies.

Experimental

Compounds (I) and (II) were obtained as large colourless prisms by
crystallization of pyridine-2- and quinoline-2-carboxylic acids from
aqueous methanolic hexaftuorosilicic acid by slow evaporation of the
solutions at room temperature. In a typical synthesis, pyridine-2-
carboxylic acid (0.123 g, 1 mmol) was dissolved in methanol (3 ml)
under reflux and this solution was combined with 45% aqueous
H,SiF; (0.9 ml, molar ratio 1:3). The reaction mixture was allowed to
stand at room temperature untl colourless transparent crystals were
deposited (mp. 455 K, without decomposition).

Compound ()

Crystal data

2CHNO, " SiF V= 72181 (11) A®

M, = 39033 zZ=2

Monoclinic, F2,/n Mo Ko radiation
@=93571 (9) A @ =026 mm™*

b =7.8717 (6) A T=173(2) K

¢ =9.8053 (8) A 0.17 x 0.16 x 0.14 mm
5 =01943 (7)°

Data collection

Stoe IPDS diffractometer 1646 reflections with I = 25()
90035 measured reflections Ry = 0059

1935 independent reflections

Refinement

R[F* > 20(F%] = 0033 115 parameters

WR(F?) = 0092 H-atom parameters constrained
$=1.04 AP =039 A7

1935 reflections APpin = 0346 A7

Table 1

Selected geometric parameters (A, ) for (I).

Sil—F1 16866 (8) om—Cl 13147 (17)
Sil—F2 16621 (8) N1-C2 13453 (16)
Sil—F3 17003 (9) N1-C6 13349 (17)
01-C1 12015 (17) Cl-C2 15047 (17)
F1—Sil—F2 90.73 (4) o1-C1-02 12677 (13)
F1—Sil—F3 90.08 (5) 01-C1—C2 12101 (12)
F2—Sil—F3 90.15 (6) 2—Cl—C2 112.19 (11)
02—-Cl1-C2-C3 —122 (18)

Table 2 3

Hydrogen-bond geometry (4, °) for (I).

D-H---A D-H H---A DA D-H---A
o2—H1.-- F5 .85 1.76 2.5819 (14) 163
N1-H2---F1 .88 1.85 2.6730 (14) 156
C3—H3---F2° .95 2.37 3.1785 (18) 142
C5—HS---F1* .95 2.36 3.1364 (15) 139
C5—HS---F2¥ .95 2.56 3.4602 (16) 159
C6—HS6---F2 .95 2.61 3.0416 (17) 108

Symmetry codes: (i) —x+3,y+3 —z+% (@) —x+1,—y+2,—z (i) x+3 —y+3
i

2k ) —x+3y -z 43

Compound (Il)

Crystal data

2C;0HN O, -SiF 2™ 2H,0 V= 106757 (17) A®
M, = 52647 Z=2

Monoclinic, P2, /n Mo Ko radiation
a= 66382 (6) A @ =021 mm™
b=54274(9) A T=173() K

c = 170668 (14) A 0.16 x 0.12 x 0.12 mm

= 91731 (8)°
Data collection

Stoe IPDS ditfractometer
9457 measured reflections
2697 independent reflections

2368 reflections with 1> 20(f)
Ry = 0039

Refinement

R[F* > 26(F%)] = 0037 160 parameters

wR(F?) = 0.102 H-atom parameters constrained
$=1.05 Aprze =036 A7

2697 reflections Aprin = 042 e A~

Table 3

Selected geometric parameters (A, ©) for (IL).

Sil—F1 16830 (8) N1—C10 14718 (14)
Sil—F2 16861 (8) o1-c1 12061 (15)
Sil—F3 16834 (7) M-l 13086 (15)
N1 —C2 14349 (14) Cl-C2 15065 (15)
F1-Sil—F2 8974 (5) 01—-Cl—02 127.59 (11)
F1—Sil—F3 8959 (4) 01-Cl1—C2 120.95 (11)
F2—Sil—F3 90.19 (4) M—C1-C2 11145 (10)
01-Cl1-C2—N1 —138 (19)

Table 4 ”

Hydrogen-bond geometry (4, °) for (IL).

D-H---A D-H H---4 D4 D-H---A
N1-—-H2---F3 .88 186 2.7061 (12) 160
O2—H1---03 .85 171 2.5531 (13) 171
O3—HI1W-- B2 .85 186 27070 (13) 175

O3 —H2W-- -F1# .85 182 2.6707 (13) 176
C3—H3-- FZ”‘ .95 263 3.2125 (15) 120
C4—Hd- - -Oi’gtv .95 251 3.3940 (15) 156
C4—H4---F2* .95 269 3.2526 (15) 118
C6—Hs---017 .95 243 3.1655 (16) 134
C7—H7-- F1” .95 259 3.3463 (16) 137
C9—HSY- --F1 .95 259 3.3823 (15) 141
C9—H9Y- --F2 .95 257 3.4900 (16) 164
C9—HSY- --F3 .95 262 3.2907 (15) 128

Symmetry codes: (i) —x +4,p +4, —z +% (i) —x—3,y +% —z+% (i) x -3 —y+%
z+3 (WVxp—1,z (M -, —y+1,—z

Table 5 3
Carbonyl- - - contacts (4, °) for (IL).

For details, see Fig. 7. pis the angle of the O- - .7 axis with respect to the plane
of the aromatic ring.

O atorn C---O range Q- O-- -plane @
o1” 351371 32240 (11) 3.1830(13) 809 (2)
o* 340-3.77 33008 (11) 3.2626 (13) 813 (2)

Symmetry codes: (v) 4~y —,3— i () ~§— %9 —h.3 -
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All H atoms were located in difference maps and then treated as
riding, with O H distances constrained to 0.85 A, N H distances
constrained t0 0.88 A and C  H distances constrained to 0.95 A, and
with Uyo(H) = 1.2U.5(C) or L5U4(N,O).

For both compounds, data collection: IPDS Seftware (Stoe & Cie,
2000); cell refinement: IPDS Software; data reduction: IPDS Sofi-
ware; program(s) used to solve structure: SHELXS97 (Sheldrick,
1997); program(s) used to refine structure: SHELXL97 (Sheldrick,
1997); molecular graphics: DIAMOND (Brandenburg, 1999); soft-
ware used to prepare material for publication: WinGX (Version
1.700.00; Farrugia, 1999).

The authors acknowledge support from the Deutsche
Forschungsgemeinschaft (KVD).

Supplementary data for this paper are available from the [UCr electronic
archives (Reference: GG3102). Services for accessing these data are
described at the back of the journal.
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Abstract

Two synthetic pathways, the interaction of Nb,Os or Ta,Os with an aqueous solution of hydrofluoric acid, HF, in the presence of 18-
crown-6 (18C6), 15-crown-5 (15C5), benzo-15-crown-5 (B15C5) or benzo-12-crown-4 (B12C4), and the direct interaction of the corre-
sponding pentafluorides, MFs (M = Ta, Nb), in the presence of HF with the same crown ethers result in crystalline complexes of the
same composition, [18C6 - H;O][NbFg] (1), [L8C6 - H;O][TaFg] (2), [L5C5 - HsO,][TaFs] (3), [(B15C5), - HsO,[(B15C5), - H:O]TaFg),
(4) and [(B12C4), - H50][TaF¢] (5). Complexes 1-5 were identified by elemental and X-ray structural analysis. Compounds 1 and 2
are isostructural, with the [H50]" oxonium ion embedded in one crown molecule via OH: - -O hydrogen bonds. Complexes 3-5 represent
sandwich-like adducts with the [H:O]" or [HsO,]" cations encapsulated. A plethora of weak C-H- - F interactions with NbF, and

TaF, anions is responsible for the extended supramolecular architectures.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Hexafluoroniobate and hexafluorotantalate anions; Oxonium ions; Crown ethers; Hydrogen bond; Crystal structure

1. Introduction

The solid-state structures of crown ether (CE) inclusion
complexes represent a compromise of interaction energies
of as many supramolecular interactions as possible ranging
from ion-dipole interactions to strong and weak hydrogen
bonds. A significant amount of work on crown ether com-

" Corresponding author. Tel.: +373 22 73 81 54; fax: +373 22 72 58 87.
E-mail  addresses:  fonarixray@phys.asmmd (M.S. Fonari),
wjw@mail.tku.edu.tw (W.-J. Wang), edganin@yahoo.com (E.V. Ganin},
eksvar@ukr.net (V.0. Gelmboldt), furm@ns.crys.ras.ru (N.G. Furmano-
va).

0277-5387/$ - see front matter @ 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.poly.2007.07.037

plexes of the hydrated proton (oxonium ion [H(H>0),]")
revealed the CEs acting as excellent acceptors for strong,
charge-assisted hydrogen bonds with oxonium ions, where
the choice of CE and counter-ion is of crucial influence.
The dimensionality of the CE is a decisive factor that dic-
tates the composition of the stored oxonium species: the
18-membered CEs were shown to be almost entirely selec-
tive for the simplest oxonium ion [HsO]" (often called the
Eigen core), because of the size and symmetry match of
[H;0]" and the CE cavity [1]. Smaller in size, 12C4 and
15C5 provide sandwich-like cages for [HsO,]" and
[H,0;]" oxonium species when [AuCly]™ acts as a counter-
ion [2].

Please cite this article in press as: M.S. Fonari et al., Polyhedron (2007), doi:10.1016/j.poly.2007.07.037
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On the other hand, an interest in the chemistry of Nb(V)
and Ta(V) fluorides is essentially connected with the devel-
opment of suitable methods for concentration (separation)
of these elements, the processes being based on the recrys-
tallization or extracton of the proper complexes from
acidic aqueous solutions [3]. Recently, we revealed some
mteresting features of the “host-guest” complexes formed
as a result of the interaction of Nb and Ta pentafluorides
with crown ethers. Two synthetic routes were apphed: the
mteracton of the corresponding M;0s oxades with hydro-
fluoric acid m the presence of the CE, and the direct inter-
action of MFs, also in the presence of HF, with the same
crown ethers. These two pathways resulted m crystalline
complexes of the composition [CE: H;O[MFg] for the
hexadentate  benzo-18-crown-6  [4],  cis-syn-cis-dic-
yclohexyl-18-crown-6 [5] and diphenyl-20-crown-6 [6],
[(1.5DBISC6), - H;O3]MF4] complexes for 1.5-dibenzo-
18C6 [6] and [TB30C10 - H:0,][MF;] for tetrabenzo-30-
crown-10 (M =Nb, Ta) [7]. Complexes with BI8C6 and
cis-syn-cis-DCH18C6 provided examples of supramolecu-
lar isomers: monoclinic (P2;/n) and orthorhombic (Pbca)
polymorphs for [B18Cé6 - H;O]TaFg] that are distinct by
the subtle packing changes [4], and monoclinic again
{(P2,/n) and triclinic (P1) polymorphs for [eis-syn-cis-
DCHI8C6 - H;0]TaFg), differing by the pronounced con-
formational changes m the macrocyclic molecule and
the crystal packing [5]. The occurrence of supramolecular
1somerism (SI) [8] imphies a superstructural diversity for a
given building block. Complexes with conformationally
flexible CEs and aza-macrocycles give some examples of
supramolecular isomers [9].

The next imtrigung feature of the studied complexes 1s a
diversity of the encapsulated oxonium ions [10]. The use of
hexadentate BI8C6, cis-syn-cis-DCHI8C6 and DP20C6
resulted in crystallime complexes of the general formula
[CE - H3O]MF;), where the macrocyche cavity imcludes
the simplest oxonium cation H;O" (also called an Eigen
core [10]), while the use of TB30C10 afforded the opportu-
nity for the extraction of the [H;O,]" Zundel cation,
[H,0- - -H---OH,]" [10] within the complex of the same
stoichiometry. The decrease in number of oxygen atoms
accessible for interaction with the tripodal oxonium cation
in the case of [1.5] DB18C6 resulted in the storage of the
three-membered oxonium cluster [H,05]" within the cage
formed by two [1.5] DB18C6 molecules in the complex of
composition [(1.5DB18C6), - H;O;]MFg] (M =Nb, Ta)
[6].

In this paper, we selected gradually diminishing in size
classic 18-crown-6 (18C6), 15-crown-5 (15CS5), benzo-15-
crown-5 (B15CS5) and benzo-12-crown4 (B12C4) as mac-
rocychic higands to react with Nb and Ta pentafluonides.
Five new complexes, [18C6- HiOINbFs] (1), [18C6-
HiO]TaFs] (2), [15C5:HsO,]TaFs] (3), [(B15CS),-
Hs02][(B15C5); - H;O) JTaFsL (4) and [(B12C4); - H;0]-
TaFs] (5), were obtamed. The crystals were obtained by
the two above described synthetic routes, resulting in both
cases (four crown ethers used) in crystallographically iden-

tical complexes. The details of their synthesis and structure
are reported.

2. Experimental
2.1. Materials and apparatus

Caution! Hydrofluoric acid should be treated as an extre-
mely aggressive liquid All crown ethers were purchased
from ACROS, Ta,0s/NbsOs and TaFs/NbFs were pur-
chased from Aldrich and were used without further purifi-
cation. Complexes [18C6* H;O[NbFg] (1), [18C6 ' HsO}
[TaFg] (2), [15C5-HsO:]TaFs] (3), [(B15C5).- HsO,}
[TaFs] [(B15C5),- HsO][TaFg] (4) and [(B12C4);* H:O}
[TaFg] (5) were obtained by two synthetic pathways: by
an interaction of the corresponding oxides with 40% aque-
ous HF followed by treatment of the resulting solution
with the corresponding crown ether, and by the interaction
of the initial corresponding metal pentafluoride, NbFs/
TaFs, with the CE in a medium of 40% HF. All the com-
plexes were analyzed for C, H and F in a Perkin-Elmer
240 °C instrument. The X-ray structural analysis revealed
the identity of the complexes obtained under the different
synthetic conditions, the best crystallographic results are
discussed in this paper.

2.2. Synthesis

I route: To Nb,04/Ta,0s (0.5 mmol) dissolved i 45%
HF (6-7 ml), the corresponding CE (1 mmol) dissolved in
8-10 ml methanol was added. The resulting solution was
stored at 20-25 °C m a Teflon exsiccator for a low evapo-
ration of solvent to a volume of 5-6 ml over several days.

II route: To solution of CE {1 mmol) was added a solu-
tion of NbFs/TaFs (1 mmol) in 10-12 ml of 45% hydrofiu-
oric acid. The resulting solution was stored at 20-25°Cma
Teflon exsiceator for a low evaporation of solvent to a vol-
ume of 5-6 ml over several days.

2.2.1. [18C6- H;O}f{NbFg] (1)

Crystals of complex I separated in a yield of 72%
(0.350 g), and are colorless transparent prisms, soluble in
methanol, ethanol; m.p.: >220 °C (decomp). Anal Calc.
for C;H7FgNbO7: C, 29.40; H, 5.55; F, 23.25. Found:
C, 29.33; H, 5.58; F, 23.45%.

222 [18C6- H;O){TaFs] (2)

Crystals of 2 separated in a yield of 75% (0.430 g), and
are colorless transparent prisms, soluble in methanol, eth-
anol;, mp.. >195°C (decomp). Anal Calk. for
C;H,,F¢TaO,: C, 29.42; H, 4.71; F, 19.71. Found: C,
24.87; H, 4.68; F, 19.70%.

2.2.3. [15C5- Hs0;][TaFs] (3)

Crystals of 3 separated in a yield of 74% (0.280 g), and
are colorless transparent prisms, soluble in methanol, eth-
anol;, mp. 124-125°C (decomp). Anal. Calc. for
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CyoH2sFs0,Ta: C, 31.10; H, 587; F, 14.76. Found: C,
31.13; H, 5.92; F, 14.82%.

2.2.4. [(BISCS);-HsO,]{TaFs}f(BI5CS);  H:0]
[TaFg] (4)

Crystals of 4 were separated 1n a yield of 82% (0.350 g),
and are colorless transparent crystals, soluble in methanol,
ethanol; mp.: 126-127°C (decomp). Anal Cak. for
CsgHgsF12023Tas: C, 39.12; H, 5.16; F, 13.26. Found: C,
39.59; H, 5.17; F, 13.34%.

2.2.5. [(BI2C4); H:0}{TaFs] (5)

Crystals of § were separated 1 a yield of 95% (0.360 g),
and are colorless transparent crystals, soluble in methanol,
ethanol; m.p.. >180°C (decomp). Aral Calc. for
Cy4H3sFgOoTa: C, 37.81; H, 4.63; F, 14.95. Found: C,
37.78; H, 4.67; F, 14.91%.

2.3, X-ray diffraction determination

The X-ray intensity data for complexes 1, 2, 4 and §
were recorded at 123 K on a Bruker SMART 1000 CCD
area detector diffractometer employing graphite mono-
chromatized Mo Ka radiation (A= 0.71073 A) in the ¢
and @ scan mode. Final unit cell dimensions and positional
data were obtained and refmed on the entire data set. Inte-
gration and scaling resulted in a data set corrected for Lor-
entz and polarization effects using peNzo [11]. The scaling
as well as the global refinement of the crystal parameters
were performed by scALEPACK [11]. The experimental data
for complex 3 were recorded at ambient temperature
{295 K) on an Xcalibur S with a CCD detector (Mo-Ka
radiation, graphite monochromator, @ scan mode). The
absorption correction for 2-5 was applhied using SADABS
[12]. The structure solution and refinement proceeded sim-
larly using the sHELX-97 program package [13] for all the
structures. Direct methods yielded all non-hydrogen atoms
of the asymmetric unit. These atoms were treated aniso-
tropically (full-matrix least squares method on F7). In com-
plexes 1 and 2 the macrocycle and oxonium cation occupy
the special position 2/m, that makes it impossible to local-
ize the oxonium hydrogen atoms, and in the next section
only O---O distances will be discussed. In complex 3 the
mirror plane m bisects the macrocycle through the O(1)
atom and the C{5)-C(5’) valent bond, both oxygen atoms
and one hydrogen atom of the (H-0,)" oxonium cation.
The crown oxygen atom Of3) is disordered over two posi-
tions with equal occupancics. In complexes 4 and 5 the

The X-ray data and details of the refinement for 1-5 are
summarized in Table 1, selected geometric parameters are
given in Table 2 and the hydrogen bonding geometries
for 3-5 are given in Table 3.

3. Results and discassion
3.1. Description of the structures

Complexes 1 and 2 are isostructural {(Table 1), so only
complex 2 1s further discussed. Both complexes crystallize
in the orthorhombic space group Pbam. The NbF,~ amion
in complex 1 resides on an inversion centre and is charac-
terized by an octahedral core with Nb-F distances ranging
from 1.844(2) up to 1.876(2) A and F-Nb-F valent angles
between cis-fluorine atoms practically being equal to 90°.
The geometry of the NbF,~ anion is close to that found
in 3-chloro-1,3,4,2,5-thiadiselenadiazolium hexafluoronio-
bium [14] and in bis(pyrazine)dicopper bis(hexafluoronio-
bium) piperazine solvate [15]. The TaF,~ anions in
complexes 2-5 also adopt the usual octahedral gcomctry
with Ta-F distances ranging from 1.854(5) to 1.877(7) A
in 2, from 1.868(8) to 1.887(T) A in 3, from 1.845(4) to
1.874(4) A in 4, and from 1.881(3) to 1.888(2) A in 5, the
maximal deviation for the F-Ta-F valent angle between
cis-fluorime atoms from a right angle bemg 1.5°. This geom-
etry 1s close to that found m catena-{(p-chloro)-bis{p-flu-
oro)tetrafluoro-hexamethyltantalum)] ditin [16] and m
methyltriphenylphosphonium hexafluorotantalate [17].

311 [18C6 H:0)fTaFs) (2)

The orTep view for complex 2 is shown in Fig. 1. The
18C6 molecule and oxomium cation (H:0)" are situated
in the 2/m position: the m plane passes through the O(1)
and O(1') atoms, and the twofold axis bisects the C{3)-
C{3") bond. The arrangement of both macrocycle and oxo-
nium ion on a special position explains the availability of
only two different Of{oxonium)- - -Ofcrown) distances, being
equal to 2.777(6) A [to O{1) and its symmetry-related coun-
terpart], and 2.708(5) A [to Of2) and its three symmetry-
related counterparts]. The 18C6 molecule is characterized
by the idealized Dsq symmetry with the rans-gauche-
trans-sequence of torsion angles and +0.171(5) A deviation
of oxygen atoms from the mean plane.

3.1.2. {15C5- Hs0,}fTaFs] (3)
Complex 3, of the composition [15C5- H5021TaF5]
crystallises in the orthorhombic crystal system. spad
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Table 1
Crystal data and structure refinement parameters for complexes 1-§

 § 2 3 4 5

Composition CyHz;FgNDbO; CyuHz:FeO,Ta CigHzsFsO,Ta CsHggF12025Ta, CaqH;3sFgOgTa
CCDC number 652989 652990 652991 652992 652993
Formula weight 490.25 578.29 552.25 1719.16 76247
Crystal system orthorhombic orthorhombic orthorhombic moneclinic triclinic
Space group Pbam Pham Prma e Pl
a (1_\) 9.0639(8) 9.0655(13) 12.2350(16) 28.293(5) R.7701(15)
B (A) 10.1656(9) 10.1316(14) 12.6607(16) 16.023(3) 8.8881(15)
¢ (A) 10.9854(13) 10.9474(16) 11.9124(16) 15.943(3) 10.0280(17)
«(® 90.0 90.0 90.0 90.0 T2.114(3)
89 90.0 90.0 90.0 106.05(3) 83.509(3)
(%) 90.0 90.0 90.0 90.0 73.275(3)
V(A% 1012.19(17) 1005.5(2) 1845.3(4) 6946(2) 7123(2)
z 2 v o 4 g 1
Dy (Mg/m®) 1.609 1910 1.988 1.644 1778
" (m"j 0.676 5.548 6.041 3.252 3945
F000) 500 564 1072 3448 378
Reflections collected/unique 942/942 5421/1054 14070/1791 15382/6162 3978/2730
Reflections with I > 2e(1) 677 733 1423 4730 2730
Goodness-of-fit 1.064 1.055 1.170 1.022 1.075
R,, wR; [I> 20(1)] 0.0517, 0.1441 0.0289, 0.0862 0.0566, 0.1099 0.0378, 0.0783 0.0227, 0.0604

that the (H;O)" oxonium part is involved in two equal
OH---O bifurcated hydrogen bonds to the O{2) and
O(3A) atoms, the O-.-O separations being 2.646 and
2.945 A, while the ‘water part’ via O{4) is involved in the
Of4):--O(3) mteraction, the O.--O scparation bei
2.995(15) A (Table 3). The crown molecules and (HsO;)
cations alternate in the infinite chain. The atom O(4) devi-
ates by 1.692(d) A from the mean plane of crown oxygen
atoms that are coplanar to within +0. 28 A, while atom
O(5) deviates by 1. 692(4)A from the same atoms of the
next crown molecule. In the macrocyclic framework all
the C-O-C-C torsion angles are anti-, four O-C{sp’)-
C(sp®)-O angles are gauche-and the O{3)-C{5)-C5'-03'
angle 1s 0.0° due to the mirror symmetry (Table 2).

3.1.3. [(BISCS5),- HsO,] [(BI5CS),- H;O}{TaF,], (4)
Complex 4, of the composition [(B15C5); - HsO,][(B15-
C5), - HyO][TaFg),, crystallises in the monoclinic crystal
system, space group C2/c. It is built of two different in
composition sandwich cations (associated with A and B
macrocycles) and two TaF,~ anions. The orTep view for
complex 4 is shown in Fig. 3. The asymmetric unit of 4
comprises two halves of the TaF;~ anions, (one is situated
on an inversion center and the other is situated on a two-
fold axis), two B15C5 molecules (designated A and B) in
general positions, and two oxonium oxygen atoms O{6A)
and O{6B) (assoaated with the similarly labelled macrocy-
cles), the former being located on a twofold axis, the latter
being located in a general position in the vicimity of an
inversion center and forming a (Hs0,)" Zundel cation. In
sandwich A the oxomum ion is equally disordered over
the mversion center, forming correspondingly two and
one hydrogen bonds to two crown molecules in the sand-
wich, the O{oxonium) - -Ofcrown) separations falling in
the range 2.742(3)-3 031(3)A The O{6A) oxygen atom

deviates by 1.811(2) A from the mean plane of the crown
oxygen atoms that are coplanar to within +0.28 A. In mol-
ecule A the dihedral angle between the plane through the
phenyl rimg and 5 oxygens is equal to 26.2(1)°. Along the
15-membered heterocyclic framework all O-C{sp®)-
C{sp®)-O torsion angles are gauche-, while O-C{sp’)-
C{sp*}-O that belongs to the phenyl ring is cis, of 10
C-C-O-C torsions 8 are anti- and two adopt the gauche-
conformation, giving rise to the sequence of two gauche-
torsion angles meeting at C{3A) and C{6A) atoms (Table
2, In sandwich B, having the composition
[(B15CS); - HsO3], the O--.O separation of 2409 A within
the Zundel cation is the shortest among the corresponding
O- .0 distances that are of concern i the cited data [9].
The other O---O distances to crown oxygens range from
2,651 to 3.012 A (Table 3). The atom O{6B) deviates by
1.692(4) A from the mean plane of crown oxygen atoms
that are coplanar to within +0.28 A. In molecule B the
dihedral angle between the planes through the phenyl ring
and § oxygens is equal to 17.5(1)°, all C-O-C-C torsion
angles are anti-, all O-C(sp*)-C(sp’)-O angles are
gauche-, and the O-C(sp”)-C(sp”)-O angle is cis (Table
2). The dependence of the hydrogen bonding on the system
is evident on changing the crown ether conformation.

3.14 [(Bi2C4),- H;O})fTaFs] (5)

Complex 5, of the composition [(B12C4), - H;O]TaF],
crystallises in the triclinic space group P1. The ORTEP
view for this complex is shown in Fig. 4. The TaF,~ anion
occupies a position on an inversion center. The macrocyclic
cation has a typical B12C4 sandwich-like structure with the
oxomum ion enclosed between two inversion-related mac-
rocycles with three main O- - O separations to crown oxy-
gens equal to 2.652(3), 2.819(3) and 2.881(3) A. The
oxonium cation O(5) deviates by 1.953(2) A from the mean
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Table 2
Selected bond distances (A) and angles (°) for complexes 2-5
Complex 2
Ta(1)-F(2) 1.856(5) Ta(1)-F(1) 1.877(7)
Ta(1)-F(3) 1.854(5)
F(2)-Ta(1)-F(3) 89.5(3) F(2)-Ta(l)-F(1) 90.0(1)
F(3)-Ta(l)-F(1) 90.0(1)
C(2)#1-C(1)#1-0(1)-C(1) 179.3(5) C(1)-C(2)-0(2)-C(3) 174.4(8)
C(1)#1-0(1)-C(1)-C(2) 179.3(5) C(2)-0(2)-C(3)-C(3)#2 178.4(13)
O(1)-C(1)-C(2)-0(2) 64.0(8) O(2)-C(3)-C(3)#2-0(2)#2 52(2)
Complex 3
Ta(1)-F(1) 1.868(8) Ta(1)-F(3) 1.883(6)
Ta(l)-F(4) 1.877(8) Ta(1)-F(2) 1.887(7)
F(1)-Ta(l)-F(4) 179.8(4) F(1)-Ta(1)-F(2) 90.4(3)
F(1)-Ta(1)-F(3) 90.1(3) F(4)-Ta(1)-F(2) 89.7(3)
F(4)-Ta(1)-F(3) 89.7(3) F(3)-Ta(1)-F(2) 90.2(4)
F(3)-Ta(l)-F(3)#3 88.6(4) F(2)#3-Ta(l)-F(2) 91.0(6)
F(3)-Ta(1)-F(2)#3 178.7(3)
C(1)#4-0(1)-C(1)-C(2) 168.2(6) O(2)-C(3)-C(4)-0(3) 45(3)
O(1)-C(1)-C(2)-0(2) 64(1) C(3)-C{4)-O(3)-C(5) 170(2)
C{1)-C{2)-0(2-C(3) 168(1) C{4)-O(3)-C(5)-C(5)#4 151(1)
C(2)-0(2)-C(3)-C(4) 141(2)
Complex 4
Ta(1)-F(3) 1.853(3) Ta(2)-F(6) 1.845(4)
Ta(1)-F(2) 1.864(3) Ta(2)-F(5) 1.866(3)
Ta(1)-F(1) 1.866(3) Ta(2)-F(4) 1.874(4)
F(3)-Ta(l)-F(2) 89.0(2) F(5)#5-Ta(2)-F(5) 91L.1(3)
F(3)-Ta(1)-F(1) 90.0(2) F(6)#5-Ta(2)-F(4) 90.0(2)
F(2)-Ta(1)-F(1) 91.5(2) F(5)#5-Ta(2)-F(4) 179.7(2)
F(6)-Ta(2)-F(6)#5 175.2(3) F(5)-Ta(2)-F(4) 89.0(2)
F(6)-Ta(2)-F(5)#5 93.1(2) F(4)-Ta(2)-F(4)#5 90.8(3)
F(6)-Ta(2)-F(5) 90.3(2) F(6)-Ta(2)-F(4) 86.7(2)
O(1A)-C(1A)-C(2A)-0O(2A) 69.4(5) O(1B)-C(1B)-C(2B)-0O(2B) 64.3(6)
C(1A)-C[2A)-O(2A)-C(3A) 167.2(4) C{1B)-C(2B)-O(2B)-C(3B) 167.4(5)
C(2A)-O(2A)-C(3A)-C(44) 91.4(5) C(2B)-0O(2B)-C(3B)-C(4B) 163.9(5)
O(2A)-C(3A)-C(4A)-0O(3A) 63.6(5) O(2B)-C(3B)-C(4B)-0O(3B) 68.0(6)
C(3A)-C[4A)-O(3A)-C(5A) 179.8(4) C(3B)-C(4B)-O(3B)-C(5B) 165.0(4)
C{4A)-O(3A)-C(5A)-C(6 A) 172.8(4) C{4B)-O(3B)-C(5B)-C(6B) 170.0(4)
O(3A)-C[5A)-C(6A)-O(4A) 60.9(5) O(3B)-C(5B)-C(6B}-0O(4B) 70.9(6)
C(5A)-C(6A)-O(4A)-C(7A) 82.2(5) C(5B)-C(6B)-O(4B)-C(7B) 158.0(5)
C(6A)-O(4A)-C(7A)-C(8A) 170.3(4) C(6B)-0O(4B)-C(7B)-C(8B) 169.5(4)
O{4A)-C(7A)-C(8A)-O(5A) 66.3(5) O(4B)-C(7B)-C(8B)-0O(5B) 60.9(5)
C(7A)-C(BA)-O(54)-C(94) 175.6(3) C(7B)-C(8B)-O(5B)-C(9B) 178.2(3)
C(8A)-O(5A)-C(9A)-C(10A) 176.3(3) C(8B)-O(5B)-C(9B)-C(10B) 171.8(4)
O(5A)-C(9A)-C(10A)-O(1A) 0.8(5) O(5B)-C(9B)-C(10B)-O{1B) L1(5)
C(9A)-C(10A)-O(1A)-C(1A) 158.8(3) C{9B)-C(10B)-O(1B)-C(1B) 156.1(3)
C(10A)-O(1A)-C(1A)-C(2A) 171.1(4) C({10B)-O(1B)-C(1B)-C(2B) 176.9(4)
Complex 5
Ta(1)-F(3) 1.881(3) Ta(1)-F(2) 1.888(2)
Ta(1)-F(1) 1.885(2)
F(3)-Ta(1)-F(1) 90.5(1) F(1)-Ta(1)-F(2) 90.7(1)
F(3)-Ta(l)-F(2) 90.3(1)
O(1)-C(1)-C(2)-0(2) 61.2(4) O(3)-C(5)-C(6)-0(4) 63.5(5)
C(1)-C(2)-0(2)-C(3) 136.0(3) C(5)-C(6)-O(4)-C(7) 157.0(3)
C(2)-0(2)-C(3)-C(4) 75.5(4) C(6)-0O(4)-C(T)-C(12) 73.3(4)
O(2)-C(3)-C(4-0(3) 65.8(4) O(4)-C(7)-C(12)-0(1) 9.3(4)
C(3)-C(4)-0(3)-C(5) 171.0(4) C(7)-C(12)-0(1)-C(1) 157.0(3)
C(4)-0(3)-C(5)-C(6) 84.7(5) C(12)-O(1)-C(1)-C(2) 172.7(3)

Symmetry transformations used to generate equivalent atoms: (#1) x, y, z (#2) x, y+1,zfor2; (#3)x, y+3/2,z (#4) x,1/2 y,zTor 3and (#5)

x+1,y, z+3/2ford.

plane of the four crown oxygens, which are coplanar to 17.2(2)°. Within the 12-membered heterocyclic framework
within +0.294 A. The dihedral angle between the plane  three O—C-C-O torsion angles are gauche and the one that
through the phenyl ring and the 4 oxygens is equal to  belongs to the phenyl ring is cis-; of 8 C-O torsion angles

Please cite this article in press as: M.S. Fonari et al., Polyhedron (2007), do1:10.1016/f.poly.2007.07.037
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Table 3
Hydrtogen bond distances (A) and angles (°) for complexes 3 §

D H A 4D H) d(H---A) dD---A) Z(DHA) Symmetry transformation
for acceptor

Complex 3

O(4) H(104)---0(3) 0.90(1) 2.24(2) 2.995(15) 142(2) e

O(5) H(105)---0(4) 0.86(2) 1.61(3) 2.462(12) 171(14) %92

O(5) H{205)---0(2) 0.85(2) 1.84(4) 2.646(9) 156(9) x-1/2,y,-z+1/2

O(5) H{205)---O(3A) 0.85(2) 2.41(8) 2.945(15) 121(7) x—-1/2,y,-z+1/2

Complex 4

O(6A) H(61)--O(4A) 0.87(2) 1.95(6) 2.740(3) 150(10) -x+1,y,-z+3/2

O(6A) H(61)---O(5A) 0.87(2) 2.44(8) 3.031(3) 126(8) -x+1,y -z+3/2

O(6A) H(62)---O(2A) 0.87(2) 2.09(6) 2.868(3) 150(10) FSR

O(6A) H(62)---O(3A) 0.87(2) 2.28(9) 2.866(4) 125(9) X2

O(6A) H(63)---O(2A) 0.87(2) 2.05(4) 2.868(3) 159(10) -x+1,y, -z+3/2

O(6B) H(16):--O(2B) 0.84(2) 1.81(2) 2.648(5) 179(6) B ®

O(6B) H(26)---O(6B) 0.85(2) 1.55(3) 2.402(5) 173(15) -x+3/2, -y +1/2, —z+1

O(6B) H(36) - -O(4B) 0.83(2) 1.92(3) 2.710(4) 158(5) FRTE

O(6B) H(36) - -O(5B) 0.83(2) 2.50(4) 3.014(4) 121(4) F8'R 1

Complex §

O(5) H(51).--O(4) 0.88(2) 1.95(3) 2.819(3) 172(12) W

O(5) H(52)---O(2) 0.88(2) 1.79(3) 2.652(3) 167(12) ERN

O(5) H(53).--O(1) 0.88(2) 2.17(9) 2.881(3) 138(11) —x+1,-y+1,-z+1

Fig. 1. ortep drawing of 2 with the numbering scheme and the shortest O-
probability level.

three adopt a gauche-conformation and give rise to two
corner fragments with a sequence of two gauche-torsion
angles at the C(3) and C(5) atoms and meets with a cis-tor-
sion angle at the C(7) atom (Table 2).

Analysis of CSD [18] data for oxonium-containing
crown complexes of the composition [CE - H(H,0), An]
(where CE — crown ether, An — halogen-containing anion)
reveals that 18C6 and its benzo-, dicyclohexano- and tet-
racarboxylic derivatives are highly selective for H;O"
because of the size and symmetry fit between them, allow-
ing the inclusion of the oxonium ion within the 18-mem-
bered crown ether cavity with the formation of three
strong OH---O hydrogen bonds [19]. However, both lar-

--O distances shown by dashed lines. Thermal ellipsoids are shown at the 50%

ger and smaller in size macrocycles are capable of accom-
modating the Eigen core as well. As examples, dibenzo-
30C10 simultaneously contains two H;O" cations within
the cavity [20], two B15C5 molecules enclose the oxonium
cation in a sandwich structure [21] similar to complex 4,
two dibromo-15C5 molecules incapsulate two H;O" cat-
ions within sandwich structure [22]. Smaller in size,
benzo-15C5 and 12C4 are also capable of fixing the oxo-
nium ion either in a sandwich mode [23] or through an
additional contact with the anion [24). The next in size
[H,O---H- - -OH,]"Zundel cation is perfectly displayed
on one side of the DB18C6 macrocycle in the DB18C6
oxonium perchlorate trihydrate [25], within 24- and 30-
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Fig. 2. orteP drawing of 3 with the numbering scheme and the shortest O- .-O distances shown by dashed lines. Thermal ellipsoids are shown at the 50%
probability level.

Fig. 3. orTep drawing of 4 with the partial numbering scheme and hydrogen bonding shown by dashed lines. Thermal ellipsoids are shown at the 50%
probability level.

358 membered macrocycles [19u] or between two molecules of  anions [2,26] or are encapsulated within the cage formed 367
359  BISCS, as in bis(B15CS5) tetrachloro-aurate(IIT) oxonium by two crown molecules [6]. A comparison of novel com- 368
360 monohydrate [2] and in our complex 3, while tetra-  pounds with the known literary examples shows the repro- 369
361 benzo30C10 excellently stores the Zundel cation within  ducibility of the crown ether—-oxonium ion supramolecular 370
362 one cavity [7]. On the contrary, the fixation of the  architecture for 18C6, 15C5 and B15CS5. A reliable com- 371
363 [H;05]" cation by crown ethers is relatively uncommon  parison of subtle effects (hydrogen bond lengths and 372
364 and only few examples are known so far where [H;03]"  angles) for these units cannot be made due to the location 373
365  oxonium cations alternate with crown ether in hydro-  of the oxonium species on the crystallographic symmetry 374
366  gen-bonded chains with long-range interactions to the  elements. 375
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X/
C(7) <> =
0(4) \IE( &

C Ci8)

Fig. 4. orTEP drawing of § with the numbering scheme and hydrogen bonding shown by dashed lines. Thermal ellipsoids are shown at the 50% probability

level.

The crystal packing in 1-5 exhibits common structural
features. The all H-bonding coordination abilities of the
[H30]" or [HsO,]" cations are used to interact with the
crown ether oxygen atoms since both NbFs~ and TaF4~
behave as very non-coordinating anions, being much
poorer hydrogen bond acceptors than for example AuCl, ™
which contributes to the interactions with oxonium species
[2]. The decisive factor in the supramolecular organization
are weak CH(crown)- - -F interactions. Similar to all previ-
ously reported complexes of this family [4-7], the crystal
packing in 1-5 represents an alternation of rows of organic
(macrocyclic cations in 1-2, or macrocyclic sandwiches in
3-5) and inorganic (Nb,~/TaF,~ anions) components
(Fig. 5), being held together by CH- - -F interactions. The
simplest case of crystal packing is evident for 1-2. For
the perfectly regular structure 2, shown in Fig. 4a, the
C(3)H---F(2) contact (H---F 2.61, C---F 3.394(15) A,

Fig. 5. Fragment of the crystal packing for 2. Only atoms responsible for
short CH. - ‘F contacts are labelled.

CHF angle 138° slightly exceeds the accepted limit
(H- - -Acceptor = 2.6 A). In 5, due to the shorte§t
C(1)H-- -F(1) contact (H---F 2.52, C---F 3.211(5) A,
CHF angle 128°, charged components alternate in the
chain. In the layer structure 4 two independent TaF,~
anions fulfill different structural functions: the Ta(l)F4
anion is located on an inversion center and acts as a bridge
between two different macrocyclic sandwiches (A and B)
via the F(1) atom, [C(TA}-H(7Al)---F(1)(x, 1-y,
0.5+2) 2.55, C---F 3.250(6) A, CHF angle 129° and
C(5B)-H(5B2)- - -F(1) 2.55, C---F 3.343(6) A, CHF angle
140°], while the second anion, Ta(2)Fg, located on a two-
fold axis, bridges only B sandwiches via C(14B)---F(5)
interactions [C(14B)-H(14B)---F(5)(3/2—x, —0.5+yp, 3/
2 - z) 2.54, C---F 3.312(6) A, CHF angle 141°].

4. Conclusion

The interaction of Nb,Qs/Ta,O5 or NbFs/TaFs with 18-
,15- and 12-membered CEs in the presence of hydrofluoric
acid results in complexes of the compositions [18C6 -
H3;O]NbFg] (1), [18C6 - H3O]TaFg] (2), [15C5 - Hs0,]-
[TaFg] (3) [(B15C5); - Hs0;] [(B15C5), - H3O[TaFeh (4)
and [(B12C4), - H;0]TaF;] (5). All compounds represent
ionic species with direct interactions between the oxonium
ion and oxygen atoms of the macrocyclic molecule and a
lack of any interactions between the oxonium ion and the
anion. According to the X-ray data, the [H30]" oxonium
cation centers the 18-membered crown cavity in isostruc-
tural complexes 1-2, and bridges two smaller 12-membered
macrocycles in 5. Compound 5 is the first example of an
oxonium ion direct interaction with the small B12C4 mac-
rocycle. The crystal 3 contains the [HsO,]" dioxonium cat-
ion and alternates with 15C5 molecules in the infinite
chains, whereas complex 4 represents a unique example

Please cite this article in press as: M.S. Fonari et al., Polyhedron (2007), doi:10.1016/j.poly.2007.07.037
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of the co-existence of both the [H:O]" Eigen core and
[H,O---H---OH,]" Zundel cations within one structure,
both being incorporated in two sandwich-type organized
macrocyclic cations. The B15CS molecules that form these
sandwiches differ by their conformations.
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tains the supplementary crystallographic data for 1, 2, 3, 4
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www.ccde.cam.ac.uk/conts/retrieving html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK fax: (+44) 1223 336 033; or e-
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ated with this article can be found, in the online version, at
doi:10.1016/j.poly.2007.07.037.
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Abstract—Complex [3-HO(O)CCsH,NH],SiF; is synthesized, and its structure is determined by single-crys-
tal X-ray diffraction. In its ionic structure, the centrosymmetric SiFZ_ anions (the Si-F bond lengths are

1.6658(15)-1.7033(17) A) and [3-HO(Q)CCsH,NH]* cations are linked through interionic H-bonds NH.---F,
NH.--O, and OH--F (the N---F, N---O, and O--F distances are 2.752(3), 2.935(3), and 2.596(2) A, respectively).

DOI: 10.1134/50036023608060107

“Onium” fluorosilicates are the products of reactions
of N- and O-containing organic bases with fluorosilicic
acid. They find use as chemical reagents and functional
materials [1]. In this respect, it is of interest to reveal
some relation between the structure and physicochemi-
cal characteristics of these compounds. Hexafluorosili-
cates of functionalized anilinium [2-4] and pyridinium
derivatives are convenient models for this analysis. In
this work, bis(3-carboxypyridinium) hexafluorosilicate,
[3-HO(O)CC;H,NH],SiF; (I), has been synthesized
and structurally studied.

EXPERIMENTAL

Synthesis. Pyridine-3-catboxylic acid (123 mg,
1 mmol) was dissolved in methanol (10 mL) at 64 °C, and
water (2 ml) and 45% H,SiF; (pure for analysis grade)
(0.9 mL) were added. The reaction mixture was concen-
trated at room temperature. Colotless crystals of com-
pound I were obtained; mp =248-250°C.

For [3-HO(O)CCsH,NH], SiFy anal. caled. (%): Si,
7.20;N, 7.18.

Found (%): Si, 7.37; N, 7.03.

Mass spectrum of compound I (MX-1321 spectrom-
eter, direct injection, energy of ionizing electrons 70 eV):
[ML]* (m/z = 123, I = 52%), [ML-H,O1* (m/z = 105, I =
26%), [ML-COOH]* (m/z =78,1=25%), SiF; (m/z=85,
I1=100%).

Single-crystal X-ray diffraction analysis. The crys-
tals of compound I are monoclinic, @ = 11.707(2) Ab=
9.6003(19) A, ¢ = 13.077(3) A, b = 103.54(3)°, V =

1429.0(5) A%, p,q = 1.814 glem?®, i(MoK.,) =2.409 mmr?,
F(000) =792, Z = 4, space group C2/c.

The experimental material was obtained from a nee-
dle-like single crystal 042 X 0.21 X 0.21 mm in size at
293(2) K on an Enraf-Nonius CAD4 automated four-cir-
cle diffractometer (ACuK,, A radiation, 1.54178 A, graph-
ite monochromator, ® scan mode, 6.03°-76.07° © range).
The total number of measured reflections was 2210 (-2 <
h<14, 2 <k<12,-15<1<16); 1476 of them were
independent (R;; = 0.0486, 98.3% O coverage). Absorp-
tion anisotropy was ignored.

The structure was determined by direct methods
(SHELXS86 [5]) and refined by the least-squares method
for F? (SHELXL97 [6]) in the full-matrix anisotropic
approximation for non-hydrogen atoms. Positions of all
hydrogen atoms of the 3-carboxypyridinium cation LH*
were determined from the difference Fouriersynthesis and
refined isotropically.

The final refinement results are R1 =0.0574, wR2 =
0.1536, GOOF = 1.085 for 1321 reflections with >
206(); R1=0.0614, wR2 = 0.1584 for all reflections; 140
refined parameters. The molar absorption coefficient was
0.0025(5); Appax and Ap, were 0.466 and —0.585 A,
respectively.

The coordinates and temperature factors of the
atoms in the structure of compound I are presented in
Table 1. The interatomic distances and bond angles are
listed in Table 2.
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Table 1. Coordinates of atoms (x10%, x10° for H atoms) and ~ Table 2. Selected bond lengths (d) and bond angles (®) in

their thermal parameters U,o/Uj;, (x10%, A% in the structure

GEL’MBOL’DT et al.

of compound T
Atom x y z Ueg/Uiso
Si(1) | 2500 2500 5000 39(1)
F(1) | 3439(1) | 1199(2) | 4949(1) | 55(1)
F(2) | 1656(1) | 1424(2) | 5501(2) | 56(1)
F(3) | 1720(1) | 2095(2) | 3766(1) | 62(1)
0Q) | 4159Q2) | -949(2) | 3315(2) | 57(1)
O(1) | 4476(2) | -3234(2) | 3559(2) | 33(1)
C() | 2596(2) | -2400(2) | 3525(2) | 41(1)
C(2) 2202(2) | -3748(3) | 3565(2) 49(1)
N 1116(2) | -3958(2) | 3704(2) | 52(1)
Ci) 394(2) | —2932(3) | 3832(2) 51(1)
C5) 756(2) | -1578(3) | 3802(2) | 54(1)
C(6) 1865(2) | —-1305(3) | 3638(2) 49(1)
C) 3826(2) | —2108(3) | 3442(2) 44(1)
H(l) 524(4) -300(4) 353(4) 88(13)
H(2) 267(3) —456(3) 343(3) 57(8)
H(3) 90(3) —478(4) 378(3) 67(10)
H4) -37(3) -314(3) 400(3) 60(9)
H(5) 28(4) -93(4) | 386(3) | 73(11)
H(6) 207(3) -36(3) | 365(2) | 52(8)

structure I
Bond d A
Si(1)-F(2) 1.6658(153)
Si(1)-F(1) 1.6756(14)
Si(1)-F(3) 1.7033(17)
O(2}-C(T) 1.203(3)
O()-C(7) 1.310(3)
C(1)-C2) 1.380(3)
C(1)-C(6) 1.385(3)
CA)-C(7) 1.497(3)
C@2)-N 1.341(3)
N-C(4) 1.334(4)
CA)-C(5) 1.371(4)
C(5)-C(6) 1.389(4)
Angle @, deg
F(2)Si(1)F(1) 90.45(8)
F(2)Si(1)E(3) 89.71(9)
F()Si(1)E(3) 90.20(9)
CQRITC()C(6) 119.2(2)
CQCMCT) 121.02)
CETCCT) 119.7(2)
NC@2)C(1) 118.8(2)
CANCQ2) 123.7(2)
NC#)C(5) 119.2(2)
CAT(5)C(6) 119.3(3)
CLTB)C) 119.72)
O)CNO() 125.6(2)
O(CTT(1) 122.1(2)
OMCNH(L) 112.3(2)
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CRYSTAL STRUCTURE OF BIS(3-CARBOXYPYRIDINIUM) HEXAFLUOROSILICATE 877

Fig. 1. Structural units in a crystal of compound I: the

2 . s
SiFg anion and LI I* cation.

RESULTS AND DISCUSSION

The structural units of a crystal of compound I are
the hexafluorosilicate anions and 3-carboxypyridinium
cations (Fig. 1). In the centrosymmetric SiF;’,~ anion,
the silicon atom has an insignificantly distorted octahe-
dral coordination (the average Si-F bond length is
1.682+0.021 A, and the FSiF bond angles range from
89.71(9)° to 90.45(8)°). The interatomic distances and
bond angles in the LH* cation take standard values.

In the crystal one can distinguish ribbons consisting
of two symmetrically linked chains of the LH* cations

between which the SiFé' anions are arranged (Fig. 2).

Fig. 2. Packing of structural units in a crystal of compound I
(projection along the ¢ axis).

The protonated nitrogen atom of the organic cation
forms rather weak bifurcate interionic H-bonds, one of
which, N-H(3)---O(2), links the cations into chains. The
second H-bond, N-H(3)--F(1), as well as O(l)-
H(1)--F(3), links the chains of the cations and anions
into a ribbon. The translationally related ribbons form a
layer lying parallel to the ab plane. The layers are sta-
bilized due to the stacking interaction of the pyridinium
rings from different ribbons, which are related through
the inversion center (Fig. 3), the distance between the
pyridinium rings being 3.56 A.

Three independent interatomic Si-F distances cor-
relate with the relative strength of the interionic con-

O(2A)

Fig. 3. Stacking interaction of the LH* cations in a crystal compound L.
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tacts. The longest Si-F(3) bond is formed by the fluo-
rine atom involved in the stable O(1)-H(1l)--F(3)
H-bond (1.7033(17) A). The weak bifurcate H-bond
N-H@3)--F(1) cormesponds to the intermediate (in
length) Si-F(1) bond (1.6756(14) A). The fluorine atom
of the strongest Si-F(2) bond (1.6658(15) A) is not
involved in short interionic contacts (the shortest
F(2)--C(2) contact is 3.019 A). A similar inverse corre-
lation between Si-F distances and the strengths of the
H-bonds formed by the corresponding fluorine atoms is
characteristic of the structures of “onium” hexafluoro-
silicates [2, 7].
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Abstract Four novel complexes of 2.4-dithiouracil
(pynmidine-2,4(1H,3H)-dithione, DTU) with 18-mem-
bered benzo- and dibenzo-crown ethers were synthesized in
approximately the same conditions and studied by single
crystal diffraction. Hydrogen bonding was observed to be
the most important for the complexation in the sohd state
but 7—7 interactions also contribute to it. The crystalline
monchydrates of the 1:1:1 stoichiometry are recorded for 4-
bromo- and 4-nitrobenzo-18-crown-6 (complexes 1 and 2),
while complexes with [2.4]dibenzo- and thia[1.5]dibenzo-
18-crown-6 (complexes 3 and 4) represent anhydrous
adducts of the 2:2 ratio. The crystal structures reveal three
supramolecular structural motifs: the alternative chain for
the ternary complex 1 and two types of capsules for
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complexes 2—4 where the DTU dimers are encapsulated
inside the space restricted by two crown molecules.

Keywords Benzo- and dibenzocrown ethers -
Complexes - 2,4-Dithiouracil - Hydrogen bonding -
Synthesis - Crystal structure

Introduction

In 2007 the chemical scientific community marked the
fortieth anniversary of the publication in the Journal of the
American Chemical Society of the synthesis and cation
binding properties of crown ethers by Charles J. Pedersen
[1, 2]. The fields of anionic synthetic reagents, phase-
transfer catalysis, biological ion transport, enzyme mimics,
molecular devices and machines and other emerging dis-
ciplines benefited profoundly from the discovery of crown
ethers. Enormous excellent reviews describe thousands of
crown structures and crown applications in chemistry [3].
The deep analysis of the hydrogen bond formation and
understanding of factors controlling the formation of
complexes are still required.

For the last two decades along with the others we were
mvolved in the host-guest chemistry of the crown ethers
with an accent on their interaction with biclogically
important molecules (drugs, heterocyclic bases etc.). These
studies have been developed in two directions: construction
of extended supramolecular networks sustained by con-
ventional hydregen bonds using the unique property of
classic crown ethers to serve as the double-face spacers for
the organic molecules with the variety of H-denor groups
(NH,, C(=S)NH,, C(=0)NH, etc.) that serve as the linkers
[4], and the structural study of the host-guest complexes on
the base of the novel crown ethers [5).
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Heterocyclic bases such as pyrimidine, imidazole and
purine and their derivatives are of great importance in
biological systems due to their proton acceptor and
hydrogen bonding abilities. Pursiainen et al. [6] thoroughly
studied the complexation of tropylium, pyridinium deriv-
atives and five-membered N-heteroatomic cations with
crown ethers. In our turn we have demonstrated the for-
mation of ionic complexes between pyrimidine derivatives
and aza-crown ethers with the proton transfer from the
pyrimidine molecule to the macrocyclic nitrogen atom [7].
Alongside with uracil, its sulfur substitated analogues 2-
thiouracil, 2,4-dithiouracil (DTU) are intensively studying
both by the computational [8] and crystallographic meth-
ods [9] with an emphasis on the preferable forms of the
DTU existence in the solid and gas phases, the estimation
of the comparative affinity of the DTU binding sites for the
protonation and participation in the metal complexation
and hydrogen bonding. Our investigations [5a, 10]
appeared to be the pioneering ones in the preparation and
X-ray stady of the genuine molecular complexes of the
DTU with classic crown ethers (18C6, cis-isomers of
dicyclohexano-18C6, benzo-18C6 and [1.5]dibenzo-18C6).
By that study we showed that of six possible isomers
namely dithione isomer actually forms the crystalline
complexes, and the CE--DTU interactions occur via one
NH::-O hydrogen bond through the nitrogen atom being in
the position “2” of the DTU ring (see Scheme 1 for the
numbering in the DTU molecule) and the subsidiary
CH--O interaction through one additional carbon atom of
the DTU ring. The coupling of two DTU molecules via
R3(8) homosynthon [11] built on two NH--S hydrogen
bonds has been registered in the complexes with dicyclo-
hexyl-18C6 and  [1.5]dibenzo-18C6,  while  the
incorporation of water molecule that blocks the nitrogen
atom in the position “1” of the DTU ring and completely
destroys the hydrogen bonding network typical for the pure
DTU [9a] results in the reproducible 1D supramolecular
motif for 18C6, B18C6 or cis-syn-cis-DCHI18C6 with the
alternation of the CE, DTU and water molecules in the
chain. These three earlier reported supramolecular motifs
are reproduced in Fig. 1.

In continuation of this research we report here the syn-
thesis and crystal structures of four complexes of DTU
with benzo-crown ethers. Four monomers used in this
study are shown in Scheme 1. They are two mono- and two
dibenzo-derivatives of 18C6, namely 4-bromo-, 4-nitro-
benzo-18C6, [2.4Jibenzo- and thia[l.5]dibenzo-18C6.
Four novel complexes were characterised by elemental
analysis, "H NMR and X-ray investigation.

It is known [3b] that an attachment of the benzene ring
to the crown ether framework influences the flexibility of
the oxyethylene chain and decreases the accessibility of the
oxygen atoms relative to it for the hydrogen bonding

Springer
£ Spring

oTU
l}\ g ; Br T}\?/{f

:[ '7° 13 ':° i 2 g[o; 1610‘:::@1/::
j}(o\!%'s j}{‘g\ﬁ‘w

4BrB18CE 4-NO2-B18CS
/Lz\ 2326 1722
23 o4 10—-@17-22 $
16
07 160 t[ Jis
10 6 1
a g 2 iy 18571
L o
112 T2
RADB18CE

[ 5]TDB18CE

Scheme 1 Structural formulas and crystallographic mumbering for
studied compounds

Fig. 1 Structural moetifs in the DTU complexes with crown ethers:
(a) fragment of the chain in the complex cis-anti-cis-
DCHI8C62DTU [10], refcode CATCIK in CSD [12]); (b) molecular
capsule in the complex [1.5]DB18C6DTU [5a], refcode YAXNAN in
CSD; (¢) fragment of the chain in the complex 18C6 DTU H,0 [12],
refcode CATCEG in CSD
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interaction, the second aromatic ring arranged in a close
proximity to the first one in the macrocyclic molecule is
expected to make additional impediments for the macro-
cyclic oxygens for intermolecular interactions. On the other
hand, the availability of the aromatic units in the macro-
cyclic molecule enhances the contribution of the n-n
interactions in the overall system of the crown ether-DTU
interactions. This study aims to register the preferable
modes of DTU interactions with benzo-crown ethers with
the estimation of the contribution of 7—7 component in an
overall system of interactions. The divalent sulfur atoms
are significantly larger than oxygen. Being incorporated in
the macrocyclic framework, the sulfurs prefer an exocyclic
conformation [13]. It seems to be interesting to compare
the structural peculiarities of the previously reported
DTU—{1.5]dibenzo-18C6 complex [5a] with its thia-ana-
logue, thia[1.5]dibenzo-18C6.

Experimental
Synthesis

4-Bromo-B18C6 and 4-nitro-B18C6 were obtained as
described in [14] and [15] respectively, and [2.4]DB18Cé
as reported m [16]. Thia[1.5]DB18C6 was synthesized by
us according to the onginally developed procedure. Com-
mercially available DTU (Aldrich Chemical Co) was used
in its initial state. The thin layer chromatographic control
of the substances purity was performed on Silufol UV-254
plates. Complexes 1—4 were obtained in a similar way by
mixing of the methanol solutions of DTU and the corre-
sponding crown ether. The ratio of the components varied
from 1:1 till 1:3 (excess of the crown ether). Only four
complexes described in this article were obtamed. Com-
plexes were analyzed for C, H, Br, N and S in a Perkin
Elmer 240C mstrument. Crystals suitable for the X-ray
diffraction experiments were isolated from the mass of the
crystals obtained. Suitable microanalyses were obtained for
all compounds. "H NMR spectra were recorded in DMSOyq
(99.9%) and CDCl; (99.8%) on the 299.95 MHz Varian
WXP-300 instrument using TMS as internal standard. 'H
NMR spectra recorded only the peaks typical for the sep-
arate components (crown ether and DTU), no solution
studies were fulfilled. Mass spectrum was obtained with a
MX-1321 spectrometer equipped with a direct inlet; ioni-
zation voltage 70 eV, ionization chamber temperature
200 °C.

Synthesis of thia[1.5]DB18C6

Sodium hydroxade (4.0 g, 100 mmol) was added with an
effective stimring to the solution of 2,2I-dihydroxydipbenyl

sulfide (10.91 g, 50 mmol) and tetracthyleneglycol di-
tosylate (19.1C g, 51 mmol) in dry 1,4-dicxane (150 ml).
The resulting mixture was stirred during 20 h at 100 °C,
then cooled and acidified by concentrated hydrochloric
acid to pH 3—4. The residue was filtered, washed by cool
1,4-dioxane (2 x 10 ml) and filtrate was treated by acti-
vated charcoal. The solvent was evaporated at reduced
pressure. The residue was extracted by boiling n-heptane
(4 x 150 ml) and combined extracts were cooled to 5-
10 °C and filtered off. The residue was washed by boiling
n-heptane (2 x 30 ml) and crystallized from iso-propanol.
White crystals M.P. 107-108 °C were obtained with the
yield 3.76 g (20%). Found, C, 63.72; H, 6.50; S, 8.46 for
CyoH,40:8. Calculated, %: C, 63.81; H, 6.43; S; 8.52. 'H
NMR (CDCls, 299.95 MHz): 3.57, m; 3.67, m; 4.08, m
(16H, CH,); 6.72, t; 6.78-6.99, m; 7.09 t (8H, CHa,). Mass
spectra, m/z (1%): 377 (20.8), 376 (100.0), 218 (34.2), 200
(10.7), 171 (10.6), 151 (47.6), 137 (81.8), 120 (14.6), 96
(13.6), 94 (25.1), 91 (20.1), 45 (73.8), 43 (38.7).

Synthesis of 4-bromo-B18C6 - DTU - H,0 (1)

DTU (36 mg, 0.25 mmol) and 4-bromo-B18C6 (98 mg,
0.25 mmol) were dissolved m methanol (20 ml) at 64 °C.
Ethyl acetate (30 ml) was added, and the mixture was
remained to crystallize at room temperature and sponta-
neous evaporation of solvents. Yellow transparent crystals
M.P. 260-262 °C (with decomposition) suitable for X-ray
analysis were obtained with the yield 117 mg (85%).
Found, C, 43.44; H, 5.25; Br, 14.49; N, 5.13; S, 11.64 for
CaoHaoBrN, (4S5, Cakeulated, %: C, 43.40; H, 5.28; Br,
14.44; N, 506, S; 11.59. 'H NMR (DMSOg,
29995 MHz): 3.55m, 3.59m, 3.73m, 407 m (20H,
CH,;) and 7.05d, 7.10s (3H, CHa,)—crown ether;
650d, 725d (2H, CH)—pyrimidine-24(1H,3H)-
dithione.

Synthesis of 4-nitro-B18C6 - DTU - H,0 (2)

DTU (36 mg, 0.25 mmol) and 4-mitro-B18C6 (89 mg,
0.25 mmol) were dissolved in methanol (3 ml) at 64 °C.
Ethyl acetate (6 ml) was added, and the mixture was
remamed to crystallize at room temperature and sponta-
neous evaporation of solvents. Yellow transparent crystals,
M.P. 253-254 °C (with decomposition) suitable for X-ray
analysis were obtained with the yield 118 mg (91%).
Found, C, 46.18; H, 5.67; N, 8.13; S, 1239 for
CroH9N3068,. Calculated, %: C, 46.23; H, 5.63; N, 8.09;
S, 12.34. 'H NMR (DMSOgy, 299.95 MHz): 3.57 m,
362 m, 3.76 m, 423 m (20H, CH,) and 7.25d, 7.73 s
(3H, CHa,)—crown ether; 6.50d, 7.25d (2H, CH)—
pyrimidine-2,4(1H,3H)-dithione.
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Synthesis of [2.4]DB18C6 - DTU (3)

A solution of [2.4]DB18Cé (360 mg, 1 mmol) and DTU
(144 mg, 1 mmol) in the methancl:ethyl acetate mixture
{20 m1:40 ml) was stored during 3-4 days at 20-25 °Cin
an open flask. The resulting transparent yellow crystals,
suitable for X-ray analysis, M.P. 236-238 °C (with
decomposition) were separated with the yield of 80%
(400 mg). Found, C, 57.08; H, 5.63; N, 5.58; S, 12.75 for
CyH3N,OgS,. Caleulated, %: C, 57.12; H, 5.59; N, 5.55;
S, 12.71. '"H NMR (DMSOygs, 300 MHz): 3.59 m, 3.72 m,
4.07 m, 428 m (16H, CH,) and 6.96 m (8H, CHa,)—
crown ether; 649d, 7.25d (2H, CH)—pyrmidine-
2,4(1H,3H)-dithione.

Synthesis of thia[1.5]DB18Cé - DTU (4)

DTU (36 mg, 0.25 mmol} and thia[1.5]DB18C6 (94 mg,
0.25 mmol) were dissolved in methanol (2 ml) at 64 °C.
Ethyl acetate (2 ml) and n-butancl (1 ml) were added, and
the mixture was remained to crystallize at room tempera-
ture and spontanecus evaporation of solvents. Yellow
transparent crystals M.P. 250-252 °C (with decomposi-
tion) switable for X-ray analysis were obtained with the
yield 114 mg (88%). Found, C, 55.53; H, 5.38; N, 5.43; S,
18.52 for Cy4H,3N»05S3. Cakeulated, %: C, 55.36; H, 5.42;
N, 5.38; S, 18.48. 'H NMR (DMSOygs, 299.95 MHz):
359 m, 3.66 m, 4.12 m (16H, CH,) and 6.99 m, 7.25 m
(8H, CH,,)—<rown ether; 6.50d, 7.25 d (2H, CH)—
pyrimidine-2,4(1 H,3H)-dithione.

Data collection and structure refinement

Unit cell dimensions and intensity data collection were
performed at a room temperature on a Philips PW1100
diffractometer equipped with graphite monochromated
MoK radiation for 1, 2, 4 and CuKux radiation for 3. All
the data sets were collected by w-28 scan mode. There was
no significant intensity decay. Structure solutions were
performed by direct methods (SHELXS-97) and refined by
full-matrix least-squares methods on F° (SHELXL-97)
[17]. All non-disordered non-hydrogen atoms were refined
anisotropically. In all structures H atoms attached to car-
bons were included in idealized positions in a riding model
with isotropic temperature factors (1.2 times the carbon
temperature factor), whereas those on N and O (water)
atoms were found from difference Fourier maps at an
intermediate stage of the refinement and refined with iso-
tropic temperature factors (1.5 times the parent N(O)
temperature factor) subjected to the geometrical restraints
for the distance (N-H and O-H = 0.86 A). In complex 2
the 4-Br-1,2-phenylene moiety is disordered over two
positions with the occupancies equal to 0.811(3) and

@ Springer

0.189(3), correspondingly, the minor compeonent being
refined in an approximation of the rigid group with all but
Br atom being isotropic. In complex 4 two atoms of the
oxyethylene chain, 010 and C9 were found to be disor-
dered over two positions with the occupancies equal to
0.723(1) and 0.277(1), correspondingly, the minor com-
ponent being refined in an isotropic approximation.

The X-ray data and details of the refinement for 1-4 are
summarized in Table 1, hydrogen bonding geometry—in
Table 2, torsion angles—in Table 3.

Results and discussion
DTU-CE complex organisation

The retrieval of CSD (CSD version 5.28, November 2006,
three updates 2007) [12] reveals only very few examples of
the crystalline complexes of the CEs shown in Scheme 1
[18]. Moreover, among them only 1:1 adduct of
thia[1.5]DB18C6é with antimony triflucride represents a
genuine host—guest complex where the components are
held together through electronic interactions [18f]. We
present here the single crystal structures for the molecular
complexes 1-4. All compounds crystallize in the centric
space groups, triclime P—1 for complexes 1 and 2 and
monoclinic P2,/n and P2,/c for complexes 3 and 4, cor-
respondingly. Complexes 1 and 2 represent the
monohydrates of the 1:1:1 ratio, while complexes 3 and 4
represent the binary adducts of the 2:2 ratio. The formula
units for 1-4 are shown in Fig. 2. The asymmetric unit
contains one temary complex for 1 (Fig. 2a) and 2
(Fig. 2b), one bimary complex for 3 (Fig. 2¢) and one half
of the binary complex for 4 (Fig. 2d). Below we summa-
nize the differences in the complex organisation dictated by
the structure of the corresponding CE.

The common feature for 1-4 is a weakness of inter-
molecular hydrogen bonding. Similar to the earlier
discussed DTU complexes [5a, 10] in the complexes 14
the DTU-CE units are held together via an NH--O
hydrogen bond with the sterically non-hindered N2 nitro-
gen atom of the DTU ring and by the subsidiary weak
CH:-O interaction with the neighboning CH-group
(Table 2). The n—m stacking interactions between the
pyrimidine ring of DTU molecule and the aromatic moie-
ties in the macrocyclic molecules (varying number of
phenylene rings) and the nature of the substituents (Br,
NO,) influence the mutual arrangement of the components
in the complexes 1-4. The mutual arrangement of the DTU
and CE molecules 1s completely descnibed by two dihedral
angles, the first one (angle 1) is between the planes through
the heterocyclic pyrimidine ring in the DTU meolecule and
the plane through six oxygen atoms in the macrocyclic
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Table 1 Crystallographic data for complexes 1-4

Complex 1 2 3 4

Composition CyoH BN, 058, CaoHoN3 058, CoaHysNy O6S CaaHyeN, 0585

CCDC numbers 663173 663172 663170 663171

Formula weight 553.48 519.58 504.60 520.66

Wavelength (A) 0.71073 0.71073 1.54180 0.71073

Space group Pl Pl P2yn P2l

a (A 8.8461(18) 7.2210(14) 21.739(4) 9.0864(18)

b (A) 0,4941(19) 11.535(2) 9.1700(18) 17.611(4)

¢ (A) 15.663(3) 15.005(3) 25.360(5) 16.400(4)

(%) 104.21(3) 91.14(3) 90.0 90.0

£ ) 90,103) 05.04(3) 90.11¢3) 99.04(3)

¥ (%) 101.47(3) 92.81(3) 90,0 %0.0

V(A% 1248.0(4) 1242.9(4) 50554(17) 2591.7(9)

z 2 2 8 4

Deale (g em %) 1473 1.388 1.326 1.334

4 (mom ) 1856 0.268 2261 0.323

F(O00) 572 548 2128 1096

Reflections collected/unique 11272/4852 48774877 9815/9602 222035049

Reflections with I > 2a(}) 2307 2602 6047 549

Refinement method Full4natrix Fullanatrix Full-matrix Full-matrix
least-squares on F* least-squares on F* least-squares on F* least-squares on F*

Data/restraints/parameters 4852/6/323 487712315 9602/4/630 5049/2/323

Goodness-of-fit on F* 1021 1.009 0.998 1.016

Ry, WR, [I> 2a(D)] 00647, 0.1913 00662, 0.1608 00429, 0.1029 0.0541, 0.1227

Ry, WR, (all data) 0.1396, 0.2092 0.1291, 0.1786 00746, 0.1146 00707, 0.1297

Largest diff. peak and hole e A *  0.302/—0426 0.450/—0.457 0.499/—0.451 0.281/—0.364

molecule m complexes 1-3 and S, 05 set in complex 4; and
the second angle (angle 2) is between the same plane of the
DTU molecule and the plane through the 1,2-phenylene
ring in the CE molecule (it is one such angle for complexes
1 and 2 and two angles for complexes 3 and 4, further they
will be designated as angles 2/3, comespondingly). The
angle 1 1s equal to 50.7(2)° in 1, 57.0(1)° in 2, 77.3(1)/
74.1(1)° for units A and B in complex 3 and 83.4(2)° in
complex 4, respectively. The gradual increase of this tor-
sion angle with the approaching to the practically
perpendicular arrangement of the DTU molecule towards
the least-square plane of S,0s atom set in the complex 4 is
observed. The dihedral angle 2 has the values of 50.8(3)°
and 9.8(1)° in complexes 1 and 2, respectively. The dihe-
dral angles 2/3 in complexes 3 and 4 adopt the values
44 8(1¥/80.5(1)° and 45.4(1)/70.1(1)° for units A and B m
3, and 57.2(3)/75.6(3)° in 4. The inspection of these values
evidently reveals the most pronounced contribution of
stacking component in complex 2, where the planar moi-
eties of the DTU and CE molecules are displayed m
practically parallel planes with the distance between the
centroids of the DTU and benzene rings equal 3.811 A. It
is concerted with the typical n—m interactions and

demonstrates the function of the electron-seeking nitro-
group in the phenylene ring of CE that increases the planar
n-electronic system and the n—m compenent of the inter-
molecular interaction. Contrary, the electron-withdrawing
Br substituent in the 4-Br-B18C6 melecule in complex 1
impoverishes the m-electronic system of the crown that
results in the lack of n— stacking and instead demonstrates
the close to the T-shape mode arrangement of the phenyl
and DTU nings in the complex. In both complexes 1 and 2
the DTU arrangement occurs on the concave side of the
macrocycle with the water molecule displayed on its con-
vex side. The 4-Br-B18C6 and 4-NO,-B18Cé molecules
provide both sides of the molecule for the hydrogen
bonding imteractions. In contrary, arranged in a close
proximity phenylene rings in the dibenzocrown ethers in
complexes 3 and 4 preclude any interaction on one side of
the macrocycle.

In the 4-Br-B18C6 and 4-NO,-B18C6 melecules the
oxygen atoms of the macrocyclic ring adopt a half-boat
shape with five oxygen atoms that define its bottom being
coplanar within +0.12 and +0.16 A, correspondingly and
the O7 atom deviating from this plane at 0.97 and 0.70 A,
correspondingly. The macrocyclic conformation is
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Table 2 Hydrogen bonds for complexes 1-4 [A and °)

D-H--A dD-H), A d(H--A), A &(D--A), A Z(DHA), [) Symmetry transformation
for acceptor
1
N(1)}-H(IN1)--O(1W) 0.90(2) 1.97Q3) 2.814(6) 156(6) »+Lnz
N(@Z)}-H(IN2)--0(10) 091(2) 2.2(4) 2.835(6) 148(6) -+ 1L, —-y+1,—z+1
C25)-H(25)-0(13) 093 2.58 3.458(8) 157 %2
O(1W)-H(1W)--0(7) 0.85(2) 2.41(8) 2.971(6) 1247y x4+ L =y+1l-2+1
O(1W)-H(2W)---O(1) 0.86(2) 2.512) 3.283(6) 151(4) -x+1,=-y+1],—z+1
2
N(1)-H(IN)--$(1) 0.86(2) 2.4902) 3.340(3) 170(3) -z, =y +2, -z +1
N(2)-H(2N)--0(13) 0.86(2) 2.20(3) 2.953(4) 144(4) =1,z
N(2)-H(2N)---0(10) 0.86(2) 2.53(3) 3.137(4) 127(3) 1L, nz
O(1W)-H(1W)--O(7) 0.84 2.26 2.937%(5) 137 n%2
O(1W)-H(2W)--0(13) 092 2.52 3.425(5) 168 %52
C(25)-H(25)--0(7) 093 2.45 3.36%(4) 168 1,72
3
N(ZA)-H(2NA)-0(16A) 0.82(2) 2492) 3.074(3) 12%2) BEW2
N(2A)-H(2NA)-O(1A) 0.82(2) 2.18(2) 2.946(2) 156(2) Y2
C(28A)-H(28A)-O(10A) 093 2.44 3.133(3) 131 52
N(1A)-H(INA)--S(1B) 0.83(2) 2.492) 3.305(2) 172(2) x+ V2, —y+32,z+ 12
N(1B)-H(INB)--S(1A) 081(1) 2.62(1) 3.425(2) 174(2) =12, —y + ¥2, 2112
N(2B)-H(2NB)--O(7B) 0.82(2) 2.572) 3.181(2) 132(2) %2
N(2B)-H(2NB)--O(4B) 082(2) 2.2202) 2.984(2) 155(2) %2
C(28B)}-H(28B)--O(13B) 093 229 3.05%3) 139 E T 4
4
N(1)-H(1)-S8(2) 0.86(2) 2.47(2) 3.207(2) 161(3) —x+1,—y+1,—z
N(2)-H(2)--0(10) 0.86(2) 1.93(3) 2.78%(3) 172(3) 52
Table 3 Torsion angles along the macrocyclic framework in crown molecules in complexes 1-4
Complex 1 2 3(A) 3(B) 4
C(18)-O(S)(1)-C(2)-C(3) —177.3(5) —171.7(4) —179.6(2) —162.8(2) —166.1(2)
O(1)-C2)-C(3)-0@) —7L.(7) 73.9(5) 67.5(3) —64.9(2) —0.1(3)
C(2)-C(3)-0(4)-C(5) —176.5(5) —179.0(4) 167.1(2) 178.0(2) 160.1(2)
C(3)-04)-C(5)-C(6) —172.2(6) 165.7(4) 179.72) -170.2(2) —167.9(2)
O(4)-C(5)-C(6)-0(7) 68.8(7) —68.%(4) —-3.03) —0.1(3) 66.6(3)
C(5)-C(6)-0(7)-C(8) 178.6(6) -175.2(3) -172.8Q2) 176.1(2) —168.7(3)
C(6)-O(T}-C(8)-C(9) 169.9(5) 173.6(3) 170.8(2) —162.7(2) 160.1(4)
O(T-CB)-C(NH-O(10) —75.0(6) T1.K5) —63.3(2) 68.4(2) 55.27)
C(8)-C(9)-0(10)-C(11) 176.5(5) —177.003) —174.2(2) 173.5(2) 175.4(4)
C(9)-0(10)-C(11)-C(12) —82.0(6) 89.7(4) =172.2Q2) 172.92) 73.7(6)
O(10)-C(11)-C(12)-0(13) ~71.6(6) 65.7(4) 74.9(2) —~T24(2) 49.0(5)
C(11)-C(12)-0(13)-C(14) —179.1(5) 179.7(3) —171.8(2) 168.3(2) 166.6(3)
C(12)-0(13)-C(14)-C(15) —178.1(5) —179.1¢3) —166.52) 166.3(2) 175.8(3)
O(13)-C(14)-C(15)-0(16) 72.5(6) —75.5(4) —67.8(2) 63.2(3) =70.3(3)
C(14)-C(15)-0(16)-C(17) —179.8(5) 167.3(3) 153.7Q2) —171.6(2) —86.2(3)
C(15)-0(16)-C(17)-C(18) —179.6(5) —178.5(3) —166.0¢2) 169.2(2) 163.2(2)
O(16)-C(17)}-C(18)-O(1) 1.5(8) —2.1(5) —2.5(3) 6.4(3) —9.4(3)
C17)-C(18)-O(S)(1)-C(2) —169.6(6) 179.9(4) 174.92) 176.9(2) 85.1(2)
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Fig. 2 ORTEP view for
complexes 1 4: (a) complex 1;
(b) complex 2; (¢) complex 3;
(d) complex 4. Ellipsoids for
non-hydrogen atoms are drawn
at the 50% probability level.
Only atoms involved in
hydrogen bonding (and Brl in
complex 1) are labeled

described by five gauche- and one cis- C-C torsion angles
and 11 anti- and one gauche- C-O torsion angles (Table 3).
Two DB18C6 macrocycles in complex'3 (A and B) adopt
very close conformations with six oxygen atoms being
coplanar within +0.16 A, all C-O bonds being in anti-
conformation, two C-C bonds that belong to the 1,2-phe-
nylene rings being in cis-conformation, four other C-C
bonds being gauche. The dihedral angle between two phe-
nylene rings in the molecule A is equal to 57.1(1)°, in the
molecule B—60.2(1)°. In the thia[1.5]DB18C6 molecule in
complex 4 five oxygen atoms are coplanar within £0.05 A,
and sulfur atom deviates from this plane at 1.52 A.In the
macrocyclic framework one C-S bondis in anti-, and one—
in gauche-conformation, of ten C-O bonds 8 being in anti-
and 2—in gauche-conformation, of 6 C—C bonds two that
belong to the phenylene rings are cis- and four others—are
gauche (Table 3). The dihedral angle between the pheny-
lene rings in the molecule adopts the value 88.1(3)°.

Supramolecular organisation

As we noted in Introduction, three different modes of
supramolecular organisation of the DTU-CE units have
been found so far (Fig. 1): for the ternary complexes which
incorporate water molecules it is a chain organisation with

the alternation of the components; for the binary complexes
it is a chain organization again with the alternation of the
CE molecules and the dimers of the inversion-related DTU
molecules and the capsule organisation with the incorpo-
ration of the DTU dimer inside two CE molecules.
Complex 1 reveals the first type of supramolecular orga-
nization, whilst complexes 2-4 reveal the different modes
of capsules (Figs. 2c, 3).

In the complex 1 the O(1W) water molecule is situated on
the convex face of the crown ether with the
O(1W)---O(crown) distances being in the range 2.971(6) (till
07)-3.905(7) A (till 010) (Table 2) and at the distance of
1.815(6) A from the least-square plane of six oxygen atoms.
It is weakly bound with the macrocycle. The water molecule
blocks the second amino group of the DTU ring, thus pre-
cluding the typical nucleic bases pairing [9, 19] via RAS)
NH---S synthon [11]. The strong intermolecular H-bonding,
N(1)-H(1)---O(1W) is described by the N(1)---O(1W) sep-
aration of 2.819(7) A and N(1)-H{1)---O{lw) angle of
157(4)°. The components are organized in the chain running
along ¢ axis in the crystal (Fig. 3a).

In the ternary complex 2. similar to 1, water molecule is
displayed on the convex face of the macrocyclic cavity at
the distances 2.937(5)-3.864(5) A from the crown oxygen
atoms being weakly bounded with the macrocycle via only

a Springer

119



374

J Incl Phenom Macrocyel Chem (2008) 61:367 375

S2

10
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Fig. 3 Supramolecular organisation for 1, 2, 4: (a) the chan
fragment for 1. (b) supramolecular capsule for 2; {¢) supramolecular
capsule for 4

one OH--O hydrogen bond (Table 2). The water molecule
deviates at 1.802(4) A from the least-square plane of six
oxygen atoms of the CE, which are coplanar within
+0.262 A. In this complex the water molecule does not
exhibit its typical bridging function, and does not have any
direct contacts with the DTU molecule. We observe here
the novel six-membered type of the capsule (Fig. 3b).
The binary complexes 3 and 4 represent the fine
examples of the four-membered capsules relative to that
one previously reported for the [1.5]DBI8C6 [5a). The
unusual feature of 3 is a lack of the inversion center within

@ Springer

the capsule. The N---S distances are slightly different, the
dihedral angle between two planar S1/C27/N2/H2N moi-
eties in the eight-membered H-bonded ring is equal to
9.9(3)°, and this deviation from the planarity confirms the
P1 capsule symmetry (Fig. 2c).

Conclusion

Four novel complexes of 2.4-dithiouracil (DTU) with 18-
membered benzo- and dibenzo-crown ethers (CE) were
synthesized in approximately the same conditions and
characterized by X-ray diffraction analysis. From six pos-
sible tautomeric forms of DTU, only 2.4-dithione form was
registered in all crystalline products. The crystal structures
revealed the three structural motifs: 1D chain
«CE..water-DTU.-CE-.., and two types of capsules
CE--(DTUj;--CE and water---CE... (DTU},-CE.--water.
These supramolecular motifs are sustained by the diverse
hydrogen bonding. In the first motif ail hydrogen bonding
interactions typical for the pure DTU were substituted by
the interactions with the oxygen atoms of the water and
crown ether molecules as the stronger hydrogen acceptors.
In the two types of capsules the only R5(8) NH.--S base-
pairing supramolecular synthon responsible for the cou-
pling of the DTU molecules remains as a part of the DTU
self-assembling in the pure form.

Supplementary material

Crystallographic data (excluding structure factors) for the
structares in this article have been deposited with the
Cambridge Crystallographic Data Center, deposition
numbers CCDC 663173 (1), CCDC 663172 (2), CCDC
663170 (3), CCDC 663171 (4). 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@ccde.cam.ac.uk or www:
http://www.cede.cam.ac.uk).
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Abstract—Two isostructural complexes of dioxonium [H50,]* with tetrabenzo-30-crown-10 of the composi-

tions [(tetrabenzo-30-crown-10) - H;s0,)]1[TaF4| (1) and [(tetrabenzo-30-crown-10 - H50,)][NbF] (II) are

studied using X-ray diffraction. The complexes crystallize in the monoclinic crystal sKslum (space group C2/c,
b

Z=4). The unit cell paramelers of these compounds are as follows: a = 15.6583(12)

=15.2259(13) A, ¢ =

16.4473(13) A, and 8 = 99.398(6)° for complex I and o = 15.71 17(12) A, b= 15.2785(15) A, ¢ = 16.5247(15) A,

and B =99.398(7)° for complex I1. These complexes

belong to the ionic type. The dioxonium cation [HsO,]*

in the form of the two-unit cluster [H;O - H,O1* is stabilized by the strong hydrogen bond OH--O [0-O,
2.353(4) A| and encapsulated by the crown ether. Each oxygen atom of the dioxonium cation also forms (wo
oxygen bonds O--O(crown). The crown ether adopts an unusual two-level (pocket-like) conformation, which
provides a complete encapsulation of the oxonium associate. The interaction of the cationic complex with the

anion in the crystal oceurs through contacts of the C—

PACS numbers: 61.66.Hq
DOI: 10.1134/S1063774508020120

INTRODUCTION

As is known, crown ethers (CEs) have been used in
the processes of extraction concentration and separa-
tion of different metals from acidic aqueous solutions.
In this respect, information on the composition and
structure of the corresponding extracted forms, i.ec.,
host—guest complexes of crown ethers with metal or
hydroxonium cations, is of particular interest [1-3]. In
the latter case, the anionic metal complex acts an outer-
sphere counterion. The selectivity of the complex for-
mation in the host-guest system is an important charac-
teristic from the viewpoint of the practical technology.
This characteristic is determined by the stereochemical
features, as well as by the structure and composition
(including the denticity) of the crown ether, or, more
specifically, by the size and conformation lability of the

H-F type.

macroheterocycle cavity (which, in turn, depends on
the character and position of the substituents in the
macrocycle), the number and nature of donor centers,
their mutual arrangement, and other factors.

In the course of our investigations of the reaction
products in the M,0O~HF-H,0-CE systems (where
Mis Nb or Ta, and CE is 18-membered or 20-mem-
bered aliphatic, cycloaliphatic, and aromatic crown
ethers), which were used as model extraction systems
[4-6], we have demonstrated the influence of the com-
position, the structure, and the configuration of crown
ethers on the stoichiometry and structural organization
of the host—guest complexes formed in the experiments.
For example, it was revealed that, in the case of classi-
cal hexadentate crown ethers, such as benzo-18-crown-6
[4], biphenyl-20-crown-6 [5], and cis—syn—cis-dicyclo-
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hexano-18-crown-6 [6], the sizes of their macrocyclic
cavities appear to be large enough to accommodate one
oxonium cation [H;O]" and that the complexes formed
in all the above cases have the composition [CE -
H,0||MF,]. Furthermore, it was found that, in the case
of the asymmetric [1.5]dibenzo-18-crown-6, which is
isomeric (o the symmetric [3.3]dibenzo-18-crown-6,
the tripodal oxonium ion cannot be accommodated in
the cavity of | 1.5]dibenzo-18-crown-6 because of the
actual decrease in the number of oxygen atoms accessi-
ble for hydrogen bonding in this crown ether. Conse-
quently, the oxonium dihydrate [H;05] (trioxonium),
which has the form of an H,0--H;0%-H,0 chain
linked by the hydrogen bonds, is encapsulated by two
|1.5]dibenzo-18-crown-6 molecules with the formation
of the [(CE), - H;0,][MFg] complex [S]. As a result,
owing to the presence of closely spaced phenylene frag-
ments and the conjugate diphenyloxide oxygen atom,
[ 1.5]dibenzo-18-crown-6 simulates the corresponding
cyclic polyether (for example, 15-crown-5) with five
oxygen atoms accessible for the participation in the for-

o

(0]

O
e
0]

Yt

/—\O/H
O,

mation of hydrogen bonds. The above explanation is
confirmed by the composition and the structure of the
well-known oxonium complex of 15-crown-5 [7] with
the aurate anion acting as a counterion. This complex
has a sandwich structure with the oxonium cluster
[H,0,]* encapsulated between two rings. Crown ethers
in which the number of oxygen atoms is larger than six
can potentially accommodate hydrated oxonium ions
inside the macrocyclic cavity. An example is provided
by the complex of dioxonium tetrachloroaurate with
dibenzo-24-crown-8 of the composition [dibenzo-24-
crown-8 - HO,1[AuClL,] [7].

This study is a continuation of our systematic inves-
tigations. We report here the results of our investiga-
tions into the specific features of the crystal structure of
the complexes [tetrabenzo-30-crown-10 - H50,](TaFg]
(1) and [tetrabenzo-30-crown-10 - H;0,][NbFg] (1),
which are the products of the reaction in the
M,04(MFs)-HF-H,O-CE system (where M is Nb or
Ta and CE is tetrabenzo-30-crown-10).

O

A
5O

11.12,14,15,17,18,30,31 .33.34,36.37-Dodccahydrotelraabenzo[b.e.q,t]
[1,4,7,10,13,16, l9,22.25.28]decaoxacyc|olriacomine (tetrabenzo-30-crown-10)

It can be seen that, unlike [1.5]dibenzo-1 8-crown.—6,
tetrabenzo-30-crown-10 contains two diphenyl oxide
“ Jragments, Wnienure symmri\'.*idw.y\r.s\!ed.m.lhﬁ.mnc-

rocycle with respect to each other. It should also be
noted that tetrabenzo-30-crown-10 is formed in small
amounts as a by-product of the [2 + 2] dimerization in
the course of the synthesis of 1 4)dibenzo-15-crown-5
and can be separated using column chromatography
18, 9]. We developed a convenient technique that makes
it possible o prepare tetrabenzo-30-crown-10 with a
high yield and to casily separate d pure sample of this
crown ether with the use of conventional crystalliza-

tion.

SAMPLE PREPARATION AND EXPERIMENTAL

TECHNIQUE

Tetrabenzo-30-crown-10 was synthesiz_ed lgy the
reaction of 2.2"-dihydroxydiphenyl pxidc with triethyl-
ene glycol ditosylate in dioxane in the presence of

potassium hydroxide.

CRYSTALLOGRAPHY REPORTS  Vol. 53  No.2

Solid KOH (20.4 g, 0.31 mol) was added to a solu-
tion of 2,2'-dihydroxydipheny! oxide (30.0 g, 0.15 mol)
and triethylene glycol ditosylate (68.8 g, 0.15 mol) in

dry dioxane (500 ml) with vigorous*smtmyg. The mix-
ture was stirred at a temperature of ~100°C for one day,
cooled, and acidified with a concentrated hydrochloric
acid to pH 3-4. The precipitate was filtered off, washed
with a cold dioxane (2 x 150 ml), and evapqmed ata
reduced pressure. The residue was dissolved in chloro-
form (300 ml) and washed sequentially in 5%_NaOH
(2 x 100 ml) and water (2 X 100 ml). The organic layer
was dried with MgSO, and evaporated to dryness. The
product was crystallized sequentially from ethyl acetate
and an acetone-water (4 : 1) mixture. The yield of the
crown ether was 8.25 g (12%). The melting temperature
was equal to 95-97°C.

For CsgHyoO)p anal. caled. (%): C, 68.48; H, 6.43.

Found (%): C, 68.34; H, 6.37. -

Thin-layer chromatography (eluent: acetone-hex-
ane, 3 : 7)y was perfomid?p on Silufol UV-254 plates
(Kavalier) with development in the ultmv:plet light
(R; =0.2)."H NMR spectrum (0.1 M solution in CDCls;

2008
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Table 1. Crystallographic data, experimental details, and parameters of the structure solution and refinement for complexes Tand T
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Compound I I

Empirical lormula CioHysF O, Ta Ci6HysF02Nb

Molecular weight, M 964.67 876.63

Temperature 7, K 293 293

Crystal system Monoclinic Monoclinic

Space group, Z C2c, 4 C2/c, 4

a A 15.0583(12) 15.7117(12)

h, A 15.2259(13) 15.2785(15)

e A 16.4473(13) 16.5247(15)

B, deg 99.398(6) 99.398(7)

v, A 3868.6(5) 3913.5(6)

Density pegieqs g/cm? 1.656 1.488

Absorption coefTicient , mm™! 2.930 0.396

Crystal size, mm 0.31 x0.22 % 0.20 0.35 x 0.25 x 0.22

F(000) 1936 1808

Index range -19sh<19 -19<h< 19
-18<k< 18 -18<k< 18
-20<1<20 -20<171<20

Number of reflections measured/Number of unique 16994/3799/3423 18533/3844/3231

reflections/Number of reflections with 7> 261(/) [Ripy = 0.0731] [Rin = 0.0225]

Son F? 1.026 1.076

Final R lactors lor reflections with /> 26(/) Ry =0.0286, wR; = 0.0692 R, =0.0289, wR, =0.0764

Final R factors for all reflections Ry =0.0326, wR, = 0.0705 R, =0.0374, wRy = 0.0791

Residual clectron density Apyuuy, APyins ¢ A™ 0.802, -0.909 0.319, -0.487

T = 298 K; Varian WXP-300; 299.95 MHz; TMS; 8,
ppm): CH,0, 3.44 (s, 8H), 3.62-3.57 (m, 8H), 4.08—
4.00 (m, 8H); Hu, 6.78-6.73 (d, 4H), 6.89-6.82 (m,
4H), 7.03-6.99 (m, 8H). Mass spectrum (MX-1321;
dircet injection; ionizing voltage, 70 eV; temperature of
the ionization chamber, 473 K) m/z (I %): 632 (35.6),
316 (14.4), 229 (11.2), 147 (16.5), 121 (100.0), 120
(27.5), 119 (10.0), 109 (14.3), 108 (14.8), 94 (11.2), 91
(23.2), 45 (38.9), 43 (28.9).

Crystals of complexes I and I were prepared
according to the same procedure.

Tantalum(V) or niobium(V) oxide (0.5 mmol) was
dissolved in a 45% hydrofluoric acid (10 ml), and the
solution thus obtained was evaporated to 2 ml, Then, a
solution  of  tetrabenzo-30-crown-10 (316 mg,
0.5 mmol) in methanol (5 ml) was added to the 2-ml
solution, and the resulting solution was left to crystal-
lize with spontaneous evaporation of the solvents at
room temperature. The yield of complex I (colorless
transparent crystals) was 409 mg (85%). The melting
(decomposition) temperature was higher than 210°C.

For C3HysFO,Ta anal. caled. (%): C, 44.82; H,
4.70; F, 11.82.

Found (%): C, 44.80; H, 4.61; F, 11.87.

The yield of complex IT (colorless transparent crys-
tals) was 351 mg (80%). The melting (decomposition)
temperature was higher than 200°C.

For C3H,5sF;0,,Nb anal. caled. (%): C, 49.32; H,
317K, 13.00.

Found (%): C, 49.41; H, 5.13; F, 13.07.

The experimental X-ray diffraction data for the
crystals of complexes I and II were collected on an
Xcalibur S automated diffractometer equipped with a
CCD detector (MoK, radiation; graphite monochroma-
tor; ® scan mode; scan step, 1°; 20, = 52°). All the
calculations in the processing of the experimental data,
including the absorption correction, were carried out
with the CrysAlis program package [10]. The structures
were solved by direct methods with the SHELXS97
program package [11]. The structures were refined by
the full-matrix least-squares procedure on F2 with the
SHELXLY7 program package [11]. The analysis of the
residual electron-density syntheses revealed that the

fluorine atoms of the TaF; (NbF;) anion located at a
special position on the twofold axis are disordered over
two positions with an equal occupancy. Both positions
were refined in the anisotropic approximation. The
refinement was performed under the constraint that the
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Table 2. Sclected interatomic distances d (A), bond angles @ (deg), and torsion angles @ (deg) in the structure of complex I
i Atom d Alom d
Ta()-F(1) 1.900(12) x 2 0(2)-C(3) 1.415(4)
Ta(1)-17(2) 1.838(12) 0(3)-C(4) 1'410(4)
Ta( -F(3) 1.921(8) %2 0(3)-C(5) 11404(4)
Ta(h)-Fd) 1.896(14) 0(4)-C(6) 1.41 1(4)
oh-Cely 1.380(3) 0(4)-C(7) 1.404(4)
OH-COot 1.380(3) 0O(5)-C(8) 1:414(1)
0)-C@) 1.359(3) 0(5)-C(9) 1.3;10(:2)
- (O] [0)
F(D=Ta(h)-12) 92.2(6) F(3)-Ta(1)-F(4) 85.1(3)
ECD-Ta( D=1 175.6(11) F(3)-Ta(1)-F(3) 170.1(6)
FCD-Ta( 1)-F3). 93.6(6) C(1)-0(H)-C(10)! 119.002)
FCD-=Ta( 1)-1(3)! 86.3(6) C(2)-0(2)-C(3) 116.6(2)
LD -=Tal 1)-1i(4) 87.8(6) C(#)-0(3)-C(5) 112.6(2)
F(2)-Ta( -1(3) 94.9(3) C(6)-0(4)-C(7) 113.73)
- C(8)-0(5)-C(9) 117.3(2)
R —— (p V (P
O(HCHTCR)O2) -6.0(4) C(6)0&C(NC(8) 175.73)
CHCERHO2)C(3) -172.7(3) 0#)C(T)C(8)O(5) -64.4(3)
C2)0RICHCE) 164.1(3) C(7)C®IO(5)C9) -177.22)
OR)CRCEHOAR) 66.1(4) CRIOE)COIC(10) -178.0Q)
COOCEHORICS) 178.3(3) 03)ICOEC100()" ~240)
CEhHOBICSICO) 178.5(3) COCIOOIC(D 143.8(2)
OR3)CS)CGOE) 63.7(4) C0)0( T’ 140.6(3)
CSHICO)OHC(T) —167.4(3)

Nulv.:“.*iyn»nnclry operations: (i) =x, y, -2 + 1/2 and (ii) —x + 1, y, =2+ /2.

a1 bond lengths tend to be equal to the average value
of 1.877 A.

“The hydrogen atoms of the crown ether were placed
in the caleulated positions and refined with the fixed
thermal parameters Uy, which were taken to be equal to
1.20; of the atoms bonded to these hydrogen atoms.
The hydrogen atoms of the oxonium cation were
located from the difference electron-density syntheses:
the central hydrogen atom is located on the twofold
axis, and the other two independent atoms occupy the
general positions. The Jatter atoms were refined under
the constraint that the O-H bond lengths tend to be
equal to 0.80 A with the fixed thermal parameters U
which were taken to be equal to 1.5U; of the oxygen
atoms bonded to these hydrogen atoms. The crystallo-
graphic data, cxperimental details, and parameters of
the structure solution and refinement for crystals of
complexes T and I are summarized in Table 1. The
sclected geometric characteristics of complex I are pre-
sented in Table 2. The parameters of the hydrogen
bonds in the structure of complex Y are listed in Table 3.

CRYSTALLOGRAPHY REPORTS  Vol. 53 No. 2 2008

The crystallographic data for complexes I and II
have been deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC no. 637004 for complex I
and CCDC no. 637005 for complex II).

RESULTS AND DISCUSSION

Qur crystallographic investigations have revealed
that complexes I and IT are isostructural to each other.
In the system under consideration, the oxonium cation
[H;0]* in the monohydrate (dioxonium) form [Hs0,]*
is encapsulated by the crown ether, as is the case with
many crown ether complexes synthesized in an acidic
medium from aqueous or water—alcohol solutions. As a
consequence, compounds I and 11 are complex salts
consisting of [Letrabenzo—SO-crown—lO - Hs0,]* cations
and [TaFg]~ anions (compound T) or [NbFg]~ anions
(compound 1II). Since the performed investigations
have not revealed significant differences in the struc-
tures of complexes I and 1T or in the geometric param-
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Table 3. Geometric parameters for the hydrogen bonds in the structure of complex I
. A \
Distances, A Angle, deg Symmetry operations
D-H--A bond fasihS acen
D-H H--A s W1 DHA or the acceplor
O(IW)-H(1 W)--O(3) 0.85(2) 1.86(2) 2.676(3) 169(5) S A
O(1W)-H(2W)---O(5) 0.83(2) 2.36(4) 3.042(3) 140(5) K
O(IW)-HEW)---O(1) 0.83(2) 2.12(4) 2.861(3) 149(6) -x+1,y-2+12
O(1W)-H@3W)---O(1 W) 1.18(2) 118(1) 2.349(5) 170(8) =X+ 1,y -z+ 12

eters of both the macrocyclic cations and the anions, we
report a detailed description only for complex 1.

Fig. 1. Structure of complex I: () side view and (b) projec-
tion onto the plane of the oxygen atoms of the macrocycle.
The index A indicates the oxygen atom related 1o the basis
atom by the symmetry operation —x + 1, y, —z + 1/2.

The crystal structure of complex I is shown i
Fig. [. In the crystal structure (space group C2/c,Z = 4),

the macrocycle, the MF, anion, and the oxonium cat,

ion of the composition [HsO,]* are located along thy
twofold axis. In the anion, the tantalum atom has an
octahedral coordination. The Ta-F bond lengths in thy
anion lie in the range from 1.834(13) to 1.919(8) A.ThQ
ciy angles at the tantalum atom vary in the range from
85.1(3)° to 94.9(3)°.

Since the cavity of the 30-membered macrocycle of
tetrabenzo-30-crown-10 is large enough for the accom.
modation of one oxonium cation [H;0]*, the crown
ether encapsulates the oxonium hydrate [HsO,]* (diox~
onium), in which the distance between the oxygen
atoms is equal to 2.353(5) A. A similar decrease in the
O--0O distance equal to 2.360 A was observed in the

structure of the [(HsO,) s (Hy0)g 5 IIMoOCI,(H,0) -
(12-crown-4)] - H,0O compound [12]. In the crystal
structure of complex I, the O-H distances to the H3W)
atom located on the twofold axis are equal to 1.18(1) A.
The two other hydrogen atoms of each oxonium oxy-
gen atom form hydrogen bonds with the oxygen atoms
of the crown ether, namely, one ordinary hydrogen
bond and one bifurcated hydrogen bond. This phenom-
enon is characteristic of the oxonium cation [H;0]*.

The analysis of the Cambridge Structural Database
[13] has revealed approximately 50 compounds with
the crystal structures containing a similar dioxonium
cation [Hs0,]*. Among them, the compounds involy-
ing oxygen-containing macrocycles represent the larg-
est group (13 compounds). In the structure of the com-
plex with the smallest ring 1,4-dioxane (which can be
considered as a specific 6-crown-2), the [HsO,]* associ-
ate (the O--O distance is equal to 2.530 A) is coordi-
nated from the side of the plane of the six-membered
ring [14]. In the sandwich complexes with small-sized
rings, such as 12-crown-4 [16], benzo-15-crown-5, and
4,5-dinitrobenzo-15-crown-5 [7, 15], the dioxonium
cluster is encapsulated between the two neighboring
macrocycles. A somewhat unexpected thing is as fol-
lows. In the complex [18-crown-6 - H;0](H;0,)[2Cl]
[16], the ligand is traditionally centered by the oxonium
cation [H;0]* and the dioxonium ion occupies the
outer-sphere position with respect to the macrocycle. In
Vol. 53 No. 2
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the other complex, namely, [I8-crown-6

(H50,),]{UO,Cly] [15], 18-crown-6 occupies the posi-
tion at the inversion center and two symmetrically
related dioxonium cations are located on both sides of
the macrocyclic cavity. The formation of this structure
is clearly affected by the anion containing a strong
hydrogen acceptor, such as the chloride anion. Owing
to the interaction of the chloride anion with one of the
hydrogen atoms of the dioxonium cation [HsO,]*, the
(wo-unit oxonium cluster forms the tripodal hydrogen
bond (typical of the [H;O]* cation) with the oxygen
atoms of 18-crown-6. As was noted above, the sizes of
the cavity of dibenzo-24-crown-8 turn out to be large
enough o accommodate  the  dioxonium cation
[H<O,]". In the two previously studied complexes, the
dibenzo-24-crown-8 molecule exhibits somewhat differ-
ent conformations, i.¢., a slightly corrugated conformation
in the [(dibenzo-24-crown-8  HsO,))[(1o-Br),Te,Bry]
complex [17] and an S-shaped conformation in the
|dibenzo-24-crown-8 - HsO,][AuCl,] complex [7].

Among the 30-membered crown ethers (30-crown-
10 and its aromatic derivatives), dibenzo-30-crown-10
has been investigated the most thoroughly. The cavity
of this crown ether can accommodate two metal cations
or one cation with a larger coordination number or an
incomplete coordination by the oxygen atoms of the
macrocycle. According to the crystallographic data
obtained by Bheda et al. [18], the structure of the tet-
rahydrate of this dibenzo-30-crown-10 contains two
water dimers located on both sides of the macrocyclic
cavity. It is interesting to note that dibenzo-30-crown-
10 can coordinate two oxonium cations [H;0]* inside
one cavity (thus almost completely simulating the
behavior of 18-crown-6 [19]) or the three-unit oxonium
cluster [H;05)" in the complexes 1(2,3,19,20-Bry-
dibenzo-30-crown-10 - H;03),] [(11,-Br),Se,Brq]
1.SCH,Cl, [ 18] (the O--O distances in the chain are
cqual to 2,479 and 2491 A) and [(O,N),(dibenzo-30-
crown-10) - H,O5]1AuCly) [7] (the 0-:0 distances in
the chain are equal to 2.529 and 2.436 A).

An inference suggests itself that the ortho-phe-
nylene fragments, which are fairly distant from one
another, do not substantially affect the formation of
OH--O(crown) bonds in the structure of dibenzo-30-
crown-10. However, the introduction of two diphenyl
oxide fragments into the tetrabenzo-30-crown-10 mol-
ceule has a profound effect on its complexing ability, as
can be judged from the composition and structure of
compounds I and I

In these complexes, tetrabenzo-30-crown-10 is
characterized by interatomic distances and bond angles
that are typical of cyclic polyethers and its conforma-
tion undergoes a substantial change as compared (o an
S-shaped conformation of the initial tetrabenzo-30-
crown-10 molecule [9]. The torsion angles characteriz-
ing the conformation of the macrocycle in the structure
of complex Iare presented in Table 2. In the asymmet-

CRYSTALLOGRAPHY REPORTS Vol. 53 No.2 2008

ric part of the tetrabenzo-30-crown- 10 molecule, all the
torsion angles about the C-O bonds correspond to the
trans conformation, whereas the torsion angles about the
C—C bonds in the oxyethylene chain correspond to the
gauche conformation. The macrocycle adopts a saddle
shape with a “many-level” arrangement of the oxygen
atoms. The dihedral angle between the planes of the
phenylene rings in the asymmetric part of the crown
ether molecule is equal to 53.1(1)°. The interaction
between the cationic complex and the anion occurs
through contacts of the CH--F type, among which the
shortest contacts C(12)1)-+F(1) (=v, 1 — y, =2) and
H(12)--F(1) (=x, I — y, —=2) are equal to 3.353 and
2.55 A, respectively.

In conclusion, we should note that, before our inves-
tigation, there were no data available in the literature on
the structure of the complexes based on tetrabenzo-30-
crown-10. In this paper, the encapsulation of the dioxo-
nium cation [HsO,]* by one tetrabenzocrown ether
molecule has been analyzed for the first time.
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Abstract

Reaction of hexaazamacrocycle, 1,4,7,10,13,16-hexaazacyclooctadecane (L — [18]JaneN;) with boron trifluoride etherate in an aque-
ous solution of hydrofiuoric acid yields the proton-transfer complex of the composition [H¢L(F) (BF4)s]  3H,O (1). X-ray crystallo-
graphic analysis shows that the macrocyclic cation adopts an unusual conformation to accommodate the fluoride anion and to keep
the tetrafluoroborate anions in a close proximity. The tetrafluoroborate anions and water molecules participate in NH. - F, NH.- .0
and OH - F hydrogen bonding responsible for the 3D supramolecular architecture.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Anion binding; Hexaazamacrocycle; Fluoro-containing anions; 3D network

Anion co-ordination, or recogmtion, is an area that has
been receiving increased attention in the past two decades
[1,2] with particular emphasis on the thermodynamics of
interactions between the anions and a wide variety of syn-
thetic hosts where preorganization and cooperative effects
play a critical role [3]. The hot reviews [4,5] cover the wide
range of recently developed anion receptors that employ
amides and thioamides, pyrroles and indoles, ureas and
thioureas, ammonium, guanidinium, imidazolium, and
receptors containing hydroxyl groups [4] and describe the
‘supramolecular chemistry of environmentally relevant
anions’ [5]. In general halides, and in particular fluoride
ion as the smallest spherical anion, occupy the special place

* Corresponding author. Tel: +373 22 73 81 54; fax: +373 22 72 58 87.
E-mail addresses: fonari.xray@phys.asm.md, fonarixray@gmailcom
(M.S. Fonari).

1387-7003/§ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.10164.inoche.2008,01.028

within the family of inorganic anions, and as it is evident
from the outlimmg the recent findings in this topic, the
search of the effective receptors for their binding is still in
progress [6].

Having a long-standing interest to the fluoro-containing
anions (SiF;, [SiFs- H,0]", SiF; ", GeF:, BF;) we have
studied the ways of their binding by the macrocyclic mole-
cules [7] and alongside with the others [8] have estimated
the possibilities of O-, O,N-crown ethers and azamacrocy-
cles to elicit either the neutral (BF;- H,O, SiF, - 2H,0,
GeF, - 2H;0) or the aforementioned charged species from
aqueous solutions. Particularly for the N,O-contaiming
crown cthers and azamacrocycles easily protonating in
the reaction medium the interaction with the anionic spe-
cies has been demonstrated [9-11].

For the naked halides the host containing NH moieties
has been known as good binding agent and as Mascal has
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underlined [12] the most effective H-bond donor 1s the [N-
H]" functionality that promotes interactions with halides
through a combination of electrostatic mteractions and
hydrogen bonding. The systematically studied by the War-
den’s group the hexaazamacrocyde, 14,7,10,13,16-hexa-
azacyclooctadecane ([18JaneNg, L, sometimes referred to
as hexacyclen or 18-azacrown-6), is casily protonated in
an acidic medium and demonstrates its high efficacy both
towards the biologically relevant oxoamons, such as sulfate
[13], phosphate [14], oxalate, mitrate, pyrophosphate, etc.
[15], and hahde ioms.

N
[NH B HN]
NH o, HN
N

L, [18]aneN,, 1.4,7,10,13,16-hexaazacyclooctadecane

Apart from the equally met in its complexes the [H,LT*
tetra- [13-16) and [H4L]*" hexaprotonated [17] forms, only
very few occurrences of [H,LPtdi-, [{4,7,13,16-tetraaza-
1,10-diazomiacyclooctadecane bis{picolinate) pentahydrate]
and [H;LP** triprotonated forms, [{4,10,16-traza-1,7,13-
triazoniacyclooctadecane tris(bis(4-mitrophenyl)phosphate)
pentahydrate] [15], were found for this macrocycle m the
CSD [18]. The investigations mto the halide binding
properties of [12]aneN, and [18]aneN; (L) have resulted
m the determmation of the molecular structure of
five compounds, [Hi[12JaneNy(Br)y]- 2H,0, [Hi[12]ane-
Na(Is)2] - 2L - 2CHSCN,  [Hel{Cl)g] - 4H,0, [Hal{Br)y]-
2H,0 and [H4I{D)5(I5);] with the perching arrangement
of the anions m a symmetry-related mode on the both sides
of the centrosymmetric macrocychc cavity. All three inves-
tigated halides (C1-, Br™, I7) have appeared to be big
enough for the nesting inside the 12- or 18-membered cav-
ities [17b].

This contribution is the first successful attempt of
[18]JaneNg application to bind the fluoride anion and it also
provides a rather rare example of the competitive interac-
tion of the F7/BF,” anions with the macrocyclic NH; -
binding sites of the [18JaneNg hexaazamacrocycle [19].

Compound 1 of the composition [HgL{F)(BF,)s]-
3H,O crystallises in the orthorhombic space group
€222,. The complex cation [HgL(F)]*" resides on a two-
fold axis, and the fluoride anion surrounded by all six
>NH; macrocyclic groups is held tightly inside the cavity
(Fig. 1). The N-H:--F hydrogen bonds are characterized
by an average N-.-F separation of 2.793(3) A and N-
H: . ‘F angle of 164°.

The hexaprotonated cation has a distorted geometry
with six mitrogens N1, N2{x, y, z+1), N3 and their
symmetry-related congeners equally distributed between
two practically parallel planes with the mean-plane dis-

Fig. 1. ORTEP plot (which 30%) for complex cation [HJL(F)F*.
Hydrogen bonds shown by dotted lines are: N3..-F9 2.763(3), H---F9
1.88(2) A, N3-H. - F9 angle 168(3)%; N2.--F9 2.815(3), H.--F9 1.94(2) A,
N2-H.- F9 angle 165(2)°; N1.-.-F9 2.798(3), H.--F9 1.92(2) ;\, NI1-
H. - -F9 angle 159(3)".

Fig. 2. ORTEP plot for the closest environment of the complex cation
[HJ.(F)]”' in 1. C-bound H-atoms are omitted for clarity. For the
hydrogen bonds shown by dotted lines the N. --F, H: - \F distances and
NHF angle are given: N3-H. - -F13( x+ 1,5, z+1/2)3.156(5), 2.52(2)
A, 127(2)°; N3-H---FI12 3216(5), 242(2) A, 146(3)% N3-H2---Fll
2.853(3), 2001(2) A, 153(3)% N2-H---F2 3.144(3), 249(2) A, 129(2);
N2-H---F4 2.834(3), 1.98(2) A, 1553)% N2-H---F8(x 1/2, y+1/2,
z4 1) 2828(3), 2.38(2) A, 111(2°; NI-H--F&(x 1/2, y 1/2, 2)
29%88(3), 2.52(3) A, 112(2)% NI1-H---F6 (x 1/2, ¥ 1/2, 2) 2.843(3),
2.29(3) A, 118(2)% N1-H: --O1W(x 1, y, z) 2.816(3), 1.96(2) A, 155(3)%;
OIW-H---OZW(x+ 1/2, »+1/2, z+1) 2.765(3), 1.94(3) A, 172(3)°.
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tance of 1.64 A and a fluoride anion being equally dis-
placed (at 0.82 A) from cach of them. The survive of
CSD [18] reveals that m the majority of the salt-hke
adducts either the rerracationic [HyLI*" or hexacationic
[HeL]®" macrocycle commeonly resides on an mversion cen-
ter in the centrosymmetric space groups (P1, P2\/c, P2,/n,
C2/m) with the bulky anions perching in a symmetry-
related mode on the both sides of the macrocychic cavity,
and only in complex [HsL*" - 4(HSO,) (S04 - H,0
[13] the non-symmetric environment of the macrocycle
explains its €', symmetry m the non-centrosymmetric space
group Pca2,. The conformational flexability of the neutral
hgand provides its octahedral coordination around large
metals such as CofIIl), Cr(III), Hg(Il), NXII) [20], and
can explain the hosting of two smaller metal ions, such as
Cu(Il) and Pd(II) [21]. Moreover as we have recently
showed [20j] in the complexes [Cu([18]aneN)ICl; - H,O
and [Cu,([18]aneNg)CLICL; - 4H,O Cuw(II) centers the
[18]aneNg cavity in a mononuclear and in a binuclear
mode, correspondingly. In spite of the type of the metal
coordination, no examples of the cycle residing on a
two-fold axis have been found so far. The C; macrocyclic

499

symmetry m 1 facilitates the most switable access of all
macrocyclic “NHJ groups for the hydrogen bonding with
the fluoride anion.

Of three crystallographically umque BF; amons m 1
two (defined by Bl and B2 atoms) occupy general posi-
tions, and one BF amion (defimed by B3 atom) resides
on a two-fold axis bemg equally disordered. Of two crystal-
lographically unique water molecules OIW resides on a
two-fold axis, and O2W 1s situated m a general position,
The BF; anions have a geometry of a distorted tetrahedron
with the B-F distances ranging from 1.374(4) to 1.407(4) A
and F-B-F angles rangmg from 108.5(2) to 110.7(3)°,
correspondingly. The twelve macrocychc ammonmium
hydrogens are equally distributed between endo- and exo-
co-ordination. The endo-oriented hydrogens are shared
between the fluoride anion (the major component of the
hydrogen bonding) and B(2)F; anion (via minor compo-
nent of the hydrogen bonding, taking into account the
H.--F distances less than 2.6 A and NHF angle higher than
110°), thatis arranged in a chelate mode above (and below)
the macrocyclic cavity. Besides these rather weak, the same
anion and [HgL*" cation are predominantly held together

Fig. 3. Top () and side (b) view of the hydrogen bonding motif organisation parallel to the ac plane in 1. The BF, anions defined by Bl and B2 atoms, are

not shown, for the disordered B(3}F; anion only one occupancy is shown.
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via stronger NH-.-F mteractions with the exo-oriented
ammonium hydrogens. Furthermore, the exo-oriented
ammonium hydrogens are involved mto NH. - ‘F mterac-
tions with two other BF; anions (defmed by Bl and B3
atoms) situated in a ‘side’ mode alongside the cavity and
m NH: - -O mteractions with O1W water molecules. In gen-
eral, excluding fluoride amon that centers the cavity, the
nearest environment of the macrocydic cation comprises
of six BF; amons and two water molecules (Fig. 2).

The 3D supramolecular network m 1 1s formulated with
the aid of two water molecules and BF amons. The O1W
molecule, acting as a double acceptor, and the B(3)F;
amion, via F11 atom, both brndge mn a symmetric mode
two translated along ¢ direction macrocyclic cations giving
rise to the layer (Fig. 3), N3- . .F11 separation being 2.853(3)
A, N1.-.O1W separation being 2.816(3) A. In an approxi-
mately perpendicular direction, the same O1W molecule
acting as a double donor, interacts with the O2W water
molecule, giving rise to the O2W-.-OIW-.-O2W three-
membered water cluster with the O---O separation being
2.765(3) A, which in its turn via short OH- - -F contacts com-
bine these ‘conditional layers’ into 3D network.

In conclusion, 1 represents the first example of the coor-
dination of fluoride anion inside the cavity of the hexa-
cationic [18]aneNg due to the cooperative effect of six
NH*F~ hydrogen bonds in the anion binding, and a
rather rare example of the self-organisation of multi-com-
ponent system in the form of the tightly-bound mixed-
anion complex.
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The interaction of ZrO,/HfO, or Nb,05/Ta,05; with an aqueous solution of hydrofluoric acid in the pres-
ence of aza-crown ether resulted in novel organically templated metal oxyfluorides of the compositions
[(HA15C5):][TazF100] (1), [(HA18C6 - H-OXA18C6 - H20)][(H20)ND2FsO] - H20 (2), [(HA18C6 - Ho0)-
(M,F;- 2H,0) - (H30) - H,0] (3, 4) and [(HDA18C6)M,F;, - 2H,0) - 2H,0] (5, 6) (M =Zr, Hf, A15C5 =
aza-15-crown-5, A18C6 = aza-18-crown-6, DA18C6 = diaza-18-crown-6). Complexes 1-6 were identified
by single crystal X-ray diffraction. In 1, the negative charge of the |[(TaFs ;O] centrosymmetric dianion
is balanced by two azonia-15C5 cations, while in 2 the charge of asymmetric [(H,0)NbF4ONbF5]~ mono-
anion is compensated by azonia-18C6 cation. The crystal of 2 revealed an extensive hydrogen bonding
between the anions, protonated and neutral macrocycles and water molecules that combine the compo-
nents into 2D sheet. Complexes 3-4 and 5-6 are isostructural in pairs; in all of them the rigid 2D inor-
ganic motif is formed through the association of the[(M,F;, - 2H,0)]*~ anions by means of OH.--F
hydrogen bonds. The similar 3D supramolecular architecture in 3-6 represents an alternation of the neg-
atively-charged inorganic sheets and the columns of (HA18C6)* or (DA18C6)** organic cations glued by
oxenium cations or water molecules.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The successful efforts undertaken by Atwood to stabilize the
Lewis acidic species by the complexation with crown ethers [1],
initiated our long-standing interest to the fluoro-containing Lewis
acids (BFs, SiF,, GeFy, SbFs, etc.) and the products of their transfor-
mations in aqueous solutions in the presence of crown ether mac-
rocyclic molecules as organic-templating species. Following to
Atwood and Selig [1,2], we have discovered the possibility to retain
the rather unstable neutral adducts of the composition BF; - H,0
[3] and SiF, - 2H,0 [4] in the complexes with classic all O-containing
crown ethers {(18-crown-6, cis-anti-cis-dicyclohexyl-18-crown-6)
stabilised by the OH. - -O hydrogen bonding between the interme-
diate water molecule and crown oxygen atoms. In the case of

* Corresponding author. Tel.: +373 22 73 81 54; fax: +373 22 72 58 87.
E-mail addresses: fonarixray@phys.asm.md (M.S. Fonari), edganin@yahco.com
(E.V. Ganin), eksvar@ukr.net (V.0. Gelmboldt), klatrat@ichf.edu.pl (K. Suwinska),
furm@ns.crys.ras.ru (N.G. Furmanova)

0277-5387/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016j.poly.2008.03.023

SbF; interaction with the macrocyclic molecule (18C6, B18C6, cis-
isomers of DCH18C6, thia-[1.5]DB18C6) [5], the electronic effects
are crucial, and the anhydrous adducts of the 1:1 ratio are held to-
gether through the interaction of the antimony atom lone pair with
O-collective electronic system.

The interaction of the fluorosilicic acid (H,SiFg, FSA) solution
with aza-containing macrocycles has resulted in ionic crystalline
complexes of the compositions (HA18C6 - H,0) [SiFs(H20)] - H20,
(H2DA18C6)[SiFs(H20)]2, (HA12C4),[ SiFs(H20)]2-3H20 [6], (A18C6,
aza-18-crown-6; DA18C6, diaza-18-crown-6; A12C4, aza-12-
crown-4), which have represented the structural evidence for the
existence in the solid state of the [SiFs{(H,0)]™ anion, the labile
product of the hydrolytic transformations of [SiFg]>~ anion. So far
these three complexes remain the only known examples of the
crystallographically proven existence of the [SiFs(H>0)]™ anion in
the solid state. The major role in stabilisation of the asymmetric
and labile [SiFs(H,0)]~ species plays the multiple H-bonding inter-
actions between ‘organic’ and ‘inorganic’ components.

The problem of concentration and extraction of such elements
as Zr, Hf, Nb, Ta encouraged us to apply the macrocyclic molecules
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with the aim to obtain new supramolecular complexes involving
these elements in the form of neutral or anionic fluere-containing
species and crown ethers, [n the previously reported system ZrQ,/
HfO,-HF-H,0-18C6, the crystals suitable for X-ray diffraction
have been obtained only for Hf, and the crystalline complex of
the composition [(18C6)(H;0)(Hf;044 - 2H,0) - 4H,0] has been
studied [7]. Although the neutra! 18C6 molecule has been used in
synthesis, the resulting supramolecular complex combines both
neutral and ionic species. The (Hf>040 - 2H20?~ anions form inor-
ganic 2D sheet through the OH. - -F hydrogen bonds and is adjusted
to the 18C6 molecules via oxonium clusters of the composition
(Hy03)". The 3D supramolecular architecture represents an alterna-
tun of Lhe inuigame sheels and columns of H-bunded caown-
ethers and water molecules.

Our recent study of the systems Nb,0s/Ta,05 (NbFs{TaFs)-HF-
H;0-CE for a wide range of oxygen-containing crown ethers
showed that in the crystalline ionic complexes of the compositions
|CE - H:0]| MFg] for 18C6, B18CH, ds-syn-cas-DCH18C6 and diphe-
nyl-20C6, [(CE), - H,0s|[MF;] for [1.5]|DB18C6 [6], [CE - Hs0,|[MF¢]
for 15C5 and tetrabenzo-30C10, [(CE); - HsO5][(CE), - HsO] [MFs)>
for B15C5 and [(CE); - H;O|[MF;] for B12C4, the negative charge
of NbF;~/TaF;~ anions is balanced by the oxonium ions [8]. Thus,
the general feature for these complexes is a retention of metal-con-
taining anionic species by neutral O-containing crown molecules
due to the acidity of the reaction medium introduced by the pres-
ence of hydrofluoric acid. We also showed that in spite of either the
MFs pentafluarides or the corresponding M20s oxides were used as
starting materials, all-O-containing CEs extract NbF;~/TaF;~ hexa-
fluoroniobate/hexafluorotantalate anions in the form of crystalline
complexes.

Keeping in mind the disclosed ability of aza-containing crown
ethers to extract the hydrolytically unstable species from FSA solu-
tions [7], we have used the aza-containing crown ethers, A15C5,
A18C6 and DA18CE with the aim to extract the products of inter-
action of ZrO,/HfO; and Nb;0s/Ta;,05 with an aqueous solution
of hydrofluoric acid. Six new complexes, |[{HA15C5),|[TasF;,0|
(1), [(HA18C6- H,0)(A18C6 - H20)|[(H0)  NbyFgO]-H:0  (2),
[(HA18C6 - H,0)(Zr,F;q - 2H,0) - (H50) - H,0] (3), [(HA18C6 - H,0)-
(Hf3Fy0- 2Ha0) - (H30) - Ho0]  (4),  [(H:DA18C6)(ZrsFyp - 2H,0) -
2H:0] (5} l(H:DAISCGXHszm ’ 2H20) . 2“20! (8) were obtained
and studied by single crystal X-ray diffraction,

2. Experimental
2.1. Materiak and apparatus

Caution! Hydrofluonc aad 1s toxic and corrosive, and must be
handled with extreme caution and the appropriate protective gear!
If contact with the liquid or vapor occurs, proper treatment prace-
dures should immediately be followed [9]. Crown ethers were pur-
chased from ACROS, ZrO,, HfO,, Nb,Os and Ta,0s were purchased
from Aldnch and were used without further purification. Com-
plexes 1-6 were obtained by an interaction of the correspanding
oxides with the 40% aqueous HF followed by treatment of the
resulting solution with the corresponding crown ether and were
analyzed for C, H and N in a Perkin Elmer 240 °C instrument.

2.2. Synthesis

22.1. [{HA15C5):){TaxFroOf (1)

Crystals of complex 1 separated in a quantitative yield, and are
colorless transparent prisms, seluble in methancl, ethanal; m.p.
152-153°C. Anal Calc. for CogHaaF1oN20gTaz: C, 23.82; H, 4.40; F,
18.84; N, 2.78. Found: C, 23.80; H, 4.43; F, 18.86; N, 2.81%.

2.2.2. [(HAI8C6 - H,0)AI8CE - H.0)[( H20)NB:Fo0] - H20 (2)

Crystals of complex 2 separated in a quantitative yield, and are
colorless transparent prisms, soluble in methanol, ethanol; m.p.
115-117°C. Anal Calc. for CoaHssFaNaNbsOys: C, 2964; H, 6.11;
F, 17.58; N, 2.88. Found: C, 29.69; H, 6.13; F, 17.63; N, 2.84%.

2.2.3. [{HA18C6 - Hy0)(ZraF 1o - 2H,0) - (H30) - Ho0] (3)

Crystals of complex 3 separated in an approximately quantita-
tive yield, and are colorless transparent prisms, soluble in metha-
nol; m.p. 250 °C. Anal. Calc. for C,3H3:F;oNO;Zrs: C, 19.80; H,
5.12; F, 26.10; N, 1.92. Found: C, 19.7; H, 5.15; F, 26.14; N, 1.90%.

22.4. [(HAI8C6 - H;0)Hf:F,o - 2H;0) - (H;0} - H;0] (4)

Crystals of complex 4 separated in an approximately quantita-
tive vield, and are colorless transparent prisms, soluble in metha-
nol; m.p. »250°C. Anal. Calc. for C;3Hz,F10HELNO g C, 15.97; H,
4.13; F, 21.05; N, 1.55. Found: C, 15.94; H, 415; F, 21.08; N, 1.57%.

Table 1
Crystal data and structure refi P ers for compl 1-6
1 2 3 4 5 6

Composition CagHaaFroMNz05T2; CaaHisoFsNaNb Oy CizHsoFioNOvoZey CizHyFioHEND CiaHigFroPOsZry CizHagfroHEN:05
CCOC number 671858 71860 671862 571859 671863 671861
Formula weight 1008.47 97255 727.87 90738 708.87 88341
Crystal system triclinic orthor hombic orthorhombic orthorhombic wiclinic triclinic
Space group 31 no2, Peaz, Pre2, n el
a{A) 8.995(4) 19.734(4) 15.651(3) 15537(3) BOG17(6) 8.915(2)
B(A) 9.021(3) 10.303(2) 11.487(2) 11.495(2) 105137(7) 10.530(2)
c{A) 11.965(5) 19.618(4) 15.923(3) 15814(3) 143368(11) 14.295(3)
(%) 86.12(3) 20.0 950.0 900 108.058(3) 107.94(2)
p{®) 69.26(2) 900 80.0 900 98.930(3) 98.70(2)
1 66.50(2) 90.0 90,0 900 961185) 96.18(2)
VA% 82885(5) 3988.7(14) 2862.7(9) 2842.5(10) 1251.38(15) 12448(2)
b4 1 4 4 4 2 2
Dese (uf,m’) 2019 1620 1689 2109 1381 2357

{mm ') 6550 0678 0833 7405 0.945 8445
F000) 486 2000 1454 1720 712 840
Reflections collectedjunique 10006/2927 37300/7821 5377(5377 anzpn2 5441/5441 5701{5701
Reflections with /> 24(1) 2499 704 2358 3861 5221
Goodness-of-fit 1001 1019 1002 1,000 1.003 1004
Ry, wR, [{> 26(1)) 0.0223, 00337 0.0329, 0.0760 0.0397, 0.0934 0.0395, 0.1024 0.0853, 0.2212 0.0565, 0.1664
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Selectzd bond distances {A) and angles {*) for complexes 1-6

Complex 1
Ta(1)-K(2)
Ta(1)-K4)
Ta(1)-K1)
B(2)-Ta(1)-F(4)
K2)-Ta(1)-(1)
F4)-Ta(1)-(1)
B(2)-Ta(1)-0{10)
H4)-Ta(1)-0(181)
E(1)-Ta(1)-0{10M)
H(2)-Ta(1)-£(3)
K4)-Ta(1)-F(3)
0(1)-C(1)-C(2)-0{1)
C1)-02)-0{1)-C(3)
C2)-0{1)-C(3)-C(4)
1N{1)-C(3)-C{4)-0(2)
((3)-04)-0{2)-¢(5)
C{4)-0(2)-C(5)-C(B)
0(2)-C(5)-((6)-0(3)
C(5)-06)-0(3)-C(7)

Complex 2
BB{1)-0(104)
b{1)-F(1)
Nb(1)-F(2)
Bb{1)-F(4)
bb(1)-F(3)
Nb{1)-0(1W)

O(1M)-NB(1)-K1)
O{1M)-Nb{1)-K2)
F(1)-0b{(1)-K2)
O{10)-1b{1)-K4)
E(1)-04b(1)-K4)
F(2)-Nb(1)-K4)
O(1M)-Nb(1)-K3)
E(1)-0b{(1)-K3)
H2)-0b{1)-K3)
H4)-Nb(1)-K3)
O{1M)-NB{1)-0(1W)
E(1)-b(1)-0(1W)
E(2)-0b{1)-0(1W)
E(4)-tb(1)-0(1W)
E(3)-b(1)-0(1W)

O(1)-C(1)-C{2)-0{1)
C1)-02)-0N{1)-C(3)
C2)-0(1)-C3)-C(4)
N(1)-C(3)-C{4)-0(2)
C(3)-Q4)-0(2)-¢(3)
C{4)-0(2)-¢(5)-C(6)
0(2)-C(5)-C(6)-0(3)
C(5)-06)-0(3)-C(7)
C(6)-0(3)-¢(7)-C(8)
0(3)-C(7)-C(8)-0(4)
G(7)-08)-0(4)-C(9)
C(8)-0(4)-C(9)-(10)
0{4)-C{9)-C{10)-0(5)
C(9)-q(10)-0(5)-C(11)

C(10)-0(5)-C(11)-C{12)
0(5)-C{11)-c(12)-0(1)

C(11)-C{12)-0(1)-¢{1)
C(12)-001)-C(1)-¢(2)

Complex 3
Zr{1)-F{4)
Ze(1)-F(2)
26(1)-F(1)
Z6(1)-F(3)
Ze{1)-F{1m)
26(1)-F(2m)
Ze(1)-0{1w)
Z6{1)-2r(2)
B4)-Zr(1)-E(2)
H4)-Ze(1)-E(1)
B(2)-Ze(1)-E(1)

1.347(3)
1.861(3)
1.865(3)

17550(12)
89.59(15)
92,02(16)
93,76(9)
89.90(9)
93.55(9)
87.64(12)
90.41(13)

445(5)
61.3(5)
178.6(3)
59.2(4)
1461(4)
93.4(5)
63.1(5)
171.0(4)

97.92(11
90.22(14
162.03(11)

16096(11
87.22(13

784712
83.49(13
78.95(12
81.50(13

A
67.9(5)
1764(4)
174.6(4)
67.5(5)
1763(4)
177.5(4)
64.2(5)
178.5(4)
178.3(4)
64.7(5)
178.6(4)
179.5(3)
67.3(4)
179.5(3)
179.6(4)
B6.4(5)
1752(3)
178.2(4)

)
)
)
)
17652(13)
)
)
)
)

1.959(7)
1.965(5)
1.999(6)
2.033(7)
2147(8)
2150(7)
2.20%(8)
3,6039(3)
174.5(3)
91.3(3)
91.5(3)

Ta(1)-0(10)
Ta{1)-K3)
Ta{1)-K5)
K1)-Ta(1)-£(3)
O(1M)-Ta(1)-F(3)
K2)-Ta(1)-F(5)
K4)-Ta(1)-£(5)
K(1)-Ta(1)-¥(5)
O(1M)-Ta(1)-F(5)
F(3)-Ta(1)-£(5)

U6)-0(3)-C(7)-C(8)
0(3)-C(7)-C(8)-0(4)
Q7)-C(8)-0{4)-C(9)
(8)-0(4)-C(9)-C(10)
0{4)-C(9)-C{10)-0(1)
{9)-C{10)-0(1)-C(1)
Q10)-0(1)-C(1)-(2)

Nb{2)-F(8)
Nb{2)-E(5)
Nb{2)-F(5)
Nb{2)-E(7)
Nb{2)-F(8)
Nb(2)-0(1M)

E(9)-Nb(2)-K5)
H2)-Nb{2)-K5)
F(5)-Nb{2)-K(6)
H(9)-Nb{(2)-K7)
K(5)-Nb{2)-K7)
K(B)-Nb(2)-K7)
H(9)-Nb{2)-K3)
B(5)-Nb{2)-K8)
K(B)-Nb{2)-K8)
H(7)-0b{2)-KB)
F(9)-Nb{2)-0(1M)
K(5)-0b{2)-0{1M)
K(B)-Nb{2)-0(1M)
E(7)-0b{2)-0{1M)
H(8)-Nb{2)-0{1M)
B

41.5(11)

175.1(7)
171.3(7)
49.7(10)
102.7(6)
176.6(5)
74.0(5)

175.3(4)

166.3(3)

70.1(4)
166.1(3)

176.5(3)
69.9(4)
174,5(4)

174.4(4)

89.7(5)
178.5(5)

114.4(7)

Z6(2)-E(8)
26(2)-E(8)
26(2)-6(7)
Ze(2)-(5)
76(2)~E(1m)
Z6(2)-E(2m)
7K(2)-0(2w)

H(B)-Zr{2)-F(8)
(6)-26{2)-E(7)
K(8)-Zr{2)-F(7)

1.3865(7)
1.898(2)
1.905(2)

17417{10)
91.72(7)
87.56(12)
88.71(12)
88.66(12)

177.40(8)
86.05(11)

177.1(4)
66.1(5)
179.2(4)
170.1{4)
84.0(5)
136.5(4)
77.3(5)

1.710(3)
1.350(2)
1.918(2)
1.91%(3)
1.958(2)
2.344(3)

99.02(17)
98.30(13)
91.66(13)
98.95(17)

161.60(12)
8945(15)
96.77(13)
55.25(14)

164.24(10)
85.74(15)

175.04(14)
30.93(13)
82.16(10)
1.03(13)
82.28(11)

1.984(6)
1.98(8)
1.994(5)
2.006(6)
2135(7)
2142(7)
2.208(8)

176.6(3)
87.6(3)
90.1(3)
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Table 2 (continued)
B(4)-Zr{1)-K3) 89.0(3) H(6)-21(2)-E(5) 93.7(3)
F(2)-Zr{1)-K3) 90.2(3) E(8)-Zr(2)-F(5) 89.6(3)
B(1)-Zr{1)-K3) 144.9(3) H(7)-Ze(2)-E(5) 143.8(3)
F(4)-Zr{1)-K1m) 88.5(2) H6)-Zr(2)-F{1m) 89.7(2)
B(2)-Z{1)-K(1m) 87.3(2) H(8)-26{2)-E(1m) 90.4(2)
E(1)-Zr{1)-F1m) 75.0(3) H(7)-Ze(2)-E(1m) 141.10(19)
F(3)-Zr{1)-F1m) 140.1{2) E(5)-Zr(2)-F{1m) 75.12)
E(4)-Zr{1)-K2m) 88.3(3) H(6)-2(2)-E(2m) 87.3(2)
F(2)-Zr{1)-F2m) 86.00(18)  KB)-Zr{2)-F{2m) 89.7(2)
B(1)-Zr{1)-K2m) 140.1(2) H(7)-Z(2)-E(2m) 75.6(2)
E(3)-Zr{1)-K2m) 75.0(3) §(5)-Zr{2)-E(2m) 140.57(18)
F(1m)-Ze{1)-F2m) 65.2(2) F{1M)-Zr{2)-F(2m) 65.5(2)
E(4)-Zr{1)-0(1w) 934(3) H6)-26(2)-0(2w) 89.7(4)
B(2)-Z{1)-0(1w) 91.3(3) H(8)-Ze(2)-0(2w) 92.0(3)
F(1)-Zr{1)-0{1w) 72.0(3) H7)-Zr(2)-02w) 71.8(3)
E(3)-Zr{1)-0(1w) 72.9(3) H(5)-Ze(2)-0(2w) 72.0(2)
F(1m)-Ze{1)-0{1w) 146.9(2) H1m)-Zr{2)-0{2w) 147.0{2)
E(2m)-26(1)-0{1w) 147.8(2) H2m)-Zr{2)-0(2w)  147.4(2)
Zr{2)-F(1m)-Zr{1) 11464(10)  Zr(2)-F(2m)-Z{1) 114.20(10)

A B

O(1)-C(1)-C{2)-N{1) 72(3) 66{2)
C(1)-C(2)-N{1)-C(3) 179(2) 176(2)
C(2)-N{1)-C(3)-C(4) 173(3) 161{4)
N{1)-C(3)-C{4)-0{2) 53(5) 53(5)
C(3)-C(4)-0(2)-¢(5) 166(4) 171(3)
C(4)-0(2)-C(5)-C(6) 170(3) 164(2)
0(2)-C(5)-C(B)-0(3) 63(2) 69(3)
©(5)-C(6)-0(3)-0(7) 172(2) 179.2(19)
C(6)-0(3)-C(7)-(8) 1704{18) 174(2)
0(3)-C(7)-C(8)-0(4) 72(3) 43(3)
C(7)-C(8)-0{4)-(9) 164(2) 156(2)
C(8)-0{4)-C{9)-(10) 174(2) 166(3)
O4)-C(9)-C{10)-0(5) 76(3) 64{4)
C(8)-C(10)-0(5)-C(11) 179(3) 174(3)
CA0)-0(5)-C(11)-C12)  173(2) 176(3)
0(5)-C(11)-C{12)-0{1) 69(2) 58(3)
C(11)-C(12)-0(1)-C{1) 178.4(19) 175.0(19)
Complex 4
HE(1)-K4) 1939(11) HE2)-EB) 1.974(11)
HE(1)-F2) 1.887(9)  Hf(2)-E(8) 1.877(8)
HE(1)-K3) 2003(9)  HE2)-E(5) 1.996(7)
HE(1)-K1) 2011(10)  HE2)-E(7) 2.014(9)
HE(1)-F1m) 2161{15) HE2)-F{1m) 2.104(16)
HE(1)-K2m) 2171{14)  Hi(2)-E(2m) 2.110(16)
HE(1)-0(1w) 2.202(10) Hi(2)-0(2w) 2.184(12)
HE(1)-HE(2) 3.5840(9)
F(4)-HE1)-F(2) 172.5(7) E(B)-H{2)-E5) 91.5(6)
E(4)-HI{1)-E(3) 89.3(6) H(8)-HE(2)-K5) 90.2(6)
F(2)-Hi(1)-F(3) 87.4(6) H6)-HE(2)-K7) 89.2(7)
E{4)-HE(1)-E(1) 91.5(5) H8)-HE(2)-E7) 89.9(7)
B(2)-HI(1)-E(1) 94.6(5) §(5)-HE(2)-K7) 143,0(8)
F(3)-Hi(1)-F(1) 147.6{10) F(6)-HE(2)-F1m) 88.9(6)
E(4)-HE1)-E(1m) 88.5(5) H(8)-HE(2)-§1m) 90.8(5)
F(2)-Hi{1)-F{1m) 88.0(5) E(5)-HE(2)-F1m) 75.3(5)
F(3)-HE(1)-E(1m) 138.6(6) H7)-HE2)-K1m)  141.7(8)
E(1)-Hi(1)-E(1m) 73.7(6) H(6)-HE2)-K2m) 87.4(5)
F(4)-Hf(1)-F{2m) 87.1(5) F(8)-Hf(2)-K2m) 90.7(5)
E(2)-HE(1)-E(2m) 85.4(5) H5)-HE2)-E2m)  142.1(5)
B(3)-HI{1)-E(2m) 73.9(6) H(7)-HE2)-K2m) 74.9(5)
E(1)-Hi(1)-E(2m) 138.5(6) H1m)-HE(2)-E2m)  66.3(4)
F(1M)-HE(1)-F(2m) 64.7(5) §(6)-HE2)-0(2w) 90.4(8)
F(4)-Hf(1)-0{1w) 95.3(8) EB)-HE(2)-0(2w) 91.0(8)
E(2)-HI(1)-0(1w) 90.7(8) B(5)-HE(2)-0(2w) 71.5(5)
E(3)-HI{1)-0(1w) 74.7(7) H(7)-HEQ2)-0(2w) 71.4(6)
F(1)-H{1)-0{1w) 72.5(6) F1m)-Hi{2)-0{2w) 146.8(4)
E(1m)-HE(1)-0(1w) 146.5(5) H2m)-Hi(2)-0(2w)  146.2(4)
F(2m)-Hf{1)-0{1w) 148.5(5) HE2)-FIM)-HE1)  114.3(2)
E(B)-HI(2)-E(8) 178.0(7) HE(2)-FEM)-HE1)  113.7(3)
Complex 5
Zr{1)-F(4) 1970(6)  Ze(2)-E(8) 1.980(6)
Zr{1)-E{2) 1.880(6)  Zr(2)-E(6) 1.888(6)
Zr{1)-E@3) 2012(5)  Ze(2)-E(7) 2.012(5)
Zr{1)-F(1) 2.028(5)  Zr(2)-E(5) 2.018(5)
2Zr{1)-F(2m) 21415)  Z(2)-E(1m) 2.151(5)

(continued on next page)

141



2052 M.S. Fonori et al/ Polyhedron 27 (2008} 2049-2058
Table 2 (continued) 2.2.6. {{H.DA18CE)HfF)q - 2H;0) - 2H:0] (6}
Ze(1)-Rim) 2.162(5) 2(2)-F(2m) 2158(5) Crystals of complex 6 separated in an approximately quantita-
Z(1)-0(1w) 2.231(8) 2H(2)-0(2w) 2214(7) tive yield, and are colorless transparent prisms, soluble in metha-
Ze(1)-2x(2) 3.6158(11) nol; m.p. 250 °C. Anal. Calc. for C;3H36F0HEN0;: C, 16.32; H,
F(4)-2e(1)F(2) 175.4(3) H(8)-2e(2)-6(6) 1736(3) 4,11; F, 21.51, N, 3.17.Found: C, 16.30; H, 415; F, 21.54, N, 3.15
Wi o mumm o mo
a-2x)#0) 904(3) F(8)-20(2)-6(5) 924(3) 23. X-my difiraction study
F(2)-2e(1)-£(1) 83.4(3) RB)-Z6(2)-F(5) 921(3)
gi;-:({:if(;s)n) 1&;3; 2;;:?(1(:))::33:1) ‘3§§; The experimental data for complexes 1, 2 were recorded on a
a1 ie1) $2en) =52 ) 2et2)-#(om) 8 Kcalibur § with a CCD detector (Mo Ka radiation (1=0.71073 A),
F(3)-26(1)(2m) 75.002) R7)-Zi(2)-F(im)  1412(2) graphite menochromater, o scan mode). The X-ray intensity data
F(1)-2e(1)-£(2m) 141.9(2) (5)-Z6(2)-E(1m) 74.7(2) for complexes 3-6 were recorded on a Nonius CCD area detector
F(4)-Zx(1)-¥(1m) 89.3(3) H8)-Zr{2)-F(2m) 884(3) diffractometer employing graphite monochromatized Mo Ka radi-
F(2)-Ze(1)-F{1m) 85.1{2) F(6)-Zs(2)-F(2m) 853(2) ation in ¢ and o scan mode. Final unit cell dimensions were ob-
Ei}:ﬁ:;ﬁd:} ';g;g; g;;ﬁiﬂg; 11;3’:39’ tained and refined on the entire data set. Intagratan and scaling
#(2m)-2e(1)F(1m) 65.78(18) RIm)-2e(2)-6(2m)  6568(18) resulted in a data set corrected for Lorentz and polarization effects
F(4)-25(1)-0(1w) 95.1(3) F8)-2¢(2)-0(2w) 93.1(3) using oenzo [10]. The scaling as well as the global refinement of
F(2)-2e(1)-0(1w) 83.7(3) HB)-Z(2)-0(2w) 925(3) crystal parameters were performed by scaepack [10]. The absorp-
gi}:ﬂ:;ﬁx} :g‘{g ggj:;m::; ;;zg; tion correction for 1-6 was applied using sanass [11] The structure
B(2m)-2e(1)-0(1w) 145.4(2) Him)-2(2)-02w)  1472(2) solution and refinement proceeded similarly using suex-97 pro-
F(1m)-2e(1)-0(1w) 147.2(2) F2m)-26(2)-0Q2w)  147.1(2) gram package [12] for all structures. The non-hydrogen atoms
2e(2)-K1m)-2e(1) 114.002) Ze(2)#(Im)-2r(1)  1145(2) were treated anisotropically (full-matrix least-squares method on
A g F). In complexes 3 and 4, the macracycle, water malecules and
0(1)-C(1)-C(2)-N{1) 55.5(14) 69.2(15) oxonium ions are disordered over two positions with equal occu-
C1)-C(2)-N(1)-C(3) 54.9(14) 1747012 pancies. In 3-4, the H-0 atoms of the disordered water molecules
s(zl))-ﬁ;;:gi)—}g(g '373:; ;ﬁ‘(‘:;?) and oxanium ions were not localized. N-H atoms were found from
C(3)-C(4)-0(2)-C(5) 81.3(14) 174.714) geometric considerations. The X-ray study for complexes 5-6 re-
C{4)-0(2)-C(5)-L(6) 167.7(10) 68(3) vealed their lamellar structure and the disorder due to the shift
0(2)-C(5)-C(6)-0(1)  175.1(10) 61(3) of the layers being parallel to the crystallographic plane (101).
C")‘q:"“:){‘;) :g"(:g) :7’:‘3’15 The major crystal component carresponds to 86% and 85% in the
ool il -0 crystals of 5 and 6, correspondingly. Two minor shifted compo-
Compiex 6 nents with the contributions of 11% and 2% for 5 and 11% and 3
HE1)-£(4) 1.963(8) HI(2)-K8) 1967(8) % for 6 were detected. For minor components only position of inor-
HI(1)-#(2) 1.98%(7) Hi(2)-€5) 1972(8) ganic anions were localized. The crown and water molecules were
z::}::g; ;::ﬁ:; ::({:J‘):Z; 21;12“{;(:; refined with the occupancies that correspond to the major compo-
HE(1)-#(2m) 2133(s) Hi(2)-K2m) 2134(5) nent. In all complexes, C-bound H atams were placed in calculated
H(1)-6(1m) 2.207(5) HI(2)-F1m) 2146(5) positions, with C-H distances of 0.97 A, and were treated using a
HE1)-0(1w) 2.21%7) HE2)-0(2w) 219K7) riding-model approximation, with Uid(H) = 1.2Ugq(C). In 2, H-
HI(1)-HE2) 3.5970(9) atoms of water molecules and NH-groups were determined from
F(4)-HI(1)-§(2) 175.7(3) H(8)-Hi(2)-F(5) 1733(3) a difference Fourier map and were then allowed to refine isotrop-
F(4)-HR)-F3) 83.0(4) 3)-HI2)-F(7) 83.9(4) ically with U;,(H) = 1.5U,(0) and O-H and N-H distances sub-
;g:gz:m; :?1:8; 5:;::5&;; g’:ﬁ; jected to DFIX restraints. The X-ray data and the details of the
F(2)-HE1)-E(1) 88.6(3) R6)-HE2)-8(5) 92.0(3) refinement for 1-6 are summarized in Table 1, the selected geo-
F(3)-HE1)-E(1) 143.8(3) H7)-HE2)-#(5) 1444(3) metric parameters are given in Table 2, the hydrogen bonding
F(4)-HI(1)-F(2m) 90.1(3) F(8)-HE(2)-F(2m) 87.7(3) geometry is given in Table 3.
F(2)-HE(1)-#(2m) 83.0(3) H6)-HE(2)-F(2m) 85.6(3)
KM fam) 120 KoL fom  14050)
Fd)-HI1)-F(1m) 904(3) F8)-HE2)-Fm)  887(3) 3. Besslkts and dscumion
F(2)-HE1)-F1m) 85.3(3) B6)-HE2)-F(1m) 88.5(3)
F(3)-HE1)-F(1m) 141.2(2) H7)-HE2)-F(1m) 1426(2) 3.1. Description of the structures
T ml e
R oW 95000 RE)HI2)-OQw)  938(4) M i s b R :
B(2)-HE1)-0(1w) 83.7(3) H6)-HE2)-0(2w) 92.1{4) The ORTEP view for Complex 1 is shown in Flg. j o Compound 1
F(3)-HE1)-0(1w) 72.6(3) F(7)-HE2)-002w) 718(3) crystallises in the triclinic space group P1. The formula unit com-
F(1)-HE1)-O{1w) 71.5(3) F5)-HE2)-002w) 723(3) prises of the [(1aFs);0]>~ dianion which resides on an inversion
F(2m)-HE(1}-0(1w) 147.0(3) H2m)-Hi(2)-0(2w)  1468(2) center, and two azonia-15C5 monocations which compensate the
55)-:;5;)_)-5('5) ::%; H’;{:’;’_ﬁgmg) ::g;; negative charge and are bound with the anion via NH. - -F hydrogen

2.2.5. [(HaDA18C6)(ZroFyo - 2H20) < 2H20] (5)

Crystals of complex 5 separated in an approximately quantita-
tive yield, and are coloriess transparent prisms, soluble in
methanol; m.p. »250°C. Anal. Calc. for Cy3HzeF1oN20eZy: C,
20.33; H, 5.12; F, 26.80; N, 3.95. Found: C, 20.37; H, 5.10; F,
26.84; N, 3.98%.

bond, N(1)-H(1N1).--F3) (x+1, y, z), H...F 207(4), N.--F
2.886(4) A, NHF angle 165(3)°. The Ta(1) atom has a distorted octa-
hedron surreunding (Table 2) with the Ta-F distances falling in the
range 1.847(3)-1.908(2) A, the maximal deviations of the F-Ta-F
bond angles from the straight and right angles being 5.83(10)°
and 3.9(10)°, correspandingly, and the deviation for the O-Ta-F
angle from the right angle being 3.76(8)°. The geometry of the
[(TaFs),01*~ dianion coincides with that in the structure of bis(tet-
raethylammonium)u-oxo-bis(pentafluorotantalum(v)) [13]). The
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Hydrogen bond distances (A) and angles (°) for complexes 1,2, 3, 5
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D-H A d(D-H) d(H A) d(D -A) Z(DHA) Symmetry transformation for acceptor
Complex 1

N(1)-H(1) F(3) 0.83(3) 2.07(4) 2.886(4) 165(3) —x+1,y,2
N(1)-H(2) 0(4) 0.94(5) 1.94(5) 2.835(5) 159(4) wy.z

Complex 2

N(1A)-H(1A) O(2wa) 0.50 1.93 2.785(5) 157 oz

N(1A)-H(2A) - F(8) 0.90 1.96 2.804(4) 156 LYz

N(1B)-H(1B) O(2wh) 0.89(2) 1.78(2) 2.663(5) 171(6) oYz
O(1w)-H(1w1) - O(3w) 0.86(2) 1.84(2) 2.686(5) 171(6) xy-1,2
O(1w)-H(2w1) - F(9) 0.83(2) 1.89(3) 2.690(4) 162(5) xy-1,z
O(2wa)-H(2wa) O(3A) 0.88(2) 2.02(2) 2.894(4) 168(6) oz
0O(2wa)-H(1wa) - O(5A) 0.92(2) 2.04(2) 2.923(4) 161(5) xLy.z
0(2wb)-H(2wb) O(5B) 0.86(2) 1.94(3) 2.762(4) 159(6) %Y.z
0O(2wb)-H(1wb) O(3B) 0.85(2) 2.01(3) 2.822(4) 160(6)

O(3w)-H(1w3) - O(4A) 0.84(2) 1.96(3) 2.774(4) 162(8) —x+3j2,y+1)2,2+1]2
0(3w)-H(2w3) - 0(4B) 0.86(2) 2.22(2) 2.886(4) 134(3) —X+3/2,y-1/2,2+1]2
Complex 3

O(1w)-H(1w1) - F(5) 0.94 1.63 2.567(8) 176 —x+ 12,3, 2-1]2
O(1w)-H(2w1) - F(7) 093 1.65 2.584(8) 178 Yy
0(2w)-H(1w2) - F(1) 093 1.66 2.592(10) 178 —x+ 12,3, 2+1/2
0(2w)-H(2w2) - F(3) 091 1.65 2.556(10) 179 —x, -y, 2+ 12
N(1a)-H(1A1) F(6) 0.90 214 2.98(2) 154 x+1/2, —y+1,z
N(1a)-H(1A2) O(3w) 0.90 210 2.900(15) 148 Y.z

N(1b)-H(1B1) O(3w) 0.90 1.96 2.839(13) 164 nyz

N(1b)-H(1B2)  F(2) 0.90 1.99 2.888(18) 173 X412, —y+1,z
Complex 5

O(1w)-H(1w) K1) 095 1.66 2.612(8) 175 —x+1,-y+1,-z+1
o(1w)-H(2w) K5) 095 164 2.590(8) 172 x-1y.z
0O(2w)-H(3w) F3) 0.94 164 2.576(8) 178 xt1Lyz
O(2w)-H(4w) K7) 0.98 1.66 2.620(9) 163 —x+2, -y+1, -z
N(1A>-H(1A1) F2) 0.90 1.98 2.812(12) 153 —xt1,-y+1,-z+1
N(1A)-H(1A2) O(3W) 0.50 2.06 2.900(13) 153 —x+1,-y+2,-z+1
N(1B)-H(1B1) O(4W) 0.90 248 3.037(13) 120 —x+1, -y, -z+1
N(1B)}-H(1B2) O(4W) 0.50 2.01 2.899(14) 169 xyz+l
0(3w)-H(1w3) - F(4) 0.92 1.91 2.759(10) 152 wyz
O(3w)-H(2w3) - F(8) 0.95 1.94 2.881(10) 172 oYz
O(4w)-H(1w4) - F(2) 093 1.92 2.789(9) 156 w2z
O(4w)-H(2w4) - F(6) 0.93 1.82 2.709(9) 159 LY.z

) AR 4
© &

Fig. 1. ORTEP drawing of 1 with the numbering scheme and hydrogen bonding
distances shown by dashed lines. Thermal ellipsoids are shown at the 50% proba-
bility level.

(HA15C5)" cation has a distorted shape fixed by the intramolecular
N(1)-H(2N1)...O(4) hydrogen bond, H..-O 1.94(5), N...0
2.835(5)A, NHO angle 159(4)°. The similar macrocycle
conformation (N -0 2.858 A) was found in the structure of N-(2-
methoxy-4-((4-nitrophenyl)azo)phenyl)-1,4,7,10-tetraoxa-13-azo-
niacyclopentadecane hexafluorophosphate [14]. It is noteworthy
that 1 represents the only second after [13] known example of
the organically templated tantalum oxofluoride and the first com-
pound where the macrocycle is used in this function.

3.1.2. [(HA18C6 - H,0)(A18C6 - H,0){(H:0)Nb,Fo0] - Ho0 (2)
Compound 2 crystallizes in the space group Pna2,. The content

of the asymmetric unit is shown in Fig. 2. It comprises of [(H,0)Nb-

F40 NbF;]™ anion, two macrocycles {designated A and B; cycle A

represents monocation, cycle B represents neutral molecule)
centered by two water molecules, and bridging water molecule
O(3w). The X-ray data unambiguously showed that [(H,0)-
NbF4ONDbFs]~ is built of (H,O)NbF4O and ONbFs moieties joined
via common oxygen atom. Complex 2 is the first known example
of non-symmetric binuclear aqua niobium oxofluoride and only
the second example after bis{ethylenediaminium) p-oxo-bis|tetra-
fluorooxoniobium(V)], (C;HyoN,),[(NbFs0),0] [15] dimeric unit.
The anion has an angular shape with the Nb(1)-0(1)-Nb{2) angle
equal to 158.4(2)° and the Nb{1)-- -Nb{2) distance of 4.008 A. The
geometry of two octahedral units is rather similar: the longest
Nb{1)-0{1w) distance of 2.310(3) A corresponds to the longest
Nb{2)-0{1m) distance of 2.346(3) A in the second octahedron,
while the shortest Nb(1)-O(1m) distance of 1.732(3)A corre-
sponds to the shortest Nb(2)-F(9) distance of 1.709(3) A in the sec-
ond octahedron, etc. The conclusions made by Poeppelmeier et al.
[16] about out-of-center distortions observed in Group 5 and 6 me-
tal oxide fluoride octahedra with the general formula of
[MO,Fg_]™ (x=1, M=V?", Nb**, Ta®", n=2) that arise from the
inherent differences between M=0 and M-F bonding and allow
for the strong dn—pn metal-oxide orbital interactions, are mani-
fested themselves either in purely inorganic niobium oxyfluorides,
e.g., Li;NbOFs, RbsNb3OF3 [17] or in mixed inorganic-organic
compounds, [4-apyH],[Cu{4-apy)4(NbOFs),] (4-apy = 4-aminopyr-
idine), Cd(3-apy)4(NbOFs) (3-apy = 3-aminopyridine), Cd{py)sN-
bOFs (py = pyridine) [16], [NEtzH][NbOF4(H,0)] [18] and can be
extrapolated to the reported here new anion, [{H,0)NbF4ONbFs]~
(Table 3).
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F6

Fig. 3. View of the layer in 2. (a) Fragment of layer with the numbering of the atoms participating in hydrogen bonding. (b) View along a direction. () View along b direction.

The specific feature of this anion is a trans-arrangement of
water molecule referring to p-oxocatom. As it is known, in the
hetero-ligand metal complexes with the d° configuration of the
central atom the mutual ligand influence is manifested in the form
of trans-effect [19], while the relative stabilization of either cis- or
trans-isomers of the complexes MF4XO is dictated by the difference
in o- and n-donor characteristics of X and Y ligands [20]. For the

oxo-bridge and water molecule arranged in the opposite points
of the row of static trans-influence and being essentially different
by their o-, n-donor properties, the approaches [20] indicate the
stabilization of the trans-form that is agreed with experimental
data. It is interesting to note that in formally similar dimeric anion
[Nb,Fs03]*~ [15] the double-bonded oxygen atoms are arranged in
a cis-position to the oxo-bridge that is typical for the octahedral

144



MS. Fonari et al./ Polyhedron 27 (2008) 2049-2058

fluorocomplexes of d’metals with multiple-bound ligands
[20].

In the crystal, the anions translated along a direction form
OH- - F hydrogen bond chain (Fig. 3, Table 3). The analysis of the
system of hydrogen bonding as well as the pronounced distinctions
in A and B crown ethers’ conformations (see Table 2) permit to con-
clude that in the crystal both monoprotonated and neutral forms of
A18C6 co-exist. Water molecules center both macrocycles and act
in a similar way, as a double H-donor towards two crown oxygen
atoms and as a single H-acceptor towards nitrogen atom (Fig. 2, Ta-
ble 3). In molecule A, the hydrogens of “H,N" group are endo, exo-
oriented that facilitates for the exo-oriented hydrogen atom its par-
ticipation in NH'- - -F hydrogen bonding with the anion. Water mol-
ecule O(3w) occupies an intermediate position between the
negatively charged inorganic chain and rows of macrocyclic mole-
cules and bridges A and B crown molecules via OH. - .O hydrogen
bonds. Thus, the supramolecular architecture in 2 represents a
2D sheet built of the alternating negatively-charged inorganic
chains and rows of crown molecules, where A and B macrocyclic
molecules arranged in approximately parallel planes (the dihedral
angle between the planes (A/B) of NOs atom set is equal to
13.8(1)°) alternate (Fig. 3).

3.1.3. [(HA18C6 - H20)(M2010 - 2H20) - (H30) - (H20)] (M = Zr, Hf) (3,
4)

The system ZrO,/HfO,-HF-H;0-aza18C6 resulted in two iso-
structural crystalline complexes of the composition [(HA18C6 -
H>0)(M;0,p - 2H,0) - (H30) - (H,0)] (3, 4), so the only complex 3
is further discussed. Complexes crystallize in the orthorhombic
space group Pca2,. The asymmetric unit for 3 is shown in Fig. 4.
It comprises of the (Zr,F;o - 2H,0)>~ dianion, azonia-18C6 cation,
oxonium ion, and two water molecules. In the dimeric
(Zr;F1p - 2H,0)° anion, the coordination environment of each Zr
atom represents a pentagonal bipyramid. In the equatorial plane
of the anion, the bridging F{(1m) and F(2m) atoms form a double
bridge, with the Zr-F distances being in the range 2.135(7)-
2.150(7) A, and coordinated to Zr water molecules located along
the Zr(1).-.Zr(2) line, Zr---O distances being 2.207(6) and
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2.208(7) A, Zx(1).- Zx(2) separation being 3.604(1)A. Our survey
of the CSD [21] revealed no examples of such organically tem-
plated zirconate anion. The only known relative example with
the same Brutto formula of the anion is a tetramethylammonium
pentafluoro-zirconium  monohydrate, (C4H;2N)(ZrsF;p - 2H,0)
[22], where the coordinated to Zr water molecules are arranged
perpendicular to the Zr.. Zr line.

The monoprotonated macrocyclic molecule in the complex is
disordered over two positions (A and B) with equal probabilities.
Similar to complex 2, water molecule O(3w) centers the macrocy-
clic cation and acts as a double H-donor towards two crown oxy-
gens and as a single H-acceptor towards endo-oriented H-atom of
NHz-group. It was impossible to unambiguously find the positions
of hydrogen atoms in water molecule due to the severe disorder of
the macrocycle and the proposition of the possible hydrogen bond-
ing was assumed from consideration of the shortest O(3w)- - -N(O)
crown distances which adopt the following values in two (A and B)
systems: 2.91(2), 2.97(2) and 2.74(2) A to atoms O{1A), O(3A) and
O(5A), respectively and 2.86(3), 3.03(2) and 2.72(2)A to atoms
0O(1B), O(2B) and O(5B), respectively.

The anions form in the crystal an inorganic layer due to OH. - F
hydrogen bonds between the coordinated to Zr water molecules
and four equatorial fluorine atoms (Fig. 5, Table 3), in such a
way, that every anion is surrounded by four closest neighbors,
the association of the anions occurs via alternation of R,%(8) and
R4(16) hydrogen-bonded rings. The similar inorganic sheet is
generated in structures containing (Hf,F,-2H,0)’~ anion,
hexamethyldiammonium pentafluorohafnate tetrahydrate
(CsNoHy5)[HEFi0(H,0),] - 4H,0, tetramethylenediammonium pen-
tafluorohafnate hexahydrate (C4N,H,4)[Hf;F o(H;0),] - 4H,0 [23]
as well as in the complex [(18C6)(H30),(Hf,0,¢- 2H,0) - 4H,0]
[7].

The disorder of the macrocycle causes the disordering of the
oxonium ion labelled O50(a,b) and solvated water molecule
0O4w(a,b) which are bound in a slightly different mode with the
macrocycle and inorganic layer (Fig. 4). The 3D supramolecular
architecture in 3 is formed via alternation of the inorganic layers
and rows of macrocyclic molecules held together via oxonium

Fig. 4. ORTEP drawing of 3. (a) View of the (Zr2F1o - 2H,0)* anion with the numbering scheme. (b) View of the crown molecule in position A, water molecules and oxonium
ion O(50a) that participate in hydrogen bonds in this system. (c) View of the crown molecule in position B, water molecules and oxonium ion O(50b) that participate in
hydrogen bonds in this system with partial numbering scheme. Complete numbering scheme in crown molecule is the same as in 2 (Fig. 2). Hydrogen bonding distances

shown by dashed lines. Thermal ellipscids are shown at the 50% probability level.
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Fig. 5. Fragment of inorganic layer in 3.

and water molecules. Besides these indirect interactions, the direct
NH'. . .F~ contacts between charged units also exist (Table 3, Fig. 6).

3.1.4. [(H>DA18C6)(M2010 - 2H>0) - 2H,0] (M = Zr, Hf) (5, 6)

The interaction in the system ZrO,/HfO,-HF-H,0-1,10-dia-
zal8C6 resulted in two isostructural complexes [(H,DA18C6)-
(M50, - 2H,0) - 2H,0] (5, 6), and only complex 5 is further
discussed. Complexes crystallize in the triclinic space group P1.
The content of the asymmetric unit is shown in Fig. 7. It comprises
of the (Zr;F;o - 2H,0)>~ anion and two water molecules in general

i

!

i

Fig. 6. Fragment of the crystal packing in 3.

O3w

positions and two halves of two crystallographically different dia-
zonia-18C6 cations (A and B), which reside on inversion centers.
The structure of the dimeric anion is the same as in 3 and in its
Hf analogue in 4 and 6, the coordination environment of each Zr
atom represents a pentagonal bipyramid (Table 2).

Similar to 3, the anions in 5 formulate a rigid inorganic nega-
tively charged 2D sheet sustained by OH...F hydrogen bonds
(Table 3). Two water molecules O(3w) and O{4w) in an identical
mode are bridging two pairs of the anion’s axial fluorine atoms (Ta-
ble 3). Further, these two water molecules in different modes act as
intermediates between the inorganic anion and macrocyclic cat-
ions. Fig. 8a demonstrates interactions between the components
in the complex. Water molecule O{3w) acts in a ‘side’ mode, and
as a single H-acceptor forms N(1a)H- - -O(3w) hydrogen bond with
the A macrocycle, while the second H-atom of the same >NH,"
group is involved in a single charged-assisted N(1a)H. - \F(2) hydro-
gen bond, it is a unique such contact { between the charged species)
in this structure. Water molecule O{4w) is situated above the mac-
rocyclic cation B and, acting as a double H-acceptor across the cav-
ity, binds both protons of >N{1b)H, ammonia group. It explains,
why this macrocycle does not have any direct contacts with the an-
ionic layer. The different modes of water inclusion as well as the
distinctions in the interaction with the anionic component, deter-
mine the different conformations of A and B macrocyclic cations
(Fig. 7, Table 2). Nevertheless, the 3D supramolecular architecture
still remains very similar to that one described for 3 (4) and for the
aforementioned complex [(18C6){(H30),(Hf;0,0 - 2H,0) - 4H,0] [7]
(Fig. 8b) and represents the alternation of inorganic layers and
rows of macrocyclic cations attached, where the A and B macrocy-
cles alternate.

Summarizing these two sections, the following general remarks
can be given. Complexes 3-6 have enriched a rather restricted
family of the aqua, fluoro-containing zirconates [22] and hafnates
[23]. For the compounds containing the anions of the similar com-
position (M,0,o - 2H,0)>~ (M = Zr, Hf), the different arrangement
of the coordinated to the central atom water molecules is ob-
served: they are always displayed in the equatorial plane and
either lie along the M-M line (complexes 3-6, [(18C6)(H30),-
(Hf,049 - 2H,0) - 4H,0] [7]) or perpendicular to it. Besides the dis-
cussed here crown-templated complexes, the similar inorganic 2D
motif also has been recorded in hexamethyldiammonium penta-
fluorohafnate tetrahydrate, tetramethylenediammonium penta-
fluorohafnate hexahydrate [23] and can be considered as a
reproducible supramolecular motif. The type of bridging of axial
fluorine atoms via coordinated or solvated water molecule or oxo-
nium ion found in 3-4, and 5-6, was also registered in Refs.
[22,23]. Moreover, this bridge can also represent two-membered
H;0, oxonium cluster as in [{18C6)(H;0),(Hf,0,, - 2H,0) - 4H,0]

Fig. 7. ORTEP drawing of 5 with the numbering scheme and hydrogen bonding distances shown by dashed lines. Thermal ellipsoids are shown at the 50% probability level.
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Fig. 8. Fragment of crystal packing in 5. (a) Fragment of the structure demonstrating the interactions between the inorganic layer and macrocyclic cations, only atoms

participating in hydrogen bonding are labeled. (b) 3D network in 5.

[7] or association of water molecule and ammonium group of tem-
plated amine. For 3-6, we conclude the reproduction of 3D supra-
molecular architecture, which represents the alternation of 2D
inorganic sheets and columns of 18-membered crown ethers glued
by the different number of water molecules. We also observe the
gradual decrease of water content in the complexes with the in-
crease of the positive charge of the macrocyclic cation.

4. Conclusion

The interaction of ZrO,/HfO, or Nb,0s/Ta;0s with an aqueous
solution of hydrofluoric acid in the presence of aza-crown ether
resulted in novel organically templated metal oxofluorides of the
compositions  [(HA15C5),][Ta;F100] (1),  [(HA18C6 - H,0)-
(A18C6 - H,0)][(H20) NbyFs0] - H20 (2), [(HA18C6 - H,0)(MFp -
2H,0) - (H30) - H,0] (3, 4) and [(H,DA18C6)(M,F,o - 2H,0) - 2H,0]
(5, 6) (M=2Zr, Hf, A15C5=aza-15-crown-5, A18C6 = aza-18-
crown-6, DA18C6 = diaza-18-crown-6). The unique ability of
crown macrocyclic molecules to form the complexes with novel
or rarely observed anions has been demonstrated. So far 1-6 rep-
resent the exclusive examples of crown-templated mixed O,F-con-
taining anions for Zr, Hf, Nb and Ta. The Ta complex 1 represents
the second example of such organically templated anion alongside
with [9] and the first example of the macrocyclic molecule used in
this function. For the first time, the structural information has been
obtained for the anion [{H,O)NbF4ONbFs]~ in the complex with
macrocyclic molecule. Complex 2 represents a perspective exam-
ple of the non-centrosymmetric solid with the local ordered anion,
thus being crystallized in an acentric space group with an ordered
inorganic unit, it might give rise to the new NLO materials. Com-
plexes 3-6 give bright examples of the reproducible supramolecu-
lar motifs where the factors of domination of inorganic framework
and dimensionality of crown molecule are decisive ones. We con-
cluded, that the substitution of one or two oxygen atoms in 18C6
molecule by nitrogen atom did not crucially change the composi-
tion of the negatively-charged framework for Zr and Hf in particu-
lar and the 3D supramolecular architecture in a whole in the row
18C6-A18C6-DA18C6. The isostructural products have been ob-
tained for Zr and Hf.
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The preparation and characterization of three isomeric carboxypyridinium and carboxyquinolinium
hexafluorosilicate salts is described. The salts of the general formulas (LH),|SiFs] (I-II, L=2-
carboxypyridine, 3-carboxypyridine, 4-carboxypyridine) and (LH)[SiFg]-2H,0 (IV, L = 2-carboxyquino-
line) were prepared from the protonation reaction of the corresponding pyridine carbonic acid by the
fluorosilicic acid. The compounds were characterized by IR, mass-spectrometry, thermogravimetric
analysis, solubility data, and in the case of lll by X-ray crystallography. The relationship between the salts
solubility and the H-bonding system was analysed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

“Onium” hexafluorosilicates (LH),[SiFs] (L =ammonia, N-,0-
containing organic bases) find application as chemical reagents [1-
3], herbicides and fungicides [4,5], functional materials [6,7], and
also can be utilised as the models for estimation of influence of
interionic H-bonds on structure and physicochemical properties of
the complexes [8]. In continuation of our previous examinations on
relationship between structure and properties of “onium’ hexa-
fluorosilicates the preparation, spectral data, thermochemical
transformations and solubility of salts of three isomeric bis{car-
boxypyridinium} hexafluorosilicates (I-1lI} and bis{2-carboxyqui-
nolinium} hexafluorosilicate (IV} are described alongside with the
crystal structure of bis(4-carboxypyridinium} hexafluorosilicate
(). The structural characteristics for hexafluorosilicates of the
general formula (LH},[SiFg]-nH,0 (L = 2-, 3-carboxypyridine, n= 0;
L = 2-carboxyquinoline, n = 2} have been reported earlier [9,10].

* Corresponding author. Tel.: +373 22 73 81 54; fax: +373 2272 58 87.
E-mail addresses: edganin®@yahoo.com (EV. Ganin), fonari.xray@phys.asm.md,
fonari.xray@gmail.com (M.S. Fonari), botoshan@tx.technion.ac.il
(M.M. Botoshansky).
1 eksvar@ukr.net.

0022-1139/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jfluchem.2008.05.006

2. Results and discussion

Compound I crystallizes in the monoclinic crystal system
(space group P2,/n) with Z=2. Crystal structure and refinement
data is given in Table 1. Selected bond distances and angles are
given in Table 2. The asymmetric unit of Il comprises a half of a
hexafluorosilicate anion that resides on an inversion center and
one 4-carboxypyridinium cation in general position (Fig. 1). The
positions of pyridinium and carboxylic hydrogen atoms were
found in the difference Fourier map.

In the [SiFg]”~ anion the Si-F bond lengths are between 1.666(1)
and 1.692(1)A. The fluorine atoms in the longer Si-F bond
participates in the strongest hydrogen bond (Table 3). The
F(trans)}-Si-F(trans) angles are 180°, the F(cis)-Si-F(cis} angles
deviate at 1.08(5)° from the right angle. Such a slightly distorted
octahedral geometry is typical for [SiFg]”~ anion involved in the
system of hydrogen bonding. The relationship between Si-F bond
length and hydrogen bonding is also observed in bis{piperidinium)
hexafluorosilicate, bis(quinolinium} hexafluorosilicate monohy-
drate, and in N-methylpiperidine betaine hexafluorosilicate
[11,12] and surprisingly is not observed in bis{methylammonium)
hexafluorosilicate [11]. The 4-carboxypyridinium cation in Il has a
practically planar skeleton with the twisted angle between the
pyridinium ring and the carboxylic group equal to 23.7°. The C-0
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Table 1

Crystal data and structure refinement parameters for Il

Empirical formula Ci12H12FgN20451

Formula weight 90.33

Crystal system Meonoclinic

Space group P24/n

Unit cell dimensions

a(h) 7.384(2)

b (A) 12.981(3)

c(A) 7.738(2)

BC) . 99.24(3)

Cell volume (A%) 732.1(3)

z 2

Deate (glem?®) 1.771

@ (mm ) 0255

F0D0) 396

@ range for data collection (*) 3.21-25.02

Limiting indices 0<h<8
0<k<15
-9<i<9

Reflections collected 1243

Reflections with [ > 20(1) 1162

Refinement methed Full-matrix least-squares on F*

Data/restraints/parameters 1243/0/123

Goodness-of-fit on F* 1.107

Final R indices [1 > 20(1)]
R indices (all data)

Ry = 00308, wR; = 0.0750
Ry = 0.0333, wR; = 0.0761

Largest diff. peak and hole (e A ?) 0.207/-0.154

Table 2

Selected intermolecular distances (A) and angles (°) for I

Si(1)-F(1) 1.666(1) F(1)-5i(1)-F(2) 91.08(5)
Si(1)-F(2) 1.683(1) F(1)-5i(1)-F(3) 89.57(6)
Si(1)-F(3) 1.692(1) F(2)-Si(1)-F(3) 90.33(6)
0(1)-C(6) 1.317(2) 0(2)-C(6)-0(1) 125.0(2)
0(2)-C(6) 1.202(2) 0(2)-C(6)-C(3) 122.6(2)
N(1)-C(5) 1.330(2) 0(1)-C(6)-C(3) 112.4(1)
N(1)-C(1) 1.331(3) C(5)-N(1)-C(1) 123.1(2)
C(1)-C(2) 1.379(3) N(1)-C(1)-C(2) 119.7(2)
C2)-C(3) 1.382(2) N(1)-C(5)-C(4) 119.6(2)

Fig. 1. ORTEP drawing for Il showing hydrogen bonding. Only asymmetric unit is
numbered.

distances essentially differ (Table 2) and are in agreement with the
neutral form of carboxylic group.

Two effects are crucial for crystal packing: the hydrogen
bonding between the charged species and -7 stacking interac-
tions between the cationic units. Both pyridinium and carboxylic
hydrogens participate in H-bonding with the [SiFs]*~ anion, each
anion being connected with four closest cations. In their turn, the
adjacent cations related by inversion are arranged in parallel

Table 3
Geometry of hydrogen bonds for Il

planes with the centroid-centroid distance of 3.765 A that is in
agreement with the value typical for -7 stacking interactions.
These concerted interactions combine the charged species in the
chain running along ¢ direction. The fragment of this chain
showing the environment of the [SiFs)’~ anion is given in Fig. 2.

The IR data for hexafluorosilicates I-IV are summarized in
Table 4. The IR spectra for I-111 exhibit stretching vibrations v(N"H)
in the form of fuzzy bands of average intensity in the range 3210~
3085 cm™'. In spectrum for IV the complicated bands in the range
3420-3125 cm™! can be assigned to the v(OH) vibrations of water
molecules involved in the system of H-bonding (upfield compo-
nents 3420, 3310, 3205 cm™'), and v{N'H) vibrations for proto-
nated quinoline-2-carbonic acid (preferred contribution in the
downfield component at 3125cm™'). The presence of fuzzy
absorption bands in the spectra I-IV in the field of 2720-
2525 cm™! can be assigned to strong interionic OH. - -F hydrogen
bonds [9,10]. In the field of 800-650 cm™! (Table 4) was registered
the superposition of vibration bands v{SiF) for [SiFs]’~ anions and
deformation vibrations for the N*H, CCH moieties (for IV, the
vibrations for water molecule). Deformation vibrations 8(SiF,) for
the anions in the form of triplets (I, II, IV) or doublets of average
intensity are registered in the range 490-435 cm™' free of natural
oscillations of the cations. The multiple character of the &(SiF;)
vibrations is in agreement with the X-ray data indicating the
distortion of the octahedral geometry of the [SiFs]*~ anion in I-IV
due to interionic hydrogen bonds.

The results of thermogravimetric analysis for hexafluorosili-
cates I-IV are summarized in Table 5. As it follows from Table 5, the
thermolysis of compounds I and Il is accompanied by a stage of
elimination of hydrogen fluoride and silicon tetrafluoride with the
subsequent decomposition of the ligands:

(L'*H), [SiFs] — SiF4+ 2HF + 2L'? (1)
L'? — decomposition products (2)

The thermal decomposition for IV is implemented with
consecutive elimination in a gas phase of two moles H,0, two
moles HF, one mole SiF; and decomposition products for L*:

(L*H), [SiFg] - 2H,0 — (L*H);[SiFs| + 2H,0 3)
(L*H), [SiFs] — SiF,-2L* + 2HF (4
SiF4-2L* — SiF, + 214 (5)
L* — decomposition products (6)

The thermolysis of compound Il proceeds similarly to decom-
position of the anhydrous phase IV. It is interesting to note, that in
their thermal stability which in the first approximation is
characterized by the values t, for the first endothermic effect,
compounds I-III somewhat surpass the hexafluorosilicates
(CsHsNH), [SiFg] and (n-CH3CsH4NH),[SiFs]; (n=2, 3, 4; to =120~
140°C) [13], despite of higher values of basicity for pyridine and
isomeric picolines (pK; L'-L* 4.81-5.32; pK, CsHsN 5.23; pK; n-
CHaCsHaN 5.68-6.02) [14,15]. Apparently, the relative stabiliza-
tion of salts I-Il in comparison with the hexafluorosilicates
(CsHsNH ), [SiFg] and (n-CHsCsH4NH ), [SiFg] is dictated by the extra

D-H A d(D-H)A d(H.---A)A d(D---A)A £(DHA) (*) Symmetry transformation for acceptor
0(1)-H(101).- (3) 0.82(3) 1.77(3) 2.5869(17) 168(2) —x+2, -y +1, -2

N(1)-H(IN1).- F(2) 0.90(3) 1.85(3) 2.7278(19) 164(2) x+1, —y+1, 241

N(1)-H(IN1). - F(1) 0.90(3) 2.37(3) 3.014(2) 129(2) Xz
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Fig. 2. Fragment of chain in IIL

Table 4
IR spectral data (cm ') for I-IV
YNH), WOH) WOH-- F) ¥(C=0), §(N'H), §H0) Veing WSiF), p(N"H), §(CCH). ¥(H;0) S(SiFz)
1 3135 m,br 2710 m,br 1720 m 1610 m 767 sh 490 sh
2590 m,br 1670 sh 1560 m 720 s 475 m
1645 sh 1535 m 685 s 435 m
1055 m
un 3170 m,br 2720 m,br 1715 v,s 1580 s 745 v,s 490 sh
3085 m,br 1690 sh 1545 m 720 sh 465 m
1625 m 1040 m 680 m 435 sh
m 3210 m,br 2655 m,br 1725 sh 1610 m 745 sh 475 m
3150 m,br 1700 m 1550 m 720 v,s 435 m
1635 m 1040 m 690 sh
v 3420 sh 2525 sh 1720 sh 1590 s 770 s 465 m
3310 m,br 1670 m 1560 m 725 s,br 450 sh
3205 m,br 1645 sh 1500 m 435 sh
3125 m,br 1630 m 1065 ¢
1050 sh

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

Table 5
Thermogravimetric data for I-IV
Compound Effect (°C) Mass loss (%) Assignment
Type to tm Found Caled
(L'H)2[SiFs] endo 145 200 37.1 36.9 Elimination of 2 mol HF + 1 mol SiF,
endo 205 223 97.0 100 Decomposition of L'
(L?H),[SiFs) endo 175 207 = 103 Elimination of 2 mol HF
endo - 220 35.0 369 Elimination of 1 mol SiF,
endo 225 235 - - Melting of L*
endo 258 270 96.0 100 Decomposition of L?
(L*H),|[SiFg] endo 185 241 374 36.9 Elimination of 2 mol HF + 1 mol SiF,
endo 257 308 98.0 100 Decomposition of 1*
(L*H),[SiFg]-2H,0 endo 100 130 9.0 6.8 Elimination of 2 mol H,0
endo 145 170 14.0 144 Elimination of 2 mol HF
endo 176 195 290 274 Elimination of 1 mol SiFy
endo 21 450 96,0 100 Decomposition of L*

intermolecular OH-: - F hydrogen bonds which are absent in the
structures of pyridinium and pycolinium salts.

Solubility data for I-IV as well as for hexafluorosilicates of
pyridinium, 2-methylpyridinium and several functionalized deri-
vatives of carboxypyridinium and 2-carboxyquinolinium are

Table 6

Solubility of pyridinium hexaflucrosilicates and its substituted derivates in water
Compound Solubility (mol¥) 25 °C
(CsHsNH), [SiFg] 196

(2-CH3CsH NH ), SiFs] 116
[2-HO(0)CCsHaNH][SiFs] 533
[3-HO(0)CCsH,NH],[SiFs] 333
[4-HO(O)CCsH4NH],[SiFs] 0380
[2-HO(0)CCsHsNH],[SiFs] 2H,0 175
[4-HsNHN(O)CCsH,NH](SiFs] 0387
[2-HsNHN(O)CCsHNH][SiFs] 024
[3-H2N(O)CCsH4NH]|2[SiFs| 039
[2-C2Hs-4-HaN(S)CCsH3NH | [SiFs] 0.10

summarized in Table 6. The introduction in the pyridinium cation
of H-donor functional groups, -COOH, -CONHNH;, -CONH,, -
CSNH, essentially (in some cases more than by order of
magnitude) decreases the solubility of the relevant hexafluor-
osilicates. The observed differences in the solubility of the
hexafluorosilicates can be explained by the specificity of H-
bonding in the discussed compounds. So, quite apparently, that
pyridinium (2-methylpyridinium) cation can function as a single
H-donor {one H-bond from NH"-group), whereas basing on the X-
ray data in the salts the carboxypyridinium (2-carboxyquinoli-
nium) cations donate two strong H-bonds, OH--.F and NH..F
(COOH and NH'-groups). The embodying of auxilary interionic
NH.--F H-bonds (besides that formed by NH'-group) with
participation of NHNH;" fragment is structurally confirmed also
for the hexafluorosilicate [4-H;NHN{O)CCsH4NH][SiFs] [ 16]. Thus,
cation functionalization by introduction of substituents with H-
donor properties is accompanied by amplification of interionic H-
interactions and results in a lower solubility of the relevant
hexafluorosilicates. It is interesting to note, that from the point of
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view of Davies's group numbers conception [17] used for a
qualitative estimation of the hydrophilic-lipophilic balance ( HLB)
ina series of complexes of a similar composition and structure and
not taking into account the effects of H-bonding, compounds [n-
HO(O)CCsHaNH|2|SiFs] (n=2, 3, 4) should differ by greater
solubility in comparison with salts (RCsHaNH)[SiFs] (R=H,
CHs) (within the framework of model [17] the COOH-group
provides the hydrophilic contribution to the HLB of the complex
against to the lipophilic contribution of CH, CHs groups). Besides,
the account of effects of H-bonding allows to explain the
differences in the solubility of the pyridinium (RCsHsNH),[SiFg]
and phenylammonium (RCgH4NH,),[SiFg] salts [18]: inspite of the
formal concurrence of the HLB characteristics, the
(RCgH4NH.),[SiFs] salts exhibit a lower solubility. It can be
provoked by the ability of the RCgH;NHa* cation to donate three
H-bonds (without the account of effects of the substituent R)
[8,18], while for the RCsH;NH" cation—only one hydrogen bond.

It is possible to ascertain, that in the carboxypyridinium (2-
carboxyquinolinium) hexafluorosilicates the interionic H-bonds
carry out the structural and stabilizing functions and noticeably
influence the structural characteristics of the anions and salts
properties. The sensitivity of the geometry of [ SiFs]*~ anion to the
effects of XH--.F (X =N, 0) H-bonds is manifested in I-Il as an
antibate relationship of the Si-F and X...F distances, and as a
consequence, as an essential redistribution of the Si-F bond
distances in the anion. At the same time the solubility of the
pyridinium salls (RCsHyNH),[SiFg ] depends vn a number of shorl
interionic H-contacts and decreases with their increase upon
introduction in the cation of the H-donor substituents. It might be
concluded, that the cation functionalization can serve as a
convenient tool for directional change of physicochemical proper-
ties of “onium” hexafluorosilicates.

3. Experimental

The [R-absorptionspectra were recorded ona spectrophotometer
Specord 75IR (range 4000-400 cm~', samples as suspension in
Nujol mulls between KRS-5 windows). The mass spectra were
registered on a spectrometer MX-1321 (direct input of a sample ina
source, energy of ionizing electrons 70 eV). The thermogravimetric
experiments were carried out on a OD-102 derivatograph of a
system F. Paulik-]. Paulik-L. Erdey in ambient conditions (Alz03
internal standard, heating rate of a sample 5°/min, sensitivity of DTA
and DTG—1/10 or 1/5 from maximal, samples 150-200 mg). The
isothermal conditions of experiments on detection of a solubility of
hexafluorosilicates (t = 25 + 0.2 °C) were provided with the helpof an
ultra thermostat U15.

3.1. Synthesis of bis(2-carboxypyridinium) hexafluorosilicate (1)

Pyridine-2-carbonic acid (L'; 0.123 g, 1 mmol) was dissolved in
boiling methanol (3mL) and to the obtained solution the
fluorosilicic acid (FSA, 0.9mL, 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. Colourless
transparent crystals of the composition (L'H);SiFs (I) with mp
180-182°C. Anal. found, %: Si 6,33, N 741, F 25,11. Caled for
Cy2H2FgN2 048I, Si 6,83, N6,81, F 27,72, Mass spectrum: [ML']* (m/
z=123, I =100%), SiFs* (m/z =85, I = 41%).

3.2. Synthesis of bis(3-carboxypyridinium) hexafluorosilicate (I1)

Pyridine-3-carbonic acid (L2 0.122 g 1 mmol) was dissolved in
boiling ethanol (10 mL) and to obtained solution water (2 mL) and

45% FSA (0.9 mL) were added. A reaction mixture subjected to
isothermal evaporation at ambient conditions. Colourless trans-
parent crystals of composition (L?H),SiFs and mp 248-250 °C were
obtained in an approximately qualitative yield. Anal. found, %: Si
7,11, N 6,09, F 29,31. Caled for C12H;2FsN204Si, Si 6,83, N 6,81, F
27,72. Mass spectrum: [ML?]* (mjz = 123, I = 52%); SiFa* (mjz = 85,
I=100%); [ML?-COOH]* (mfz = 78, I = 26%).

3.3. Synithesis of bis(4-carboxypyridinium) hexafluorosificate (111)

Pyridine-4-carbonic acid (L*, 0.123 g, 1 mmol) was dissolved
in boiling water (10mL) and to obtained solution 45% FSA
(0.9 mL) was added. A reaction mixture subjected to isothermal
evaporation at ambient conditions. Colourless transparent
crystals of compesition (L*H),SiFg with mp >220°C (sublima-
tion) were obtained in an approximately qualitative yield. Anal.
found, %: Si 6,67, N 7,09, F 28,85. Calcd for C;;Hq2FgN204Si, Si
6,83, N 6,81, F 27,72. Mass spectrum: [ML*]" (mjz=123,
[=100%); SiFy* (miz=85 I=48%); [ML*-COOH)* (mjz=78,
I=41%).

3.4. Synthesis of bis(2-carboxyquinolinium) hexafluorosilicate
dihydrate (1V)

Quinoline-2-carbonic acid (L?,1.73 g, 10 mmol) was dissolved
in boiling methanol (20 mL) and to obtained solution 45% FSA
(9 mL, molar rativ L*: FSA = 1: 3) was added. A reaction mixlure
stored at ambient conditions prior to the beginning crystal-
lization of the reaction product, colourless transparent crystals of
composition (L*H),SiFs2H,0 with mp >200°C (with decom-
position) were obtained in an approximately qualitative yield.
Anal, found, %: Si 5,62, N 5,48, F 23,51. Calcd for CyoH20FgN20gSi,
Si 534, N 532, F 21,65. Mass spectrum: [ML*]* (mjz=173,
I =44%); [ML*-COOH]* (mjz=129, I=100%); SiFs* (m/z=85,
1 = 69%).

3.5. Structure determination

The X-ray intensity data were collected at a room temperature
on a Nenius Kappa CCD diffractometer equipped with graphite
monochromated Mo Ka radiation using ¢-a rotation. Unit cell
parameters were obtained and refined using the whole data set.
Experimental data reduction and cell refinement were performed
using DENZO [19] package. The structure solution and refinement
proceeded using SHELX-97 program package [20). Direct methods
yielded all non-hydrogen atoms of the asymmetric unit which
were treated anisotropically. C-bound hydrogen atoms were
placed in calculated positions with their isotropic displacement
parameters riding on those of the parent atoms, while the N-bound
and O-bound H-atoms were found from differential Fourier maps
at an intermediate stage of the refinement and were treated
isotropically. Crystallographic data (cif file) for the structural
analysis of compound HI has been deposited with the Cambridge
Crystallographic Data Center, CCDC No. 682042. 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 http:/fwww.ccde.cam.a-
c.uk).
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The sulfamide dertvative of triphenylmethanol, 3-fhydroxy(diphenyl)methyl]benzenesulfonamide
(HaNSO,Ph)Ph,COH was synthesized and, alongside with the parent triphenylmethanol and
triphenylmethylamine, was investigated for selective interactions with crown ethers of different
dimenstonality (12-18-membered cycles). The molecule of 12-crown-4 (12C4) appeared to be the best
candidate for PhaCOH, Pha,CNH; and Ph,CNH, - NCS, while (HNSOPh)Ph,COH forms the
complex exclustvely with 18-crown-6 (I8C6). The triphenylammonia trifluoroacetate,

PhsCNHs- CF:COO, selectively forms the complex only with 2-methoxyethanol. The crystalline
products of the compositions (Ph;COH),-12C4, (PhyCNH,),- 12C4, (PhyCNH 3 -NCS)5-12C4,
(H.NSO,PI)Ph,COH], - [8C6 and PhyCNH ;- CF,C00 CH,OCH ,CH,OH were obtained and studied

by X-ray single crystal diffraction.

Introduction

Publication by Charles J. Pedersen of the synthesis of crown
ethers and their property to form host guest complexes with
cations and comparatively small neutral guest malecules™ has
inttiated the search and investipation of new, functionally
fsomarphous to aown ethers host molecules, ™! like oyclic
cryptands, calizarenes and calixcrowns, cyclodextrines,' and
acyclic molecules ke aromatic diols,® arylureas,"*" derivatives
of triphenylmethane (tritane)™ erc. The numerous studies
revealed the low selectivity of triphenylmethanol (tritanol,
PhyCOH) which binds in supramolecular complexes methanol,
acetone, dimethyl formamide, dimethylsulfoxide, 14-dioxane,
morpholine, piperidine, N-methvlpiperazine, phenoxine™'?
tetrahydrafurane.*® Triphenylsftanc] PhaSiOH, the precise
analogue of triphenylmethanol, in 1ts turn forms stable adducts
with dimethylsulfoxide and I 4-dioxane due to O H---O and
C H--mlarend) interactions.'™® Similarly, triphenylmethana-
minium chloride forms an inclusion compound with acetone.®
Now we are witnesses to the growing numbers of successful
application of bulky host molecules. Thus, using excellent
inclusion properties of bulky bisphenols Cséregh and
co-workers® have stabilized carboxylic acid and ester molecules
in a monomeric state for spectroscopic investigation. The recent
research of Tohnat et af® has demonstrated the triphenyme-
thylamine ability for an efficient and robust fabrication of [4 + 4]

=Institute of Applied Physics Academy of Seiences of Moldova, Acadentiet
ste, 5, MD-2028 Chisinaw, R Moldova E-mail fonari xvay@phys asm
md; Fax: +373 22 72 58 §7; Tel. +373 22 73 §1 54

*Department of Chemisiry Tambkang University, 151 Ying-Chuan Road,
Tamsui, Taipei 25137, Taiwan (ROC). E-mail: wiw@mail. tow edu. tw;
Fax: +886-2-2620-8924; Tel: +886-2-26215656(2530)

“Odessa State Envirommental University, Ministry of Edueation and
Sciences of Ukraine, Lvovskaya sir. 15, Odessa, 65016, Ukraine. E-mail:
edyanini@yahoo.com; Tel: +38-048-7852711

t CCDC reference numbers 690773690777, For erystallographic data in
CIF or other electronic format see DOL : 10.1038/b810076d

fon-pair clusters consisting of a wide range of sulfonic acids with
an emphasis on the efficiency of the combination of sterically
hindered triphenylmethylamine and sulfonate ions (comple-
mentarity in hydrogen bonding, steric effects of the substituents,
acidity of the sulfonic acids). In 1998 Hayashi et 2l * showed on
fluorosubstituted triphenylmethanol derivatives that the C H--
F(-C) interactions control the packing motif as well as the
thermal stability of the crystal, in contimuation in the hot Crys-
tEngConun article Schollmeyer et @2 demonstrated that the
trityl alcohols bearing three bromine or three odine atoms at the
parg-positions of the aromatic units, as well as the fluorosub-
stituted derfvatives of triphenylmethanol may be a very useful
platform for analysing OH---m and halogen 7 interactions as
driving forces in crystal packing.

Surprisingly, apart from the two known examples of
Ph,SI0H* and PhyCSH* melusion by 12-crown-4 (12C4), no
systematic study of crown inclusion into the network of these
bulky molecules has been carried out so far. This has motivated
us to synthesize and study by X-ray diffraction the crystalline
inclusion complexes of tritane derivatives with crown ethers of
different dimensionality with an emphasis on the selectivity of
interactions in these binary systems.

Experimental
Preparation of the crystalline inclusion compounds

[t has been siated taat spontanesis evsporation of solvents from
the mixture of coronands I-11 with triphenylmethanol (IVa),
1.1,I-triphenylmethanamine (IVh) and I,1,1-triphenylmethana-
mintum thiocyanate (IVe) results in the crystalline molecular
complexes of compositions (IVa)eI (complex VI), (IVh).I
(complex VIL), (IVe)o I (complex VII), respectively (Scheme 1)

The precipitation of VI from methanol solution indicates its
higher stability in comparison with the triphenylmethanol
complex with methanal®** The mcorporation of the H-donor
sulfamide group in the phenyl ring of IVa molecule yielding the
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Scheme 1 Formulae of the substances used.

3-[hydroxy(diphenyl)methyllbenzenesulfonamide V drastically
changes the mode of intermolecular recognition and results in the
extraction of the largest 18C6 from the reaction mixture of I, IT,
I with the formation of the crystalline molecular complex of the
composition (V). III (complex IX). In previously reported
studies no selectivity in the interaction of neutral molecules with
the titled crown ethers was registered.* Moreover, the bulky
di(benzenesulfonyl)amine HN(SO,C:Hs), vields crystalline
molecular complexes both with I and II1.*"** The replacement
of the thiocyanate anion (IVe) by trifluoroacetate (IVd)
dramatically changes the complexation process. From the
methanolic mixture of I, I, I, compound IVd is reverted in an
invariable form, while from the solution IVd-I-methanol-2-
methoxyethanol the crystalline complex of triphenylmethana-
miniwm trifluoroacetate with 2-methoxyethanol (compound X) is
precipitated selectively. Thus, herein for the first time the selec-
tive interaction of bulky triphenylmethane derivatives with
crown ethers is described with an emphasis on the possibility of
crown ethers’ separation® similar to the procedure described
earlier.*=**

The initial chemicals were used as received from Aldrich
without further purification. The 'H NMR spectra were recorded
with a Bruker AC 300 instrument at 300 MHz using tetrame-
thylsilane as an internal reference. Thin-layer chromatography
was conducted on Silufol plates with 1 : 8 methanol—chloroform
as eluent and ninhydrin as developer. The crown ethers appeared
as gray spots against a pink background.

Compound V, 3-[hydroxy(diphenyl)methyl]benzenesulfona-
mide: a mixture of 1,1’,1"-(chloromethanetrivl)tribenzene (2.788
g, 10 mmel) and chlorosulfonic acid (2.35 g, 20 mmol) was heated
for 8 h at 150 °C and then cooled and poured onto 50 g of ice.
The crystals were separated, placed into 40 ml of 25% aqueous
ammonia, and heated with stirring for 12 h. The crystals that
formed at 20 °C were washed with water, dried in air, and
recrystallized from acetone-hexane (1:1). Yield: 1.80 g (53%),
mp 188-190 °C, found, ¥ C 67.21; H 5.09; N 4.19; S 9.55,
required for C1oHyj7;NO5S: C 67.24; H 5.05; N 4.13; S 9.45. 'H
NMR (CDCls), 6, ppm: 7.27m, 7.44m (1411, CH).

Compound VI, triphenylmethanol-1.4,7,10-tetraoxacycl-
ododecane, 2 : 1 : triphenylmethanol (260 mg, | mmol) and
a mixture of 1,4,7 10-tetraoxacyclododecane (176 mg, 1 mmol),
1,4,7,10,13-pentaoxacyclopentadecane (220 mg, 1 mmol) and
1,4,7,10,13,16-hexaoxacyclooctadecane (264 mg, 1 mmol) were
dissolved in methanol (10 ml) The colorless, transparent crystals
were obtained by slow evaporation of solvents at room temper-
ature for several days. Yield: 593 mg (85%), mp 147-148 °C,
found, %: C 79.28; H 6.94, required for CseH450q: C 79.33; II
6.90. "TH NMR (CDCls), 3, ppm: 1.62 (s 2H, OH), 3.70 (s, 16H,
CH,), 7.24-7.35 (m, 30H, CH).

Compound VII, 1,1 1-triphenylmethanamine-1,4,7,10-tet-
raoxacyclododecane, 2:1:1,1,1-triphenylmethanamine (259
mg, 1 mmol) and a mixture of 1,4,7,10-tetraoxacyclododecane
(176 mg, 1 mmol), 1,4,7,10,13-pentaoxacyclopentadecane (220
mg, 1 mmol) and 1,4,7,10,13,16-hesaoxacvclooctadecans (264
mg, 1 mmol) were dissolved in a mixture of benzene/diethyl ether
(1 : 2, 5 ml). The colorless, transparent crystals were obtained by
slow evaporation of solvents at room temperature for several
days. Yield: 495 mg (71%), mp 94-95 °C, found, %: C 79.51; II
7.25; N 4.03, required for CagHsoN2O4: C 79.53; H 7.24; N 4.05.
"H NMR (CDCL), 3, ppm: 1.86 (s, 4H, NH), 3.70 (s, 16H, CH,),
7.20-7.32 (m, 30H, CH).

Compound VIII, triphenylmethanaminium thiocyanate—1.4,7,
10-tetraoxacyclododecane, 2 :1: triphenyhnethanaminium
thiocyanate (318 mg, | mmol) and a mixture of 1,4,7,10-tet-
raoxacyclododecane (176 mg, 1 mmol), 1,4,7,10,13-pentaox-
acyclopentadecane (220 mg, 1 mmol) and 1,4,7,10,13,16-hexaox-
acyclooctadecane (264 mg, 1 mmol) were dissolved in methanol
(15ml). The colorless, transparent crystals were obtained by slow
evaporation of solvents at room temperature for several days.
Yield: 650 mg (80%), mp 170-172 °C, found, %: C 70.85; H 6.48;
N 693; S 7.89, required for C.sHsxN4045,: C 70.90; H 6.45;
N 6.89; § 7.93. 'H NMR (CDCl3), 8, ppm: 3.70 (s, 16H, CH,),
7.09-7.45 (m, 30H, CH).

Compound IX, 3-[hydroxy(diphenyl)methyl]benz-
enesulfonamide—1,4,7,10,13,16-hexacxacycioastadecane, 20 1 : 3-
[hydroxy(dipheny)methyllbenzenesulfonamide (340 mg, 1 mmol)
and a mixture of 1,4,7,10-tetraoxacyclododecane (176 mg, 1 mmol),
1,4,7,10,13-pentaoxacyclopentadecane (220 mg, 1 mmol) and
1,4,7,10,13,16-hexaoxacyclooctadecane (264 mg, 1 mmol) were
dissolved in a mixture of acetone/hexane (1:1, 15 ml). The
colorless, transparent crystals were obtained by slow evaporation
of solvents at room temperature for several days. Yield: 835 mg
(98%), mp 174-176 °C, found, %: C 63.71; H6.24; N 2.99; § 6.85,
required for CsgHsgN01,8,: %: C 63.67, H 6.20; N 2.97; § 6.85.
'H NMR (CD;0D), 3, ppm: 3.62 (s, 24H, CH,), 7.27-7.44
(m, 28H, CH).

Compound X, triphenylmethanaminium trifluoroacetate—2-
methoxyethanol, 1:1: triphenylmethanaminium tri-
fluoroacetate (373 mg, 1 mmol) (373 mg, | mmol)) and
1,4,7,10-tetraoxacyclododecane (1 76 mg, 1 mmol) were dissolved
in a mixture of methanol/2-methoxyethanol (1 : 1, 10 ml). The
colorless, transparent crystals were obtained by slow evaporation
of solvents at room temperature for several days. Yield: 380 mg
(85%), mp 155-156 °C, found, %: C 64.13; H 5.80; N 3.19; F
12.64, required for CoaHpeF3NOy: %: C 64.18; H 5.83: N 3.12: F
12.68. "HH NMR (DMSO0), 3, ppm: 2.49 (s, 3H, CHs), 3.49 (s, 4H,
CH,), 7.05-7.44 (m, 30H, CH).
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Crystallographic studies

The X-ray intensity data for VI-X were recorded at room
temperature on a Bruker SMART 100 OCD area detector
diffractometer employing graphir: natized Mo Ka
radiation (A = 0.71073 13;) in ¢ and @ scan mode. Final untt cell
dimensions and positional data were obtamed and refined on an
entire data set. Integration and scaling resulted in a data set
corrected for Lorentz and polarization effects using DENZO.**
The scaling as well as gobal refinement of the crystal parame-
ters were performed by SCALEPACK.*® The absorption
correction for VI, VIIL, IX was applied usmg SADABS.* The
structure solution and refinement proceeded similarly using
SHELX-97 program package®® for all structures. Direct
methods yielded all non-hydrogen atoms of the asymmetric
untt. Some disorder was found in IX and X: m IX the O6 and
C24 atoms of the macrocyclic ring are disordered over two
positions with partial occupancies of 0.90(1) and 0.10¢1), and
only the major component was refined i an anisotropic
approximation. [n X the triflate anion, CF,COO~ and
2-methoxyethanol molecule were modeled in such a way that
anfonic F and O atoms and CHy O CH, CH,— fragment of
the 2-methoxyethanol molecule were disordered over two
positions with partial occupancies of 0.58(1) and 0.42(1),
respectively; both positions were refined in an anisotropic
approximation. [n all structures C bound H atoms were placed
in caleulated positions and were treated using a riding-model
approximation, with Upeo(H) = 1.2Ugq(C). The O- and N-bound
H-atoms were determined from a difference Fouwrler map and
were  then  allowed to  refine  isotropically  with
Uieo(H) = 1.5T,4(O,N). DFGIX restraints were applied to the
N H distances (¢ = 0.86 A) m VII and VI Crystal data
together with further details of data collections and refinement
calculations are given in Table 1. CCDC reference numbers
690773 690777,

Table 1 Summary of the crystal data of the five studied compounds, VI-X,

Results and discussion

Crystallographic description of the complexes

Compaounds ¥ and VI orysialhze o the same triclinic space
group PI and have close untt cell dimensions, as 1s evident from
Table 1. For both compounds the asymmetric unit comprises one
half of the 12C4 molecule that resides on an nversion center and
one PhyCOH or PhyCNH; molecule in general position (Fig. I).
The geometry of the Ph,COH (PhyCNH,) and 12C4 molecules 1s
in agreement with the literature data ****** The components
are associated in the 1: 2 molecular complexes va two single
OH---O (NH---0) hydrogen bonds (Table 2).

The crystal packing in VI and VII is dictated by the combi-
nation of conventional OH---O (NH---O) hydrogen bonds that
combine the molecules in the I : 2 complex, weak CH{arene)---
Of(crown) mteractions that combine the complexes in the tape
with the hydrophobic exterior formed by the phenyl rings
(Fig. 2), and the concerted sextuple phenyl embrace (SPE)F*
between the PhyCOH (PhsCNH,) molecules in the neighboring
tapes. Four host molecules surronnd each 12C4 molecule in the
tape. The packing in VII is characterized by slightly increased
distances analogous to those shown in Fig. 2a for VI with the
second hydrogen of the amino group being free of any involve-
ment n hydrogen bonding (very similar to the pure phase of
PhyCNH,).Y

This ordering function of 12C4 molecule in VI and VIO is
looking very amazing in confrontation with the relative although
rather restrictive examples available in CSD:* thus, inclusion of
a dioxane molecule in the network of sostructural PhaCOH?* or
Ph.SIOHY molecules results in the [ @ 1 adduct in the first case
and 1: 2 adduct in the second one with pronounced changes in
the crystal packing, although both compounds crystallize in the
same triclinic crystal system. On the other hand, the same hosts
yield the fsostructural 2 : I aggregates with dimethylsulfoxide,
both being crystallized in the same CXe¢ space group with close

and structure refinement parameters

Compound VI v YIII X X
Composition 2C9Hy4 2CeHyy 2CyaHyg 2CH,, CiaHyg
G CgH 04 N CeH,504 N-NCS} CHy4Cy NGC;8 CiH404 N-C;F50; CH0,

CCDC number 690773 690777 690776 690775 690774
Formula weight 696.84 694.88 813.06 943.10 448,46
Crystal system Triclinic Triclinic Monoclinic Triclinie Moneclinic
Space group Fl Fl P2i/e Pl e
a A 8.3614(7} B.A675(8} 14.7301(15} 8.4707(6) 17.069(4}
LNEY 10.4963(9} 10.2973(13} 16.1984(16} 12.4699(9) 10.694(3}
eiA 11.710(1} 11.943(2} 9.729(1} 12.8600(9) 26.520(7}
al® 82.114(2} 84.058(5} 90.0 115.372(1} 20.0
B 86.716(2} 88.008(12} 103.97(2} 97.929(1) 107.367(5}
Lol 66.740(2} 67.966(8) %0.0 89.540(1} 90.0
VIA? 935.25(14) 960.1(2) 2252.7(4} 1176.63(14) 4620(2)
z 1 1 2 1 8
D, /Mgm ? 1.237 1.202 1.199 1.331 1.292
u(MeKelmm ! 0.081 0.076 0.165 0.179 0.103
F000} 372 372 864 500 1888
Reflections collected / 5310/ 3605 3625 43373 12820/ 4413 6829 /4541 12877 | 4554

unique [Reint} = 0.020] [Rent} = 0.026) [R(int} = 0.043) [Riint} = 0.015) [R(int} = 0.024]
Reflections with I>2c(J) 2978 2622 1462 3154 3066
Goodness-of-fit L.060 1.042 0.831 0.925 1.011
R, wR [I=2e(1)) 0.048, 0.138 0.041, 0.111 0.054, 0.117 0.039, 0.096 0.043, 0.121
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ORTEP drawing (a) for V1, (b) for VI with a partial numbering

scheme Thermal ellipsoids are drawn at 50% probability levet

Table 2 Hydrogen bond distances (A) and angles (*) for VI-X

unit cell dimensions.'>'” Ferguson and co-workers™ analysing
the series of the group 14 PhxMOH molecules (M = C, Si, Ge,
Sn. Pb) revealed for them different crystal packing motifs: the C-,
Si- and Ge-""*' derivatives represent hydrogen-bonded tetramers
with the O-atoms in a flatten tetrahedral arrangement, while Sn-
and Pb-containing motecules have structures consisting of zigzag
chains of planar PhyM (M = Sn, Pb) groups joined by OH
groups giving trigonal bipyramidal geometry at M *? whilst in
PhsCSH,* a precise analogue of PhaCOH as well as in
PhCNH,,¥ being isoelectronic with PhyCOH, there are no
intermolecular hydrogen bonding despite the availability of
potential H-donors (SH, NH, groups) and H-acceptors
(S, N-lone pair), and the structures consist of isolated molecules
with no indication that the H-atoms take part in any hydrogen
bonding. Concluding this section, the row of the relative crown-
containing binary systemns {PhaCOH},.12C4 VD),
(Ph;CNH, ). 12C4 (VI (present work), (Ph3SiOH),.12C4 2* and
(Ph;CSH);. 12C4% represents the isomorphous aggregates with
close unit cell dimensions and a common structural motif. Tt
permits to conclude the ordering and leveling function of the
12C4 molecule upon its inclusion.

The view of complex VIII is shown in Fig. 3. The ternary salt-
like adduct VHI crystallizes in the centrosymmetric space group
P2fc and, similar to V1 and V11, the 12C4 molecule resides on an
inversion center. The components in the crystal are held together
via the diverse system of charge-assisted hydrogen bonds. NH" -+
Ofcrown), NH™---N"(NCS™) and NH'---S7(NCS7) (Fig. 3,
Tabk 2).

The tetrahedral ammonia group provides one hydrogen for the
NH*--O interaction with a crown molecuke and two hvdrogens
for interionic NH*---N-(NCS-) and NH"---8{NCS") interac-
tions with two inversion-related NCS™ anions. Just as in the two

Symmetry transfomation

D H-A &D H) &H--A) AD-A) Z (DHA) for acceptor
vl

O(3) HB3A) -O(1) 0.89(2) 1.94(2) 2.814(2) 16%2) xpz
C(19)-H{19A)--O(2) 093 261 3.380(2) 141 Xy z
C(8)-H(8A)- -O{2) 093 2.59 3.482(2) 162 xy-lz
VI

N(1) H(IN}-0{1) 0.89(2) 2.2%2) 3.087(2) 168(2) X vz
C(19)-H{19A)--O(2) 093 2.66 3.426(2) 140 xyz
C(8)-H(8A)--O{2) 093 265 3.493(2) 152 xy-1lz
Vi

N(1) HZN)---O(1) 0.8%(2) 1922 2.790(3) 166(3) Xy z

N(1) HANj---N(@2» 0.90(2) 2.01(2) 2.892(4) 166(3) Xy z

N(1) H(IN)--8(1) 0.90(2) 2.352) 3.246(3) 170(3) —x+ 1 —p+2 —z+l
X

O(3) H(10)---Q(D 0.77(2) 2.16(2) 2.917(2) 16%(2) X, -y z
N(1) H(INp-O%) 0.82(2) 23N 3.029(2) 138(2) xy—-1lz
N(1) H(IN)--0{6) 0.32(2) 2.51(2) 3.086(2) 129(2) xy—1z
N(1) H2Ny-04) 0.838(2) 2.252) 3.0132) 1452 X, -y z
N(1) HENY---O(5) 0.88(2) 24U 3135(2) 140(2) X -y z
X

NI H(IN)--0h 0.94(2) 1.95(2) 2.877(5) 174(2) X ¥z

N1 HN)---0O(1) 0.94(2) 1.98(2) 2.886(6) 162(2) X p =

NI H{IN}-O(2) 0.93(2) 1.93(2) 2.862(2) 177(2) Xy -+ W2
N1 H(3N)---0(3) 0.95(2) 1.80(2) 275211y 179(2) X ¥z

N1 H@GN)--0(3} 0.952) 1.82(D) 2.766(14) 174(2) Xy z

42) H(2B) -O(4) 0.95(2) 1.71(3) 2.658(10) 173(2) X, ¢z

o2y HIB)- 08" 095(2) 1.69(3) 2.640(10) 1712 vz
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()

Fig. 2 Crystal packing for VI and VII, {a) fragment of tape in VI with
the shortest C H---O distances shown by dashed lines, {b) fragments of
adjacent tapes with SPE betwesn two PhyCOH moleculss, (¢) fragment of
tape in VI with the shoriest N H---O and C H--- O distances shown by
dashed lines.

previous structures, these concerted interactions combine the
components in the tape propagated along the ¢ axis in the crystal
(Fig. 4). The neighboring tapes are packed in an antiparallel

Fig. 3 ORTYEP drawing for VIIl with a partial numbering scheme.
Thermal ellipsotds are drawn at 50% probability level.

Fig. 4 Fragment of tape in VIIL

arrangement to maximize the SPE. The crystal architecture of
VIII is very close to structure organization in tritylammonium
chloride 1.4-dioxane solvate, PhyCNH,CL(CH,CH,0), (YAG-
SIJ refcode in CSD)**

As was stressed above, incorporation of the amidosulfoxide
group iato the phenyl ring of IVa results in competition between
the two donor groups (SO,NH.» and OH) of V for the crown'’s
oxygens and following the Etter’s rule* in a preferable interac-
tion of the stronger H-donor, 8O.NH; group with the macro-
cyclic oxygens vie two bifurcated NH---O hydrogen bonds with
the formation of 1 : 2 molecular complex IX (Fig. 5, Table 2). IX
crystallizes in triclinic space group Pl where the 18Cé molecule
resides on an inversion center. The hydroxyl group seeking for
the next H-acceptor is respoasible for the association of these
complexes into tapes via OH:--O(80,) hydrogen bonds (Fig. 6,
Table 2). Similar to the previous examples, the tape in IX is
characterized by the hydrophilic interior saturated by hydrogen
bonds and two external hydrophobic sides formed by the phenyt
rings. Compound IX represents the first known example of the
inctusion of spacious 18C6 molecule in the lattice of triphe-
nylmethanol derivative. The common feature of the crystal
packing for VI-IX is a ribbon motif with crown inclusion within
the ribbon and the SPE formulated between the neighboring
ribbons.

Compound X of the 1 : 1 : 1 stoichiometry is formed as a result
of the interaction of IVd with a linear 2-methoxyetanol molecule.
X erystallizes in monoclinic space group C2/c. The content of the
asymmetric unit is shown in Fig. 7. Similar to VIIL it is a ternary
complex where two hydrogens of the same ammonia group are
involved in the NH*---O(COO~") and NH*---O(2-methox-
yethanol) contacts (Table 2). Furthermore, inside the complex
the terminal hydroxyl group of the 2-methoxyethanol molecule
participates in OH---O~(COO™) interaction with the second
carboxyl oxygen. These three hydrogen bonds close the eleven-
membered ring, Ri(11) using a graph set notation.**

Contrary to VIII where each ammonia group interacts with
two anions and one neutral crown mokecule, in X the third
ammonia hydrogen is involved into NH*---O interaction with the
second 2-methoxyethanol molecule related by the two-fold axis
with the basic one. These concerted interactions combine two
complexes into a six-membered calix-like capsule stabilized by
8 charge-assisted hydrogen bonds within the hydrophilic core
that is covered by the hydrophobic exterior formed by six phenyl
rings of two tritylammonia cations and two terminal methyl
groups of 2-methoxyethanol mokcules (Fig. 8). The CH---F
interactions?>*24 between triffate anion and 2-methoxyethanol
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Fig. 5 ORTEP drawmg for IX with a partial numbermg scheme Thermal etlipsoids are drawn at 50% probabulity level.

(b)

Fig. 6 Packing diagram for IX (a), fragment of tape (b), fragments of
adjacent tapes with SPE between two V molecules.

Fig. 7 ORTEP dmwing for X with the partial numbering scheme.
Thermal ellipsoids are drawn at 50% probability level.

molecule are responsible for the association of the 6-membered
globules into tape running along the & direction in the crystal.
Thus, the present study amplifies the scanty family of tryti-
lammonia salts by two novel representatives. Contrary to the
trytile sulfonates studied so far?' all of which represent binary
adducts and formulate the well-defined [4 + 4] ion-pair clusters,
VIII and X alongside the tritylammonium chloride acetone and
tritylammonium chloride dioxane solvates [19.44] belong to the
ternary compounds with the inclusion of the different O-con-
taining neutral molecules (acetone, dioxane, 12C4, 2-methoxy-
ethanoly in the ionic crystal lattice of the parent salt. The size and
topology of these guests appear to be crucial for the final
aggregates: linear acetone and 2-methoxyethanol molecules
facilitate the formation of the isolated 6-membered clusters while
the cyclic double-face 1,4-dioxane and 12C4 molecules provide
extended 1I> structures. In any closest environment [three
anions? two anions and one neutral molecule’* or one anion
and two neutral molecules (present work)] all three ammonium
hydrogens are involved in the hydrogen bonding system.

Conclusions

For the first time the approaches of supramolecular chemistry
were used 1o estimate the preferable in size crown ethers (in the
order of 12-18-membered CEs) for interaction with triphenyl-
methane derivatives. The 12C4 molecule has proven to be the
best candidate as it is selectively included in the crystal lattice of
neutral Ph;yCOH and Ph;CNH; in the 1 : 2 ratio and in the ionic
network of PhsCNH;NCS in the 1 : 1 : | ratio. Contrary to the
pure forms of Ph;COH, PhsSiOH, Ph;CSH. and Ph,CNH,
which differ essentially by the crystal packing, the corresponding
binary aggregates with 12C4 appear to be isomorphous and
ordered with each macrocyclic molecule entrapping by four
bulky host molecules. The functionalization of one of the phenyl
rings in the Phy,COH molecule by the H,NSO.-group provides its
involvement in the interaction with 18C6 in a traditional manner
and excludes the hydroxyl group from the host-guest interac-
tions. The supramolecular architecture of the studied trity-
lammonium salts is dictated by the concerted effect of the
topology of the anion and the included neutral molecule, being
1D structure for Ph;CNH;-NCS assimilating eyclic 12C4
molecule and the isolated six-membered capsule upon inchision
of linear 2-methoxyethanol molecules in the ionic lattice of
PhyNH;3-CF,CQO. In all cases the common packing motif
maximizes the SPE arrangement of the host molecules.

This journal is © The Royal Society of Chemistry 2009
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Fig.B Packing diagram for X' (a) network of hydrogen bonds shown by dashed lines within the six-membered cluster, {b) space-fillmg representation of
the cluster, (¢) column of clusters sustained by CH---F interactions, {d) the SPE between adjacent clusters.
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aminopyridine, and 2,6-diaminopyridine) and (LH),[SiFs]-H:0 (III, L = 4-aminopyridine ) were separated
as crystalline products of interaction of fluorosilicic acid with relevant aminopyridines. The compounds
were characterized by IR, mass-spectrometry, potentiometry, solubility data, and in the case of I and IV
by X-ray crystallography. The relationship between the salts structure and some physical properties is

© 2009 Elsevier BV. All rights reserved.

1. Introduction

Anion co-ordination or recognition is an area that has been
receiving increased attention in the past two decades [1,2] with
particular emphasis on the thermodynamics of interactions
between the anions and a wide variety of synthetic hosts where
pre-organization and cooperative effects are of a crucial impor-
tance [3]. Contrary to the “classic” complexes of transition metals
generated due to coordinative covalent bonds the coordination
chemistry of anions [4] is based on interionic H-bonds with
synthetic organic receptors. The wide range of recently developed
anion receptors include amides and thicamides, pyrroles and
indoles, ureas and thioureas, ammonium, guanidinium, imidazo-
lium, as well as the receptors with hydroxyl groups [5.6].
Apparently, H-bonds should definitely influence on the geometry
of anion (in the case of complex anion) and on physicochemical
properties of complex in a whole; moreover, the effects of H-bonds

* Corresponding author. Tel.: +373 22 73 81 54. fax: +373 2272 58 87.
E-mail add : et (V.0. Gelmboldt), i@y .com
(E.V. Ganin) fonari xray@phys asm.md, fonar xray@gmail.com (M.S. Fonari),
ivanov yu@ukr.net (Y.Ed. Ivanaov), botoshan@tx. technien.ac.il (M.M. Botashansky).

0022-1139/(5 - see front matter © 2009 Elsevier BV. All nghts reserved.
doi: 10.1016/j jfluchem. 2009.01.007

have appeared to be decisive in synthetic chemistry, for example,
for the stabilization of the poor stable anions of the type [H,_;F,]~
(n=3-5)[7-9], [SiF5(H>0)] [10] and [GeFs(H20)]~ [11]. The high
H-acceptor affinity of fluoride-anion [12], which is substantially
preserved also by a covalently bound fluorine in complex fluoro-
containing anions such as [SiFs]°~ [13], makes “onium” hexa-
fluorosilicates attractive models to clarify the features that
influence on the interionic H-bonds and on the structural
properties of the complexes. For the naked halides the host
containing NH moieties has been known as good binding agent and
as Mascal has underlined [14] the most effective H-bond donor is
the [N-H]" functionality that promotes interactions with halides
through a combination of electrostatic interactions and hydrogen
bonding. Earlier we have demonstrated the ways of binding of
[SiFs])? - anions by protonated aza-macrocycles [ 10] as well as by
aromatic molecules, derivatives of benzoic or pyridinecarbonic
acids [ 15,16]. The present communication continues the previous
investigations and is devoted to the study of relationship between
the composition and some properties of aminopyridinium hexa-
fluorosilicates. Both 2-aminopyridine and 2,6-diaminopyridine are
very popular co-crystal formers in supramolecular chemistry of
anions [ 17,18]. In contrast to para-aminopyridine, it is found that
ortho-aminopyridines (2-aminopyridine and 2.6-diaminopyridine)
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suppart bent pathways of supramolecular assembly through H-
bond formation as the amino and pyridinium groups together form
a kind of “angle joint™ {17} and serve as an efficient mcdecular
tecton for the intermolecular assembly supported by hwdrogen
banding and in some cases can lead to nencentric cecrystalling
slts.

The crys tal structures of hexaflworasilicate salts presented herein
demonstrate the influence of subtic modification of the cation that
imduces distinctive lattice structure formation. The preparation,
spectral data and solubility data for four aminopyridiniem
Bexafluoresdicatas (LHR[SiFe) (L K, IV, L« 2-aminopyridine, 3-
aminopyridine, and 2.6-diaminopyridine) amd (LH}{$iFs]-H.0 (I,

atem is clearly revealed by the widenad C-N-C bond angle in the
aromatic ring (Table 2). In 1 two donor centers of 2-amunopyr-
dintum cation act in a chelate mode resulting i a don-planat
R,}(8) hydrogen-bonding ring [19} with the Owisted angle
between the planes of equatorial fluonme atoms (F1 and F2) and
planar HIN-N1-C4-N2-H2N2 fragrment of the arematic cation
equal to 28.4% In IV the H-donor area of the catiom ennched by the
additional amindgroup provides the sét of four short NH..F
contacts (fwo single and one bifurcated H-bonds) that formulate
three shared H-bonded rings, R} (6), B (4). R} (6} sequence (n graph
sct notation The twisted angle between two six-membered H-
bonded rings is equal to 153,

The second hydrogen atom of amino-group in I 15 involved 1n
bufurcated NH.. .F hydrogen bending with apical F3 and equatonai
£1 atoms of the anion. Thus, each [$iFs]*~ anien in the crystal is

Tabde 3
Ceometry of hydiozen bonds foc I and IV
O---A a0 WA diM---AYA AD-- AR LIOHA) Syrmemery tansfmmation k¢ accepor
]

HI1-HEN) 43 0BN3) 183 2.7003) 33) F PR TE R RS |

N[2)-8( N2} K] 0.B(3) 2.004) 2.8561(3) 163(3) x vz Y2

NIZJ-SNZ) A1) OBd) 2493 3.163(3) 633) oy W2

NIZ)-#H(IN2)-H2) QE2(4) 2.0%04) 1.B46(4) 164(3) Ry i
w

N[1J-HINT) RN 087(3) 19%(3) 2.780(3) w2 yz

(1) ANY) (1) aK(3) 283(3) 3382(3) waz) nyr

WI2)-H(INZ) R 0B 1983 2.R35(3) 124(3) ny*hz

R{2]-9M2N2) -3 amM(d) 207(3) 1883(3) 3] ARz

HW[3-M(VN3) R O.RA(3) 225(3) 3.0263) 1713 Ayt

NI3J-N2N3) (2 oB(3) 0(3) 79%813) 733) ryzel
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Fig. 1. ORTEP drawing for 1 (a) and IV (b) showing

xR
&
0

Flg. 2. Fragment of the layes in I(a) and IV (b). Axes: a - red. b - green, ¢ - blue C-
bound H-atoms are omitted for clarity

igen bonding. Only unit is

surrounded by four cations (Fig. 2a) being involved in eight
hydrogen bonds, each cation bridging two [SiFs]*~ anions. In IV
due to the second amino-group we observe the more extended
system of hydrogen bonding where each [SiFg]’~ anion is
surrounded by six cations being involved in 14 hydrogen bonds,
each cation being bound with 3 closest anions (Fig. 2b). In both
cases these concerted hydrogen-bonding interactions majority of
which include the equatonial (F1 and F2) fluorine atoms join the
charged species into two-dimensional layers which develop in the
be plane.

In both structures all fluorine atoms are involved in the
hydrogen-bonding system. The structures exhibit the same effect
marked earlier: the longest Si-F bond length corresponds to the
shortest hydrogen bond and vice versa. Following [20] in spite of
distribution in Si-F distances we do not observe the pronounced
distortion in F-Si-F angles which remain close to the right and
open values. Packing of the layers in I and IV also demonstrates
the common features: the -1 stacking interactions between
the cationic units is observed both within and between the
layers. Fig. 3 shows the packing of the layers and distances
between the centroids of the overlapping pyridinium rings,
which are in an agreement with the values typical for w-
stacking interactions.

The IR data for I-IV are summarized in Table 4. The protonation
of the heterocyclic nitrogen atom of aminopyridines proved by X-
ray data in the case of complexes I and IV, is concerted with the IR
data, in particular, with high-frequency shift of the bands {(CC),
VCN) (Vung) and pulsating vibrations of a cycle (vpws) in
comparison with positions of these bands in the spectra of initial
ligands [21]. The spectra I-IV in the region 800-650 cm~' are
complicated by superposition of vibration bands of cations and
V{(SiF) vibrations of [SiFs]’~ anion, that impedes the assignment of
the last ones. The §(SiF;) vibrations in a disclosed area of spectra
are registered by a band of an average intensity and a shoulder at
470 + 5 an™! for I, by two shoulders for Il and IV, and by a doublet
band at 450 and 475 cm™" for II. The multiple character of §(SiFs)
vibrations indicates the decrease of symmetry of [SiFg}*~ anion with
regard to Oy, and is concerted with the X-ray data.

Table 5 summarises the solubility data and pH values for 0.001 M
solutions of I-IV in c ison with other hexafluorosilicates of
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Fig. 3. Packing of the layers in 1 (a) and IV (b) View along b axis. Axes: a - red, ¢ - blue. C-bound H-atoms are omitted for clarity.

functionalized pyridinium cations. As it has been previously noted
[16]. the tendencies in change of solubility of pyndinium
hexafluorosilicates cannot be interpreted within the Davies's
group numbers conception [25] that operates by characteristics
of the hydrophilic-lipophilic balance {HLB) of compounds (in
our case of pyridinium cations). In particular, a transition from
[HO(O)CCsH{NH]5[SiF5] to [(HOOC),CsH3NH|4[SiFg] should be
accompanied by increase in solubility due to increase of the number
of hydrophilic carboxylic groups in the final salt. The opposite effect

(Table 5)is actually observed. The similar situation is also observed
for compounds [HoNCsHyNH|,[ SiFg] and [{H,N ).CsH3NH] [ SiFg ). At
the same time attention has been drawn [16] to a relationship
between the solubility of pyridinium hexafluorosilicates and a
number of interionic H-bonds in the salt structure: the propagation
of a number of short interionic contacts of a XH F (X =N, O) type
is accompanied, as a rule, by a diminution of solubility of
relevant hexafluorosilicates. To estimate the effects of interionic
H-bonds on the solubility of salts we have suggested utilizing the

Table 4

IR spectral data (cm '} for hexatluorosilicates 1-1V.

Complex WN"H), Y NH;), {OH) V(CC). WCN), S(N"H) &(NH;) &H,0) Vs VSIF), N"H), & CCH) B(CNC), y(HO) &SiFa)

) 3370m 1655 m. 1000 m. 770 sh. 470 m
3340m 1620 s 745 vs.br. 425 sh.
3190 m br. 1565 m.
3080 sh. 1500s.

| 3370 m.br. 1640 m. 1015 m, 740 vs.br. 475 m
3190 m.br. 1590 5. 450 m
3060 m. 1500s.

a 3400 sh. 1650 m. 1010 m. 765 sh. 490 sh.
3380 m. 1635 m. 740 vs. 475 m
3305 m. 1620 s. 670 sh. 425 sh.
3220m. 1560 s.
3130m 1505 s
3080 sh.

v 3375 mbr. 1630 v.s. 1010 m. 750 v.5.br. 465 m.
3315 mbr. 1550 sh. 440 sh.
3070 sh, 15005s. 420 sh.

Note: w = weak, m = medium, s = strong, v = very, sh = shoubder, br = broad.
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Table 5

Sotubility of pyridinium hexafluorosilicates in water and pH of salts solutions.

Compound Solubdlity/mal.%, 25 "C hA Y pH of 0.001 M sclutions Reference

[CsHsNHE{SiFc] 1960 - 3.20

[2-CHCsH NH}, (SiFel® 180 0.71 3.27 (20]

(2-HOLOXCsH NHE|SiF 5]t 5334 076 - 122)

(3-HO(O)XCCsHMNHE[SiFs 333 1.09 - {3

(4-HO(OXCsHNH][SIF5)° 0.80° 108 - 18}

[2,5-(HOOC)CsHzNH [ SiF 5] 0.07 - -

[2.6-(HOOC),CsH:NH.(5iFs] 002 - -

[2-H;NCsH,NH,{SiFe | 5.60 138 3.30

[3-H,NCsH NH}, [ Sif o} 186 - 335

[4-H:NCsH NH},{ SiF sJH:0 388 - 109

[2,6-(HoN)oCsH;NH(SiF 6] 0.06 235 333

[4-HsNHN(OYCCsH NHY[SiF [P 087 130 13 124}
“ Data [9].

® X-ray characterized compounds.

parameter h (Eq. (1)}:

n
heao AL, W
where n is a number of short interionic contacts (D.. A < 3.2 A,
strong and moderate H-bonds following the classification [13]),
d(D.. A).y. is an average donor-acceptor distance in the complex
structure. The calculated h values for the structurally characterized
compounds are given in Table 5, and the graphical dependence of
solubility values Cupon parameter h is given in Fig. 4. As it follows
from these data the propagation of h values, reflecting the
magnification of intensity of interionic H-interactions, results in
exponential diminution of solubility of the relevant hexafluor-
osilicates. The potentinmetric data given in Tahle 5, confirm the
repeatedly marked fact of hydrolytic instability of “ontam”
hexafluorosilicates. The pH values of solutions of pyridinium
hexafluorosilicates are close to the similar values for anilinium
hexafluorosilicates [ 26 ), however, against to anilinium analogs, for
pyridinium salts the relationship between the pH of salt solutions
and pK,; of the relevant pyridine ligands is not observed. The
aptitude of hydrolytic equilibrium expressed by Eq. (2) can be
promoted by a weakening of a number of Si-F bonds of |SiFg]*~
anions due to the participation of relevant fluoroligands in strong
interionic H-bonds.

{LH),[SiFs| + 2H,0 — 2LH* + Si0; + 2HF, + 2HF (2)

The known X-ray data, including presented herein, are adjusted
with such opportunity. Concluding, we should stress that the
interionic H-bonds in pyridinium hexafluorosilicates result in a
disproportionation of Si-F bond lengths of anion that is affected
on the salt properties. In particular, quite probable the relation-

144

€', mol. %

A

Fig. 4. Relationship between C and h vatues.

ship between the hydrolyticinstability of salts and weakening of a
part of Si-F bond lengths in the studied structures is demon-
strated. On the other hand, the effects of H-bonds essentially
influence the salt solubility: functionalization of pyridinium
cation by introduction of the H-donor groups allows directionally
varying (to decrease) a solubility of relevant hexafluorosilicates.
Thus the solubility values can serve as a simple test for a
qualitative estimation of a degree of interionic H-bonding in
pyridinium hexafluorosilicates.

3. Experimental

The IR-absorption spectra were recorded on a spectrophot-
ometer Specord 75IR (range 4000-400 cm~', samples as suspen-
sion in Nujol mulls between KRS-5 windows). 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 a solubility
and hydrolysis of hexafluorosilicates (t = 25 + 0.2 "C) were provided
with the help of an ultra thermostat U15.

pyridinium) hexafiuorosilicate (1)

3.1. Synthesis of bis(2

Pyridine-2-amine (0.084 g, 1 mmol} was dissolved in boiling
methanol (5 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 quantitative yield. Colorless transparent crystals of
the composition (L*H),SiFe (I) with m.p. > 240 °C (with decom-
position). Anal. found, %: Si 8.28, N 16.31, F 35.11. Calcd for
CyoH1.4F6N,Si, Si 8.45, N 16.86, F 34.30. Mass spectrum: [ML'|" (m/
z=94, [=100%), [ML'-HCN]* (m/z = 67, I =69%), SiFy" (m/z = 85,
I=11%).

3.2. Synthesis of bis(3-aminopyridinium) hexafluorosilicate (I}

Pyridine-3-amine (0.094 g, 1 mmol} was dissolved in boiling
methanol {5 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 quantitative yield. Colorless transparent crystals of
the composition (L>H),SiFs (II) with m.p. > 210 “C (with decom-
position). Anal. found, %: Si 8.16, N 17.02, F 34.57. Calcd for
CyoH 1 4F5N,Si, Si 8.45, N 16.86, F 34.30. Mass spectrum: [ML?]" (m/
z=94, [=100%), [ML?—HCN|* (mjz =67, I=31%), SiFs" {m/z = 85,
1=4%)
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31 Systhesit of bis{d-aminepyridinium ! Aexaftuorositionte
muiodydrace (18]

Pyridine-d-amine (0 g 1 mmal) was dissolved in baling
methanol (5 mL) and to the obtained solution the Auorosilicic acd
(FSA, 45%, 9 mL, maolar ratie 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 quantitative yield, Colorless transparent crystals of
the composition (L¥H)SiFgH0 (D) with m.p. > 210°C (with
decomposition). Anal. found, £: 5i8.02, M 15.71, F 33.10. Calad for
CioH, cFsM4DSi, S 802, N 15.99, F 3254, Mass spectrun: [ML)
[miz=94, [=100%), IML® HCN]® (mf7=67, J=37%), SiFy" (m)
zeB5, [ 7E)

3.4, Synthesis of bis( 2 6-dieminopyridinium} kexafluorosilicate (W)

Pyridine-2.6-diamine (D.10%g, 1 mmol) was dissolved in
boiling methano! (15ml) and ¢ the obtaned sclution the
Mucrosilicic acid (FSA. 45%. 8 mL molar ratio L%FSA = 1:3) was
afded A reaction mixture stored at arabient conditions pnor e the
beginning of crystallization of the reaction product, which was
chiained in an approximately quantitative yield Coloress
transparent crystals of the composition (L*H):5IFs (W) with
mp > 230 °C (with decomposition) Anal. found, X: §§ 792, N
23.38, F 33.19, Caled for CigH oFaMsSi. S 7.75 N 23.19, F 31.46,
Moass spectrum: JMLAF (m)ze 109, 1o 100%), (MI* HON} (m)
=82 ]=36X) $iFy" (m/z - 85, |- 9%).

15 Structyre determination

The X-ray intensity data were collected at a room temperature
on a Nonius [(appa €CD diffractometer equipped with graptute
monochromated Mo-Koe radiation using $¢-w rotatien. Unit celf
parameters were obtained and refined vsing the whole data set.
Experimental data reduction and ce{l refinecnent were performed
using DEMZ0 §27] package. The structure solution and refinement
procesded wsing SHELX-97 program package §28]. Direct cotthods
yielded all non-hydrogen atoms of the asymmetric unit which
were [realed anitairapically. C-beund hydregen atoms were
placed in @iculated positions with their sotropic displacerment
parameters riding oo those of the parent atems, while the N-bound
H-atoms were found from differemtial Fourier maps at an
intermediate stage of the reflnement and were treated isotrepi-
cally. Crystallographic data (cif files) for [ and IV have been
depotited with the Carnbridge Crystallographtuc Data Center, CCDC
Nos 713493 and 713404 {opues of this information may be

pbtaned free of charge from The Director, CCDC, 12 Union Raad,
Cambridge, CB2 1EZ, UK (Fax: +44-1233-336-033; E-maail:
deposit@codc.cam.ac.uk or www: http:/fwww.ccde.cam.ac.uk).
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Honmarok II.
Komist crarti. “CuHTte3 u KpuCTaITHYeCcKas CTpyKTypa rekcadropocunmkara N,N-
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VOK 541.49:346284.161-32:547 551

KOOPTHUHAITHOHHBIE
COETHHEHHA

CHHTE3 H KPHCTAJLNTHYECKAA CTPYKTYPA
TEKCA®TOPOCHUWIHKATA NN-THMETHIBHUI'Y AHHIUHHWA

©2009r. B. O. T'enemGoaent®, 1. X. Munaucpa**, 3, B, Tanun***,
B. C. Cepruerro™®*, ML M, Botomamennit¥+¥
B3 L - XUMUECKIEE LI RyITs SUMin: oXpyRarcigel cpedsl I e aoeera
Munucmepeniaa oOpazosanua wRAVKL Yepauns: t HAH Yrpaurws:, Odecca
** Vupeawdene Pocculicrotl arvadentin nayk Huenimym obyet! i Heopzani eckot XMt
wm. H.C. Kypraxosa PAH, Mockea
#E O deccrull 200y IAPOAEHNBILL AKOAGIYECKIE VHILAEDCINE, Y RDAUHA
bk I panabe kUil mexHosozuieckult upomuiym, Xatigha
TTocrynuaa & pegagmae 10.02.2009 .

Cuntesupopan komnnexc [(CH; ), NCINHINHC(INH, INH;[SiF; (I} 1 metogom PCA yeranosneHo ero crpoe-
mue. Kpueranne Monoknuasete, @ = 7.4346(10}, b = 12.7628(10}, ¢ = 11.0828(10) A, B =104.080({10)°,
¥V =1020.01(18) Aa, Peey = 1.780 riem®, pMaok ) =0.302 MM, Z =4, np. rp. P2i/c. CTpyKTYpHbIE €HHHITEI
KpHCTaa | — aHHOHEI SiF?— (8i-F 1.657(2)-1.695(2) A) n kaTHOHEL N.N-pumeTanéHryanuu Hus (1{2L2+) -
06 LETHHEHE! MeKHOHHBIMH H-ceazamu NH--F B kaprac. B kaTHOHaX IeHTpaMH OPOTOHHPOBAHHA ABTLIIOTCA

KOHIEBEIC HMHOHBIC [PYIIEL.

CoelHHEHAS MAHEPANBHBIX KHCIOT ¢ NONEISHTAT-
HbIMH OPTAaHHYCCKAMHE JTACAHTAME, CONePKalaMe N-
TOHOPHBIC LCHTPbI PasIEYHON NPHAPONBI, NPEACTABIA-
FOT HHTEP<C K3X MOjENH ANA BBIACHEHHS OCOGEHHO-
CTel “ecTRO-MecTHoH KOHRypeHTHoH H/N-RoopnE-
Haupd [1] B BnEAss MeRmonnbx H-ceazel Ha cTpoe-
HHe H cBoficTBa mostirescos [Z. 3). [ipospieHAS
stpperrop H-cAzell B cHcTeMax “KaTHOH-AHHOH
TOMEHBI GbITE OCOOCHHO 3aMETHBI B CITYYae COCHHHE-
HHEH KOMIUIEKCHBIX (PTOPOKHCIOT, B YaCTHOCTH, KPeM-
HedproposogoponHoii KAcorsl (KOK), ubE dpropona-
raHpl OGNaJarT JOCTATOMHO BbICOKOH NPOTOHOAK-
LeNTOPHOHE cnocobHOCTRES [4]. B HacToamed padoTe,
BBINOTHEHHOH B HPOJOIKECHAE HA4AThIX paHee HCClle-
MOBAHAR ESa@MOCBHsH CTPOCHET # CBGHCTS “ommennn
rekcaPTOPOCHNHEATOR {2, 3], A3yueHa KpHECTaNIHYe-
cKas CTPYKTYpa rekcadpropocanakara N N-mAMeTHN-
GCHIVaHANHHAA.

SKCTIEPHMEHTAIIEHAA YACTE

CaHTe3. I'eppoxnopen
(CH;),NC(NH),CINH)NH,XHCI (500 mr) pacrsopann
B 10 Mn BOOBI, NONYYCHHBIE PacTBOP (PAMTBTPOBANH, K
cpanbTpary goGasmane 5 mn 45%-nof KGK m | mn
40%-1oll (pTOPOBONOPONHOH KACIOTHI. PeakIHOHHYVIO
cMech HOJIBEPrallH CaMOlPOH3BONBHOMY HCIIAPSHHED
NPH KOMHATHOfi TeMIle paType 10 Hadala KpHCTalTH3a-

LHH NPOIYETA PEAKIHA B BHIE GeCUBETHBIX Npo3pal-
HBIX KPACTAIOE; £, = 268-270°C (c pasnoxeHEEM).

Si N
Haiipeno,%: 10.13; 26.00.
M [(CHy B NCINH)NHC(NH,)NH, JSiF, (1)
BLIUHCITIEHO, %o ! 0.28; 25.63.

Macc-cnegtp I (ciegTpomerp MX-1321, npaMoi
BEOT, o6pasiia B ECTOYHAK, YHECPrAS AOHAS APVEOIIIAX
anekTponos 70 3B): [ML]* (m/z = 129, I = 29%),

[ML-NH.]* (mfz = 113, I = 8%), SiF; (mfz = 85,1 =
= 100%).

HK-cuektp I (em™!, o6macts 4000400 cm, crek-
Tpotboromerp Specord 75IR, crexma KRS-5, oSpaszen B
BOTE CVCTICH3AA B BascNMAHOBOM Macie): 3400, 3370,
3L4E, el (v 1763, 1730, 1683, 1640, 1582, 1550,
1330, 1450 (&IHy, S(CHINy, 976 (v(CN)); 785, 720,
670 (w(SiF), p(NH,)); 640, 550, 535 (S(CNC), (NCN));
478,455 ((SiF,).

PCA. Kpacramns: I(C,H, ;FNsSi, M =273.28) mo-
HOKNHHHBbIE: @ = 7436(10), b = 12.7628(10), ¢ =
= 11.0828(10y A, B = 104.080(10)°, V= 1020.01(18) A%,
Pasm = 1.780 r/om®, WMo K, = 0.302 mm~', Z=4, np. Tp.
FP2i/c.

DKCHe PEMEHTATBHBIH My 21 DECHBET-
HOrO MOHOKPHCTANNA P 1d 011 MM
mpe 293(2) K Ha apTOMarHEec oM #oThi PESRPYKHOM
nupparToMetpe Baral Nosiss CaD4 (MoK, A=
= 071073 AL rpadETORB MOUGKPOMATOD, (D-CKaHH-
poBaHiie, 20, = 24977, Beero casro 27 /0 oTpake-
HAH (-2 <A <8,-12k=15,-13 <7< 13, sanonnenne
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2 TEIEMBOIIBAT u gp.

Tadmma 1. KoopyiunaTe! atoMoB (107, s aTDMDB Hx10%)
H X TemnoBle mapametpst U, /U, (A% x10%) & cTpyk-
Type I*

Arom x y z (L] 2
Si(l) 6198(1) | 9008(1) | 2817(1) | 25(1)
F(1) 5201(3) | 9002(2) | 4044(2) | 46(1)
F(2) 5382(3) | 7803(2) | 2518(2) | 47(L)
F(3) 7181(4) | 8975(2) | 1608(2) | 7AL)
F(4) 7085(3) | 10228(2) | 3162(2) | 55(1)
F(5) 8192(3) | 8523(2) | 3716(2) | 47(1)
F(6) 4259(3) | 9502(2) | 1910(2) | 41(1)
N(1} 8746(5) | 10116(3) | 6000(3) | 32(1)
N(2} 7057(5) | 8788(3) | 6542(3) | 33(1)
N(3) 9812(5) | 9322(3) | 7883(3) | 3AL)
N(d) S061(4) | 8971(3) | 9278(3) | 33(L)
N(5) 11053(4) | 8341(2) | 9647(2) | 26(1)
C(6) 8474(5) | 9404(3) | 679%6(3) | 25(1)
a7 9637(5) | 8849(2) | 8965(3) | 24(1)
«s) 12733(5) | 8111(4) | 9237(3) | d46(1)
c©) 10953(5) | 7895(3) |10852(3) | 37(1)
H(1A) 975(6) | 1050(3) | 620(3) | 34(11)
H(2A) 624(6) | 887(3) | 5824 | 51(13)
H(2B) 603(5) | 840(3) | 699(3) | 23(12)
H(3) 10725y | 950(3) | 793(3) | 19(11)
H{4A) 790(5) | 871(3)y | 990(3) | 28(11)
H(4B) 728(5) | 9433y | es5(% | E12)

* TIpuBepeHs! KOOPIHHATHI ATOMOB BOSOPOA, YIACTBYIOIMY B
H-cpasax.

no 6 = 99.9%), a3 Hax 1798 HeszaBmcEMBIX (R(int) =
=0.0396), Moo safon 3RCOEp LML JaH-
HBIX JICTIOH IORAH B L(mw);vm)\n PRYETYP-
HBIX JaHHBIX (PETACTPALACHHBIH Ne 171 coeaHeHAs [ —
CCDC 720313).

CTpyKTypa ONpefielieHa NPAMBIMA  METOHaMd
(SHELXS-86 [3]) B yrouHeHa METONOM HAaHMEHBIIHAX
KBaaparos 1o F2 (SHELXL.-97 [

[6]) B nonHOMATPEYHOM
OPOITHBIX
K&THOHA
NN -IAMETHI CATVEH SR O s {FAZHOCT-
HOTO CHHTCE: DYPhS 1 FTOUH OIS TIPA-
CNIMKCHAE, Kpowe aromos i i.OhL\cumX MOTTIBHBIX
TpyIIL TTocn €AHHAS YTOYHECHBI IO Mf}TOI[y HHCSI[HHKH

OKoHYaTeNbHbIE Pe3yIbTaTbl YyTOYHeHAS: R1 =
=0.0338, wR2 = 0.0775, GOOF = 0.967 no 884 orpake-
HASIM cI>2G(I) R1=0. 1400 WwR2 = 0.1016 no BeeM pe-
pexcam; 74 yToursebin g KoapbsnaenT
IKCTHHKIES paseH 0.612 Ay
CTABIACT COOTBETCTBEHHO 0 374 a8 4) 251 e A,

B AL CO-

Kooppasarsl B TeMIepaTypHbie (PaKTOPbl aTOMOB
CTpyKTypbI I npaBenenn! B Tabn. 1, MeKATOMHBIE pac-
CTOSIHAS H BalleHTHbIE YIIbI — B Talm. 2.

Tabmana 2. OcHoeHble JIHHBI ceiateil (d) U BaleHTHbIE

YINE (®) B cTPYRTYpe L

Ceazn E
Si(1)»-F(2) 1.658(2)
Si(1}-F(1) 1.661(2)
Si(1)-F(6) 1.667(2)
Si(1}F(3) 1.675(2)
Si(1}-F(5) 1.690(2)
Si(1}-F(4) 1.698(2)
N(1}-C(6) 1.316(4)
N(2}-Ci6) 1.289(5)
N3)-C(6) 1.367(5)
N@E-CT 1.377(4)
N@-C(h 1.310(4)
NGHC(T 1.309(4)
N(5)-C(8) 1.460(4)
N(5-C(9) 1.470(4)

Yron @, Tpaj
F(2)Si(1)F(1) 91.24(12)
F(2)Si(1)F(6) 90.56(12)
E(L)Si(1)E(6) 90.34(12)
F(2)SW1)F(3) 91.50(14)
E(LSW(LF3) 177.13(15)
F(6)S(1)F(3) 90.51(12)
E2)SI(LIF() 90.18(12)
F(L)SKL)F(5) 90.79(12)
E(6)Si(1)F(3) 178.64(13)
F(3)SK1L)F(S) 88.33(13)
E(2)Si(1)F(4) 178.17(13)
F(1)Si(1)F(4) 88.24(13)
F(6)Si(1)F(4) 91.19(12)
E(3)Si(1)F(4) 80.00(14)
E(5)Si(1)F(4) 88.07(11)
C(6)N(1JH(1A) 118(2)
C(6)N(1;H(1B} 113(3)
H{AN(DH(B) 128(3)
C(6)N(2JH(2A) 118(3)
C(O)N(2)H(2B) 120(3)
HZANZHEZB) 122(4)
CONGICT) 126.8(3)
C(6)N(3H(3) 119(3)
C(DHN(3H(3) 114(3)
C(NN(4JH(4A) 120(3)
C(N(4)H(4B) 117(2)
H4AN{4$)H{4B) 122(4)
C(HN(SHCS) 123.3(3)
C(DON(5)C(9) 120.4(3)
CIN(5)C(®) 116.2(3)
N(2)C(6)N(1) 121.7(4)
N(2)C(6)N(3) 121.8(3)
N(1)C(6)N(3) 116.5(3)
N(SIC(TIN(4) 123.5(3)
N(YC(TING) 119.2(3)
N{OC(TING) 117.3(3)
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CHUHTE3 N KPUCTAJUIMYECKAS CTPYKTYPA TEKCA®TOPOCHUIIMKATA 3

O
H(8B) (SC)

Puc. 1. CrpykrypHble einHuLbl Kpucranna | — aunon Si Fé_ 1 KaTHOH LH§+,

PE3VYIJIBTATBI U UX OBCYXIEHUE

CTpyKTypHble eguHULbI KpHucTasia I — rekcagro-
POCHJIMKATHbIE AaHUOHbI SiFé' u katuoHb!l N,N-nume-
Tun6uryanuuaus (H,L*) (puc. 1).

I'ekcapTOpOCHINKATHBIN AaHHOH UMEET Clerka uc-
Ka’KEHHOE OKTA’[pUUYECKOe CTPOCHUE: JUIUHBI CBSI3eil
Si-F nexat B unrepsane 1.657(2)-1.699(2) A (cpenH.
1.675 £ 0.002 A), yrabl FSiF usmensitorcst B npepenax
88.07(11)° — 91.24(12)° u 177.13(15)° —178.64(13)°. B
1IeJIOM [TapaMeTpbl AHUOHA B | TUIHYHBI 7151 aHATIOTHY-
HBIX COeTMHEHu [7].

Karnon N,N-ntnmeTnnGuryanuguamst B I, mpoToHu-
POBaHHBII MO ABYM KOHLIEBBIM HMUHBIM TPYyIINaM, He-
IUVIOCKUI. B HEM MOXKHO BBIEIHTH [BAa NPAKTUYECKH
miockux (pparmenta N(1)C(6)N(2)N@3) (A, cpenHee
OTKJIOHEHHE aTOMOB OT MIockocTd — A — 0.007 A) u
N@)C(T)N(SNQ3) (b, A=0.007 A), gByrpaHHblIii yrom
A/B 51.5°. B nmnockux ¢parmenrax A u b paccros-
HUSl yIrIepof—a3oT C NPOTOHUPOBAHHOW HMMUIHOU

(N(2)-C(6) u N(4)-C(7)) u aMHHHOU rpynIamu
(N(1)-C(6) u N(5)-C(7)) npakTHyecKd BbIPAaBHEHbI
(cpemn. C-N 1.306(4) = 0.017 A). Bce aToMmbl a3ora B
KATHOHE XapaKTEPU3YIOTCSl NPAKTHYECKH IUIOCKOM
KOH(urypauuei (cymma yrinos mpu atomax N(1)-
N(5) 359°-360°). ITo-BugMOMYy, BCE 3TO MOKET CBHJIE-
TENbCTBOBATh O JENOKAJIM3aliM [BONHBIX CBsI3El
N(2)-C(6) u N(4)-C(7) B KaxKaoM U3 IUIOCKUX (ppar-
MEHTOB. AHAJIOTMYHOE CTpOeHue KathoHa H,L?*, Tak-
K€ MPOTOHUPOBAHHOI'O MO KOHIEBbIM UMUAHBIM T'PYII-
naM, oGHapy:KeHo B ruppare okcanata N,N-numeTusn-
ryanupuanss  (II) m rugpate  cynbgara  NN-
numetunryanupunus (I11) [8] (yron A/b pasen 52.8° u
56.1°, cpepH. anuHaA cooTBeTCTBYROIMX cBsizeir C-N 1.
312w 1.310 A B 11w IID).

L2

B crpykType I kommnekcHble anuonbl SiF¢  ukaTu-
onbl H,L** 06 beIMHEHBI CHCTEMOI BOJIOPOAHBIX CBSI-
3eit (BC) N-H---F ¢ o6pa3oBanuem kapkaca (tadm. 3,
puc. 2). Akuentopamu BC sBnsitoTCSI Bee 1eCTh aTo-
MOB (pTOpa, TOHOpAaMHU — BCE aTOMbI BOJIOPOJia AMUH-

Taomuua 3. I'eomeTpuueckue napaMeTpbl BOLOPOAHBIX CBsi3eil B CTPYKTYype I

NeNe Kounrakt D-H--A Paccrosnus, A Yras DHA, KooppuHaTtel aToma A
D-H A-H D--A rpan

1 N(1)-H(1A)---F(5) 0.87(4) 1.96(4) 2.820(4) 167(3) X +2,-y+2,—z+1
2 N(2)-H(2A)--F(1) 0.89(4) 1.94(4) 2.788(4) 159(4) X, 2
3 N(3)-H(3)---F(4) 0.75(4) 2.27(3) 2.880(4) 140(3) X +2,-y+2,—z+1
4 N(4)-H(4A)---F(3) 0.80(4) 2.12(4) 2.814(4) 145(3) X, v, 2+ 1
5 N(4)-H(4B)---F(6) 0.87(4) 1.85(4) 2.721(4) 174(3) X+ 1,-y+2,—z+1
6 N(2)-H(2B)---F(2) 0.72(3) 2.09(4) 2.738(4) 150(4) X, =y +3/2,2+1/2
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4 FEJIbMBOIJIBAT u ap.

Puc. 2. YnakoBka cTPyKTYpPHbIX eJHHUL B KprcTaie I (mpoekius BROIb OCH a).

HBIX ¥ UMHJIHBIX TPYMIT KATHOHA, 32 HCKJIIOYEHHEM aTo-
ma H(1B). B kapkace MOXHO BBIICIHTB CIIOH, 00pa30-
BaHHbIe 3a cyeT BC 1-5, napannenbHble NIIOCKOCTH ac.
Cnon oobenunennl BC 6.

CrenyeT OTMETHTB, UTO B coefiuHeHnHn | oTcyTCcTBY-
€T YeTKasi KOppemsiust Mexpy paccrostausivu Si—F u
NPOYHOCTBIO COOTBETCTBYIOIIMX H-cBsizeil, Kak 3TO
0OBbIYHO HAOJIOHAETCsl B CTPYKTYpe rekcaTopocHin-

KATOB C “OHHEBBIMU’ KATHOHAMU PA3JIUYHbIX THIIOB [2,
3,9, 10].

CIIMCOK JIUTEPATYPbI

1. Bopooxuna U.I'., Anypuuxuna A.C., Caouxos I'.I.
u 0p. [/ Koopa. xumust. 2003. T. 29. Ne 3. C. 555.

2. Gelmboldt V.O., Koroeva L.V., Ganin Ed.V. et al. |/
J. Fluor. Chem. 2008. V. 129. Ne 7. P. 632.

. Gelmboldt V.O., Ganin Ed.V., Fonari M.S. et al. [/

J. Fluor. Chem. 2009 (in press).

. Steiner T. [/ Angew. Chem. Int. Ed. 2002. V. 41. Ne 1.

P. 48.

. Sheldrick G.M. /| Acta Crystallogr. 1990. V. 46A. N 5.

P. 467.

. Sheldrick G.M. /| SHELXL-97. Program for the Refine-

ment of Crystal Structures. University of Gottingen,
Germany. 1997.

. Tandura S.N., Voronkov M.G., Alekseev N.V. [/ Top.

Curr. Chem. 1986. V. 131. P. 99.

. Li-Ping Lu, Hong-Mei Zhang, Miao-Li Zhu /| Acta Crys-

tallogr. 2004. V. 60C. P. 740.

. Conley B.D., Yearwood B.C., Parkin S., Atwood D.A. [/

J. Fluor. Chem. 2002. V. 115. Ne 2. P. 155.

. Teabmboavom B.O., Munawesa J1.X., I'anun D.B.

u op. /[ Kypn. neopran. xumun. 2008. T. 53. Ne 6.
C. 947.

XKYPHAJl HEOPTAHUYECKOW XUMUU  tom 54  Ne 12 2009

177



178

Honmatok P.
Komist crarti. “Conformational Mobility of 7,16-Bis(4-methoxybenzyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane in Molecular and Proton Transfer Complexes: X-
ray and DFT Study”



179

New Je of Chemistry An international journal of the chemical sciences

o

Volume 33 | Number 8 | August 2009 | Pages 1621-1792

www.rsc.org/njc

ISSN 1144-0546
PAPER i
Marina S. Fonari et al.
Conformational mobility of 7,16-bis(4- i
i
|

methoxybenzyl)-1,4,10,13-tet aoxa-7,16-

R SC Piihk ’ ic 5’; § ng diazacyclooctadecane in molecular and
v proton-transfer complexes 1144-0546(2009)33:8;1-W



PAPER

www.rsc.org/njc | New Journal of Chemistry

Conformational mobility of 7,16-bis(4-methoxybenzyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane in molecular and proton-transfer

complexes: X-ray and DFT studies

Marina S. Fonari,*® Eduard V. Ganin,® Yurii M. Chumakov,”

Mark M. Botoshansky,® Kinga Suwinska,” Stepan S. Basok® and Yurii A. Simonov*

Received (in Victoria, Australia) 12th February 2009, Accepted 22nd April 2009
First published as an Advance Article on the web 28th May 2009
DOI: 10.1039/b902953b

For the first time the bibracchial-crown ether 7,16-bis(4-methoxybenzyl)-1.4,10,13-tetraoxa-7,16-
diazacyclooctadecane (1) and its molecular and proton-transfer complexes were isolated and
characterized by X-ray single-crystal diffraction. Hydrogen bonding between the neutral molecules
is present in the binary complex 1-(H,NCS), (3) giving rise to a tape structure. The proton
migration from an inorganic acid to a macrocyclic molecule results in doubly protonated cations
(1-H,)** and (2-H,)* "~ (where 2 is the parent 7,16-dibenzyl-1,4,10,13-tetraoxo-7,16-
diazacyclooctadecane) giving rise to the ionic complexes (1-H»)-[ClO4},-2H,0 (4),
(1-Hz)-[NbF¢]>-2H,0 (8), (1-Hy)-[TaFel>-2H,0 (6), (1-Ha)[BF4]> (7) and (2-H,)-[ClO4}>-2H,0 (8)
sustained by a system of charge-assisted hydrogen bonding. The macrocyclic entities in 1-8 differ
by the conformation of the crown ring and the arrangement of the pendant arms. To rationalize

the different conformations of 1 in comparison with the relative compounds based on 2, the
theoretical quantum chemical calculations on the DFT (B3LYP) level were performed.

The contribution of the methoxy group that provides the C-H- - -O(OCHj3;) hydrogen bonding
to the overall system of intermolecular interactions has been estimated by comparison with the

complexes based on 2.

Introduction

The crown ether family of macrocyclic compounds has
attracted a huge amount of interest since its discovery in
1967." especially in the fields of host-guest and coordination
chemistry. The metal ion complexing abilities of crown ethers
can be improved significantly by their functionalization with
ligating side arms that enhance the cation selectivity and
transport through liquid membranes.” The C- or N-pivot,
bibracchial (two arms) lariat ethers (BiBLEs)*® were modeled
on valinomycin complexation and designed to be flexible
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other clectronic format scc DOI: 10.1039/b902953b

and dynamic when unbound and enveloping when a guest is
complexed.® The historically first synthesized N.N'-dibenzyl-
1,7,10.16-tetraoxo-4,13-diazacyclooctadecane (N,N'-dibenzyl-
diaza-18-crown-6, 2)*>7 has been studied in detail, and it has
manifested itself as a good complexing agent for a wide range
of metals, both inside the cavity acting in its neutral form and
in an outer-sphere coordination. Evans and co-workers® have
indicated that the alkaline and lighter lanthanoid species
(La-Sm) tend to form inclusion-type compounds with a metal
salt incorporated into the macrocyclic cavity. It results in
different crown conformations: an asymmetric ‘basket-like’
shape with two phenyl substituents situated on the same
side of the macrocyclic cavity as in the cases of Nal-2*
and Ln(NCS)3-2 (Ln = La, Nd, Eu),” a T-shaped arrangement
of two phenyl substituents in the complex AgPF,2.'’
and a more symmetric conformation with benzyl arms
splayed up from the both sides of the macrocyclic ring in
catena~((pp-isothiocyanato-N.S)-(pp-thiocyanato-N,S)-bis(2)-di-
potassium).® In contrast, protonation of the aza-crown ether
inhibits inclusion of the lanthanoid species, affording complex
metal anion species interspersed between the network of crown
dications.® In a similar way, the recently reported metal-free
structures of (2-H,)-[BF4,-H.O'" and (2-Ha)I4'? as well as
[Na-N,N'-dipyridyl-bis-aza-18C6},[(H * )»N,N’-dipyridyl-bis-aza-
18C6][ClO4]-2H-0'? revealed unusual C-H---n interactions
between the phenyl substituents and two macrocyclic methylene
protons that effectively anchor the ring into the folded
conformation and inhibit flexing. typical for macrocycles of
this type. Extended studies were devoted to the modification of
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the pendant side arm by the introduction of the fluorescent or
redox switched moieties in the molecule.* Lariat ethers appear
to be good candidates to analyze the cation—n interactions
with the participation of the pendant arm. The fruitful
conclusion made by Gokel's group that the arenes should be
placed two carbons from the macrocyclic nitrogen rather than
one permitted them to prove the contribution of one and two
arms to the metal complexation.'® Special attention has been
drawn to the substituents mimicking the function of the
four amino acids possessing aromatic side chains capable of
complexing alkali metal cations, phenylalanine (benzene),
tyrosine (phenol), tryptophan (indole), as these aromatic
residues are generally regarded as m-donors, and histidine,
(imidazole) as a o-donor.

For decades, the high flexibility of crown ethers (CEs)
has impeded their conformational analysis. However,
nowadays we are witnesses of the growing number of
calculated approaches for analyzing the conformational
mobility of CEs in general and lariat-crown ethers (LCEs) in
particular. Theoretically, different conformers of CEs can be
obtained through a conformational search with molecular
dynamics (MD) or molecular mechanics (MM) techniques,
while the actual conformer(s) may be retrieved from the
Cambridge Structural Database (CSD) when their crystal
structures are known. The latter provides a good starting
point for a conformational search. For example, Reedijk
et al.'® used the computational facilities (MM3, PM3) to
estimate the conformational and electronic properties of
N,S,0-mixed donor CEs in nucleophilic coupling of their
secondary nitrogen atoms to an epoxide. The conformational
analysis of N-tosyl-substituted diaza-crown ethers theoretically
studied by empirical and semi-empirical methods using
MSI/DISCOVER97 (ESFF force field) and MOPAC (PM3)
permitted the authors to estimate the preferred conformations."”
C-pivot LCEs were the subject of the DFT calculations by the
Chinese group to estimate the side arm remote controlling
effect.” Through the cooperation of the crown ring and the
side arm the LCEs often exhibit different cation-binding
properties when compared with their parent CEs. Because the
functional groups of side arm LCEs are key components in the
formation of metal-CE complexes and in molecular recognition,
detailed information about the conformational energies of LCE
is important for the understanding of the binding affinities of the
crownophanes with guest molecules and for the design of
artificial host molecules. Platas-Iglesias and co-workers have
carried out a systematic investigation of the electronic structure
and changes in conformations on lariat ethers in the complexes,
starting from the X-ray data using DFT facilities."”

The aza-crown ethers bearing the phenolic side arms are very
attractive targets and their synthesis has been reported.'” For a
wide range of metals, a strong affinity was found for the
mono- and diaza-crown ethers containing a phenolic group.
The advantage of phenol-containing LCEs might refer to the
possibility of forming covalent complexes as well as complexes
with ion-pair binding between the phenoxide oxygen and
metal cation; moreover, the selective cation coordination by
these lariats is pH-dependent. It might be expected that the
replacement of a phenoxy hydrogen by a methyl group, resulting
in the methoxy-substituted analog of N,N'-dibenzyldiaza-18C6
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Scheme 1 Structurc of lariat crown cthers.

(2), N,N'-dimethoxydibenzyldiaza-18C6 (1),2° may enhance the
liphophilicity in two directions-—the methyl group will provide
the higher solubility in lipids, while the oxygen atom of the
methoxy group will enhance the water solubility. Furthermore,
the oxygen atom of the methoxy group will provide an
additional acceptor for hydrogen bonding. Apart from the
synthesis™ no data dealing with the complexing ability of 1
are known so far.

Being involved in the host-guest chemistry based on the
CEs and crowncyclophanes,®’ we, alongside others, have
studied the complexation of N,N’-dibenzyldiaza-18-crown-6
(2) with neutral molecules.?* In contrast to the well-developed
field of metal complexation by lariat ethers only single examples
of their genuine host-guest complexes are available.* This gap
is explained by the weakness of the arising hydrogen bonding
with the LCEs bearing the bulky pendant arms. This has
provoked us to study the methoxy-substituted analog of 2,
N, N'-bis(4-methoxybenzyl)-1,7,10,16-tetraoxo-4, 1 3-diazacyclo-
octadecane (1),%° in the host-guest interactions, and compare
this with the data available for 2. For the first time the
bibracchial-crown ether. 7,16-bis(4-methoxybenzyl)-1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane (1), and its molecular
complex 1(H,NCS), (3) and proton-transfer complexes
(1-H2)(ClO4)-2H20  (4). (1-H2)-[NbFgl»2H O (5). (1-Ha)-
[TaFgl>-2H20 (6), (1-H)-[BF 4] (7) and (2-H,)[ClO4]»-2H,0O
(8) were isolated and characterized by X-ray single-crystal
diffraction. We intend to comparatively study the conformations
of these two LCEs by computational methods in order to
obtain a better insight into the conformational behavior of
these kinds of compounds, and we will also try to estimate the
preferable conformations for 1 and 2 depending on the degree
of their protonation and the surrounding environment. We
offer these results as a proof that the computational technique
has now advanced to the point where calculated geometries
and conformational energies of relatively complicated crown—
ethers complexes are in agreement with the experimental
findings (Scheme 1).

Results and discussion
X-Ray crystallography

Free macrocycle 1 crystallizes in the centrosymmetric
monoclinic space group C2/c¢ with the macrocyclic molecule
residing on an inversion center giving half a molecule in the
asymmetric unit. Molecule 1 with the numbering scheme is
shown in Fig. 1. The same numbering is used both for 1 in 3-7
and for 2 (except for the missing methoxy group) in 8.

In 1 the oxygen atoms are arranged in an endo-dentate mode
typical for most crowns, while the nitrogen atoms flip to an
exo-dentate mode to incorporate binding of the methoxybenzyl
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Fig. 1 Compound 1: view with the numbering scheme.

groups. The molecule adopts a typical elliptical shape (Fig. 1)
with two inversion-related methylene hydrogens turned inward
toward the center of the ring. The two nitrogen atoms extend
out in a trans-fashion, deviating from the plane of four oxygen
atoms at +0.884(3) A. The conformation of the asymmetric
part of the crown molecule is described by the sequence of
four consecutive bonds in trans-conformation, followed by
the gauche, gauche, trans, trans. gauche sequence (Table 1).
The comparison with the pure phases of other bibracchial
diaza-18C6 derivatives®® as well as with the I8-membered
crown ethers, 18C6, cis-transoid-cis-dicyclohexano-18C6™
shows similarities in the shape of the macrocyclic cavity and
in the pattern of the torsion angles. The methoxybenzyl side
arms in 1 splay out from the crown rather than being below and
above the macrocyclic plane; the dihedral angle between the
planes of the N,O4 macrocyclic heteroatoms and the phenyl
ring of the side arm is equal to 66.35(6)°.

The crystal packing for 1 clearly demonstrates the contribution
of the methoxy group to the whole system of intermolecular
interactions (Fig. 2). The molecules via weak CH---O
hydrogen bonds are associated in tetramers giving rise to the
H-bonded sheets. Due to the C2/c crystal symmetry these
sheets interpenetrate in such a way that the methyl group of
the pendant arm is arranged at 2.75 A above (and below) the
macrocyclic cavity of the nearest symmetry-related molecule
of 1. Such an arrangement is very common for the complexes
of 18C6 with the CH; group containing guests,”® although in
our case the cavity is closed by the cross-cavity interactions

Fig. 2 Fragment of crystal packing in 1 showing the association of
the molecules in a sheet vie CH---O hydrogen bond. H---O 2.46,
C---0 3.417(3) A, CHO angle 169°.

Fig. 3 View of 3 with the partial numbering scheme. Hydrogen
bonding is shown by dotted lines.

and no CH (methy!)- - -O (crown) short contacts typical for the
actual host-guest complexes were found.

Fig. 3 depicts the molecular complex 3in a | : | ratio that
crystallizes in the centrosymmetric monoclinic space group
C2/c. Both 1 and dithiooxamide (dtox) molecules reside on
inversion centers. They are held together via a single hydrogen
bond, N2---N1 = 3.096(3) A (Table 2). The planar dtox
molecule is inclined at an angle of 76.46(7)° to the mean plane
of six N,O4 heteroatoms of 1, N2 atom deviating at 2.254(2) A
from the same plane.

Two dtox molecules are arranged on both sides of the
centrosymmetric macrocyclic cavity. The arising host-guest
interactions essentially influence the conformation of the
macrocyclic molecule, which in 3 has a more flat and a more
circular shape (Table 4) than in the free molecule 1, characterized
by the deviation of nitrogen atoms from the plane of four
macrocyclic oxygens equal to +£0.473(3) A and transition of
two C-C bonds from trans-conformation to the preferable

Table 1 Torsion angles (°) along the macrocyclic framework in 1, 3-5,7

Angle 1 3 4 5 7A 7B

C(6)-O(1)-C(5)-C(4) —179.6(2) —173.0(2) ~171.6(3) —179.7(4) —173.5(1) —171.%(1)
O(1)-C(5)-C(4)-N(1) —161.0(2) —67.7(2) 53.8(3) 58.4(5) 43.7(1) 45.5(1)
C(5)-C(4)-N(1)-C(1) 168.2(2) 171.8(2) 56.3(3) 59.9(4) —~172.5(1) —169.2(1)
C(4)-N(1)-C(1)-C(2) —81.0(2) —55.3(3) 175.6(3) 176.0(3) 86.6(1) 89.8(1)
N(1)-C(1)-C(2)-0(2) 76.7(2) 53.8(3) 60.4(3) 53.6(4) 55.6(1) 58.1(1)
C()-C2)-0(2)-C(3) —179.8(2) 175.6(2) —175.1(3) —178.94) 71.5(1) 73.9(1)
C(2)-0(2)-C(3)-C(6)* 178.0(2) 173.2(2) —179.3(3) 177.3(4) 163.3(1) 158.3(1)
0(2)-C(3)-C(6)-O(1)* -71.4(2) 73.8(3) 63.8(3) 64.0(5) 63.5(1) 61.2(1)
C(3)-C(6)~O(1)—C(5)" —178.2(2) 172.3(2) 173.8(3) 170.5(4) 177.1(1) —178.6(1)
C(1)-N(1)-C(7-C(8) —66.7(2) ~65.7(3) 164.6(3) —-163.9(3) 67.35(1) 166.9(1)
C(4)-N(1)-C(7)-C(8) 169.3(2) 60.6(3) 40.1(3) 70.2(4) 166.31(1) 67.4(1)
“ Symmetry transformations used to generate equivalent atoms: @ — x + 1/2, =y + 3/2, —z + 1 (1); —x + L, -y + I, —z(3); —x + 1, =y + L,

x4+ 1@ —x+2,—y+ 1, ~z+28);—x+1,-p+ 1, —=z(TA);—x+2,—py+2 -+ 1(7B)

1648 | New J. Chem., 2009, 33, 1646-1656
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Table 2 Hydrogen bond distances (A) and angles (°) in 3-5, 7. 8

Symmetry transformation

D-H.---A d(D-H) d(H---A) d(D---A) L(DHA) for acceptor

3

N(2)-H(2N)---N(1) 0.94(2) 2.16(3) 3.096(3) 179(2) X )z

4

N(1)-H(IN)---O(1W) 0.89(1) 1.92(3) 2.805(3) 169(2) U
O(IW)-H(IW)---O4) 1.00(4) 1.87(4) 2.818(6) 158(3) X,z
O(IW)-H(IW)---0(4") 1.00(4) 2.15(6) 2.84(5) 125(3) X Vo2
O(1W)-H(2W)- --O(2) 0.83(4) 2.17(5) 2.995(4) 172(4) 1—x, z
5

N(D-H(IN1)---O(1W) 0.88 2.00 2.874(5) 174 X, $ 2
O(IW)-HQ2W)- --O(2) 0.91 2.03 2.928(5) 170 2-x1=-p2-z
O(1W)-H(IW)- - -F(6) 1.04 2.12 3.043(6) 147 l-x1-py1-2
7

N(1A)-H(1A)---O(2A) 0.91(2) 2.35(1) 2.864(1) 116(1) X952
N(1B)-H(1B)---O(2B) 0.92(2) 2.40(1) 2.889(1) 114(1) Ko Yoz

8

N(I)-H(IN)---O(1W) 0.90(3) 1.90(3) 2.792(3) 171(3)

O(1W)-H(IW)- --O(1) 0.73(5) 2.27(5) 2.989(3) 173(5)

O(IW)-HQ2W)- --0(6') 0.89(5) 2.01(5) 2.90(1) 173(4)

O(1W)-H(2W)- - -O(6) 0.89(5) 2.02(5) 2.893(7) 167(4)

Table 3 Comparison of calculated structures of neutral 1 and 2 with experimental solid-state structures”

1 Calculated structure 1 Calculated structurc 2

Experimental structure  Vacuum Methanol Experimental structurc, XESSUJOI Vacuum Mcthanol
N---N’ 7.696 7.925 7.926 7.298 7.925 7.920
Ool---01 4.565 4.690 4.754 4.578 4.678 4.747
02..-02 6.124 6.388 6.403 6.809 6.386 6.412
i-C--i-C' 12.518 12.727 12.729 12.207 12.715 12.719
CI-N1-CH,Cjpo ~ —-66.65 —68.66 70.43 74.40 69.21 70.09
C4-N1-CH>Cipso 169.31 160.01 159.42 167.84 159.06 159.46

“ The coordinates for 2 were taken from CSD (ref. code XESSUJO1).

gauche-conformation (Table 1). In spite of these pronounced
changes, the macrocycle in 3 retains its extended conformation
with the twisting angle between the planes of the macrocyclic
N,O, heteroatoms and phenyl ring of the side arm equal
to 33.78(7)". The recently described complex 2.(H,NCS),*2,
similarly to 3, crystallizes as a 1 : 1 tape where the components
alternate. Similar to all previously reported dtox complexes
with CEs including complex 2-(H,NCS), no short contact
dtox- - -dtox were found in 3. Similar to 1, the contribution
of the methoxy oxygen atom to the intermolecular CH---O
interactions is essential although the H---O distance slightly
exceeds the parameter typical for the conventional hydrogen
bond. Due to these interactions, the tapes are packed in a
zipper-like mode providing their partial interpenetration and
giving rise to the layer. Following the recent investigation by
Gdaniec and co-workers,”” we can also mention here the
multiple CH- - -S interactions, which contribute to the stability
of the layer in 3 (Fig. 4).

A search of the CSD* and our own efforts to expand this
family of complexes led us to conclude that the genuine
molecular host-guest complexes are rather rare for LCEs.
The most preferable guest for them is a water molecule that,
due to its small size, is easily accommodated on both sides
of the macrocyclic cavity.” In the complexes with dtox,
4-nitrophenylsulfonamide,” and malononitrile,”* the components

are held together via conventional NH(CH)- - -O(N)crown
hydrogen bonds.

Compounds 4-8 represent the proton-transfer complexes -

built up of doubly protonated macrocyclic cations, (1-H,)**
in 4-7 or (2-H,)*" in 8 and inorganic anions. The N-bound
H-atoms were objectively localized in the difference Fourier
maps. All except 7 represent the crystal hydrates with the
water molecules incorporated between the charged species;
complexes 4 and 8, which differ by the LCE used, have a
similar composition and structure and will be discussed in a
sequential order, while complexes 5§ and 6 are isomorphous,
and so only 5 will be discussed in detail. All compounds
crystallize in centrosymmetric space groups, and the macro-
cyclic cations ( 1-H,)*" and (2-H,) exhibit a crystallographically
imposed C; symmetry. The protonation of the macrocyclic
nitrogen atoms causes dramatic changes in the macrocyclic
shape and in the arrangement of the pendant arms in
comparison with the neutral molecules (Table 5). Complexes
4 (Fig. 5) and 8 (Fig. 6) crystallize in triclinic space group P1,
with similar unit cell dimensions (Table 6). The macrocyclic
cations reside on an inversion center. The water molecule
and the [ClO4]” anion occupy general positions, with the
latter being disordered over two sites; hence, only its major
component is shown in Fig. 5 and 6. Two water molecules are
located on either side of the macrocyclic cavity and reside at

This journal is © The Roya! Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 1646-1656 | 1649
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“In 2:(H,NCS), 2 is present in two conformations, both of them were optimized.

Fig. 4 Fragment of crystal packing in 3 showing the association of
molecular complexes in the layer via NH---N hydrogen bond and
weak CH: -0 and CH-: - -S intcractions, H- - -0 2.65, C- - -0 3.533(3) A,
CHO angle 159°. H---S 2.93 and 2.98. C---S 3.551(3) and 3.684(3) A.
CHS angles 120° and 135°.

1.805(3) A (4) and 1.678(3) A (8), respectively, above the
macrocyclic plane in a twin pseudo-perched orientation. In
both complexes, the nitrogen atom adopts an endo-orientation,
with their hydrogen atom being involved in NH- --O hydrogen
bonding with the lone pair of the water molecule. In turn, the
water molecule, acting as a H-donor, provides both of its
hydrogens for the OH- - -O interactions with one oxygen atom
of the crown molecule and one oxygen atom of the [ClO4]™
anion (Table 2). Thus, the water molecule exhibits its traditional
mediating function between the charged species.”” A very
similar example gives N,N'-dibenzyl-4,13-diazonia-18-crown-6
tetrachloro-dioxo-uranium dihydrate (2-H,)(UCL,0,)-2H,0.*
where two water molecules bind to the inner cavity of the
crown ether in a symmetry-related mode. For both protonated
macrocycles, we observe the further tendency toward more
circular (Tables 4 and 5) and more planar shapes in comparison
with the neutral molecules; the deviation of the nitrogen atoms
from the plane through the macrocyclic oxygens is equal to
40.606(4) A and £0.6293) A in (1-H»** and (2-H.)*",
respectively. The twisting angle between the N,O; and
C8— - -—C13 planes 1s equal to 62.76(9) in 4 and 77.45(8) in 8,
respectively.

The distinction in the twisting angle values is most probably
dictated by the involvement of the methoxy group in
the intermolecular interactions with the inversion-related
macrocyclic cations with the formation of R,*(8) planar
supramolecular synthon (Fig. 7a), while in 8 the aryl
substituents are displayed in parallel planes with an interplane
distance of 3.330 A (Fig. 7b).

Recently,® we have succeeded in using aza-CEs, namely
aza-15C5 and aza-18C6, under synthetic conditions identical
to those described in the Experimental part of this article to
elicit the rather unusual anionic forms for Nb and Ta,
[(H,O)NbF,ONbFs]~ and [(TaFs),0]* ", respectively. How-
ever, the use of 1 yielded two isomorphous complexes S and 6
(Table 3), with the [NbF4]~ and [TaFg]™ hexafluorometallate
anions as the counter-ions being typical for the oxconium
complexes of O-containing CEs.>*” In 5 and 6 both [NbF4]~
and [TaF4]™ have an octahedral geometry, with the Nb-F and
Ta-F distances being in the range 1.852(4)-1.879(2) and
1.856(8)-1.885(8) A, respectively. In § the (1-H,)? " cation
and the two crystallographically unique [NbF4]~ anions reside
on inversion centers, while the water molecule occupies the
general position (Fig. 8). Similar to 4 and 8, the water molecule
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Table 6 Crystal data and structure refinement parameters for 1, 3-8

1 ] 4 5 6 Z 8

Formula CosHaaNOg CosHaaN2Og: CopsHasNoOg: CoxHaaN2Og: CosHaaNoOg: CogHusN>Og[BFg]s  CagHagN2Oy:

CoH NS, [CIO,]»2H,0  [NbFgly2Hy,0  [TaFly2H,0 [CIO,]2H,0
Formula weight 502.64 622.83 739.58 954.50 1130.58 678.27 679.53
Crystal system Monoclinic Monoclinic Triclinic Triclinic Triclinic Triclinic Triclinic
Spacc group C2fe C2fe Pl Pl Pl Pl Pl
a/A 21.436(4) 17.2050(5) 7.322(1) 6.8821(3) 6.8062(11) 11.933(2) 7.592(2)
hiA 11.050(2) 8.4590(3) 10.757(2) 11.3041(5) 11.3381(18) 12.120(2) 10.458(2)
c/A 12.701(3) 23.3120(9) 12.450(2) 14.0931(5) 14.098(2) 12.404(2) 10.976(2)
2f° 90.0 90.0 91.67(2) 106.232(2) 105.873(9) 94.820(1) 98.11(3)
B 108.86(3) 104.260(12) 104.92(3) 101.770(2) 101.336(9) 111.714(1) 94.67(2)
7, 90.0 90.0 109.41(3) 106.118(2) 106.175(6) 100.392(1) 108.51(3)
VIA? 2846.9(10) 3288.2(2) 886.6(2) 963.03(7) 960.2(3) 1616.86(5) 810.7(3)
Z 4 4 1 1 1 2 1
Peatclg cm ™ 1.173 1.258 1.385 1.646 1.955 1.393 1.392
u/mm~ 0.082 0.208 0.256 0.699 5.797 0.125 0.268
F(000) 1088 1336 392 484 548 712
Reflections collected/  10373/2525 8339/2905 9404/3296 6316/3763 5444/3640 11815/6275 3162/3162
unique
Reflections with 1661 1947 2039 2854 2021 5547 2361
I > 260/ Rint) [Riy = 0.042]  [Ripe = 0.0655] [Riyy = 0.041) [Ripy = 0.0212] [Ripy = 0.0371] [Riny = 0.0139) [Riy = 0.031]
Goodness-of-fit 1.055 0.953 1.106 1.068 0.924 1.046 1.030
R, wRy [I > 20(l)] 0.0456,0.1210 0.0568, 0.1474 0.0574, 0.1599 0.0550, 0.1658 0.0546, 0.1571  0.0338, 0.0914 0.0585, 0.1668
Ry, WR; (all data) 0.0784, 0.1331  0.0838, 0.1595 0.1009, 0.1747 0.0688. 0.1788 0.0971, 0.1870 0.0387, 0.0943 0.0793. 0.1781

Fig. 7 (a) Sclf-asscmbling of adjacent macrocycles in 4 via C-H---O
hydrogen bonds, H---O 2.56, C---O 3.491(4) A.CHO angle 1797, (b)
An arrangement of adjacent macrocycles in 8 with the interplane
distance of 3.330 A. The shortest intermolecular contacts are shown by
dotted lines.

arranged in parallel planes with a partial overlap typical for
the n—m interactions (Fig. 9).

Compound 7 of the 1 : 2 ratio crystallizes in the triclinic
space group Pl. The asymmetric unit contains two halves of
two macrocyclic cations (labeled A and B) that reside on two
different inversion centers and two [BF4]™ anions (also labeled
A and B) in general positions. The conformations of the two
macrocycles (Tables I and 5) and the geometry of the two
[BF4]~ anions are very similar, and so only the components
labeled A are shown in Fig. 10.

Of the proton-transfer complexes discussed herein, only 7
represents a water-free compound. The protonated macro-
cyclic nitrogen atoms adopt an endo-orientation that is stabilized
by the short-cut intramolecular N-H- - -O distance (Table 2).
The macrocyclic cavity adopts a chair conformation with the
deviation of nitrogen atoms at 4:1.507(1) A (£1.511(1) A in

Fig. 8 View of 5§ with the partial numbering scheme. Hydrogen
bonding is shown by dotted lines. Atoms with the suffixes A and B are
at the symmetry positions (1 — x, 1 —y. 1 —2)and 2 — x, | — 3.2 — z).
respectively.

% X

Fig. 9 Fragment of crystal packing in 5 showing the association of
the adjacent macrocycles. The interplane scparation between the
aromatic units is equal to 3.389 A. The shortest CH---F inter-
molecular contacts H.--F 2.52-2.64. C---F 3.308(3)-3.461(3) A,
CHF angle 136°—154" arc shown by dotted lincs.
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Fig. 10 Top (a) and side (b) views of complex 7A with the partial
numbering scheme. The shortest CH---F intermolecular contacts
H.--F 2.54 and 2.59, C---F 3.485(4) and 3.130(4) A, CHF anglc
164° and 115° are shown by dotted lincs. (b) C-H- - -x interaction is
shown by a dotted linc.

cation B) from the plane of four oxygen atoms, the value being
maximal among all the complexes described here. The
C-H- ‘m interactions between two methylene hydrogens and
aromatic subunits effectively turn the phenyl groups of the side
arms above and below the macrocycle (Fig. 10b) in such a way
that the dihedral angle between the plane of the aromatic ring
and the plane of the crown oxygen atoms is 43.17(4)"
(45.46(4)° for cation B). Both of these types of intramolecular
interactions were previously noted in the parent (Z-Hz):' in
the series of lanthanoid complexes,® in (2-H)Is,'* and in
(2-H,)[BF4}>-H,0."" Inspection of torsion angles (Table 1)
reveals that the macrocycle is characterized by the energetically
preferable gauche- and rrans-conformations along the C-C
and C-O bonds, while N-C bonds are equally distributed
between gauche- and trans-conformations. The pendant arms
of the symmetry-related macrocycles demonstrate the same
type of self-association as in 5 (Fig. 11).

Fig. 11 Fragment of crystal packing in 7. Sclf-assembling of adjacent
macrocycles (labeled A) via C-H--O hydrogen bond, H---O 2.57,
C---O 3.452(4) A, CHO angle 160°. The shortest intermolecular
contacts arc shown by dotted lincs.

The reported data represent three types of complexes: the
genuine host—guest complex 3 with the conventional hydrogen
bonds as the main interactions between the components, the
proton-transfer ternary complexes 4-6, 8 with the water
molecule incorporated between the charged species, and the
binary water-free complex 7. Our own results and recent
literature data providing the structural information make it
possible to compare the conformations of 1 and 2 with the
related structure complexes and to estimate the influence
of minor changes in the macrocycle (the methoxy group
incorporated into the pendant arm) on the conformation of
the macrocycle and the overall system of interactions.

Quantum chemical calculations

Herein we have completed the X-ray data by quantum
chemical calculations on the DFT level of theory that provide
in-depth details on the conformations of 1 and 2 macrocycles,
and especially on the positions of the pendant arms. Calculations
were performed in the gas phase and in methanol to simulate
the solvation effects. Since the relevant experimental structures
exhibited crystallographically imposed inversion symmetry, all
quantum chemical calculations were also performed with that
symmetry restriction. For all structures, the optimization of
the geometry of the macrocycle in vacuum and in methanol
solution has been carried out and the results are summarized
in Tables 3-5. All the calculated conformers are very close to
the parent X-ray structures. In general, for all optimized
structures, the shape of the macrocycle (measured by the
distances of opposite facing heteroatoms) and the position of
the pendant arms measured by the distance of two ipso-C
atoms (atom C7 and its symmetry-related counterpart in
Fig. 1) are close to the experimental solid-state structures
(see Tables 3-5). The comparison of two sets of optimization
carried out in vacuum and in methanol reveals the best fit of
crystalline data with the vacuum structure for free 1, while
for the complexed macrocycle the best fit was obtained when
the solvation effects were taken into consideration, i.e. for the
optimization made in methanol. Fig. 12 summarizes the
equilibrium structures for 1 and (1-H,)* " in 1, 3-7.

Ab initio HF/6-31+G quantum chemical calculations
have been performed for the complexation energy for
pairs of compounds 1-(H:NCS),, (3) and 2-(H,NCS),, and

&

() § ()

Fig. 12 Calculated equilibrium structurcs for neutral 1 and (1-H,)*”*
cation from 1, 3-7. All C-bound H-atoms arc omitted for clarity. (a)
free 1 (vacuum); (b) neutral 1 from 3 (methanol); (c) (1-H,)*" from 4
(methanol); (d) (1-H)** from 5 (vacuum); (¢) (L'Hy)*" from 7
(mcthanol).
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(1-H,)-[BF4]> (7) and (2-H,)[BF4),-H,O, where the water
molecules are not incorporated between the host and guest
molecules. The complexation energy was estimated as
AE = Ecomplex Etiost EGuesi: The complexation
energics of —724.844 kcal mol™' for complex 7 and
—762.558 kcal mol™" for (2-H,)[BF4],-H.O show a better
complexation efficiency for the proton-transfer complexes
than for the molecular complexes, —16.996 kcal mol™' for
1-(HaNCS)s. (3). and —12.408 kcal mol ™" for 2-(H,NCS),.

Conclusion

We have reported the synthesis, and X-ray and DFT studies
for the molecular and proton-transfer complexes based on
unexplored bibracchial-crown ether, N,N'-dimethoxydibenzyl-
1.7,10,16-tetraoxo-4,13-diazacyclooctadecane (1). The available
data demonstrate the pronounced conformational mobility of
macrocyclic cavity and distinctions in the orientation of
pendant arms. Moreover, the nature of the anion strongly
influences the twisting of the pendant group, making it orient
in opposite directions. To rationalize different conformations
of 1 in comparison with the parent N,N’-bis(4-methoxybenzyl)-
1.7,10,16-tetraoxo-4,13-diazacyclooctadecane (2), theoretical
quantum chemical calculations on the DFT (B3LYP) level
were performed. All calculated conformers are close to the
initial X-ray structures. The investigation shows that
the computational approach correlates with the structural
findings. We can conclude that we can emulate in the
calculations the weak force interactions that we observe in
the solid-state structures. The methoxy group that contributes
by the C-H---O(OCH3) hydrogen bonding to the overall
system of intermolecular interactions imposes distinctions
both in the orientation of pendant arms in particular and in
the crystal packing as a whole.

Experimental
General

Caution! Although we have experienced no difficulties with the
perchloric and hydrofluoric acids, these should be regarded as
potentially dangerous substances and handled with care.
Commercially available reagents were used as received.
Compounds 3-8 were analyzed for C, H, and N in a Perkin
Elmer 240C. The thin layer chromatographic control of the
purity of substances was performed on Silufol UV-254 plates.
All compounds were synthesized by an addition of the
corresponding ‘guest” species directly to a stirred solution of
the LCE. Moderate heating was required to complete full
dissolution. The composition of all compounds was confirmed
by routine elemental analysis.

(1). The initial ligand was synthesized following the
procedure described earlier.?’

1-(H,NCS); (3). 1 (125 mg, 0.25 mmol) and ethanedithioamide
(30 mg, 0.25 mmol) were dissolved in methanol (3 ml) at 64 °C,
followed by the addition of ethyl acetate (3 ml) and n-butanol
(I ml). The resulting clear solution was slowly reduced in
volume by evaporating the solvents at room temperature. Red

transparent crystals were obtained, mp 108-110 °C. Analysis:
found: C, 57.81, H, 7.49, N, 9.06, S, 10.33%; CyyH4sN4OeS»:
calc.: C, 57.85, H, 7.44 N, 9.00, S, 10.30%.

(1-H,)[ClO04]>-2H,0 (4). To 1 (50 mg, 0.1 mmol) dissolved
in methanol (5 ml) was added 70% perchloric acid (0.7 ml)
dissolved in methanol (2 ml) at 64 °C, followed by the addition
of ethyl acetate (4 ml). The resulting clear solution was slowly
reduced in volume by evaporating the solvents at room
temperature. Colorless transparent crystals were obtained,
mp 132-134 °C. CogHygCloN2Ogg: cale.: C, 45.47; H, 6.54;
N, 3.79%. Found: C, 45.43; H, 6.57; N, 3.82%.

(1-H3)/INbFg|-2H,0 (5). To niobium oxide (v) (133 mg,
0.5 mmol) was added 45% hydrofluoric acid (10 ml). The
resulting solution was boiled till the volume of 4-5 mi was
reached. To the obtained acidic solution was added a solution
of 1 (251 mg, 0.5 mmol) in methanol (10 ml). The resulting
crystals were removed from the solution before the solvent had
completely evaporated. Colorless transparent crystals of the
complex were obtained. mp 185-187 °C (dec.). The yield is
almost quantitative. CygHygF2NaNbyOg: cale.: C, 35.23; H,
5.07%: F.23.89; N, 2.93%. Found: C, 35.28; H, 5.02; F, 23.86;
N, 2.96%.

(1-Hy)-[TaFgl2-:2H,0 (6). To tantalum oxide (v) (221 mg,
0.5 mmol) was added 45% hydrofluoric acid (10 ml). The
resulting solution was boiled till the volume of 4-5 ml was
reached. To the obtained acidic solution was added a solution
of L' (251 mg, 0.5 mmol) in methanol (10 ml). The resulting
crystals were removed from the solution before the solvent had
completely evaporated. Colorless transparent crystals of the
complex were obtained, mp 185-187 “C (dec.). The yield was
almost quantitative. CogHagF2N2OgTas: cale.: C. 29.75; H,
4.28; F, 20.17; N, 2.48%. Found: C, 29.71; H, 4.25; F, 20.21;
N, 2.44%.

(1-H,)[BF4l; (7). To L' (50 mg, 0.1 mmol) dissolved in
methanol (5 ml) boron trifluoride etherate (0.35 ml) was
added. The resulting clear solution was slowly reduced in
volume by evaporating the solvents at room temperature.
Colorless transparent crystals were obtained by recrystallization
from a methanol-ethyl acetate mixture (1 : 2), mp 132-134 "C.
CstuBngNzobi calci: C: 49.58; H., 6.54: F, 22.4]: N. 4.13%.
Found: C, 49.54; H, 6.59; F, 22.47; N, 4.15%.

(2-H,)-|C104],:2H,0 (8). To 2 (44 mg, 0.1 mmol) dissolved
in a mixture of methanol (5 ml) and »-BuOH (0.5 ml) was
added 70% perchloric acid (0.3 ml). The resulting clear
solution was slowly reduced in volume by evaporating the
solvents at room temperature. Colorless transparent crystals
were obtained, mp 154-155 °C. Cy6H44ClN,O 40 cale.: C,
45.95; H, 6.53; N, 4.12%. Found: C, 45.92; H. 6.57; N, 4.10%.

X-Ray crystallographic data for 1, 3-8. The X-ray data and
the details of the refinement for 1, 3-8 are given in Table 6; the
torsion angles and H-bonding data are summarized in
Tables 1 and 2, respectively. Tables 3--5 contain the geometric
parameters for 1, 2 and their protonated forms for the
experimental solid-state and calculated structures. The
X-ray intensity data for 1, 3-5 and 8 were collected at
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room temperature on a Nonius Kappa CCD diffractometer®’
while for 6 and 7 they were collected on a Bruker CCD
diffractometer—both diffractometers were equipped with
graphite monochromated Mo-Ka radiation. Unit cell
parameters were obtained and refined using the whole data
set. Frames were integrated and corrected for Lorentz and
polarization effects using DENZO.*> The scaling and the
global refinement of the crystal parameters were performed
by SCALEPACK.* For 5 and 6, the absorption correction
using SADABS was applied.”> The structure solution and
refinement proceeded similarly for all structures using the
SHELX-97 program package. Direct methods yielded all
non-hydrogen atoms of the asymmetric unit. These atoms
were treated anisotropically (full-matrix least squares method
on F?). In 4 the oxygen atoms of the [CIO4]” anion are
disordered over two positions with occupancies of 0.86(1)
and 0.14(1), respectively, and only the major component was
treated anisotropically. In 7 the oxygen atom of the water
molecule was refined with the partial occupancy of 0.17(2) in
an isotropic approximation. Hydrogen atoms in the water
molecule were not localized. In 8 three oxygen atoms 04, OS5,
and 06 of the [C]O4] ™ anion are disordered over two positions
with occupancies of 0.75(1) and 0.25(1). respectively; the
major component was treated anisotropically and the minor
position was treated in an isotropic approximation. In all
structures, C-bound H atoms were placed in the calculated
positions and were treated using a riding-model approximation,
with Ujo(H) = 1.2 Ug(C) for methylene and Uio(H) = 1.5
/q(C) for methyl groups, respectively, while the N- and
O-bound H-atoms were found from differential Fourier maps
at an intermediate stage of the refinement and were treated
isotropically. All images were produced using Mercury.*

Computational details. Ab initio calculations were carried
out using density functional theory with the Gaussian03
package at the B3LYP/6-31 +G and HF/6-31+G levels of
theory.*® To avoid SCF convergence problems, a quadratic
convergence procedure was applied during the geometry
optimizations. Full geometry optimizations of the studied
compounds were performed both in solution and in the gas
phase. The polarizable continuum model (PCM) was included
in the SCF procedure for the description of the methanol
solutions with the exception of 4. The dielectric constant was
set at 32.63. All calculations were carried out using the
restricted spin formalism (closed-shell).
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O600611eHbl pe3y IbTaThl HCCIEIOBAHHH CTPYKTYPBI OPrAHHYECKHX KOMIUIEKCOB TPOM3BOAHBIX
1,3-AuruApCIUPUMHINH-2,4-THOHOB H HMX CTPYKTYPHBIX aHAJOTOB C MaKpPOLMKIMYECKHMHU
MOJH- U a3anonudPUpamMu.

KaoueBbie ¢Ji0Ba: |,3-THrHIpONUPHMHINH-2,4-THOHBI, MAKPOLIMKIHYECKHE MOIHIPHUPBI,
BOJIOPO/THBIE CBSI3H.

CriocoOHOCTb MPOM3BOAHBIX IMHPUMHIHHOB K CEJIEKTHBHOMY MEXMOJIEKY/IIPHOMY B3aUMOIEHCTBHIO
[IOCPECTBOM BOIOPOAHBIX cBsi3eii (H-cBA3H) onpenensieT ux poiib B GHOIOTHYECKHX IIPOLIECCaX U ABJISET-
Csl YHUKaJIbHBIM NIPMMEPOM paciio3HaBaHus cybcTpata peuentopom. [Tono6HemM 06pazom GopmupyroTes
JAMMEPbI U3 Nap a30THCTBIX OCHOBAHMH HYKJICMHOBBIX KMCJIOT, KOMILIEMEHTAPHOE B3aUMOJIEHCTBHE KOTO-
PBIX OCYILECTBIISETCS 3a CHET CHCTeMbl BOIOPOAHbIX cBsideid [ 1 ]. CornacHO CylIeCTBYIOIIMM NpeICTaB-
JeHUsIM, OMOJIOrMYecKas aKTHBHOCTh HEKOTOPBIX IPUPOIHBIX ITyPHHOB M MMPHMUIMHOB, @ TAKOKe UX CHH-
TETUYECKUX aHAJIOroB 00YCIIOB/IEHA CIIOCOOHOCTbIO (PYyHKIIMOHMPOBATh B COCTABE CTAOMJIBHBIX JIM-, TPH
1 TeTpaMOJIEKYJIIpHbIX KomIuiekcoB [ 2 ]. Takue accoumarsl yaaercs 3aMKCHpOBaTh M UCCIIENOBATh pa3-
JIMYHBIMH CTIOCOOaMH, OCHOBHBIM CpEeM KOTOPBIX SIBISIETCS PEHTIeHOCTPYKTypHblii aHanu3 (PCA).
HecMoTps Ha MHOrOYMCIIEHHbIE [TyOIMKALMH O CHCTEMaX MEXMOJIEKYJISPHBIX B3aHMOJEHCTBHH, Ham
HE M3BECTEH YHHUBEpCAJIbHbIH PELeNTOp Ul CBA3BIBAHHMS HEHTPAJbHBIX MOJIEKYJI IIOCPEICTBOM BOJIO-
poausix cBsseil. Tem He MeHee, Ha ponb H-akuenTopos, crnocobHbix 0OpasoBbiBath ¢ H-poHopamu
KPUCTAJUINYECKUE COCJMHEHHs C NPOCTOM LIEJIOYMCICHHOH CTEXHOMETpHEH, MOryT MpeTeH0BaTh
kpayH-3¢upsl (KO) u ux ananoru [ 3 ]. Takue KOMILIEKChI H3Y4YalOTCsi, B OCHOBHOM, C LIEJIbIO [0JIy4e-
Hust HHpOpMaLIMK, HEOOXOAMMON I MOHMMAHKs BKJIa/a c1abblx B3auMOJEHCTBUI B 00L1yI0 cHCTe-
My CTabWIM3aLMK CyIpamMoJIeKyJIsipHbIX accouuaroB. CiieayeT OTMETHTb, YTO C MOMEHTA IOSBJICHHS
TepMuHa " KOMIUIEKC XO3IMH—TOCTb" NPUMEHUTENIBHO K KoMmIulekcam KD ¢ HeHTpalbHbIMU Oprasu-
4eCKHMH MoJieKyJnaMH [4 ] npencrapieHust O pojaM €ro KOMIIOHEHTOB IIpETepIIesd CYIIECTBEHHbIE
M3MEHEHHs, U Tenepb HEPEeAKO MaKpOLMKIMYECKas MOJIEKyJa pacCMaTpHBaeTcs Kak "rocTh”, BHe-
ApAIOWMICSA B MATPHIly MOJIeKyl "Xo3suHa”. B kauecTBe TakuxX PUMEPOB MOXKHO NPHUBECTH MOJIEKY-
JApHbIE KOMIUIEKCHI JAUTHOOMMOYEBHHbI U TPU(PEHWIMETAHOBBIX NPOM3BOAHBIX C PA3IMYHBIMU I10
pasmepHoctH KO [5,6]. C apyroit cTopoHbl, COBpEMEHHass XMMHS HYKIEHHOBBIX OCHOBAHHMH U HX
CHHTETMYECKHMX aHAJIOrOB JIAeT APKHE NPHUMEPhl CAMOOPraHU3aLHH TAKUX CUCTEM B IPUCYTCTBUH pa3-
JIMYHLIX TEMILIATOB, B KAYECTBE KOTOPBIX HEPE/IKO BBICTYNAIOT KATHOHbI METAJLIOB [ 7 ].

* E-mail: simonov.xray@phys.asm.md
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B Hacrosimem coobumennn asropsi HaMEpPeHbI IPOJICMOHCTPHUPOBAT JOCTOMHCTBA MAaKpOUUKIIH-
4ECKHX NOJIMI(HPOB M MX A32-aHAJIONOB KAK NEPCIIEKTHBHBIX TEMILIATOB, 0becreynBalommX nepepac-
NPEACIICHUE MEKMOJIEKYIIAPHBIX BOAOPOIHBIX CBS3€ll B KPHCTALIMYECKOI CTPYKTYpE ypaumuIbHOIo
NPOM3BOHOTO (XO351MHA) NPH BHEAPEHHH B TAKYIO CHCTEMY MaKpPOLMKIIHYECKOH MOJIeKyJibl (rocTs).
Hanunuue B Monexyne xo3suna nogo6Horo poaa Heckonbkux H-noHopHbIX (amunbie, OKCHMHbIE, Cyllb-
(ho- 1 amunorpynmnsr) n H-akuentopusix ueHTpoB (=0, =S, =N-) nianapHoii u TeTPasAPUYECKON reoMeT-
PHH TI03BOJIACT OCYIUECTBHTH KOMILIeKcoobpasoBanue ¢ KD Besenctrue "BBICBOOOXIEHHA" U3 B3auMO-
ACHCTBUI X035 MH—XO3MH CHIIBHBIX H-noHopoB npu yactuysom COXPaHEHHH CaMOOPraHM3aLMH HCXOjI-
HO¥ cTpyKTypbl. Kpome Toro, Bhienenue KPUCTAUIHIECKMX KOMILIEKCOB C MAKPOreTEPOLIMKIAMH [10-
3BOJIWJIO HAM HACHTU(DUUMPOBATb M U3YYHTh OCOGEHHOCTH pana HOBbIX 1,3-nuruaponupumunus-2,4-
AHMOHOB, KAa4u€CTBO KPHCTA/IIOB KOTOPBIX HE COOTBETCTBOBAIO TPEGOBAHMAM PEHTTEHOCTPYKTYPHOTO
dkcnepumenTa. Ha cxeme 1 npescrasiens: nponssomsie [HPUMUIMHA W MAKPOTreTePOLIMKIIbI, KOMILIEK-
ChbI KOTOPBIX BUIHCH OOBEKTAMH HCCIIEZIOBAHHA, 0GOGIIEHHBIX B HACTOSIIEH ny6mKamm.

H

1 OH 1 H
NYS = 5 NYO N 0 N 0
0 0
E'(NH \NI(NH ‘NI“/NH ‘Nj/;‘/NH
S 0 0
A CH DH

NOH
BH
H,N HYO H,NC(=0)HNHN ﬁ 0 dﬁhz ﬂ\fo
2 | 2 | Y N:

HO;SHN I NH \[(n)/NH Nj/:’o(NH
EH FH GH
Baadip S

[ i
ad P s
1 2 3

0 oy

Cxema 1

Hurepec k 2,4-aumuoypauny (A), npocteiiieMy npeacTaBuTesio psaa ypauusios, 00yCiIOBJIEH BO3-
MOXHOCTBIO M3Y4YCHHS PA3/IMYHBIX THIIOB MEKMOJIEKY/IAPHBIX B3aHMOJ/ICHCTBHH, XapaKTEpHBIX JUIs
HMEIOILMXCA B MOJIEKY/Ie A (yHKLMOHATIbHBIX IPYIIIL, & TAKXKe Ul ONpejielieHus Haubosee J1erko rujpa-
THPYIOIIMXCS (PparmMeHToB 310i Mosekyssi [ 8, 9 |. M3sectHo, uto TEOPETUYECKHU Ul COEITUHEHUS A BO3-
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0—&-- N @_&“ 5 é Puc. 1 (cresa). Kpuctaumyeckas cTpykTypa 2,4-nurHoypaumia

; \ (A). Paccrosmms N---S B cumronax R2(8) 3,314 u 33344,

5 = [ Kkparyaimne paccrosaus C---S B CH---S kourakrax 3,487
3 § n3,.828A
Puc. 2 (cnpasa). @parMeHT NMOIMMEPHOI LENIOUKH B KPHCTAI-
Jie Komruiekca 2:(A),

MOXHO LUECTb THOJI-TUOHHBIX TaYTOMEPOB. MHOrOYMC/IEHHbIE TEOPETHYECKHE PACUETHI OLIEHHBAIIH TIPE/l-
TOYTHTEILHOCTL TAYTOMEPHBIX (POPM A C SHEPIeTHYECKOH TOUKH 3PEHHS B 3aBUCHMOCTH OT arperaTHoro
COCTOSIHMSA BEILIECTBA. Y CTAHOBJIEHO, YTO B KPHCTA/LIE MOJIEKYJIbl A NPUCYTCTBYIOT B JAMTHOHHOIM hopme
1 00bE/AMHEHBI B JIMHEHHbIE LENOYKH 32 CYET YEeperOBaHUS JIByX OMHAKOBBIX R% (8) cynpamonexysip-
HBIX CHHTOHOB ¢ y4acTieM NH-rpynnbi 1 0HOro M3 THOHHBIX aTOMOB cepbl. Bosee ciabbie B3anmoeii-
crBus THria CH-+-S oByciiosauBaior o6beuenne 9THX Lenoyek 8 ciiou (puc. 1) [ 10].

MccnenoBatnbie MONIEKY/ISPHbIE KOMIUIEKCh 1—9 COeuHEeHHs A ¢ MaKpOreTepoLMKIaMA npej-
CTAaBJISIOT COOOH [BYXKOMIIOHEHTHbIE M TPEXKOMIIOHEHTHbIE (IMIPAThI) CHCTEMbI JIEMOHCTPHPYIOT He-
CKOJILKO THIIOB CTPYKTYpHOH opraumsaumu [11,12]. JIByxkomnoneHTHble cuctembl 2-(A), (7-A)s,
(8-A),, (9-A), xapakrepusyrotcs crexuomerpueit 2:1 wmm 1:1. Bo Bcex komruiekcax coxpaHsiercsi 0obe-
JAMHEHHE MOJIEKYJI A B JIMMEp 3a CYET CYIPaMOJIEKYJIIPHOrO FTOMOCHHTOHA R% (8). CynpamouexysipHas
OpraHu3alus JMKTYeTCs IeOMEeTpuedl MaKpOUMKIMYECKOH MoJeKyibl: B ciydae KD 2, sBistowerocs
CTPYKTYpHbIM aHaiorom KO 1, paBHOLEHHOCTb /IBYX CTOPOH MaKpOLMKIIa 06yCIOBIHBAET LENOUeUHYIO
CTPYKTYPY C 4epe/IOBAHHEM IUMEPOB A M MAaKPOLMKIMYECKUX MOJIEKy1 (puc. 2).

Tpu npyrux xomiuiekca 910l rpymiibl NPE/CTABIAIOT cOOOI MOJIEKY/IAPHBIE KANCYJIbl C PACIIONOKE-
HHEM JIMMEPHOro accouuara (A), mexuy aByms mMonekyiamu KO (puc. 3). Bce TpeXKOMIIOHEHTHBIE CHC-
TEMbI IEMOHCTPUPYIOT cTexHomerpuio 1:1:1. Kommuiekc 5-(A),-2H,0, exuncTBenHslit B 9To# rpymnme,
ABJISIETCS LIECTUYICHHBIM aCCOLMATOM, B KOTOPOM IMMep (A), 3aKIIOUeH MEKIy AByMst MojieKytamu KD,
a MOJIeKYJIbl BOJIbI CIIA00 YAEP)KUBAIOTCA HA BHELIHEH CTOPOHE I0JIOCTH MaKpOLMKa (cM. puc. 3, 6).

B komiuiekcax 1-A-H,0, 2-A-H;0, 4-A-H,O Monexyna Bojs! BHepseTCS MEXly MaKpOLHKIHYEe-
CKO#i MOJIeKyJIOl M MOJIEKYJIOH A, akuentupys rnpoton NH-rpynmsi u aeiictBys kak H-nonop wis KD.
370 NPUBOJUT K LENIO4EYHOMY MOTHBY C Y€Pe/IOBaHHEM KOMIIOHEHTOB. IHTEPECHBIM B 9TOM IUIaHE Mpeji-
craeyisiercst Komiuieke 1-(A)-HyO (puc. 4), B KOTOPOM MaKpOLMKJI HAXOAMTCS B HEXAPAKTEPHOM HECHM-

METPUYHOM OKPYKEHHH M €ro KoH(opMalus onucsiBaetcs cummerpueii C).
?—— %
’ \
/

N
- A
.
.
e %
N

Puc. 3. Tlpumepsl MOJIEKYJISIPHBIX Karcyn komruiekc (8:A),, pac- Puc. 4. ®parMeHT NMOTUMEPHOH Lie-
crosmns N---S 3,297, N---0 2,790, C---O 3,102 A (a); xomIuIeKc TMOYKH B KpHCTalle KOMILIEKCa
5.(A),-2H,0, paccrosunus N-+-S 3,340, N---O 2,953 u 3,137, C---O 1-A-H,0

3,369 A, paccrosmus O(Bona) - O(kpayn) 2,937 u 3,425 A (6)
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o

Puc. 5. Banxaiiee okpyxkenue aamepa (B,

B komruiekce (H,-10)(B), Puc. 6. DparmMeHT JIeHTO4HO# CTPYKTYphl B (2 - NHy)(B)

B3auMHOe pacroNOKeHHe KOMIIOHEHTOB B KOMIUIEKCAX MpE/ICTaBIsieT COOO0H KOMIPOMHMCC MEXIY
HAWIyullel HAIPABICHHOCTBIO BOJIOPO/IHBIX CBA3eH M Haubosiee GarONpHATHBIM PACHONOKEHHEM LIMK-
JINYECKHX T-ApOMATHYECKUX cHCTeM. B cirydae 1—3 u 6, ¢ 06eIHEHHO T-DJIEKTPOHHON CHCTEMOH, Moe-
Ky/ia A pacrio/io)eHa PaKTHYECKH NEPIICH/MKYISPHO K MAKPOLMKIIMYECKOH T0JIOCTH, 4TO 00eCrieunBaeT
MakcHMasbHoe yuactie kak NH-, Tak 1 CH-IpoToHOB B 0011iei cucTeMe MEeXMOJIEKY/ISPHBIX B3aHMO/IeH-
crBuii. KoMIuiekebl ¢ 4 1 5 IeMOHCTPHPYIOT CYyILECTBEHHbIH BKJIAJl apOMATHIECKON COCTAaBIIOLIEH MaK-
POLMK/IMYECKOTO KOJIbILA, YTO NPOAB/ISETCS B OPHEHTALIMU MOJIEKY)Ibl A PAKTHYECKH NApa/LIEIbHO [L10C-
kocTy GenszonbHOro Konbia KD (cm. puc. 3, 6). 3a uckmouenueM K3 7 u 8, Bce H3yyeHHbIE MAKPOLMKIIbI
Be/yT cebst Kak "ABYCTOPOHHHME” MOJEKYJIbl, 4TO 00ecredMBaeT BOBJICYCHHE MAKCHMAILHOTO YHCIIa aTo-
moB kuciopoaa KD B koMiuiekcoobpasoBaHue.

Hammuue B Monekynax BH—GH H-10HOpHBIX rpymil, criocoOHbIX He TO/IBKO K H-CBSI3bIBAHMIO, HO
¥ JIeTIPOTOHUPOBAHMIO, IPHBOJMT K YCIIOKHEHHIO CyIPAMOJIEKYJIPHONH apXHTEKTYPbl COOTBETCTBYIOLIMX
komruiekcoB. Tak, 3aMellleHHeM aMMHOIPYINIbl B MHUPUMMIMHAX MO/ ACHCTBUEM TMIPOKCHIAMUHA Mb
MO/ UM Pa3HOOOPa3HbIe /-, TPH- H TETPAOKCHMBI, OCOOEHHOCTH CTPOEHHS KOTOPBIX (B 4aCTHOCTH, 6u-
umkamueckux coeuuennii CH u DH, a tawoke TayromepHoii opmbl auokcnma BH) BbisBIIeHbI B KpH-
CTA/UIMYECKHX MpojykTax ux B3ammozeiictua ¢ KO u asa-K3 [13,14]. M3 uerbipex TayTOMEpHbIX
dopm, BO3MOXKHBIX Ui uokcuma BH, B KpucTaiuiax ero KOMILIEKCOB ¢ MaKpOLHMKIaMH 2 u 10 3aduk-
cuposan (4Z,5E)-msomep (cM.cxemy 1), a KpHUCTalIMYeCKHe MNPOJYKTbI COCTaBa (H>-10)(B),
u (2-NH,)(B) ABISI0TCS CONSMH BCJIEJCTBHE NEPEHOCA NPOTOHA OT O/IHOH U3 OKCUMHBIX IPYII MOJIe-
kyJbl BH Ha aTOM a30Ta MaKpoLMKJIa WM aMMHaKa COOTBETCTBEHHO. B cTpykTypax obeux coseii co-
XpaHAeTCs CaMOOPraHU3allks aHMOHOB — IUIAHAPHBIA JMMEp 33 CYET OKCHM-OKCHMATHOrO CHHTOHA
R§(6) 8 (H,-10)(B), (puc. 5) u uens 3a cueT KOMOMHALMH CHHTOHOB R% (6) u R% (8) B (2-NH4)(B)
(puc. 6). Ilpu 5TOM JMKATHOH (Hz-l())2+ obpasyer H-cBsi3u HE TOJIBKO MOCPEACTBOM B3aHMOIEHCTBHS
[POTOHOAOHOPHBIX IPYIII >NH; C OKCHMAT-aHHOHOM, HO ¥ H-aKienTopoB MakpOLUHKIIA, y4acTBY0-
mmx Bo B3aumozeiicTun NH-++(kpayH) ¢ aMUaHO# rpymoii anuoHoB BT, 4T0, 10 BCeit BEPOATHOCTH,
W SBJISETCSA NPUYUHO# "00pbiBa” LEMOYEYHOTO MOTHBA MOCIEAHHUX B KOMILIEKCE (H,-10)(B),.

B cocrase Mosekynsapbix kommiekcos (10)(CH),-2H,0 u (10)(DH), onpezenienb! Takke CTpyK-
Typbl [POAYKTOB LMK/IM3ALMK COOTBETCTBYIOUIMX - ¥ TPHOKCHMOB (cm. cxemy 1). Monexyasl CH
v DH B 5THX KOMIUIEKCAaX MMEIOT MlaHapHylo reoMeTpuio. O6a coeiMHeHus XapakTepu3yroTCs Lero-
yeuyHo#t CTPyKTypoii. Hanmuune y Takux aHHEIMPOBaHHBIX a30JI0yPaUMIIOB JIMIIE ABYX >NH-noH0p-
HbIX LEHTPOB KOMIIEHCHPYETCS B CIIydae KOMILIEKCa (10)(CH),-2H,0O 3a c4eT MOJIEKYJIbl BOJbI, CIIO-
cOBHOCTH KOTOPO# 00pa3oBbIBATH MaKCHMalbHO YeThipe H-CBS3H B COUCTAHMM C MAJbIM 00beMOM
[03BONSET YBEIHUMTh UHCIO MEKMOJIEKYJISAPHBIX BOJAOPOAHBIX CBs3eH (pHC. 7), TeM CaMbiM 6naro-
NPHUATCTBYS TOMOJIOTHYECKOMY COOTBETCTBHIO.

B kommuekce (10)(DH), okcumuas rpynma, OydydH BOBJIEYEHHOH BO B3aUMOACHCTBHSA
OH---O(xpays) u NH(xpayn)---N (puc. 8), Buimonnser kak H-aonopnyio, Tak u H-akuentophyo
¢bysxuun [ 14]. TTonoGHO ABYM NpEAbIAYLIMM CTPYKTYpaM, B JaHHOM Cllydae TakkKe COXpaHACTCs
KapOaMHHBIH TOMOCHHTOH R% (8) mumepa monexyast DH.

IToa jeiicTBHEM JOCTATOYHO CHIBLHOTO OCHOBAHMS, KAKOBBIM sBisercs auaza-KO 10, npoucxo-
JUT JeNPOTOHUPOBaHHE CYIb(Orpymnisl 6-amuH0-2,4-110Kc0-1,2,3,4-TeTparuApONHPUMHIUH-5-CY Tb-
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R

Puc. 7. ®parMeHT MOMHMEPHOH LEMOYKH B KPH- Puc. 8. DparMeHT MOTMMEPHOH LENOYKH B KpHCTAILTE
craie kommtekca (10)(CH),-2H,0 komrnekca (10)(DH),. Paccrosums  O(H)---O(xpayn)
2,906 u 3,000, N(H)(xpayn)--*N 3,001 A, paccrosiHue

N::+O B kap6amMuHOM roMOCHHTOHE 2,834 A

(amosoii kucnotei (EH) ¢ o6pasosanuem auruapata comn (H2-10)(E),-2H,0 [ 15 ]. BoraTsiit npoto-
HOJIOHOPHBIMH LEHTPAMH aHHOH (POPMHMPYET OTPHLIATENLHO 3aPSUKEHHBIH CIOM, CTAGHIN3HPOBAHHbI
TPaAMUMOHHBIMA  B3aumozeiicTBuamu NH---O(=C) B cocTaBe CynmpamoneKkynsSpHOr0O OMOCHHTOHA

R% (8) 1 mepeKpecTHBIMKU BOJOPOAHBIMH CBA3SIMHU NH---(SO3) (puc. 9). Kaxiblii aHHOH BOBJI€YEH BO

B3aMMOJICHCTBHE C TpeMs Gmkaiiumu cocesMu ¢ HOpMUpOBaHHEeM "BOMHOrO” COK, YTO omnpeje-
JISETCS TETPAdAPUYECKON reOMeTpHeii atoma a3oTa Cy/ib(paMuAHON rPYNIBI M TPHIOHAJBHBIM cTpoe-
HHEM CyIb(Orpynnbl. MakpoOLUMKIHYECKHii KATHOH CBA3aH C aHMOHHOM CETKOH B3aMMOEHCTBHIMMU
NH ---O. B kpucramie ocymecrsasercs "6okoBoit” crnocob KOOpAWHAIMKM MaKpOLMKiIa, oba aroma
Bonopoaa NHy-rpynibi uMeror sx30-opuenTaumio. MosieKyisl BOJbI, NIPHCYTCTBYIONIHE B CTPYKTYpe,
HapAly ¢ MaKpOLMKIMYECKMMH KaTHOHAMH BBINIOIHSIOT MOCTHKOBYIO (DYHKIHMIO MEXIY COCEJHUMH
OTPHULIATENBHO 3aPSIKEHHBIMH CJIOSIMHU.

B npucyTcTBHM a3a-MaKpOUMKIIOB BOSMOXKHO J€TPOTOHMPOBAHHE M TETEPOLMKIHYECKOrO aTOMa 430~
Ta MOJIeKyJibl ypauuia. Tak, Mbl OGHapyKHIIH, YTO NpHU B3auMozeicTBuu coemuennii GH ¢ 10 u FH ¢ 11
00pasyloTCsi COMH, B KOTOPBIX, MOI0GHO NPE/IbIAYILEMY KOMILIEKCY, MAKPOLMKIIHYECKHii IUKATHOH U 1Ba
YPAUM/IbHBIX aHHOHA O0PasylOT TECHYI0O HOHHYIO IIapy, M B KOMILIEKCOOOPA30BAHHE BOBJICUEHBI byHk-
LHOHA/IbHBIE IPYTNbl MMPUMUAMHOBOrO wHKia [ 14,15 ]. B crpyktype xommiekca (Hy-10)(G),-4H,0
(puc. 10, @), MOMUMO XapakTEPHOro JUisi MyPHHOB CTIKHHIA CHMMETPHYECKH CBS3aHHBIX aHHOHOB,
OTCYTCTBYIOT KaKHe-IM0O CyNpaMONeKyIspHble TOMOCHHTOHbI, THIIMYHbIE I THPUMHAMHOB. DTO
CBA32HO C BHE/IPCHHEM B KPHCTAJLIMYECKYIO PEILIETKY MOJIEKYJ BOJbI, KOTOphIE B KauecTBe H-10HO-
POB GJIOKHPYIOT KapOOHMIIbHBIE aTOMBI KHCIOPO/A, @ B KauecTBe H-akuentopoB — amumbiii arom
Bogopoaa (M. puc. 10, a). CoBOKynHOCTb 3THX (PAKTOPOB NPUBOAHMT K CIOMCTOM CTPYKTYpE, B KOTO-

a o

Puc. 9. Ctpoenne kommiekca (Hy-10)(E), - 2H,0, ¢parmMeHT OTpHIATENBHO 3apSKEHHOTO COS: @ — BHI CBEpXY,
6 — Bz cOOKy, 6 — GmiKaliliee OKpykeHHe MAKPOLMKIIHIECKOTO KATHOHA B KPHCTAJLIE
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i

Puc. 10. Crpoenne Komriekca
(H2-10)(G),-4H,0: a — BoCchMHE-
uenHbii guannon [(G),-4H,01,
6 — (parMeHT cios B CTPYKType

POl MaKpOLMKIMYECKUH KaTHOH SBIAETCS (ParMEHTOM CIOS M 3aHHMAET MOJOXKEHHE B A4ueiKe,
chopmupoBanHO# 8 aHHOHaMHU M 12 MOJeKyIaMHi BO/IbI, BHINONHAIOMIMMY B JAHHOM CIIy4ae BaXKHYIO
CTPYKTYpooOpasyrontyio QyHKIHIO, pOpMUpPYst HENPEpPbIBHbIE LEeNoukH (cM. puc. 10, 6).

ITono6uo xommekcy (H;-10)(G).-4H,O, arom asora B nonokeHHMH | NMPHMHMIMHOBOTO LHMKIA
2-(2,6-muokco-1,2,3,6-rerparugponupuMuuE-4-wn)ruapasunokapdokcamuna (FH) B cocrase kommekca
(H,-11)(F),-2H,O nenporonuposas [ 16 ]. JlukatHon (Hy-11)* obpasyer ¢ AByMsl aHMOHAMH ypaluia
JBE napbl BOIOPOIHbIX CBS3EH, N—H"--N" u N—H:---O=C, ¢ yyacTreM aToMOB a30Ta ¥ KHCJIOpoza Je-
NPOTOHUPOBAHHOTO JIAKTAMHOTO (hparMenTa ypauuna (puc. 11). AHuOHbI GOPMHUPYIOT OTPHLATENHLHO
3apsOKEHHBIN CIIOH, CTAOMIN3UPOBAHHBIH KOMOMHAILMEN CYTIPAMOJIEKY/IAPHBIX TOMOCHHTOHOB — JBYX
LIEHTPOCUMMETPUYHBIX KapOaMHUIHBIX CHHTOHOB R% (8) ¢ yuacTneMm ypauuiIbHOIO LMKJIA U nepude-

pUITHOI aMUHOTPYNIIbl B HECHMMETPHYHOTO CHHTOHA R'z (6), XapaKTepHOTo JJ1s1 MOYEBHHBI.

B xpucraie kommtekca (Hy-11)(F),-2H,0 rodpupoBaHHbie CIOU CTBIKYIOTCS 4€pe3 MOCTHKO-
BBIE MOJIEKYJIbl BOZBI, (OPMHUpYS TPEXMEPHYIO CTPYKTYpy. MONEKybl BOJbI ABJAOTCS ABOHHBIMU
H-nonopamu (06pasyloT ¢ aToMaM# KHCJIOPOZA ABYX KapOOHMIILHBIX IPYIN NPAKTHYECKH HAeAIbHbIH
pom6) M aKLUENTOpaMH OJHOTO MPOTOHA — B3aUMOJIEHCTBYIOT ¢ ruapasuaHoil NH-rpynnoii.

B 3akiiouyeHue noauepkHeM, 4to makporerepouuisl 10 u 11 seasiores asanonuddpupamu 1 06-
NaJ1al0T COOCTBEHHBIM LIEHTPOM HMHBepcHH. IlepBoe 00ycIOBIMBAET MPEANOYTHTEILHOCTE 06pa3oBa-
HUS MOHHBIX COEJIMHEHMH ¢ OTEeHLMaIbHBIMA H-T0HOpaMH, a BTOPOe — CHMMETPUYHOCTD Cylpamolie-
KyJIIPHOTO MOTHBA B 00pasylommxcs Komiuiekcax. Ham mpeacraBnsercs, 4To NPUBEICHHbIC MPUMEpbI

Puc. 11. Crpoenne kommiekca (Hy-11)(F),-2H,0, ¢parmeHT OTPHLATENIBHO 3aPSKEHHOTO CIIOA: @ — BHJL CBEp-
Xy, 6 — BuA c60Ky, 6 — GiiKaiilee OKpyKeHHe MAKPOLMK/IHIECKOr0 IMKaTHOHA B KPHCTAILIE
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JICMOHCTPHPYIOT 0YEBH/IHYIO IEPCIIEKTHBHOCTh MAKPOTeTEPOLMK/IHYECKHX TemmuiaTos (KD n a3a-KD) s
M3YHEHHS CYNPaMONIeKy IAPHOH OPraHH3aLMK KOMILIEKCOB C TAKUMU GHOMOIIEKYJIAMH, KaK HPOH3BO/IHBIE
TIMPUMH/IHHOB, A TAKKE JUIA BLIABICHUS PAsIM4HbIX (AKTOPOB AKTHBALIMM MOJIEKYJI [1000HOTO poxna re-
TEPOLMKIIOB B YCJIOBUAX CYNPAMOJIEKyY/IPHOTO KaTaslu3a. .
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3.B. 'anun, 0.x.H.

Qoeccruti 20cydapcmeenHblil SKON02UHECKU YHUepcumem

CHUHTE3 KPAYH-2®HUPOB 1 UX BSAHMOJIE“FICTBI/IE C
KPEMHE®TOPOBOJOPOIHON KUCJIOTOH

Hneapuanmnocme cmabunusayuu ouaxeamempagmopocuruxama 18-Kkpayn-6 u cunmes Kommiexca
newmagmopcunukama 2UOPOKCOHUA C YUC-CUH-YUC-USOMEPOM  OUYUKNO2eKCcano-18-kpayn-6  npu
83auMOoOeticmeuu KpayH-3¢pupos ¢ pacmeopamu OUOKCUOA KpeMHUSL 60 (hmoposodopooHOl Kuciome
gbIAGNAIOM  Onpeoensioujee GIUAHUE NPOCMPAHCMBEHHO20 CMPOEHUR KPAyH-3QuUpos Ha. cnocob
KOMPNEKcoobpaso8anus.

Knrouesvie crosa: kpayn-3¢pupbl, KpemHe@moposooopooHas KUCIoma, KOMAIEKCbL.

Beenenne.

C momenrta neppodt mybmukaimu Y. Ilepepcena (1967 r.) mo xpayn-apupam —
CHHTETMYECKMM MAKpPOIMKIHYECKAM TONUd(HpaM MOTyd4eHO OrPOMHOE CTPYKTYpHOE
MHOT000pa3He 3THX HEOOBIMHBIX KOMILIEKCOHOB, Hal/IEeHBI MHOTOYMCIICHHBIE BO3MOXHbIC
obsacTy ux npaktuyeckoro npuMereHns [1]. OyHa X Takux ob1acTel — UCIOJB30BaHME KaK
KpayH-3QHpOB, TaK W COCIWHEHHH BKIIOYEHMS Ha HX OCHOBE MPH MOJAEIMPOBAHUN
GHOOpraHMYeCKUX peakuuil 1 mpupoHkIX mporeccos [2]. Konen npomiioro u nepsas aexazia

XXI Beka NEMOHCTPHUpYET MOMUIMHHBIN PeHeccaHC XMMHMH KpayH-3(GHpOB B TOM YHCIE B.

HAIPABICHHH MOMCKA yAOOHBIX METOMOB CHHTE3a KpayH-d(QHpOB, a TaK)Ke MX H3y4eHHS B
NJaHe «CTPYKTypa — CBOMCTBa», B YaCTHOCTH, BIHSHHS CTPOCHHS KpayH-3QUpOB Ha
pesynsTaT KoMIuiekcoobpasoBanus [3].

Marepualibl H MeTOAbI HX HCCIET0BAHMNS.

g
e )

o

18-K-6

18-kpayn-6 (18-K-6). 3,3 r (0,022 mons) TpusTHieHrmuKons 1 4,6 r (0,024 mons)
n-To-Iyoicyas(oxnopuaa pacTBopsutd B 40 M TMOKCaHa U IIONYYEHHBIH PACTBOP IO KaIlsM
npubasisiM 3a 1 4 B NEpeMeNIMBaeMyl0 CYCIICH3MIO pacTepToi B myapy cmecu 5.8 r
(0,088 mosst) 85%-Horo ruapokcuaa kamus u 10 r oxcuma Gapust (wm 7,5 r xapbonara
kanus) B 30 mu guokcana mpu 40+5°C. PeakilMOHHYIO CMECh BBIICPKMBAIH HpPH ITOH
temneparype 1 4, 3aTeM HarpeBanu 10 65+5°C u B ropsuem Buie QpuibrpoBamd. OuakTpar
yIiapuBaiy 0CyXa, a MOJydJeHHbI Geblii TBep/Abii ocTaToK Harpesany npu 0,1 MM prT. cT. 10
275°C, cobupasi oTroHsromiyiocs xuakocts. K Heit nobapmsmm cmeck 0,2 r ruapokcuua
narpus 1 0,5 r okcuza Gapus, nosydeHHylo maccy Harpesamu npu 0,05 MM pT. ct. 10 200°,
cobupas oTrossromuiics 18-xpayn-6. Bexonx 1,2—1,3 r (41—46%), 1. w1 38—39°, urto
COOTBETCTBYET AaHHBIM pabor [1]. Xpomarorpaduyeckuii KOHTPOIb YHMCTOTHI 18-KpayH-6
ocymecTsisin Ha npubope JIXM-8M (karapometp, 250-275°C, 5 % «Bep3amun-900» na

aMe
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«ViHepTOHe», JUIMHA KOJIOHKH 3 M, CKOPOCTb IeIs 25 mu/vun). CuHTe3 103BONISET H36exKaTh
MHOTOKPATHBIX NIEPEKPHCTALTH3aNMH LeIeBOro NPOIyKTa U3 alleTORHTPHIIA.

T e

Pajje/ieHHe AMACTEPEOMEPOB  IHC-CHH-IMC- M IHC-aHTH-IHC-H30MEpamMH
aumEKIorexcano-18-kpayn-6 (A- u B-JIT -6 coorBercrBenHo). 20.6 r (0.12 Momb)
4-aMmuHOOeH307ICyIbdamMua pacTBopsid 1pH 78 °C B 160 ma 3TaHONa, K pacTBopy
nobapnsm 37.2 T (0.1 MOTb) CMeCH JMAcTEpeOMEpoB A- H B-JILI'-6, KpuCTa/LIA30BAIIH,
3aTeM (QHIBTPOBANH. BbiJeNeHHBIC KPUCTALILI KOMILIEKCA nuactepeomepa  B-JILI-6 ¢
4-amuBOGeH30/CyTbbamMuIom Harpesanu ¢ 50 Ma 2-mponanona mpu 82 °C 10 wmuH,
oxnaxaam 10 0 °C, GUIBTPOBaIH, OYMIICHHbIC KPHCTAIUIBI PaCTBOPIIA B 100 M 5%-Ho#
consiHol kucnoTsl mpu 40 °C u akcTparuposanu 80 mi xnopoopma. IKCTPAKT IPOMBIBAIIA
100 Ma 5%-Ho# CONSHOM KMCIOTHI, 3aTeM 2x100 M1 BOJIBL, XJ10podopM yrnapHUBaiH, OCTaTOK
kpucranm3opamy u3 20 M reKcaHa M ToJydand 18 r (48 %) mmactepeomepa B-JILIT-6,
o mwr 69-70 °C. Marounsli pacTBOp, OCTABIIMNCS Mocne (UIbTpaluu KOMILIEKC,
ynapusanu, Ao6asmsiia 100 M x0podopma, GHIETPOBAIH, QHUIBTPAT NPOMBIBATH 100 mx
5%-HOM COJNSHOM KHMCHOThL, 2x100 Mn  BOIBIL, x10po)opM  yHapuBajiH, OCTaTOK
KPUCTAUTM30BATH M3 15 MJI JMITHIIOBOTO sdupa u noxysam 12 r (32 %) amacrepeomepa
A-JILT-6, T. . 61-62 °C.

Ilo nuTepaTypHhIM JaHHEM [l], T. IUL JHAcTepeoMepa B-JILII-6 cocraBiseT
69-70 °C, nmactepeomepa A-JL-6 - 61-62.5 °C. UK coekTpsl HHIMBHIYAIbHBIX
JMAacTepeOMEPOB HICHTHYHBI IIPHBEJICHHBIM B pabore [1]. UK cneKTpbl pernCTpUpoBaIi Ha
cnekrpodoromerpe MKC 29 B Tabnerkax c GpomucTeiM KamueMm. B cmekrpax IIMP
KOMILIEKCOB XHMHYeCKHe cABHTH (3) anudaTHieckux MPOTOHOB IHACTEPEOMEPOB HAXOMATCH
B obmacta 3,57-3.33 1 1.37-0.90 m. a. CooTHOmEHHE HHTEHCUBHOCTE! OKCHMMETHIICHOBBIX M
METHIeHOBHIX rpymn mnpotoHoB A-JILI-6 u B-JIII[-6 COOTBETCTBYET IPUBEICHHBIM
dopmynam. Cnekrpsr [TMP caumami Ha npubope Tesla BS-467, B jefirepoaueTone
TprGTOPYKCYCHOM KUCIIOTE, BHyTperEui cranaapr — TMJIC. TCX npoBOJMIIA HA IIACTHHAX
Silufol UV-254 B cucreme MeTaHon-xiaopogopm, 1 : 8, ¢ mposeieHueM B VO ceere (ans
apoMaTU4eCKHUX «rOCTEBBIX» COCIIHHCHHﬁ = ramenue) U HUHTHAPUHOM [Jmﬂ amunocoenuueuuﬁ -
KpyT/Ibi€ MSTHA OT CBET/IO-PO30BOrO 10 KPaCHOro UseTa, ans auactepeomepoB A-JILIT-6 1 B-J(LI-6 —
yanuHeHubie natia ¢ Rf 0.41 n 0.49 coorBercTBeHHO]|. CHHTE3 MCKIIOYACT MCIO/L30BAHHE
B3PBIBOONACHOH XOPHOM KHCOThI M NIEPXNIOPATOB TAKELIX METALIOB.

oo,
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KoMIuteKkehl KpayH->pHPOB ¢ KpemHedTOPOBOIOPOAHOH KHCJIOTOM.

K pactBopam 264 mr (1 mmons) 18-K-6, 372 mr (1 MMOIIB) A- HIH 372 mr (1 MMOIIB)
B-JILI-6 B 5 M1 MeTaHONIA A00ABISIH 2 r 45%-Hoili KpeMHE(PTOPOBOAOPOIHOH KHCIOTHI,
no6aBnsuTH 2 T 48%-HoM (TOPOBOAOPOIHON KUCIOTEL. CaMOIpOu3BOIBbHOE HCTIIAPEHHE CMECH
nposoaumu nipu 20°C B Te(IOHOBOM SKCHKATOPE Hall 98%-HOii CEpHON KHCIIOTOH.

Brixox komruiekca (I) cocrasnser 320 Mr (73%), T. . 92-94°C (1. . 91-92°C [4));
UK cnexTp ¥ TEPMOrpaBHrpaMma oy 4eHHOro Hamu coemuuennus () ¥ onucanHoro B padote
[5] uneHTHYHBL

Bexoa xommiexca (II) 330 mr (64%), T. nL. 100-102°C. UK cnexTp, Vv, eM-: 3600-
3500, 1650 [5(H;0")] 1165-1000 (COC), 875, 785 (SiF). Haitnero, %: F 18.39; Si 5.75.
CyoH36F5078i. Beramcneno, % F 18.78; Si 5.49. Tloreps KOMILIEKCOM (II) npu
TEepPMOJIECTPYKIIHH (parMeHTOB H;0SiFs ¢ mepexooM HX B rasoByIO a3y MpOHCXOMUT B
unTepane Temueparyp 80-145 °C ¥ CONPOBOXKAAETCH IHAOTEPMHUCCKUM sddexTom.

MK CrieKTpH! 3aperucTpupoBanbl Ha mprbope Specord M-80 B Ba3elMHOBOM Macie,
crexna KPS-5. TepmorpaBuarpaMMbl KOMIUICKCOB () u (II) 3amucassl Ha nepusatorpape
QD-1000 B mHTEpBalIE TEMIEPATYpP 20-500 °C, 4yBCTBHTEIBHOCTD 3AITMCH JITA u ATT - 1/5
OT MaKCHMaJIbHOM, CKOpocTh Harpesa 10 rpaz/MuH, HaBECKH 120 u 30 Mr COOTBETCTBEHHO.
TCX nposommmi Ha macturax Silufol ¢ 3moupoBaHHEM CMECBIO METAaHOI—XJIO0POdOpM,
1:5, mposBIEHHE HHHTHUIAPHHOM. Kommnekesr (I) u (II) mpu TCX pasnaraiores Ha
KOMITOHEHTHI co 3HadenusMu Rf 0 (kpacHbIe ATHA kpemauiidTopros) ~ 0.53 u 0.70 (Gensie
nATHA KpayH-3(dHPOB) COOTBETCTBEHHO.

[lo JaHHBIM PEHTrEHOCTPYKTYPHOTO —aHaIM3a YTOUHCHHAA (mpr 200 K)
KpHCTAITAYECKAsh CTPYKTypa (I) coenunen¥s SiF4+18K64H,0 mpeacrapnser coboH
MOJIEKYJISIPHBIH KOMILIEKC [(mpanc-SiF4+2H,0)e 8K6+2H,0], B KOTOPOM MOJIEKYJIBI BOABI H
mpanc-SiF4*2H,0 cBa3anb! MekIy COOOH i MOMICKY/AMH KpayH-3dHupa B OTHMEPHYIO LENb
cuetemoii Bogoponnsix casiseif OH...0.

Crpykrypa xommiekca (IT) ofpa3oBaHa U3 KaTHOHOB [A-lILII"-6-H3O]+ U aHHOHOB
SiFs’, CBS3aHHBIX 3/IEKTPOCTATHUECKMMH B3aUMONICHCTBHUSMH, B kaTHoOHE pealu3yloTcs TPH
H-cpsisu tinia OH...O mesxay nonom HyO' i KaxIbIM BTOPBIM aTOMOM KHCJI0pOAa A-JIUT-6.
TpuroHaTbHO-OHMMpaMUIaTbHBIA aHHOH SiFs pasymopsioueH: aToM KPeMHMS 3aHHMAcT
OJIHY, a aTOMEI (hTOpa — /1B PABHOBEPOSATHBIE NO3HIIH.

CIF - aitel, WCYepbBAIONIE OMHCHIBAIOMME CTPYKTYPhL: () — YORRIG,
YORRIGO! u (II) — LITNAD nenoHupOBaHbI B Cambridge Crystallographic Data Centre
< http://www.ccdc.cam.ac.uk/products/csd/deposit/ >,

Astops! npusHatenbhsl 10.A. CHMOHOBY H M.C. ®onaps (Kummses, Monjosa) 3a
TIOMOIIIb B pacu(poBKe CTPYKTYP.

PesybTaThl HCCIE0BAHMS H HX aHAJIA3.

BaaumoeiicTBrie TeTpadTOpHIa KPEMHHS B IPHCYTCTBHH BJIArH BO3AyXa 18-kpayH-6
(18-K-6),  yuc-cun-yuc- H_ Yuc-aHmu-yuc-A3OMEpaMI umMKIorexcaHo- 1 8-kpayH-6
(A- u B-JILIT-6 cOOTBETCTBEHHO) GBLIO HCCIENOBAHO B paore [4]. B paGote [5] B atMocdepe
BO3yXa M3yYeHbl AHAJIOTHYHBIC PEAKIUH 45%-Ho#t KpeMHeTOPOBONIOPO/IHOH KHCIOTHI,
npescTaBsiomeli co6oi 1abWIbHYIO, PaBHOBECHYIO CMECh [6] SiFe ¥ (30-40%), SiFs
(60-70%), SiF4*2H,0 (5%). CxemaTu4HO:

Si0, +H,0+HF == (H,0),SiF, (30-40%) + H,0SiF; (60-70%) + SiF ¢#2 H,0 (5%)

B atix cydasx jmimb 18-kpayn-6 oGpasyer HeHTpaTbHbIH MOICKYISAPHBIA KOMIUIEKC
cocrasa [(mpanc-SiF4+2H,0)+18K6:2H,0] (D).

Jlis  BBISBNGHMS ~ BO3MOXHOCTH  CBf3bIBaHMS B  KOMILIEKC 18-4sIeHHBIMH

KUCTOPOJCOIEKAIMMY  KpayH-dupamy  TAOHIBHBIX dopm  rexcakOOpAMHUPOBAHHBIX
(TOpHAOB KpeMHHS M BBIACHCHHS BIMSHASN CTPOCHUS Kpayn-a¢upa Ha Xapakrep HX
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crabunusamu MBI npoBenH B3aumogeiicteue 18-K-6, A-, B-ALI-6 u  45%-woii
KPeMHE()TOPOBOAOPOAHOM KHCIOTH C MOBHILIEHHEM ATOMAPHOTO COOTHOLICHHS ¢dropa K
KpeMHHIO 100aBjeHHeM H30bITKa (TOPOBOAOPOJHOM KHCIOTEL PeaknMOHHBIE CMECH
CKOHUICHTPHPOBAIH B «aKTHBHOI» arMocdepe (TedIOHOBbI 3KCUKATOP C CEPHON KHCIOTOIH,
HOIJIOMAKONIEH B IEPBYIO 049epeb BOAY).

W3 18-K-6 momyuen Tot xe kommuiexe (1), B-JIII'-6 Bo B3aumozeiicTBHe He BCTYIIHI,
¢ A-IUI'-6 ananormyno GopHOMy [7] BbIZENEH WOHHBIA KOMIUIEKC ~ COCTAaBA
{[A-ILUI-62H;0]" SiFs} (II). Momyuenne Toro xe npoaykra (I), uro u B paGorax [4.5], u
obpasoBanme HoBoro xommiekca (II) ¢ A-JILI-6 noATBEPKAAIOT CYIIECTBEHHOE BIMSHUE
NPOCTPAHCTBEHHOIO  OKPY)XXCHHS  3JIEKTPOHOJOHOPHOM = MaKpOLMKIMYECKOH  MOJNOCTH
«X031MHaY, OTMEYeHHOe B pabote [8], n TomonorMyeckol copasMepHOCTH KOMIOHEHTOR [9]
pH 06pa30BaHAU KOMILIEKCOB THIIA «TOCTh—XO3SHHY.

Buzno, yro xomniekc (I), Ha OCHOBE IPOCTPaHCTBEHHO He 3aTpyaHeHHOro 18-K-6
obpasyeTcsi BHE 3aBHCHMOCTH OT OKpYXalomiel aTMocepsl, a KOMIUIEKC (II) mums B
«aKTHBHOM» aTMOC(Epe, IOTTIOMAONIEH BOY.

B pamkax moneneif caMOOpraHW3alM¥ €CTECTBEHHBIX DABHOBECHBIX CHCTEM [2,3]
obpasosanue xommiexca (II) WITIOCTPHPYET TO, 9TO KATHOH THAPOKCOHHMS (H;0") moxer
OBITH CTAOMIM3MPOBAH BOJOPOJAHBIMH CBA3SMM «TECHOM» cTOpoHOM A-JLI-6 B coemueHue
BK/IIOYEHHA M3 OOpAaTHMOM DPaBHOBECHOH «roCTeBOM» cHcTeMbl — SiFg (30-40%), SiFs
(60-70%), SiF4*2 H>0 (5%) — B «3acymuimBoii» armocepe. PesymsraTs MoryT 65ITh YUTEHBI
B KaYeCTBE XHMMHYECKOH OCHOBBI IPH MOJCIHPOBAHHH NPHPOAHBIX B3aUMOIEHCTBHIA
KHCJIOTHBIX XHIKUX (a3 ¢ GOIBIIMMH IPOTOHOAKLENTOPHBIME MOJIOCTAMH.

BoiBoapi:

Uccnenosanus  NOATBEPKAAIOT — MHBADMAHTHOCTh  CTAOWIM3AlMM  KaTHOHA
ruapoxconus (H;0") Bonopommemvu casizsvu A-JILIT-6 B coeMHeHNE BKTIOYCHHS B CHCTEMY
«TrOCTh-Xa3siuH».

IlepcnekTuBol  nanbHEHIIEro MCCIeIOBAHHS B JAaHHOM HANPABICHHH €CTh
HCIIONIb30BaHME B KAYeCTBE XHMHYECKOH OCHOBBI IIPH MOJEIMPOBAHHM IPUPOJHBIX
B3aUMOJICHCTBHH KHMCIIOTHBIX JKHAKHX (a3 ¢ MPOTOHOAKLENTOPHBIMH MOJOCTAMH GONBIIMX
pa3Mepos.
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CunTes KpayH-3TepiB i iXHsi B3aeMonis 3 KpeMHiii(1yopoBoAHEBOIO KHCI0TOO

BacuabeBa M.TI'., IN'opaiyenxo M.I'., lllesuenko C.B., Jlacosceka O.M,, I'aniu E.B.

Ineapianmicmy  cmabinizayii  diakeamempagpnyopocunikamy  18-xpayw-6 i cuwme3z  kommiexcy
newmagnyopocunikaniy 2iOpOKCOHII0 3 YUC-CUH-YUC-I30MEPOM Ouyuknozexcano-18-kpayn-6 npu 83aemooii
Kpaymu-amepie 3 posuunamu OIOKCUOY KPEeMHII0 6 (IyopOBOOHeGIH KUCIOMI GUAGNAIONMb GUIHAYAIbHUL GNIUE
npocmopoeoi 6y008u KpayH-3mepig Ha cnocib KOMIIEKCOYMEOPEHHS.

Kmouogi crosa: kpayn-smepu, KpemHitighnyoposooHeea Kucioma, KoMmiekcu.

Synthesis of crown- ethers and their interaction with fluoresilicic acid

Vasileva M.G., Gorlichenko M.G., Shevchenko S.V., Lasovskaya O.N., Ganin E.V.

Invariance of stabilization diaquafluorosilicate by 18-crown-6 and synthesis of a complex pentafluorosilicate of
hydroxonium with cis-syn-cis isomer dicyclohehane-18-crown-6 at interaction of crown-ethers with solutions of
dioxide of silicon in fluorhydric acid reveal dominant influence of a spatial constitution of crown -ethers on an
expedient of a complexing.

Key words: crown-ethers, fluorosilicic acid , complexes.
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Odecckuii 20cY0apCcMBeHHbIN SKON02UHECK UL YHUBEpCUmem

OCOBEHHOCTH OBPA30BAHUS KOMILIEKCOB «XO3SiMH-TOCTb» KPAYH-
I®UPOB C HN-IIPOTOHOJAOHOPHBIMH MOJIEKYJIAMH

Bsaumodeiicmeuem  kpayn-sgupoe ¢ HN-npOmMOHOOOHOpHBIMU ~ MONEKYIaMu  NOIy4eHbl
Kpucmamuyeckue MONeKyIapHbie KOMMIeKCsl “X038uH-20Cmb " U YCMAHOBICHO, YMO 6 3aBUCUMOCMU
om nunelinblx pazmepoé u cnocoba Ccmepu4ecKkoz0 3IKPAHUPOBAHUS AKMUBHLIX — YeHMPOs
NPOMOHOOOHOPHBIX MOTEKYI 6 KOMNIIKChL CEA3bI6AIOMCA KPAYH-3UDbI PASTUHO20 CMPOEHUA.
Kniouesvie cnosa: kpayn-spupel, HN-npomoHoOOHOpHbIE MONEKYTbl, KOMRIEKCHl “X038UH-20cme ",

Baenenne.
BeisicHeHHe 0co0eHHOCTel 00pa3oBaHus KOMIUIEKCOB HA OCHOBE MEXMOJIEKYISIPHBIX

CBA3BIBAIONIMX B3aMMOJEHCTBHN KpayH-3QHPOB («X035€B») C «TOCTEBEIMHY» MOJICKYJIaMH,
MOJEJMPYIOIIHX PACTIPOCTPAHEHHbIE IPUPOIHBIE TPOLECCHI, — O/JHA W3 IPHOPHTETHBIX 3a/1a4
cynpamonekyisproit xumuu [1-3]. Cornacro pabore [4], chopmymposasuiel TpeGoBaHHS K
«TOCTEBBEIM» MOJIEKYJIaM, TIOCIIeJHNE TOJDKHEI 00.1alaTh 3aMETHBIM JAUIIOIBHBEIM MOMEHTOM H
HEBBICOKOH MOJIEKY/IIPHON MacCOo.

MarepHuaibl H METOJILI HX HCCJIeJOBAHUS.
Cnektpsl SIMP 'H perucrpuposamu na mpubope Varian VXR-300 (300 MI'm),

BHyTpeHHui cTanaapt — TMC. Kpayn-agupsi (I1I-IV, XIIIB) nomy4eHst cOOTBETCTBEHHO [5],
coemuuenns (I-IX, XI-XIlla) ucnoms3oBamd B BHIe KoMMepueckuX oOpasuos, ($upmbl
Aldrich) 6e3 nononnmenbnoﬁ OYHCTKH.
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Ln=1()n=2(6),n=3(®);I,n=1(),n=2(6); XIll, X=NH,, Y=H (a), X =NH;"
SCN’, Y =H (6), X = OH, Y = SO;NH; (8)

2-(Tuen-2-uaxapbonni)ruapasunoxkapbornoamuy (X). PactBop 1 Mmons tHO(eH-
2-kapboruapasuza, 10 MMonell THouMaHaTa Kauus B cMecH 5 Mi Boxsl, 10 Mi MeraHONa H
0.3 M 36%-HO#M CONSHON KHCIOTHI HArpeBaid NpH TEMIIEPAType KUIIEHHS PEaKIHOHHOM
cmecu (~ 64 °C) 12 4. MetaHoJ OTTOHSIM ¥ K ocTatky Aobasmsiin-10 mun Bozasl. Beinapimmii
nipu 20 °C ocaniok OTQHIBTPOBHIBAIA U [EPEKPUCTAIUTH30BBIBAMA H3 40 MJI METaHOIA, BHIXOJ
coeunenns (X) 98 %, 1. mwi. 234-236 °C. Cnektp SIMP 'H, IMCO-de, &, M. 1.0 7.20 M,
7.63 ¢, 9.35 ¢, 10.40 ¢ (4H, NH), 7.80 ¢ (3H, CH). Haitnero, %: C 35.89; H 3.54; N 20.93.
CeH7N308;. Brumcneno, %: C 35.81; H 3.51; N 20.93.

Tuounanar 1,1,1-rpudennameranammonnsn  (XIII6). PactBop 5 Mmonei
1,1,1-tpudeHrnmMeran-aMuHa, 5 MMONeH THOUHMAHATa KajMi B CMECH S5 MJI BOABL, 15 M
MeTtaHosa U 0.7 MJI YKCYCHOM KHCJIOTHI HarpeBald NPH TEMIEpaType KHIEHHUs PeaKkiMOHHON
cmecH (~ 64 °C) 4 4. MeTaHOI OTTOHSIM M K OCcTaTKy no6aBism 20 mMi Bozsl. Beimasumit
1pu 20 °C ocaiox oTGUIBTPOBBIBAIKA U EPEKPHCTALIA30BBIBAIM U3 40 M1 GeH30J1a, BEIXO/
coenunenns (XI16) 69 %, T. ni1. 194-196 °C. Cuexrp SIMP 'H, CDCl3, 8, M. 1.: 7.29 M (30H,
CH). Haiineno, %: 75.41; H 5.75; N 8.84. CH;gN,S. Bsemucneno, %: C 75.44; H 5.70;
N 8.80.

Mouaexyasipabie kommaekest (XIV-XXXI). K 1 mmomo xpays-apupa (I-IV)
nobassmu pactBop 1| mmonst coequnenu#t (V-XIII) B cmecu pactBopHuTenedf yKa3aHHBIX B
tabnune, uw pactBopuTenn wucnapim mpu 20 °C. BsiuzenmBumecs MOHOKPHCTAJUIBI
kommiekcoB  (XIV-XXXI) mpoMmsIBanu TOH e CMECBIO PAacTBOPHTENSH H CYNIMIH Ha
Bo3ayxe (cM. Tabmuny 1).

Pe3ybTaThl HCC/IEI0BAHAA H HX aHAJIH3.
Lens paGoTbl — ompeneneHue TEHACHUWH, BIMSIOMMX Ha pe3yibTaT oOpa3oBaHHS
KPHCTaJJIMYECKUX MOJIEKYISPHBIX KOMIUIEKCOB KHUCIIOPOACOAepKamuX KpayH-a¢upos (I-1V)

- 1,4,7,10-TeTpaoKcalMKIO A0 AEKAH, 1,4,7,10,13-neHTa0KCALMKIIONEHTAEKaAH,
1,4,7,10,13,16-rexcaoKcauKIOOKTaAEKaH, 2,3,5,6,8.9,11,12-oxraruapo-1,4.7,10,13-
OeH30IICHTA0KCAIIUKIONIEHTA-IEIIMH, 2,3,5.6,8,9,11,12,14,15-nexaruapo-1,4,7.10,13,16-

OeH30reKCaoKCalMKIOOKTaelHH, yuc-cuH-yuc dikocaruapommbenso[b.k][1.4,7,10,13,16]
FeKCAOKCAUMKIIOOKTaNelMH H  yuc-anmu-yuc diKocaruapomubenso[b.k][1,4,7,10,13,16]
I'eKCaOKCAUKIOOKTAAEIIMH COOTBETCTBEHHO, ¢ HN-IPOTOHOJOHOPHEIMH MOJIEKYIaMU
(V-XIII) u nposBIMIONIKXCS NPH H3MEHEHHH TIeOMETPHYECKUX Da3MEPOB «TOCTEBBIX)
MOJIEKYJl H Crocoba IpOCTPaHCTBEHHOIO KPAHUPOBAHHS B3aMMOLEHCTBYIONIMX LIEHTPOB B
«TOCTE» M KXO3SUHEN.

VCTaHOBJIEHO, YTO NPH CAMONPOU3BOJIEHOM HCIaPEHHH PACTBOPHUTENIEH U3 PACTBOPOB
kpayH-a¢upoB (I-IV) ¢ tuoden-2-cynspamunom (V), 5-uurpo-1,3-tuaszon-2-amunom (VI),
nupuauHo-3-kapbotuoamunom (VII), N-1-wadprwrruomouesunoit (VII), 6-murpo-1,3-
6enzotnason-2-amuaoM (IX), 2-(tren-2-unkapGoHun)ruzpasuHoxapboTHoamuaoM  (X),
5-[(4-suTpodenmn)cynsdonnn]-1,3-tuazon-2-amunom (XI), N-(4-[2-(amunoxapboroTHOMT)
ruapasoHoMeTindennn)aneramiaom  (XI),  1,1,1-tpudennnmeranamurom  (XIila),
tuormanaromM 1,1,1-tpudenunmeranammonns (XII6), u 3-[ruapoxcu(mudennn)merni]
Gensoncynphamunom (XIIIB) o6pasyroTcs KPHCTAUTAYECKHE MOJIEKYISAPHbBIE KOMILIEKCHL
IIpuBenensl cocTaB KoMmiekca u ero Homep: [(Ie) * (V)] (XIV), [(IIb) - 2 (V)] (XV), [(AV)
(V)] (XVI), [(Is) " (VD] (XVII), [(IV) " 2(VD)] (XVIII), [(Is) * (VII)] (XIX), [(TI6)  (VID)]
(XX), [AV) - 2(VID)] (XXI), [(ITa) - 2(VIID)] (XXID), [(I) ' 2(VII)] (XXIII), [(IV) * 2(VIID)]
(XXIV), [(IB) - 2(IX)] (XXV), [(I8) * 2(X)] (XXVI), [(I8) * 2(XD)] (XXVII), [(IV) - 2(XID)]
(XXVII), [(a) - 2(XIla)] (XXIX), [(Ta) = 2(XIII6)] (XXX), [(Is) * 2(XIIIB)] (XXXI)

COOTBETCTBEHHO.
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Ocobennocmu 06pasosanus KOMRIEKCO8 «X03AUH-20CMbY KPAYH-3upos

BumHo (cM. TabGmumy), 4Tto mpH 0Opa3’OBaHMH KPUCTAUTMYECKHX MOJIEKYISPHBIX
KOMILIIEKCOB THIIA «XO3JUH-TOCTE» c HEHTpabHEIMH apOMaTHYECKHMH
HN-npororogoHopHbIMA  Monekynamu  (V-VIII) namGonee >hdeKTHBHBIMH SBISIOTCS
18-unieHnble KpayH-dQUpBL, MMEIOMME SKBHBAICHTHO IPOCTPAHCTBEHHO SKPaHMPOBaHHbIE
CTOPOHBI MOJIOCTH Makponukia (I, IV), 4To He NPOTHBOPEYHT HaHHBEM padoT [5-7].

VYcTaHOBNIEHO, YTO € POCTOM MNPOTSXKEHHOCTH «rocteBoi» HN-mpoToHOZOHOPHOM
monekynsl, coemunenus (IX-XI, XIIIB), 6onee >(pheKTHBHBIM JIHraHIOM SBISETCS KpayH-
aup (I).

JanbHelimee  yBelIMYEHHE TNPOTSDKEHHOCTH — «rocTeBoi»  monekynsl  (XI),
[MakcuManbHBIE pa3Mep «roCTeBO#» Monekynsl corimacHo "Advanced Chemistry
Development 5.11" [8] cocrasnsier > 13.5 A] npuBoauT K 06pa30BaHUIO KPHCTATHYECKOTO
MOIIEKYJIIPHOTO KoMIUiekca ¢ KpayH-3¢upom (IV). D10 cB#3aHO, 1O BHAMMOMY, C
HEOOXOIMMOCTBIO IPOCTPAHCTBEHHON COPa3MEPHOCTH MOJIEKYT «IOCTS» M «XO3SHHAY.
OxpanupoBaHue HN-IPOTOHONOHOPHOTO IIEHTpPa B «rocTeBbix» Monekynax (Xllla,6)
00BEMHBIM TPHPEHWIMETHIIBHBIM 3aMECTHTENIEM IO3BOJIHIIO NP MCHOJIB30BAHAN MOJEKYT
(XIIIa,6) 3adMKcHpPOBAaTh B KPHCTAUTHYECKUX KOMILIEKCAX «X03MHH-rocThy (XXIX, XXX)
kpayH-3¢up (la), 18 KOTOPOro MW3BECTHBI JMUIL HECKONBKO INPHMEPOB MOAOOHOTO
cBs3biBaHus [9-11].

BeiBoambi:

OnucaHHble 0COOEHHOCTH B3aUMOAEHCTBHS KpayH-3¢upoB (I-IV) ¢ pasnmmuno
NIPOCTPAHCTBEHHO dKpaHupoBaHHbIME HN-npororHomonHopeEME Monexyrtamu (V-XIII),
NpUBOAAIINE K OOpa3sOBaHHIO KPHUCTAIHYECKHX MOJIEKYISPHBIX KOMILIEKCOB «XO3SHH-
roctey (XIV-XXXI), moryT ObITh y4TeHbl KaK COCTaBHas 4acTh IIPH MOJEIHPOBAHHH
MOIIEKYJISIDHBIX B3aUMOZEHCTBUH CpaBHUTEIBHO KPYNHBIX MNPHPOAHBIX Moyekyn [1-3], a
TaKXKe SBHTHCS XHMHYECKOH OCHOBOM pasJieNieHHA cMecedf KpayH-9(HpOB aHAJIOTHYHO
H3JI0KEHHOMY B paboTax [5-6].

[NepcieKTHBOM NOCTEIYIONMX WCCIEJOBAaHMN B JaHHOM HANpAaBICHUH HAYYHBIX
UCCNIEJIOBAaHUM SBISETCS ONpENeNeHHe 3aBUCUMOCTH TAKHX KOMIUIEKCOB OT JIMHEHHBIX
pasMepoB M cnoco0OB  CTEpHYECKOrO0  JKPaHMPOBaHHsS  aAKTHBHBIX  IIEHTPOB
NH-npoTOHOAOHOPHBIX MOJIEKYJI B KOMIUIEKCHI Pa3IMYHOrO CTPOCHHS.
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Oco6IHBOCTI  YTBOPEHHS KOMIieKciB  ''xassiH-ricTs" KpayH-eTepis 3 HN-npoTOHAOHOPHUMH
MOJIeKY. IAMH.

Bacuabesa M.I'., Fopaiuenxo M.I'., [lleBuenko C.B., llleneaina C.L., Ianin E.B.

Bsaemodicio kpayn-emepie 3 HN-npomoHoOOHOpHUMU MONEKynamu ompumani  Kpucmaniuni MOneKyriapHi
xommexcu "xazsin-zicms" i 6CMAHOBNEHO, WO 6 IANENICHOCMI Gi0 MiHiliHuX po3mipie i cnocofly cmepuuHoz2o
eKPGHYBAHHA AKMUBHUX YEHMPIE NPOMOHOOOHOPHUX MONEKY Y KOMRIEKCU 36'A3yI0MbCA KPAyH-emepu pisHol
6yoosu.

Kuiouosi cnosa: kpayn-emepu, HN-npomoHoOOHOPHI MONEKYIY, KOMMIeKCY "Xassin-eicmb <

Characteristics of formation of complexes "host-guest" of crown-ethers with HN-protondonor moleculas
Vasileva M.G., Gorlichenko M.G., Shevehenko S.V., Shepelina S.1., Ganin E.V.

The interaction of crown-ethers with HN-protondonor molecules obtained crystalline molecular complexes
"host-guest" and found, that depending on linear dimensions and method of steric masking of active centres HN-
protondonor molecules various structures crown-ethers can be combined in complexes.

Key words: crown-ethers, HN-protondonor molecules, complexes "host-guest".
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Bunyck 8 2 009

— BICHUK

OIECBKOTO JEPAKABHOTO
EKOJIOTTYHOT'O YHIBEPCUTETY




VIIK 541.49:547.89:548.736
M.T. Bacwibesa, I'.H. I'epacamenko, x.x.#., B.®. lllesuenxo, x.m.#.. 3.B. Fannn, 0.x.1.
Ooecckuil 20cy0apCmMeeHH bl FKON02UYECK UL YHueepcumem

CEJIEKTUBHBIE B3BAUMOJIENCTBUS KPAVH-3®HPOB C
®TOPOKOMILIEKCHBIMUA KUCJIOTAMH BOPA, KPEMHHS, TEPMAHUS,
0JIOBA M CYPbMBI B ITIPHCYTCTBHAH BOAbI

Tlpupoda npomoHOOONOPHLIX MONEKYI, CIMABUTUSUPOBAHHBIX 6 KPUCTMANIUYECKUE KOMNIEKCH KpayH-
a(hupamu U3 paBHOBECHBIX BOOHbIX PACMEOPOS (pmOpudos Gopd, KpemHus, 2epMaHus, 01064,
KOHMPOAUPYEmcs CmpoeHuem KpayH-3ghupos.

Knroueasie cn08a: kpayn-3gpupet, pmopoxomMnieKcHblie KUCnomol, KOMIIEKCol.

Bsenenne.

B pabore [1] mokasaHo, 4TO B HOPMAIbHBIX YCIOBHSX KOHTAKT KaTHOHOB METALIOB
(MaTpMIl) C OKMCHIO ITWICHA IPHBOIMT K €€ LMKIOONHIOMEPH3AIlMH C CENEeKTHBHBIM
o6pazoBanneM KpayH-2QHPOB B COCTaBe KPUCTALTHYECKMX KOMILIEKCOB. B kauecTBe MaTpull
UCIIOJIB3YIOT TAKKe KaTHOH TMIPOKCOHUS [H30]" [2] u ne#itpanshyio dopmy Boasl — HO [3].
BO3MOXKHOCTh (pYHKIMOHATHHOM NEPECTAHOBKH 3/IEMEHTOB Taphl KAaTHOH KpayH-aQup He
paccMaTpuBaach.

MaTepHa/ibl H METObI HX HCC/IeI0BAHHUS.

Bce MCXOHBIE COEMHEHHS MCTOIB30BATH B BHje KOMMepUecKux o6pasuos ((upm:
Acros, Aldrich) 6e3 ZOMOIHUTETBHOM OYHCTKH.

UK cnexTpsl 3aperucTpupoBatbl Ha npubope Specord IR-75 B BasenuHOBOM Macie,
crekna KRS-5. Tepmorpasmarpammbl kommiekco (II-V, VIa, VIII) 3amucanbi na
nepusarorpade (QD-102 B Temueparyprom unTepsaie 20-500°C, 4yBCTBUTEIILHOCTD 3AIHCH
JITA u JITT - 1/5 oT MakcHMaiubHOM, CKopocTh Harpesa 10 rpaj/MuH, IUIATHHOBBIC THIIH,
napeckn 80-130 wmr. Amamms meromom TCX mposomwnm Ha miactueax Silufol ¢
MOMPOBAHAEM CMECHIO METaHOI-XJI0POGOpM, 1:5, MPOSBICHAE HUHIHAPHHOM. Kommnnexchl
npu anammse MerogoM TCX pasjnaraioTcsi Ha KOMHOHEHTBI CO 3HAYCHUSAMHU Rf 0 (kpacHo-
Oypble naTHA «rocteBbix» Gropuaos) u 0.53, 0.70, 0.82 (6ensie msatHa 18-K-6, A-JILII-6,
B-/I1II"-6) COOTBETCTBEHHO.

K 264 mr 18-K-6, 372 Mr B- wm 372 mr A-JILII-6 nobasnsiu coorBercTBeHHO 0.8,
1.5 1 1.5 mMx adupara Tpudropuna 6opa. Cmecn ocrasisiii npu 20°C B He 3aUMIICHHOH OT
Brarn armocgepe. OGpasosaBumecs kpuctamisl kommiexcos (II, III, VIII) ornensma n
IePEKPUCTAIUIM30BRIBAIH. BBIXOAB KOMIIIEKCOB COCTABIISIOT! () - 350 mr (74%),
1. wr. 73-75 °C (u3 stunanerara); (I11) — 370 mr (68%), 1. mn. 138-139°C (u3 orrianerara),
. w1 137 =139°C [4]; (VIII) — 450 mr (83%), T. mn. 139-140°C (u3 cMecH aIleTOH—TEKCaH).

Bsaumopeiicteue 264 mr 18-K-6 u 1.5 mu 3¢upara tpudropuna Gopa B ycIOBHAX
cuHTe3a MoHHOro kommiekca (VIII) [5] mpu 126°C paer Heiitpanbubii kommieke (II) ¢
BeixogoM 330 mr (70%). UK cmekTphl M TEpMOTrpaBHarpaMMbl NOJIy4Y€HHBIX HaMH
coemuuennit (11, IT1, VIII) u onucanusx B paboTax [4 — 6] HACHTHYHEI.

K pactBopy 264 mr 18-K-6 B 10 Mx MeTaHona 106aBsum pacTBopsl 105 Mr amokcuaa
repmanus, 179 mr TprdTopuaa cypbMel Hau 195 Mr terpagropuia onosa B 5,212 M1
50%-HOM (PTOPHCTOBOIOPOAHOM KHCIOTEI COOTBETCTBEHHO. [lomydeHHbIe CMECH OCTABIIALIN
CaMOTIPOM3BOJIBHO KpHCTam3oBaThes mpu 20°C: B mepBoM ciyyae — B SKCHKAaTOpE Hall
98%-HO¥ CepHO# KHCIOTOI, B OCTATbHBIX — Ha BO3AyXe. Boixon kommiekca (IV) cocrasisi
460 mr (95%), T. . 199-200°C(t. 1. 198-199°C [7]), xommuexca (¥1a) - 350 mr (84%),
T. 1. 215-216°C (1. 1. 215-216°C [8]); UK cuexTpsl U TepMOrpaBUrpaMMBbl [OJIyHCHHBIX
namu coemunennii (IV, Via) u onucansbix B paborax [7, 8] unentuynsl. BeIXoa Kommiekca
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(V) 410 mr (77%), T. n. 65-67°C. UK cmextp, v, em™: 3400-3250, 1640 [3(H20)], 1165-1100
(COC). Haiineno, %: C 26.91; H 6.22; F 15.32. C13H3,F4040Sn. Beraucneno, %: C 27.14;
H 6.07; F 15.06. Iloteps xommiexcom (V) 2 mosieit BHenHechepHO#H BOIBI ¢ IIEPEXOIOM ee B
rasoBylo (asy NPOMCXOIHT B HHTepBale Temmeparyp 65-90°C W CONPOBOXIAETCS
9HIOTEPMHUYECKUM P DHEeKTOM.

Pe3yibTaThl HCCIeI0BAHMSA W MX AHAJIN3.

B pabore [1] moka3aHo, 4T0 B HOPMATEHBIX YCTIOBHSX KOHTAKT KATHOHOB METAJLIOB
(MaTpHL) ¢ OKHCHIO ITH/ICHA IIPHBOAUT K €€ OJTUrOMEPH3AIHH C CeeKTHBHBIM obpa3oBannem
KpayH-3(HpPOB B COCTaBE KPHCTAIIAYECKHX KOMILIEKCOB. B KauecTBe MaTpwil HCIIOJIB3YIOT
TaKxe KaTHOH ruzpokconus [H;O] [2,3] n HelTpanbHyio $opmy Boasr — H,O [4,9,10].
B03MOXKHOCTE (YHKIHOHATIBHON NEPECTAHOBKH JIEMEHTOB MAphl KATHOH KpayH-3bup He
paccMaTpHUBaIach.

Jlns BhISIBNEHHMS BO3MOKHOCTH NPHMEHEHHS KpayH-3QHPOB («X035€B») B KAYECTBE
MAaTpHIl JUIA CENCKTHBHOH CTaGU/IM3aMK TPOTOHOJOHOPHBIX MOJEKYN («rOCTei») B CocTaBe
KOMILIEKCOB  «rOCTB—XO03SMH» [11] MBI HCHONB30BAIH THAPOIHTHYECKH HECTAGHIBHEIE
TOpHABI psina p-dNEMEHTOB, TEHEPUPYIOMMX B TPHCYTCTBHH BOABI PaBHOBECHBIE CMECH
HEHTPalbHBIX M 3apSKCHHBIX [IBYX- M TPEX-TIPOTOHOJOHOPHBIX «TOCTEBBIX» MOJIEKyT
COOTBETCTBEHHO [12], cmocoGHBIX K 06pasoBaHMIO KpHCTALTHYECKHX MOJIEKYJISIPHBIX
KOMILIEKCOB ¢ KpayH->upamu [13]. B paGore [14] ycraHoBieHo, uTO Xapakrep
CTAOM/IM3ALMH (TOCTEBBIX» KOMIIOHEHTOB H3 PABHOBECHOTO BOJHOTO pacTBopa Terpa-, IeHTa-
M rekcapTOpHNOB  KpeMHHS  (KpeMHMH(TOPOBOTODOMHOM KHCTOTE) B  COCTaBe
KPHCTALTHYECKHX MOJEKyIApHbIX KomiuiekcoB (I) [14-16], (VII) [14] xonTpompyercs
CTPOCHHEM  KHCIOPOACOAEPXKAIMX  KpayH-3HpoB. DTOT BBIBOA NOATBEPXKIACTCS
B3aUMOJICHCTBHEM JTHX e KpayH-3¢upoB (18-K-6, A- u B-JLI-6) ¢ 3¢upartoM TpudTOpHU-
Ji2 Gopa, NOCIENOBATENbHO TEHEPHPYIOMMM B TPHCYTCTBHH BIATH BO3JyXa Cleayroume
MPOTOHOZIOHOPHBIe KommoHeHThl: BF3;EL,O, H3;0° [BF4], H3;BO; [12]. Tak, cormacuo
naHHbIM paGoTel [14], kpayn-odupsi 18-K-6 u B-JII[[-6, HMelomHMe 5KBHBATEHTHO
CTEpHYCCKH-OKDAHUPOBAHHBIC ~ CTOPOHBI  IUIOCKOCTH — eTEPOLMKNA,  CTaGHIM3HPYIOT
HeHTpaibHbI ruapar TpudTopraa Gopa ¢ 06pasoBaHHEM KOMILIEKCOB 1 [6], (IIT) [4], a
HEOKBHBAICHTHO CTEPUYECKH-OKPAaHHPOBaHHAs NONOCTH rereponukia A-JII-6 «TecHoi»
CTOPOHO# CBS3BIBAET B KOMILIEKC TeTpadTopoGopaT ruIpOKCOHH, obpasys xommiekce (VIII)
[5]. UnBapuanTHOCTH 0Gpasosanus kommiexcos (11, VIII) nipu 20 u 100°C nononsuTENBHO
TIOATBEPIKIACT BBIBOA paboTsl [14]. 3aBucumocTe MMeer 6ojee o6 XapakTep, YTo
TIOATBEPXKIACTCS JaHHBIMH O COCTaBE M CTPOSHHH IIPOAYKTa B3amMopehcTeus 18-K-6 ¢
PABHOBECHBIM BOJIHBIM PacTBOPOM TeTpa-, IEHTa- M reKcadTOpHIOB repMaHus (PacTBOpOM
Auokcuna repmanus B 50%-HoM ¢TOpoBOMOpOAHOM KHCTOTE) [coemMHEHME W] [7] »
COTIACYETCA € pe3y/IbTaTaMH, I0JTyYCHHBIMH [P B3aHMOJICHCTBHY Ha3BaHHOTO KpayH-3dupa
C pacTBOpPoM TeTpaTOpHAa 0/10Ba BO (PTOPOBOIOPOIHON KHCIOTE [KOMILIEKS (V)]. Buaso,
910 KoMmtekchl (IV,V) sBAsIOTCS HONHBIME aHANOraMM IHAaKBAaTeTPA(TOPCHIMKATHOIO
kommuiekca (I). OTmeTnM, 4TO repMaHATHBIN KOMIUIEKC (IV) amanormuso cuiMkatHOMY
xommiekcy (I) momywaercs Kax NmpH camMONpPOH3BONBEHOM HCTIaPEHHUH DPEAKIIMOHHOM CMeCcH
18-K-6 ¢ pacTBOpOM mHOKcHIa repMaHEs BO ¢ropoBosOpOIHO# KHCIOTE TIPH HOPMATBHBIX
YCIOBHSIX 1O MeToxuKe [7], Tak W NpH MOBBIIEHWH ATOMAPHOTO COOTHOIICHHS ¢dropa x
TEPMaHHIO N00aBlIEHHEM B PEAKLMOHHYIO CMeCh M3GBITKA ¢ropoBosoponHOl KHCIOTE ¢
TIOCTICAYIOIMM €€ KOHUEHTpHpOoBaHHeM. ['MaponnTudecku Gonee cTaGHIBHBIN TpubTOpHI
CYPBMBI IIDH B3aUMOJCHCTBHH C KHCIOPOJICONIEPXAIAME KpayH-dbHpaMu He [peTeprneBaeT
CYMIECTBEHHBIX M3MEHEHMH H Kak B MeTaHone [8], tak u B 50%-Ho# (TOpOBOKOPOIHOIH
KACIOTE naeT HermapatHele Kommiexcel (VIa-B). Hmke mnpuseneno CTpOEHHe
HCCIIE/IOBAHHBIX KOMILIEKCOB «TOCTh—XO3SHUHY.
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Heumpanenvie xomnnexcer. [SiF42H,0°18-K-6:2 H,0] (I) [14-16], [(BF3'H,0),°18-
K-6-2 H;O] (II) [6], [(BF3'H20),'B-[A1I-6] (III) [4], [GeF4s2 H,0-18-K-6-2 H,0] (IV) [7].
[SnF42H,0-18-K-62H,0] (V), [SbF3K3] (VIa-B) [8] (KD = 18-K-6 (a), A-ALI-6° CH;0H
(6), B-ZILT-6 (8)].

Honnvie komnuexcul. {[A-lll.ll" -6'H30]" [SiFs]} (VII) [14], {[A-JLIT- 6 H30] [BF41}
(VIID) [5], {[A18-K-6H" HzO] [SIF5 H,0] ‘H,0} (IX) [17], {[1A18- K-6H2] "[SiFs'H,0]7}
(X) [17), {[1A15-K-SH]*'[SiF¢]*} (XT) [18], {[ JA18-K-6H,]" [GeFs-Hx0]*'} (XID) [7].

i i

Tk Sl % %

18-K-6 A-TI'-6 B-ZILI-6

(o) 0> 20

<—O OJ 0} (o]
L W

A18-K-6H JA15-K-5
JIA18-K-6
18-K-6 — 18-kpayn-6, A-JII-6 — yuc-cun-yuc-uzoMep mMUHKIOrekcaHo-18-kpayn-6, B-

JUI-6 — yuc-anmu-yuc-u3oMep TULHEKIOTeKcaHo-18-kpayn-6, A18-K-6 — aza-18-kpayHn-6,
J1A15-K-5 — nuasa-15-kpays-5 (n = 1), [IA18-K-6 — n1nasa-18-kpayu-6 (n = 2).

Hanuume B asakpayH-aEpax OCHOBHOIO aroMa asora IIpelompeaeNser ero
NPOTOHHPOBAaHHE B PAacCMATPUBAEMBIX B3aHMOJCHCTBHAX M CTAOMIIM3ALMIO (TOCTEBOM»
KOMIIOHEHThI B KOMIUIEKCHI «TOCTh—XO035MH» B HOHHOH (hopme. OHAKO M B 3THUX CIy4Yasx
NPOCIIEKMBACTCS. KOHTPOIMPYIOLIee BIMSHHE CTPOSHHs IOJOCTH KpayH-3¢upa B BbIOOpE
NIPOTOHOJOHOPHOM  «TOCTEBOM» MoNeKkynsl. Tak, npu B3auMojaedcTBuun  45%-Hol
kpeMHHI(TOpOBOKOpOaHOH KucnoThl ¢ A18-K-6, JIA18-K-6 u JIA15-K-5 B mepBbIX IBYX
clydasX B KOMIUIEKCE «rOCThb— XO3SMH» CTaOWIM3HPOBAaHBI aKBaneHTadTOPOCHIMKATHBIE
annoHbl — Kommuiekcsl (IX, X) [17], B mocienneM — rexcadTOpPOCHIMKATHBI aHHOH —
coequnenue (XI) [18]. D10 momonnuTensHO moATBepxkaaercs crabummsauueit J[A18-K-6
aKBaneHTaTOPOrepMaHAaTHOr0 AHHOHA M3  pacTBOpa  JWOKCHAA TEepMaHusi  BO
(TOPHCTOBOXOPOAHOM KHCIOTE B COCTaBe KOMIUIEKCa «rocTh—Xxo3suH» (XII) [7],
H30CTPYKTYPHOTr0O KpeMHHeBoMY Kommuiekcy (X) [17].

W3n0)xeHHOE MOJYEPKHBAET JeTEPMHHHPYIONIYIO, MATPHYHYIO POJIb CTPOSHHS KpayH-
9(UpOB NpH B3aUMOJCHCTBHH C PABHOBECHBIMH BOJHBIMH DPAacTBOpPaMH IEPEHYMCIIEHHBIX
($TOPHAOB p-31€MEHTOB C 0Opa3soBaHHEM KOMIUIEKCOB «TOCTh—XO3SIMH». BHAHO, 4TO MO
KpuTepuio «crabumuzanus anuoHa» kommrekcsl (VII, VIII) nemMoHCTpUpyIOT TO, YTO LIECTH
MAaJIOOCHOBHBIX IIPOCTBIX I(QHPHBIX IPYIII, CTPYKTYPHO OPraHW30BaHHBIX MAKPOLMKIMIECKOH
nonocteo  A-JIII-6 (B mpucyrcTBUM  BOABI),  (PYHKIMOHAJIBHO  AHAIOTMYHBI
BBICOKOOCHOBHOMY aTOMy as3oTa B asakpayH-a¢upax (A18-K-6 u JIA18-K-6). B pamkax
NPUHATOM KOHIENIMH MOJIENHPOBAHUS KpayH-3QUpaMH MAaKpONOJIOCTeH IPHPOIHBIX
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monekya [11] crabummsanus HeHTpanbHOM, ruApaTHON Boasl [Kommuekcs (I-V)] u kaTHoHa
ruapokconust [coenunernus (VII, VII)] u3 pacTBOpoB, coaepalmx albTepHATHBHEIE ee
(opmBl, MOMYEPKMBACT KOHTPONHMPYIONICE BIHSHHE MONEKYISAPHBIX MaKpOMOIOCTeH Ha
MEXaHH3M BOBJIEYCHHUs 3aPSHKEHHBIX U HEUTPATBHBIX (GOPM BOJBI B IPUPOIHEIE MPOIECCHL.

BoiBon

IlpunupnuaTbaas 10MyCTUMOCTh (DYHKIHOHANBHBIX EPECTAHOBOK 3EMEHTOB MAphi
KpayH-3Up — KaTHOH, T.e. HCIONB30BAHMS MX KaK B BHJE MATPHII, TaK H IIPOIYKTOB CHHTe3a,
NO3BOJISIET PACCMATPUBATh Napy B KaUYECTBE BO3MOXKHON MEPCIIEKTHUBEI XMMHYECKOH OCHOBBI
MOJEMPOBAHUS. MEXaHM3MOB IIOCJIEIOBATENbHBIX CAaMOOPraHU3alMOHHBIX TEMILIATHEIX
npeBpalieHui, B ToM umcie moenenne Bomsl: HoO — H3O' nmpu KoHTaKTe paBHOBECHBIX
KHCJIBIX PACTBOPOB C NPUPOJIHBIME TOJIOCTSAMH.
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0J10Ba if CypMH B IPHCYTHOCTI BOIH.

BacuabeBa M.T',, I'epacumenko I'.1., UleByenko B.®., lanin E.B.

Ilpupoda npomonodonopnux monexkyn, cmabini3o8anux y KpUCMANIYHI KOMMIEXCU KPAyH-emepaMu 3
PIBHOBANCHUX BOOAHUX PO3YUHIE hryopudie 6opa, KpemHilo, 2epmani Kosmpomoemsca 6y008010 KpayH-
emepis.

Kawuosi cnosa: kpayn-emepu, pyopokoMniekchi KUCIOmMu, KOMRIEKCu.

Selective interactions of crown-ethers with a acids of fluorinecomplex of boroa, silicon, germanium, tin
and antimony at the presence of water.

Vasileva M.G., Gerasimenko G.1., Shevchenko V.F., Ganin E.V.

The structure of protonodonor moleculas stabilized in crystalline complexes by crown-ethers from equilibrium
water solutions of fluorides of boron, silicon, germanium, tin, is determined by a structure of crown-ethers.

Key words: crown-ethers, acids of fluorinecomplex, complexes.
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Interaction of hexafluorosilicic acid with sulfa drugs sulfathiazole (stz) and sulfalen (2-sulfanilamido-3-
methoxypyrazine, sl) results in the crystalline salts of the compositions [stzH],[SiFg] (I) and [4-
H,;NO,SPhNH;],[SiFg] (II). Complex [ is characterized by IR, mass spectrometry data and single crystal X-
ray diffraction. The crystal structure of [ is stabilized by a network of charge-assisted hydrogen bonding.

The relationship between the solubility and H-bonding system in [ II and related “onium”
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hexafluorosilicates is discussed. The formation of complex II, previously reported as an interaction
product of hexafluorosilicic acid with 4-aminobenzenesulfonamide (sulfanilamide), is the result of
cleavage of the C-N bond in sulfalen in acidic medium.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The products of interaction of hexafluorosilicic acid with N-, O-
containing organic bases, “onium” fluorosilicates, mainly hexa-
fluorosilicates are of inextinguishable interest as chemical
reagents and functional materials for various purposes [1]. As it
has been previously noted [1], the system of interionic XH. . -F
{X=N, O) H-bonds in the solid “onium” fluorosilicates has a
significant impact on the structural characteristics and properties
of the final salts. In particular, the observed inverse-proportional
relationship [2,3] between the pyridinium hexafluorosilicates’
water solubility and a number of short interionic H-bonds in the
crystalline salts has an exponential character. The functionaliza-
tion of the “onium” cation by the H-donor substituents, differing in
the number and nature of the H-donor centers, might serve as a
convenient method to detect the directional changes in physico-
chemical characteristics of the “onium” hexafluorosilicates.

* Corresponding author. Tel: +373 22 73 81 54; fax: +373 22 72 58 87.
E-mail addresses: vgelmboldt@te.net.ua (V.0. Gelmboldt), edganin@gmail.com
(E.V. Ganin), botoshan@tx.technion.ac.il (M.M. Botoshansky),
fonari.xray@phys.asm.md, fonari.xray@gmail.com (M.S. Fonari).

0022-1139/$ - see front matter @ 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jfluchem.2010.03.007

This work continues the previous research on the correlations
between the structure and properties of “onium’ hexafluorosilicates
[2,3] and is devoted to the interaction products formed by the sulfa
drugs sulfathiazole (stz)and sulfalen (s1} with hexafluorosilicic acid.
This choice is explained by our interest to the co-crystals of sulfa
drugs, products of their transformations or other active pharma-
ceutical ingredients (APIs) [4] possessing H-donor/H-acceptor
functions with co-crystal partners of different nature [5,6]. In recent
years, this topic has received increased attention [7,8]. Sulfa drugs of
sulfonamides are a group of antibiotics used as agricultural
herbicides and in the treatment of infections of respiratory and
urinary tracts in humans. These antibiotics were repeatedly found in
aquatic media at concentrations ranging from 0.13 to 1.9 pgjL
[9,10]. Members of this class of compounds differ in the N-bound
substituent of the sulfonamide linkage. Numerous methods of free-
radical-induced oxidative and reductive degradation of sulfa drugs
containing heterocyclic five- and six-membered rings have been
studied and the authors concluded that the degradation occurs
through cleavage at various positions with the formation of
sulfanilic acid 4-H,NPhSO-H, sulfanilamide 4-H,NPhSO,NH,, and
aniline PhNH, as the possible degradation products. On the other
hand, it is known that, in acidic media, the sulfa drugs are easily
protonated with the formation of cationic forms [9].
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The interaction of hexafluorosilicic acid with sulfa drugs
sulfathiazole stz and sulfalen sl [11] results in the crystalline
salts of the compositions [stzH].[SiFs] (I} and [4-H2NO2SPhNHs 5[ -
SiFs] () [12]. The preparation, spectral and solubility data
alongside with the crystal structure for I are reported herein.

2. Results and discussion

We have previously shown that interaction of hexafluorosilicic
acid with p-aminobenzoic acid, sulfanilamide and 5-amino-1-
benzyl-1,2,3-triazol-4-carbonic acid yielded the corresponding
hexafluorosilicates with the aromatic cations formed due to
protonation of the terminal amino group [6,12,13]. In a similar
way, we expected the formation of the corresponding hexafluor-
osilicates starting from the sulfa drugs sulfathiazole and sulfalen.
However, according to the data of elemental analysis and XRD, the
crystalline compound isolated from the reaction solution of
hexafluorosilicic acid - sl - H,0 appeared to be a hexafluorosilicate
with the composition [4-H,NO,SCgH4NH3],[SiFg] (II). The forma-
tion of II, previously reported in [12], can be considered as the
result of hydrolytic transformation of sulfalen molecule in the
acidic medium due to the cleavage of C-N covalent bond [14]
(Scheme 1). The possible reaction by-product with the pyrazine
cycle or the product of its degradation does not form a crystalline
compound in the reaction conditions and has not been identified.
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Scheme 1. Schematic pathway to the formation of crystalline salts I and IL

Sulfathiazolium hexafluorosilicate (I} was obtained by inter-
action of stz with an aqueous solution of hexafluorosilicic acid.
Table 1 summarizes the IR spectroscopic characteristics for L
Vibrations v{NH) of the secondary amino group are registered near
3525 and 3445 cm™ ', whereas the vibrations of ~N*H3 group and -
NH fragment of the thiazole ring are identified as a series of bands
of average intensity in the range 3260-2630cm™~". The bands
registered at 1320 and 1150 cm™" are assigned to the v,,(SO,)
vibrations, respectively, and their positions are close to the
corresponding absorption bands in the IR spectrum of 1 (1320
and 1175 cm~') [12]. The deformation vibrations of the cation are
also visible in the range of the stretching vibrations of the phenyl
and thiazole rings vy (1650-1505 cm™ ') and in the range of 750~
680 cm™" of the v(SiF) vibrations of the anion (Table 1). At the same
time, the region of the 4(SiF, ) vibrations is free of the other types of
vibrations: a triplet structure of the (SiF,) band indicates in favor
of the decrease of symmetry of [SiFs]>~ anion with regard to Oy, that
is explained by the resulting interionic H-interactions.

Being one of the most important physical and chemical
properties of the pharmaceuticals, the water solubility is crucial
for solving the problems of chemical technology, ecology, and
pharmacology [15]. As we have recently shown [3] the water
solubility (C) of a number of pyridinium hexafluorosilicates
correlates with the parameter h=n/d(D.. A),,, where n is a
number of short interionic contacts (H-bonds) and d(D- - ‘A),,. is an
average donor({D)-acceptor(A) distance in the salt crystal structure
{taking into account contacts withD..-A < 3.2 A,(D)-H.. A < 2.6 A
that correspond to strong and moderate H-bonds following the
classification suggested by Steiner [16]). The functional depen-
dence of C against h has an exponential character. Table 2
demonstrates the water solubility data for I, II, and some other
heterocyclic “onium” hexafluorosilicates. As it follows from
Table 2, the solubility of I, II, and [C;HgNs]y[SiFs] (where
CoHgNs is a 3,5-diamino-1,24-triazolium cation) fits well within
the specified dependency, reflecting the decrease in solubility of
compounds with the increasing number of short interionic H-
bonds. We do not exclude that the observed relationship between
C and h may be of a common character for the “onium”
hexafluorosilicates with the “onium” aromatic cations.

Sulfathiazole has a remarkable solvate-forming ability. Many
solvent-containing sulfathiazoles are known and their structures

Table 1

IR spectral data (cm ') for hexafluorosilicate L
W(NH) WN'H,) Voog V5:.502) Vpus. W(SN) V(SiF)” 8(SiF2)
3525 m. 3260 m. 1650 sh. 1320 m. 1085 s. 915 m. 750 s. 480 sh.
3445 m. 3050 m. 1630 sh. 1150 m. 1015 m. 720 vs. 455 m.

2710 m. 1595 m. 680 s. 445 m.
2630 m. 1570 s.
1525 sh.
1505 sh.

m. = medium, s.=strong, v.s.=very strong, sh. = shoulder.
" Also include deformation vibrations 8(HNC), S(N"Hs).
™ Also may include deformation vibrations f{N*Hs), {(CNH), §(CCH).

Table 2

Solubility of I, I and related onium hexafluorcsilicates in water.
Compound Solubility/mol.%, 25°C Standard deviation, S h/A 1 References
1 0.10 £0.0007 0.0008 2.03 Present work
n 0.06 0,004 0.004 2.10 (12]
[2,6-(H2N),CsH3NH]4[SiFg] 0.06 +0.003 0.004 2.35 (3]
[CszNslz[SiFSI' 0.28 £0.016 0.019 1.78 [17]
[3-HO(0)CCsH,NH],[SiFg] 33340121 0.138 1.09 [3.18]
[2-HO(0 XCCsH4NH] 5 [SiFg] 53340.251 0.286 0.76 3]
[2-CH5CsHyNH]; [SiFg) 11.60+0.82 0.93 0.71 [3.19]

" C3H5N5=3,5-diamino-1,2,4-triazole,
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have been previously reported [20,21). Besides, Caira et al. [22]
reported the crystal structure of the 1:1 complex of sulfathiazole
and cyclodextrin, in which the molecules are hydrogen bonded
with each other. In the sulfathiazolium nitrate monohydrate [23]
the drug molecule is protonated on its terminal amineo group. The
planes of the benzene and thiazole rings are inclined in a gauche
conformation about the S-N bond with a dihedral angle of
87.63(6)°. The crystal structure is stabilized by a network of
hydrogen bonding.

Bis(sulfathiazolium) hexafluorosilicate 1 crystallizes in a
monoclinic crystal system (space group (2jc with Z=4). The
crystal structure and refinement data for I is given in Table 3.
Selected bond distances and angles are given in Table 4, while
hydrogen-bonding geometry is summarized in Table 5. The
formula unit comprises two [stzH]" cations that occupy general
positions and one hexafluorosilicate anion that resides on the
twofold axis (Fig. 1).

The positions of the N-bound hydrogen atoms were found in the
difference Fourier map. The cation is characterized by the common
geometry with the $1-01, $1-02 and N2-C7 bond distances being
in agreement with the double-bond character for sulfoxide and
imine groups, respectively. In the sulfathiazolium cation the planes
of the benzene and thiazole rings are inclined in a gauche
conformation about the S-N bond with a C7-N2-§1-C4 dihedral
angle of 95.8(2)°. Only major position for the disordered [SiFg|*~
anion is further discussed. The [SiFg]*~ anion has a geometry of a
slightly distorted octahedron with the Si-F bond distances range of
1.654(2)-1.679(2) A and maximal deviation of the dis-F-Si-F angle
from the right one equal to 1.3°. The crystal structure is stabilized
by the network of hydrogen bonding. All fluorine atoms are
involved in the hydrogen-bonding system (Table 5). Each [SiFg)*~
anion has NH. - -F contacts with eight closest [stzH]* cations, while
each cation bridges two [SiFg]*~ anions via terminal ammonia
group and binds one more [SiFg]*>~ anion via the imine NH- site
(Fig. 2(a)). The self-assembling of the [stzH]" cations occurs vie a
couple of the inversion-related N1---N2 hydrogen bonds; N---N
separation being 2.925(3) A (Fig. 2(b)).

The crystal packing represents the alternation of the H-bonded
rows of [ SiFg}?~ anions and [stzH]* cations. Thus, the interaction of
hexafluorosilicic acid with sulfathiazole results in the formation of
bis(sulfathiazolium) hexafluorosilicate, whereas the reaction
involving sulfalen leads to its hydrolysis with the cleavage of
the C-N bond and formation of bis[(4-aminosulfonyl)benzeneam-
monia| hexafluorosilicate. The solubility of the studied salts, as for
the previously studied hexafluorosilicates with functionalized
pvridinium cations [2,3], correlates with the number of short
interionic H-bonds in their structures.

3. Experimental

Commercially available reagents were used as received.
Compounds I-1I were analysed for C, H, N and S in a Perkin Elmer
240C. The IR-absorption spectra were recorded on a spectro-
photometer Specord 75IR (range 4000-400cm™', samples as

721
Table 3
Crystal data and structure refinement parameters for I
1
Empirical formula [CoHygN30552 )5/ SiFs]
Formula weight 654.73
Crystal system Monoclinic
Space gronp 2jr
Unit cell dimensions
a(A) 17.723(3)
b (A) 11.684(2)
c(A) 11.938(2)
B 91.78(3)
Cell volume (A*) 2470.8(7)
-4 4
Dax (glem®) 1.760
& (mm ") 0520
£(000) 1336
& range for data collection (%) 230-25.02
Limiting indices 21chg20
13<k=13
14=zig12
Reflections collected 101298
Reflections with /> 2off) 1808
Refinement method Full-matrix least-squartes on £
Datajresteaints/parameters 2175/87}18
Goodness-of-fit on £2 1021
Final & indices 1> 20(/)) Ry=0.0389
wh; =0.1054
Rindices (all data) Ry=0.0448
wks =0.1086
Lacgest diff. peak and hole (e A ) 0431/ 0.269
Table 4
Selected intermolecular distances (A) and angles () for L
1 1
Si(1)-#(1) 1L675(4) Si(1)-£(3) 1.679(2)
Si(1)-F(2) 1.664(4) Si(1)-¥(4) 1.654(2)
F(1)-5i(1)-#(2) 180.00(1) B(2)-5i(1)-¥(3) 89.77(12)
F(1)-Si(1)-F(3) 90.23(12) H2)-Si(1)-F(4) 89.08(14)
F(1)-5i(1)-F(4) 90.91(14) F(3)-5i(1)-F(4) 91.31(12)
$(1)-001) 1435(2) S(1)-0(2) 1.430(2)
S(1)-N(2) 1598(2) S(1)-C14) 1.781(2)
5(2)-C(8) 1.725(4) 5(2)-C(7) 1.728(3)
N(1)-C(1) 1.468(3) N(2)-C(7) 1.333(3)
N(3)-C(7) 1341(3) N(3)-C(9) 1.375(4)
(8)-C(9) 1313(5)
O(2)-8(1-0(1) 118.18(14) C(2)-C(1)-N(1) 120,28(19)
0(2)-5(1-N(2) 111.82(12) €(6)-C(1)-N(1) 118.1(2)
O(1)-5(1)-N(2) 108.16(12) €(5)-C[4)-5(1) 118.69(16)
O(2)-8(1)-C(4) 107.10(11) C(3)-C14)-8(1) 120.57(18)
O(1)-5(1)-C(4) 10530(11) N(2)-C(7)-8(3) 118.7(2)
N(Z)-8(1)-C(4) 10646(10) N(2)-C(7)-5(2) 130.7(2)
C(8)-8(2)-C(7) 90.54(17) N(3)-C(7)-5(2) 109.53(19)
©(7)-N(2)-5(1) 121.53(18) €(9)-C(8)-5(2) 121(2)
C(7)-N(3)-C(9) 115.1(3) C(8)-C(9)-N(3) 112.8(3)
C(2)-C(1)-C(6) 121.8(2)

Note: The data are given only for the major position of [SiFg]* anion.

Table 5
Geometry of hydrogen bonds for L
D-H-A d(D-H)/A d(H---A)fA d(D-- AJjA L (DHA)F Symmetry transformation
for acceptor
N1 )-H(IC)-- #(3) 0.85(3) 2.04(2) 2.884(3) 170(2) %1 y 24z
N(1)-H(1A). - £(1) 0.88(2) 2.09(2) 2.938(2) 159(2) XYz
N(1)-H(1A)-- #(3) 0.88(2) 2.28(3) 2.860(3) 123(2) 22 z
N(1)-H(18)-- N(2) 0.89(2) 207(2) 2.925(3) 159(3) AN 2
N(3)-H(3A): - #(4) 0.50(4) 2.06(4) 2.8314) 163(3) 2y 1,z
N(3)-H(3A)- - 2] 0.90(3) 247(4) 3177(3) 135(3) xy 1z

Note: The data are given only for the major position of [Sifg]® anion.
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Fig. 1. ORTEP drawing for I showing hydrogen bonding. Only the asymmetric unit is
numbered and only one position for the disordered [SiFg]* anion is shown.
Thermal ellipsoids are drawn for 50% probabilities.

suspension in Nujol mulls between KRS-5 windows). 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 for detection of the solubility
of hexafluorosilicates (t =25 + 0.2 °C) were provided with the help
of an ultra thermostat U15.

3.1. Synthesis of 4-amino-N-(1,3-thiazol-2-ium )benzenesulfonamide
hexafluorosilicate (1)

4-Amino-N-{1,3-thiazol-2-yl)benzenesulfonamide  (0.255 g,
1 mmol) was dissolved in methanol (15 mL) and hexafluorosilicic
acid (45%, 2 mL) was then added to the solution. The reaction
mixture was stored under ambient conditions prior to the
beginning of crystallization of the reaction product, which was
obtained with a quantitative yield. The reaction product was a
colorless transparent crystals of the composition (stzH ),[SiFs] (1)
with m.p. 232-234 °C (with decomposition). Anal. found, %: Si4.11,
N 12.93, F 19.18. Calcd. for C,gH2qFgNg04S4Si, Si 4.29, N 12.84, F
17.41. Mass spectrum: [Mstz]" (m/z= 255, I = 14%), [Mstz-S0,]"
(mfz=191, I = 66%), [CgHsNH]" (m/z =90, I = 100%).

(b)

Fig. 2. Fragment of crystal packing in 1, view along a-axis. C-bound H atoms are
omitted for clarity (a); self-association pattern of [stzH|" cations in I (b).

3.2. Synthesis of the product of interaction of hexafluorosilicic acid
with the 4-amino-N-{3-methoxypyrazin-2-yl)benzenesulfonamide,
bis(4-ammoniumbenzenesulfonamide) hexafluorosilicate (1)

4-Amino-N-(3-methoxypyrazin-2-yl)benzenesulfonamide

(0.280 g, 1 mmol) was dissolved in methanol (7 mL) and hexa-
fluorosilicic acid (45%, 2 mL) was then added to the solution. The
reaction mixture was stored under ambient conditions prior to the
beginning of crystallization of the reaction product which was
obtained with a quantitative yield. The reaction product was a
colorless transparent crystals of the composition (CgHgN,0,S),|-
SiFg] (I1) with m.p. 230-232 °C (with decomposition). Anal. found,
%: Si 5.49, N 11.61, F 24.01. Calcd. for C;,H,5FgN4045,Si, Si 5.75, N
11.47, F 23.33.

3.3. Structure determination

The X-ray intensity data were collected at room temperature on
a Nonius Kappa CCD diffractometer equipped with graphite
monochromated Mo Ka radiation using ¢-« rotation. Unit cell
parameters were obtained and refined using the whole data set.
The structure solution and refinement were processed using
SHELX-97 program package [24]. Direct methods yielded all non-
hydrogen atoms of the asymmetric unit that were treated
anisotropically. The [SiFs]>~ anion was disordered over two
positions with the occupancies of 0.829(6) and 0.171(6), respec-
tively, and only the major position was refined in anisotropic
approximation. The C-bound hydrogen atoms were placed in
calculated positions with their isotropic displacement parameters
riding on those of the parent atoms, while the N-bound H-atoms
were found from differential Fourier maps at an intermediate stage
of the refinement and were treated isotropically. Crystallographic
data (cif file) for I have been deposited with the Cambridge
Crystallographic Data Center, CCDC No. 713403. 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:/fwww.ccdc.
cam.ac.uk).
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KOOPIVMHAIINMOHHBIE
COETVHEHHUA

ITEKCA®TOPOCHJINKATbI
BUHC(2-ATTKNJI-4-THOKAPBAMONJI-4-ITUPUJTUHU L)

© 2010r. B. O.Teapméoasar®, B, B, Nauup**, JI. X, Munauepa™***
JI. B. Kopoesa*, B. C. Cepruenko™**
* Quanko-XUMUHeC KU URCHIHNTYIN 300 HINbL OKPYXcaiowell cpedvl it yeaosexa Murnucmepemea o6pazosans i HayKy
Yxpaurst u HAH Yxpaunot, Odecca
E-mail: elcsvar@uicr.net
** Q0eccruil 20CyOapemeen bl SK0A0HYeCK L yrusepcumem, Ykpauna
**% Vupescdernue Poccuiickoit axademuu Hayx Hacmumym obueit u Heopeareckoil
xumuu um. H.C. Kypraxosa PAH, Mockea
TlocTynuna B pegakumio 27.02.2009 ¢

Bzaumopeiicteue 45%-Hoil KpeMHedTopopomoponHoi kucnors (KOK) ¢ 2-srwi-4-tnokapbaMmonn-4-
nupuguHoM (L1) u 2-nponun-4-tnokapbamowi-4-nmupuguHoM (L2) npusogut K nonyyeHUIo rekcadpro-
pocuwnukaros (L1H)2SiF6 u (L2H)2SiF6, oxapaktepuzopannrix manaeiMu K-, Macc-cnektpockonum,
MOTeHIMOMeTPUH, pacTBopuMocTh. Capoenne coemunenuna (L1H)2SiF6 ywranosneno metomom PCA. B

HOHHOH ¢Ip

KoMIekca KatuoHel L1H + (ueHIp NpoToHHpOBaHWA — MUPUIUHOBHA aToM N) 1

annonw SiF; (Si—F 1.657(2)—1.699(2) E) o6renuueHs cucteMoii MexuoHHex H-ceazeit NHF 06-
CYKIEHA 3ABHC UIMOCTE XapaKTePUCTUK MeXKHOHHEIX H-oBs3eil 1 pacTBOPUMOGTH rekcadhTOpOCI MKATOB.

Panee Gruto TIOKA3aHO [1, 2], 910 rekcadropocH-
JIMKATHL THAPHIHHAA ¢ GYHKIMOHATMSHPOBAHHEIMUA
KATHOHAMH SBJIOTCSA YOOGHBIME MOTETHHBIME CO-
SMIHEHIAM U VT H3YIe HIAA BIIHAHIA MeKHOHHBX H-
CBA3EH HA CTPYKTYPHBIE XAPAKTEPHUCTHKA U CBOHCTBA
KOMIDTIEKCOB. B TpomornkeHmre uccmenoparia [1, 2]
OCVIIeCTRIIEH cuHTes, masydeHsl HMK-, Macc-crek-
TpaJIbHBIE XapPAKTEPUCTHKHI, CTPOSHHE M HEKOTOPHE
CBOHICTBA TeKcadTOP OCHIHKATOB 6 ¢ (2 -aTKImT-4 -THOo-
KapGaM OrT-4 - TIAPUIITHI) -

SKCIIEPUMEHTATIBHA{ YACTD

Cunres. Drwr-4-TrokapSamomt4-mpumae (L
166 MT; 1 MMOITB) PACTBOPSUTH B 5 MJT METAHONA, T0OaB-
s 0.9 mt 45%-m0# KOK, momygesHy1o cMech TIoI-
BEPTAH CAMOTIPOMSBOIFHOMY HUCIIAPEHIIO TIPH KOM-
HaTHOM Temrteparype. [IponykT peakipiy BEIIEIAETCS B
BHIE XKeJITO-OPAMIKEBEX KPUCTAUIOB, £, 222—224°C (¢
PATOKEHHIEM).

Si N
Haiigeno, %: 6.13; 11.54.
s [2-C,Hs-4H/N(S)CCH,;NH],SiF, (I)
BHIYHCIIEHO, %: 5.87; 11.71.

TIo aHATTOTHYIHONA METOIUKE TIOYIATH IIPOIYKT B3a-
MMOIEHCTBHA  TIPOIIT-4-THOKAPGAMOMT-4 -TIHPHIIHA

(L?, 180 M1, 1 Mmab) 1 KOK (0.9 MT) — 3Kesrro-oparske-
BBIe KPUCTAUTHL, f;; 182—184°C (¢ pazmoxeHmreM).

Si N
Haifineno, %: 5.29; 11.38.
Ilna [2-C;H;-4-H,N(S)CCsH,NH],SiF; (IT)
BEIUHMCIEHO, %: 5.54; 11.06.

Macc-cIeKTPhl PerHCTPHPOBAIA HA CTIEKTPOMET-
pe MX-1321 (psamoit BBOX 06paslia B MCTOYHUK,
SHEPrud HOHU3HPYIONX JTeKTPoHOB 70 3B).

Jna L [MLY* (m/z= 166, 7= 100%), [ML'-H,CN]*
(m/z=138, I=15%), [IML'-HS|* (m/z= 133, I=11%),
SiF, (m/z=85, I=20%).

Jpa IE [ML2* (m/z= 180, I=27%), [ML>~H,CN]*+
(m/z=152, I=100%), SiF; (m/z=85,1=23%).

HK-cnieKTpbl CHAMATA HAa CIEKTPOQOTOMETpe
Specord 75IR (crexia KRS-5, oGpasiwe B BUme cyc-
TICH3HH B Ba3eJIMHOBOM MAacJIe).

PH somaeix 0.001 M pacTBOpOB rekcadTOpOCHITI-
KATOB OIPeNe/UTH ¢ HCIIOIB30BAHHEM HOHOMEPa
BB-74. H3oTepMIIecKHe YCIOBHA SKCIIEPHMEHTOB
IO ONPEEIeHIIO PACTBOPHM OCTH reKcadTopoCcin-
katoB (f = 25 + 0.2°C) oGecredmBami ¢ TIOMOLIBIO
yaerpaTepMocTata UlS5.

PCA. Kpucrawm I, C(H,,F.N,S,Si (M = 476.59),
MOHOKHHHELE, ¢ = 13.9736(9), b = 14.3798(10), ¢ =
=11.3334(8) A, B = 113.703(1)°, V = 2085.2(2) A?,
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H(5)

H(4)

CTpoeHNE KOMIIIEKCHOIO KaTHOHA LlHts CTpYKTYpE L.

Pun= 1.518 r/ev’, u(MoKk,) = 0.376 mm~!, F000) =
=984, Z=4, mp.1p. C2/c.

‘DKCIIepAMeHTABHEI MaTeprat ( 11456 oTpaxkeHUA,
3 Hrx 3130 HezaBrcHMEBIX, R(int) 0.0238) momyges mpi
298 K ¢ kprcrawma pasmepoM 0.40 x 0.35 x 0.26 MM Ha
apTOMaTideckoM mudpakToMerpe Bruker SMART
APEXII (MoK, % 0.71073 A, TpabHTOBBIT MOHOXPOMA-
TOp, Y-cKaHUpoBaHue). OTpaxkeHHsa coOpaHb B HHTeP-
Bate MHOeKCoB —19 </ <19, —20<k <19, -16<1<16
(2.13° £ 6 <30.61°, sanoreenwe o O = 97.3%). Ilomio-
1LIeHHEe BBENEHO 10 M3MEPEHMAM HHTEHCHBHOCTEH K-
BHBATTeHTHBIX oTpaxkeHmi (SADABS) [3]. ITommseni Ha-
GOp SKCIEPHUMEHTATBHBIX MAHHBIX NETIOHHUPOBAH B
KeMGpumkckoM GaHKe CTPYKTYPHBIX MAHHBIX (PeIi-
crparmoHHEI Ne g coemprerms [ — CCDC 723032).

Crpykrypa penteHa mpaMemM MeTomoM (SHELXS-
93 [4]) u yrogHeHa MeTOIOM HAWMMEHBIINX KBaApa-
To0B 0 2 (SHELXL-97 [5]) B MOTHOMATPAIHOM aHH-
30TPOIHOM TIPUOIMDKEHHH IS BCeX HEeBOTOPOTHBIX
VYIOPSIOIEeHHBIX ATOMOB. B CTpyKType TpH KpHCTAIDIO-
TpadiIecKy He3aBUCHMEBIX aToMa (ropa cTaTHCTHIe-
CKH PasyIIOPSIOIeHH 110 27 TIO3MIMAM, IBe U3 KOTO-
PHIX Ha OCH 2, OCT&IBHBIE — B OOIIEM TIOMOKEHIIL
®akToper zacenmeHHoctH (®3) Bcex aroMoB (ropa
VTOTHEHEL TIpH (PHKCHPOBAHHBIX 3HATeHIX U, 3ateM
BCe HeyIopsmodeHHEIe aToMBI F yrousm msoTponHo
¢ ¢ukcrpopaHHbME O 3. TMomoxkeHa GOMBIIAHCTBA
aTOMOB BOIOPONA B KaTHOHe HAaHIeHBI 3KCIICPUMEH-
TAIPHO M YTOYHEHB HM30TPOITHO. ATOMEI BOTOPOIA
KOHIIEBOH METWIBLHOH I'PYINIEI YTOIHEHBI TI0 METONY
“Hae3MHMKA” ¢ H30TPOITHEIMI TeMIIEPaTYPHBIMU hak-
Topamu Uy, B 1.2 pasa 6&mpummvm dakropa U atoMa
yomepona C(8), ¢ KOTOPBIM CBA3AHEL TaHHBIe aTOMBL H.

OKOHUATEbHEIE Pe3yIbIaTel yTogHeHWa: Rl =
= 0.0650, wR2 = 0.1577, GOOF = 1.075 1o 2467 otpa-
xermsM ¢ 1 > 26(J); R1 = 0.0823, wR2 = 0.1723 o BCeM
pedutekcam; 242 yrogugeMpix rapaMerpa. Koaddurp-
eHT skeHKImE 0.0109(13), sHageHHA AP, B APy,
COCTARIIAIOT COOTBeTCTBeHHO 0.464 11 —0.471 ¢ A-2

Koopmumater, TeMIepaTypHbie (QakTOpH Beex
aTOMOB CTPYKTYPHL | 1 mapameTper ©3 nprBeneHE B
TaGL. 1, MeXKATOMHBIE PACCTOSHIS U BaJICHTHELE YI-
JIBI B KaTHOHe — B TaOIL. 2.

PE3VIIBTATH H HX OBCYKOIEHHUE

CIpyKTypHBIE eTUHALE KprucTawia I — rekcadro-
;i
pocrwmkaTHBIe aHHOHH SiF, |, pacmonoxeHHBIE Ha
OCH 2, M KATHOHHI 2-3THWI-4-THOKa POOMOIITHP I
mua (L'H*) (pucyHOK).

PasymopsanogeHHocTs aTOMOB (GTOpa, HE ITO3BO-
JIMBLLIAS BELOEJIATH OTOTBHBIE (hHUKCHPOBAHHBIE TI0-
o L
JoxkeHna okTasnpos SiFe~, menmaer HeBOSMOXKHEIM

obcyxmeHue neTaneii ctpoeHusa kKpuctavia I MoxHo
JTHIIB OTMETHTH, 9T0 HHTEPBAT IWIMH cBa3ed Si—F
(1.641(8)—1.744(5) A) u ee cpemmsas wmmHa (1.683 A)
OGEaHEL [6].

Katmor HL* mpoToHMpoBaH 10 TTHPHIAHOBOMY
aToMy a30Ta. Ero reoMeTpHaecKiie IapaMeTpEl OTBe-
9AI0T CTAHTAPTHRIM SHATCHUAM 1 GIIM3KY K HAAIeH-
HBEIM B CTPYKTYPe THApOXTopHaa [7] 1 ruapoGpoMuma
2-3TIT-4-THoKapGoMommmpuIiEud [ 8].

B crpykrype I ammoHE SiFZ_ u xatronsr L'H*
OOBEMHEHE] CHCTEMOM MEXHOHHBIX BOXOPOIEEIX

KYPHAT HEOPTAHMYBCKOM XVMUHU  toM 55 Ne 8 2010
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2 x10% u
w1 U, /U, (A2, %

(x10%, g aromo H x10%), mx Terorossie mapamerpst U, /U,

aTEL aTOMOB (x 10¢,

Tadmua 1. Koopmrs

TEJIBMBOJIBAT u mp.

I*
Opa B CIPYKType

) ATACTHIECKH HeYTIOPIIOISHHBIX ATOMOB T

®3(F) w4 cr:

- T D3(F)
Y 65(1)
x 1
ATOM 6279(1) 9995(1) 55(1)
1509(1) 9297(3)
S(1 5792(2) 55(1)
N(1) 3025(2) 7583(2) 5449(3) 46(1)
785(2) 9039(2)
N(2) 6238(2) 42(1)
e P 6717(2) ea) 51(1)
c) 1681(2) 7628(2) 7681(3) 58(1)
co) 1314(2) 804902) 6506(3) 50(1)
C) 884(2) 6701(2) 5462(3) 46(1)
cs) 1090(2) 626502) 6638(2) 67(1)
() o v 6258(3) 426) 77(1)
897(3) 3758(4)
C(7 6445(3) 36(1)
c(s) 1760(3) 9278(1) 2500 s6(1) 0.284(5)
: 0 1989(7) 0.215(6)
Si(1) 8296(5) 54(2)
462(6) 3889(8) 0.141(6)
F(1) 9067(7) 47(2)
1074(7) 4055(8) 0.163(6)
F(2) 9306(13) 71(3)
F3) 153(12) 773(011) 3927(10) 550 0.176(5)
i 149(12) 1332 %= 1871(10) —— 0.138(5)
—504(9) 2994(15) ( 0.142(5)
F(5) 9589(13) 54(3)
1265(7) 2782(14) 0.135(5)
F(6) 9021(11) 52(3)
1237(7) 1853(17) 0.116(5)
F(T) 9947(10) 59(4)
635(12) 2891(19) 0.125(5)
F(8) 8245(8) 59(3)
598(13) 2630(20) 0.142(5)
F(9) 10284(8) 45(2)
—504(13) 3777(11) 0.112(5)
F(10) 8906(9) 70(5)
—177(11) 3690(20) 0.069(6)
F(11) 9639(16) 33(3)
P02 —360(20) 2680(14) 3170(20) 53(3) 0.115(6)
1125(11) 4091(9) 0.105(5)
F(13) 9328(12) 52(4)
720(15) 3095(19) 0.092(5)
F(14) 10003(12) 40(3)
1027(11) 2520(30) 0.073(5)
F(15) 9885(14) 394
1063(12) 2420(20) 0.089(5)
F(16) 8597(13) 49(H
947(15) 3719(16) 0.039(4)
F(17) 9524(15) 46(6)
F(18) 1112(11) £109(7) 2500 3403 0.096(5)
F(19) 0 8629(11) 1734(17) 204 0.047(4)
F(20) 580(12) 10447(7) 2500 36(4) 0.067(5)
20
FQ1) 0 10286(9) 1810¢ 0) 2%(3) 0.064(2)
F(22) 49(19) 2936(14) 4030(10) 705) 0.066(5)
F(23) 361(16) 8475(16) 3480(20) 5504) 0.083(6)
£22(18) 1880(20) ( 0.060(5)
F(24) 8202(8) 30 38(5)
F(5) —170(20) 9637(19) 2120(30) i) 0.053(7)
F(26) 1002(16) 9117(17) 3480(20) 76(11)
FQ7) 1279(9) 545(3) 1002(4) 65(10)
330(3) 879(3)
H(l) 73) 579(2) a72(%) 84(12)
H(2) 337( 787(3)
H(S) 51(3) xB BC.
M HATBl AaTOMOB BOAOPOZIA, YIaCTBYIOLIM MM tom 55 N8 2010
* Ilpusenere Koopm KYPHATI HEOPTAHHYECKOH XUM
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ceaseit (BC, Tabn. 3) mmma N—H-E Axurerrropamm
BC BBICTYMAIOT TIPAKTHYIECKH BCe aTOMEL (ropa (3a
ucknogerreM F(10), F(13) u F(21)), moHopamu —
ATOMBI BOIOPONA aMITHOTPYINTH M IIPOTOHHPOBAHHO-
TO ATOMA A30Ta THPHUIMHA KATHOHA.

B taGn 4 mpuBemeH® XapakTepucTika MK-crex-
TPOB TeKCapTOPOCHIMKATOB 6itc(2-amKiwi-4-THoKap-
Gamori-4-rprmuaug). B UK-criektpe I HaGmomaer-
¢4l BRICOKOUACTOTHEI ¢Ipur Ha 20 oM~! mByx M3 Tpex
TIONOC KOMeGAHMI Vi oy, 1, TIO CPABHEHIIO ¢ X TIOTIOKE-
HUeM B criekTpe L. BEICOKOTaCTOTHEIH CIIBHT TIpeTep-
TIeBaeT TAKKe IIONOCA ITWIHCAIIMOHHBIX KOMeGaHIH
KOMBIIA Vo, ITO YKA3EIBA€T Ha TIPOTOHHPOBAHIS THO-
aMPIHOTO JIATAHIA TI0 aToMY reTeporwkiia N [9] u co-
mracyetrca ¢ mapEbME PCA. Tloasmerme Gostee BBICO-
KO9JaCTOTHOM KOMITOHeHTH ontockl V(INH,) B criektpe
I (~3300 cM~!) MoKeT ABTATHCA CISACTBHEM JaCTAIHO-
o paspemsa BC ¢ yaactrem N'H,-rpyrm ripu nipotoHm-
posarmr. Ilomocer 8(NH;) mpakTHgecKy He MEHSIOT
CBOETO TIOIOKEHTA.

HesHaguTebHEIE MSMEHEHMA TIOIOXKEHHSA TIOJIOC
¥ IIepepaclipefeieHre MX HHTeHCcHBHOCTem B MK-
criekTpe I OTHOCHTEBFHO COOTBETCTBYIOLIIX TIVIOC B
crekTpe ymragma L! B o6macti 1100—-1050 em~!, mme
TIPOSABIAIOTCA  CJIOKHBIE BaTEHTHO-TehOPMAIOH-
Hele kormeGarma ceazeit C—N, C—S 1 medopMaImpion-
HbIe MassTHUKOBHIe KoneGarrsa NH, -rpyrmor, cea3aHeL,
TIO-BUIAMIMOMY, ¢ TIPHCYTCTBHEM HTehOpMAaIlIOHHEIX
IDTOCKOCTHHIX KoyteGarmmi rpymsl =NTH. Unentn-
rxarma koneGarmit v(CS) B oGmacti 800—600 cm~!
B crrekTpe | mpoGieMaTHIHA B CBA3SH ¢ HATOXKEHUEM
coGcTBeHHBIX KomeGamrii yomragma v(CS), 3(CCH),

p(NH,) u xoneGanmii v(SiF) armona SiFg_.

B cB0GOmHOM OT cOGCTBEHHBIX KOJeGAHIN JIATAHIA
o6mactu (490—435 cm™) B crrextpe [ 9eTkO dHKCHpY-
101ca KormeGarmda 8(SiF,) aHmroHa B BHIe MHTeHCHBHON
normocs mpr 470 ey~ 1 “Toreda” okomo 440 cm L

Crexkrpampaere xapakrepuctuku [ u II BeckMa
GIIH3KI, 9TO MOKET YKA3HIBATh Ha AHAJIOTHIO B CTPOS-
HIH KOMIUTEKCOB.

B 1aGn 5 npencraBieHB TAHHBIE O PACTBOPHMOCTH
coemurermii [ n 11, a Takoke pama mpyrux rekcadTOpOCH-
JIAKATOB TIMPHIUHKA ¢ (QYHKIMOHAHUPOBAHHEIMI
KaTHOHAMH, B Bone 1 sHagerms pH 0.001 M pactBopos
coneii. Paree Gbuto omMedero [1, 2], 910 Xapakrep w3~
MEHEHHS PAcTBOPHUMOCTH TeKcadTOPOCIINKATOB ITH-
PHIHEEA HeJTb34 OGBS CHIATH B PAMKAX TIPEICTARTSHHI O
THIPOGWHEHO-TTMITOMIIEHOM  OaTaHCce CTPYKTYPHBIX
dparmerToB cogmumenri [13]. B To xke Bpema HaGmo-
JaeTcsl B3AMMOCBASh MEXKOY PACTBOPHMOCTBIO T€K-
caTOPOCIUIMKATOB ¥ MHTCHCHBHOCTBIO MEKIOHHBIX
BC B cIpykType COMH, WA CPaBHHTEIBHOHN OLICHKHA
BIHSAHAA KOTOPHIX TIPEIIOKEHO [2] MCIIOMB30BaTh TIa-
pameTp A:

h = n/d(D-A),,

XKYPHATl HEOPTAHMYECKOM XMMUU  1oM 55 Ne 8

Ta6mma 2. OcHOBHBIE IUIMHEL ¢BA3eH (d) 1 BaIeHT-
HEIe YIIH (®) B Katroue 8 LIH+

Cpazp 4 A
S(1)—C(1) 1.654(3)
N(I)-C(1) 1.314(3)
N(2)-C(4) 1.331(4)
N(2)-C(5) 1.336(4)
C(H-C(2) 1.497(3)
C(2)—C(6) 1.382(4)
C(2)—C(3) 1.397(3)
C(3)—C(4 1.362(4)
C(5)—C(6) 1.380(4)
C(5)—-C(7) 1.496(4)
C(NH—-C(8) 1.498(5)
Si(1)—F(10) 1.641(8)
Si(1)—F(18) 1.650(9)
Si(1)—F(11) 1.652(7)
Si(1)-F(22) 1.663(9)
Si(1)—F(8) 1.666(8)
Si(1H)—F(7) 1.668(8)
Si(1)—F(23) 1.673(9)
Si(1)-F(9) 1.674(9)
Si(1)—-F(25) 1.676(9)
Si(1)—F(17) 1.676(9)
Si(1H-F(14) 1.676(8)
Si(1)—-F(19) 1.680(10)
Si(1)—F(15) 1.681(9)
Si(1)—F(21) 1.682(9)
Si(1)—F(13) 1.682(9)
Si(1)—F(6) 1.686(8)
Si(1)—F(20) 1.687(8)
Si(1H-F(24) 1.687(10)
Si(1H—F(3) 1.688(8)
Si(1)—F(5) 1.692(7)
Si(1H—-F(27) 1.699(9)
Si(1)—F(12) 1.702(9)
Si(1H)—F(4) 1.702(8)
Si(1)—F(26) 1.702(10)
Si(1H)—F(2) 1.710(6)
Si(1)—F(16) 1.7149)
Si(1)—F(1) 1.744(5)
Vron ®, Ipax
C(HN(1HH(1) 119(2)
C(HN(LHH(2) 124(2)
H(HN(DHH(2) 116(3)
C(HN(C(5) 123.4(3)
C(HN(DH(5) 118(3)
C(5)N(2H(5) 118(3)
N(DHC(HC2) 116.2(2)
N(DHC(1)S(1) 125.0(2)
C(2C(DHS(1) 118.87(18)
C(6)C(2)C(3) 118.8(2)
C(6)C(2)C(1) 121.3(2)
C(3HC(HC(1) 119.9(2)
C(HC(IHC(2) 119.0(3)
NC(HC3) 120.1(3)
N(2)C(5)C(6) 118.2(3)
N2)C(5C(T) 117.4(3)
C(6)C(5)C(T) 124.4(3)
C(5)C(6)C(2) 120.3(2)
C(5)C(NC(8) 112.5(3)

2010
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1288 TEIBMBOJIBAT u mp.

Tadmina 3. TeoMeTprIecKHe MAPAMETPE KOPOTKHX MEKHUOHHBIX KOHTAKTOB B CTPYKType 1
Kontakr D-H-~A Pacsamomnite, i Yron DHA, Koopmunare atoma A

D-H A~H DA el

N(D)—H(1)-F(18) 0.90(4) 1.88(4) 2.767(16) 167(3) —x+1/2,y—1/2, —z +3/2
N()-H(1)F(22) 0.90(4) 2.48(5) 3.19(2) 135(3) x+1/2,y-1/2,z+1
N(1)—H(1)-F(14) 0.90(4) 2.09(4) 2.875(15) 145(3) —x+1/2,y—1/2, —z +3/2
N(1)-H(1)F(5) 0.90(4) 2.10(4) 2.893(10) 146(3) x+1/2,y-1/2,z+1
N(1)—H(1)--F(15) 0.90(4) 2.06(5) 2.938(18) 164(3) —x+ 12,y —1/2, —z +3/2
N(D)-H(1)-F(2) 0.90(4) 231(4) 3.144(10) 153(3) —x+1/2,y—1/2, —z +3/2
N()—-H(1)~F(6) 0.90(4) 2.42(50 3.309(16) 169(3) x+1/2,y—1/2, 2 +3/2
N(1)—H(1)~F(4) 0.90(4) 2.23(4) 2.930(14) 134(3) —x+1/2,y—1/2, —z +3/2
N(1)-H(1)F(27) 0.90(4) 2.47(5) 3.33(2) 162(3) —x+1/2,y—1/2, -z +3/2
N(1)—H(2)--F(26) 0.88(4) 1.72(4) 2.56(2) 160(3) —x+1/2, -y +3/2, g +1
N(1)-H(2)F(20) 0.88(4) 1.98(4) 2.773(14) 148(3) —x+1/2, -y +3/2, -z +1
N(1)—H(2)--F(16) 0.88(4) 2.18(4) 2.99(2) 153(3) x+ 12, —y+3/2, —z+1
N(1)—H(2)--F(11) 0.88(4) 2.09(4) 2.835(11) 1423)  |x+1/2, —y+3/2,z+1/2
N(1)-H(2)yF(8) 0.88(4) 2.10(4) 2.881(15) 147(3) —x+1/2, -y +3/2,—z+1
N(1)—H2)~F(7) 0.88(4) 2.09(4) 2.940(14) 162(3) —x+1/2, -y +3/2,—z+1
N(1)-H(2)F(12) 0.88(4) 1.93(4) 2.682(18) 143(3) x+1/2, -y +3/2,z+1/2
N(1)=H(2)--F(17) 0.88(4) 2.16(4) 2.98(2) 155(3) x+ 12, -y +3/2, g +1
N(D)—H(2)-F(6) 0.88(4) 2.34(4) 3.179(16) 158(3) —x+1/2, -y +3/2, —z+1
N(2)-H(5)F(25) 0.86(4) 1.75(5) 2.582(18) 164(4) —x,y, —%+1/2
N(2)—H(5)~F(l) 0.86(4) 1.97(4) 2.802(8) 163(4) —x,y, —g+ 172
N(2)-H(5)F(20) 0.86(4) 2.06(4) 2.869(15) 157(4) —x,y, %+ 1/2
N(2)—H(5)--F(23) 0.86(4) 1.70(4) 2.441(14) 1434  |x,9,z
N(2)—H(5)-F(24) 0.86(4) 1.85(5) 2.60(2) 1444 |x,»z
N(2)-H(5)F(11) 0.86(4) 1.87(4) 2.640(10) 149(4) X0z
N(2)-H(5)-F(3) 0.86(4) 2.19(4) 2.879(17) 1373 |x0.2
N(2)-H(5)F(9) 0.86(4) 2.19(5) 2.96(2) 149(4) b 4
N(2)—H(5)F(14) 0.86(4) 2.28(4) 2.927(17) 1323)  |x,0z
N(2)-H(5)F(2) 0.86(4) 2.25(4) 2.902(10) 132(3) XiVeZ
N(2)—H(5)-F(19) 0.86(4) 235(4) 3.162(3) 1584  |[x,0.2

IMe 7 — 9UCTI0 KOPOTKHUX MeHOHHRX BC (CIoBHBIE T
cpememe BC, DA < 3.2 A [14)]), d(D~A),, — cpenmHee
paccTosEe ToHOp—aktenTop. Kak cenyer ms maHHBX
Tal 5, poct sHagerwit /4 (Wi I sermrmma d(D-~A),,

PACCIATHBATACH YCPEMHEHHEM BCEX KOHTAKTOB PasyIIo-
PATOYEHHRIX ATOMOB (OTOPa), OTPAZKAFOIAN OTHOCH-
TeTFHYIO CTACITIHBAIIIO COOTBETCTRYIOIIMX KOMIDIEK-
COB, COITPOBOKIASTCI 3AKOHOMEPHBIM YMEHBIIIEHHEM
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TEKCAD®TOPOCHUIIMKATEI 1289

Ta6mua 4. BomHoBEE 9rca (cM ™) MAKCHMYMOB IIOJIOC
bue(2-ankwn-4-THoKapGaMOIT-4 - TP IHHKA)

nopronrernsa B UK-crnekrpax rekcadTopocmKaToB

1 ; 2 ;
1 (L'H),SiF; (L*H),SiF, s
I II
3300 cp. 3380 ¢p.
3305 ¢p. v(NH,)
3240 cp. 3220 ¢p.
3170 ¢cp. 3180 cp.m. 3130 ¢p. v(NTH)
3075 . 3080 mwr. 3080 rur.
1645 . 1640 cp. 1640 cp. 8(NH,)
1600 c. 1620 ¢. 1620 c. S(HNC)
v
1565 c. 1585 cp. 1570 rwr. RO
1500 . 1500 c. 1505 .
1340 . 1330 rwor.
1320 cp. 1310 cp. 1310 cp. 8(CCH), v(CN), {NH,)
1285 ¢p 1270 ¢cp.
1210 cp. 1230 ¢p. 1235 op
1165 . a(NH,), 8(CCH), §(HCN)
1145 ¢. 1140 cm. 1150 ¢cp.
1070 ¢cp. 1075 cp. 1070 cp. V(CN) +v(CS) +r(NH,),
1040 . 1050 cp. 1045 ron. 8ux(>"NH)
1005 cp. 1025 cp. 1025 cp. Viymse,
940 cp. 940 cp. 940 op.
860 cp. 840 ¢p. 840 .
8(CCN), 8(CCH), 8,.(="NH)
820 ¢p. 825 cp.
805 .
745 ¢. 740 c.
720 cp. 720 0c. 720 oc. v(CS), v(SiF), p(NH,), 8(CCH)
690 . 690 1.
670 . 670 cp. 670 ror.
615 . 610 . 615 .
530 cp. 535 m. 540 cp. 8(SCN), 8(NCC)
490 .
470 cp. 475 cp.
440 . 8(SiF,)
425 .

pactBoprMocTy coneit. [Tpe sroM sHagerra pH pactBo-
pos I u II, ykasprsaronpie HA THOPOIMTHISCKYIO He-
VCTOMYIHMBOCTE COJTe, GIIIA3KH K COOTBETCTBYIOLLIM Be-
JIAIMHAM TS APYTHX TeKcadTOPOCIDIMKATOB TIHPHIH-
wp. [Tpe 5TOM, KaK YKa3BIBATOCH B [2], He HaGmomaercsa

XKYPHATl HEOPTAHMYECKOM XMMUU  1oM 55 Ne 8

KOPPEJISLIAN MeKny BermarHaMu PH pacTtBopoB comeft
H pK, COOTBETCTBYIOILIX ITHPANHUHOBHIX JIATAHIOB.
TakiM  0GpasoM, TIPOOYKTAMM B3aHMONEHCTBHA
KO®K ¢ 2-3m1-4-tHOKapGaMOorT-4-TIHPHIMHOM B 2-
TpornoT-4-THOKapOaMOIT-4-TIPUIUHOM ~ ABJIIIOTCS

2010



1290 TEJIBMBOJIBAT u mp.

Taémna 5. PacTBopuMocTh rekcadTopoCHIMKATOB MMPUIMHMA B Bole U 3Haue HUA pH BOIHEIX pacTBOPOB coneil

PacTBOpuMOCTS, x pH 0.001 M
CoenuneHnne Mo %, 25°C n A S Jlutepatypa

[2-CH,C;H,NH],SiFg* 11.60%* 0.71 327 [10]
[2-HO(O)CC;H,NH],SiF¢* 53k 0.76 - [11]
[3-HO(O)CC H,NH],SiF¢* 3.33%k 1.09 — [12]
[4-HO(O)YCC;:H,NH],SiF* 0.80%* 1.08 - [1]
[2,5-(HOOC),CH,NH],SiF, 0.07+* - -
[2,6-(HOOC),CsH,NH],SiFg 0.02%* - -
[2-H,NC;H,NH],SiF¢* 5.60%* 1.38 330 [2]
[3-H,NC,H,NH],SiF, 1.86%* - 335
[4-H,NC;H,NH],SiF;H,0 3.88%* - 3.09
[2,6-(H,N),CsH;NH],SiFg* 0.06** 2.35 333 [2]
[2-C,H;-4-H,N(S)CC;H,;NH],SiF, 0.10 1.04 331
[2-C;H7-4-H,N(S)CCsH;NH],SiFg 0.18 3.30

* CTPYKTYPHO 0XapaKTep H30BAHHEBIE COEMUHEHNA,
** Mapmmele [1, 2].

TekcahTOPOCITIKATH COOTBETCTBYIOLIIAX 3aMelLeHHBIX
THPHIHEIeBEIX KaTHoHOB. Jarmasie PCA 1 HK-crmek-
TPAJIHHBIE XaPaKTEPUCTHKA COJIEH YKA3EIBAIOT HA TIPOTO-
HHPOBAHIE HPHIHAHOBHIX JIATAHIOB TI0 SHIOLKITIIE -
ckoMy atoMy N. B BOTHBIX pacTBOpax rekcadTopoCHm-
KATHI TIOMBEPTAIOTCS THAPOIASY; PACTBOPAMOCTE COJER
KOPPEJTHAPYET ¢ XapaKTe PHCTHKAMHA MeXHOHHBIX BC.
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ABSTRACT: Interaction of mefenamic acid [2-(2,3-dimethylphenyl)aminobenzoic acid, maH] with piperazine (ppz), 14,7,
10-tetraazacyclododecane (cyclen), meso-5,7,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta), and tris-
(hydroxymethyl)aninomethane (tris) resulted in crystalline proton-transfer complexes of the compositions (ppzH;)(ma),+
4H,0 1, (cyclenH;)(ma), - 2H,0 2, (tetaHa)(ma), - 2H,0 3, and (tnsH)(ma)- H,0 4. Immediate cation—amon hydrogen bonds
and those mediated by water molecules are the prime driving forces for the maH and amine assembly. Persistent CH:+ -
mteractions mvolving the aromatic rings were found to play an important role m the formation of final structures. All complexes
reveal the pronounced segregation of hydrophilic and hydrophobic regions.

The active pharmaceutical mgredients (APIs) are most
conveniently developed and delivered as solid dosage forms
that contam a single crystalline form of an API due to the
mherent 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, thereare
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 vanation, and pharmaceu-
ticals may be mampulated, for example, by using different
polymorphic forms, but the dscovery 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 1s 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
mportance of its strategy n 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 mteractions such as C—H- - -, for example, are
more problematic, although interactions involving aromatic
systems are key processes n both chemical and biological recog-
mtion.®* Moreover, in the structures rich with aromatic hydro-
carbons the C—H- - - mteractions may dommate in molecular
association, and packing thus playing an increasingly important
role as a persistent structural motf in structure formation.’

*To whom correspondence should be addressed. E-mail' fonarixray(@
phys.asmmd; kravisov.xray@phys.asmmd; fax: +373 22 72 58 87; tal: 4373
227381 54.

©XXKX American Chemical Society

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

Mefenamic acid [(2-(2,3-dimethylphenyl)aminobenzoic
acid, maH] 1s 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 1s 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 1s perspective as a
therapeutic agent in Alzhemmer’s disease since it improves
learmng and memory impairment in an amylmd B peptide
(AB1—42)-infused Alzheimer’s disease rat model.'® Low water
solubility of maH limts its efficacy and therapeutic benefit as
an API in the climic; therefore, efforts have been done to
enhance its solubility and dissolution rate.'’ The polymorph-
1sm of maH was studied for its effect on improvement physical
properties. Similar to diclofenac, flufenanue, 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 quahties of pharmaceuticals and tem-
pornnly mask the acidic group to suppress gastromtestinal
mjury, the different esterified mcfennmatu were studied and
approved as possible prodrugs.'* Salts are usua]ly considered
as another alternative for drug dehvery Sodmm, manga-
nese(II), cobalt(IT), mckel(II), copper(Il), and zine(IT) mefe-
namates were recently explored with the aml to solve the
formulation and dissolution problems of maH.'® On the other
hand, the structural nformation for maH complexes with
organic cocrystal partners is restricted by three salts with
alkanolammes, n-propanol-, diethanol-, and triethanolamme
(CSD refcodes NASBEP, NASBIT, NASBOZ, no fractional
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coordinates are available),'” and an inclusion complex with
cyclodextrin (CD).'® As indicated by authors,'” bmary 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 ¢ stn]hznhon 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 m size cyclic dianmne, piper-
azine, acts both in neutral and cationic forms giving rise to
cocrystal with paracetamol,” and salts with saheylic, ascor-
bic, camphoric, pamoic acids, diclofenac, and phenylbuta-
zone

Our previous research has been focused on the synthesis of
mulhcomponem crystalline solids involving as APIs sulfa
drugs, > 2°;,)hat'maccutlcnl 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 obtamed
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 anmne molecule could improve
hydrogen bonding with maH, which in turn could impart
physicochemical properties. For this purpose, the gradually
wcreased 1n size aza cycles depicted in Scheme 1 along with
one acychic amine (tris) have been used. Piperazine and trisare
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 (14,8,
11-tetraazacyclotetradecane, the parent azacycle for teta)
have found many applications in medicine. The advantages
of cyclen and cyclam are thewr 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 anacid and a base1s used asa ruleof
thumb to estimate the proton transfer.?® The difference of
3.6—6 orders of magnitude between the acid dissociation
constants of the base (pK, 5.68and9.82 for ppz, 10.51 and
9.49 for cyclen, 12.60 and 10.40 for teta, and 8.06 for tris),
and theacid (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 1onic moieties in each structure
under discussion.

Herein we report the synthesis and crystal structures of four
novel complexes of maH with cyclic amines, piperazime (ppz),
1,4,7,10-tetraazacyclododecane (cyclen), meso-5,7,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta), and
acyclic tris(hydroxymethyl)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.

(ppzH;)(ma),;-4H,0 1. Piperazine hexahydrate (194 mg, 1 mmol)
and maH (241 mg, 1 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 %: C63.77; H 7.51; N 8.78 %, required for C;4HasN4O;3 %: C
63.73; H 7.55; N 8.74.

(eyclenH2 ¥ ma); - 2H20 2. 1,4,7,10-Tetraazacyclododecane (86 mg,
0.5 mmol)and maH (241 mg, 1 mmol) were dissolved upon boilingina
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 C;3HsuNgOg %: C 66.06; H
788; N 1216.

(tetaH;)(ma); - 2H,0 3. meso-5,7,7,12,12, 14-Hexamethyl-1.4,8,
11-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 solation 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
CasHNsOg %: C68.80; H 8.7%; N 10.46.

(trisH)ma)-H;0 4. 2-Amino-2-thydroxymethyl)propane-1,
3-diol (121 mg, 1 mmol) and maH (241 mg, 1 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 C,oH;3N;O¢ %: 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 100K ona
Bruker-AXS SMART APEX/CCD diffractometer employing gra-
phite monochromatized MoKaradiation (A — 0.71073 A) inwscan
mode. The structure solution and refinement procecded mmﬂaﬂy
for all structures using SHELX-97 program package.” Direct

tris
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Table 1. Summary of the Crystal Data and Structure Refinement Parameters for 1-4
compound 1 2 3 4

formula CiH N, Oy CiHgNOg CagagNOg CioHaN;0g

composition (CeH1aNo)(CisHis- (CaHzN(Cys- (C1gHagN(CysH - (C4H1zNO2)(CysHy4-
NOs)p- 4H,0 H1sNOy)p 2ZH0 NO3) 2H0 NO2)H0

formula weight 640.76 690.87 §03.08 380.43

crystal system trichnic monochnic triclinic tnichinic

space group Pl C2fe P P

a(A) 6.9297(8) 32.809(4) 8.5654(14) T.7773(16)

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

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

a(?) 85.995(2) 0.0 102.383(3) 90.642(4)

8 83.245(2) 104.457(2) 91.415(3) 97.981(5)

¥ 65.812(2) 950.0 112.494(3) 97.970(4)

v(AY) $38.37(16) 7223 4(16) 1072.0(3) 969.6(3)

V4 1 8 1 2

D, (Mgm™) 1.269 1271 1.244 1303

# (MoKa)/(mm™) 0.091 0.087 0.083 0.097

F(O00) 344 2976 436 408

teflections collected/unigue ~ 6659/3121 [R(int) — 0.0219]  26893/7094 [R(mt) — 0.0563)  5612/3929 [R(nt) — 0.0206])  7911/3797 [R(int) — 0.0284)

seflections with 7 = 20(7) 2565 5093 2886 2507

goodness-of-fit 1.008 1.008 0.999 0963

R wR (I > 20(1)) 0.0408, 0.1106 0.0545, 0.1236 0.0472, 01135 0.0361, 0.0705

methods yielded all non-hydrogen atoms. Hydrogen atoms bonded
to nitrogen or oxygen atoms were localized in the difference Fourier
mapandrefined freely with Uiso(H) — 1.5¢4(0), UolH) — 1.2:6(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 239
Packing Index (PI) was cakulated 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,
14,7,10-tetraazacyclododecane (cyclen), meso-5,7,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane (teta), and fris-
(hydroxymethyl)methylanune (tris) were taken for cocrystal-
hzation. Crystalline products of the compositions {ppzH,)-
(ma),-4H;0 1, (cyclenHy)(ma), - 2H;0 2, (tetaHy)(ma),- 2H,0
3, and (trisH){ma)-H,O 4 were obtained in sinmlar synthetic
conditions m solution by direct muxing 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 bemg protonated, contrary to one anuno-group in tns.
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 pomts of imtial
bases (Table 2).** The variability in melting points for the series
described herein may be attributed to the differences in struc-
ture, and primarily m the hydrogen bonding network. In1—4
the acidic proton transfers from the carboxylic group of the
maH molecule to the NH- or NHy-group of the amine mole-
cule give rise to the di- (1—3) or monocation (4). The crystal-
lographic evidence for this proton transfer 1s the equalized
C—0 distances m the carboxylate group consistent with the
carboxylate anion [bond distances C(7)—O(1) and C(7)—O(2)
m 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 m close proximity to the mtrogen atoms
i the N-basic cations, respectively. In all complexes the ma
amon reveals an intramolecular N(1)—H---O(1) hydrogen

bond of the S, (6) motif,* the N+ - - O distance and N—H - - O
angle rangmg 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 carnes 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(l)—C(S?—C(9)A 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
mdicates that the cocrystalliza tion partner affects the observed
conformation i the crystal structures.

Compound (ppzH,)(ma),-4H,0 1 crystallizes m the tric-
linic space group F1 (Figure 1). The piperazinium cation
resides around an mversion center in chair conformation.

The seven-membered formula umt is stabilized by two
charge-assisted NH"---O(COO™) hydrogen bonds using
equatonal H-atoms, and two NH: + - O(H,;O) hydrogen bonds
using axial H-atoms of azoma-groups, the cation- - -anion
separation N(2):+-0O(1) of 2.713(2) A (Table 3) being the
shortest m the structure. There are no more direct cation—-
amion mteractions, and the two-membered O(1w)+«-O(2w)
(2.726 A) water clusters additionally Imk the charged entities
inside the formula unit giving rise to two R4*(13) graph sets.
The second H-atom of each water molecule, beinginvolved 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 comprses the hydrophilic core and the hydro-
phobic outer surfaces. The mternal hydrophilic region 1s
formulated by the combination of the above-mentioned
R“(l 3) motifs within the formula units, and alternating
R.%(12) and Rs%(16) motifs involving water molecules and
carboxylic group of ma. Summarnzing, 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 simgle 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 5 translations
demonstrate the edge-to-face arrangements of the A and B
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Table 2. Selected Parameters of 1-4
2
parameter maH'™ 1 a b 3 4
mabase:H,0 ratio 2:1:4 2:1:2 212 1:1:1
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 environment DDA, DDA DDA, DD DDA DDA
O(1)—-C(7} (A} 1.232 1.278(2) 1.265(2 1.262(2) 1.286(2) 1.270(2)
OQ)-C(7) (A) 1.318 1.258(2) 1.258(2 1273(2) 1.244(2) 1.273(2)
C(6)-N{1}—C(8)—C(O) () 120.0 117.8(2) 79.3(3) 73.003) 160.4(2) 85.2(2)
C(1)—C{6)—N(1)—C(8) () 179.3 —172.2(1) 165.02) —175.6(2) 145.1(2) 171.2(2)
O(1)-C(7)-C(1}—C(6) (*) 171 ~7.6(2) -7.0(3) —6.3(3) 13.43) 6.8(2)
A/Bangle (*) 62.4 60.6 73.4 75.3 535 8.4
CH (sp”) ++  (A) 3.59 341 a9 3.44
g 3.66 390 3.41
CH(sp) ++ -z (A) 3.63 355 3.54 163 3.64
3.83 367
) 3.99 374
NH. - -z (A} - 1.47
thickness of the layer (A) B, 14.0 185 18.5 16.7 13.6
thickness of the hydrophobic region (A) 14.0 139 12.2 14.1 11.4
area per one maj(A%) 45.4 454 56.8 69.0 64.8
packing index/( %) 68.2 69.1 69.8 709 69.4
“Melting point is given for anhydrous form.
Table 3. Hydrogen Bond Distances (A} and Angles (°) for 1-4

D-H: A #D—H) &HA) D+ A) Z(DHA try transformation for accep
1
N(1)~H(IN1)- - -O(1) 0.85(2} 2.00(2) 2.652(2) 133(2) "y z
N}~ H(IN2)- - - O(1) 0.98(2) 1.74(2) 27132} 173(2) BNz
N2}-H(EN2)- - -O(2w) 0.91(1) 1.91(2) 2.808(2) 169(2) 2-x1-y -z
O(1w)—H{1wl): - - O(1} 0.87(2) 2.04(2) 2.851(2) 155(2) 14 x5z
O{lw)—H(2wl)- - - O(2} 0.87(2) 1.96(2) 273202} 1472} "Wz
O@w)—H(1w2}+ « - O(1w} 0.90(2) 1.83(2) 2.726(2) 174(2) HWz
OQw)—H(2w2}- - 02} 0.92(2} 1.88(2) 2.802(2) 174(2} 3= x,-y,—z
2
N{la}~H(1A)- - - O(1a} 0.88(2) 1.93(2) 2.641(2) 1372} "y z
N(Ib)—H(Ib}: - -O(Ib} 0.88(2) 1.90(2) 2.625(2} 138(2) Wz
N(1}~H(IN1}- - -O2b} 0.96(2) 1.74(2) 2.697(2) 1752} Wz
N(1}=HEN1)- - N4} 0.92(2) 2.37(2) 2.83202) 1112} P
N(1}-H(@N1)- N2} 0.922) 2.39(2) 2.874(2) 11202} Y.z
N(1}-HEN1) - 01w} 0.92(2) 2.50(2) 30212 172} x5y z
N(3)}—-H({IN3). - -O(1a) 1.01(2) 1.67(2) 2.664(2; 169(2) x5z
N(3)~H(IN3). - -O(2a) 1.01(2) 2.51(2) 3.192(2) 125(2) P
N(3)}-H{EN3)- - N(2) 0.88(2) 2.35(2) 2.820(3) 1142} P
N(3)}—-H{2N3)- - \N(4)} 0.88(2) 2.42(2) 2.885(2) 1132) XYz
N(4)-H(IN4)- - -O(2a) 0.92(2) 2.09(2) 2.925(2) 1512) 12-x 24912~z
O(1w)—H(1wl): - O{2b) 0.87(3) 1.93(3) 2.806(2) 176(2) 12-x32-pl—-z
O(1w)—H(2w1)+ - - O{1b) 0.88(3) 1.88(3) 2.752(2) 1772} %9z
OQw)—H(1w2): « <Of2a} 0.89(3) 1.95(2) 2.828(2) 170(3) 12— 124912 -2
O@w)-H(2w2): - -O(lw} 0.95(3) 1.94(3) 2.887(2) 175(3) %Yz
3
N(1)—H(IN1)- - - O(1) 0.88(2) 1.91(2) 2.673(2) 144(2) 5Pz
N(2)-H(IN2)- - \N(3} 0.90(2) 2.09(2) 2.829(2) 139(2) 1—x, =y, —z
N(2)-HEN2)- - -O(1) 0.98(2) 1.81(2) 2.786(2) 1712) 5z
N(3)}—H({IN3}- - - O(1w) 0.84(2) 2.34(2) 3.041(2) |4|(2g 1 —x, -y, —z
O(w)—H(1wl}- - - O(1} 0.87(3} 2,03(3) 2.873(2) 163(2 BNz
O(lw)—H(2wl)- - -O(2} 0.87(3) 1.91(3) 2771702} 1742} 1-x, 1=y, ~z
4
N(1}-H(IN1}- - -O(1} 0.84(2) 2.01(2) 2.676(2) 1362} "Nz
N(2}-H(IN2}- - -O(3) 0.97(2} 1.88(2) 2.830(2) 167(2} 1=5-%l"=z
N@}-HEN2)- - -O2) 0.95(2} 1.78(2) 27232} 17102} "z
N@2}-H3N2)- - - O(5) 0.95(2) 1.83(2) 2.760(2} 169(2) —x =y 1=z
O(1w)—H(1w}- - -O(2) 0.86(2} 1.93(2) 2.780(2) 1742} %Y.z
O(lw)—H(2w}- - - O} 0.89(2) 2.00(2) 2.859(2) 161(2) 1-x1-p1-z
O(3)~H(3B): - -O(1} 0.84 202 2.858(2) 176 1-xl-pl1-z
O(4)—H(4B). - -O(1} 0.84 1.93 275202} 167 HWz
O(5)—H(5B}: - -O(Iw) 0.84 1.81 2.630(2) 166 1=x, -y 1—z

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

mclude the CHs---& contacts® between the center-of-
symmetry related xylyl nngs (B) and directed outside the
layer methyl groups, Figure 2¢. The arrangement of ma amons
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’)- - - interactions are shown by dotted lines;
(c) the CH;- - - 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) ---Cg B = 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 djffcrcm. being 140 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+ - - O(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 C5%(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 be plane (Figure 4). These
interactions generate the centrosymmetric heterotetramer,
R4*(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 A% and the only one weak
edge-to-face CH- - - interaction with C(5a)---Cg B(b) se-
paration of 3.91 A and the A(a)/B(b) dihedral angle of 76.8°
preserves within the layerin 2. It is a consequence of the inser-
tion of the largerin 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). Addilionz_llly. the structure reveals the
NH- - -7 interactions™ of 3.47 A, mediated by the cyclic NH-
group and the unused z-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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(a)

(b)

Figure 4. Crystal packing in 2: (a) arrangement of two layers in the unit cell, (b) the CH- - -7 and NH - - - xinteractions 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 (tetaHj)(ma),;-2H>O
crystallizes in the triclinic space group P1. 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 7). 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 Rgs( 10) and R,*(12)
rin§s due to the bridging function of water molecule. The
Ry'(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)
atomsis 8.51 A. The columns related by the translation along
the @ axis are connected by the CH- - - 7 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- - - 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; - - -
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 A 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 41is 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 PI. 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;)- - +O(COO" ) and OH- - -O-
(COO") hydrogen bonds giving rise to the R,7(9) asymmetric
ring. Three hydroxymethyl groups of N-base adopt around
the amino-methyl bond a propeller-like conformation. close
to the 'y 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)- - -7
and CH(sps) « -« interactions (Figure 8b). Besidm(z cycle Bis
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 layerin 4is the thinnestamong 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 CHs- - -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.

(a)
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The present study, our previous results,>>*° and the litera-
ture data® unambiguously show that charge-assisted N—
H- - O 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 or%anic crystals to form hydrated structures is
very inlriguing.'w' 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- - -z interactions involving aromatic rings are shown by

dashed lines.
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(a)

(© @

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 Rg'(16) (1), R4*(12) (2. 3), and R+’(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- - - hydrogen bond isca. 1.5-2.5 kcal mol . Never-
theless, one of the most remarkable features of C—H-- -7
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 - - winteractions 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- - <7 or even N—H- - - 77 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- - -
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- - - interactions, 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-1.4.8.1 I-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;- - - 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 §a11cy1.mqpld (saH) with azacycles piperidine (pipe), and meso-

5,7,7,12,12,14-hcxamethyl—l,4,8,1lz'ftétrﬁzacyclotetradecane (teta), and aza-crown ethers, aza-
12-crown-4 (A12C4), benzoaza-15-erown-5 (BA15CS), aza-18-crown-6 (A18C6), and diaza-18-
crown-6 (DA18C6), afforded the protjéri‘-gansfer complexes of the compositions [pipeH][sa],
(tetaH,][sal, (BA15C5H][sal, [A18C6Hlsa]2H,0, and [DA18C6H][sal;3H,0, whose
structures were determined by single crystal X-ray diffraction. The same products were obtained
in the same synthetic conditions starting from acetylsalicylic acid (aspirin) as a results of
hydrolysis. Proton transfer is observed in all six’ structures, and the charge-assisted hydrogen-
bond interactions provide the main driving force for direct binding of sa with protonated
ammonium moieties. The crystal packing arranwgg;&is also supported by weak hydrogen
bonding, n-7 and molecular dipole-dipole interactio LY .

The crystal engineering of multicomponent systems$ ?ncluding active pharmaceutical
ingredient (API) has attracted much attention in recent years-because the physicochemical
properties of the API can be changed, thereby altering the p! ﬁ"m f’” utical profile of the APIs.
Particularly relevant in this context is aqueous solubility, which¢ean critically influence the
ADMET (absorption, distribution, metabolism, excretion, and toxicity) properties of an APL
Lipophilicity is another key parameter that influences ADMET properties as only APIs with the
appropriate lipophilicity can cross the blood brain barrier for uptake by the brain. Modern
strategies to affect these parameters typically focus on salt and cocrystai”f'éhxfﬁtion or medicinal
chemistry approaches that rely on covalent transformations of the APL' Orgi“%ii, ‘acids, especially
carboxylic acids, represent ca. 30% of APIs and they are also widely used gf salt or cocrystal
formers.>> We have recently reported five crystal structures formed b'ylffétgagi ng of p-
aminobenzoic acid, which is topically used as a sunscreen agent in various ﬂlaigﬁceuﬁcal
preparations, with azacycles and aza-crown ethers.* We have also reported the crystﬁ structures
of four proton-transfer complexes of mefenamic acid, a poorly soluble anti-inflammatory agent,
with aza-cycles of different dimensionality.” Our aim was to study the supramolecular synthons
that occur between the cation and anion and to determine the contribution of weak interactions to
the overall crystal packing. We report herein a new investigation along these lines by reporting
how other aromatic pharmaceutical acids react with aza-cycles and crown ethers, thereby

1
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offering a new opportunity to study how both strong and weak hydrogen bonding interactions as
well as aromatic stacking interactions influence crystal packing of APIs. Salicylic acid (2-
hydroxybenzoic acid, saH) represents an attractive target for this purpose. Salicylic acid, a key
ingredient of skin-care products, has antiseptic, preservative, analgesic, and anti-inflammatory
propemes, covering a broad spectrum of applxcanons6 and has also some similarities with
aspmq both in its analoesw action and in its crystal packing 'lrrangement (the formation of a
centrosymmetric R,%(8) carboxylic acid dimer supramolecular homosynthon occurs in both
aspirin polymorphs and the only reported crystal form of salicylic acid®). The planar dimers of
saH ane packed into a herringbone motif via interactions between p-H atoms and hydroxyl
groups.. ° As with most APIs, saH is likely to be similar to other APIs in that it should be
amenable to fmmauon of cocrystals or salts, 1° form multiple stoichiometry variants of salts and
cocrystals, o | dependening upon which method of preparation is employed, there also exist
the pos51bllm$ of solvates, hydrates and polymorphic forms. Indeed, the reproducibility of the
reaction produ % ~‘»1§ unhkelg to be consistent over “routine” solvent crystalhzatxon,
mechanochemical approaches,'” and melt crystallization via the Kofler mixed fusion method.”

Along with the smdy@ﬁcwsta]hnc multicomponent compounds, the use of ionic liquids formed
between phaxmaceutx@ CthC ions and pharmaceutically acceptable counterions has recently
been suggested by Rog€ d co-workers. The salicylate anions has been used in this context."

saH has already been sh ﬂto exist as elther a cocrystal former or an anions in mulncomponent
crystals within the cocrys ontmuum ° In the Commentary by Haynes and co-workers i
based on the CSD statistics ( nQuest17 version 1.6 on version 5.25 of the CSDIS), salicylic acid
is cited as a component of 19%alts, 7 neutral cocrystals, 1 ionic cocrystal, and 3 cocrystals of
salts. This list has since been ¢ aug&xented by sahcyhc acid and DABCO, ghenazme,
dlacetylplperazme, 3,5- dlmethylsgg-pyrazole caffeine,'!® and carbamazepine.”’ In this
contribution we present details on the”synthesis and structures of a new series of multiple
cornponent crystals that include sahcyhggh id and discuss in the context of a CSD analysis
(version 5.31, release November 2009 mi:iu'gng February and May 2010 updates). Table 1
presents a full list of compounds involving sailc - amd as a cocrystal former or counterion.

<T ablq j hcr;c}

Crown ethers represent a class of compound th @cepnonally versatile in that they
selectively bind a range of metal ions and a variety of organic neutral and ionic species.
long-term involvement in the crystal chemistry of crown™ etﬁ* wexplains our choice of crown

ethers and aza-cycles as cocrystal formers or counterions. St v urally, when crown ethers are in
their “crown” conformation they possess a hydrophobic ring %w(@ndmg a hydrophilic cavity,
which enables them to form stable complexes with metal 101133 “at the same time to be
incorporated in the lipid fraction of the cell membrane. Aza-crowns have complexation
properties that are intermediate between those of all-oxygen crowm ethers, which complex
strongly with alkali, alkaline earth, and primary ammonium cations, and those of all-nitrogen
cyclams, which complex strongly with the transition metal and heavy met%c&ions Contrary to
azacycles (mainly cyclen and cyclam derivatives), which are widely studihd and explored in
medicinal chemistry,” the toxicity of crown ethers has limited their study toi p:ntlc#lcer agents.
In this context, recent studies demonstrate that crown compounds could elthemgdugggoxmxtles
that are different from those of conventional antitumor drugs, or complement dmg qi current
€ Qur present study demonstrates the possibility to develop further muiﬁ:componem
crystallmc solids from such macrocycles and thereby modify their physicochemical properties.
The cyclic N-bases, aza-cycles and aza-crown ethers studied herein represent a variety of sizes
and number of N-basic centers, and are illustrated in Scheme 1.
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Scheme 1. Target salicylic acid anﬁ%'cﬁé aza-molecules with the numbering scheme
S

In solution ApK, is a useful meas%;z ﬁsf_determlmng the outcome of an acid-base reaction
since salt formation is expected to happen when ApKa is greater than 2 or 3. ' In light of the
relative strength of salicylic ac1d PK. =28 m high pK, values for the bases in Scheme 1
(they fall in the range 8.2-12. 6)%, we expect pmtqg transfer to form proton-transfer complexes®

or organic salts. Depending on the number and ¥ m arrangement of nitrogen atoms within the
molecule, the cyclic bases studied herein were exp ected to form with saH either of two different

types of molecular assemblies sustained by hydrbgcn ‘bonds. Formation of the 1:1 salts was

expected for pipe, A12C4, BA15C5, and A18C6 wﬁ%ﬁs?teta and DA18C6, with four and two

NE-groups, respectively. were expected to form 1:2 sal iIn this study we also analyze the
crystal packing in these new structures with an emphasis” ng&e gcncral 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 equimolar amounts of the corresponding macrocycle and saH (or
acetylsalicylic acid) dissolved in water-methanol solution. Suitable microanaly.

N were obtained for all compounds using a Perkin Elmer 240 C device.

Salicylic acid with piperidine, [pipeH][sa]. Piperidine (85 mg, 1 mwgl) nd
acid (138 mg, 1 mmol) were dissolved in methanol (25 ml) at 64 °C and then : it
eveporate at room temperature. The yield of crystalline solid was close 10, glanutatlve
Trznsparent colorless crystals, soluble in methanol, ethanol, acetone, m.p. 108-110 °C. Found, %
C, 64.51,H,7.72, N, 6.29; required for C;,H;7NO3%: C, 64.55%, H, 7.67%, N, 6.27%

Salicylic acid with meso-5,7,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane, [tetaH][sa],. Meso-5,7,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane (142 mg, 0.5 mmol) and salicylic acid (138 mg, 1 mmol) were
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dissolved in water: methanol (3ml : 10 ml) at 64 °C and allowed to slowly evaporate at room
temperature. Transparent colorless crystals, soluble in methanol, ethanol, acetone, m.p. = 280-
282 °C (decomp). Found, % C, 64.31, H, 8:60, N, 9.94 required for C3HssN4Og C, 64.26, H,
8.63, N, 9.99.

Salicylic acid with 1,4,7-trioxa-10-azacyclododecane, [A18C6H][sa]2H,0. 1,4,7-Trioxa-
10-azacyclododecane (175 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.
The.resulting solid was recrystallized from acetone : hexane (5ml : Sml). Transparent colorless
crystals, soluble in methanol, ethanol, acetone, m.p. 166-167°C (decomp). Found, % C, 57.54, H,
7.42, N; 4.43 required for C,sH,3NOg: C, 57.50, H, 7.40, N, 4.47%.

Salicylic acid with 2,3,6,7,8,9,11,12-octahydro-5H-1,4,10,13,7-

aoxazacyclopentadecine, [BA15C5H][sa]. 2,3,6,7,8,9,11,12-octahydro-SH-
enzotetraoxaza-cyclopentadecine (134 mg 0.5 mmol) and salicylic acid (69 mg 0.5
mmol) were dissolved in water : methanol (Iml : 10 ml) at 64 °C and allowed to slowly
eveporate at room ;;ﬁnperature. Colorless, transparent crystals, soluble in methanol, ethanol,
acetone, m.p. 140:141" °G. (decomp). Found, % C, 62.20, H, 6.75, N, 3.47 required for
CoHyNOy: C, 62.21,H, 6,71, N, 3.45.

Salicylic acid wit? 7,10,13-pentaoxa-16-azacyclooctadecane, [A18C6H][sa]2H,0.
1,4,7,10,13-pentaoxa-1 3&2@0&@&@«3 (263 mg 1 mmol) and salicylic acid (138 mg 1
mmol) were dissolved in t&&ié methanol (0.5 ml : 5 ml) at 64 °C, and allowed to slowly
eveporate at room temperature. To obtain single crystals the resulting solid was recrystallized
from acetone and hexane (5 ml : 5_ml). Transparent colorless crystals, soluble in methanol,
ethanol, acetone, m.p. 83-85°C (d;é%m .). Found, % C, 52.13, H, 8.09. N, 3.26 required for
C1;~H35N0102 C, 52.16, H, 8.06, N, 3?:%0%

Salicylic acid witl%”’ 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane,
[DA18C6H,][sa], 3H,0. 1,4,10,13-tetr: -7,16-diazacyclooctadecane (132 mg 0.5 mmol) and
(65 mg 0.5 mmol) salicylic acid were disﬁfi}é_‘gl in water : methanol (1ml : 10 ml)at 64 °C, and
allowed to slowly evaporate at room tcmﬁ:x;a@% Transparent colorless crystals, soluble in
methanol, ethanol, acetone, m.p. 156-157°C(decomp). Found, % C, 51.22, H, 8.33, N, 6.24
required for CogHyusN4OgS4 C, 50.87, H, 6.71, ij»ggwm.

Single-Crystal X-Ray Data Collection and Structure Determinations. X-Ray data for all
complexes were collected on Bruker SMART-API
monochromated Mo-Ka radiation at 100K. There was’ no_intensity decay. Structure solutions
were performed by direct methods (SHELXS-97) anc saef ed by full-matrix least-squares
methods on F* (SHELXL-97).%® In all but [DA18C6H;]{saly3H;0 non-hydrogen atoms were
refined anisotropically. In [pipeH][sa] all H-atoms were localized yia the difference Fourier map
and refined freely. In all the other structures H-atoms attachi b carbons were included in
idealized positions using a riding model with isotropic temperatiire ﬁf:gt'ors 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 isotropically, except [DA18C6H,][sal, 3H,0, where:such H atoms were not
located. In [A12C4H][sa] the hydroxyl group in sa unit A is disordered with H atoms in the
other o-position and was refined with occupancies of 0.55 and 0.45, res z ively. The crystal
structure of [DA18C6H;][sa], 3H,0 was solved and refined in the cen&osym;ﬁg space group
P-1. 1t is comprised of two similar but crystallographically independent c@sl xes. In both
complexes the crown ether molecule resides on the crystallographic inversion ¢ teglg}ile both
sa anions and water molecules occupy general positions and are disordered over tw 0 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 has
different-face environment, and each complex is non-centrosymmetric. The observed
centrosymmetric structure is the result of superposition in the crystal of two generally non-
centrosymmetric structures. Nevertheless, attempts to solve this structure in the non-
centrosymmetric space group Pl did not change the disordering pattern for sa and water

A
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molecules and did not show any deviation in geometrical parameters of macrocyclic molecule
compared with that in centrosymmetric space group. The sa anions were refined isotropically
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 q'ystal quality for compound [DA18C6H,][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
publxcaﬂon CCDC Nos 779399 - 779404 Copies of these data can be obtained free of charge via
http: /Iwwwicede.cam.ac. uk/conts/retrieving.html, or from the Director, CCDC, 12 Union Road,
Cambridge CB2 IEZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Structure graphics shown in the figures were created using the Mercury software package
version 2.3.” lgng Index (PI) was calculated with the program PLATON.® Crystal data

together with furt # details of the data collections and refinement are given in Table 2.

Q> o

In two parallel sen%‘ )

Results and Discussion

' synthesxs we used as API acetylsalicylic acid (aspirin) or salicylic
acid (saH), and as the"bas es aza cycles, piperidine and meso-5,7,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradec: ane, aza-Crown ethers, A12C4, BA15C5, A18C6, DA18C6, and
crown ethers, 18C6, and czsi%yn-czs- and cis-anti-cis- stereoisomers of dicyclohexyl-18C6. All
reactions were carried out in Similar synthetic conditions, by mixing of equimolar amounts of
water-methanol solutions of se “agpirin, and corresponding base. The new crystalline
products were obtained only for N-bases, , and their X-ray structural analysis indicated that in the
reactions with aspirin due to its hydroy the final products represented the complexes of saH
identical to those obtained starting from s vf;_tself. The crystal structures of six new phases were
determined by single-crystal X-ray dlffﬂ:hgl The structural features of all six solids are
described below in succession. The carbon-oXyg nd distances in the carboxylic group in all
structures were consistent with the deproton or (the C-O distances range within 1.240-
1.278 A, Table 3). In addition, the Fourier dxfferw maps revealed that the acidic protons are
positioned in the proximity to the N-atom of the q%l& molecule and the solids were classified as

proton-transfer complexes or salts. Hydrogen bond parameters are listed in Table 4. The hydroxy

group of saH is involved in an intramolecular O-H &gﬁqx )“O(carboxy) hydrogen bond with
the carboxylic group to form a $,(6) ring, consistent mﬁl other 2-hydroxybenzoic and 2-

hydroxynaphthoic acids. Al

[PipeH][sa] crystallizes in monoclinic P2,/c space gr£ e asymmetric unit consists of
one plpendlmum cation and one sa anion. Two cations and ns form a centrosymmetric
assembly giving rise to the RS (12) hetero synthon. The N(1) ‘1-y, 1-z) and N(1)""O(2)

distances are equal to 2.721(1) and 2.771(1) A, respectively (Fig.' a, Table 4). The mean plane
of piperidinium cation, which adopts chair conformation, and planar $a anion are inclined at a
shallow angle of 39.4 °. The separated by the piperidinium cations two sa amons are at the OO
distance of 4.56 A measured across an inversion center of heterotetramel Tk

are further combined into 2D layer parallel to the bc plane by C-H(pipe y70(
bond (CO = 3.287, HO = 2.39 A, ZCHO = 156°) which involves oxy 1 loué pare of 2-
hydroxygroup. Thus, the layer is built of alternative four- and eight-membere Hg;bo d cycles.
The sa anions related by the glide plane are arranged with m/p edge of one ring ¢ to the
ring face of adjacent anion, and form a dihedral angle of 60.9°, the distance betweenieentroids of
aromatic rings being equal to 6.25 A. The layer thickness corresponds to the shortest a axis (Fig.
To) Adjacent layers are held together by van der Waals forces. The crystal density of 1.245 g
cm™ and packing coefﬁcwnt (67.7%) of [pipeH][[sa] are significantly smaller than for salicylic
acid itself (1.468 g cm” , 72.0%) and for the relative compounds discussed i in'’
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o % M@
Fig. 1 Perspective views for [pipeH][sa]: (a) four omponent complex defined by the R(12)
hydrogen-bond pattern; (b) H-bonded layer sus by the combination of NHO and CHO
interactions; (¢ ) packing of the layers. %a

[TetaH;][sa],. The anticipated hydrogen-bondecf trimer [sa][tetaH;][sa] resides around a
crystallographic center of symmetry (Fig. 2a). The n [tetaH,]** comprises four
aminogroups, and generally captures two protons from ac pecies to form a dication. The
cycle conformation is folded by two intramolecular N(1)"N( ";&2.7,375(2) A hydrogen bonds
(Tzble 4). The two sa anions act in a chelate mode across the macro yclic cavity giving rise to
two Rs’(8) rings, each including two intermolecular NH~O hydrogen bonds of 2.701(2) and
3.095(2) A, and one above mentioned intramolecular hydrogen bond. The similar modes of the
cycle protonation, and complex organization were registered in other complexes of teta with

aromatic acids.**® The sa moiety forms the dihedral angle of 70.5° with 'ﬂlean plane of Ng-

cyclic atoms. Although the OO expansion between the inversion-related sa aniops across the
cycle increases up to 6.83 A, the general packing motif bears close resemblalﬁe to [pipeH][sa].
The translated along ¢ direction complexes are linked by the weak C-H- -O"hy bonds

involving 2-hydroxygroup (C O = 3.474, H"0 = 2.57 A, ZCHO = 153°) to fomi?g
2b). The edge-to-face arrangement of the sa anions across the ribbons is charact rized by the
dihedral angle of 84.08° and centroid-to-centroid distance of 5.28 A, with the m/p-edge pointed
towards the neighboring sa anion. Similar to [pipeH][sa] the layers pack along the shortest a
axis, the thickness of the layer increases (Fig. 2c). The PI increases up to 69.4%.
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A,

(c)

L
Flg 2. Perspective views for [tetaH)][sa]s: (a) th-k onent complex defined by a
Rs"(8)R,*(10)R+>(8) succession; (b) The layer sustained ﬁoqmbinaﬁon of NH0, CH"O
and n- edge-to-face interactions; ( ¢) packing of the layers. &ﬁh
[A12C4H][sa] crystallizes in monoclinic P2)/c spa @ﬁé The asymmetric unit
contains two sa anions (A and B), and two cyclic cations Y)\ and B) (Fig. 3ab). The
conformation of both cycles is folded by the intramolecular N(1)*O(5) hydrogen bond (Table 4).
The hydroxyl group in sa unit A is disordered with H atoms in the othe: :g-position, while
positions for all other atoms of the anion coincide. W{f?

g
é\s i TN
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v h(

A
Fig. 3. Perspective vi ;%{gr [A12C4H][sa): (a-b) two-component units defined by R,%(8)
hydrogen-bond pattern. O v one position of hydroxyl group is shown for the disordered sa(A)
anion; (c) the layer sustained.by the combination of NHO, CH™O, and m-n edge-to-face
interactions; (d) packing of the;;;ayers.

The sa-cycle interactions o cur in a chelate mode via strong NHO hydrogen bonds,
N(lA)"O(2A) = 2.655(3) and N(1B)*"O(1B) = 2.635(3) A, and weak CH™"O hydrogen bonds,
C(14A)"0O(1A) = 3.356(4), C(MB)W%?HE? = 3.382(4) A, giving rise to the R,%(8) hydrogen-
bonding non-planar pattern for both (A and B) formula units. The same mode of interaction was
registered in the salt of p—aminobenzofé“g& with A12C4." The A and B complexes are
associated into chains via weak CH(crown’S"; 0wn) interactions. The chains related by the
translation a pack to maximize the edge-toiﬁaﬁ}’ interactions giving rise to the herringbone
arrangement of the sa anions described by ﬁg a(A)/sa(B) dihedral angle of 84.83°, and
certroid-to-centroid distances of 5.19 A and 5.29°A for A/B and B/A pairs, respectively (Fig.
3c). The p-H atom of sa(B) pointed towards the hﬁ&ﬁyl group of the adjacent sa(A) anion,
C(5B)"O(3A) = 3.741, H~0 = 2.80 A, while the ﬁﬁ@ﬁ;of sa(A) is above the translated B
anion. The sa anions are completely buried within the Jﬁ gs»parallel to the ac plane whose
thickness is defined by the A12C4H cations (Fig. 3d). PI adopts the highest value of 71.5%.

[BA15C5H][sa] crystallizes in the triclinic P-1 sp: oup. The asymmetric unit is
coraprised of one macrocyclic cation and one sa anion linked lﬂyg WN(1)0(1) = 2.626(2) A
hydrogen bond. The second oxygen atom of carboxylic group C (2)"does not participate in any
short intermolecular contacts (Fig. 4a). Although the second H-atom gf azonia-group is pointed
inside the macrocyclic cavity, all N(1)O(crown) distances exceed the range of hydrogen-
bonded contacts. The complexes stack along the shortest ¢ direction e%‘" r?b, Table 2). The
stacks related by the inversion center are packed in a way to maximize e %-face interactions
between the sa anions and the aromatic rings of the macrocyclic cations provi ing, the dibedral
angle between the aromatic units of 89.1°, and the shortest centroid-to-centroid distance of 5.10
A. The crystal structure reveals the dense crystal packing with PI being 70.7% (ﬁg, 5

#H

!
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Fig. 4. Perspective views for [AB15C5H]
direction; (c) crystal packing. ‘

[A18C6H][sa]2H,O crystallizes in the" A orhombic Pca2; space group. The
asymmetric unit is comprised of one macrocyclic ca€ ne sa anion and two water molecules
(Fig. 5a). The charged units interact via a couple of hy  bonds, N(1)"O(1) = 2.775(2), and
C(9)~0(2) = 3.413(3) A acting in a chelate mode jdentical to_ that one registered in
[A12C4H][sa] that in Etter’s graph set notation can be descti ed @s R,%(8) pattern. The sa anion
is inclined at an angle of 43.9° to the NOs-macrocyclic ex, Two water molecules fulfil
different structural functions: water molecule associated witl ' V.,centers the macrocyclic
cavity, and acts as double H-bond donor and single H-bond acceptor forming three hydrogen
bonds, and additionally links the O2W water molecule as H-accept%x (Table 4). The second
water molecule O2W, acting as a double H-bond donor, bridges the complexes into chain along ¢
axis (Fig. 5b). The related by the screw axis chains are packed ina doubll ig’ax-lme mode with

the partial mutual interdigitation of the macrocycles, and the herri one edge-to-face
arrangement of the sa anions being described by dihedral angle of 67.73%¢and; centroid-to-
centroid distance of 5.22 A (Fig. 5¢c). The PI of 70.7% is the same as for [BA15¢ sal.

s g
¢ %3&
A%
Vg
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Fig. 5. Perspective views for [A18C6H][sa]‘21f§@?$v§¢rmula unit; (b) edge-to-face interactions

between adjacent chains; (c) crystal packing. g

[DA18C6H,][sal;3H0 crystallizes in the tri
two quite similar but crystallographically independent
and [sa P][cycle B][sa R]2H,0, so only one of them will b the
quality does not permit to locate hydrogen atoms of water molécules and thus discuss the details
of hydrogen bonding. Although the macrocyclic dication Hs@)t inversion center in the
presented structure model, it has a different-face environment (seg/details in the experimental
part, Fig. 6a, and Table 4). At one side of the crown ether thg’sa anion is linked with the
macrocycle via NH “O(sa) hydrogen bond, while another oxygen atom of the carboxylate group
interacts with the O1W water molecule being in a ‘perching’ position ich mediates the
macrocyclic cation and sa anion via short NH Ow, Ocrown Owa d OwaterO(sa)
contacts. Another side of the macrocycle is also occupied by the water mole: D3W, that again
mediates the sa anion and macrocycle, although being in a ‘side position’. W side the sa
anion acts in a bidentate cyclic mode being coordinated to the same N(4) atom giving'zise to the
R,%(4) hydrogen-bonding pattern. In both complexes the sa anions are ananged@;ii ﬁimatcly
perpendicular to the N;Oy-plane of the macrocyclic cation, the corresponding dih angles
being 80.3 and 86.45 ° for cycle A and 79.4 and 82.5° for cycle B, respectively. Water molecule
02W bridges the complexes in the chain along the ¢ axis (Fig. 6b). Complexes in the chain are
arranged in such a way that the dihedral angle between the N,O; planes of A and B cycles equals
to 58.0° that provides the arrangement of the adjacent sa anions being close to perpendicular
(Fig. 6b). The adjacent chains meet by their sa anions that form again herringbone motif and are
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arranged at an angle of about 87° with the centroid-to-centroid distances being in the range of
5.31-5.71 A (Fig. 6c).

The examination of Table 1 and our results revea;&ﬁgt is readily co-crystallized with N-
bases of aromatic a.nd aliphatic nature. The ceeﬁ's als are })redominamly formed via
rearrangement of the R,%(8) carboxylic acid homosynthen td the R,*(8) carboxylic acid — amide
(CSD refcodes DKPSAL10, SLCADCO01, MOXWAY))" R3(7) carboxylic acid — pyridine
(SODDOF, ODOHEV, XOBCAT), or R22(8) carboxylic'ac p amino—pyridine (GEYSAE)
planar supramolecular heterosynthons sustained by two prac y'parallel hydrogen bonds. The
proton transfer that follows the formation of salts is capable r’?-either within the robust
R,’(8) hetero synthon in the case of topologic complementary of the components (EDATOS,
FIXTAIL, LEWROU, LOLDIA, DENXAW, CIQBIO, MIFWUT,,SLCADB10, WEPTIV,
XAGFAM), or disrupts it in favour of higher-dimensional aggregates (HURNEN NIMDIW). In
the case of salt bridges (BAKYES, BUSNIM, HABVIP, HABVOV. angQ LUDDUYJ,

NICSAL, WANTOU, YAVRAO, YORJOF) hydrogen bond distances i orter than those
between neutral motifs and even one charge-assisted hydrogen bond as’ , and in

[BA15C5H][sa] appears to be enough for stable structure. The water molec }ha“f i typlcally
inserted between the charged species often violates the predicted route of cocrys n®’ and
complicates the structural motifs (FIXTAI, HABVIP, HABVOV, KAFSEQ, U). The

salts under discussion demonstrate the diverse modes of sa interactions with cyclic canons being
a bidentate-bridging mode in [pipeH][sa] built on two strong charge-assisted NH O hydrogen
bonds, 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
[MA18C6H][sa] 2H20 monodentate NH O binding in [BA15C5H][sa], and a combination of
a bidentate cyclic R;%4) hydrogen bonding pattern and a bidentate chelate modes in
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[DA18C6H;][sal,3H0. In spite of the variety of sacyclic azonia interactions all reported
complexes invariably revealed at least one strong charge-assisted NH O hydrogen bond. To
estimate the reliability of such intermolecular interaction we have analyzed the CSD data (CSD
v5.31, last update May 2010) involving in the search the aromatic carboxyhc acxds and cyclic
amines relative to cyclic molecules reported herein in which nitrogen atom in sp *-hybridization
staie ‘may form H-bond. The searches were subjected to the following constraints: aromatic
carﬁoxyhc group, either in neutral or deprotonated form, cychc Njp3-atom with at least two
nelgiﬁonng cyclic methylene groups, metal free structures, 3D coordmates present, repeated
structures excluded. The survey of CSD revealed 165 hits that obey our requirements. These
entries include structures with obviously wrong assigned type of atoms (C or N atoms) in
pxperazmeWmeN (KUFBIX, KUFBOD), disordered structures (EGODAF, NUKXOH)
and struc k{&ere N-H atom was not located (JIHCIM, PIPCBZ, PIPHBZ, WIFBUI,
ZEINAD). In§1 -last case the conclusions about the type of N""O bond was made on the basis of
anzlysis of C-Q &#ances in carboxylate group. Of 165 hits 132 (80%) exhibit NH*O(COO")
hydrogen bond \fS on I, Scheme 2), in 5 (3.0%) structures positively charged azonia-group
forms H-bond with'néu arboxylic group (Synthon II), and 6 (3.6%) correspond to H-bonded
interaction between neu components (Synthon III). Thus, 143 (86.7%) hits revealed the
intermolecular NO H ed interaction. Of 132 structures with Synthon I type of interaction
61 represent hydrates, two rates were also observed in structures with synthons I (WIZXIN,
WOVWEI), and I (MIPVIQ, SIXBAD), respectively. Only in one structure (FIFFIK) insertion
of water molecule destroys the robust NH™O(COO") Synthon L The lack of the charge-assisted
hydrogen bonds in the rnajont§7 of remaining 22 structures (13.3%) is explained by the presence
of competing more acidic grou %s observation and our previous investigations (p-
aminobenzoic, mefenamic acids)™ zdemonstrate the remarkable reliability of N*O interaction
between cyclic amines/azonia and aro@ﬁ carboxylates, and promising potential for design of
multiple component crystals on the base‘of such interactions.

§ § 353‘}

e (/ \_.._/,

Scheme 2. Supramolecular heterosynthons observed between aﬂ@:c carboxylate ion or
carboxylic acid, and cyclic azonia or amme molecule. R=H, C. 4

Along with the diverse types of sa — N-cycle interactions the sdlts demonstrate different
mutual arrangement of the components, which changes from the ‘side coordination’ described by
the shallow dihedral angle between the planes through the cyclic he% 2 ms and planar
skeleton of sa till the practically perpendicular arrangement. The correspo n dihedral angles
are summarized in Table 3. In spite of the pronounced differences, the cor ﬁddiﬂ)y H-bonds
packing motifs reveal some common features, namely the similar arrangeme anions
which preserve the herringbone edge-to-face packing pattern. Only in ¢ ase of
[BA15C5H][sa], where crown ether possesses the own aromatic moiety, the sa; sa-interactions
are substituted by the sa/Ar interactions, but the interactions between the aromatic units still
preserve. Thus, our results are in hne with the conclusion made by Childs with co-workers for
carbamazepine containing structures”’ that interactions in the packing motif are cumulatively
stronger than the hydrogen bonding motifs in the family of structures containing the same target
molecule.

12
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Conclusion

Six novel salts of salicylic acid (saH) with aza cycles piperidine, and meso-
5,7,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, and aza-crown ethers aza-12C4,
bepzagza-lSCS aza-18C6, and diaza-18C6 were synthesued in similar synthetic conditions and
cheracterized by X-ray diffraction analysis. All salts are sustained by the combination of charge-
assisted and conventional hydrogen bonds. The edge-to-face arrangement of the sa anions as the
stal)ie,gnpgamolecular motif preserves in all but one crystals.

[nformation Available: X-ray crystallographic information in CIF format This
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1 From chains to ladders in co-crystals with 2,3-thiophene-15-crown-5§, 2,3-
naphtho-15-crown-5, and bis-(18-crown-6)-stilbene constructed by weak
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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 ¢ of the compositions 1a, 2a, 2b-H,0, 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. [n 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 - 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 typiczl 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 switchablz bridges are the subject
of great interest nowadays.® The crucial advantage of these

B crowns is their possibility to act in concern, thus forming sand-
wich complexes around the guest. This often leads to increased
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selectivity towards the complexing species. This is the case for
photochromic crown ethers, which allow the photochemical
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 partic-
ular 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 1.2 intensively exploited nowadays 2,3-naphtho-15C5 2, and

perspective bis-18C6-stilbene 3 (Scheme 1). Owing to their bulky

substituents, these crown ethers present non-covalent forces in the

£
R: R_’)
LR

Scheme 1  Structural formulae with crystallographic numbering.
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Scheme 2

crystal such as m— stacking and cation—7c interactions, occurring
between themselves or with the guest molecules. Moreover, one
can expect the contribution of sulfur from 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 informatiorn 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-pyridiniumyljethylene 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 |8-membered Z,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—7¢ interactions between the naphtho-units to the supramolec-
ular organisation of the complexes built on strong metal-Oc own
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-con-
taining cations with various crown ethers using '"H NMR, mass
spectrometric and crystallographic methods. Hydrogen bonding
appears to be the most important interaction in complexation, but
minor effects such as m-stacking or cation-r interactions have
also been observed.'?

In spite of the interest in 1-3, no co-crystals with their base
have been obtained so far. Along with others, we have previously
shown that molecules a—c are good candidates for co-crystal-
lisation with CEs.'*'* They possess the different sets of H-donor
groups for hydrogen bonding. On the other hand, they have the
planar skeletors with the alternation of single and double bonds,
so it is possible to expect different modes of stacking interactions
and mutual arrangements 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 alter-
native chain with 15CS, 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 azacycles.'*'* The conformationally flexible 18C6 and
its dicyclohexyl-substituted analogues due to excess of their
accessible O-atoms as H-bond acceptors provide the coordina-
tion of four dithiooxamide molecules to cne 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 previ-
ously reported structures we could most probably expect the
alternative chain motifs for 1-2, while two scenarios, ladder-type
chain motif or extended layer seem to be possible for 3
(Scheme 2). 1 ;

Alongside the crystal structures for pure 1 and co-crystals
based on crowa ethers 1-3 of the compositions 1a, 2a, 2b-H,0,

ERRC, E{RRC,
= RH |/\E’R’\}\/l & Ir\ R’> 0,
_-——!—b s ————gd
= ry  CF-DMF,10b == ~n \R) EtRH
ERRC EfRRC e
d ’
¢, 78%
HRRC r‘\ ‘/\
Y r> Cu s\/j:“ "’3
R R
R \) 1. 225°C/20 mm Hg e \)
HRRC |\/n 2.250°C/1 mm Hg |\/l
£,79% 1,80%
Scheme 3

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

Experimental
Synthesis

Commercially available a—¢ of the Aldrich Chemical Co trade
were used in their initial state. 1 and all co-crystals were analysed
for C, H, N and 8 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 tetraethyleneglycole ditosylate, and DMF
as a solvent at the cyclisation stage, and a copper catalyst at the
decarboxylation stage, allows us to simplify the synthetic
procedure 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 sclution
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 1,1 |-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 by benzene (3 x 150 ml).
The combined extracts were washed with water (100 mi), dried
over MgSO4 and evaporated to dryness. The resulting dry
residue was purified on silica ge! (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 66-67 °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 solution of
diester e (25.1 g, 0.06 mol) in 300 ml of ethanol at room

2 | CrystengCornm, 2010, xx, 1-11

This journal is @ The Royal Society of Chemistry 2010

ART m C005284C

266

15

20

25

30

35

45

50

55



TsR AE/ \iARTi

‘RH &RH(”%WYC,HJ

Scheme 4

temperature aad stirring 300 ml of 5% aqueous NaOH was
added. The rezction mixture was stirred for 2 h at 60 °C. After
the reaction ethanol is distilled off in vacuum, water solution was
washed by benzene (2 x 100 ml), acidified with HCloop, cooled
and the precipitate filtered off. Target product was purified by
recrystallisatioa from minimal amount of hot water with 3-4
drops of HClenc. Yield 17.2 g (79%). Mp 244-245 °C.'¢

2,3-Thiopherie-15-crown-5 (2,3,5.6,8,9,1 1,12-octahydro-thienof3,
4-b}-1,4,7.,10,13-pentaoxacyclopentadecync) 1. Diacid f (13.8 g,
0.038 mol) and freshly prepared atomic 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 o, followed by additional purification by crystal-
lisation from heptane. Yield 8.3 g (80%). Mp 71-72 °C.1¢

2,3-Naphtho-15-crown-5 2 was obtained by alkylation of 2,3-
dihydroxynaphthalene by tetraethyleneglycole 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 beazene 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 MgSO,. The solvent was evapo-
rated in vacuum; the resulting residue was extracted with boiling
heptane (3 x 200 ml). The precipitatz was filtered off and
recrystallised from heptane. Yield 8.1 g (51%). Mp 118-119 °C
(lit."®* mp 117-119 °C).

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

3 was synthesised following a procedure previously

"described *

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 allowed to crystallise slowly at
room temperature. Similar synthetic procedure vielded 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
Ci2H,50s58. Caled, % Z, 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 C;4H»,N,058;. Caled, %:C,
42.62; H, 5.62; N, 7.10; S, 24.38.

2a (1/1) Yield 94%, transparent red crystals. Found, %: 81
54.73; H, 5.96; N, 6.37; 8, 14.68 for C;oHsN,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 C20H2sN40;. Cacld,
%:C, 55.04; H, 6.4; N, 12.84.

2¢ (1/1) transparent colorless crystals. Found, %:C, 55.54; H,
5.63; N, 12.92 for C0H4N40;, Caled, %: C, 55.55; H, 5.59; N,
12.96.

3ay (1/2) Yield 15%, transparent rosy crystals. Found, %: C;
5137, H, 639, N, 635, S, 14.45 for C38H56N40]2$4. Calcd, %: C,
51.33; H, 6.35; N, 6.30; S, 14.43.

Crystallography*

The crystallographic data collection for all six compounds was
carried out on a Nonius Kappa CCD diffractometer at 293 K,
using graphite-monochromatized Mo-Ko. radiation (A = 0.71073
A).® The structure solution and refinement proceeded similarly
using SHELX-97 program package® for all structures. Direct
methods yielded all non-hydrogen atoms of the asymmetric unit.
The non-hydrogen atoms were refined anisotropically by full-
matrix least-squares calculations on F2, 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, correspond-
ingly. The minor component was refined in isotropic

Starting materials/Mp (°C)
Co-crystal Mp (°C)
1 2 3 a b c
la 162-163 71-72 245
2a 197-199 118-119 245
2b-H,0 84-85 ‘118-119 160
23 111-113 118-119 212-214
3a, 205-207 153 245
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approximation. Only for the major component were the

hydrogen atorrs of the amino-groups localised. 3a; was obtained .

in a miserable yield in the form of poor-quality crystals, and the
X-ray experiment was carried out from the only selected very
thin crystal. Tte whole structure is disordered over two positions
with partial occupancies of 0.79 and 0.21, correspondingly. 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 dithioox-
amide molecul:s that correspond to the minor occupancies were
refined in isotropic approximation. Only H-atoms of the amino
groups in the major position of dithiooxamide molecule were
localised and rzfined. [n all structures C-bound hydrogen atoms
were added theoretically, and were treated using a riding-model
approximation, with Uiso(H) = 1.2Ueq(C). The N- and O-bound
H-atoms were determined from a difference Fourier map and
were then allowed to refine isotropically with Us(H) =
1.5Uo(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 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 fromr. 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)-O(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 slocked by neighboring molecules connected via
CH:--O weak interactions and packed 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 motifs demonstrate the
macrocycles 2-3 and their homologues in the solid state.**

Of a—¢ 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(3)° and forms the dihedral angle of 72.95(5)° with
the mean plane of crown oxygen atoms. The molecules in the co-
crystal are helc. together via two NH---O crown hydrogen bonds
provided by H,N(2)-amino group. Through the second HoN(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 separa-
tions ranging within 2.993(12)-3.174(6) A (Table 3). Although
the separation of the macrocycles in the chain of ca. 7.93 A

(calculated as the distance between the centroids of pentagons of
five crown oxygen atoms) provides space for partial interpene-
tration of the adjacent chains, the structure demonstrates 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 compositicns 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 orly 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)--
O(3) = 2.943(3) A the translated along direction @ complexes are
ordered in the linear chain with the 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 interactions
between the planar skeletons of a, and naphthylene-units due to
participation of S(1) atom in the bifurcated C(6)---S(1) contacts
with H---S = 2.97, C(6)---S(1) = 3.894 ;\, 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 Pl is
65.7% (calculated using YENMOT entry with geometrically
generated H-atoms). :

Co-crystal 2b-H,O crystallises in 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, B15CS5, dicyclohexano-18C6), thus gener-
ating the 1D chains built of alternative components, or to the
same water molecule inserted between crown ether, (for example,
[1.5]B18C6), and molecules b. In 2b-H,0O 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 gener-
ating 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 naphthalene unit is described by the dihedral angle of
77.1(1)°. Between the formula units related by the screw axis act
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Table 3 Hydrogen bond distances (A) and angles (°) for 1a, 2a, 2b-H;0, 2¢, 3a;

Symmetry transformation for

D-H---A d(D-H) d(H---A) d(D:+-A) L(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+ 112
N(I)-H(INT1)--(X(5) 0.72(3) 2.56(3) 3.140(12) 139(4) x+1U2, 12—y, z+ 12
N(1)-H(2N1)---O(3) 0.75(4) 2.28(3) 2.993(12) 159(4) x+12, 12—y, z+12
N(2)-H(IN2):--O(2) 0.82(3) 2.29(3) 3.097(5) 173(3) XN Z
IZN;(Z)—H(2N2)---()(4) 0.82(3) 2.46(3) 3.175(6) 147(4) X, Vs 2
N(1)-H(1A)---O(3) 0.86(2) 2.27(3) 2.943(3) 135(2) x+Lyz
N(1)-H(1B)--O(1) 0.79(3) 2.35(3) 3.051(2) 147(4) x+L12-y=
;I(Zl?l—l-(l)(ZB)- +O(3) 0.81(3) 2.48(3) 3.287(3) 176(3) X Vs 2

b-Hyf
O(1w)-H(1w)---O(2) 0.84(2) 2.07(2) 2.890(2) 168(2) W2
O(1w)-H(2w)---O(4) 0.86(2) 2.03(2) 2.886(2) 179(3) Ry
N(I)-H(@2N1)---O(1w) 0.85(1) 2.31(2) 3.131(3) 163(3) o
:(2)—H(2N2)---0(1w) 0.94(2) 1.91(2) 2.839(3) 173(3) 8 i/
N(4)-H(4)---O(4) 0.86 2.06 2.887(3) 161 XNz

N(4)-H(4)---0(3) 0.86 247 3.015(3) 122 X9, 2
C(8)-H(8A)-O(6) 0.97 2.54 3.245(4) 130 l=x,-y,1—-2
C(5)-H(5A)--O(7) 0.97 253 3.431(4) 154 xI+yz
3a,
N(D-H(IN1):--0(6) 0.85(4) 2.49(5) 3.275(11) 153(6) %Pz
N(2)-H(2N1)---O(4) 0.85(4) 2.334) 3.166(12) 170(6) X, 02
N(2)-H(IN2)---O(3) 0.98(4) 2.35(5) 3.253(14) 152(6) i O O
N(2)-H(2N2):--O(1) 0.99(4) 2.38(5) 3.346(11) 166(6) x+L,yz

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

The formula unit for 2¢ that crystallises in 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

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

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

The molecule of 3-nitro-14-1,24-triazole ¢ has a planar skel-
eton with all non-hydrogen atoms being coplanar within 0.034 A
In the u}'azole cycle C-N distances range within 1.310(3)-
1.332(3) A, N-N distance being 1.342(3) A. Of all herein dis-
cussed co-crystals only 2¢ demonstrates the face-to-face hetero-
meric 7~ interactions between the cyclic units, being inclined at
an angle of 16.40(4)°. Further packing of the complexes s
characterised by their pronounced segregation in stacks parallel
to the a 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 Ze¢ is the
highest amongst described herein compounds as Kitaigorodskii's
PI of 69.6% indicates.

Concluding this section we can unambiguously state that the
imposed by bulky naphthalene moiety an essential increase of the
rigidity of the crown ether framework in 2 reduces the number of
O-crown atoms accessible for participation in the hydrogen
bonding with neutral molecules a—c that results in an elaberation
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 2 suitable bidentate
linker even in the case of the asymmetric 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
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Fig. 2 View of 1a 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 by pink color (H--S = 2.92, C(11):-:S(2) = 3.844 A,
£ CHS = 171°) /b); packing of the neighboring chains (c).

first ladder-type co-crystal based on bis-(18C6)-stilbene. The
formula unit for co-crystal 3a, is shown in Fig. 6(a). Molecule 3
lies about an inversion centre, its E-stilbene fragment being

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 by pink color (b); packing of the neighboring chains (c).

strictly planar. Dithiooxamide molecule occupies general posi-
tion. In 3, the oxygen atoms of the 18C6 subunit 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):--O(4) =

This journal is © The Royal Society of Chemistry 2010
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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—).

3.166(12) A, the second H,N(2)-amino group is responsilfle for
the interactiont with the translated crown molecu}e via two
N(2)---0(3) = 3.253(14) and N(2)---O(1) = 3.346(11) A hydrogen

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

bonds. These rather weak NH---O hydrogen bonds multiply by
the bis-nature of 3, permit to build the rigid ladder-type frame-
work with the parallel arrangement of the stilbene moieties and
voids with the linear dimensions of 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 inter-
penetrating mode with the part of oxyethylene chain buried
within the voids via CH:--S interactions, C(8)---S(1) = 3.939 A
The PI for 3¢, adopts the smallest value of 65.3% being essen-
tially lower than 69.8% for pure 3 calculated using QASVUC cif
file. Nevertheless the multiple hydrogen bonding providing by
the bis-nature of 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
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Fig. 6 View of 3c; with the partial numbering scheme (a); ladder-type
assembling (b); space-filling presentation of the ladders packing (c).

the red-colorec dithiooxamide assigns its color to the co-crystals
formed with the colorless CEs when the molecular mass of
macrocyclic molecule does not essentially exceed the molecular
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
melting point ‘water insertion in 2b-HzO also decreases the co-
crystal Pl by ircreasing 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 pla
moieties. :

Conclusions

For the first time the co-crystals of 2,3-thiophene-15CS 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 explaias 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-o0xadiazole-3,4-diamine and 3-nitro-1H-1,2 4-triazole mole-
cules. Along with the crystal structure for 1 the improved
synthetic strategy for 1 and 2 is reported.
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Jonmatox fI.

Komist crarTi. “ TpancropTHbIE B3aMMOJICHCTBUS KpayH-2(HUPOB C
(TOPOKOMITIICKCHBIMHM KUCIIOTAMU KPEeMHUS’
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V]IK 547.89
M.I'. BacusabeBa, J.B. I'anun, 0.x.x., B.®. llleBuenko, x.m.x., O.H.JlacoBckasi
Onecckuil TOCYIapCTBEHHBIN YKOJIOTMYECKUN YHUBEPCUTET

TPAHCIIOPTHBIE B3AUMOJENCTBUSA KPAYH-2®UPOB C
PTOPOKOMIIVIEKCHBIMU KUCJIOTAMUM KPEMHMUAA

Cunme3  ouaxeamempagmopocunrukama 18-kpayn-6 u  cmaburusayus
nenmagmopcuruxama 2UOPOKCOHUSL c YUC-CUH-YUC-U30MEPOM
ouyuxnocexkcano-18-kpayn-6 - npu  @3aumodeiicmeuu  KpayH-a¢pupos ¢
KpemMHe(pmopo80OOpOOHOU — KUCIIOMOU,  00pasywelucs 6  pe3yibmame
MPAHCNOPMHOU  peakyuu, Mo2ym Ovlmb YYmeHvl 8 Kauecmee XUMU4eckou
OCHOBbI NPU MOOEUPOBAHUU CAMOOP2AHUIAYUOHHBIX NPUPOOHBIX NPOYECCO8.
Knioueevle cnoea: mpancnopmusie peaxkyuu, KpayH-3Qpupsl, KpemHe@dmopo-
B000POOHASL KUCIOMA, KOMNJIEKCHL.

Bsenenue.

[Ipu XUMHUYECKHX TPAHCIOPTHBIX PEAKIMSIX TBEPAOC WM KHUIKOE BEIIECTBO,
pearupysi ¢ KakuM-JIMOO Ta3000pa3HbIM BEIIECTBOM, O0pa3yeT Ta3000pa3HbIe
MPOJYKTHI, KOTOPbIE TOCIEe MEPeHOca B JAPYTYI0 YacTh CUCTEMbI MPU HM3MEHEHUU
YCJIOBUM PABHOBECHSI U3MEHSIOTCS C BBIICJICHUEM HOBOTO BemecTa. Tak, P. byH3ew,
u3yJas BYJKAHUYECKHE Tas3bl, COJEpKAIHUE JETYy4Hue KHUCIOTHI, YIOMSHYI O
BO3MOKHOCTH TIEPEHOCA KEJIe3a B TOKE BYJIKAHUYECKHX Ta30BBbIX U3BEpKeHUU [1].
BunHO, 9TO TreTeporeHHbIE pPEaKIMW STOTO THUIA MOTYT OBITh YYTCHBI  TIpHU
MOJICTUPOBAHUY TIPUPOTHBIX XUMUYECKHUX MTPOIIECCOB.

CornacHo gaHHbIM  [2] 45%-Has KpeMHEPTOPOBOIOPOJHASI  KHUCIOTA
MpeICTaBIseT co00M TabUIBHYIO paBHOBeCHYIO cMech SiFg” (30-40%), [SiFseH,0]
(60-70%), SiF4 * 2H,O (5%). MWcrounuku [3-5] yka3wIBalOT Ha COJCpKaHUEC B
pacTBOpax KPeMHe(GTOPOBOLOPOAHOI KHCIOTHI EIMHCTBEHHOr0 KoMiuiekca SiFg”.
[Tpu monHOM McmiapeHuu Boabl U3 45%-Hoi KpeMHeDTOPOBOJOPOAHON KUCIOTHI, TIO
[6,7], oOpa3yercs CTaOWJIBHBIH KPUCTAUTMYECKUN (PTOPOKOMIUIEKC COCTaBa
(H30),SiFe.

MarepuaJibl M1 METObI UX UCCJIEI0BAHUA.

HcxonHble COCMMHEHUS HWCIIOJIL30BAIM B BHIEC KOMMEPYECKHX OOpasloB,
(pupmbr Acros) 6e3 pomnonHuTenbHOM ouncTku. MK cnexkTpsl peructpupoBaiud Ha
npubope Spekord M-80 B BazemuHoBOM Macie, ctekina KRS-5. TCX npoBoaninu Ha
mwiactuHax  Silufol ¢ smrompoBanmeM  cMmechio  MeTaHOI—XJopodopMm, 1:5,
nposiienre HuHruapuHoM. Kommiekcsl (1) u (II) mpu TCX pasznaraiorcss Ha
KOMIIOHEHTHI co 3HaueHusMH Rf 0 (kpacHble marHa kpemuuiidTopumos) ~ 0.53 u
0.70 (Genple msATHA KpayH-2(UPOB) COOTBETCTBEHHO.

Kpucranandeckue cynpamosekyasapHbie komimiaekcsl (I, 11).

Pacmeopor 0.25 mmons 1,4,7,10,13,16-2excaokcayuxiookmadekana uiu yuc-cum-
yuc-nepeuopooubenszo[b K [1,4,7,13,16]2cexcaoxcayuxnOoxmadeyuna 6 15 mn 45%-
HOU pMOopPoBOOOPOOHOU KUCIOMbL NOMEWAIU 8 CIEKISIHHBIU IKCUKAMOP HAO CepPHOU
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kucnomou. Ilocne nonnoeo ucnapenus pacmeopumenel ¢ KOIUYeCmeeHHbIM 8bIX000M
noayuanu kpucmaiiol komniekcos (1, 11).

Kommnuexe auruapara 1,4,7,10,13,16-rekcaokcanuk/jaooKkTajiekana ¢
mpanc-quakBaterpadgropocumankaTom kpemuns, 2:1:2 (1), 1. wr. 92-93 °C (1.1
91-92 °C o [8]). UK cmektp, v, cm™: 3430 (HO), 1145-1095 (COC), 775, 702 (SiF).
Haiineno, %: C 32.85; H 7.47; F 17.60; Si 6.45. C1,H3,F401,Si. Beruucieno, %: C
32.72; H7.32; F 17.25; Si 6.38.

KoMmmiekc uuc-CuH-yuc
nepruapoaudenso[b,k][1,4,7,10,13,16]rekcaokcannKao-oKTaIelINHA c
neHTa)TOPOCHINKATOM ruapoKkconnss, 1:1 (11), 1. mn. 101-103 °C. UK cmektp, v,
em™t: 3600 — 3500, 1650 (H30Y), 1165-1000 (COC), 875, 785 (SiF). Haiineno, %: C
46.73; H 7.61; F 18.52; Si 5.55. CyyH39F50;Si. Beruucieno, %: C 46.67; H 7.64; F
18.46; Si 5.46.

Pe3yabTaThl HCCI€10BAHMS U MX aHAJIH3.

B pamkax onHOW W3 NPUOPUTETHBIX 3a7a4 CYNPaMOJIEKYISIPHON XUMHHU TIO
BBISBJICHUIO CEJICKTUBHBIX B3aMMOJEHCTBUN U CTaOWIM3aluu  KpayH-3pupamu
(«x03s5€BaMU»)  MaJIOYCTOMYMBBIX  COEQUHEHUN  («rocTei») B  CTaOMIIbHBIC
KpUCTAIMYECKUE coeauHeHus1 BKiodeHus [9,10], B manHOM paboTe wH3ydeHa
BO3MOXKHOCTh CEJIEKTUBHOIO CHHTE3a KPUCTAJUIMYECKUX CYNPaMOJICKYJISIPHBIX
KOMITJIEKCOB  KpayH-3QUpOB C (PTOPOKOMIUIEKCHBIMU KHUCJIOTaMHU KpPEMHUS U3
pacTBOPOB  KpayH-3QUpPOB BO  (PTOPOBOJOPOJHON  KHUCIOT€ B  YCJIOBHUAX
CaMOTIPOU3BOJILHOTO 00pa30BaHUs B HUX KPEMHE(DTOPOBOIOPOTHON KUCITOTHI.

YcTaHoBIIEHO, 4TO pu WCIIAPEHUU  PacTBOPOB 1,4,7,10,13,16-
reKCaOKCaIlMKIOOKTaIeKaHa — (18K6) u yuc-CuH-yuc
nepruapoanoen3olb,k][1,4,7,10,13,16] rekcaokcarukinookraaenuna — (A-ALI-6) Bo
(GTOPOBOAOPOTHON KHCJIOTE B CTEKISHHOM JKCHKATOpE HaJ CEPHOM KHCIIOTOM,
CEJICKTUBHO 00pa3yloTCs KPUCTAIUTMUYECKUE CYTTPAMOJICKYIIPHBIE KOMIUICKCHI:
HewTpanbubii [(trans-SiF,+2 Hy0) « 18K6 <2 H,0] — () u
nounbIi [H;0" ¢ (A-JILIT-6)] SiFs — (1) cooTBeTCTBEHHO.

C’m‘)’} {7 ]
<,ouo\> o]

(18K6) (A-JILII-6)
18K6 —1,4,7,10,13,16-rexcaokcanimkiIO0OKTaIcKaH,
A-JII-6 — yuc-cun-yuc
nepruapoandenso[b,k][1,4,7,10,13,16]rekcaokcanuKIOOKTaCIIUH
Cocmas u cmpoenue komnaexcos (I u 1) 6viiu oxapakmepuzosarvt memooom

penmezenocmpyKkmyprozo ananusa. Kpucmannet komniexca (1) monoknunnvie,
npocmpancmeennas epynna P2,/a, a = 15.484(5), b =9.651(3), c = 7.795(2) 4, y =
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121.45(3)°, Z = 2 onsa ghopmynvr CioHzoF4010S1. Ha puc. 1 npuseden gppacmenm
ncesodonoaumepHol yenu komniexca (1).

Puc. 1. @paemenm ncesoononumepnoti yenu komniaekca (1) ¢ 600opoonvimu
CBAZAMU, OMMEUEHHLIMU NYHKMUPHLIMU TUHUAMU.

B xpucmanne (I) ncesoononumepnas cmpykmypa oopazosana max, 4mo 6004 u
noaosunxu [trans-SiF, « 2 H,O/ cssazanvt medy coboit u 18K6 cucmemornt O-H ... O
68000pooHbIX ceszel. Paccmosanus O (H) ... O naxooamcs 6 npedenax 2.60 (1) —2.91
(1) A. Tpanc-oxkmasopuueckue [SiF4 2 H,0] dpazmenmur 0bpazosansl 3a cuem
euopamayuu mempaszopuyecko2o SiF,. [[nunvt ceszeti Si-F u Si-O cocmasnsiiom
1.658 (7) u 1.853 (9) A, coomsemcmeenno. Mewncoy unousudyanbHbLMu yensmu
UMEIOmCs MONILKO 8AH-0€P-8adIbCO8bI 83AUMOOEUCMBUSL.

Cmpoenue xomnnekca (11) npeocmaeneno na puc. 2. Kpucmannol
Monoknunnble: a = 12.476(1), b = 10.761(1), ¢ = 19.840(5) A,y = 102.83(1)°, Z =
4, npocmpancmeennas epynna P2:/n. Cmpykmypa kxomniexca obpazosana uz
kamuornos [HzO" o (A-JLI-6)] u anuonos SiFs, cesazannuvix snexmpocmamuueckumi
83aUMOOCUCMBUAMIUL.
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@) O
o LA 0(13) o O .
» J » »
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00N >
]
O OO

Puc. 2. Cmpoenue xomnnexca (1) 6 npoexyuu na niockocms wecmu amomos
KUCTIOPOOa MAKPOYUKIA C YKA3AHUEM B0OOPOOHBIX CBS3elL.

B kxamuone peanuzyromes. mpu H-ceszu muna OH ... O mexcoy uonom HsO",
6HEeOPEeHHBIM 8 NOJIOCMb MAKPOYUKILA, U KAHCObIM 8MOPLIM AMOMOM KUCIOpoOa A-
HIT™-6,; coomeemcmesyrowue paccmosinus O ... O cocmasnsirom 2.615(3) —2.637(3)
A. Paccmosnus 0o mpex Opy2ux amomos Kuciopood yukia yKopoueHsl no
CPABHEHUIO ¢ CYMMOT BAH-0eP-8AATIbCOBLIX PAOUYCo8 Onsl amoma Kuciopoda (1.52 A)
u npunumarom snavenus 2.833(4) — 2.882(3) A. Hzomep A-JLI-6 xapakmepusyemcs
mem, 4mo 00a YUKI02eKCaAHOBbIX 3aMeCmumens pacnoloHCeHvl N0 0OH) CIMOPOHY Om
cpeonell NI0CKOCMU MaKpOYuKida. Amom Kuciopooa uoHa eUOPOKCOHUS BbIXOOUM U3
Hee 8 my e CMOpoHY, 00paszys makx Hazvieaemvlil "mechwiil komniexc". Makpoyukn
umeem Haubonee 8bl200ny10 2out-kongopmayuio no ceasam C—C, koH-ghopmayus dnce
ceazeii C—O onpedensiemcs Oecsimvio TPAHC- U 08YMs TOUI-(hpazsmenmamu. Bzaumnoe
pacnoodicenue ulecmu dQUpHbIX AmMomMo8 KUCI0poOd makoso, Ymo amombl
kuciopoda O(1), O(7), O(10) u O(16) komnaanaprwi ¢ mournocmoio +0.074 A,
amomwi kuciopoda O(4) u O(13) evixodsm uz smoii nnockocmu na —1.632 u —0.853 A
coomsemcmeaernno. OmKioHeHUue amoma KUciopooa UoHA 2UOPOKCOHUSL OM Hee
cocmagnsiem 0.440 A. Komnnexc (11) omuocumes k 4uciy HeMHO2UX CIPYKIYPHO
ONUCAHHBIX COCOUHEHUT, 8 KOMOPBIX YOAI0Ch PUKCUPOBATY
NeHMAapmMopoCUIUKAMHBIUL AHUOH KAK 000COONEHHYIO CIMPYKMYPHYIO eOUHULY.

Tpuconanvro-6unupamudanvusiii anuorn SiFs (puc. 3) pazynopsioouen: amom
KpeMHUs 3aHuMaem o0Hy, a amomsl hmopa — 08e pasHo8epOsmHble NO3UYULL.
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Puc. 3. Cmpoenue nenmagpmopocunuxamnozo anuona 6 komniexce (11).

Kaxp1ii neHTadTOpOCUIIMKATHBIT aHUOH MMEET KpaTyailline MeEXKMOJIEKYJISIpHbIE
KOHTaKThl C TpeMsl KaTuoHaMu ¢ paccTosHusiMu C... F HaxoAsmuMucs B UHTEpBaje
3.062(9) —3.364(10) A. OcHOBHBIMH (haKTOPaMH, CIIOCOOCTBYIONIUMHI CTAOHIH3AINHI
komruiekca (1), Ha Ham B3rsi, SIBASIOTCS: [ICHTPUPOBAHUE TIOJIOCTH ITUKJIA "'MaIbIM"
MOHOM THUJIPOKCOHMSI TIO TPUIIOJHOMY THUIy C (PUKCHpOBaHUEM KOH(pOpMaIUU
"Xo3suHA" W KOMIUIEKCOOOpa3oBaHME C  OJHO3apsaHbIM  aHuoHOM  SiFs,
3aIOJIHAIOIIMM MOJIOCTH K KpUCTaJIE.

C yuerom coctaBa xomruiekcoB (I, 1) BugHO, 4TO cMelleHre paBHOBECUS U
CEJICKTUBHOCTh CBSI3bIBAHUSI «TOCTEBBIX» KOMIIOHEHT KpPeMHE(TOPOBOJOPOAHOM
KHCJIOTBI OMNpEEesieTCsl MPOCTPAHCTBEHHBIM CTpoeHueM KpayH-3¢upoB 18K6 u A-
JILIT-6.

OnucaHHble MPEBpAIICHUS SBISIIOTCA MEPBbIM MPUMEPOM CEIEKTHUBHOIO
CHHTE3a KPUCTAUIMYECKUX CyNpamMotieKysipHbix KomiuiekcoB (I, 1) B ycmoBusix
CaMOITPOM3BOJILHOTO 00Opa3oBaHus Ha TpaHulle pasaena (a3 (razoobOpaszHas—
HF/tBepnas—SiO,)  terpadTopuma  kpemuus  (SiF;),  aHTH-HampaBICHHBIM
TPAHCIIOPTOM €ro B ra3oBoil (haze, 0Opa3oBaHMEM PaBHOBECHON CMECHU «TOCTEBBIX)
KOMITIOHECHT B KHUIKOH (pa3e 1mo cxeme:

HF + S|02 — S|F4 + HZO — S|F4‘2 H20 + H3OS|F5 + (H30)28|F6 )
Y B3aMMOJICHCUBHUEM MOCIEAHUX C KpayH-d2(PUPaMH.

Oo6pazoBanue komiuiekcoB (I, |l) mmmoctpupyer, uTo XKumkas W TBepaas
¢da3bl, MOTYT CYIIECTBEHHO MpeoOpa3oBBIBATHCS NMPU HOPMAJIBHON TeMIiiepaType U
NaBJeHUU B aTtMocdepe, Tepsiomeld Boay. Pe3ynbrarbl MOryT OBITh NPUHSATHI BO
BHUMaHHE B  KauyecTBE  XUMHUYECKOHM  OCHOBBI  MpPU  MOJEIUPOBAHUU
CaMOOPraHU3aLMOHHBIX MPUPOAHBIX TpoueccoB cornacHo [9,10]. Kpucramnuueckue
cynpamoiekyisipabie coequHenus (I, 11) ctaOuiabHBI 1 MOTYT MPEACTABIATh HHTEPEC
B KauecTBe KOHTEHHEPOB [9] GTOPOKOMILIEKCHBIX KUCIOT KPEMHHS.
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