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Cnucok coKkpameHuu

1,4-FIB — 1,4-munoarerpadTopbeH3on
1,4-FBB — 1,4-mu6pomrerpadTopOeH301
AIM — MeTOoJ1 «aTOMBI B MOJICKYJIaX )
Arene — apoMaTH4eCcKuil YIiIeBOI0POT

DFT — meron ¢pyHKIIMOHAIA 3JIEKTPOHHOMN TUIOTHOCTH

Et — sTun

L — aurang
Me — meTun
OAC — anerar
Ph — dbennn
Py — nupuaux

R — yrneBonopoaHblil pagukan

RT — xoMHaTHas Temneparypa

Sac™ — caxapuHaT-aHUOH

SacH — caxapun

SacNa — caxapuHat HaTpHs

Solv — pactBoputens

THF — teTparuapodypan

X—-ClI, Br

MEP — MosIeKyIpHBIi 3JIEKTPOCTATUICCKUAN TOTEHITAAT
2Rvdw— cymMMa BaH-zep-BaanbcoBbIX paguycos 110 Poymanny

2Bvdw — cyMMma BaH-zep-BaajibCOBBIX paanycoB 1o bonau



AAC — atoMHO-a0CcOpOIIMOHHAS CTIEKTPOCKOTIHS
ADC — aTOMHO-3MUCCHOHHAs CIIEKTPOCKOIHUS
BC — BogopoiHas cBsI3b

I'C — ranorenHas cBs3b

UK — nndpakpacHasi CHEKTpOCKOMHS

KTC — xpuTHueckuii TOUKH CBSI3U

PCA — peHTreHOCTpYKTYpHBIN aHAN3

P®A — pentrenodazoBsiii anamm3

TI'A — TepmorpaBuMeTpus

TI'® — teTparunpadypan



BBenenue

AKTyasqbHOCTb. B Hacrosiee BpeMsi MO-IIPEKHEMY aKTyaJbHBIM OCTA€TCsl UCCIIEOBaHUE
pa3IMYHbIX KOOPAUHALMOHHBIX COEIMHEHUH, TaK KaK CIIEKTP UX IPUMEHEHUS OUeHb IUPOK. OTHUM
U3 METaUIOB, OOPa3yIOUIMX MHOXKECTBO PA3IUYHBIX KOOPIUHALMOHHBIX COCIAWHEHHM, SBIISETCS
MeJlb, MOIYJSPHOCTb KOTOPOH OOBACHSAETCS €€ OTHOCHTEIbHO BBICOKOM pacnpoCTpaHEHHOCTHIO,
HEBBICOKON CTOMMOCTBIO, CPABHUTEIBHO MaJIOM TOKCUYHOCTBIO €€ COEJMHEHUH, a TaKKe HaTM4uueM
YCTOMYUBBIX CTETIEHEH OKUCICHHS U pasHOOOpa3reM KOOPJIMHALMOHHBIX 4Hceld. Meab cnocoOHa
00pa30BBIBATh pa3IMyYHbIE KJIACTEPHBIE M CYNPAMOJIEKYJSIPHBIE CTPYKTYpPBI; pazHooOpasue Gpopm
COEJMHEHUI Me/I U YyBCTBUTEIBHOCTh UX CTPOCHUS K YCIOBUSAM CHHTE3a OTKPBIBAIOT BO3MOKHOCTh
yIpaBJIEHUS Pa3IUYHBIMH (PU3UKO-XUMHUYECKUMH CBOWCTBAMHM COEAMHEHUH MeaM, HalpuMep,
MarHUTHBIMH, ONITUYECKUMHU, JIIOMUHECHIEHTHBIMU [1-3]. Eie ogHUM Ba)XHBIM pa3ieiioM B XUMUU
MEIHBIX KOMIUIEKCOB, B TOM 4YHUCJIE€ U KJIACTEpOB, sBIsSETCs KaTanu3. llpu 3TOoM couderaHue
HECKOJIbKUX MEIHBIX METAJUIOLIEHTPOB B OJHOM MoJieKyJe Kiactepa, kak Hampumep B CusXesOLy,
OpUBOAUT K Oosiee 3¢ (EeKTUBHOMY NPOTEKAHMIO PA3JIMYHBIX KaTaJUTHYECKUX peakuuil [4,5].
Coenunaenns menu(I), a umenno kinactepsl Cuslsls akTHBHO MPUMEHSIOTCS TSI CO3IaHUS Pa3TMIHBIX
HOBBIX MaTepuayoB ¢ (OTO-, TEPMO- U 3BJIEKTPOIIOMUHECIIEHTHBIMU, @ TaKXe COpPOLIMOHHBIMU U
CCHCOpHBbIMU cBoicTBamu [6-8]. OnmHAakKO CTOMT OTMETUTh, YTO pa3HOOOpashe MOI00HBIX
COCMHEHUI HE CIUIIKOM BEJIMKO, a JaHHble 10 OO0pa3oBaHMI0 COKPUCTAJUIM3ATOB
(KpHCTaNIOCOIBBATOB) C BBILIEYTIOMSHYTHIMU Ki1acTepamu Menu(l) mpakTHuecku OTCYTCTBYIOT.

B nocnenHue necATuneTHss akTUBHO BEAETCSA JM3alH PA3JIMYHBIX CYNPaMOJIEKYISIPHBIX
CTPYKTYp Ha OCHOBE cJa0bIX B3aMMOJEHCTBHMM, TaKuX Kak BOJOPOJHBIC, TaJlOTEHHbIE U
XaJbKOTCHHBIE CBSI3M, MeTAIUIO(UIIbHBIC U T-B3auMoeiicTBus [9-13]. Komrmiekcel Meu SBISIOTCS
NEPCIIEKTUBHBIMU ISl U3YYEHUS C TOYKU 3PEHUS UX CYNPaMOJIEKYJIIPHOW OpraHM3aliyd Ha OCHOBE
HEKOBAJICHTHBIX B3aumojeiictBuil. Hampumep, HemaBHue pabothl [14—-16] mnocBsIEHbI
UCCJIEJOBAHUIO TAJOI€HHOTO CBS3bIBAHUS B KOMIUIEKCAaX MeEAM C TajoreH3aMelleHHbIMU
NUPUAMHAME, KApOOKCUIIATAMU U JIp. JIUTaH/IaMU.

Brei6op N-nmoHopHbix muankuniuanamunoB B kadectBe smranaoB (NCNRz, R = Me, Et,
72C4HgO, 2C4Hs, /2CsHi10) 00ycrioBien TeM, 4TO OHH JOBOJBHO YCTOMUYMBBI, B HUX NMPUCYTCTBYET
TpoiiHas cBsi3b C=N, KoTOpas MOXKET IPUHUMATh yYacTHE B Pa3IMYHBIX CJIA0BIX B3aUMOJCHCTBUSIX
(B 4aCTHOCTH, TM-CTEKMHI€ 3a CYET TPOHHOI CBS3M M 00pa30BaHUM BOJOPOJHBIX KOHTAKTOB C
ydyacTueM aroma a3ota). IloMuMo 3TOro, QuankuiIlMaHaMHIbl BBUIY HAJIWYMs MOJBH)XKHBIX T-
951ekTpoHOB B rpynne C=N MoOryr akTHUBUpPOBAaTbCA MPU KOOPJAMHALMU K METAJUIOLEHTPY, UYTO

ABJICTCA NCPCIEKTUBHBIM Ui IMPOBCACHUA KAaTATIUTUUYCCKUX peaKHI/Iﬁ n CO31a€T BO3MOXHOCTH
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[I0JIy4aTh HOBBIE COCIWHEHUS, HEYCTOMYMBBIX WJIM HE CYHICCTBYIOIIHUX B HEKOOPAMHHPOBAHHOM
Buzie [17, 18]. Takum oOpazom, monyueHue HOBBIX KoMIuleKCHbIX coenuHeHuit meau(l) u (1) u
u3ydyeHne HX (U3UKO-XMMHYECKHX CBOWMCTB, a TaKKe OMUCAaHHE cJa0bIX B3aWMOJCHCTBUN C
y4aCTHME€M 3THUX KOMIUIEKCOB SIBJIIETCSl aKTyaJbHOM UM  MEPCIEKTUBHOM 00JacTei0 B

KOOp,Z[I/IHaHPIOHHOﬁ XUMHHU, KPUCTAJTUIOXUMHUYCCKOM HHSaﬁHe H KaTaJIn3c.

Hayunas HoBu3Ha. Hecmotps Ha Gosibiioe pa3sHoOoOpa3re KOMIUIEKCOB, 00Pa3yIOIIUXCS U3
ramoreanioB Meau(l) u (II) cocraBa Cuslsls mmm CusXeOLs (X = CI, Br) ¢ pasmuunbiMu
OpraHWYECKUMHU JIUTaHJaMH, B paboTe OBLIM BIEPBBIE CHHTE3UPOBAHBI M OXapPaKTEPH3OBAHBI
nmoao0HbIe coenuHeHUs ¢ auankwinradamMugaeivu aurangamu NCNR2 (R = Me, Et, 2C4HgO,
%C4Hg, 2CsHio). bbuim  momydeHbl paHee HEU3BECTHBIE COKPUCTAIM3aThl  KJIAcTEPOB
CusXsO(NCNMe2)s ¢ apoMaTHUECKMMHU MOJIEKYJIaMH (TOJIYOJI, CTUPOIT), KOTOPBIE MPEICTABIISIOT U3
ce0sl cynpaMoNIeKyIsipHBIE CTPYKTYPBI, 00pa3yromuecs MPEeUMYIIeCTBEHHO 3a CYET T-JIbIPOYHBIX
B3auMmoseiictBuii ¢ ydactuem JsmrangoB NCNMe, u apeHoB, mnpudyeM BO3MOXKHOCTH HX
CYIIIECTBOBaHMS ObLIa OJTBEPIKICHA TEOPETUYECKH. V3yueHO BIMsSHUE KaK BBEICHUS TaJIOTCHUIOB
menu(ll) na peaxiuro konaencamuu SAaCH/NCNMey, tak u caxapunaTHoro aurania (B Buae SacH) B
cucrteme CuX2 nH20/NCNMe; Ha kinactepooOpa3oBaHUe IIPU Pa3IMUHBIX YCIOBHSX, YTO PUBEIIO K
BhIIesIeHuI0 HOBOTrO Komiuiekca Cu(Sac)2(NCNMe2)(H20)2 ¢ nabuibHBIME TUMETHIIIMAHAMHTHBIM
Y aKBaJIUTaH/IaMH, KOTOPBI MOXET UMETh MOTEHIIHAIBHOE TPUMEHEHNE B MEAUIIMHE BBUAY Mol
TOKCUYHOCTHU MeTaa U JUTaH[IOB. OnTumMu3upoBaHa METOJINKA CUHTE3a
Cu(Sac)2(NCNMe2)(H20)2, B xomae KOTOpOW OBLT IMOJYYSH €Il PsI HOBBIX KOMILIEKCHBIX
COCTMHEHUH, KOTOpBIE 00pa3yIOT CYIMpPaMOJICKYJISIPHBIE CTPYKTYpPHl 3a CUET Pa3IMYHBIX BHJIOB
cnabeix B3aumoeicTeuil. I3 Cul u NCNMe; Oblin cHHTE3UPOBAaHbBI IO HECKOIBKUM METOAMKAM U
noApoOHO oxapakTepu3oBaHbl paHee HemsBecTHble Kiactepbl Memu(l) Cusls(NCNR2)s. Tak kak
kinactepel  mMeau(l) 3adacTyro SBIAIOTCS JTIOMHHO(POpAMH, TO HCCIAEAOBAIMCH OCHOBHBIC
doTopu3nuecKkre XapaKTEPUCTUKH, TaKWe KaK BpEeMEHa JKW3HHM W KBAHTOBBIA BBIXO. [loirydeHb
COKPHCTAJNIN3aThl KJIACTEpOB ¢ (propupoBaHHBIMU HOA(OpoM)OeH30IaMU (JOHOPAMHU TaJOTEHHBIX
CBsI3€il), CympaMoJIeKyIsipHasl OpraHu3alvsi KOTOPBIX OMPEIENIeTCs BOJOPOIHBIMI KOHTAKTaMH, TT-

BSaI/IMO,Z[eI\/IICTBI/IHMI/I U T'aJIOTEHHBIM CBSI3BIBAHUEM.

IIpakTHyeckass 3HAYUMOCTH PadoThl. KOMIIIEKCHI MeIM NMPUMEHSIOTCS B Pa3IMYHBIX
00JacTsX HayKHd U TEXHUKH — CO3JJaHM MarHUTHBIX MaTepHalioB, POTOUYBCTBUTENbHBIX 3JIEMEHTOB,
JIOMHHO(GOPOB, TPOBOAIIUX MaTEpUANIOB, JEKAPCTBEHHBIX IpenapaToB, IMOATOMY IOHUMaHHE
3aKOHOMEPHOCTEH CyNpaMoJIEKYJISIPHON OpraHU3alii B KOOPAUHALMOHHBIX COEIUHEHUSIX TIOMOTaeT
B yIOpPaBJICHUM CTPYKTYpOH MaTepuaioB, a CIEI0BaTeIbHO, W WX CBoilcTBamH. B pamkax

HCCICaJ0BaHUsA ObLTH p33pa6OTaHBI U OIITUMHU3HUPOBAHBL CIIOCOOBI MOJIYYCHHA HOBBIX KOMILICKCHBIX
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COCIMHEHUN MeIU C BBICOKMM BBIXOJIOM IPOAYKTAa PEAKIMHM, YTO BHOCUT BKJIAJ B DPAa3BUTHE
CHUHTETHYECKON KOOPAMHAIIMOHHOW XWMHUH. YCTAHOBIEHBI 3aKOHOMEPHOCTH OO0pa3oBaHHUA U
OCOOCHHOCTH CTPOEHMSI HOBBIX MEAHBIX KOMILJIEKCOB, IPUYEM psij IOJIYYEHHBIX BELIECTB
IpeACTaBIsieT co00M CympaMoJIeKyJsipHbIE CTPYKTYpPbI, KOTOpbIE SBIAIOTCA IE€PCIEKTUBHBIM

00BEKTaMU B KpUCTAJUNIOXUMHUYCCKOM I[PI3aI>iHC (bYHKI_[I/IOHaJ'IBHBIX MaTc€puraioB.
Ha 3aIIUTY BBIHOCHATCH CJICAYIOIIHE MMOJTOKCHUS

1. Brustnue ycnoBuii cunte3a Ha coctaB B ctpoeHue kiaactepoB CUsX4O(NCNR2)4 (X =
Cl, Br; R = Me, %CsHio, %2C4Hs, ¥2C4HgO) 1 uX COKpHUCTAUTU3ATOB C 3JICKTPOHOU3OBITOYHBIMHU
apOMaTUYECKUMHU MOJICKYJTaMH;

2. CnaOble B3aMMOICHCTBHS KaK OCHOBHOHM (haKTOp, ONPEAETISIOMINN THIT KPUCTATUINIECKON
ynakoBku B cokpucraumsarax kiactepa CUsXsO(NCNR2)s ¢ apomMatndyeckuMu MOJIEKYJIaMH
(Tomyon, cTupon);

3. Brnusaue BBencHus caxapuHa (SacH) Ha HampaBIIGHHOCTh PEAKIMU B CHCTEME
NCNMeo/CuX2'nH2O ¢ mocneayonmM MOoTy4eHHeM HOBOTO T'€TEPOJIMTaHIHOTO KOMILIEKCa
Cu(Sac)2(NCNMe)(H20)2;

4. OnTuMHU3alusl CHHTE3a HOBBIX TeTEPOJHMIAHIHBIX KOMIUIEKCOB € caxapuHatoM (Sac’) u
manknimranamunamu (NCNRz, R = Me, Et) npu pa3nu4HbpIX ycloBHsIX, CTPYKTYPHBIE OCOOCHHOCTH
¥ OCHOBHBIE BUJIBI CITA0BIX B3aUMOJICHCTBHI B MOyUYE€HHBIX KOMIUIEKCAX;

5. 3akoHOMepHOCTH 00pa3oBaHus U cTpoeHUs KybanoBbix kinactepoB Cuslsa(NCNR2)s (R =
Me, 4CsH1o, Y2CaHg, ¥2C4HgO) n u3ydeHue ux oCHOBHBIX (HOTO(PU3NIESCKUX CBOHCTB;

6. BiiusHue BBeieHUs 10HOPOB rajoreHHoi csszu (1,4-FIB — 1,4-nunononepdropbenson u
1,4-FBB — 1,4-nu0pomonepdTopOeH3011) Ha COCTAaB U CTPOEHUE MOJIy4aeMbIX IPOAYKTOB. OnucaHue
cnabbIX B3aUMOJICHCTBHI U 0COOCHHOCTEH KpHCTaLTiueckoil yrmakoBku B kiaactepax Cusls(NCNR2)s

" UX COKpUCTAJJIM3aTax ¢ JOpHaMH I'C.

CTpykTypa padoThl: BBEJCHUE, INTEPATYPHBIH 0030p, 00CyXAeHNE pPe3yIbTaTOB, BBIBO/BI,
HKCIIEpUMEHTaIbHAsl 4YacTh, NpUWIOkKeHus ¢ 39 pucyHkamu M 1 Tabmumel, COUCOK JIMTEpaTyphl,
BKITIo"aromuii 117 ccpiiok. Marepuansl n3noxxensl Ha 107 cTpaHnIiax TEKCTa, COAepKaT 3 TaOIUIIBI

u 42 pucyHkKa.

JInuHblii BKJIAJ aBTOPA: aHAIN3 JTUTEPATypPHBIX JaHHBIX; TOCTAHOBKA LI€JIH U 3a]1a4 paboThI,
SKCIIEpUMEHTaIbHAsE 4acTh paboThl (pa3paboTka W ONTUMH3AIMS CHHTE3a HOBBIX KOMIUIEKCOB,
MOJy4eHHE MOHOKPHUCTAIUIOB, MpUroAHbIX st PCA, uaeHTHQUKAIMS TOTYYEHHBIX COCIMHEHUH,

paciidpoBKa, YyTOYHCHHE M OIMHUCAHHUE CTPYKTYp, monydeHHbIx o PCA B mporpamme Olex2),



HHTCpHpETalsad IIOJIYYCHHBIX JaHHBIX, HAIIMCAHUC CTaTeﬁ, BBICTYIINICHHMA Ha HaYy4YHBIX

KOH(EepeHIUAX 110 TeMe paboTHI.

Cas3b padoThl ¢ HAyYHBIMHU mporpammamm: PaGorta BemonHeHa B MHCTHTYyTE XMMUU
Cankr-IlerepOyprckoro rocyJapCcTBEHHOTO YHUBEpPCHUTETa Ha Kadeape Gu3n4ecKoil OpraHndecKoi
xumun (2019-2022 rr.) npu punancopoit noaaepxkke: PODU (Ne 20-33-90240) u PHD (Ne 19-13-
00013; 22-13-00078).

OcHoOBHBIE pe3yJIbTaThl pad0ThbI.

Pe3ynbratel paboThl OBLIM MpEACTAaBICHBI B BUJIEC BBHICTYIUICHUH HAa MEXIYHApOJHBIX WU
Bcepoccuiickux koHdpepenusx: X1 MexayHapoiHas KoHpepeHIUs MOJIoIbIX yueHbix «Mendeleev
2019y, r. Cankt-IlerepOypr; MexayHapoaHas cryaeHueckas kondepenims «Science and Progress-
2020», r. Cankrt-IlerepOypr, Bropoit MexayHapoaHblii cCUMNO3UYyM «XUMHS s OHUOJNOTHH,
MEAMIIMHBI, JKOJOTMH M cenbckoro xossiictBay ISCHEM 2021, r. Cankrt-IlerepOypr; IX
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1. O030p JauTEpPATYPBI

1.1 Kommuekcebl Meau(l) m (II) ¢ N-10HOPHBIMH JIMTaHAAMHA

Menp obpa3yer ¢ N-ZOHOPHBIMH JIMTaHJAaMH OOJIBIIOE KOJMYECTBO Pa3HOOOPA3HBIX
KOMILJIEKCHBIX COEIMHEHUI, MHOTHE U3 HUX HIMPOKO PACIPOCTPAHEHBI B IPUPOJIE U IPUMEHSIOTCS B
pa3IMYHBIX 00JIACTSAX HAYKU M TeXHUKH. Hampumep, UMHUIHBIE KOMILIEKCHI PEACTABISIOT HHTEPEC
B 00J1aCTH MEIUIIMHBI B CBA3U C MX aHTHOKCUIAHTHOM aKTUBHOCTBIO, TaK KaK SBJISIFOTCS MOJIEISIMU
MIPUPOTHOTO aHTHOKCUAAHTa — (hepMeHTa cynepokcua-gucmytassl [19, 20]. M3BecTHBI paznuyHbie
KOMIUIEKCHBIE ~COEAMHEHHUS MeAu C MNOpGUPUHOBBIMU JIUTAaHIAMH, C AaMHHOKHCIOTAMH,
caxapuHaTaMH, KOTOPbIC 3aPEKOMEHI0BaJIH ceOsl B MPOTHBOPAKOBOM Teparuu [21, 22].

CornacHo teopun KMKO Ilupcona, wmens(Il) xopomo oOpa3zyer pazaudHble
KOOPJMHAIIMOHHBIE cOoeMUHEHHS ¢ N-IOHOPHBIMHM JIMTAHJAMHU, TaK KaK MOH MeTajula SIBISETCA
KECTKOM KucioTod, a N-moHOpBl — >kecTkuM ocHoBaHusMU. Menb(l) sBrisercs Oornee MsTKon
KHCTIOTOM, OJJHAKO TaKkKe CIocoOHa 00pa3oBBIBaTH ycTOWYMBBIE KOMIUIEKCHI ¢ N-monopamu. N-
JIOHOPHBIE JIMTAHIbl YacTO TMPEACTABISAIOT U3 CeOsl HEUTpalbHbIE MOJIEKYJIbl, HaIlpUMED,
MPOU3BOJHBIE aMMHUaKa, THApPa3WHa, aMHUHOB, AMHHOKHUCJIOTHI, HUTPWIbI, MHUPUIUHOBBIC
MIPOU3BOJHBIE U APYTHE a30TUCThIE T€TEPOLMKIIBI, T/I€ 3JEKTPOHHAs Mapa a30Ta HE BOBJIEYEHA B
apOMATHUYECKYI0 CHUCTEMY, peXe — JCNPOTOHUPOBAHHBIE YACTHI[bl, TAKME KaK LUAHU]bI, UMUJBbI,
MPOU3BOHBIC MHUPPOJIA, UMUJIA30J1a U JPYTHX TEeTEPOIMKINYECKUX A30TUCTHIX COCIUHEHUH, TJIe
AIIEKTPOHHAs Mapa a30Ta 33/elcTBOBaHA B apoMaTHdeckoi cucreme. CylIeCTBYIOT JIMTaHbI, HE
co/iepXKallre KpaTHbIe CBSI3W IPHU aTOME a30Ta, KOTOPBIE SBISIIOTCS YUCTHIMU G-IOHOPAMHU, B TO
BpeMsi Kak N-JIOHOpPHI C KpaTHBIMH CBSI3SIMH MOTYT TaKXke OBITh KaK T-JIOHOpaMHU, TaK WU T-
akKIenTopaMy TPH B3auMOJAEUCTBUU ¢ MeTauioM [17, 18]. IMeHHO muraHapl ¢ KPaTHBIMU CBS3SIMU
UTPAIOT BAXXHYIO POJIh B peasn3aIiuy c1adbIX B3aUMOJIEHCTBUM, TAKHX KaK T-CTCKHHT.

Hanpumep, n3BecTHO GONBIIIOE KOTUYECTBO KOMITJIEKCOB MEAM C HUTPUJIBHBIMH JIUTaHIaAMH
— HEKOTOpBIE U3 HUX SIBISAIOTCS YAOOHBIMU MPEAMIECTBEHHUKAMU JUISI CHHTE3a APYTUX COCTUHEHHIMA
Meau. J[ns HUTPUIBHBIX METHBIX KOMIUJIEKCOB XOPOIIO H3YYEHBl CTPOEHHWE M PEeaKIMOHHAS
CITOCOOHOCTh M KAaTaJUTHYECKHE PEaKIHH C y4acTHeM JaHHBIX KomIuiekcoB [20]. Hwurpuibr
SIBJISIFOTCS. 9acTO HCIIOJNB3YEeMBIMH pacTBOpuTeIsiMu, modTomy Mmojekyiabl RCN (R = Alk, Ar)

HEPEJKO BXOJAT B COCTaB KPUCTAJUIOCOIbBATOB KOMILJIEKCOB [23].
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B nucceprammmonHoii pabore Oyaer caenaH ymop Ha HM3YYEHHE 3aKOHOMEPHOCTEH
obpazoBanus komruiekcoB menu(l) u (II) muankwmmmanamuaaeivu murangamMua NCNR2, koTopsie
SIBJISIFOTCSL. POJICTBEHHBIMH C HUTPUJIbHBIMH, OJJTHAKO TAaKHE€ KOMIUIEKCHBIE COCTUHEHHUS JI0 CHX IOP
MaJIOM3Y4Y€Hbl U CBEICHUS O HUX HE CHCTEMaTHU3UPOBAHBI, MO3TOMY Jajee CTOUT YMOMSIHYTh O

CTPOCHHUHU U3BCCTHBIX KOMIILICKCHBIX COGI[I/IHGHI/Iﬁ C JHMAJIKWJIOWaHaMHuJ1aMHU.

1.1.1 Oco0eHHOCTH CTPOECHHS KOMILIEKCHBIX COeIMHEHUH C

AHAJTKAJIIIHAHAMUAIaMHA

Ha cerogssimHuii JeHb IMOJyYeHbl M HCCIIEAOBAaHbl PA3JIMYHbIE JUATKWILHAAHAMUIHBIC
komiuiekcsl ¢ Metamiamu [-XVIII rpynn nepuoguueckoir Tabmuusl. B HayuHoil rpymnme
B. 0. Kykymkuna u H. A. bokad Obuid 1IOJIy4€HBI M OMUCAHBI PA3IMYHBIC JUAIKUIIIMaHAMUIHBIC
komriekcsl Pt(Il) u Pt(IV), Pd(II), Ni(Il), Zn(II) [24]. B cBoro ouepenp, AHATKWIIAAHAMHTHBIC
komiiekcsl Cu, ocobernHo Cu(ll), u3ydyeHbl Majio W MpPEICTAaBICHBI B JIMTEPAaType BCEro JMIIb
HECKOJIbKUMH IPUMEPaMHU, a peaKkIIMOHHAast CIIOCOOHOCTh KOOpAMHUPOBaHHBIX K Mean NCNR2 Taxoke
HEJI0CTaTOYHO HccleioBana [24, 25].

W3BecTHO, YTO AMANKUINUMAHAMHIbIL, Kak U o0blyHble HuTpuisl NCR, Moryt
KOOPJMHUPOBATLCS K METaUTy pasHbIMU criocobamu: (1) TepmunaibHoe o-cBasbiBanue, 1--NCNRy;
(2) 6okoBoe m-cBsspiBanue, umu 1N>-NCNR2; u (3) cMelanHOe G-, T-CBA3BIBAHHE, HIH U-1%, n’-
NCNR2. TepmuHanbpHas KoopauHamusi Ooyiee paclpoCTpaHeHa, JJaHHBIA THIT CBSI3bIBAHUS
XapaxkTepeH i1 KomiuiekcoB MetaiuioB VII-XI rpynn u u3BecTeH i HEKOTOPBIX MPEACTABUTENEH

VI rpynmner [24].

Me

. N
@N_ N N——N
F .

\
Me

Pucynok 1. Tepmunanvras koopouHayus OUAIKUTYUAHAMUOOS & CIIyYde MOHOOEHMAmHOU

KoopouHayuu (a) u Mocmukosoi (o)
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[To manabpiM pentreHoctpykrypHoro anamusa (PCA) paccrosame C=N B nmurangax NCNR:
Bapbupyercs ot 1.11(1) no 1.17(2) A, a nnuna ceasu C-NR2 nexut B untepsaie 1.26(1)-1.36(1) A
U Oin3ka K JumHe 1BoiHOM C=N CBS3H, YTO TOBOPUT O JOCTATOYHO CHIIBHOM COIPSDKEHUH MEXKITY
HEIOACIICHHON AJIEKTPOHHOM mapoii azota B NR2 u m-cBsi3bto pparmenta C=N [26].

CoracHO JIUTepaTypHBIMHU JaHHBIM, TIpH 1)*-koopauHarmu NCNR, yacToTa KoneGaHuil rpyImbl
C=N B JuankuWilMaHAMHUAX YBEIMUYUBACTCSA, €CIM METaUl HAaXOMUTCS B HU3KHX CTEHEHAX
OKHCIICHHsI, B TO BpeMs KaK JJIsl KOMIUIEKCOB METAJUIOB C BBICOKUMH CTENEHSIMH OKHCICHUS
Habmo1aeTcsi oOpaTHas cuTyanus (4acTOTa YMEHbIIAETCs) BCIEICTBUE YCUJICHMS CBSI3U METasll-
murang. Tak, o nanusiM uHdpakpacHoii (MK) cnekrpockonuu, nl-koopauHamus conpoBoxkaaeTcs
yBeIMUeHHeM uacToThl Konebanms cBasu V(C=N) nma 80-100 cm !, uro CBA3BIBAIOT C G-
JOHUPOBAHHEM HEIOJICJICHHOW S3JIEKTPOHHOW Taphl HEKOOPAMHHPOBAHHOTO aroMa a3oTa. B
KOMIUIEKCHBIX COEAMHEHUSX C HUTPHJIAMU HU3-3a OTCYTCTBHUSI BTOPOTO aroma a3ora, HaoOopoT,
HabmoaeTcs ymenbiienue V(C=N) B KOMILUIEKCax ¢ METaJJIaMH B HU3KUX CTENEHSIX OKUCICHUS U
YBEIIMYCHUE B CJIy4Yae BBICOKHX CTEICHEH OKHUCIEHHS. OTO HaONIOJCHHWE [aeT KOCBEHHOE
MOJTBEPKICHUE JIYUIIUX G-TOHOPHBIX W/WJIA HU3KHUX T-aKIETTOPHBIX CBOMNCTB AUATKIIIIHAHAMUIIOB
110 CPaBHEHHIO C HUTPHIJIAMH 0€3 JIONOJIHUTEIILHOTO aToMa a3oTa [24].

ITpu paccmoTpenun komruiekcoB Meau(l) CTOMT OTMETHTh, UYTO HHUTPHIbHBIE KOMIUIEKCHI,
AQHAJIOTHYHBIC THAKWIIIIMAHAMHUIHBIM, TPEJCTaBIEHBl B JIMTEpAType JOCTaTOYHO IIUPOKO. B
yacTHOCTH, HUTpriIbHbIe Komiuiekesl Mean(l) Buma [Cu(NCR)4](X) (X = ClO47, BF47; R = Alk, Ar,
CH=CH2) noBONBHO XOpOLIO M3Yy4YEHBI M LIMPOKO MPUMEHSIOTCS, HAampuUMep, B KaTaTUTHUECKHX
peakiusix [27-29]. W3BecTHBl W CMEIIAHHOJIWTAHJHBIE HUTPWIbHBIE KOMIUIEKCH —THIIA
[CuL(NCMe)|(X) (L = Tpuc-nupa3oiauaiMeTaHOBBIH WU TPUC-MUPA30IUIOOPATHBIN JUranisl; X =
BF4, PFe") [30-32], onnako monusaepubix coeaunenuit meau(l) C HUTpuaamMu KpaiiHe Majo, a ¢
JUATKAJIIMAaHAMHAIaMA OHM IIPAKTUYECKHA HEU3BECTHBI. Hanpumep, ManoyCTOMYNBBIA HUTPHIIBHBIN
komruieke ¢ ssapom Cusls mosyden Tonbko ¢ aneronutpusiom [33].

B oTnuune OT HUTPUIBHBIX KOMILIEKCOB, KOMIUIEKCHI MEIU C IIMAHAMUAMU U3YYECHBI TOPA3/I0
MEHbBIIIEH cTermeHHn. B KkadecTBe HEMHOTOYHCICHHBIX IPHUMEPOB MOXXHO TIPUBECTH METHBIC
nuankuiradamuaabie komruiekesl tuna [Cu(NCNMez)2(DPEphos)][BFs] (DPEphos — 6wc(2-
mudpennndochunodenmn)adup) [34], [Cu(NCNR2)s](BF4) [35] unu ¢ 3,5-mumernimnupazoimiom
[Cu{HC(3,5-Me2pz):}(NCNR2)][BF4] [36] (R = Me, Et, %2CsHio, ¥2CsHgO, 2CsHs, 2CH2Ph), a
Takxe OusiiepHbie KoMILieKch ¢ ouc(aupenmndocduno)meranom [Cuz(NCNMez)z(dppm)2][BFa]2 u
[CuzL(NCNMez)2(dppm)2][X] (L= ClO4, NOs’; X = BF4, ClO47, NO3) [37].

PeakimonHast cnocoOHOCTh KOMIUIEKCOB MEAM C IMaHAMUJAMU M3Yy4Ye€Ha Ha NpHUMeEpe psna
coequnenuii. Tak, mis coemunenuit [Cu(tpm)(NCNR2)](BFs) (tpm — Tpuc(mupasomnui)MeraH)

MoKa3aHa Majiasi yCTOHYHMBOCTh M CKJIOHHOCTH K oKucieHuro 10 [Cu(tpm)2](BF4)2 Ha Bo3myxe [38]. B
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pabote [39] mokasano, yro koopauHanus muanamuaoB NCNRz (R = Me, Et, %CsHgO, %CsHs,
%2CsH10) x Menu(l) mpuBOAUT K HMX 3JIEKTPO(UIBHON aKTHBAIMK B PEAKIMH C KETOHHUTPOHAMH
Ph,C=N"(O)R’ (R’ = Me, CH2Ph), mpuueMm jaHHas peakiusi MPOTEKAET KATAIUTHYCCKH B
npucyrcTBur Komiiekca meau [Cu(NCMe)s](BF4) (0,1 sxB) ¢ obpasoBanuem 2,3-auruapo-1,2,4-
OKCaJIna30JIoB.

Crour ymoMsiHyTb, 4YTO B HACTOAIlIee BpeMs HET ONyOJMKOBAaHHBIX MPHUMEPOB,
npoMotupoBaHHBIX MepI0(1]) peakiuii nu3amenieHHbIx ranaMu0B NCNR 2 ¢ HykiieopmiamMu wim
1,3-1umosnsiMu, HO U3BECTHBI PEAKITMH HUTPHIIOB, TpoMotupyembie Meabio(1l). Tak, B cpaBHUTEIBHO
HenaBHeill pabore [36] coobmiaercs o peakuuu HuTpmiioB RCN (R = Me, 2-C4H3N2 — 2-
nupumuauHm) ¢ nupasoniom PzH B mpucyrctBum coneit meau(Il) CuXz (X = NOgz, ClOs) u
obopazoBanun  komruiekcoB  [Cu{NH=C(Me)Pz}2(H20)](NO3)2] wu  [Cus(Pz)s{NH=C(2-
C4H3N2)Pz}2(MeOH)2(ClO4)2], comepammx OpraHHYEeCKHE HWMHHOJMIAHIBl — POIYKTHI
MPUCOEANHEHUS MUpa3oiia K HUTpWIbHOM rpynne. B paborax [40, 41] Obuiu M3ydeHbl peakuuu
muumanamuia (CN)2NH ¢ pasnuunbimu Hykieodunamu B npucyrctBum cojiei menu(ll). Tak,
peakmus B cucreme Cu®*/(CN):,N/HNu (HNu = PzH, MeOH) npuBomur Kk 0Opa3oBaHHIO
KOOPJIMHUPOBAHHBIX MPOAYKTOB MOHO- [NCNC(Nu)=NH] u 6uc-npucoenunenus [ {HN=C(Nu)}2N],
BBIJIETICHHBIX B COCTaBE KOMILIEKCOB MEIH PA3IMUHOM SIIEPHOCTH.

Takum oOpa3om, uH(popManuu O CTPYKTypHbIX Tunax komiuiekcoB memu(l) m (I) c
TUATKWIIAaHAMHAIAME, O 3aKOHOMEPHOCTSIX UX 00pa3oBaHUs, CTPOCHHS W PEaKIUOHHOU

CIIOCOOHOCTHU HCOOCTAaTOYHO, CJICA0OBATCIBHO JaHHBIN BOIIPOC Tpe6yeT Ooiee HO)IpO6HOl"0 N3YUCHUA.

1.1.2 KnacrepHble coeiuHeHusi Ha ocHoBe rajorennaoB meau(l) u (1)

Terpasiiepuble KiaacTepbl Ha ocHoBe rajorennioB meau(ll)

UzBectHo, uro 6e3Boanbie CuCly u CuBry mpencraBnstoT coOoii BemecTBa € YacTUYHO
KOBQJIEHTHBIMH CBSI3IMH, YTO TOBOPUT O MOTEHIMAIBHO BBICOKOH BO3MOXHOCTH B3aUMOEHUCTBUS
JAHHBIX YaCTHI[ JAPYT C APYroM ¢ oOpa3oBaHHWEM pa3InyHbIX KiactepoB. MonomepHsie CuCl, u
CuBr2 cymectByroT B ra3oBoii (haze mpu BEICOKHX TemnepaTypax. Koopauaanuonnsie yncia Cu(ll)
B OOJIBIIMHCTBE CIIydasiX BapbUPYIOTCS OT YETBIPEX JI0 IIECTH, U CTPYKTYPbl OOBIYHO UCKAXKAIOTCS OT
U/iealIbHON reoMeTpun u3-3a dpdekra Sna-Temtepa. Tak, kommiekcsl ¢ popmyioii [CuCls]™ 00braHO
cymecTByloT B BHae mmiockux amMepoB [CuzClg]>, a ammon [CuCls]> HaGmomaercs B

TETPadIPHUCCKON WK TUIOCKO-KBaJApaTHOMN monumepHoit hopme (prcyHok 2) [42].
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Pucynok 2. Anuonnvie canocenuomnvie komniexcol meou(ll)

Iuapater CuX2'nH2O, BBUIY Hamuuusi aTomMa KHCIOPOJa B MOJIEKYJaX BOJbI, CKJIOHHBI K
00pa30oBaHI0 OKCUIOKIACTEPOB ¢ AapoM CUsXeO mpu 1006aBIEHUN PA3TMYHBIX KOOPIUHUPYIOIINX
pacTBopuTenield, B ToM uucie N-ToHOpoB. Tak, COINIaCHO JUTEPATYpPHBIM JAHHBIM, PEAKIUU
ruapatoB CuXz'nH2O ¢ pactBopuTensiMH, TaKMMH KaK METAHOJI, alleTOH, areToHuTpui, TT'O,
JIM®A, IMCO tipu no6asiennn ocaoBanus (K2CO3z wimm t-BuONa) npuBoasaT kK 00pa3oBaHUIO [4-

okcugokiactepos Tumna [CusClsO(Solv)4] (Solv = pactBopuTern) [43].

R

“

ligand

Pucynok 3. Cxemamuunoe uzobpasxicenue s-okcuooxnacmepos CusXsOLg
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Jus xiactepoB [CusCleOLs], kak u It ApyruX MEAHBIX KOMILICKCOB XapaKTEPHBI PEaKIInU
3aMeIleHUs JIMTaHIOB WM 00pa30BaHUE KPUCTAIUIOCOILBATOB (COKpHCTauM3aToB). Tak, B padore
[43] momyuen  kmacrep € rterparuapadypanom  (THF) u  moueBunon  (Urea)
[CusClsO(THF)(Urea)s]-3THF-Urea, npu 3TOM Tpu 3aMelneHHble MoJekyiasl THF ocrarorcs B
HETOCPEJICTBEHHOW OJM30CTH OT CaMoro KiacTepa, B COCTABE BTOPOW KOOPAWHAIIMOHHOW chepbl

(pucyHok 4).

Q

Pucynox 4. Cmpyxmypa coxpucmannuzama knacmepa [CusClsO(THF)(Urea)s/-3THF-Urea

Kunacteps [CusClsOL4] BBUY HATMYMST HECKOIBKUX METAJUIOIICHTPOB SIBJISFOTCS MOTECHIIMATBHO
O6onee 2(p(EeKTUBHBIMU  KaTallM3aTOpaMU HEXEIM MOHOsJepHble KoMmiuiekcsl  menu(Il).
CoOTBeTCTBEHHO 00pa30BaHUE BBIIICYKAa3aHHBIX TETPAsJICPHBIX KIACTEPOB MO3BOJSET OOBSICHUTH,
noyemy npu wucnosnb3oBaHud CuClz:2H20 B GOJBIIMHCTBE KAaTAIMUTUYECKUX OKHUCIUTEIBHO-
BOCCTAaHOBHUTEJIBHBIX PEaKINil 00eCTIeunBaCTCsI IMEHHO MHOTOXJIEKTPOHHBIN niepeHoc [44]. B padote
[45] ¢ momomipto kinactepa ¢ 6en3uaaMuHoBbIM JranaoM [CusClsO(PhNH2)4] Ob11 mpoBeneH psi
KaTaJIMTHYECKUX PeaKIUil, TAKUX KaK CEJIEeKTUBHOE OKHCIICHHE dTaHOJIa, OKUCIEHHE MUPOKATEXMHA
U €r0 MPOU3BOIHBIX, THIPOKCHINpoBaHue anudarndyeckux cpszeit C-H ¢ momomnipio H20:.

Bpomuansie knactepsl CusBreOLs ¢ pasnmuaabivu N-1oHOpaMH, TAKUMH KaK MAPHIIH, HUIKOTHH
U JIpyrHe aMHHBI ObLTH MOJTydeHbI B paboTax [46,47], oqHAKO B TOpa30 MEHBIIIEM KOJIHYECTBE, YEM
XJIOPU/IHbIE aHAJIOTH, a WX KaTaJIUTHYECKHUE CBOMCTBAa MaJOM3yueHbl M HE COIIOCTaBJIEHBI CO
CBOWCTBaMH aHAJIOTUYHBIX XJIOPUAHBIX KJIaCTEPOB. brun CHUHTE3UPOBAHBI U
cMmemanHorajgorenuaabie kiaactepsl cocraBa CusBrnCle—n)O(3-CNPy)s 1 M3ydeHBI HEKOTOpPBIE MX

bu3nKo-xMMHUYCCKHE CBOMcTBA [48].
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Jlo HemaBHEro BpeMEHH eme He ObuIo moiydeHo kiactepoB ¢ sagpoM  CusXeOLs c
JTUATKWIIAAHAMUAHBIMU JIATAHAAMH, TOTOMY OJHOM W3 3a7ad B JHCCEPTAIMOHHOW padore

SBIISICTCA UX MOJyYCHUE, XapaKTepH3alus U U3y4eHUE UX (PU3UKO-XUMHYECKIX CBOWCTB.

TerpasaepHble KjiacTepbl Ha ocHoBe rajorenunos meau(l)

INanorenuanble KoMIuiekchl Meau(l) mpHUBIIEKAIOT OCTOSIHHBIA MHTEPEC UCCIIE0BATENEH B
CBSI3M C X 3HAYMMOI POJIbIO B KAYECTBE KAaTAIM3aTOPOB oprannyeckux peakiui [49, 50], yuactuem
KOMILIEKCOB B (hoTOKaTaiuTHYecKux mponeccax [51, 52], coznanuemM MatepuanoB ¢ pa3IHYHBIMU
JFOMUAHECUEHTHBIMHU [6, 8, 53], COPOIIMOHHBIMU M CCHCOPHBIMU CBOMCTBaMH [7].

Hanpuwmep, u3BectHbie KybaHomopo0Hbie Kiaactepbl meau(l) ¢ sapom CusXs (X =CI, Br, 1) ¢
pasnuyHbIMH opraHuyeckuMu N- u P- uiaM S- JOHOpHBIMHU JIMTaHJAMM JIOMHUHECLUPYIOT Kak B
pactBope, Tak M B TBepaoil ¢asze. PaccTosHusS MeXIy UYETHIpbMS TETPadpUUYECKU
OpPUEHTHPOBAHHBIMH [IEHTPAMH ME/IM 3aBUCAT KaK OT raJioreHu1a X, Tak u oT turanja L. Paznununsie
terpasuepable  Komrmuiekebl  [CusXsls]  (puCyHOK 5) JIEMOHCTPUPYIOT  MeTAIO(DHIBHBIC
B3aumoieiictBus Cu—Cu, KOTopble CIIOCOOHBI OKa3bIBaTh BIMSHUE Ha JIIOMUHECIICHTHbIE CBOMCTBA,
B YAaCTHOCTU H3-3a BHYTPUKIIACTEPHOIO 3JIEKTPOHHOro mnepeHoca. [lomoOHble B3auMoOAeWCTBUS
NPUCYTCTBYET TpaKTHYeCKH Yy Bcex kiactepoB [CusXsls], He3aBHMCHMMO OT nwrasaa, dTo
noareepskaaet paccrosaue d(Cu—Cu) = 2.60-2.80A, koTopoe MeHbIte cymMsl Ban-ep-BaanbcoBbix

panuycos (2.8 A) [6, 8, 53-56] (cm. pazgen 1.2.1).

Pucynox 5. Cxemamuunoe uzoopasxcenue knacmepos CUsXsls

Kiacrepsr ¢ smpom Cusls ropasgo Gosee ycTOWMYHMBBEI BO BHEIIHEH cpefie, IO CPAaBHEHHIO C

aHaJoraMM C MOHAMH XJIopa WM Opoma, 4yTo paciuupser 00JacTh NPUMEHEHHS] UMEHHO MOIHIHBIX
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kiactepoB. OCOOCHHOCTh HOAMIHBIX KiacTepoB CUsls 3akimroyaeTcss B TOM, YTO OHHM WHTCHCHUBHO
JIOMHHECIUPYIOT TPH Pa3IMYHBIX TemIeparypax (Takke oONagaroT TEPMOXPOMHU3MOM U
COJIbBATOXPOMHU3MOM) B TBEPAOM COCTOSHUUM UM YMEPEHHO JIIOMHHECUUPYIOT B pacTBOpeE,
XapaKTepU3yeTCss BHICOKUMHU KBAaHTOBBIMU BBIXOJAMH, OOJBIIMMH JHAlla30HOM O3MHUCCUH U
BpeMeHaMHu Ku3HH. J[aHHbIe POTOPH3HMUECKUE TapaMETPhI SBJISIFOTCS BYKHBIMH B ONITOJJICKTPOHUKE
npu paszpaborke cBetoanonoB [53-59]. B oriauume OT HMOMMAHBIX KIACTEPOB, XJOPUAHBIE WU
OpoMuIHBIE OYEHB c1a00 JIFOMUHECIIUPYIOT B PACTBOPE U KPUCTATUIMYECKOM COCTOSIHUH, YTO CBSI3aHO
¢ APPEKTOM TSDKEIOTO aToMay 1Ho/a, y KOTOPOTO BBIIIE CIIUMH-OPOUTAIBHOE B3aMMOICHCTBUE, YTO
B CBOIO OYEpE/ib YBEIMUYMBACT BEPOSTHOCTh BHYTPUKIACTEPHOTO IEKTPOHHOIO mnepexona Cu—X u
Cu—Cu u3 TpHILIETHOTO COCTOsiHHS B cuHrieTHoe. s kiactepoB ¢ supom CusXs (X = ClI, Br)
BEPOSTHOCTH OJJOOHOTO MEepexo/1a Masia n3-3a 0oJiee HU3KOTO CIIMH-OPOUTAIBHOTO B3aUMOICHCTBHS
Ooee panHux rajgoreHos [53].

Hanpumep, B paborax [6, 8] kmactepnl [Cuslsls] ¢ N-moHOpHBIME 3aMelIeHHBIMH
npousBoaHbiMu nupuauna (L = 3,5-Me-Py, 3-CI-Py) u P-gonopamu (L = PPhs, PPh,CH,CH=CH>)
ObUTH TIpeAMETOM OOJIBITMHCTBA KOJMYECTBEHHBIX (POTOPHU3MUECKUX MCCIECIOBAHUN 110 KJIacTepam
rasioreHu10B Meau(l). ABTOPBI PUIILIH K BBIBOJLY, YTO BBICOKAsi CTPYKTYPHAsi THOKOCTh (hparMeHTa
Cusls nemaer KOMIUIEKCHI HA OCHOBE TakKoOTo sJIpa YyBCTBUTEIbHBIMU K U3MEHEHMSM BO BHELIHEH
cpelie, U CHOCOOHBIMU K TMPOSIBJICHHMIO COJIbBATOXPOMHOM, TEPMOXPOMHOM M MEXaHOXPOMHOM
moMuHecieHIIH. COTIIacHO JIMTEPATyPHBIM JaHHBIM, [ 53] IUIst MHOTHX KIIaCTEPOB KYOAHOBOTO THIIA
[CuslsLs] ¢ N-moropHBIME uTanaamu (L = Py, 3amMerieHHbIe MTUPUANHBI, aHHIHHBL, aMUuHbI, MeCN)
JUIMHHOBOJIHOBAsI SMUCCHSL, 00YCIIOBJIEHHAs! KJIaCTeP-IIEHTPOBAHHBIMU NEPEX0AaMU METaI-MeTaIlI
d—s, p u Hog—Mmertas, aexuT B obmactu 550-630 um. [TosTomy B knacrepax Homuma meau(l) ¢
pPa3IMYHBIMM  JUANKWIIHAHAMUIHBIMA ~ JIMTAHAAMH  CTOMT  MpEANojiaraTh  aHaJOTUYHbIC
dorodu3znueckre XapaKTepUCTUKH.

st xnactepoB [Cuslsls] BO3MOXHO ¥ TreTEepOJIMTaHAHOE OKPYXEHHE M 00pa3oBaHHE
COKpHCTA/UIN3aTOB, Kak H s BoIIEyNoMsSHYTHIX [CusCleOLs]. B oTnmume oT ranoreHHIHBIX
kiactepoB meau(ll), s knacrepo meau(l) U3BecTHO KpaifHE MajO COKPUCTAJUIM3AaTOB COTJIACHO
JaHHBIM KpucTamiorpadudeckoit 6a3pl qanabix CSD. B paborax [57-59] moapoOGHO onuchIBarOTCS
COKPUCTA/UIU3aThl C  TOJNYOJIOM, JUXJopMeTaHoM wiau  Terparuapadypanom  [Cuals(4-
picoline)s4]-2CeHsCH3, [Cusla(Py)a]a-THF, [Cusla(PPhs)s]-2CH2Cl2, [Cusls(PPhs)a]-2.5C7Hs, The
COJIbBaTHbIE MOJIEKYJIBI BXOAST B COCTaB BTOPOH KOOPAMHAIIMOHHON cdephl, Kak B cllyyae C
kinacrepamu  ramorennioB  memau(ll).  ABtoper  paGoTel  [S57] TPOBOAST  CPaBHUTEIBHYIO
XapakTepUCTHKY (GoTodu3ndeckux cBOHCTB cokpuctamumsara [Cusls(4-picoline)s]-2CsHsCHs ¢
OecconmpBaTHBIM  KiactepoM [Cuasla(4-picoline)s]. Tlpu mepexoae OT KpUCTAUIOCOTbBATa K

OeccompbBaTHOMY KJIACTEPY B CIEKTpaxX 3MUCCHHM NPU KOMHATHOM TeMIepaType H3MEHSATCS Kak
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nojoxenne Mmakcumyma (¢ 580 Ha 641 NM), Tak ¥ KHTEHCHBHOCTh, BpeMeHa ku3HH (¢ 8 10 8,4 us)
U JUIMHBI BOJIH B criekTpax Bo30yxaeHus (¢ 350 ma 310 nm). OnHako, TUTEpATYpPHBIX JAaHHBIX IO
COIIOCTABJICHUIO TOJIOOHBIX OOBEKTOB HEJIOCTATOYHO, MO3TOMY COKPUCTAIIM3AThI KJIACTEPOB C
sipoM Cusls TpeOyroT 60s1e€ MUPOKOTro MacCHBa HOBBIX COCTMHEHHH SISl JATBHEHIIIETO MOAPOOHOTO

HN3YUCHUA BJIHAHHA COJIBBATHBIX MOJICKYJI HA OCHOBHBIC q)OTO(l)HBI/ILIeCKI/IC CBOICTBA.

1.1.3 KoMIieKcHbIe COeJMHEHUSI HA OCHOBE CAXaPUMHATOB

[ToMrMO  BBIICYIIOMSHYTBIX ~ HEHUTPANbHBIX  JUATKWIIHAHAMUIHBIX  JIMTAHIOB |
pa3HOOOpa3HBIX KOOPAMHAIMOHHBIX COSJMHEHHUI MEIW Ha WX OCHOBE, MHTEPEC B 00JACTH XMUMHUHU
MEIM TaKKe NpeACTaBIsAtoT uMuiaHble Juranabel Ri-NH-Rz, mpumuem Ri um Rz comepxkar
anekrporoaknentopusie rpymisl (-COOH, -SO2, -HSO3, -COH, =0, -CF3 u T.1.), 32 C4éT KOTOPBIX
JIOBOJIGHO JIETKO TPOMCXOJUT MPOIECC IEMPOTOHHPOBAHHUS NPU KOMIUIEKCOOOpPA30BaHMU. DTH
JIMTaH/IbI 329aCTYHO TIOJIHICHTATHBI M TIOTM () YHKITMOHAIBHBI, YTO O0BACHSIET OO0JIBIIIOE Pa3HOOOpa3He
KOMIUIEKCOB C TMEPEeXOMHbIMU MeTaiaMu. [lonudyHKIMOHAIBHBIC JIMTAHIBl — JIMTAH[IBI
MPEUMYIIECTBEHHO OPTaHWYECKOW TMPUPOJBI, 00IaMafomnue HECKOJBKHUMH (YHKIIMOHATBHBIMHU
TpyNIaM#, CIIOCOOHBIMH KOOPJWHHUPOBATHCS K METAJUTMUECKUM IIEHTPAM dYepe3 OIpeelicHHbIC
aTOMBI, YTO TPHUBOJUT K OOpa30BaHUIO YCTOWYMBOHN YIOPSIOUYEHHOH ONpeaeNneHHbIM 00pa3oM
MPOCTPAHCTBEHHOM CTPYKTYPHI.

Nmuner B nenom Oomee xectkue Jmrauasl coriacHo teopuu KMKO Ilupcona, Hexenu
JTVATTKAIIAaHAMHIBI, BBUIY CBOETO OTPHIIATENBHOTO 3apsiga Ha aToMe a3ora. OnmHako, myTeM
W3MEHEHHUs pa3Mepa JMTaHla, a TaKXKe BapbUPOBAaHUS PA3NUYHBIX  (DYHKIIMOHAIBHBIX
AIIEKTPOHOAKIIETITOPHBIX TPYIII, TapaMeTp KeCTKOCTH/MSATKOCTH MOKHO IIeJIEHANIPAaBIEHHO MEHSTb,
YTO TIO3BOJISIET TOJIy4aTh YCTOWYMBBIC KOMIUICKCHBIC COCJAMHECHHS CO BCEMH IEPEXOIHBIMHU
MeTayiaMu. VI3BECTHO, UTO TOJTHICHTATHBIC UMHUIHBIC JINTAHBI (PHCYHOK 6) IIMPOKO UCIIOJIB3YIOTCS
KaK JIUHKEPHI JJIs CO3JIaHUsl Pa3IUYHBIX CYMPAMOJIEKYISPHBIX MOTHBOB, B TOM YHCJIE€ MOPUCTBIX
MeTanoopranndeckux kapkacoB (MOFS), KoTopbie akTHBHO IPUMEHSIOTCS B XUMHUECKOM KaTaan3e

WK CeNIEKTUBHOMN copOituu Motekyi [60-63].
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Pucynok 6. Umuonwie nueanovl 6 kauecmee aunkepos 0is nonywenus MOFS [61]

Crout otmeruth caxapun (HSac) B kauecTBe nuranma, KOTOpbI B JalbHEWIeM OyneT
dburypupoBath B 3KCIEpUMEHTaIbHON yacTu paboTel. UHTepec k caxapuny (HSac) u caxapunary
(Sac’) kak K MPEACTaBUTEII0 HWMHAOMOJOOHOTO JIUraHaa OOYCIOBJIEH TEM, YTO OH SIBIISCTCS
oI YHKIMOHATIBHBIM JIMTAHAOM (PUCYHOK 7) B XMMHMHU NEepeXoaHbIX MeTaioB [64]. CaxapuHart-
AHUOH MOJKET CYIIIECTBOBATh BO BHEIIHEH cdepe Kak MPOTUBOMOH, a MOJIEKYJla caXxaprHa BXOJUTh
BO BTOPYIO KOOpPJIMHAIMOHHYIO c(epy B cCOCTaBe KPHUCTAIJIOCOJbBATa, Yalle BCEr0 3a CUeT
BOJIOPOJHBIX CBs3el. Takum 00pa3om, caxapHH CITy)KUT B KAYECTBE TTOTEHITUATBHOTO CTPOUTEITHHOTO
0JIOKa TS Ju3aiiHa HOBBIX PA3IMYHBIX MOJICKYJISIPHBIX aHCAMOJICH.

[ToryueHne HEKOTOPBIX MEAHBIX KOMILIEKCOB C CaXapUHOM PacCMOTPEHO B cTaThe [65], Tae
ObLTH OTKCAHBI PEAKIMK C BBeACHHEM JomonHUTeNbHbIX Turannos (H20, PPhs u NHz) B kommieke
cocraBa [Cu(Sac)2(H20)4], mpu sTOM caxapuH KOOPAMHHUPOBAH K Meau depe3 a3or. CoriaacHo
maHHeiM PCA u  Jpyrux (U3WKO-XMMHYECKHX METOJIOB aHalM3a TOJYYCHHBIX IPOJYKTOB,
00pa30BBIBAIUCH HOBBIC cMelianHoIUranaHbie kKomiuiekesl Meau(l) u (II), B KOTOpbIX caxapuHAT
KOOPIAMHHUPYETCS K MEIW UeTBIPbMS pa3IUYHBIMU  crioco0amMu  (pUCYHOK §), BKIIIOYast
CEMHUKOOPAMHAIINIO Yepe3 CyIb(MOHWIBHBIA aTOM KUCIIopoaa. TakuM o0pa3oM, KOOpAHMHAMOHHBIE
CBOMCTBa caxapWHaTa aJaITUPYIOTCS B KaXKJIOM KOHKPETHOM CiIydae K KECTKOCTH/MSITKOCTH HOHA
MeTallja, CTepUYecKuM  (QakTopaM o0pa3oBaHUS KOMIUIEKCAa W/WIM K  CTaOuimu3anuu

KpI/ICTaJIJII/I‘{CCKOﬁ CTPYKTYPHEI IIOJIy4ac€MOro COCIMHCHH .
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Pucynox 8. Cnocobul koopounayuu caxapuna k meou [65]

Eme onun npumep nmoauyHKIIMOHAIBHOCTH CaXapUMHATHOTO MOHA MOKa3aldu aBTOPbI paboThI

[66], B koTOpoii uccrenOBaNM BIMSHHUE METOAA KPUCTAUIM3AlUK Ha COCTaB MMOJyYaeMbIX
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CaxapuHATHBIX KOMIUIEKCOB M KOOPJMHAIMIO JIMTaHAa K MeTaoneHTpy. CormacHo nanHeiM PCA
MEJJICHHOE yIIapuBaHUE PEeaKIMOHHON cMecH, conepxkaieit menn(1l), caxapun u nupuaasus (pydz),
B cmecu H2O/MeOH (1:2) maer monosinepusiii komiuteke [Cu(Sac)2(H20)(pydz)], Torma kak MeTos
MemsieHHOM ud@dy3un ¢ HCMIONb30BAaHUEM TUATHIOBOrO 3(upa NPUBOAUT K MOJIUMEPHOMY
komruiekey [Cu(u-OH)(u-Sac)(u-pydz)]n. Jluranasl B 3THX KOMIUIEKCAX JEMOHCTPUPYIOT pa3HbIC
CHOCOOBI KOOPIMHAILINY, U YIaCTHE CYIb(OHMIBHOTO KUCIOPOAa B CaXapHHE B CBA3BIBAHUH METaJlIa
B TIOJIMMEPHOM KOMILIEKCE SIBJISIETCS IOBOJIBHO PEIKUM MpUMepoM Iipu kKoopauHamuu K menu(1l).

Jlns caxapuHaTOB BO3MOXKHO 00pa3oBaHue OUsIepHBIX KoMILIekcoB. Hampumep, B pabote [67] B
KayecTBE BTOPOTO JIMTaH/a HapsAy C CaxapuHATOM MCIOJNb30BAIM MMHUIA30], B UTOTE IMOJIydascs
OusiepHbli reTepourananblii koMmruieke [Cuz(Sac)s(im)s] (im = uMuIa3011), B KOTOPOM CaxapHHAT-
AQHMOHBI SBJISIFOTCS MOCTUKOBBIMH JIUTaHIAMHU.

Eme oxHoO# BaxHOW OCOOEHHOCTHIO CTPYKTYPHOU XMMHHM KOMILIEKCOB C CaXapuHOM SIBJISETCS
o0Opa3oBaHue MPOCTPAHCTBEHHOI CETKU BOJIOPOIHBIX CBsI3eH B kpuctamiax. B crarbe [68] mokazaHo,
gT0 [M(Sac)2(H20)4] (M = Cu?*, Ni?*, Co?") pearupyror ¢ mukoTHHamMuI0M (dena) ¢ o6pazoBanneM
CMEIIaHHOJIUTaHIHBIX KoMITIeKcoB, [M(Sac)2(dena)(H20)]-H20, B cTpykType KOTOPBIX peain3yeTcs
OJIHOMEpHasl CeTKa BOAOPOJHBIX CBA3EH 3a CUeT KOOPAMHUPOBAHHOM BOJBI U JTUTAHIOB COCEIHHX
MOJIEKY.

CaxapuH BBUJY CBO€H HH3KOW TOKCHYHOCTH TIPUMEHSETCS HE TOJbKO B IHIIEBOU
MPOMBIIIJICHHOCTH B KaUeCTBE IMOJCIACTUTENS, HO U B 007acTH MeIUIUHBL. Tak, caxapuH MOKET
OBITH IOTEHIIMATBHO TMOJIE3€H B KaueCTBE MPOTUBOSAUS MPHU OTPABICHUH METalslaMH, KaK JTUTaH]
g xenarorepanuu [69]. OTo cBs3aHO ¢ 0OJdBIION YCTOWYMBOCTBIO M KpailHe Maioi
pPacTBOPUMOCTBIO MOJMMEPHBIX CaXapHHATHBIX KoMIulekcoB, Hampumep, Pb(Il), TI(I) nmmu Ag(l).
Kommuekesl  [Zn(Sac)2(H20)4]:2H20 u  [Cu(Sac)2(H20)4]-2H20  mokasanu — onpeaeeHHbIH
UHrHOUpyroumii 3 GexT iN Vitro B OTHOLICHUU KapOOaHTHIPa3bl, 4TO MOXKET MOTEHIIMATBEHO TOMOYb
IIpH JICYSHHUH TIIayKOMBI, 3a00JIeBaHHi TIOUYeK U HepBHOU cuctemsl [70].

B obnactu ¢apmaneBTHKH M3BECTHO, YTO OOpa30BaHME TaK HA3bIBAEMBIX COKPUCTAJUIM3ATOB
(KpUCTAJUTOCOILBATOB) UMEET OOJIBIIOE MPAKTUIECKOE 3HAYEHHE B Pa3pabOTKE METOIOB JOCTABKU
JeKapcTB n3-3a 3 deKTa MOBBIMICHHUS WX pacTBOpUMOCTH B Boje [71]. Caxapuu xoporio oopasyer
COKPHUCTAJUIN3ATHI U CIIOCOOEH CBSA3BIBATHCS C OEKaMHU, MOCKOJIBKY OH MOXKET BBICTYINATh KaK JIOHOP
BC (3a cuer NH rpynmsr), u kak akuentop BC (C=0 umu SO2 rpymmsr) [72]. CooTBEeTCTBEHHO,
aHAJIOTUYHBIE O00JacTH TPUMEHEHHUS OXHIAeMbl M Ui KOMIUIEKCOB Pa3jMYHBIX METAJJIOB C
CaxapuHOM, IIO9TOMY H3y4€HHE OCOOEHHOCTEH 00pa3oBaHUSI M CTPOEHUS KOMIUIEKCOB C

BBIICYKA3aHHBIM JIMTAHAOM HC TCPACT CBOXO AKTYAJIbHOCTD.
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1.2 C1a0bie B3anMOAeCTBUSA

1.2.1 OcHOBHBIE OHATHS U XapPaKTePUCTUKH CJIA0BIX B3aMMOAEHCTBHIA

B cBs131 ¢ T€M, YTO BBIICYTOMSHYTBIC MOJIEKYIIbI (THATKUIIIMAaHAMHUIBI M CAXapHH) COAEPKaT
T-CHCTEMBI, a CaxaphH CIHOCOOCH OOpa30BBIBATH BOJOPOJHBIC CBS3H, 3TH MOJEKYJbI (JIMTaHJIbI)
MOTEHIIUATHHO MOTYT OBITh YYaCTHUKAMHU CIIA0OBIX B3aUMOJICHCTBUMN, O KOTOPBIX Jajiee MOMIET peub
B pazJere.

Ha cerogHsmHuii JI6Hb M3BECTHO MHOXKECTBO pPAa3jJUYHBIX THUIIOB HEKOBAJEHTHBIX
B3auMoieiicTBuii (Tabnuia 1), Takue Kak BOJOPOIHBIE CBsA3HU [73, 74], raoreHHsie, XaabKOITCHHEIE,
MHUKTOTEHHBbIE CBs3u [75-78], meramnoduibHble B3aumopeictBus [79, 80], m-crexunr [81],
ANIEKTPOCTATUYCCKUE B3aMMOJICHCTBUSI MOHOB MEXIy co0oil wiu ¢ m-cucremon [82, 83]. Ecim
KOBaJICHTHOE, JIOHOPHO-AKIIETITOPHOE WM MOHHOE CBS3bIBaHHE pEaln3yeTcs 3a c4eT 0Opa3oBaHUs
O0IIMX SJEKTPOHHBIX TAp WM HMOHOB C IIOJHBIM IIEPEHOCOM 3apsjia, TO OCHOBHOHM BKJaa B
o0pa3oBaHNE HEKOBAJICHTHBIX B3aUMOJICHCTBUN BHOCAT JJICKTPOCTATHYECKUE, IHUCIIEPCHOHHBIC,
MOJIIPU3AIIMOHHBIC CHJIBI H/WITM YaCTUYHBINA TepeHoc 3apsaa. OCHOBHOE OTIIMUME HEKOBAJICHTHBIX
B3aMMOJICHCTBHI OT KOBaJICHTHBIX, MPEJCTABICHHBIX B TA0JIMIIE, 3aKIFOUAETCS B TOM, UTO UX SHEPTHUs
CBSI3M JOCTATOYHO Majia MO0 CPAaBHEHHUIO C SHEPrued KOBaJICHTHOW/MOHHOW CBSI3U, OJHAKO OOIIas
OHEPrusi MHOXKECTBA HEKOBAJICHTHBIX B3aMMOJICHCTBUI 3HAYUTEIIbHA, W HYXHO YYUTBIBATH HX
BIIMSIHME Ha XUMUYECKUE U (DU3UYECKHE CBOMCTBA BEILIECTB.

W3BecTHO, dro 3TH cnabble  B3aUMOJCHCTBUS ~ UTPAIOT  OONBIIYI0  pOIb B
KPUCTAIJIOXUMUYECKOM JIM3aifHE pA3JIMYHBIX CYNPaAMOJEKYISIPHBIX CTPYKTYp, YTO TIOMOTaeT
UCKYCCTBEHHO  CO3JIaBaTh  MaTepHalibl C  ONPEJCIICHHBIM  CTPOSHHEM W  CBOWCTBaAMU

(boToduznuecKrMH, TESKTPOXUMHUUESCKUMHU, MATHUTHBIMH 1 T.1.) [13, 72 — 84].
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Taobnuya 1. Ycpeonenmnvie snepeuu pasiuyHbix U008 CLAOLIX 83AUMOOEUCMBUL NO

CPABHEHUIO C KOBANEHMHOU U UOHHOU c653b10 [72—83]

Bun B3anMonenicTBus DHeprus cBsi3u, KJ>k/MOJIb
I"amoreHHbIe/XaIbKOIN€HHBIE/ TTHUKTOT€HHBIE CBA3U 2-30
MeramnoduiibHbIC B3aUMOICHCTBUS 5-20
Bonopoansie csizu 3-100
T-CTEKHUHT (7-T-B3aUMOJICHCTBHUS ) 1-50
DJIEKTPOCTATUUYECKUE B3aUMOJICUCTBUS 20-30
B3anMoaeicTBIS HOHOB/3IEKTPOHHBIX Map ¢ 5-80
TT-CUCTEMOM

I'unpodobubIe B3anMoaeHCTBUS 1-40

KoBajienTHas1 ¢BSI3b, HOHHAA CBSI3b 300 - 900

bonee monpoOHO OCTaHOBMMCS Ha HEKOTOPBIX BUAAaX ClIaObIX B3aHMMOJECHCTBHI, KOTOpHIE
OyaoyT mpeacTaBleHbl B OOCYXIEHUM COOCTBEHHBIX pe3ynpTaToB. OAHMM M3 BHJIOB Cla0bIX
B3aUMOJICUCTBUN  siBNIsieTcss  eanoeennas  cea3b  (I'C), KoTopas  mpencraBiseTr  coOoi
MIPEUMYIIECTBEHHO AJIEKTpocTaTuueckoe B3aummojerictBue R—XeeeY (X = ramoren, R — paaukarn,
KOBQJICHTHO CBSI3aHHBIA C TaJIoOreHOM) MEXIY HYKJIeOPHIbHBIM 1eHTpoM Y (akuentopom ['C) u
00JacCThIO TIOJIOKUTENBHOTO TOTeHIMana Ha atoMme ramoreHa X B R—X (monopom I'C), xotopas
OTHOCHTCS K G-JIBIPOYHBIM B3aUMOICHCTBHUSIM.

[TommuTIiepoM U COaBT. B pabOTe MO M3YYCHHIO CIIA0BIX B3auMoaecTBrl [12] ObLiIM BBEICHBI
MOHSITHUS G-JBIPKU U T-IBIPKU JJIsl OMMCAHUS XapaKTepa pacroioKeHUs 001acTH TOJI0KUTETHHOTO
MOTEHIIMaa Ha YacTHIle — TOHOpe B3auMoeicTus. [Ipu pacrnonoxernnn 001acT OTOKUTEIHHOTO
MOTEHIIMAa BJOJIh BEKTOpa KOBAJICHTHOW CBSI3U 00pa3yeTcs G-IbIpKa, a MPH MEePIEHINKYITPHOM
MOJICKYJISIPHOMY KapKacy — T-IbIpka (Jamle NMpH HaJIUYAA KPATHBIX CBS3€i); COOTBETCTBEHHO,

B3aUMOJICUCTBUSL MOKHO MOJACIIUTh HAa G-JbIPOYHbBIC U T-IbIPOYHBIE (PUCYHOK 9).
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Y — 2 ==X

Pucynok 9. Obpazosanue nexosanrenmmuwvix konmaxmos (X — 00Hop snexmponHoi

nromuocmu, Y — akyenmopnas epynna, Z — snemenm) uepes w-0vipky () u o-0vipxy (b).

s uaeHTHUKAIIY HATAYIHSI cT1a0bIX B3aUMOJICHCTBUH, B TOM YHCIIC U TAIOTEHHOM CBSI3H,
IpeiaracTcsl JABa TeOMETpUUYECKUX Kputepus. IlepBuiil 3akitodaercs B TOM, YTOOBI pacCTOSHHE
mexny XuY (Y =F,O, N, CluT. 1.) 0b110 MEHbIIIE, YeM CYMMa HX BaH-/I€P-BaalIbCOBBIX PaINyCOB
(Zvaw). B dumTeparype mpemsaraeTcsi HECKOJBKO IIKaJ JJsi BaH-AEP-BaajlbCOBBIX PaIUyCOB,
HarpuMep, 0aza paauycoB bonaum mnpemnoxena B pabote [85], B koTOpo#l st OOJBIIMHCTBA
9JIEMEHTOB TMpEAJIaratoTcsl HaWMEHbIINE WX BeTUYMHbL. OJHAKO MPH H3YYEHHH OOJIBIIOro
KOJIMYECTBA CTAaTUCTUYECKUX JAHHBIX 10 HEKOBAJIEHTHBIM B3aUMOJCHCTBUSIM BBILICYNOMSHYTHIE
pamuychl OKa3bIBAIOTCS CIMIIKOM Maibl U OJNU3KM K KOBAJIEHTHBIM, MO3TOMY, BO3MOXHOM
aJIbTEPHATHBOW MOT'YT BBICTYIIATh BaH-/I€P-BaalbCoOBbIC paanychl Poynanaa [86].

Bropoii kpurtepwuii npennonaraet, uro st ['C noutu Becerna yron £(R—XeeeY) 6nuzoxk k 180°.
BrleykazaHnHble TEOMETPUUYECKUE MTapaMeTPbl MOKHO JOBOJIBHO JIETKO MOJIYYHTh U3 PE3YJbTaTOB
peHtreHocTpykrypHoro ananusza (PCA) MOHOKpHCTAIOB, KOTOpBI sBIseTcs Haubolee
OIXOASIUM MeTo10M uaeHTudukamuu I'C [87].

Panee ymommuanock, 4to BogoponHyio cBsizb (BC) Moryr oOpa3oBbiBaTh paziuyHbie N-
JIOHOPHBIE JIMTaH[bl, TAKWE KAK aMUHBI, UMUJIbI, AMUHOKHUCIIOTHl U T.A., IPUYEM KaK B KaueCTBE
JIOHOPOB, TaK M AaklEeNTOPOB, B 3aBUCUMOCTH OT THNA KOOpJAMHAUMU. [ MOJTy4yeHUs HOBBIX
KOMILUIEKCHBIX COEIMHEHWN, a TakKe MJis W3YYCHHS WX CBOWCTB, BAXKHO TOHSTh MEXaHU3M
00pa3oBaHusl U KPUTEPHUH OICHKA HEKOBAJICHTHBIX B3aWMOJCHCTBUN, B YaCTHOCTH BOJOPOJIHBIX
CBsI3€iA.

Bonoponnas cBsazp (BC) — 370 MEXMOJIEKYISIpHOE B3aMMOJIEHCTBHE, KOTOPOE BO3HUKAET
MEXIy aTOMOM BOJOpPOJid, KOBAJIEHTHO CBSI3aHHBIM C aTOMOM  3JIEKTPOOTPHUIATEIHHOTO
XUMHYECKOTO 3JIEMEHTa, U aTOMOM JIPYroro AJIEKTPOOTPHUIATEIILHOTO 3JIEMEHTa. ATOM BOJIOPO/a,
OyIy4d CBSI3aHHBIM C ODJICKTPOOTPHUIIATSIIBHBIM aTOMOM, HCHBITHIBACT JACPHUIIUT SIECKTPOHHOU
IUIOTHOCTA W DJIEKTPOCTATUYECKH (C JOHOPHO-aKIENTOPHOW COCTABISIONICH) MPUTATHBACTCS KO

BTOPOMY 3JIEKTPOHOU3OBITOUHOMY atoMy. OOBIYHO BOJOPOIHYIO CBSI3b 0003HAYAIOT CIEAYIOIINM
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obpazom: R—Hee*Y (Y — HykiI€obHIBbHBIN aTOM, aKIenTop BogopoaHoi cesasu: F, O, N, pexe P, S),
npudeM R conepKuT 31eKTpooTpHUIaTelibHbIe aTOMBI [73, 74].

I'C sBastroTes 6mmkaiimmmu ananoramu BC, roe B I'C ponb atoma Bogopoaa — KUCIOTHI
JIprouca BBIMOJHSET aToM rajoreHa. Kpurepuii cymMMbl BaH-/1€p-BaalibCOBBIX pajnycoB 1o bonau u
Poynanny taxke mpUMEHHM K OLEHKE HAJIWYHUS BOJOPOJIHBIX CBsA3eil. OHAKO Ba)KHBIM OTIMYUEM
I'C ot BC sBustorces Ooiniee crporue yriaoBeie orpanuuenus s ['C (pucynok 10). Tak, cormacHo
pexomernanusm MIOITAK, mis BC yrom R—HeeeY o06bryno Gompme 110°, Torma kak mus I'C
xapakrepeH yroi R—XeeeY, 6muskuii k 180° [12, 77, 78].

v o
) -
R_"X'I'“Y R.I- \."...Y
d(X--Y) < Rygw(X) + Ruaw(Y)  d(H--Y) < Rygw(H) + Ruaw(Y)
150° < o < 180° 110° < o < 180°

Pucynok 10. Cpasnenue canozcennotl (cniesa) u 6000poOHON cés3ell (cnpasa).

Eme omHMM BHIOM HEKOBaJEHTHOTO B3aMMOJECHCTBHS, O KOTOPOM CTOMUT YIOMSIHYTH W
KOTOpBIN OyZIeT paccMaTpuBaThCs B 00CYK/IEHUU PE3YJIbTAaTOB, 3TO B3aUMOJICHCTBUS YacTUIl (MOHOB,
HCIMOACIICHHBIX J3JICKTPOHHBIX nap) C T-CHCTEMOM M T-CTECKHUHT (Me)KI[y apoOMaTH4YCCKUMU
dbparmeHTamMu Mousiekynd). JManKuiIIMaHaMHUIHBIE JIMTAHABI, a TaKKe HMHIOMOMOOHBIN JHraHi
caxapuH(ar) coaepkaT B cebe Kak T-CUCTEMBI (KpaTHBIE CBSI3H), TAK U HETOJIEJIEHHBIE SJIEKTPOHHBIE
napebl.

C Touku 3p€HUA XWMHHU, T[-BSaHMOI[Gi/JICTBHSI NpeaACTaBJIAIOT cO0OM THUII HEKOBAJIEHTHOI'O
B3aMMOJICHCTBHS, B KOTOPBIX TM-CHUCTEMBbI OOpa3yloT CBSI3bIBAHUE C JPYTHUMU MOJIEKYJIaMU,
YacTUIIAMHU UJTU TT-CHUCTeMaMH. B kadecTBe MapTHEPOB T-CHCTEM MOTYT B 3aBUCHMOCTH OT YCIIOBUH
(B 4aCTHOCTH, OT paclpeleieHus] JICKTPOHHOM TUIOTHOCTH) BBICTYIATh MOJICKYJIBI, COJCpIKAIIHIC
HCMIOACIICHHBIC DJJICKTPOHHBIC IIapbl, KAaTUOHBI, IBIPKH ('-IaCTI/IIII)I C )Ie(l)I/IHI/ITOM SHGKTPOHHOﬁ
IUIOTHOCTH) WJIM KpPAaTHBIE CBSI3W B COCTaBE YIJIEPOJHOTO CKeJeTa, (PyHKIHOHAJIBbHBIX TPy
(apomaTuyeckue, HUTPUIbHBIE, U30I[HaHHU IHbIe, KapOOHWIbHEIE, KAPOOKCUIIBHBIC, CYIb(OKCHIHbIE
U T.1.). Takke T-B3aMMOJICHCTBHE MOXKET OBITH PEaM30BaHO 3a CUET CBSA3BIBAHUS T-CUCTEMBI C
METa/UTOIIEHPOM (KaTHOHHBIM HIIM HEWTpanbHbIM), ¢ aHuoHoM [81, 88]. K wactHomy cimydaro
ANEKTPOCTATHYECKOTO T-B3aUMOJICHCTBHS OTHOCST TW-CTEKHMHT, TI/ie¢ 00JacTh T-CUCTEMBI C
OTPHIIATENBHBIM 3apsiIoM (T-akLenTop), Oorartast 3JIEKTPOHHOM IMIOTHOCTHIO B3aUMOJCHCTBYET C

00JaCThIO C TIOJIOKHUTEIHHO 3apsHKEHHBIM T-TOHOPOM (7-AbIpkoii). Kputepuit cymMmbl BaH-Iep-
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BaaIbCOBBIX PaNycoB (Xvdw) OCTAETCSl MPUMEHUMBIM U B 3TOM ciiydae. OHaKO 3HaYEHUS YIJIOB B
T-B3aMMO/ICHCTBHSX MOTYT OBITh Pa3iIMUHBI, B 3aBUCUMOCTH OT CTEPUYECKOTO (hakTopa U OT TOTO,

KaKhe MMEHHO YacTHUIIbl B3aUMOJICHCTBYIOT MeX 1y co0oii (pucynku 11, 12).

Pucynox 11. w-cmexune mexncoy apomamuiecKkumy MoaeKkyiamu,

zmexncnnockocmuoui(CeFeeesCeHs) = 180° [88]

'® ® ["® @

o= o4 o=—n R—N=—M

i
“

e - @
A - e~

Pucynox 12. w-63aumoodeticmeus mexncoy m-0blpKAMU OP2aHU4ecKux Moaekyi (a), -
Ovipkamu aueanoos 6 komnuexcax (D-e) u monexynou akyenmopa (Nu) paznoii ceomempuu,

Z(Nuse*m-ovipka) = 90° [89]

[Ipu paccMOTpeHHH OCHOBHBIX BHJOB CIaObIX B3aMMOIECHCTBHI CTOMT OTMETHUTh, YTO HX
noJIpoOHOE U3YyUEHUE SIBIISIETCA BAKHOM COCTABIISIIONICH B XMMHUHU, OMOJIOTUU U APYTUX HAYYHBIX

obnactsax. OTHUM U3 TPUMEPOB CIIA0BIX B3aUMOIEHCTBUN, UTPAIOIINX OUYEHB BAKHYIO POJIb B JKUBBIX
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OpraHu3Max, ABJSETCS M-B3aUMOJEHCTBUE apOMATUYECKUX KOJIEL B COCTAaBE a30TUCTBIX OCHOBAHUI
COCEITHHX Iap KOMIUIEMEHTapHBIX HyKIeoTu10B B Mosiekyse JJTHK [90].

KpoMe »KCHepuMEeHTaNbHBIX METOJOB MICHTU(UKAUUU CJIAa0bIX B3aUMOACUCTBUH, HX
HaJINYME MOXKET ObITh MOATBEPKACHO TEOPETUUYECKH, HAIIPUMEDP, C MOMOILBIO COYETAaHUSI METOJIOB
Teopuu GyHKIIMOHAA 37eKTpoHHOM mnotHocTH (DFT) [91] 1 Teopuu «atomoB B Moiekynax» (AlIM).
CornacHo AIM, kputudeckue Touku cBszu (KTC), Ha NOBEpPXHOCTU TEOPETUUYECKU PACCUMTAHHON
AJIEKTPOHHOM TUIOTHOCTH P(T) KaKk (PYHKIMH OT TPeX MPOCTPAHCTBEHHBIX KOOPIMHAT OJHO3HAYHO
IIOKa3bIBAlOT BCE CBA3BIBAIOILME MEXMOJIEKYJSIPHbIE B3aUMOJCHCTBHS, B TOM 4YHCIE U
HEKOBAJICHTHBIE. DTOT k€ METOJI O3BOJISIET OLIEHUTh SHEPIMU COOTBETCTBYIOLIUX KOHTAKTOB Eint 1O
MOJTYAMITHPHUYECKUM KOPPEISIIAM MEKIY JTOKaTbHBIME 3HaueHUsIME dHeprin B KTC 1 mpoYHOCTHIO

cnalbix B3auMoeicTuii [92, 93].

1.2.2 CynpamMoJieKyJIsipHbIe CTPYKTYPbI KaK pe3yJabTaT cJIa0bIX

B3aUMOAeHCTBUH

B coBpeMeHHON XMMHMM TPOUCXOAMT BCE OOJBIIEE COCPENOTOYEHHE Ha HCCIEOBAHUU
CyNpaMoJIEKYJIIpPHBIX aHcamOJjell, KOTopble, B CBOIO OuY€pellb, SBJSIOTCS CTYNEHbIO Ha MYTH K
KOHTPOJIUPYEMOMY CO3JaHUIO Pa3JIMYHBIX CUCTEM U HAHOMATEPHUAJIOB C 3aJaHHBIMUA CBOWCTBAMM.

CynpamMonekynspHass XUMHUS — OTHOCUTENIBHO HOBBIM pa3iel XMMHH, PaccMaTpUBAaOLIMMA
CJIOKHBIE COCIMHEHMS, TaKue KaK MOJIEKYJIIPHBIE aHcamOu, acCOLMAaThI
CTEXHOMETPUYECKOT0/HECTEXMOMETPUUECKOIO  COCTAaBOB, COCTaBHbIE KOMIIOHEHTBI ~KOTOPBIX
CBSI3aHBI MEX/y COOOM Cl1aObIMH (HEKOBAJICHTHBIMHU ) B3aUMOACHCTBUSIMH.

dopMHUpOBaHUE CYNPAMOJIEKYIISPHBIX aHcaMOJIell MOKET MPOMCXOJUTh CaMOIPOU3BOJIBHO,
3a CYeT SIBJICHHUS, Ha3bIBAEMOTo caMocOOpKoil. ['maBHast NBMXKyIIask CUia mpoiecca caMocOOpKH —
CTpEeMJICHHE CHCTEMbl K MOHMKEHUIO dHepruu ['mbOca myrem oOpa30BaHMsSI HOBBIX XUMHYECKHX
CBsi3€H, MPHUEM SHTAIBNUIHBIN 3¢ (dekT 371ech npeoliagaeT Hal SHTPOIUHHBIM.

OcCHOBHBIE KJIaCChl CYNpPaMOJEKYJSAPHBIX COSAMHEHMH - KaBUTaHIbl, KpPUIITAHIBI,
KAJINKCapeHbl, KOMIUIEKCHI 'TOCTb-XO35MH'", KaT€HaHbl, POTAKCaHbl, TUApPATHI, KiaTparsel. K
CyNpPaMOJEKYJSIPHBIM CTPYKTypaM MOKHO TakK€ OTHECTH JIMIIOCOMBI, MMIIEIUIbI, IKUIKHE
KpUCTaJUIbI U T.1. [94, 95].

Knaccuueckuid mpumep CynmpaMoOJIEKYJSIPHBIX CTPYKTYp — COEIMHEHHS KpayH-3(pupos
(pucyHOK 13), B KOTOPBIX pealu3yercsi JEKTPOCTATUYECKOE B3aUMOJICHICTBUE TT-3JIEKTPOHOB aTOMa

KHCJIOpOJa ¢ KaTHOHOM MCETalla, IpUYEeM AHAMETP ITOJIOCTH OOJIKCH COOTBETCTBOBATH PauyCy
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noHa. Eme ogHMM mpuMepoM cympaMoNIeKyISIPHBIX CTPYKTYp SIBISIOTCSI MOJICKYJIBI, CBS3aHHBIC
BOJIOPOJHBIMHU CBSI3SIMH Jpyr ¢ npyrom. Hampumep, B padore [96] moisiekyabl BOJIbI B COCTaBe
KOOPJAMHAIIMOHHBIX COEAMHEHUH MOTYT OOpa30OBBIBATh KaK JIMHEHHBIC, TAK U MPOCTPAHCTBEHHBIE
IeTH, KOTOPBIE COCOOCTBYIOT CTAOMIIN3AIMH KPUCTAIIMYECKON CTPYKTYPBl KOMILIEKCAa MeIH ¢ 3-

O6pomMbOen30iiHoM KucinoToi (3-Brbz) u aukornnamugom(dena) (pucynok 14).

Pucynok 13. Komnnexcvt muna «xo3aun-20cms», 00pazosanHvle KpayH-3¢hupamu u uoHamu

wenounvix memainnos [94].

Pucynok 14. @pazmenm cmpykmypol (HOKazamvl 08¢ MOIEKYbl) CYNPAMONCKYIAPHO20
noaumepa [Cu(3-Brbz)(dena)(H20)2/, obpaszosannozo 6o0opoonvimu ceszsamu [96]. 30ece u danee

HEKOoBAaJleHNnHble KOHMAKNIbl NOKA3AHbl NYHKMUPHbIMU JTUHUAMU.
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OgHuM M3  MEpPCHEKTUBHBIX  HANpaBlIE€HUN  SBISIETCd  IOJIyYEHHE  PA3IUYHBIX
CyNpPaMOJIEKYJISIPHBIX CTPYKTYp Ha ocHoBe ranoreHHbIX cBsizeil (I'C). Tak, namuuue I'C moxer
CWJIBHO BIIMATH HA PA3INIHbIC (PU3UKO-XUMUYECKUE CBOMCTBA B TIOTYYaEMBIX CTPYKTYpPAX, TAKHAE KaK
doroduzuueckue [97], marauthbie [98], peaknnonnyro cocobHocts [99]. ABropamu B pabore [97]
ObLy1a BIIEpBBIC MMOKA3aHa CBSA3b MEX/Y JTIOMHUHECIICHIIMEH KOMIUIEKCHOTO coenruenus miaTuHbi(1])
u o6paszosanus uMm ['C. Cam no ce6e komIuieKe c1ado TIOMUHECIIUPYET B TBEPA0H (haze ¢ KBAHTOBBIM
BbIX0J10M 3%. OHaKO IpOAYKTHI ero cokpuctau3auu (pucyHok 15) ¢ XCeFs u 1,4-XoCeF4 (X =
Br, 1), oOpasyroiue cynpamosieKySIPHYIO CTPYKTYPY XapaKTePHU3YIOTCS KBAHTOBBIM BBIXOIOM OT
21% no 63%, uto B 7-21 pa3a BbllIe, 4YeM KBAHTOBBINM BBIXOJ JIFOMUHECIECHIIMM HMCXOJHOIO
KPUCTALIMYECKOT0 KOMIUIeKca. Takum 00pa3oM, TaHHBIN MpUMEp IMOATBEPKIACT, 9TO 00Opa30oBaHHE
CYNPaMOJIEKYJIIPHBIX CTPYKTYp TIO3BOJIICT OKa3bIBaTh BIIMSHUC HA T€ WIM HHBIC CBOWCTBA

mMarepuajia.

can BEL.

Pucynox 15. Cmpyxkmypa cynpamonexynapnozo komniexca Pt(1l) ¢ I'C nocpedcmeom 1,4-BroCeF4
[97]

O0630p auTEpaTypsl B JaHHOH paboTe OrpaHMYMBAJICS PACCMOTPEHHEM JIMIIb HECKOJIBKUX
IPUMEPOB CYNPAMOJIEKYISPHBIX CTPYKTYp, [UIA OJHOW M3 KOTOpBIX HambOosee SIPKO BBIPaKEHO
u3MeHeHue porodusnueckux cBorcTB. OqHAKO, KaK B MIPUPOJE, TaK U B HCKYCCTBEHHO CO3/IaHHBIX
00BeKTax MoAOOHBIX CTPYKTYP HACUMTHIBAETCSI BETMKOE MHOXKECTBO.

3aBepias nepBbIii pazaen paboThl, CTOUT OTMETHUTH, YTO IPOBEIEHHBIN JTUTEPATyPHBIN 0030p
MO3BOJISIET 3aKJIIOYUTh, YTO JAHHBIX O CTPOCHUU U PEAKLIMOHHON CIIOCOOHOCTH KOMITJIEKCOB MEIH C

TU3aMEIICHHBIMU I[MaHAMMJIAMU U CaxapuHOM He Tak MHoro. M3yuuB mutepatypy 1o
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HEKOBAJICHTHBIM B3aUMOJICHCTBUSAM, MOXKHO MPEAINOJIOKHUTh, KaKHe UMEHHO B3aUMOJICHCTBUS OyaAyT
XapaKTEPHBI JJ1s1 KOMIUIEKCOB Meau ¢ N-1oHOpHBIMH Jurangamu. [losTomy, pazpaboTka moaxo1oB K
IIOJIyYEHUIO HOBBIX COEIMHEHUH, UCCIIEJOBAHUE PEAKIIMOHHOM CLIOCOOHOCTH JUAJIKWILMAaHAMU/I0B B
MPUCYTCTBUHU COECIUHEHUI MEAW W APYruxX JHUTraHAoB (B YaCTHOCTH CaxapHHA), MOHUCK YCIOBUIl
00pa3oBaHUsl COKPUCTAUIM3AaTOB (KPUCTAIIOCOJIBBATOB, aJYKTOB) JaHHBIX KOMIUIEKCOB U
BBISIBJICHHE B HUX HEKOBAJIECHTHBIX B3aMMOJECHCTBUI SIBIAIOTCS aKTyalbHBIMU M NEPCIIEKTUBHBIMU

3agadyaMu.
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2. Bb100p 00beKTa McCIe0BAHUA, LIeJIb M 3a1a91

B pabGote B kauecTBe OOBEKTOB HCCIEAOBAHUS JUIS IOJYYEHHS HOBBIX CTPYKTYp ObLIN
BeIOpanbl ranorenuabpl meau(ll) (CuXz-nH20, X = CI7, Br) u #iogun meau(l). Ilepbie umeror
XOpOILYI0 PACTBOPUMOCTH BO MHOTMX PACTBOPUTEIISIX, & TAKKE IIOJIBUYKHBIE FAJIOT€HUIHBIE JIUTaH/IbI,
B TO Bpems kak Cul B otninuune ot apyrux rajgoreHuoB meau(l) o6mamaer 6ospiiei ycTOHYUBOCTHIO
BO BHEILIHEH CpeJie, a TaKyKe UMeeT Xopolee cpoacTBo k N-moHopam.

Ianorenuast meau(l) Takske criocoOHBI 00Pa30BBIBATH CTAOMIIBHBIE KOMIUIEKCHI PA3IMYHOM
AJIEPHOCTH, KOTOPBIE IPUBJIEKAIOT BHUMAHNE B U3YUYE€HUHU PA3INYHbIX (PU3NKO-XUMHUECKHUX CBOICTB,
Hanpumep, portodusnyecknx. B kauecTBe opranmyeckux N-JOHOPHBIX JMUTAHAOB HCIIOJIB30BAHBI
HEeHTpaabHble AUIAIKIIIHMAHAMUABI U caXapuH (B HEUTpanbHOW M JEMPOTOHUPOBAHHOUN (opme).
Br16op nuranoB 00ycinoBieH 00pa3oBaHUEM I0BOJILHO MMPOYHBIX KOMILIEKCOB C ME/IbI0, KOTOPHIE B
CBOIO OYEPE/b SIBISIFOTCS PUBJIEKATEIbHBIMU ISl CO3JaHMsI HOBBIX CYIPAMOJIEKYJISHBIX CTPYKTYP
3a CYET Pa3NUYHBIX BUJOB CIa0bIX B3amMoaeHCTBHI. Takum 0O0pa3zom, B AHCCEpTAIIMOHHON padoTte

OblL71a ITOCTaBjIeHa cieayromas nejb:

YCcTaHOBHTH 3aKOHOMEPHOCTH 00PA30BAHUA M 0COOEHHOCTH CTPOEHHUS MOHO- M OJIMTOs1/IEPHBIX
koMmiiekcoB Meau(l) u (II) ¢ N-1oHOpHBIMY JIMTAHIAMH, TAKMMH KaK AUAJTKHUIIHAHAMUABI U

caxapuHart Nnpu pasjin4YHbIX YC/JIOBUSAX.

B pamkax nocraBieHHOI Lienu ObUIH OIpeIesIeHbl CIEAYIOIINE 3a0a4u:

1. HccnemoBaTh BIMSHHE YCIOBHH CHHTE3a Ha O0Opa30OBaHWE OJMTOMEPHBIX TaJlOTCHHTHBIX
kiactepoB meau(1l) uz CuXz nH20 u NCNRy;

2. YCTaHOBHTH CTPYKTYpHBIE 0cOOeHHOCTH Tony4deHHbIX KomiuiekcoB Meau(Il) CusXsO(NCNR2)s,
U OIPEJEeNIUTh OCHOBHBIE BUIbI HEKOBAJIEHTHBIX B3aMMOJCHCTBHI C ydacTHEM apOMaTHUECKUX
moJeky (toayos — PhMe u crupon — PNCH=CHy);

3. M3yunte BnusHHWE BBeneHUs caxapwHa (SacH) Ha HampaBIeHHOCTh pEaKIMd B CHUCTEME
NCNR2/CuXz-nH20;

4. OmpenenuTh YyCIOBHUS O0pa3oBaHMs, CTpoeHHEe u oOcHOBHbie BUabI HOBBIX Sac /NCNR:
komiuiekcoB Cu(Il), ycTaHOBUTH OCHOBHBIC BHJIbI HEKOBAJICHTHBIX B3aUMOJICHCTBUH C HX
y4acTHEM;

5. Msyuuts B3ammopeiictBue ranoreHuaa menu(l) Cul ¢ muankunmmaHaMuIHBIMUA JTUTaHIAMU

NCNR2 ipu pa3nuuHbIX YCIOBHSIX.
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6. HccrnenoBaTh 0COOCHHOCTH KPUCTALTMUSCKHUX YITaKOBOK KyOaHOBBIX kiacTepoB Cusl4(NCNR2)4
U ux cokpuctaiuzaroB ¢ foHopamu ['C (1,4-FIB u 1,4-FBB), BBIIBUTE U COMOCTABUTH JIPYT C
JPYTOM OCHOBHBIE BHJIbI CTTA0BIX B3aUMOICHCTBUH;

7. W3yuuth ocHOBHBIC oTodu3nUecKre cBoicTBa moaydeHHbIX KiaacTepoB Cusls(NCNR2)s, Takue

KaK BpeMeHa JKU3HU JIIOMUHUCIIEHITUH(T) ¥ KBAaHTOBBIN BBIXO (Q).
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3. O0cy:k1eHue pe3yibTaTOB

3.1 Terpasinepubie kiaactepbl Meau(ll) ¢ TnaIKHIIHAHAMUTAMH

3.1.1 Bausinue ycJaoBuii cHHTe3a Ha cTPYKTYpY KiaactepoB [CusXsO(NCNR2)4]

[1-8] u mx cokpHCTAILIH3ATOB ¢ APOMATHYECKHMH MOJIEKYJIaMH

B pabote ObutH cuHTE3MpOBaHbI TeTpasaepHbie Kiactepbl coctaBa CusXsO(NCNR2) 1-8, (X
=Cl,Br;R=Me-1u 2, %CsHio— 3 u 4, 2CsHg— 5 u 6, ¥2C4HgO — 7 u 8) u xpucTamiocoabBaThl
kiactepoB 1 u 2 —CusXeO(NCNMez)s-4Arene (Arene = PhMe, PhCH=CH). Cunre3 npoBoauiu

nByMsi cnocobamu: merox MemieHHOH auddysuu (1 cmocol) u mepechllmieHHe XUMHYECKOU
peakiueii (2 cioco0). B nepsom cinygae CuClz-2H20 u CuBr; pactBopsiinu B u36srtke NCNMe; pu
KOMHATHOW TeMmmepaType, HaclauBajld CBEPXY PpacTBOPHUTEIb-OCAIUTENb, CMECh OCTaBISIIN
KPUCTAIM30BAThCSI HA HECKOJIBKO NHEH (MoApoOHO MeToauka mpuBeneHa B paszgene 5.3). Bo
n30exaHre MNOOOYHBIX TPOIECCOB KOMIUIEKCOOOpA30BaHUSI MCIOJIb30BAIM PACTBOPUTEIH C
HEBBICOKOH JJOHOPHOH CMOCOOHOCTBIO, HAIPUMED, alleTOH, ATUJIALETaT, M-KCHIIOJ, TOIYOJ, CTUPOJL.
BeiOop pactBopuTenel, coaepxkalx apoMaTHYecKud (parMeHT ¢ 3IeKTPOHOM3O0BITOYHOM
AIIEKTPOHHON TUIOTHOCTBIO, ObIT OOYCIOBJIEH CIOCOOHOCTHIO MPHHUMATh YYacTHE B Pa3IMYHBIX
crnabbix m-B3aumoneiictusx. Jns momydenus kimactepoB CusXsO(NCNMez)s (1, 2) mpumensim
cmecb Me:CO/EtOAc u  1,3-Me2CeHs cootBerctBeHHO. Ilpu HCHIONBb30BaHWM B KauecTBE
pacTBOpuTeNell CTHUpPOJIa U TONyoJda MOJIYYeHbl KPUCTAJUIOCOJIBBATHI KIACTEPOB C PACTBOPUTEIEM
1,2-4PhMe u 1,2-4PhCH=CH>. Knacteps! 1 u 2 Tarke MOIy4aTuCh MyTEM MPSIMOTO J00aBICHUS
n36piTka auankwinradamuaa Kk CuClz-2H20 u CuBr2, oHako kauecTBO KPUCTAIOB U BBIXOJ ObLI
HU3KHUMU.

Bropoit cmoco® mpumeHsuics  JUis  TOJMYy4YeHHMS  COoeOuHeHMH 3-8 ¢ Apyrumu
muankuinuanamugamu NCNR2 (R = %CsHio, ¥4CaHs, %2CsHgO), B KOTOpBIX cOMM Meau ObLIH
HepacTBOopuMbl. PactBopbel  rajorenunoB Memu(ll) B TI'® HacnawBain Ha  pacTBOp
muankuiuadamuaa B apyrom pactBoputene (EtOAc, CH2Clz, CHCIz). Ctout ormernts, 4TO
CHJIPHOE BIIMSHHE Ha XOJ| PEaKLMU OKa3blBaJl TEeMIIEPATypHBIA PEXUM: TaK, IpPU HarpeBaHUU
peakuronHor cmecu 10 60-70 °C (¢ manmpHeHmMM oxjaxacHueM 10 RT) B mpuCyTCTBUHM MasbIx

KOJIMYECTB BOJBI (M3 BO3JyXa, HallpUMep) MUATKWINMAHAMUIBl MPEBPAIIAIUCh B MPOU3BOJHBIC
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MOYEBHHBI, KOTOpbIE Takke KoopauHupoamch k meau(Il), uro moarBepammm nanasie PCA u UK-
CIIEKTPOCKOITHH.

J1st Bcex BEHIECTB MOJMYUUIIN KPUCTAIUIMYECKHE TPOYKThI, ipurognsie 1t PCA, a Beixox
npoayKTa mo obeum MeTomukaMm B cpeaneM coctaBui 60-80 % (pucynok 16). Takum oOpasom,
pe3yNbTaThl CHHTE3a IMOKa3ald CYLIECTBEHHOE BIUSHUE DPACTBOPHUTENSA-OCATUTENI Ha COCTaB U
cTpoeHHe monydaeMmbix kimactepoB ¢ NCNMez u uX COKpHCTAUIM3AaTOB. [IpHuuHBI 1MOZ0OHOTO

sBIIeHUs1 OyayT Oonee moapoOHO onucaHbl B pa3aene 3.1.3.

solv. PhMe, PhCH=CH,, CuXy-nH, O solv: THF, EtOAc,
Me, CO/EtOAC CH5Cl5, CHCI5
RT, 3-7d * RT, 3-7d
1 cnoco® N=—NR; 2 cnocob
R, = Me, Rp = C4Hg, C4Hg0, CzHyg
|\|1Me2 NR;
I‘i.l N
Cu~——x Cu~——yx
X/ X/
\ cla i (-4S0LV) \ | X l
. O,
o ““_\Cum_N e \“\Cu.ﬁ_ﬁ
SR W2 T 2N e
/& X N /& X N
Me,N \\\ RoN \\\
65-80% Ne2 60-80% NR,

Pucynok 16. Ycnosus cunmesa mempasoepnvix kiacmepog meou(ll) u ux

CoKpucmaiuzanmoe.

3.1.2 Xapakrepu3zanusi coequHeHuii [1-8] nx cokpucraniuzaron

Jns monmyueHHBIX coennHeHuid 1-8 kak ocHOBHOUM Buna aHanmuza mpumeHsicss PCA, ¢
MIOMOIIIBI0O KOTOPOTO OBUTH YCTAHOBJIEHO PACIOIOKEHHE aTOMOB B MPOCTPAHCTBE (pUCYHOK 17),
BKJTFOYAsl TEOMETPUUECKHE TTapaMeTPhl DJIEMEHTAPHOM siT9eKu. [loydeHHbIE IITUHBI CBSI3U M YTJIbI
SBJISIIOTCSA BaXKHBIMM XApPAaKTEPUCTUKAMU JUJISl ONPE/IeTICHUs] HAIMYUS U OMHUCAaHUsl HEKOBAJEHTHBIX
(cmabbIx) B3aMMOJCHCTBHI myTeM conocTaBleHus ¢ ZRydw 1 ZBvaw.

B xone paborei metonm P®DA wucnonp3oBaics Kak KadeCTBEHHBIM Il OMpPEIeTICHHS
«OJTHOPOAHOCTH»  TOJYYEHHBIX MPOAYKTOB IIYTEM COINOCTABJICHUS JAHHBIX JTAJOHHOU
pPEHTreHOTpaMMbl MOHOKpHcTaiia (u3 cif-¢aitia) U peHTreHorpaMMBbl MOJUKPUCTAILTHYECKOTO

MOPOIIIKA MOJIy4eHHOTO 00pasiia (pucyHok 18).
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Pucynok 17. Buo monexynapuoii cmpykmypsi 1, nonyyennoii no memooy PCA. Tepmanvhoie

SIUNCOUOBL NOKA3AHBL C 6EPOAMHOCNIbIO 50%.

15 peHTTEHOrpaMmMa nonMKprcTannuyeckoro obpasua
14 3TanoHHAaa peHTreHorpamma (cif MoHoKpucTanna) ——
13
12
il
100
=
g % |
L 8
=

Z-theta (deg)

Pucynox 18. Cpasnenue penmeenocpammsl nopowxa oopaszya (1) ¢ smanonnou penmeenocpammot

MOHOKpUcmanna (cunumu aunusmu ommedenst cuenanvt npumecu CuCly-2H>0).
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Meron npumenum k kiactepam tuma [CusXeO(NCNR2)s], HO sBIsieTcs HE OYEHb
HNOAXOAALIMM JUISL  BEIIECTB, COJEpXKAalMX B cede TUApaTHHIC/CONBBATHBIE MOJICKYJIBI.
Cokpucraimzatel ¢ apomarndeckumu Moiekyinamu 1, 2-4PhMe u 1,2-4PhCH=CH; Ttepstot
MOJIEKYJIbl PACTBOPUTEISI IPU XPAHEHUH Ha BO3/lyX€, PACTUPAHUU B IOPOIIOK UIIH IIPU BO3AEHCTBUU
PEHTI€HOBCKUX Jydel, mo3aTromy POA 11 HUX HE ABISAETCSA NOIXOAAIMM METOAO0M HCCIIEI0BAHHUS.

JlononHuTEnpHEIM METONOM Xapakrepuszauuu ssisercss HWK-cnexkrpockomnus, Kotopas
UCTIOJIb30BANACh ISl OLIEHKU YHCTOTHI BCEX MOIYYEHHBIX COCIMHEHHH (OTCYTCTBHE MOCTOPOHHHX
IOJIOC B CHEKTpax) M TMOATBEPKICHUSA KOOPAMHALMHU JUAJKWILHAHAMUIHOIO JIMTaHAa K
METaUIONEeHTpY. Tak, B  CBOOOJHBIX  MOJEKYJIax  JUAJKUILMAHAMHJIOB  HaOIOJaeTcs
XapaKkTepUCTHUYHAS MHTEHCHBHAS TI0JIoca B paiione komeGammii C=N 2210-2220 cm™. Taxas xe
nojoca Habmomaercss U B MK cmekrpax mosydyeHHBIX MEIHBIX KOMIUIEKCOB, HO TPH ATOM OHa
cmemiena Ha 20-50 cm™ B 6oiee BHICOKOYACTOTHYIO 00acTh (pucyHok 19, octanbubie UK criekTphl
CM. B IHPWIOXKEHUHU), YTO CBA3aHO C O-JIOHUPOBAHUEM HEIMOMAEICHHOW 3JEKTPOHHOW Mapbl

HCKOOPAUWHHUPOBAHHOI'O aTOMA a30Ta.

EIsHIMADZU

25 .

Abs

3]
NN
=2954.11
—
2854 77

2260.67

15—

1462.11
144475

-

= —1374.34

0.5

o /] M

e

-:)'_"E_

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
1/cm

Pucynoxk 19. UK cnexmp o6paszya 1 6 Nujol, v(C=N) = 2261 cu™ .

B pa6ote TI"A npoBoaunu asst coequHeHuit 1, 2 u ux KpucTaiocoabBaToB. [l KOMIIEKCOB
menn [CusXeO(NCNR2)s] ¥ uX KPHCTaIOCOJBBATOB TEMIIEPATYphl Pa3IOXKCHHS KiacTepa
okazanuch B parione 140—-160 °C. Kpome Toro, xapakrep pasjIOxKEHHS SIBISETCS CTYNEHUYAThIM U

HECTEXHMOMETPUUCCKUM ISl BCEX OECCOIbBATHBIX KOMIUIEKCOB (puUCyHOK 20).
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Pucynok 20. TT- kpusas ons knacmepa CusClsO(NCNMe2)s (1).
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Pucynox 21. TT- kpusas ons cokpucmaniuzama 1-4PhCH=CH.
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B cnyuae conbBatoB 1-4Arene cHauasaa MpoOUCXOIUT OTLICIJICHUE COIbBATHBIX MOJIEKYJI, UTO
MOJATBEPAMIIOCH U3 pacdera morepu macc Ha npumepe coequHeHus: 1-4PhCH=CH». Paccunrannas
notepst 4-x mosekyin PhCH=CH2 cocraBuna 8.8%, a na TI'-kpuBoii nepBas motepsi Macchl B BUJE
IBYX cKaykoB — 9.3%, 3aTeM MPOUCXOIUT pasiioKEHUE, CXO0XKee M0 XapakTepy ¢ OeccoiabBaTHBIMU
kiacrepamu (pucynok 21). Ilo merony AAC u ADC omnpenenuin MacCoBYIO JIOJII0 METalljia B
coequHeHUsX 1-8 U COMOCTAaBIISIIN €€ C TECOPETUUECCKH PACCUUTAHHOM, UCXOS U3 TIPEIIO0IaraeMoro
coctaBa mnoaydyeHHoro BemectBa. Metoapl AAC m ADC JONOJHWIM MPEIbIAYIINE METOIbI
XapaKTepU3alliy U MOKa3adu HETIOXYI0 BO3MOXHOCTh IPUMEHEHUS K MOJTyYEHHBIM COSIMHEHUSM U

COKpHCTaJIn3aTaM, IJie Ucnoiab30BaTh Metoa PMA He Bcerna ynaercs.

3.1.3 O6cy:kaeHne KPUCTANINYECKON CTPYKTYPbI KJIACTEPOB

[CusXsO(NCNR2)4] [1-8] u ux coxkpucraumsaros 1, 2-4PhMe, 1, 2-4PhCH=CH>

st kimactepoB [CusXsO(NCNR2)4] 1-8 ObLir mosry4eHbl MOHOKPUCTAILIBI U BhIOTHEH PCA,
C TOMOUIbI0 KOTOPOro OBIJIO YCTAHOBJIEHO, YTO 3JE€MEHTAapHble SYEHKH BCEX MOJYyYEHHBIX
COEJMHEHUI UMEIOT CXO0KHE FeOMETPUUECKUE MTapaMeTphl, a B psJIe KJIaCTEpOB OTMEUAIOTCs ci1adble
BOJIOPOJIHBIE KOHTAKTHI MEX/1y aTOMaMH BOJIOPOAA AUATKUIIIMAaHAMU/IOB U TAJIOT€HOB B KJIACTEPHBIX
sapax H(NCNR2)---X(CusXeO) (cm. pucynok I1.32). Bce coenunenust 1-8 kpucraminsyiorcs B
MOHOKIMHHOM WJIM TPMKIMHHOM CHHTOHMH, paccTosaus Cu—N Bapbupyercs B pesenax 1.940(3)A—
1.956(6)A, paccrosnue B HuTpuiIbHOM rpynmne C-N = 1.125(14)-1.182(12) A, cpennue 3naueHus
yrinoB ZCuNC B mpeaenax MOJIEKYJBl KiacTepa cocTaBisitoT 145°—175°. JIng coenumHeHui ¢
JUraH/aMH, B KOTOPBIX MPHUCYTCTBYIOT LHIECTUUWICHHBIE LIUKIIBI 5—8 HMU3KOro 3HaueHus: R-¢pakropa
JIOCTUYb HE Y1aJI0Ch, TO3TOMY UX F'€OMETPHYECKHE MTapaMeTphl Jajiee He pacCMaTpUBAIOTCSL.

[lo pmamaeiM  PCA  jgmankwnmmuaHamugHble  Kimactepsl 1 w2 BBUAy Ooubiiei
KOH(OPMALIMOHHOM TMOKOCTH M MEHBILIEro pazMmepa JHUraHaa JAEMOHCTPUPYIOT HAJUYUE TUMOIb-
JUIIOJIBHOTO -CTEKUHTa MEXy HUTPUIIBHBIMU (hparMeHTaMH COCeTHUX KIIACTEPOB, B TO BpeMs Kak
y coenuHeHU 3-8 m-cTekWHT He HalOmomaeTcs. JIaHHBIN BBIBOJ OBLI CICNAH MO COIOCTABICHHIO
2Bvdw 1 XRygw ¢ Hanboee KOPOTKUM pacCTOosTHUEM Mex Ay Omrpkaiimmmu CN-rpyIinaMu JUTaH 0B
B COCEJIHUX MOJIeKynax, paBHbM 3.306(4) A, mpuuem >Tu paccTosHus OKa3anuch Kopoue, 4eM ZRyaw

(pucyHok 22).
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Pucynoxk 22. Mescmonexkypsapusiii Ounonb-0unoibHulll T-cmekune 8 kiacmepe 1 (cepuvie

nynkmupusie aunuu), Cio--N7 = 3.306(4) A, XByaw = 3,40 A; ZRvqw= 3,54 A.

Takum oOpa3oMm, ucxoxs u3 pesyapbratoB PCA MOXHO CKa3zaTh, 4YTO KIAcTepsl C
OTHOCHUTEJIBHO HEOOJBIIMM JTUMETHIIHAHAMHUIHBIM JiuranaoM (1 u 2) crocoOHbI TPUHHMAThH
y4yacThe B ciIaObIX T-B3aMMOAEHUCTBUSX B ropaszo Oojblleil CTEeleHHu, HEeXelu KiacTepsl ¢ Oonee
00BEMHBIMU JUAKWINHAHAMUIAMHU. DTO OBUIO TMOATBEPKACHO M SKCIEPUMEHTAJIbHO, TAaK Kak
COKPHCTAJUIN3ATHI C apoMaTHuecKuMu Mojiekynamu 1, 2-4PhCH=CHz u 1, 2-4PhMe Ob1 moTydeHbI
TOJNBKO TPH HCIOJB30BAHUU TUMETWIINHAHAMHA B POJIM JIMTAaHAA, HECMOTPS Ha TMOIBITKA
UCTOJb30BaHUSI  APOMATUYECKHX  YIVIEBOJAOPOJOB  IPU  COKPUCTAUIM3ALlMM  CO  BCEMHU
muankuinrasamuaamu. Ctpyktypsl coeaunenuit 2 u 2-4PhCH=CH: npuBeieHbl Ha pucyHke 23.

OcranoBuMcst Ha OoJsiee MOAPOOHOM PACCMOTPEHHH OCOOEHHOCTEH KpUCTaUTMUYECKOM
CTPYKTYPHl COKPUCTAJUIM3aTOB M WX COIOCTAaBICHHH C OECcCONbBAaTHBIMH KiacTepamu. B
6ecconmpBaTHBIX Kiactepax yriel CuNC Haxoaarcs B auana3zone 160-175°, B To Bpemsi Kak B
kpucrayuioconsBarax 1, 2-4PhMe u 1, 2-4PhCH=CH: nabnroiaetcsi BBIpaBHUBaHHE YTIIOB, KOTOPBIE
cta”oBsTca 6mm3kuMu K 180°. COOTBETCTBEHHO, MMPOUCXOJUT U3MEHEHHUE TPYMI CUMMETPHUH C P1
1T O0ecCONIbBATHBIX COEIWHEHUHA Ha 11 (C2 nmns 2:4PhCH=CH2) mis conbBatoB. Takke B
cokpucraumzatax 1, 2-4PhMe u 1, 2:4PhCH=CH: Obuin HaliZieHbl KOPOTKUE MEKMOJICKYIISIPHBIC
C---C KOHTaKTHI ¢ paccTOSTHUAMH MeHbIIEe XBydw 1 2Rvdw, 4TO CBSI3aHO € B3aUMOJEHCTBUSIMHU MEKIY

TT-CUCTEMaMHU JUMCTHIILMaHaMKJ1a 1 apOMaTquCKOﬁ MOJICKYJIBI.
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Pucynox 23. Cmpykmypwi monexyn knacmepa 2 (crnesa) u 2-4PhCH=CH> (cnpasa).

TepmanvHule 211UNCOUObI NOKA3AHBL ¢ 8eposamuocmoio 50%.

HaiinenHble HEKOBaJEHTHbIE B3aUMOJCMCTBUS, MpeJCTaBleHHbIE B Tabmume 2,
MOKHO paccMarpuBaTh Kak m-AblpouHble(NCNMez) - -m-a1eKkTpoHHBIC(ArENe), mpuyeM HX
OCOOEHHOCTBIO SIBIISIETCA Yroi B paiioHe 90° MeXIy HUTPWIbHBIM (DparMEeHTOM U OiMKaluM

YIJIEPOJOM apOMATUUYECKON MOJIEKYIIBI.

Tabauya 2. Haiioennvie nekosanenmuule ezaumooeticmeus 6 coeounenusx 1,2-4PhMe u

1,2-4PhCH=CH; [89]

BemectBo Konrakr d(C---C),A  £(N=C---C),°
L.4PhMe C1---CA4Sarene 3.351(6) 88.3(2)
C1---C4SAarene 3.36(2) 93.9(6)
1-4PhCH=CH> C4---CASarene 3.331(18) 88.1(5)
2. 4PhMe C1---C4Sarene 3.342(14) 88.7(7)
C10---C27Sarene 3.298(8) 88.8(3)
C1---C3Sarene 3.198(8) 87.2(3)
2:4PhCH=CH: C7---C17Sarene 3.499(8) 94.4(3)
C4---C9Sarene 3.397(8) 91.7(3)
C4---C16Saikene 3.465(8) 89.3(3)




41

[Ipu monpoOHOM pacCMOTPEHUH KpPUCTAJUIMYECKON YMAKOBKM coeauHeHuid 1, 2 u ux
cokpuctaumzaros 1,2-4PhMe u 1,2-4PhCH=CH3, M0XHO cka3aTh, YTO MOCIEIAHUE 00pa3yIOTCs B
BUJIE CYIPAMOJIEKYJISIPHBIX CTPYKTYpP, KOTOpbIE pPEAIM3yIOTCS Kak 3a CyeT B3auMOJEHCTBUI
T(NCNMey)- - -w(Arene), Tak u 3a c4er ciaabsix Bogopoanbix kKoHTakToB H(NCNMe2): - - X (CusXs0)
(pucyHok 24). Hanuume STHX B3aUMOJCHCTBUN M MX CTPYKTYypHO-HAIpaBJICHHBIA XapakTep ObuI
MOJTBEPK/IEH TOCTPOCHUEM MOBEPXHOCTH XupII(enbIa U TEOPETHUYECKUMH pacyeTaMu B PaMKax
Teopuu (pyHKuuoHana wiotHoctw DFT, BkiItodas pacueT MOJNEKYISIPHOTO 3JEKTPOCTATHUECKOTrO

norenuuana (MEP), mpumenenue metona ananusa aToMoB B MoJiekyie (AIM).

Pucynok 24. ®pacmenm kpucmannuueckou ynakosku cokpucmaniuzama 2-4PhCH=CH>

6001b ocu c¢. Hexosanenmuule konmaxmul nokazanwl NYHKMUPHbIMU TUHUAMU.
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3.1.4 TeopeTuyeckue UCCIAeA0BAHNS sl cCOKpucTALIN3aToB 1, 2:-4PhMe u 1,

2:4PhCH=CH:

Hccneoosanue nposooun Dr. Tiddo J. Mooibroek.

AHanu3 MOJNEKYJISIPHON MOBEPXHOCTH MO Xupidenbay Uisi CTPYKTYp COKPUCTAJLTU3aTOB
1,2-4PhMe wu 1,2:4PhCH=CH: Taxke TOATBEpAW] CYIIECTBOBAHHE HEKOBAJCHTHBIX
B3auMo/IeiicTBUIA. JlaHHBIE O TOBEPXHOCTAX XHUPII(Eebiaa YKa3bIBaIOT Ha MPE00IafaHne KOHTAKTOB
¢ yuactuem aromoB Bojopona (H---H, C---H u Cl/Br ---H), oqHako He pacKpBIBAIOT MPUPOAY U THI
ANEKTPOCTATUYECKOTO B3aMMOJCHCTBUS (MpuTsHKeHue/oTTankuBaHue). CoriacHo pesysbTaTam,
npeodiaarouMy SBISIIOTCS H-IIeHTpupoBaHHbIe B3aUMOACHCTBUS (TIOCKOJIBKY JI0JIS 3TUX aTOMOB
MaKCHMaJbHa), B YaCTHOCTH BOJIOPOJIHBIC CBSI3H.

Jlis  netanmpHOTO WM3y4deHWS HEKoBaJieHTHBIX B3aumojerictBuii NCNMe;---Arene B
cokpuctaumzarax Obut  paccmoTpensl  amnyktel NCNMez-Arene (Arene = PhH, PhMe,
PhCH=CHy>). [lanHoe ympollieHrue MPeaCTaBisIeTCs OMPaBIaHHbIM, TTOCKOJBKY SIIpa KJIacTepOB HE
MPUHUMAIOT HETIOCPEICTBEHHOTO yyacTusl B m-B3auMoaeiictBusx. DFT pacueTsl onTuMuU3npoBaHHON
reOMEeTpUN  aJyIyKTa  TOKa3aimd, 4To  m-AplpounHoe  B3ammoneiicteie  NCNMe:, ¢
AIIEKTPOHOU3OBITOYHBIMU APOMATHUYECKUMH MOJIEKYJIAaMH TEOPETUYECKH BO3MOXHO M CXOXE C T-
JIBIPOYHBIM B3aUMOJICHCTBHEM C alleTOHOM WM aleTOHUTPHIIOM. PacueTsl Asis BceX aJTyKTOB
MOKA3bIBAIOT, YTO MEXJIy MPOTOHUPOBAHHBIM AMUMETUIIMAHAMHUIIOM U apUJIbHBIM KOJBIIOM
([H'IN=CNMey)---(Arene) TeopeTHYeCKH BO3MOXKHBI T-m-B3aumojeiictBusi, a C—H---w(Arene)
KOHTAKTbI MOTYT BHOCHTD BKJIaJl B OOIIYIO SHEPTHIO MEKMOJIEKYIISIPHOTO B3aNMOIeHCTBHS. PacueTs
BoisiBIIIN KTC (KpUTHYECKHE TOYKH CBSI3M) MEXIY apeHOBBIMH (DparMeHTaMH M HHUTPHUIbHBIM
dbparmenTom NCNMe;,, koTopbIie, BEPOSTHO, BOSHUKAIOT B Pe3y/IbTaTe COYETAHUS B3aUMOICHCTBUI
n-1eIpki(NCNMeyz)- - -n(Arene) u m-apipki(NCNMes) - - - o(C—Harene).

AlM-anann3 MOJENBHBIX aJAYKTOB C JUMETHUIIIHAHAMUIOM TTOKA3aJl, YTO JEKTPODUITHHBIN
aToOM yTJepoJa HHUTPUIBHOW TPYIIBI MOXET MPHUTATUBATH, M, TAKUM O0pPa30M, «HAMPABIATHY,
AIIEKTPOHOU3OBITOYHBIE MOJIEKYJIBL. TakuM 00pa3oM, MPOBEACHHBIE PACUETHBIC METOBI, PE3YIbTAThI
KOTOPBIX JOBOJIFHO XOPOIIO COTJIACYIOTCS C JKCIIEPUMEHTOM, MOTYT OBITH HCIIONB30BaHBI IS
BBISIBJICHHSI M OIMCAHUS PA3JIMYHBIX HEKOBAJICHTHBIX B3aWMOJICHCTBUH B COKPHUCTAJLIH3aTax

AUATTKUIINHAHAMHAJIIHBIX KOMIIJICKCOB U 3JICKTPOHOJOHOPHBIX apCHOB.
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3.2 MoHo u -oaurosiipenble koMmiiekcbl Mmeau(ll) ¢ Sac” u NCNR2

3.2.1 Biusinue yCJIOBI/Iﬁ CHHTE3a HA COCTaB M CTPOCHHUE I'E€TCPOJTUTaHAHBIX

komiiekcoB B cucteme CuXz2-nH2O/NCNR2/SacH(Na)

Bropas yacth pabOThI OCBSIICHA aHAIN3Y BIUSHUS BBEJCHHS JINTAH/IA CAXapHHA B CUCTEMY
CuX2'-nH20/NCNMez (X = Cl, Br) Ha HanpaBiIeHHOCTh PEAKIIUU U MOJIydaeMble TIPOIYKThI. BBIOOp
00ycCJIOBJIeH TeM, uTo paHee koyuieramu ¢ kadenpsl POX MucTuTyTa XMMUHU ObLTa OIMYOJIMKOBAaHA
pabota mo u3y4eHHIO peakiuuu coderanus auankuwinuaHamMunioB NCNR: (R = Me, Et, /4CsHg,
¥%CsH1o, ¥2C4HgO) 1 caxapuna B OTCYTCTBHE COJIM MeTaia (PUCYHOK 25), B pe3ysibTare KOTOPOi

OBLTHU MMOJTy4YEHBI HOBBIC I'yaHUIMHOBBIE pon3BoaHbIe [100].
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Pucynok 25. Peakyusa couemanusi OUANKUTYUAHAMUOO8 U CAXAPUHA C NOJYHeHUeM

2YAHUOUHOBLLX NPOU3BOOHBIX

Takum o0pa3oM, B JUCCEPTALIMOHHON paboTe OJHOBPEMEHHO H3YYaloCh KaK BIHSIHHE
raJoreHuIoB Meau Ha peakimio konaeHcamuu SacH m NCNR2, Tak u caxapuHa Ha oOpa3oBaHHUE
tetpasaepHbix kiactepoB meau(ll) B cucteme CuXz2-nH2O/NCNMe,/SacH(Na).

[TepBoHauabHO peakiuio npoBoauiu B peaknuonHon cmecu CuXz nH2O/NCNMez/SacH
ripu 60 °C B 60JIbIIIOM M30BITKE JUMETHIIHaHaMHu A, a cooTHomenne CuXz -nH20O:SacH cocrasmsio
1:1. B pe3ynbrare mpoBeACHUs peakiuu BMecTo oOpa3zoBanus kinacrepa menu(ll), mimm peakummn
COYETaHMSI MEXKIYy AHAIKHINAAHAMUIOM W CaXapuHOM OOpa30BBIBAICS HOBBIH MOHOSICPHBIN
komrieke cocraBa [Cu(Sac)2(NCNMez)(H20)2] (9), mpuuem He3aBHCHMO OT TOrO, KakoW H3
ramorean1oB (X = Cl, Br) 6bu1 B cucteme (Mpy KOMHATHOM TeMIIEpaType MpoTeKaia aHaIOTHYHas
peakius, Ho ropa3o MeaieHHee). [lomydeHHBIH TPOAYKT yKa3bIBaeT Ha TO, YTO BBEICHUE COJICH

meau(Il) usmenser HanpaBIEHHOCTh PEAKIIMU COUETaHUS caXxapuHa U JUAIKWILHAHAMUIOB 34 CUET
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OJIOKMPOBAHMS HYKJICOPHMILHBIX IIECHTPOB 000MX OPraHUYECKUX PEarcHTOB, B PABHOM CTETICHU, KaK
U BBEJICHUE CaXapHHa NPEnsATCTBYyeT oOpa3oBanuto kiactepoB meau(ll).

Brixon HOBOro KomIiekca 9 B pe3ynbTaTe H3Ha4YaIbHOM peakiuu ObLT JOBOJIBHO Mall (MEHEe
30%), moaToMy CHHTE3 ObLT ONTHMHU3UPOBAH 110 COOTHOIICHHUSM PEarcHTOB ¢ MPUMEHEHHEM psija
pacTBoputene. 1y mpoBeaeHUs HOBOM peakiuu BMecTo caxapuna (SacH) mpumensics SacNa B
pasHbix pactBoputensnix (cyxoir EtOH, MeOH, H».O, THF), pactBop koToporo HaciauBaiu Ha
pactBop rayiorenuaa meaun CuClz-2H20 wiu CuBr2-nH20 B auankmmmanamuge NCNR2 (R = Me,
Et), npu 3TOM monyvanu pa3iuyHbIe MPOIYKTHl B 3aBUCHMOCTH OT MPUMEHSEMbBIX PACTBOPUTEICH.
BbLIK UCTOIB30BaHBI U IPYTHE AUATKHIIMAHAMU I ¢ nukandeckumu 3amectuteasimu NCNR2 (R =
%2C4Hs, 2CsHio, 2C4HgO), ommako BBHAY BO3MOXHBIX CTEPHUECKHX M KOH(POPMAIMOHHBIX
3aTpYAHEHUH B pE3ylbTaTe pEaKIUH IOJyJaJICs W3BECTHBIH KOMIUICKC caxapuHaTta Meau
[Cu(Sac)2(H20)4]-2H20 [101]. TIpu ucnions3oBanuu cyxoro EtOH momyuniu Bemecto 9, B ciryuae
MeOH i H20 — ero qurupar 9-2H20, npu npumenennu TT'® B kauecTBE pacTBOPUTEIIS MTOTYIUIN
HOBBI OusiiepHbId (hoHapukoBblil KoMiutieke [Cuz(Sac)s(THF)2]-2THF (11), npuyem HE3aBHCUMO OT
TOr0, KaKOW IUAIKWJIIMaHAMH]l TMPHMEHSUICS B CHHTe3e. B cimydae ¢ Oosiee ruapodoOHBIM
mvaTiaradamMuaom nomydancs [Cu(Sac)2(NCNEt2)(H20)2] (10) nesaBrcumo oT pacTBOpHUTEIs, 3a
UCKITFOYeHUeM TeTparuapadypana. CTOUT OTMETUTh, YTO TAKHE MTAPAMETPhI KaK aHHOH COJIM MEITU U
M3MEHEHHE COOTHOIIICHHS PEareHTOB HE OKA3bIBAJIH CYIIECTBEHHOTO BIIMSHUS Ha COCTAB IIPOITYKTOB.
Bce nosryueHHbIe KpUCTAJUTMYECKHE BeliecTBa 0Ly puroHbl uist PCA, a BBIX0bl cocTaBiin 60—

75%. O6mas cxema Mojy4yeHHs reTepoIMraHIHbIX KOMIUIEKCOB IpEeCTaBIeHa Ha PUCYHKe 26.

(0] NR2
W //O
S\ @) | I 0
NNa(H) \\S//o N O
S
CUXQ‘ZHQO \ I /
, O —_ N—Cu—N (-2H,0)
X =Cl, Br H O/ \OH
N:—NRZ R2 = MEQ, Etz 2 20
pacTeopuTeniu:

EtOH, MeOH, H,0

Pucynox 26. Cxema peaxyuu SaCNa(H)/NCNR2/CuXz-nH>0 npu pasnuunvlx ycioeusix.
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3.2.2 UcciienoBanne KPUCTAINIHYECKOI CTPYKTYPbI MOHO U -0JIMTOSIAPEHBIX

komiiekcoB meau(ll) ¢ Sac™ m NCNRz [9-11]

OO0mrast xapakTepHu3alysi MOJTy9eHHBIX KOMILJICKCOB ObljIa MPOBECHA PAKTUICCKH TEMH KE
METOIaMH 4TO U B pazjene 5.2 i TeTpasIepHbIX KJIACTepoB. B JMaHHOI riiaBe OCTaHOBHMCS Ha
HOJAPOOHOM PAaCCMOTPEHUH TOJYYCHHBIX KPHUCTAJUIMYECKUX CTPYKTYp, KOTOpbIE 00pa30BaIHCh U3
cucrembl CuXz2-nH2O/NCNMe,/SacH(Na) nipu pa3innvHbIX yCIOBUSIX.

Tak, coemunenus 9, 9-2H,0 u 10 uMeOT HCKaXEHHYIO KBaJpaTHO-MHUPAMUAAIBHYIO
reometputo, rae aurang NCNMe; 3aHMMaeT aniKallbHOE MOJIOKEHHE, TPUIEM CTETICHb UCKaXKCHUS
reomeTpuu Oosblne y auruapata (napamerp tpuronaabroctu [102] 0.07 anst 9 u 0.23 mis 9-2H20,
pucyHOK 27). JIBa caxapiuHATHBIX JIMTaHAa KoopauHupoBanbl K meau(Il) mox pasHeiMu yriamu, rie
ZNCuUN’ = 160.24(14)° nns 9, 155.455(12)° mis 10 m 174.65(15)° mnst 9-2H20. st pparmeHTOB
{(H20)2Cu} £OCuO Taxxe paznuuarores: it 9 on cocrabisier 169.93(12)°, amsa 10 — 172.815(14)°,
a i 9-2H>0 — 153.39(19)°. Paccrosuust Cu—N(Sac) s Bcex mosydeHHbIX coenuHeHuin 9-11
Bappupytorcs B npegene 2.011(3)-2.050(3) A, kak M B JpPYruX WU3BECTHHIX KBaJIpPaTHO-
nupamugaababix Cu(IT)(Sac)2 xommutekcax [65]. Paccrosaus Cu-N(NCNR2) B 9, 9-2H20 u 10
Halizensl B auanaszoHe 2.152(2)-2.172(4) A, 4to cBuaeTenscTByeT 0 Gonee claboM CBS3BIBAHHH
muranga NCNR2 1o cpaBHEHMIO ¢ caXxapUHATHBIM JIMTAHIOM M XOPOILIO COIJIaCyeTcs ¢ Teopuen

KMKO Ilupcona.

Pucynox 27. Cmpykmypor 9 (cnesa), 9-2H20 (cnpasa, 2 monexynvt 600vl yoanenvl 01 YRpoujerus,).

TepmanvHole 211uncoudsbl NOKA3aHul ¢ epoamuocmoio 50%.
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B crpykrypax 9 u 9-2H,O HaGmromaeTcsi KJIacCHYECKOE BOJOPOJIHOE CBSI3BIBAHHE MEKIY
KOOPJAMHUPOBAHHON BOJOH M aTOMaMH KHCIOpOAAa KapOOHWJILHOW TPYMIBI, HAJHMYUE KOTOPOTO
noareepkaaerca paccrosausiMu O(CO)-H(H20) or 1.988(3) A no 1.899(4) A, s3maumTensHo
MenbIuME XByaw (2.72 A), u yrmamu 6amskumu x 180° (LOHO = 160.5-63.7°). B crpykrype
9-:2H20 B ormimume ot 9 mpHCyTCTBYeT OoJjbllee pa3HOOOpa3We BOJOPOJHBIX CBSI3EH 3a CUET
COJIbBATHMPOBAHHOW BOJBI, KOTOpas BBINOJHSACT pOJb TPUACHTATHOTO JIMTAHIA, CBSI3bIBas
CyIb(OKCUIHYIO IPYIIITY OJJTHOW MOJIEKYJIbI, KAPOOHWIBHYIO IPYTOi U KOOPAMHAIMOHHYIO MOJIEKYITY
BOJIBI TpeTheld, rie Bee paccrosiuus O—H (1.924-1.974 A) mensine XBygw, a yrisl OIU3KH Takxke K
180° (£LOHO =161.8-177.1°).

B crpykrype 9 (pucynku 28 u 29) HabmogaeTcss BOCBMHUWICHHBIH IUKJI Ha OCHOBE
BopopoaHoii csizu {O(CO)---H-O-H:--O(CO)---H-O-H:--}. Takue TpumMepbl, COETUHSAACH, B CBOIO
ouepenr 00pa3yroT 1D-3ursarooOpasHbpie IEMOYKH, TJ€ IMOMHUMO BOJOPOJHBIX CBSI3€d ObLI
obOHapykeH (10 yIJIOBOMY KPUTEPHUIO M IyTEM COMOCTaBACHHS XBydw) 7-CTEKHHT MEXIY
apoOMaTUYECKUMHU (parMEeHTaMH CaxapuHAT-HOHOB. B TO jke BpeMsi aTOMBbI CyJIb(OKCHIHBIX TPYIII
cBs3biBatoT 1D-1ieru B 3D-CTpyKTYphI 3a cueT ciiadbix BogopoaHbix KoHTakToB O(SO2): - -H(Arene).
AHAJOTUYHBIC TUIBI BOJOPOJHBIX CBS3€H W KPUCTALUTMYCCKOW YMAKOBKH OBLIM OOHApYXEHBI B
ctpykrype 10.

Uzyuenue crpykTypsl 9-2H20 noka3zano, uto B Hel 00paszyeTcs 12-uieHHbIH UK Ha OCHOBE
Bogopoanoii ceszu {O(CO)---H-O-H---O(CO)---H-O(H20)---H-O-H"--O-H(H20) -}, xoTOpsIii
CBsI3bIBaeT Tpu MoJieKyiel 9 1 1Be Monekynsl H20. Kpome Toro, koopanaupoBannas k meau H20 B
KaXXJI0M MOJIEKYJIE CBsI3aHa C CYJIb(POKCUIHOM IPyNIIoi cocenHero hparMeHTa, o0pasys TpEXMEPHYIO
CympaMoJieKysipHyto cTpykTypy (pucyHok 30). B ortnmuume ot crpykryp 9 u 10 B auruapare m-
CTEKHHI' OTCYTCTBYET, MO3TOMY KPUCTAJUIMYECKYIO YMAKOBKY OIPENENAIOT TOJBKO BOJOPOIHBIE

CBsI3H.



Pucynok 28. ®pacmenm kpucmannuueckol ynaxosku 9. Meocmonexynsipuvie 6000pooHbie C653U

NOKA3anbl KPACHOU NYHKMUPHOU TUHUEU, T-CIMEKUHS — Cepol.

Pucynox 29. @pazmenm 1D- yenouku coeounenusi 9 60oaw ocu C.
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Pucynok 30. Dpaemenm mpexmeprotl kpucmaniuyeckou ynaxoexu 9-2H,0.

Meoicmonexynsipuvie 6000poOHbIE C853U NOKA3AHBL KPACHOU NYHKIMUPHOU TUHUEIL.

Pucynox 31. Buo monexynaproti cmpykmypul 11. /lge conveamuvie monexynvt THF yoanensi ons

HA2NSLOHOCMU. Tepmaﬂbele SJIUNCOUOBL NOKA3AHBL C BEPOAMHROCNIbIO 50%.
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donapukossiii komiuieke [Cuz(Sac)s(THF)2]-2THF (11) cxox mo CTpOeHHI0 ¢ OsIEpPHBIM
KOMIUIeKcoM auruzapara anerara meau(ll), u Takke nmpennosiaraer HaTMYUe BHYTPHUMOJICKYIISIPHBIX
MeTaanoduIbHEIX B3auMoeitctauii (Cu—-Cu = 2.752(4) A, ZByww = 2.8 A). Onnaxo, kommiekc 11
UMEET COBEPUICHHO MHYIO KPUCTAJUIMYECKYIO YIAKOBKY 3a CUET JOMOJHUTENIbHBIX HEKOBAJIEHTHBIX
B3auMoIecTBUH. B kpucTaimmyeckoit crpykrype 11 Obutn HaliieHbI cllabble MEKMOJIEKYIISIPHBIC U
BHYTPHUMOJIEKYJISIPHBIE BOJIOPOJHBIE KOHTAKTBHI MEXIY CYIb(OKCHIHOW TpYNIOH caxapuHa |
aToMaMu Bojopoja apuibHOro (parmenta caxapuna O(SO2)---H(Arene), u m-CTECKHMHI MEXIY
apoMaTHYECKUMHU KOJIbIIAMU CaXapHHa, Ha YTO YKA3bIBAIOT JIBA KPUTEPHS: YTOJI MEX]TY IIIOCKOCTAMU
kosen paBeH 180° u paccrosHue mexay apomatudeckumu pparmeHTamMu Carene  *Carene MEHBIIIE
YRvsw u XBvgw. Hamuume BBIICYIOMSHYTHIX B3aMMOJACHCTBHIA TNPUBOIUT K OOpA30BAHUIO
JIBYMEPHOH CJIOMCTOM CyNpaMOJIEKYISIPHON CTPYKTYPBI (PUCYHOK 32), KOTOPast TAKXKe MOCPEICTBOM
Bogopoaubix cBs3eit O(SO2)---H(Arene) ciocobHa 00pa3oBeIBATH TPEXMEPHBIM KapKac.

TakxuMm 00pa3oM, MOKHO HPEANOI0KUTE, YTO TT'® Kak pacTBOPUTEIND C OOIBUINM JOHOPHBIM
YHCIIOM MO OTHONIEHHIO K CHMPTaM HMPUBOAMI K Goliee MPOYHOMY CBSA3BIBAHHIO ¢ KaTHoHOM Cu?*,
YeM JMaJKUIMaHAMHUIbI, 4YTO CHOCOOCTBOBAJO OOpa3oBaHHIO OusiiepHOTO KoMmIuiekca 11.
O6pa3oBanue coequnenus 11 ykaspiBaeT Ha ropaszno 6osee Bricokyro madbunsHocth NCNR2 nuranaa
M0 CpaBHEHUIO C Sac, uro ObUIO TOATBEPKACHO KBAHTOBOXMMHUYECKUMHU pacyTaMH,

MIPEICTABICHHBIMU B clieayromiem pazzaene (3.2.3).

Pucynok 32. [leymepnas croucmas cmpykmypa coeounenus 11. Booopoouvie konmakmuol

NOKA3aHbl KPACHOU NYHKMUPHOU JUHUEU, T-CMEKUHS — Cepoll.
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3aBepmiasi 0OCYXICHHE BTOPOl YacTH SKCIEPUMEHTa, MOXKHO CKa3aTh, YTO BO BCEX
ctpykrypax (9, 9:2H»O, 10 um 11) ObulO BBISIBJICHO HAIMYUE DPAIUYHBIX HEKOBAICHTHBIX
B3aMIMOJICHICTBUI — BOJIOPOJHBIX CBSI3€H, T-CTEKHMHTa apOMATHUYECKUX KOJIEIl, MEeTaTO(PUIbHBIX
B3auMoJieiicTBHid. Hanmmuue pasnuyHpIX CIOCOOOB TaKOTO CBSI3BIBAHMS OKa3bIBAET CYIIECCTBEHHOE
BJIMSIHAE Ha OCOOCHHOCTH MOJICKYJISIPHOM YIaKOBKH, T€OMETPHUUYECKHE MapaMeTpbl KOMIUIEKCA U
OPHUBOJAT K Pa3IUYHON CyHnpaMoOJICKYIspHON opranu3zanuu. CONOCTaBICHHE CTPYKTYPHBIX
napameTpoB komiuiekca 9 u ero conbbara 9-:2H20 10O3BOAMIO YCTAaHOBUTH, YTO UX TEOMETPUUECKHE
napamMeTpbl ONMPEICISIFOTCS OCOOCHHOCTSMU KPUCTAUIMYECKON YIAKOBKM M HAIMYHEM Pa3JIMYHBIX

BHJIOB BOJOPOJHBIX CBSI3CH.

3.2.3 TeopeTuyeckne UCCIAeI0BAHUS MOHOSIIEPHOT0 KOMILIEKCA

[Cu(Sac)2(NCNMe2)(H20)]

Hccneoosanus nposooun k.x.H. Hosuxoe Anexcandp Cepeeeguu.

JUis  momydeHus  JIOTIOJIHUTENBHBIX ~ CBEACHUHM,  MOJATBEPXKIAIOLIMX  M3MEHEHUE
HarnpaBieHHocTH peakimu codetanus SACH/NCNMe; B npucyrerun CuXz nH20 1 Bo3MOKHOCTH
obpazoBanus kinactepoB B cucteme CuXz2-nH,O/NCNMe; B npucyrerBun SaCH u3ydanack npupoja
ceszeit CU-N(NCNMe2) u Cu—N(Sac) B coenunenun 9. B cBsA3u ¢ 3TUM OBLIO MPOBEICH pacyer
merogoM DFT, Brimoyaromuii MOJHYIO ONTUMHU3AIMIO T'€OMETPUM MOJENBbHOM CTpYKTypsl 9 B
ra3oBoil (aze C HCIIOJIB30BAHMEM COOTBETCTBYIOIIEH SKCHEpUMEHTanbHON cTpykTypsl PCA B
Ka4ecTBE TOYKM OTCYETAa M TOIOJOTHYECKUI aHaJ M3 pPacHpeleNiCHHs SJICKTPOHHOW IJIOTHOCTH
(QTAIM). Pe3yabpTaThl TEOPETHUECKUX MCCIIEAOBAHUIN MTOKa3aiu, 9To: (1) KOOpIUHAIMOHHbIE CBSI3H
Cu-N(NCNMez) nu Cu-N(Sac) ogHOKpaTHBIE, 3JEKTPOHHAS IUIOTHOCTh CMEIIEHA K aTOMy a3o0Ta,
COOTBETCTBEHHO, OHHM HOCAT MPEUMYIIECTBEHHO YJIEKTPOCTATHUECKUH XapakTep; (2) caxapuHaT-HOH
nydmre koopauaupyercs k menu(ll), obpasys Oonee cuimpHyro cBsizb, ueM NCNMe,, Tak kak
paccuntanHbie BepTukaibHbie noiaHbie d3Hepruu it CU-N(NCNMe2) u Cu—N(Sac) cocraBunu 182,4
u 654,4 x/[x/mMonb, uro xoportuo coriacyercs ¢ ganHbiMu PCA u teopueit JKMKO Ilupcona; (3) o-
noHupoBanne {M}«L cymecTBeHHO npeobiagaeT Hax oOpaTHBIM T-moHUpoBaHWeM {M}—L B
ces3six kak Cu—N(NCNMey), tak u Cu—N(Sac), 4o moATBepKaaeTcs IKCIEPUMEHTAILHO TaHHBIMA
NK-cnekTpocKonuu.

Takum ob6pazom, menn(ll) momHocThiO OnMOKMpYeT HYKICO(UIbHBIE IIEHTPHI JHMIaHJIOB,

npepoTBpaiias kak couetanne SaC—-NCNMez, tak u Gopmupoanue kiactepoB [CusXsO(NCNR2)4]
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BBHY 00pa3oBaHus OoJiee YCTONUMBBIX KOMITIEKCHBIX coeauuenuit [Cu(Sac)2(NCNR2)(H20)z], uto

MOATBCPIKAACTCA KaK TCOPCTUICCKUMHU TAK U SKCIICPUMCHTAJIbHBIMU MCTOJaMU.

3.3 Terpasinepubie kiaactepbl Meau(l) ¢ AnajJKuIUaAHAMUIAMHA

3.3.1 Biausinue ycJ10BHii CHHTE3a HAa CTPYKTYPY KJaacTepoB Meau(l)

Cusl4(NCNR2)4 m ux coxkpucraiiuzaTos ¢ gonopamu I'C (1,4-FIB u 1,4-FBB)

Terpasaepubie kyoanoBbie kinactepbl 12—-16 cocraBa [Cusl4(NCNR2)4], (R = Me — 12, Et —
13, %CsHio — 14, 5CsHg — 15, 14C4HgO — 16), m KpHCTaLIOCOIBBATHI C JHATKUAIIHAHAMHAIOM
12-:0.5NCNMe2 u ponopamu ranorenHou cBsizu 12:-1,4-FIB, 12:-1,4-FBB Obuin  mostydeHbl
HECKOJbKUMH criocobamu (pucyHok 33). Jliist monyveHuss MOHOKPUCTAILIOB BCEX BBILICYTOMSHYTBIX
COCIMHEHUH MCIIOJIb30BAIN METO MeuieHHoU muddy3un. s cuaTe3a 6ecCoIbBaTHBIX KIACTEPOB
pactBop Cul B ameToHUTpHIIe PH KOMHATHOW TeMIIEpaType aKKypaTHO HacllauBaJld Ha PacTBOP
NCNR:2 B xi0opodopme u momenianu B tepmoctar (5 °C), coycrs 7-14 mHelr 0Opa3oBBIBATHCH
npurognsie st PCA OecuBeTHble MOHOKpUCTAIUTBI (METOAMKA MpHBeneHa B 4dacTH 3). UToOb
MOJTyYUTh MOHOKPHCTAJUTBI BEICOKOTO Ka4eCcTBa U BO M30€kKaHNEe MOOOYHBIX MPOIECCOB, TAKMX KaK
OKHCIICHHE MEN M ObICTpOE yIapuBaHUE PACTBOPUTENS, UCTIONB30BATH OCYIICHHBIE PAaCTBOPUTEIN
U TOHMXKEHHYI0O Temreparypy. B kadectBe pactBoputens juist Cul mpUMeHsIM aneTOHUTpPUI,
KOTOPBII OTJIMYAeTCs OTHOCUTENBHO HEBBICOKOM JOHOPHON CHOCOOHOCTBIO IO CPaBHEHHIO CO
MHOrumMu apyrumu N-moHOpamu, 4ToObI MUHUMHU3UPOBAaTh OOpa3oBaHHME MOOOYHBIX MPOIYKTOB.
Coxpuctrammuzatel 12-1,4-FIB, 12-1,4-FBB ¢ monopamu I'C momydanu mo cXoxked MeTojiuke, B
koTtopoit pactBop Cul u NCNMe: B aneronutpuie Hacinauaiu Ha pactsop 1,4-FIB u 1,4-FBB B
xjiopoopMe MpH KOMHATHOW Temrmeparype ¢ JanpHeimum oxnaxaeHueM a0 5 °C. Takas
MIOCJIEIOBATEIFHOCTh HAHECEHUs1 OOYyCIOBJIEHAa TEM, YTO CaMH JUAIKIIIUAMHAIBI CHOCOOHBI
00pa30BbIBATh COKPUCTAIUIN3ATHI C IOPHAMHU TAJIOTEHHOHN CBSI3H.

Bropoii criocod mpuMeHsICS NMpH MOJTYYE€HUH MOPOIIKOB coequHeHni 12-16. OnbITHBIM
nyteMm ObuT0 ycraHoBieHO, 4to Cul pactBopum B NCNMez u NCNEt, npu cnabom HarpeBanuu 10
50 °C, a B nuknmueckux auaikmiuanamMuaax Cul mpaktuaecku He pacTBopsuics. Tak, BemecTsa 12
u 13 Beigencusl u3 pactBopoB CUI/NCNMez(Et2) nobasiaennem EtoO (12) mam rekcana (13) ¢
nocienyonmm oxiaaxaeHuem 1o —18 °C B teuenue cyrok. Coeaumnenus 14-16 Obumn Gosee

YCTOﬁqHBbI Ha BO3AYXC B OTJIMYUC OT MPCABIAYIIUX, MO3TOMY HUX BBLIACIIAIN BUAC MMOPOIIKOB IIPpU
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yIIapuBaHWU PEAKIMOHHBIX CMeced NpH KOMHATHOW TemmepaType B TEUYEHHE CYTOK, 3aTeM

MIPOMBIBAIU JUAITUIIOBBIM dPUPOM.

solv1=MeCN, solv2=CHCIl; Cul+solv1 1:solv1=MeCN,solv2=CHCI;

+ 1,4-FIB (1,4-FBB) __ 2: solv: CgHy4, Et,0, MeCN
R, = Me N=—NR,; + solv 2
2 2 R, = C4Hg, C4HgO, CsHyg
NM62
R,N
! \
N\ X \\N
MeoN /Cu F F \Cu
\\ X / \ / \\x
Cu”cu™ RoN X\/ \\
E 2 \ /
VN S5 P
3(/ " \\ / =——NR

Me,N X =B, |
NR,

Pucynox 33. Ycnosus cunmesza mempasoephvix kiacmepog meou(l) u ux

CoKpucmaiuzamoe.

[Tonydennbie mpoaykthl 12-16 mpencraBisiin cOOOH MOPOMIKKM OT 0Noro A0 CBETIIO-
KPEMOBOI'O I[BE€Ta, KOTOPbIE 3aMETHO JIOMUHECHUPOBAIM IMPH OOJy4yeHUH CBETOM 365 HM IpHu
KoMHaTHOU Temneparype (12, 13 — xxenro-opamwxessim, 14, 15, 12-1,4-FIB, 12-1,4-FBB — xxenteim,
16 — xento-3eneHniM 1Betamu). Coenunenus 13—-16 oTHOCUTENbHO CTaOWIBHBI HAa BO3AYyXE U HE
TEPsUTH JTFOMUHECIICHTHBIX CBOHCTB OT JBYX JHEH 10 Heckoiabkux Henmenb (12-1,4-FBB, 13 —
npuMepHO 2—-3 cyToK, 14—-16 — no 14 cyrok). [Tpu nonmxennoii Temrmeparype (—18 °C) Bce oOpasis
12-16 ctabunpHbl OoNiee Mecsiia MOJA CIOeM MaTOYHOro pacTBopa. ToHkuii cioit obOpasma 12 u
12-1,4-FIB npu KoMHaTHOM TemIepaTrype U KOHTAaKTe C BJIaroi Bo3ayxa HEYCTOHYMB U IepecTaBall
JoMHHECIIUpoBarth uyepe3 10-20 MuHyT.

Bo Bcex cimydasix MOJyYHIIM KPUCTALTHYECKUE MPOAYKTHI B JJOCTATOYHOM KOJHYECTBE IS
JanpHeHei xapakTepru3alum, BEIX0 IPOJYKTOB I cOeAMHEHUH 12—16 1 UX COKpUCTAIII3aTOB C

nonopamu I'C B cpennem cocraBui 70—90 % [103].
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3.3.2 XapakTtepu3zanus coequHeHuii [12—16] u X COKpUCTAIIN3ZATOB

Jns coequnenuit 12—-16 ocHoBHbIME MeTogamu xapakrtepusanuu Obun PCA u POA, UK-
cnektpockonus, anemeHTHbINH aHanmm3 CHN u AAC.

Hannbie POA nopomkoo6pa3Hbeix 00pasnoB kiractepoB 13—16 COOTBETCTBYIOT pe3yibTaTam,
nosrydeHHBIM 110 PCA 171 COOTBETCTBYIOIIMX KPUCTAIUIOB, YTO CBUACTEIBCTBYET 00 HACHTUYHOCTHU
MOHOKPUCTAJIJIOB W TMOJYYEHHBIX KOJHUYECTBEHHO IOPOIIKOBBIX 00pasloB, a Takxke 00

OIHOPOJHOCTH NIOCIICAHUX.

Pucynox 34. Cmpyxkmypwot knacmepog 12-0.5Me>NCN (cresa) u 16 (cnpasa). /s
naenaonocmu monexyia NCNMe: ne yrkazana. TepmanvHuvle 211uncoudst nokazatul ¢

seposimnocmuio 50%.

P®A Obu1 mpoBelieH NP KOMHATHOM TeMIiepaType W Jiss coenuHeHus 12, oaHako OBLIO
MOKAa3aHO, YTO OCHOBHOU (ha3zoit siBisercs y-Cul BBy TOro, YTO COEAMHEHHE HEYCTOWYMBO U
MIPOUCXOUT €ro Pa3IoKeHHE BCJEACTBHE pasorpeBa B kamepe (mpumepHo go 40-50 °C) mon
JENCTBHEM PEHTTeHOBCKOTO oOmydenus. [loaTomy mist oOpasia OblT MPOBEACH PEHTTeHO(Pa30BBIiM
anamm3 npu 100 K u momyueHHas TMOpOIIKOTpaMMa HE COBMajana C JJaHHBIMU JUIA
oxapaktepu3oBanHoro wmerogom PCA  kommiekca wmeau(l) C  auMeTHINHAHAMHIOM — —
cokpuctaumzata kimacrepa 12:0.5Me;NCN. Takum oOpa3oM MmaHHBIM KIacTep OKazaycs
HEYCTOMYMBBIM Ha BO3[yXe. TeM He MeHee, HAa OCHOBAHHMH NAaHHBIX JIPYTUX (PU3UKO-XUMUYECKUX

METOJIOB HCCJICIOBAHMUS U IIOMHHECIIEHIINH (CM. pa3nen 3.3.4) mpy CONOCTABICHUY PE3YIbTaTOB JUISI
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BCEH TPYMNIBI KOMIUIEKCOB, MOKHO C OOJIBIION BEPOSTHOCTHIO MPEANOIOKHUTb, YTO CTPYKTypa
coeaunenus 12 coorBeTcTByeT coctaBy kiactepa [Cusla(NCNMez)4].

Coenunenns 12-16 u cokpuctaumsatel coenuHeHHs 12 ObulM OXapaKTEepU30BaHBI C
ucnonp3oBanneM  UK-cnektpockonuu. B MK  chnektpax — coeaquHEHHMl  TPUCYTCTBYET
XapaKTepUCTHYHAS MHTEHCHBHAA T10510ca B obmactu 2237-2239 cm (eM. npunoskenue, puc.I1.16 —
[1.22), cOOTBETCTBYIOIAs BaJCHTHBIM KOJICOAHUSIM HUTPUIBHON Trpymmbl juranga. Ilomoca
TOTJIONMIEHHs. YMEPEHHO CIBUHYTAa B BBICOKOYACTOTHYIO 06macth Ha 20-30 cM 1 OTHOCHTENBHO
COOTBETCTBYIOIICH MOJOCH CBOOOAHOTO ImaHamuga (2210-2220 CM’l), YTO TOATBEPKIACT
topueByto koopauHaimio NCNR:2 k MeTamioueHTpy U CBUAETEILCTBYET O HE3HAUUTEIHHOU
3JIEKTPOPUIIBHOM aKTUBAIIMK OPTaHUYECKUX JTUTaHI0B B cocTaBe KomriekcoB meau(l).

Hannasie CHN snemenTHOro ananm3a u qanasie ADC (mns Cu) as BemectB 12—16 xoporo

COTJIACYIOTCH C paCLIéTHBIMI/I BCINMYHNHAMU OJIA 0eCcCoJIbBATHBIX KJIaCTCpPOB.

3.3.3 UccnenoBanue KpucTauindeckoii crpykTypbl KiactepoB [Cuslsa(NCNR2)4]

U X cokpucraaau3aros ¢ nonopamu I'C (1,4-FIB/1,4-FBB)

Cornacuo noxydeHasiM naHHBIM PCA coennnenne 12-0.5NCNMe; u 13 kpucrammsyrorcs
B TpocTpaHcTBeHHOW Tpynme P-1, a ocranmpHBle KiacTepbl MeAM, TIE JMTaHIBl COAepHKaT
UKIMYECKHE 3aMECTUTENHN ABJISIIOTCS U30CTPYKTYPHBIMU M KPUCTAIUIU3YIOTCS B IPOCTPAHCTBEHHON
rpymre Pben (14-16). Bee ctpykTypsl conepkaT uckaxkénnoe sipo Cusls, Tae yetsipe atoma Mean
JIOTIOJTHUTENIFHO CBSI3aHBI C YETHIPHMSI MOJIEKYJIaMHU JUANKIIIMaHaMuioB. Paccrostaus Cu—l B
KJIacTepax Jexar B auamazoHe 2.6359(8)-2.7374(7), Cu-N — 1.973(5)-1.992(7) A, a Cu-Cu B
cpetHeM cocTaBAIoT 2.6276(10)-2.7864(14) A, uTo sBnseTcs xapaKTepHBIM IS KIIACTEPOB C A1POM
Cusls m npyrumu N-mOHOpHBIMU nUTaHAaMU. PacCcTOSIHHSI MEXIy aTOMaMH MEIU MEHBIIE CYMMBbI
BaH-Jlep-BaaIbCOBBIX PAANYCOB MO BoHaM cOOTBETCTBYIOMKX aToMOB (XBvaw(Cu, Cu) = 2.8 A), uro
CBHUJICTEJILCTBYET O HAIMYMHA METAIO(OUIBHBIX B3aMMOACUCTBUI, KOTOpBIC IPHCYTCTBYIOT B
moTOOHBIX oyHrosiiepHBIX Kiactepax. Yriuel CUNC Takke BapbUpYIOTCS B IpejaeiiaX OIHOU
MOJIEKYJIbl KaK U B Cllyyae ¢ TeTpasaepHbiMu kinactepamu Meau(ll), a ux 3naueHue /i KjacTepoB B
cpeareM octaBisiioT oT 153.4(4)° mo 173.9(4)°. Takum 00pa3oM MOXKHO 3aKJIFOUUTh, YUTO OCHOBHBIC
reOMETPUYECKUE MapaMeTphl coeauteHuii 12—-16 (MIUHHBI CBsA3ei W BaJEHTHBIC YIJIbI) SBIISIFOTCS

TUIHYHBIMU 17151 KyOaHOBBIX KitacTtepoB Meau(l) Cusls ¢ N-monopHbME urangamu [6, 8, 57-60].
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MexMoeKyIapHbIe HEKOBAJICHTHBIE B3auMoAeicTBUA B cTpykTypax 12-0.5NCNMey, 13-16,
MPEJICTaBICHBl CIa0bIMU BOAOpoaHbIMH KOHTakTamum C—H---l, B kmacrepe 16 peammsyercs
ceaspiBane C-H---O, a B 12-:0.5NCNMez — xonraktr C—H---N. Eme omHoli 0COOEHHOCTHIO B
crpykrype 12:0.5NCNMe, sBnsercs HaiMuue 7-CTEKWMHTa KOOPAWHUPOBAHHBIX IMAHAMHIOB
(pucynok 35), rae paccrosuus (C---N) pasuble 3.389(7)-3.439(6) A, Omusku wmam cierka
npeBbaT XByiw, Ho Menbine yeM XRyaw ( ZBvaw = 3,40 A; ZRyaw = 3,54 A). Taxke, kak u B
cirydae ¢ rajioreHuaHbIMU okcuaokiaactepamu Meau(ll), B crpykrypax 13-16 He HaOmogaeTCs TAKUX
KOPOTKMX KOHTAKTOB, TaK KaK HAaMMEHbBIIE MEXAaTOMHOE PAaCCTOSHUE MEXIy HUTPUIbHBIMU
(dparMeHTaMH JIMTaHJOB COCETHHX MOJIEKYJ 3aMETHO OOJbIlleé CYMMBbI BaH-ICp-BaalbCOBBIX

panuycos o Poynanny.

Pucynox 35. Opaemenm monexynsaprot cmpykmypuot 12-0.5NCNMez, n-cmexuneosoe
szaumooeticmaue mexicoy nueanoamu NCNMez (nokazano cunumu nynKmupHolMu TUHUSMU),

monexyna kpucmaniusayuonno2o NCNMe; ne yrxazana.

Ucxoms w3 pa3nmuuust KpUCTAUIOTPAPHUUECKUX MapaMEeTpOB,  CYHPaMOJIEKYJIspHas
opranu3zaiys kimactepoB paszianuHa. Tak, B coenunenusax 12-:0.5NCNMe; u 13, Moniekyiibl KjacTepoB
BBICTPOCHBI B WAYIIUE MapaJUIeTIbHO JPYT APYyry 3uriaroodpasneie menodyku (cszanabie C—H---N
KOHTAaKTaMH) BJOJb OJHON M3 Kpucramorpapuueckux oceit (pucynku 36, I1.36). IIpoctpancTBO
MEXIy LEeMOYKaMH 3alojHEHO AaMHJHBIMH 3aMECTUTENISIMM JIMTAHAOB W MOJIEKyJlaMu
KpucTtaymm3anuonnoro pacreopurens B 12:0.5NCNMez, Moniekynbl B 1emOYKaxX TaKKe OTACICHBI

JpYyT OT Apyra aMMIHBIMU 3aMeCTHTEISIMUA. B cTpykTypax coeaunenuii 14—16 monekynbl kiactepa
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00pa3yloT cjIou B IUIOCKOCTH &c, KOTOpbIE pa3JelieHbl MPOCTPAHCTBOM, 3aHSATHIM aMUIAHBIMU

3aMecTUTeNsIMU JIranaoB (pucynku 36, I1.37).

Pucynox 36. Buo kpucmannuuecxou ynaxosku oas kiacmepog 12-0.5NCNMe2 6doas ocu a (cresa)

u 16 80ozb ocu ¢ (cnpasa).

ITpu Beemennu B cucremy CUI/NCNMe2 10HOPOB ranoreHHON CBs3M OBUIM MOJY4EHBI
cokpucramumzatel 12-1,4-FIB, 12-1,4-FBB (pucynok 37). Takxke, Kak ¥ B cllydae ¢ TaJIOTCHUIHBIM
knacrepamu meau(ll) 3To cBsi3aHO CO CTOCOOHOCTHIO KJIACTEPOB C JUMETHUIIITHAHAMUIOM IIPUHUMATH
ydacTHe B cJa0bIX B3aMMOJCWCTBUSX M, COOTBETCTBEHHO, OOpa30BHIBATh COKPUCTAJUIM3ATHI B
00JIbIIEH CTENEHH 110 CPAaBHEHHIO C KIacTepaMu, MMEIOLTMMHU 0oJiee 00beMHBIE THATKMIIIMaHAMHUIBL.

ITo nanueiM PCA coenunenus 12-1,4-FIB, 12-1,4-FBB u3ocTpyKTYpHBI U KpUCTAIIIU3YIOTCS
B mpocTpaHcTBeHHoi rpymme P21/c. Paccrosaust Cu—I, Cu—N u Cu—Cu niexxat B TOM e Juana3oHe,
qT0 y OecconpBaTHBIX KiacTepoB 12—-16. Yrier CUNC B cokpucTammn3aTax TakkKe pa3iIndaroTcs B
npezenax 0JHOW MOJIEKYJIbl, HO X 3HAUYE€HHE HECKOJIbKO O0JIbIIIe YeM B OE€CCONIbBATHBIX KIacTepax,
157.4(4)°-175.8(4)°. BelieykazaHHOE W3MEHCHHE B yIJIax OOBSICHSICTCS HAJTHMYUEM COJIbBATHOM

MoJieKybl 1oHopa ['C, MeHsto1el KpUCTAJUTMYECKYIO YITaKOBKY MOJIEKYJ COKPHUCTAIIIU3ATOB.
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Pucynok 37. Cmpykmypsi cokpucmaniuzamos kiacmepos ¢ oonopamu 1'C 12-1,4-FIB,

(cnesa) u 12-1,4-FBB (cnpasa). Tepmanvhwvie snnuncoudst noxazamsi ¢ seposimuocmvio 50%.

B nonydennbix cokpucraumsarax kiactepoB menu(l) ¢ monopamu I'C, kak npeamnosnarainoch,
HaOJIFOIAk0TCS IPYTHE BHUJIBI HEKOBAJICHTHBIX B3aMMOJICHCTBHM, KOTOPHIC MPUBOJISAT K COBEPIICHHO
MHOM KpHUCTAJUIMUECKON ymakoBKe. BojaopoaHble KOHTakThl o0O0pa3yroTcss Mexay Ooliee
AIIEKTPOOTPHIIATENILHBIMUA aToMaMu (TOpa CoiibBaTa M BOJOPOAOM METHIJIBHBIX TPYII JIMTaHIA
H(NCNMey)---F(1,4-FIB/1,4-FBB), Takxke B 000MX COCAMHEHUSX PEATU3YIOTCS T-ABIPOYHBIC
B3aUMOJICHCTBUSI MEXAY D3JCKTPOHHOH Mapoil aTtoma Honxa (aKUenTop T-ABIPKU) U MOJEKYIIOH
noao(6pomo)nephropbensona (mouop n-meipku) 7-(1,4-FIB/1,4-FBB)- - n(lcusia), T paccTosHuS
H---F u C(1,4-FIB/1,4-FBB)- - | 613Ky Wik HEMHOTO TMPEBHIIAOT XByaw, HO MeHee 4eM ZRygw.

Kpucrammmueckass ynakoBka crpyktyp 12-1,4-FIB u  12:1,4-FBB  mnpencrasnena
CYNpaMOJIEKYJISIPHBIM aHcaMmOJIeM B BHJE TPEXMEPHOW CEeTKU (pHCYHOK 41), rie 3ursaroodpasHble
OJTHOMEPHO-TIEPHOANYECKME LEMOYKH 00pa3yloT CIIOM, 3a CYeT BOJOPOJHBIX KOHTAaKTOB
H(NCNMey)---F(1,4-FIB/1,4-FBB) u mexnuranaaeix H:--N, a cjiou B CBOIW0O ouYepe/b CBSI3aHBI
Mexay coboit cnabeiMu koHTakTaMu H(NCNMez)---1(Cusls) (pucynku 38, 40). OTnuuutenbHOM
ocobeHHoCThIO coenuHenus 12-1,4-FIB aBnsercst oOpa3oBaHe B HEM T'aJOT€HHOM CBSI3U (PUCYHOK
39) Mex 1y o-IbIpKoii Ha aToMe Hoja B coctaBe 1,4-FIB u anexktponHo# napoii ioaun anrnoHa B Cusls,
a Taxke OoJbIlIee 3HAYCHUE PACCTOSHUS MEXY apOMaTHIECKUM KOJIBIIOM U HoqoM B kiactepe C---|
(3.78 A) no cpasuenuio ¢ 6pomunHEIM ananorom (3.64 A). O6paszosanue I'C 6onee xapakTepHO JUIs
1,4-FIB BBuay Oomee BBIpaKEHHOW CIIOCOOHOCTH 1O/Aa IO CPAaBHEHUIO ¢ OPOMOM OBITH JOHOPOM G-
IOpipku (M BBUAY Oonbineil momspusyemoctd | mo otHomenuto k Br). Ilostomy MOXkHO
NPEIOI0KHUTh, YTO 00pa30BaHHWE TAJIOTEHHBIX CBS3EW BCTYIAeT B KOHKYPUPYIOIIMK MpoIecc ¢
7(1,4-FIB)- - -n(lcusis) B3aumoaeiicTBEM, TEM CaMbIM yBeaudHBas pacctossaue C- -1 u He MeHsIs Tpu

3TOM IIPOCTPAHCTBEHHYIO IPYIITY KPUCTAJJIA U TUI KPUCTAIIIMYECKOHN yrmakoBKu. C 3TOM ke Mo3uLuu
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MO>XHO OOBSICHUTH M MEHBIITYI0 YCTOMYMBOCTh Ha Bo3ayxe coenunenus 12-1,4-FIB, rue ramorennoe
cBsi3piBaHKe MPUBOAMT K ocnabnenuto n(1,4-FIB)---n(lcusis) B3ammoneiicTBYSI, KOTOPOE, BEPOSITHO,
BHOCHUT OOJBIIHMIA YHEPTEeTHUECKUIA BKIJIA] B CTAOMIM3AIIMI0 MOJEKYJbl COKPUCTAIUIH3ATa HEXKEIH
ramoreaHas cBsa3b  1(Cusls)---1(1,4-FIB). Opnnako, Ui TOATBEPXKACHHUS BBIICYIIOMSIHYTOI'O

MPEOJIOKEHUS TPEOYIOTCS U IPYTHe METO/Ibl, B YaCTHOCTH KBAaHTOBOXMMHUYECKHE PACUETHI.

Pucynok 38. @pacmenm kpucmannuueckou ynakosku coeounenus 12-1,4-FBB. Booopoonvie
xkoumaxmol HINCNMey)- - -F(1,4-FBB) nokaszamnwsi 3enenoii nynkmupnoii aunuell, w-63aumo0eticmeust

I(Cusls)---1,4-FBB — cepoii.

Pucynok 39. Opaemenm kpucmaniuuecxoii ynakosku coeounenus 12-1,4-FIB. I'anocennvie cesazu

1(Cuals)---1(1,4-FIB) nokazanst ¢huonemosou nynkmupHo tuHuel.
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Pucynox 40. @paecmenm 3D kpucmannuuecxoti ynaxoexu cokpucmannuzama 12-1,4-FIB,

6u0 60016 ocu b. Meowccnotinvie C- | konmaxmel nokazanvl NYHKMUpHOU IUHUEL.

Pucynox 41. @pazmenm 3D kpucmannuuecxou ynaxosxku cokpucmannuzama 12-1,4-FIB,

810 800.J1b OCU A.
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Takum o6pazom, womun wmemu(l) m muankwmmanamuasl NCNR2 ¢ pasnuunbiMu
samecturesimu (R2 = Me, Et, CsHs, CsHio, C4HsO) crmocobHbI 00pa3oBbIBaTh TETpasiepHbIC
kyOanomomoOubie  kimactepbl  coctaBa  [CUsls(NCNR2)s], B KOTOpBIX  OCOOCHHOCTH
KpHUCTauorpa@uyeckoil yrmakoBKd (M, COOTBETCTBEHHO, CYNPaMOJIEKYJSpHAs OpraHu3alus) H
HAJIMYUE OIPEJCICHHBIX BHJOB HEKOBAJICHTHBIX B3aUMOJICHCTBUN OIPENEIsSeTCS BBIOOPOM
TUANKWINHAaHAMUAHOTO  JuraHaa. [lpudem  HamOomblmee pa3HOOOpa3We  HEKOBAJCHTHBIX
B3aUMOJICHCTBUH, Kak u s kiaactepoB menu(ll) ycranosneno s kinactepoB [Cusls] ¢ muranmom

NCNMez u ero coxkpucartammzaTto ¢ gfonopamu ['C — 1,4-FIB u 1,4-FBB.

3.3.4 UccaemoBanne ontudeckux cBoiicTs KiaactepoB [Cusls(NCNR2)4] [12-16]

Bce xnactepsl 12—16 mposiBISIIOT TIOMUHECIICHTHBIE CBOMCTBA MPU Pa3HBIX TeMIiepaTypax,
MIOSTOMY IIEJIECO00pa3HO JeTalbHEe HM3YyYUTh MX OCHOBHBIC (OTOPH3MUECKUE XAPAKTEPUCTUKU
[103]. [ns uccnemoBaHus CIEKTPAIbHBIX CBOMCTB KOMILICKCOB 12—16 ObUIM 3alMCaHbI CIICKTPHI
norsouieHus B Y® u BUAUMON o0JacTu Mpu KOMHATHOW Temmeparype. B crekrpax mornormeHus
HACBIIICHHBIX PACTBOPOB IMOJYYEHHBIX KOMIUIEKCOB (PUCYHOK 42, A) MPHCYTCTBYEeT MIMPOKas
nojoca (C MakcHMymMoM mpuMmepHo mpu 360-365 HM), KoTopas ObUIa HCIHOJB30BaHA IS

BO30YK/ICHHS JITIOMUHECIICHIINH.

1,0

T T T 0,0 T V T ! i :“
400 450 500 400 500 600 700 800
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350
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Pucynok 42. Hopmuposannvie cnekmpul noziowjerus (A) u momunecyeHyuu npu 6030yiHcoeHun

ceemom Onurot eonnwvl 365 Hm (B) coedunenuri 12-16.
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Cnextpsl amuccuu (pucyHok 42, b) coequnenuii 12—16 B TBepAOM COCTOSTHUH 3alTUCHIBAIN
npu BO3OYXKICHHM CBETOM JJIMHHOM BOJHBI 365 HM IpH KOMHATHOW Temmeparype. B crekrpax
coequnenuit 12 u 13 mpucyrcTByeT 1Ba MakcuMyma B aAuana3zoHax 418—422 um u 580—600 uMm, 6o1ee
MHTEHCUBHBIM SBJIETCS AIMHHOBOJIHOBOM MakcuMyM. B criektpax 14-16 mposiBisieTcst TOJIBKO O/1Ha
nosioca ipu 581, 578 u 554 M, cooTBeTcTBEHHO. KOPOTKOBOTHOBOM MakCMMyM B criekTpax 12 u 13
COOTBETCTBYET (DIIyOpECIICHIINH, XapaKTepU3YIOLIeics KpaiiHe KOPOTKHMMHU BpeMeHaMu ku3HH, (<0.3
HC, YTO MEHBIIIE pa3pemeHus mpudopa), Toraa Kak JUIMHHOBOJIHOBAs dMuccus 4 12—16 otHocutes
K (ochopecreHIMN C BpeMEHAaMH »H3HU O HECKOJIbKUX MHUKPOCEKYHJ M CBUIETEIbCTBYET O

pa3penIeHry MalToBEpPOSITHOIO CHHIJIET-TPUILICTHOTO niepexona S — T (tabmmua 3).

Tabnuya 3. Bpemennvle KOHCMAHMbL KUHEMUYECKUX KPUBBIX 3AMYXAHUSL TIOMUHECYEHYUU U
keanmogvle 8vixo0wl (Q) momunecyenyuu coedunenutt 12—16 npu 6030ysicoenuu ceemom OauHouU

gonnwl 365 um. KBII u /]BIl — kopomkooino8as u ONUHHOBOIHOBASL NOJIOCHL IIOMUHECYEHYUU.

Coenunenue KBII JIBII Q
Amax, HM | T, HC Amax, HM | T1, HC T2, HC %
12 418 <0.3 580 31145 2090430 10,2
13 422 <0.3 600 32045 2190+20 6,4
14 - - 581 316+4 2140+40 25,1
15 - - 578 32945 2270450 9,4
16 - - 554 318+4 2180+40 16,6

JITMHHOBOJIHOBAas AMUCCHSI XOpOIIO COTJacyeTcsi C OMHCAHHOM B JHTEpaTrype s
KoMIuiekcoB KybanoBoro tuma [Cuslsls] (L = HeliTpanbHbie N-TOHOpHBIC TUTAHIBI: ATU(PATUICCKHIE
U apOMaTHYECKUE 3aMEIICHHbIC aMUHBI; alleTOHUTPUII, dSMuUccHs B obmactu 550—630 um) [54, 55—
60], xoTopast 0OyciOB/IeHa KJIacTep-IEHTPOBAHHBIMU MMEpeXoAaMu (CMEMIaHHBIM MeTaJlI-MeTaLI
d > s, p u ranorenug—meramn). KoporkoBonHoBast smuccust B 12 u 13 MoxeT ObITh CBsi3aHa C
o0Opa3oBaHHeM BO30YKIEHHOTO COCTOSIHUS B pe3yabTaTe BHYTPHIUTAHIHBIX T — ¥ MEPEX0J0B B

NCNR: w/wmm woaua-muaikuiiiuaHaMHu]l TEepexofoB [54], Takke, BO3MOXHO, B pe3yjbTaTe
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dyopecuenuu npumecu Cul. KBaHTOBBIHM BBIX0/1 TIOMUHECHEHIIH AJIs1 BCEX MOJIYUEHHBIX BEILIECTB
OKasajacsi pa3HbIM M B ILIEJIOM MEHbIIe, 4eM y cxoxux coeauHenuit [Cuslsls] ¢ N-monopHbIME
JUTaHJaMH, 9TO, BO3MOXKHO, CBSI3aHO C TeM, 4To TpoiHas cBsi3b B nurange NCNR: Tymmwmr
JIOMUHUCIEHIIUIO 32 CUET YBEITMYCHUS BEPOSITHOCTH IEPEX0ia SHEPTUU CBETa B O€3bI3ydyaTebHbIe
nporecchl [104]. 3aBepiias o0CyXIeHHE PE3YIHTATOB JUCCEPTAIIMOHHON pabOThI, MOJKHO CKa3aTh,
YTO MOJIYYCHBI W OXapaKTepU30BaHbI HOBbIC KoopauHaimoHHbie coenuHeHus meau(l) u (1),
cojepkalife JUANKWIIUAHAMU/IbI, CaxapuHAaThl WM JpPYyrue JIMraHAbl. YCTaHOBJIEHO, 4YTO
OOJIBIIMHCTBO KJIACTEPOB CIIOCOOHBI NMPUHUMATh Y4acTHE B HEKOBAJICHTHBIX B3aUMOJICHCTBUSX,
00pa3ysi IpH STOM pa3IMYHBIE CYIIPaAMOJIEKYIApHbIE CTPYKTYphI. B pasaene 3.3.4 nokaszaHo, 4yTo AJs
aroMuHO(GOPOB Ha ocHoBe Meu(l) BappUpOBaHKE JTMTAHIOB MTO3BOJIIET U3MEHSTH (POTODU3NIECKIE
CBOMCTBAa KOMIUIEKCOB, 4YTO IIO3BOJIAET YIPABJIATH JIOMHUHECICHTHBIMA CBOMCTBAMHU BEIIECTB.

[TonpoOHBIEe pe3ynbTaThl JUCCEPTAIMOHHON paOOThI MIPEACTABICHBI HUXKE!

e CocraB u crpoerue terpasaepubix kimactepoB Meau(Il) CusClsO(NCNR2)s [1-8] B TBepaom
cocrosinuu omnpenensitorcs tunom Jsmranga NCNRz (R = Me, Y%CsHio, Y4CaHs, %2CsHgO),
CrocoOOM CHHTE3a, B TOM YHCJIE W BBIOOPOM pacTBopuTels. [Ipu HCIONB30BaHHH CMECH
Me2CO/EtOAC nmu 1,3-Me2CeHs obpasyrores kiaactepsl CusXeO(NCNMe2)s (1, 2), B ciiyuae
MPUMECHECHUS apOMATHUYECKUX PACTBOPHUTENICH, TaKWX KaK TOJIYOJ M CTHPOJ, 00Opa3yroTcs
cokpuctaiumzarel  1,2-4PhMe u 1,2:4PhCH=CH.. B pe3ynprate peakimuu JIpYrux
muankuinuanamMunoB ¢ CuXz'nH2O He Habnromaercs oOpa3oBaHHE COKPUCTAIUIM3ATOB BBHUAY
CTEpUYECKHUX 3aTPYIHEHUH, HE3aBUCUMO OT UCIIOJIb3yEeMbIX PACTBOPHUTENEH;

e B ximacrepax [CusXeO(NCNMe2)s] Haiimensl kak ciabble BOJOPOJHBIE KOHTAKTBI, TaK M
MEXMOJCKYISIPHBIA TUMOIb-AUNONBHBIN TT-CTEKUHT MEXKJY HUTPHIBHBIMH (QparMeHTaMH
JUTAHAO0B, dYTO YyKa3piBaeT Ha ydyactue NCNMe, B o0pa3oBaHUM HEKOBAJICHTHBIX
B3aumogeiicteuii. B 1,2-4PhMe u 1,2-4PhCH=CH2 HaiiieHbl KOpOTKHE MEXKMOJIEKYIISPHbIE
konTaktsl C(NCNMey):--C(Arene), 3.331-3.351 A, uro wmempme XRyuw (3.54 A); at0
CBUJICTENLCTBYET O 7T-ABIPOYHOM B3aMMOJCHCTBUM JIMTaHIa U apeHa, KOTOpOe MPUBOIUT K
00pa30BaHUIO CYIIPAMOJICPYIIIPHBIX CTPYKTYp. BO3MOXKHOCTH 00pa30BaHUS COKPHCTAIUIM3ATOB
MOJITBEPIKICHA TCOPETUUSCKUMHU PacUCTaAMH,

e Peaxkmus ranorennoB Meau(11) CuXz2-nH20 ¢ NCNR2u SacH (SacNa) mpuBoauT k 00pa3oBaHUiO
HOBBIX MOHOSIJICPHBIX KOMIUIEKCHBIX coenuHenuit Mmequ 9, 9-2H,O u 10 npu ucnoias30BaHUH
CIIUPTOB U BOJBI B KaUECTBE PAacTBOPHUTENEH, B TO BpeMs Kak npumeHenne TI' D mpuBOAUT K
oOpa3oBaHuI0 OHsiiepHOro KomIuiekca 11;

e B coemunenusix 9-11 peanusyrorcs pa3nuvHbIe C1a0ble B3aUMOICHCTBUS, TAKHE KaK BHYTPHU- U

MCKMOJICKYIISIPDHBIC BOAOPOAHLIC CBA3HU, T-CTCKUHI MCKAY apOMaTUYCCKHUMU (bpaFMeHTaMI/I
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caxapuHa, MeTayutopuibhbie B3aumoseicteus Cu—Cu (11). Ilpu mepexoae ot coeauHeHust 9 K
9-2H>0 Habmr0ar0TCS U3MEHEHUS TEOMETPUUICCKUX MapaMeTpoB (MPOCTPAHCTBEHHAS TPYIINA,
YIJIBI U ATIUHBI CBSI3M) U peaiu3yercsi 0oJbIIee KOJTUYECTBO BOJIOPOIHBIX CBSA3CH 3a CUET JABYX
JOTIOJTHUTEIIBHO COJIbBATUPYEMBIX MOJIEKYJ BOJbI, YTO IPUBOJUT K OOpa30BaHHIO Pa3IMYHOM
KPUCTAJIMYECKON YIAaKOBKH B MOJYYEHHBIX KOMILJICKCAX;

Cul B peakmuu ¢ nuankunuanamugamu NCNR2 (R = Me, Et, %2CsHg, ¥42CsHao, ¥2C4HgO) ob6pasyet
teTpasaepHbiec kyoanossie Kimactepsl ¢ [Cusls(NCNR2)4] 12-16, a Beenenue gonopos I'C (1,4-
FIB u 1,4-FBB) npuBoaut x o6pa3zoBanuto cokpucramuzaros 12-1,4-FIB, 12-1,4-FBB. Bo Bcex
CTPYKTypax ObUIM Hai/IeHbl HEKOBAJCHTHBIC B3aUMOJICHCTBUS B BHUJC CIA0BIX BOJOPOIHBIX
koHTakTOoB, TiprueM B 12:0.5NCNMe; mnomumo cimaObIX BOJOPOJHBIX  KOHTAaKTOB
H(NCNMe2)- - -1(Cusls) mprcyTCTBYET TT-CTEKUHT MEXy HUTPUIbHBIMHU ()parMEeHTaMH JINTaH10a
COCEIHUX KIJIACTEPOB, YTO YKA3bIBAa€T HAa BO3MOXKHOCTH OOpa30BaHUS COKPHCTAILIM3ATOB. B
MOJYYEeHHBIX coKpucTam3arax 12-1,4-FIB u 12-1,4-FBB peanu3zyrorcs BogopogHbIe KOHTAKTHI
H(NCNMe2)---F(1,4-FIB/1,4-FBB), n-npipounsie B3aumosciictBus 1(Cusls)---1,4-FBB, Taxke B
12-1,4-FIB npucyrctBytoT ramorennbie cBszu 1(Cusls) --- 1(1,4-FIB). Oanako, HecMOTpsi Ha
HaMYue TajoreHHblx cBszed B 12-1,4-FIB o6a cokpucrammmsara HUMEIOT CXOXYIO
KPUCTAJTHIECKYIO YIIaKOBKY.

VYcranoBneno, dro Bce kiacteper  12-16, 12-14-FIB u 12-1,4-FBB  mposiBisiroT
JIOMHHECIICHTHBIE CBOWCTBA Mpu 00ydeHHn cBeToM 365 HM. 1o 1aHHBIM BpeMEeH KU3HH s
coeauHeHui 12—16 MOKHO 3aKJIIOYUTh, YTO IMHUCCUSL OTHOCUTCS K (pocopeclieHIIMN U XOPOILIOo
COTJIaCyeTCs C JIMTepaTypHbIMH JaHHBIMU 10 KimactepaM [Cuslsls] ¢ apyrumu N-moHOpHBIME
nurangamMu. KBaHTOBBIM BBIXOJ JIFOMHUHECIICHIIMHA OKa3ajiacs MEHbBINE, YeM Y W3BECTHBIX
KyOaHOBBIX KiacTepoB ¢ N-I0OHOpaMu, 9TO, CBSI3aHO C YBEITMYEHHUEM BEPOSTHOCTH IMEpexoja

SHEPTHUU CBCTA B 663B13J1y‘-IaTCJIBHBIC MMPONLCCCHI.
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4. BbIBOABI

Packpeito BiausiHue nuranga NCNR: u pacTBopuTenst Ha cOCTaB M CTPOCHHUE TETPAsIEPHBIX
okcuokiactepoB Meau( 1) [CusClsO(NCNR2)4] 1-8 1 ux COKpUCTA/UIN3AaTOB C apOMATHYCCKUMHU
mosiekynamu. Jlurang NCNMe2 no cpaBHEHHIO ¢ JPYTMMHU JUAIKWILHAHAMHUIAMU B OOJIbLIeH
CTEMEeHH CIOCO0eH K 00pa30BaHUI0 HEKOBAJIEHTHBIX B3aHMMOJCHCTBHI, MO3TOMY UMEHHO C €ro
y4acTUEM TOJy4YeHbl COEIMHEHHUs C HauOOJBLIUM Ppa3HOOOpa3ueM HTHX B3aHMMOJCHCTBHIA:
KJacTephl, Tae peanusyercs m-B3aumopeicteust Mexay C=N ¢parmenramu (1,2) u
cokpucraumzarel 1,2:4PhMe u 1,2:4PhCH=CH2 ¢ =@-ABIpOYHBIMU B3aUMOJICHCTBUSMHU.
KoopaunupoBanueiik NCNMez B oTnuume OT Apyrux JUANKWILMAHAMHUAOB CIOCOOEH
00pa30BBIBATh COKPUCTAIU3AThI, KOTOPBIE MPEICTaBISIOT U3 CeOsl CyNmpamoJeKyJspHbIe
aHcamMOnmM 3a cueT cnabbIX T-IBIPOYHBIX B3aUMOACHCTBHM C 3IEKTPOHOM3OBITOUHBIMU
apomatnueckumu  mousiekyaamu  T(NCNMep)---m(Arene), 4ro  MOATBEPAMIOCH  Kak
AKCIIEPUMEHTATBHBIMHA METOIAMH MCCIIEIOBAHNUS, TaK U TEOPETUICCKUMHU.

Beenenne CuXz-nH20 moJIHOCTBIO HM3MEHSET HANPABJICHHOCTh PEaKIMHM codeTaHus SacH u
NCNRz2, 3a cuet 6;10KMpOBaHUS HYKI€O(DUIBHBIX LIEHTPOB 000MX OPraHMYECKUX PEareHTOB, IpU
9TOM HaONIOaeTCsl MCKIIOYUTEIBHO KOOpIMHANWS [UAHAMHUJA W CaxapUHAT-aHHOHA K WOHY
Menu ¥ 00pa30BaHNe HOBBIX MOHOSJIEPHBIX T€TEPOIUTAHIHBIX KOMILIEKCOB.

PackpeiTo BnusiHME yCIOBUM CHHTe3a (NIPUPOAA PACTBOPUTENS, 3aMECTHTENb B JIMTaHIE) Ha
COCTaB M  KPUCTAUIMYECKYIO  CTPYKTYypy  MOJy4aeMbIX  IMPOIYKTOB B  CHCTEME
CuX2'-nH20/NCNR2/SacH(Na). Bbonbmias ruapododbnocts nuranga NCNEt oOycnaBnuBaet
orcyrcTBUEe auruzapara aHaiormyHoro 9-2H>;O. BreissBneHHBIE W ONHMCAaHHBIE pa3IMYHBIC
HEKOBAJICHTHbIE B3aMMOJIECHCTBHS, TaKWe KaK KJIACCHUYECKHE BOJOPOAHBIE CBS3H, T-CTEKMHI
apOMaTUYECKUX KOJIEI M METAIIO(UIIbHBIE B3aUMOJICHCTBUS, ONIPEIEIISAIOT CYIIPAMOJIEKYIIIPHYIO
OpTaHM3AINI0 KPUCTAIUTMYECKUX coearnHeHnid 9—11.

Peaxmust Cul ¢ muankunmumanamugamu NCNR2 npuBoauT Kk 00pa3oBaHUIO HOBBIX KyOaHOBBIX
kiactepoB [Cuslsa(NCNR2)4] 12-16, a BBeieHHE rajloreH3aMEIICHHBIX Mep(TOPapEHOB B 3Ty XKe
cuctemy — cokpucramiuzaroB 12-1,4-FIB u 12-1,4-FBB. Takum 00pa3omM HEKOBaJICHTHBIE
B3aUMO/ICHCTBHUS B KPUCTAJTHICCKAX CTPYKTYypax OTIPEIEIISIOTCS BEIOOpOM
MUATKWIIAaHAMHUTHOTO — JIuTaHga. llpudyem  Ooisibliee  KOJMYECTBO — HEKOBAJCHTHBIX
B3aMMOJICHCTBHI ycTaHOBiIeHO it coequHeHuit ¢ jurangom NCNMez — 12-:0.5NCNMey,
12-1,4-FIB u 12-1,4-FBB. B cokpucrammn3aTax KiacTepoB ¢ (TOpupOBaHHBIMH apeHaMH TOJIBKO
1,4-FIB mposiBisieT cebs kak kiaccudeckuid 1oHop ['C, oOpa3ys rajoreHHbIe CBS3HU, B TO BPEMs

kak 1,4-FBB ydacTByeT TOJIBKO B T-IBIPOYHBIX B3aMMOICUCTBUSX.
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Knacreper 12-16 neMoHCTpupyroT cxoxkue (POTOGU3NIECKH XapaKTEPUCTUKU C JIPYTUMHU
U3BECTHBIMH KyOaHOBBIMU Kiactepamu CUslsLs. Bonbime BpemeHa sxu3HH (T) CBUIACTEIbCTBYIOT
o (ocdopecneHym, a KBaHTOBBIH BbIxoJ1 (Q) okazancs HeCKOIbKO HUXKE, 4eM y KiactepoB Cuals
¢ apyrumu N-IIOHOPHBIMHU JIUTaHIAMU BBHUY HAJIUYWS HUTPUIBHOH TPYIIBI, KOTOPAsk TYIIUT

JJIOMUHHUCHCHIUIO 3a CUET YBCIIMYCHUS BEPOATHOCTHU 6e3513nyaneanHX IIPOLECCOB.
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5. DKcnepuMEHTAJIbHAS YaCTh

5.1 llpenapaTuBHas 4acThb

be3 1OMONHUTENBHON OYHCTKH HCIOJB30BAINCH CIEAYIOUIME KOMMEPUECKHE PEareHTHI:
muankuiuranamuael NCNR2 (Rz2 = Me, Et, %CsHg; ¥2CeHio; 2CaHgO), CuBrz, CuClz-2H20, Cul,
1,4-FIB u 1,4-FBB mapku «Sigma Aldrich» kBanudukammu XY; SacH mapku «Sigma Aldrich» u
NaSac mapku «100ing», o6a kBanudukauuu OCY; pacTBopuTenu (aleToH, alleTOHUTPHII, METaHO,
9TaHOJ, XJOpoopM, TONIYOJd, CTUPOJ, OSTWianerat) mapku «Bekton» u «HeBapeakTusy
kBanukanuu XY. OCyliKy MpOBOIWIM IS CICTYIOIIUX PACTBOPUTENICH: JUITUIOBOTO 3Upa,
terparuapopypana (THF) wu »srtaHoma cormacHo — oOmienpuHsATbIM — MeTofukam  [105].

[Mupponunuanuanamua (NCNC4Hg) cuntesupoBanu cornacuo metoauke [106].

5.2 ®PU3uKo-XUMHYEeCKHE METOAbI MCCJIeI0BAHUSA

PeHTreHoBCcKHe METOABI aHAJIM3A

Metoapl aHanM3a OCHOBAHBI HAa B3aMMOJEMCTBUM PEHTICHOBCKOI'O H3JIYyUYEHHUS C
AIIEKTPOHAMH, B PE3YJIbTaTE KOTOPOTO BO3ZHUKAET AU(PPAKIIHSI PEHTTEHOBCKHUX JIydel Ha TPeXMEPHOI
KPHUCTAJUTMYECKOW perieTke. B paboTe HMCMOMb30BaIMCh pPEHTreHOCTPYKTYpHBIH {PCA)
pentrenogazonsiii (POA) ananus (nanee — PCA u POA, coorBerctBeHHO). Metoa PCA no3Bossier
YCTaHOBUTH TaKue MapaMeTpbl, Kak MPOCTPAHCTBEHHAs IPyIa 3JeMEHTapHO! sS4ueiiku, ee pa3Mephl,
YIJbl U JJUHBI CBSI3U, MPUYEM MOCIEIHUE SIBISIOTCS BaXXHBIM aCIEKTOM JUIsl OLEHKH HaW4us
cmalwIix B3auMoieiicTBuil. Elle onuH MeTon, mpuMeHsieMbiil B pabote, 310 PDOA, e ucnonb3yercs
meron mopomka ([ebas-Illepepa). B xome pa®OTel JaHHBI METOJ MCIOJIB30BAICS Kak
KAUeCTBEHHBIH [UIsI ONpeAeNeHUs] WICHTUYHOCTH MOHOKPHCTAJIBbHOTO 00pas3lia M MOPOIIKOBOIO
MPOJYKTa, TMONTY4aeMbIX MpPHU COIMOCTABIEHWU JaHHBIX cif-¢daiina MoHOKpucTamia (ITagoHHAs
peHTreHorpamma) u3 gaHHBIX PCA u maHHBIX IUdpakiuy KPUCTAJUTMUECKOTO Topoiika. Meton
IPUMEHUM TOJBKO JJISi COENMHEHUH, YCTOMUMBBIX Ha BO3AYyXe, K PAaCTHMPAHUIO B MOPOILIOK U K

PEHTT€HOBCKOMY O0JyUYEHHUIO.

PeHTreHoCTpyKTYpHBIM aHalW3 A BCEX COEAMHEHUN MPOBEACH Ha MOHOKPHCTAJIBHBIX

mudpakromerpax Agilent Technologies «Supernova» u Rigaku «XtaLAB Synergy-S» mpu
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temriepatype 100 K ¢ ucmonszoBanrem moHoxpomatudeckoro CuKo u3iaydeHUs B pPeCypcHOM
nenrpe CII6I'Y «PenTreHoaudppakiinOHHbIE METOIbI HCCIIEN0BaHU». CTPYKTYpBI OBLTH PELICHBI C
nomotsio nporpammbl ShelXT ¢ u yrounensl ¢ momompto nporpamMmbl ShelXL, BkiIroueHHOU B
o6o1ouky OLEX2, ¢ ucrnonap30BaHieM METO/Ja HaMMEHBIIUX KBaApaToB. Kpucramnorpaduueckue
JAaHHBIE M0 HEKOTOPHIM CTPYKTypaM HOJYyYEHHBIX KOMIUIEKCOB JIENOHUPOBaHbl B KeMOpHIKCKYIO
Kpucramnorpapuueckyto ba3zy Hanusix (1 — 1992025, 1-4PhMe — 1992026, 1-4PhCH=CH: —
1992027, 2-4PhMe — 1992028, 2:4PhCH=CH, — 1992029, 9 — 2062446, 9-H.O — 2062447, 11 —
2062447, 12 — 2084638, 13 — 2084881, 14 — 2172759, 15 — 2085114, 16 — 2085726).
Pentreno¢azoBblii aHam3 ObUT MPOBEACH B TOM K€ PECypCHOM IeHTpe Ha mpubdope Bruker «D2
Phaser» ¢ MenHbIM aHOAOM NP KOMHATHOM TEMIEpaType, COIOCTABIEHUWE PEHTIE€HOIPaMM

IIPOBOAMIIOCH B IporpamMmme «Mercury».

KoJsiebaTesbHast CIEKTPOCKONUS

Jlnst maeHTHGUKAIMKA KosleOaHui (YyHKIMOHAJIBHBIX TPYII B OPraHUYECKHX JIMTaHJaX, a
TaKXe /ISl HOATBEeP:KICHHUs] KOOpAMHAIIMY JIMTraHaa K MetaitoneHTpy [ 107] 6bu1 ucnonb30BaH METO
kosiebarenbHoi cnekTpockonuu (MK crnekrpockonun). UK criekTpockonus — CeKTpanbHbIi METO,
B OCHOBE KOTOPOTO JIEKHUT IOTJIOLIEHNEe HH(PAKPACHOTO CBETa BEIECTBOM, NPUBOASAIIEE K
nepexoiaM MeXAy KojeOaTelnbHbIMU YpOBHSMHU BSHepruu Mosekyid. Ilpu stom Habmromaercs
ocnalieHne MHTEHCUBHOCTH CBETa, NPOILEALIEro uepe3 oOpasel, JUIIb NMpU TeX JIMHAX BOJIH,
SHEPIusi KOTOPBIX COOTBETCTBYET SHEPrHsM BO30YXKAECHUS KoJIeOaHWH B HM3ydaeMbIX MOJIEKYIax
(MakcumMyMbl mnoryomeHus). IlosTomy 4acToTsl, HpHU KOTOPBIX HAOIIOJAETCSI MaKCUMallbHOE
noriouieHue MK-u3nydeHus, CBUAETEIbCTBYIOT O HAJIMYMU B MOJEKyJax oOpas3la TeX WM MHBIX
(GYHKIMOHATIBHBIX TPy U JIpyrux ¢parmenToB. MK crnekTpsl Ui HOBBIX MOJYYEHHBIX BEIECTB
OBUIM CHATHI Ha MOTJIomeHue, B obmactu 4000400 cM ! ¢ ucnons3oBanuem crnektpomerpa Bruker
«FTIRTENSOR 27» B 0o6pa3uax, TabnerupoBansbix ¢ KBr unm cycrneHqupoBaHHBIX B Ba3€JIMHOBOM

macie (Nujol), B pecypcHom nientpe CIIOI'Y «Metozsl aHan3a cocTaBa BEILIECTBaY.

DJIEMEHTHBIN aHAJIU3

OnementHbid aHanmu3 CHNS(O) mo3Bosnser onpeneauTs TouHoe KomuecTBo yriepoaa (C),
Bogopona (H), azora (N), Bo3moxxHo cepel (S) m kucmopoma (O) B oOpasme. Cambrid
pacmlpoCTpaHEHHBIH METOJ] 3JEMEHTHOTO aHalli3a OCHOBAaH Ha CXXHUTaHWW o00pasia, KOTOpoe

BBHITIOJHSIOT B CIENMATBLHOM MPUOOpPEe — dJIEMEHTHOM aHanm3atrope. [Ipu cxuranum obpaszerr
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obpasyer cMech npoayktos cropanus (CO2, H20, N2 u mip.), K KOTOpO# MPUMEHSIOT METOJ Ta30BOM
xpomarorpaduu M ONpEenessioT MPOLEHTHOE COOTHOIICHHE JIEMEHTOB B MCXOJHOM oOpasue. B
JMICCEPTALMOHHON paboTe JJIsl MOATBEPXKACHUS XUMHUECKOTO COCTaBa MOJIYYaeMbIX MPOIYKTOB Ha
KOJINYECTBEHHOM YpPOBHE IPOBOJIWIOCH ompeneneHue conepxkanus sinemeHtoB CHN. Meron
OpUMEHsUIC B paboTe JJIs OINpeNeNeHUusT MacCOBBIX JOJIEH 3JIEMEHTOB OPraHMYecKOM wyacTu
KOMIUIEKCHBIX CO€IMHEHUH, B YACTHOCTH, JTUAJIKWILMAHAMUAOB B KiacTtepax mMeau(l). DineMeHTHbIN
aHanu3 Obul BhIMoHeH Ha snemeHTHOM CHNS(O) anammzatope «LECO-932» na 6aze «CaHKT-

[TeTepOyprckoro rocyAapCcTBEHHBIH YHUBEPCUTETA IPOMBIIUIEHHBIX TEXHOJIIOTUN U AU3aiiHaY.

ATOMHAaf CIIEKTPOCKOIINA

Jlyist onipeieieHrst MacCOBOM JTOJIM MeTalljla ¢ LEJIbI0 TOATBEPIKICHUS XHMUYECKOTO COCTaBa
BCEr0 MacCHBa BEIIECTB ObLI MPOBE/ICH aHAIN3 HA COACPKAHUE ME/IH C IIOMOIIBI0 METOIOB aTOMHOMN
abcopOuuu u sMuccud. ATOMHAsI CIEKTPOCKOIHUS — METOJ1 KOJTMUECTBEHHOTO aHajIn3a, OCHOBaHHBIN
Ha CBOMCTBax aToMoB moruomars (abcopoums, AAC) unu ucnyckath (3muccus, ADC) cBeT ¢
ONpPEACTICHHON JJIMHOM BOJHBI NPU B3aMMOJICUCTBUU C 3JIEKTPOMArHUTHBIM u3inydeHuem. Ilo
ATOMHBIM CIIEKTpaM MOTJIOMICHUS MOXKHO ONPEICIIUTh COJIEp)KaHUe MHOTHUX MeTayuioB (okojo 70

aneMeHToB [lepuonnueckoil cucTeMsl) B pacTBOpax UX COJIEH, TOM YHUCIIE U ME/b.

ATOMHO-?MHCCHOHHBIA aHanu3 ObLT BbINOJHEH B pecypcHoM 1eHTtpe CIIOIY «Metomast
aHaJIM3a COCTaBa BEIleCTBAa» Ha ONTUYECKOM SMHUCCHOHHOM CIIEKTPOMETPE C MHYKTUBHO-CBSA3aHHON
mwiazmoit  ICPE-9000, a aromnHo-aOcopOuumoHHBI Ha cnekTpomerpe Ha Shimadzu AA-7000.
CrangaptHble 00pa3ubl MeAM JUIsl TPajayUPOBOYHBIX PACTBOPOB IPUTOTOBJIEHBI M3 CTAaHIApTOB
MERCK B 0.1M HNOg. I'pagyupoBounsie pacTBopsI purotosiieHs! B auanazone 0.01-100.0 mr/m.
[Tpu mpoOOMOArOTOBKE Il YCTPAHEHHs MELIAIOIIEro BIUSHHUS OPraHUYEeCKUX JIMTaH/IOB TOYHBIE
HaBECKH O00pa3LoB KUIATUIM B a30THOW kuciote 30-60 mMunyT npu gambHeimem 100-kpaTHOM
pasBeieHuU. 3aTeM IPOBOJMIOCH CONOCTaBJIEHUE MAacCOBOW JIOJM aHAJINTA Ui IOJIyYEHHOI'O

o0pasiia ¢ TeOPeTHIECKH PacCUNTaHHOM corjacHo naHHbM PCA.

TepMuueckue MeToabI

TepMuueckue MeTOIBI SBISIOTCS 0a30BBIMU JUIsl OLIEHKH TEPMUYECKOW CTaOMJIBHOCTH
MOJIyYEHHBIX KOOJMHAIMOHHBIX COeIMHEHUH. B padoTe mnpuMEHsIM TepMOrpaBUMETPUUYECKUIT

anaim3 (TT'A), MeToa, KOTOpBIM OCHOBAaH Ha HENPEPBIBHOM PErHCTpallMM 3aBUCUMOCTH M3MEHEHUS
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Macchl OT BpPEMEHHU U TEMIIePaTyphl, OH MO3BOJISIET YCTAHOBUTH HE TOJIBKO TEMIIEPATYPY Pa3I0KEHUS
BEIIIECTBA, HO U BBISIBUTH XapaKTep U MPOIYKTHI paznoxkenus. [lomyuaror T -kpuBbIie — 3aBUCUMOCTH
Macchl HaBECKH (M3MEHEHHUsI MacChl HABECKU) OT TEMIIEpaTyphl WK BpeMeHH. s uHTepnpeTannu
pesynbTatoB  TI'A  HeoOxoamma o6padotka TI'(TG)-kpuBBIX, B YaCTHOCTH, HaXOXICHHE
npon3BoHOM oT TT -curnana (ckopocth usMeHeHust Maccbl, DTG), ¢ ee MOMOIITEI0 MOKHO OTCIICIUTh
MOMEHT BPEMEHH WUJIM TeMIepaTypy, IpU KOTOPOi M3MEHEHHE Beca MPOMCXOIUT Hauboee ObICTPO.
TepMorpamMmbl  TMOJXY4YEHHBIX 00pa3noB ObuM  CHATBI B pecypcHoMm 1ientpe CIIOIY
«TepmorpaBUMeTpUYeCKEe U KaJOPUMETPUUYECKHUE METOJAbl HCCIEAOBaHUSA» Ha mpubope
NETZSCHTG 209 F1 Libra B uneptHoii armocdepe (Ar) Ha noanoxke u3z AloO3 ¢ ucnonabzoBaHuem
nopomika MnO; B kadectBe cranmapra. CbeMKy mpoBoawiu B auanasoHe or RT mo 600 C°,

UCTIOJB3YS HeOOobIue HaBecku 1.2 — 4.4 wmr.

OnTunyeckue MeTOAbI

Jlnst uccnenoBaHUS OCHOBHBIX  (POTO(PHU3MUECKUX CBOMCTB MMOJYYCHHBIX COCIMHEHUH
[Cusls(NCNR2)s] (12-16) (BpemeHa >KH3HHM — T M KBAHTOBBIA BBIXOA — Q) MPUMEHSIIUCH
CHEKTPAIbHO-ONTUYECKHE METO/Jbl HCCIIEJOBAaHUS, TaKHe KaK CIEKTPOCKOIHUsS IMOIJIOMIEHUS U
JIOMHUHECHEHIIMU. KBaHTOBBIN BBIXOJ CIYXMUT JUIsl OLEHKU 3((HEKTUBHOCTH JTIOMHHECIECHLIUU U
OTIpenieNsieTcsl KaK OTHOIICHHE KOJMYECTBAa MCITYyCKAaeMbIX (POTOHOB K KOJMYECTBY IOTIIOMICHHBIX
($OTOHOB, B TO BpeMsi KaK BpPEMEHa XH3HHU IO3BOJISIOT OICHUTh KAaKUM THUIIOM JIFOMHUHECIICHIHH
o6afaeT TOT UM MHOM mroMuHO(GOP (pryopecuennus, T = 10°-10 ¢ umu docdopecenuus, T =
10719-107° ¢). Jlnst kaxk0ro BelIeCTBAa HEOOXOAMMO 3HATH MAKCHMYMbI HOTJIOMIEHHS, HAa KOTOPBIX
BITOCJIE/ICTBHH HEOOXOMMO U3MEPSITh CIEKTPhI JFOMHHECIICHIINY ¥ KBAHTOBBIN BBIXOJ.

[TpuroToByieHHbIC HACBIIIIEHHBIC PACTBOPHI coenuHenuit 12—-16 (12 — B quaTrioBoM 3¢dupe,
13 — B rekcane, 14—16 — B arleToHUTpUJIIE) OBLIM MOMELICHBI B KIOBETY TOJIIUHON 1 MM, U3MEpEeHUs
CHEKTPOB TOIJIOMIEHHUsT MpoBoAuau Ha crekrpodoromerpe C®P-2000. [lnst 3amucu CrEeKTpOB
JFOMHHECIEHIIMA TOHKUH CIIOW CBEKENPUTOTOBIICHHBIX IMOPOIIKOB OBLI HAHECEH Ha MPEIMETHBIC
CTeKJIa C YIJICpOJHOW TUICHKOW BO W30€kKaHWE OMOIHHUTEIHHOTO OTpaxkeHus. V3MmepeHus
NPOBOAMJIMCH M3MEPEHBI C MoMoIIbio crekrpoduryopumerpa Fluorolog-3 (Horiba Jobin Yvon).
Kunetnueckne mapameTpsl B BHJE KPHUBBIX 3aTyXaHUs JIIOMHHECUEHIIMM ONHMCAaHBl JIBYX-
9KCIIOHEHIHMAIbHOM 3aryxatomien ¢pyukmueit: 1(t) = lo + 11+ exp(-t/t1) + l2- exp(-t/t2), roe 11 u 12 —
BpPEMEHHBIE KOHCTAHTHI. KBAaHTOBBII BBIXOJ ONMPEAEISUICS METOJIOM «HHTEIPHpYIOIIEH chepbr» ¢

UCIIONIb30BaHNEM (DTOPOIUIACTOBBIX MOJIOKEK. M3MepeHus: MpOBOAMIMCH, Ha 0a3e pecypcHOro
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nentpa CIIOI'Y «OnTuyeckue u J1a3epHbIC METOBI HCCIICIOBAHUS BEIIECTBA» M «METOo bl aHan3a

cocCTaBa BCIICCTBA».

Teopernueckue (pacueTHbIe) METOAbI

Pacuemwvt nposoounuce k.x.n. A. C. Hosuxosvim u Dr. T. J. Mooibroek.

J11s otieHKH BO3MOKHOCTEH 00pa30BaHuUs HEKOBAJICHTHBIX B3aUMOJICHCTBUM, paclipeieICHUs
AIIEKTPOHHON TUIOTHOCTH ISl TIOYYEHHBIX COKpHCTaJUIM3aTax (KpucramuioconbBarax) 1,2:-PhMe,
1,2-PhCH=CH> 1 cB0OOHOTO TUMETHIIHAHAMUIHOTO JIMTAHAa OBLI MPOBEJCH pacyeT M0 METOIY
dbynkmonana snexktpoHHoil mnotHoctd (DFT meron). KoopauHatel aTOMOB KPUCTATHUECKUX
CTpYKTyp OBUIM HMMIOPTHpPOBaHBl B mporpamMmy MoxenupoBanuss ADF  (Amcrepmamckuii
¢dyukuonan wiotHocty) [ 108] ¢ ncnone3oBanuem D3 aucniepcronnoi nonpasku [ 109] rubpumgaoro
¢dynkimonana B3LYP [110] u Gasucuoro HabGopa def2-TZVP [111]. DHepruu B3auMOACHCTBHUS
OILICHHMBAJIM IO pacyeTy PHEPruu B 0JHOU Touke B pamkax ADF mexny nByms obnactsimu (B3LYP-
D3/TZ2P). [logo6HbIi BUJ aHAM3a TaK)Ke IPUMEHSJICS paHee ISl OLICHKHU JAPYTUX HEKOBAJTCHTHBIX
B3aMMO/ICHCTBUI, TAKHNX KaK BOJIOPOJIHBIE CBSA3H, B3aUMOJICHCTBUE G-IABIPOK C aTOMAaMU YIJIEpOJa U
B3aUMO/ICHCTBHS TT-IBIPOK C HUTPOIPOHU3BOTHBIMH.

Meron DFT npumensiiacs [uisi M3y4eHHs BKJIAJOB KOBAJIEHTHOTO M 3JIEKTPOCTATHYECKOIO
B3aumogmeiictBuss B cBsism  Cu-N(NCNMez) u  Cu-N(Sac) B MOJy4EeHHOM COEIMHEHHU
[Cu(Sac)2(NCNMez)(H20)2]. bbuta mpoBeieHa ONTHMHU3AIMS T€OMETPUH  BBIIICYKA3aHHOM
MOJIEKYJIBI C UCTIONb30BaHueM QyHKIoHana M06 [112] ¢ momorstio makera nporpamm Gaussian-09
[113]. Pacyersl TPOBOTWIUCH C HCIOJB30BAHUEM MHOTOJIEKTPOHHOTO  MPHOIMKEHUS,
ncesgonotennuanos MDF10, anmpoxcumupyrommx 10 57J€KTpOHOB BHYTPEHHHX O00OJIOYEK U
COOTBETCTBYIOIIUX Oa3uCHBIX HAOOpoB st atoma menu U 6-31G(d) GasucHbIX HaOOpOB I
OCTaNIbHBIX aTOMOB [114].

Tomnosnornuecknit aHanu3 pacHpeleNeHns AJIEKTPOHHOM IIOTHOCTH B paMKax Teopuu P.
Betinepa «atromoB B Mosiekynax» (AlM) Obul IPUMEHEH TakKe ¢ OMOIIbI0 porpamMmmbl ADF mist
OTIpefieNieHUs OTHOCUTENBHBIX BKIIAJOB B3aUMOACHCTBUS METAJUI-TUTaH B kiactepax [115]. s
CTPYKTYPBI MOHOSIJIEPHOTO KOMIUIEKCA aHAJIM3 BBIMOIHSUIA C TIOMOIIBI0 TporpamMMbl Multiwtn
(Bepcus 3.7) [116].

Jlis  OLlEHKH XapakTepa MEXKMOJICKYJSIPHBIX B3aWMOJCUCTBUNA B KPUCTALIIMYECKOM
COCTOSIHUM OB MpUMEHEH aHanu3 noBepxHocTH Xupuidensaa (HSA) s crpykryp 1,2:4PhMe u
1,2-4PhCH=CH_, ycnemnHo 3apeKOMEH/IOBaBIINA ce0s B M3YYCHHUH BO3MOXKXHOCTH OOpa3OBaHHS

cokpucramumzaros [117].
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5.3 Cunrte3 TerpasepHbIx KiaactepoB Mmeau(Il) [CusXeO(NCNR2)s]
coxkpucta/uin3aToB[CusXeO(NCNMe2)s]-4Arene

Cunre3 [CusXsO(NCNMez)s] m [CusXsO(NCNMez)s]-4Arene

CuCl3-2H20 wmmu CuBr; (42.2 mr wiau 55.9 mr, 0.25 MMojb) pacTBOpsuid B (5—7)-KpaTHOM
u30b6rTke NCNMe» (0.10-0.13 mur, 1.3—1.8 MMOJIB), TOJTydEHHBIN PACTBOP OCTABJISsLIN Ha 24—48 yacoB
pu KOMHATHOW TeMrieparype. 3aTteM no0aBisuii 2—3 MJ paCTBOPUTEIIS-OCAIUTENS U TTOJTYICHHYIO
CMECh OCTAaBJISIJIM KPUCTAIJIM30BAaThCS Ha HECKOJIbKO JTHEH B OTKpbIToM Buane npu RT. Ilpu
no6asiaennn Kk pactBopy CuCl2-2H20/NCNMe, cmecu aneron/stunanerar (1:1 mo o0bemy)
BBINIAIANIN KpacHO-KopuuHeBbie uronbyarbie Kpuctamibl CusClsO(NCNMes)s (1). Ipu npuirBaHum
m-kcunona K pactBopy CuBr2/NMe:CN  00pa3oBBIBAINCh  YepHO-KOPUYHEBBIE — HPU3MBI
CusBreO(NCNMey)s (2).

Coxpucraimn3arhsl (KPUCTAIOCOJIbBATHI) C ApPOMATUYECKHUMU MOJICKYJIaMH TIOJTYYalli IyTeM
nobasnenus 2—-3 mi tonyona (PhMe) u crupona (PhCH=CH?) x pactBopam CuClz-2H20 u CuBr: B
NCNMez, coorBercTBeHHO. KpucramioconsBartel coctaBa 1-4PhMe u 1:4PhCH=CH; nmomy4yanucs B
BUJIE KPACHO-KOPUIHEBBIX MTOJILYATHIX KpUCTALIOB, 2-4PhMe — B BUJIe TEMHO-KOPUIHEBBIX ITPU3M,
2:4PhCH=CH: B Buae temHo-3eneHblx uri. ns PCA mnomydyeHHble KpUCTaUIbl M3BICKAIN W3
MaTOYHOTO PacTBOPa, /ISl JTOTIOTHUTEIBHBIX METO/I0B XapaKTepH3aIH CYIIUIN Ha Bo3ayxe npu RT
B TedyeHue nomydaca (st 1,2:-4PhMe) wim Heckonmpkux 9acoB (mns 1,2-PhCH=CHz). OcHoBHBIE
XapaKTEPUCTUKH TIOTYISCHHBIX MPOJTYKTOB MMPUBEICHBI HUXKE !

[CusClsO(NCNMez)s] (1). Beixom 33-38 wmr, 70-75%. Cu (AAC) paccuutano st
C12H24NsCu4ClgO: 33.3%, maiimeno: 32.8%. UK cnektp (Nujol): v(C=N) 2261 cm!, c. TrA:
HECTEXHMOMETPHUYECKOE pasyioxkenue npu 165 °C.

1-4PhMe. Boixox 33-38 wmr, 70-75%. Cu (AAC) paccunrtano miast C12H24NgCusClsO-1.25PhMe:
29.9%, HaiineHo: 28.8%. UK crektp (Nujol): v(C=N) 2261 cm L, ¢. TTA: npn 35-132 °C memneHHOE
OTILEIUIEHUE TOJIYO0JIa, HECTEXMOMETpUUecKoe paznoxenue npu 160 °C.

1-4PhCH=CHoa. Brixon 33-38 MT, 70—-75%. Cu (AAC) paccuuTaHo IS
C12H24NsCu4ClsO-4PhCH=CHa: 21.5%, Haiineno: 20.7%. UK cnextp (Nujol): v(C=N) 2267 cm 2, c.
TI'A: mpu 33—-119°C oTmienieHue MOJNEKYJ CTUPOJIA, HECTEXMOMETPUUIECKOE pasiokeHue npu 155
°C.

[CusBreO(NCNMez)4] (2). Beixoxg 4246 wr, 65-70%. Cu (AAC) paccuutaHo s
C12H2sNgCusBrsQ: 24.7%, maitneno: 24.2%. UK cmextp (Nujol): v(C=N) 2250cm?, ¢. TTA,

HECTEXHMOMETpUYECKOe pasyioxenue npu 148 °C.
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2-4PhMe. Boixon 4246 mr, 65-70%. Cu (AAC) paccuurano st C12H24NgCusBreO-2PhMe: 20.9%,
Haiineno: 20.3%. UK (Nujol): v(C=N) 2255 cm 2, C.

2:4PhCH=CH,.  Bmixom 4246 wmr, 65-70%. Cu (AAC) paccuurtano  jist
C12H24NgCusBrsQ-4PhCH=CHg: 17.5%, Haiineno: 17.8%. UK cnektp (Nujol): v(C=N) 2270 cm 2, c.

Cunre3 [CusXeO(NCNR2)4]

CuCl2:2H20 wmu CuBr2 (422 mr wm 559 wmr, 0.25 MMmoib) pactBopsuii B 2-3
terparuapadypaHa WiM B alETOHUTPWIA, MapajiebHO TOTOBWJIM PAcTBOP IHAJKHIIIIMaHAMUIA
NCNR2 (1.3-1.8 mmoiib, R = ¥4C4Hs, %CsH1o, %CsHgO) B (5—7)-kpaTHOM H30BITKE 110 OTHOILICHHIO
K cosid Meau B pasnuunbix pactBoputensix (2ma CH2Clz, CHCI3, EtOAC). 3atem pacTBOpHI coeii
MU C MEHbIIICH MIOTHOCTHIO aKKYPAaTHO HACIAMBAIK HAa PACTBOP MHATKUIIIHAHAMHUIA K OCTABIISITH
Ha ME/JICHHOM BBITIAPMBAHUE B MPUOTKPHITON BHAaje MPH KOMHATHOMN TerepaType Ha Hexento. Ere
omua crocod cuuTe3a st Beex kiactepoB [CusClsO(NCNR2)s] 3akirouanics B mpsiMoM B
no6asnenun (5—7)-kparHoro u3dbitka NCNR2 k CuClz:2H20, rme KpUCTaUTMYECKHA MPOIYKT
oOpazoBbiBasics B TeueHUU 10—14 nHeil B OTKPBITO# BUalie Ha BO3AyXe MPH KOMHATHOW TeMIIpeaType.
B pesynbrate coemunenus [CusClsO(NCNR2)s] (R2 = (3) Cs4Hs, (4) CsHio, (5) C4HgO) Obuam
MOJIyYEeHBI B BUJIE KPACHO-KOPHYHEBBIX UTobyaThix Kpructaios, a [CusBreO(NCNR2)s] (R2 = (6)
CsHs, (7) CsHuo, (8) C4HgO) B BH/ie UepHO-KOPHUHEBBIX UTOJIOK U MPU3M.

[CusClsO(NCNCsHg)4] (3). Beixom 3743 wr, 70-80%. Cu (AAC) paccuutaHo st
C20H32NsCu4ClsO: 29.3%, naitneno: 28.7%. UK cnextp (Nujol), cm 1: v(C=N) 2256, c.
[CusClsO(NCNCsH10)4] (4). Beixom 4044 wmr, 70-80%. Cu (AAC) paccunutaHo s
C24H40NsCu4ClsO: 27.5%, maiineno: 27.7%. UK cnektp (Nujol), em L: v(C=N) 2232, c.
[CusClsO(NCNC4HgO)s] (5). Bwixox 41-45 wmr, 70-75%. Cu (AAC) paccuutano s
C20H32NgCuaCleOs: 27.3 %, naiineno: 27.4%. UK cnextp (Nujol), em 1: v(C=N) 2241, c.
[CusBrsO(NCNC4Hs)s] (6). Beixom 42-46 wmr, 60-65%. Cu (AAC) paccuntaHo s
C20H32NsCu4BrsO: 22.4%, Haiineno: 22.8%. UK criextp (Nujol), cm *: v(C=N)2257, c.
[CusBreO(NCNCsH10)4] (7). Beixon 44-48 wmr, 60-65%. Cu (AAC) paccuutaHo uis
C24H40NsCu4BrsO: 21.3%, naiineno: 21.6%. UK cnextp (Nujol), em *: v(C=N) 2231, c.
[CusBrsO(NCNC4HsgO)4] (8). Beixom 44-48 wmr, 60-65%. Cu (AAC) paccuutaHo uis
C20H32NgCu4BrsOs: 21.2%, maiineno: 21.7%. UK cnextp (KBr), cm L v(C=N) 2259, c.
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5.4 Cunre3 cMemanHoauranabix koMiuiekcoB Cu(Il) c NCNR2 u

Sac”

CuCl2-2H20 wnnu CuBr2 (0.25 MmMmoib) pacTBopsiin B S-kpatHoMm u30biTke NCNR2 (R = Me,
Et; 0.10 mu, 1.3 mmons) mpu RT. 3atem pactBop caxapunata Hatpus SacNa (0.5 mmoss) B
pasnuuHbIXx pactBoputensax (cyxod EtOH, MeOH wmm H2O, 2 mi) akkypaTHO HaclauBalud Ha
pacTBOp TJIOTEHUIOB MEAM B TUaNKWIIHaHamuaax. [loiydeHHy0 cMech OCTaBIsUIM Ha 3—5 CyTOK
npu RT 06e3 mepememmBaHWs, NPH STOM BBIIAJATH B OCAJAO0K SPKHE 3€JICHOBATO-TONyOBIC
NPU3MATUYECKUE KPUCTAILIBI, KOTOPhIC OT(QHIBTPOBBIBAIN HA (GHIILTPE KpacHas JICHTA, IIPOMBIBAIIU
METaHOJIOM M BhICYIIHBaIU Ha Bo3ayxe. Bemectso [Cu(Sac)2(NCNMez)(H20)2] (9), 6b110 mosaydeHo
¢ mnpumenenuem cyxoro EtOH, ero murumpar 9-2H20 w3 MeOH wm H20. Kommuieke
[Cu(Sac)2(NCNEt:)(H20)2] (10) obpa3oBbiBajicsi BO BCEeX CilydasiX, HE3aBHCHMMO OT BBIOOpa

pacTBOPUTEIIS.

[Cu(Sac)2(NCNMe2)(H20)2] (9). Beixom 67-100 mr, 50-75%. Cu (ADC) paccuuraHo st
C17H18N4CuOsSy: 11.8%, maiineno: 11.4%. UK (Nujol), emt: 3331 cp-c ym. v(O-H), 2261 cp
v(C=N), 1646 u 1618 cp v(C=0), 1587 cp 6(0O-H), 1313 cp-c vsym(S=0), 1170 cp vasym(S=0). TT'A:
noteps moJiekyasl NCNMe: (70 °C), H20 (70-150 °C), 3aTtemM MeasieHHOE pa3iokKeHHE.

9-2H,0. Beixon 71-106 mr, 50-75%. Cu (ADC) paccunrtano gt C17H18N4CuOgSz: 11.1%, Halineno:
10.7%. UK cnextp (Nujol), em*: 3334 cp-c ymr. v(O-H), 2226 cp v(C=N), 1646 u 1618 cp v(C=0),
1586 cp d(O—H), 1313 cp-c vsym(S=0), 1170 cp vasym(S=0). TT'A: moTepst KpUCTALTU3AIMOHHON
Boiel 1ipu 100°C u muranga NCNMe» (100-150 °C), 3atem MeIeHHOE pa3ioKeHHE.
[Cu(Sac)2(NCNEt2)(H20)2] (10). Beixox 88-110 mr, 60-75%. Cu (ADC) paccuuraHo uist
C21H22N4CuOsS2: 11.3%. Haiineno: 10.9%. HRESI*-MS, m/z: 282.0910 ([M], paccu. 282.0913).
UK cnextp (Nujol), em1: 3330 cp-c ym. v(O-H), 2245 cp v(C=N), 1628 v(C=0), 1584 cp 5(0-H),
1309 cp-c vsym(S=0), 1168 cp Vasym(S=0). TT'A: moteps mozekynst NCNMez (70 °C), H20 (70-150
°C), 3aTeM MEIJICHHOE Pa3JI0KECHHE.

[Cu2(Sac)4(THF)2]-2THF (11) Caxapunat narpust NaSac (0,5 mmouns) pactBopsiiu B 2—3 mi MeOH
win EtOH. 3arem npurorosmwiu pactsop CuClz-2H20 wmu CuBr2 (0,25 mmons) B TT'® (2-3 mi),
MOCJIe Yero PacTBOp TaJOreHUa MEIM aKKypaTHO HACJIOWJIM Ha pPacTBOp caxapHHAaTa HaTpUs.
[Tomy4yeHHYI0 CMECh OCTaBIISIM KPUCTAUIM30BaThCs Ha S5 mHer mpu RT. Bremasmme sipko-cuHMe
KpucTauibl mpoMbiBaau TT'® (1-2 mur) ¥ cymmim U XpaHWIM B 3aKPBITOM BaKyyMHOM SKCHKaTOPE
71100 B MOPO3HIILHON KaMepe BBUIY HECTAOMIBHOCTH TOJIYYCHHOTO MPOIYKTa Ha BO3IyXE.
[Cux(Sac)s(THF)2]-2THF (11). Beixom 143-171 wmr, 50-60%. Cu (ADC): paccuuTano s
Ca4H1sN4Cu2S4016: 11.1%, maiimeno: 11.3%. UK cmektp (Nujol) em : 1640 cp, 1568 cp-c (N-C=0
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B Sac"), 1330 cp-c vsym(S=0), 1177 cp Vasym(S=0). TT'A: noteps conbBaTHpoBarHoro (125-260 °C)

1 KoopauHupoBaHHOTO (260326 °C) TI'D, 3arem MenJIeHHOE Pa3I0kKEHHUE.

5.5 Cunte3 oaurosiepubix kiaactepoB Meau(l) [Cusls(NCNR2)s] u nx
cokpucranau3aton ¢ 1,4-FIB u 1,4-FBB

Cunre3 [Cusla(NCNR2)4], (R = Me, Et, %2CsHs; %CsHio; %CaHsO)

[Mpurognusie ans mpoBeaenuss PCA kpucrammmueckue obpasubl 12:0.5NCNMez, 13-16
NOJTyYaJld HACJIaMBaHWUEM IPUTOTOBJIICHHBIX TPH KOMHATHOM Temmeparype pactBopoB Cul (0.1
MMOJIb) B 2 MII areToHuTpuiia Ha pacTBopbl cooTBeTcTByromero NCNR2 B 2 mi xmopodopma
(momsiproe cootHomeHue Cul : NCNR2 = 1:3) u nanpHeiieM MeII€eHHOM yHapuBaHUU PacTBOPOB
npu 5 °C B Teuenue 5-7 cyrok. HaOmromanock BbINaJIieHHE OCCIIBETHBIX M CBETIIO-XKENTHIX
KPHUCTAJIOB TPU3MATHIECKON (POPMEI.

Coenunenns 12—-16 Obltu Takke NOJTY4YeHbI U3 pacTBopa uoauaa meau (19 mr, 0.1 mmosb)
¢ 3-kpaTHbIM U30bITKOM (0.3 MMOJIB) COOTBETCTBYIOILEr0 HEpa30aBIEHHOI0 JUATKUIIIMaHaMK/1a TPU
60 °C (mns 12 u 13) unu ¢ Takum xe n3osrTkoM NCNR2 B pactBope EtCN (3), CHCI3 (4) unmu MeCN
(5) (2 mu1) mpu KOMHATHO# TemmepaType. MHINBUyaIbHBIE COSMHEHUS B BH/IE MEJIKOIUCICPCHBIX
nopoukoB 12—13 BeijiesieHbl U3 PEAKIIMOHHBIX CMECEN OCaXIeHUEM TUATUIOBBIM 3hupoM (12) nnu
rekcanoM (13) ¢ mocnenyromuM noHmxeHneM temieparypsl —18 °C B Teuenue cyrok. CoeuHeHUs
14-16 BeIgENIEHBI B BHJIE KPUCTAUTUHIECKOTO TIOPOIIKA MPH MEIUICHHOM YIapUBaHUH PEAKIIHOHHBIX
cMecell TpHM KOMHATHOW TeMIlepaType B TEUYEHUE HECKOJIbKUX CYTOK. Bce coeauHeHus
JFOMHHECIUPOBAIIU MPU 0OJyYEHUH CBETOM JIJTMHOMN BOJHBI 365 HM.

[Cusla(NCNMe2)s] (12). Beixon 21.2 wmr, 81%. Cu (ADC): paccuurtano mis CzHsN2Cul 24.39%,
HaieHo, 24.72%. CHN: paccuntano s C3HeN2Cul, %: C 13.83; H 2.32; N 10.75; naiineno, %: C
14.04; H 2.39; N 10.47. UK cnektp (KBr), 8 cM ! (otaensusie momocs): 2926 cin v(C-H), 2237 ¢
v(C=N).

[Cusla(NCNEt2)4] (13). Beixox 22.0 mr, 76%. Cu (ADC): paccuurtano mist CsHioN2Cul 22.02%,
Haiineno, 22.59%. CHN: paccunrano ans CsHioN2Cul, %: C 20.81; H 3.49; N 9.71; naiineno, %: C
20.47; H 3.42; N 9.18. UK cnextp (KBr), B cM ! (oTmensHbIe moI0Ch): 2976, 2932, 2880 cp-ci1 v(C—
H), 2237 ¢ v(C=N).
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[Cusla(NCNC4Hsg)4] (14). Beixoa 20.8 mr, 72.5%. Cu (ADC): paccunrano mist CsHgN2Cul 22.17%,
Haiineno, 23.07%. CHN: paccunrano mis CsHgN2Cul, %: C 20.96; H 2.81; N 9.78; naiineno, %: C
20.59; H 2.88; N 9.58. UK cnextp (KBr), B cM ! (ornenbuble monocsr): 2973, 2878 cp-cn v(C—H),
2240 ¢ v(C=N).

[Cusla(NCNCsH10)4] (15). Beixox 21.8 mr, 72.5%. Cu (ADC): paccunrano miss CeHioN2Cul 19.58%,
Haiineno, 21.14%. CHN: paccunrano ans CeHioN2Cul, %: C 23.97; H 3.35; N 9.32; naiineno, %: C
24.05; H 4.06; N 8.91. UK cnextp (KBr), B cM ! (ornenbable monocs): 2944, 2862 cp-cn v(C—H),
2240 ¢ v(C=N).

[Cuslsa(NCNC4HgO)4] (16). Beixomg 23.1 mr, 76%. Cu (ADC): paccumrano mas CsHgN2CulO,
21.00%., naiineno, 22.24%. CHN: paccumnrano mis CsHgN2CulO, %: C 19.85; H 2.66; N 9.26.;
Haitneno, %: C 20.51; H 2.35; N 9.44. MK cnektp (KBr), B cM ™! (oTmensnbIe mosocs): 2966, 2920,
2857 cin v(C-H), 2239 ¢ v(C=N), 1112 ¢ v(C-0O).

IMonyyenne cokpucrammsaroB [Cusls(NCNR2)4]-1,4-FIB/1,4-FBB

Coxpucrammmzarel 12-1,4-FIB un 12-1,4-FBB momydanu ¢ TOMOIIBIO  aKKypaTHOTO
HacllaMBaHMUsA TpUW KOMHATHOW Temrepatype pactBopa Cul (0.1 MMoip) W IUMeTHIIMaHAMHIA
NCNMe> (0.3 mmoits) B 2 MJT arleToHUTpHIIa Ha pactBop gonopa I'C 1,4-FIB/1,4-FBB (0.1 MmMmosib) B
2 mu xiopodopMa U JambHeHIeM MeJIeHHOM ynapuBaHuu pactBopoB npu 5 °C B teuenue 10-14
cyrok. HaGmonanock BeimaeHne OECIBETHRIX KPUCTAUIOB MPU3MATHYECKON (DOPMBI, TIPUTOIHBIX
it PCA.

Coenunenne 12-1,4-FIB ¢ OosbmmM BBIXOJOM NPOAYKTa YAAIOCh IOJYYUTh IyTEM
HacnauBaHug pactBopa Cul (0.1 mmons) B NCNR2 (0.3 mmons) Ha pactBop 1,4-FIB B 3 mu
TeTparupodypana, 3aTeM ObUI IPUMEHEH METOA MeAJIeHHON nuddy3un B Kamepe ¢ AUITHIOBBIM
apupom mpu 5 °C. B Tedenue 14 cyrok HaOMOIAIOCh 00pa30BaHHE KPUCTAJUIOB B BHIE CBETIIO-
KEJNTHIX IpU3M npuroausix st PCA.

[Cusls(NCNMe2)s4]-1,4-FIB (12-1,4-FIB). Beixox 30,2 mr, 83%. Cu (ADC): paccumtaHo mjs
C3HsN2Cul 17.60%, maiineno, 17.98 %. UK cnextp (KBr), B cM ! (oTaensHble monockl): 756 cp
v(C-1), 950, 979 cp v(C—F), 1462 cp v (C—C)apom, 2926 cn (C—H), 2243 ¢ v(C=N).
[Cusls(NCNMe2)s4]-1,4-FBB (12-1,4-FBB). Beixox 31.1 mr, 92%. Cu (ADC): paccuutano s
C3HsN2Cul 18.83%, naitneno, 18.53%. UK cnextp (KBr), B cm ! (oTmenbHbIe mos10ckl): 772, 778 cp
v(C-Br), 950, 979 cp v(C—F), 1451, 1474, 1488 cp-c V(C—C)apou, 2926 ci1 (C—H), 2240 ¢ v(C=N).
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baarogapHocTu

ABTOp paboThl BbIpa)kaeT OrPOMHYIO OJaroAapHOCTb 3a 3HAHMS, MEPEAAHHBIN OINBIT U
MOJIJIEP)KKY Ha BCEX dTAlax MUCCIICJOBAHMI MTPETOAaBaTeIsIM U COTPYIHUKaM Kadenpsl pu3naeckoit
OpraHWYEeCcKOl u o01Iel n Heopranmueckoi xumun Mucturyra xumun CII6I'Y, ocobeHHO HaydHOMY
pykoBoautento bokau Hanexne ApceHbeBHE, a TakKe KOJJIEraM W COTPYIHHUKAM PECYPCHBIX

LIEHTPOB, KOTOPbIE OKA3aJIi 3HAUUTEJIbHYIO [TOMOILb B paboTe:
— Kykymkuny Bagumy KOpeeBuuy

— MBanoBy lanunny Muxainosuay

— HoBuxoBy Anekcannpy CepreeBuuay

— KprokoBoit Mapuu AnekcanapoBHE

— CnmpunionoBoii [lapre BanepreBne

— Craposoii I'anune Jleonnnosue

— Yepusierori Exkarepune KoHcTaHTHHOBHE
— I'puropseBy fIkoBy Muxaiiopuuay

— Mepemenko Anapero CepreeBuuy

— Cxpunknny Muxawmny IOpeeBuuay

Bripaxkaercss OnaromapHocts pecypcHbiM lieHTpam CIIBI'Y: «Metoabl aHaim3a cocTaBa
BelecTBay, «PeHTreHonu(pakiMOHHBIE METONIbl HccieqoBaHusm», «ONTHYecKHe W Ja3epHble
METOJBI MCCIIEJOBAaHUs BELIECTBA», «TepMOrpaBUMETPUYECKAE U KAJIOPUMETPUYECKUE METObI

HCCICOOBAaHU).
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Pucynox I1.1. UK cnexmp obpasya 1-4PhMe ¢ Nujol, v(C=N) = 2261 cm ™.
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Pucynox I1.2. UK cnexmp obpasya 1-4PhCH=CH, 6 Nujol, v(C=N) = 2266 cm .
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Pucynox I1.4. UK cnexmp obpasya 2-4PhMe 6 Nujol, v(C=N) = 2255 cu™ 2.
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Pucynox I1.5. UK cnexmp obpasya 2-4PhCH=CH; s Nujol, v(C=N) = 2270 cm ™.
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Pucynox I1.6. UK cnexmp obpasya 3 ¢ Nujol, v(C=N) = 2256 cu ™.
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Pucynox I1.7. UK cnexmp obpasya 4 ¢ Nujol, v(C=N) = 2232 cu ™.
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Pucynox I1.8. UK cnexmp obpasya 5 6 Nujol, v(C=N) = 2241 cu ™.
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Pucynok I1.9. UK cnexmp obpasya 6 ¢ Nujol, v(C=N) = 2257 cu?
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Pucynox I1.10. MK cnexmp obpasya 7 ¢ Nujol, v(C=N) = 2232 cu !
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Pucynox I1.12. UK cnexmp obpasya 9 ¢ Nujol, v(C=N) = 2261 cu™*
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Pucynox I1.13. UK cnexmp obpasya 9-2H20 & Nujol, v(C=N) = 2262 cu™?
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Pucynox I1.14. UK cnexmp obpasya 10 6 Nujol, v(C=N) = 2245 cu™?




84

N
o

L {H IS,
L] A I
UL W

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600

Pucynox I1.15. UK cnexmp obpaszya 11 ¢ Nujol.

0.45
Abs . . ‘ ‘ ‘

2237.5277°

__________________________________________________________

R

________________________________________________________________

0.3

0225
0.15

! i ! i
***********************************

0.075

0* RAARAR |
4000 3500 3000 2500 2000 1500 1000 750 500
(KBr) 1/em

Pucynox I1.16. UK cnexmp obpasya 12 ¢ KBr, v(C=N) = 2237 cu™ L,
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Pucynox I1.18. UK cnexmp obpasya 14 6 KBr, v(C=N) = 2240 cu™ L.
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Pucynox I1.19. UK cnexmp obpasya 15 6 KBr, v(C=N) = 2239 cu™ L,

Abs
1.25

075

0

=

11120

— 10010 ===

—g18.18

4000

(KBr)

3500 3000 2500 2000 1750 1500 1250 1000 750 500

1/em

Pucynox I1.20. UK cnexmp obpasya 16 ¢ KBr, v(C=N) = 2239 cu L,
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PCA u POA

Pucynok I1.27. Cmpyxmypa coeounenus 1-4PhMe (cresa) u 1-APhCH=CH: (cnpasa). Tepmanvnvie

INAUNCOUObI NOKA3AHBL ¢ 8eposimHocmbio 50%. 3 moneKkyavl cmupona evipesansl 05l YAPOUeHUsL.

Pucynox I1.28. Cmpyxkmypa coeounenus 2-4PhMe. Tepmanvhvlie snmuncoudsb nokazamwl ¢

seposimnocmoro 50%. 3 monexynvr PhMe gvipezanvt ons ynpowenus.
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Pucynok I1.29. Cmpyxmypa coedunenus 3 (cneea) u 6 (cnpasa). Tepmanvhvle 211uncouosi

nokasauul ¢ geposamuocmuio 50%.

Pucynox I1.30. Cmpyxmypa coedunenus 4 (cneea) u 7 (cnpasa). Tepmanvhvie 311uncoudsl

nokasauul ¢ epoamuocmoio 50%.
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Pucynok I1.31. Cmpykmypa coedunenus 5 (cneea) u 8 (cnpasa). Tepmanvhvie 211uncouost

nokasauwl ¢ gepoamuocmuvio 50%.

Pucynox I1.32. BooopooHvle konmaxmsi mexcoy Kiacmepamu 8 coeourenuu 6 (kpacnas

NYHKMUPHASL TUHUS).
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Pucynok I1.33. Cmpykmypa coedunenus 10. Tepmanvuvie 211uncoudsvt nokasamsi ¢ 6eposmHOCmbio

50%.

Pucynox I1.34. Cmpyxmypa coeounenus 13. Tepmanvhvie 211uncouodbt NOKA3aHvl ¢ 86ePOSMHOCIbIO

50%.
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Pucynok I1.35. Cmpykmypa coedunenus 14 (cnesa) u 15 (cnpasa). Tepmanvnvie annuncouowt

noxaszamnvul ¢ geposimuocmyvio 50%.

Pucynox I1.36. Buo kxpucmannuueckoti ynaxoexu 011 coeounenus 13 60onw ocu a.



Intensity (cps)

Pucynox I1.37. Buo kpucmaniuyeckoii ynaxogxu 0Jis kiacmepos 14 gdonw ocu a.

1.0e+004+

8.0e+003+

6.0e+003+

4.0e+003+

2.0e+003

peHTreHorpamma usmepeHHoro obpasua2 —
3Ta/loHHan peHTreHorpamma 2 u3 cif-daitna —

ol

0.0e+000

10 20 30 40 50
2-theta (deg)

Pucynox I1.38. Cpasrnenue penmeenocpammol NOpouiKa oopasya 2 ¢ SmaioHHou

DPEHM2EeHOSPAMMOU, PACCHUMAHHOU U3 Cif-haiing MOHOKpUCMAIA.
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2000
peHreHorpamma usmepaemoro obpasuya —
3TaNOHHaA PEHTreHorpamma u3 cif-daitna —
Cul —
1500+
@
[~
S
2
£ 10001
c
9
E

500 MMM«\MN
Whdna!

10 2 0 40 50
2theta (deg)

Pucynox I1.39. Cpagnenue penmeenocpammul nopowxka oopasya 12-1,4-FBB ¢ smanonnoii
PEHM2eHO2PaMMOll, pacCUUMAHHOU U3 cif-ghating monokpucmanna (6epmukanbrble CUHue TUHUU —

npumecw Cul).
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Taénuya I1.1. KpuCmannoepaguueckue napamempul 051 cokpucmannuzamos 12-1,4-FBB u

12-1,4-FBB.

NnentudukannoHHbIii HOMEp

12-1,4-FBB (YN-250)

12-1,4-FIB (YN-66)

OMmnupuyeckas popmyia

C18H24BrCusF4lsNs

C1sH24NsF4Cuals

MonexkynspHas macca 1350.03 1444.01
Temmepatypa/K 100(2) 100(2)
CHHTOHHUS MOHOKJIHHHAS MOHOKJIMHHASI
[IpocTpaHcTBeHHAas rpyIIma P2i/c P2i/c

/A 16.7397(2) 17.4766(4)
b/A 11.01000(10) 11.00847(16)
c/A 20.5560(3) 20.4872(4)
a/° 90 90

/e 110.7190(10) 112.901(3)
v/° 90 90

O6bem sueiikn/A3 3543.54(8) 3630.87(13)
Z 4 4

pealcg/cm® 2.531 2.642
p/mm 33.107 43.085
F(000) 2488.0 2632.0

Pasmep xpucramra/mm?

0.18 x 0.12 x 0.06

0.09 x 0.08 x 0.06

Nznyyenune CuKa (A=1.54184) CuKa (A=1.54184)

Jlnamna3oH yrios, 20/° 5.644 to0 139.984 5.49 to 154.068

JnanazoH nnaexkcoB Musiepa -20<h<20,-10<k <13, - 21 <h<21,-13<k<12, -
25<1<24 25<1<25

KonuuecTBo coOpaHHBIX 32828 40476

pedrexcon

KonnuecTBO HE3aBUCUMBIX 6721 [Rint = 0.0660, Rsigma = | 7547 [Rint = 0.0505, Rsigma =

pednexcon 0.0427] 0.0294]

Jlannbie/orpanuuenus/mapamerpsl | 6721/0/369 7547/1/373

[TapameTprer GOOF 1.056 1.039

R-takrop [ mis 1>26 (1)]

R1=0.0345, wR2 = 0.0877

R1=0.0278, wR2 = 0.0702

R-daxTop a5 Bcex TaHHBIX

R1=0.0365, wR2 = 0.0893

R1=0.0291, wR2 = 0.0710

DJEeKTPOHHAS TUIOTHOCTh
makc./mun. [ e A

1.14/-1.36

1.09/-1.24
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Introduction

Relevance of the topic. At present, the study of various coordination compounds is still
relevant, since the range of their application is very wide. The copper is one among other metals that
forms many different coordination compounds, the popularity of which is explained by its relatively
high prevalence, low cost, relatively low toxicity of its compounds, as well as by the presence of
several stable oxidation states and a variety of coordination numbers. Copper is capable to form
various clusters and supramolecular structures; the variety of forms of copper compounds and the
sensitivity of their structure to synthetic conditions opens up the root to control over various
physicochemical properties of copper compounds, for example, magnetic, optical, and luminescent
[1-3] by selecting an appropriate structure. Another important area in the chemistry of copper
complexes, including clusters, is catalysis. In this case, the combination of several copper metal
centers in one cluster molecule, as, for example, in CusXeOLa, results in a more efficient occurrence
of various catalytic reactions [4, 5]. Copper(l) compounds, namely CuaslsL4 clusters, are actively used
to create various new materials with photo-, thermo-, and electroluminescence, as well as with
sorption and sensor properties [6-8]. However, it should be noted that the variety of such compounds
is not too high, and there are practically no data on the formation of co-crystallizates
(crystallosolvates) with the above-mentioned copper(l) clusters.

In recent decades the design of various supramolecular structures based on weak interactions,
such as hydrogen, halogen and chalcogen bonds, metallophilic and =- & interactions, has been actively
pursued [9-13]. Copper complexes are promising for studying in terms of their supramolecular
organization based on non-covalent interactions. For example, recent works [14-16] are devoted to
the study of halogen bonding in copper complexes with halogen-substituted pyridines, carboxylates,
and other ligands.

Choice of N-donor dialkylcyanamides as ligands (NCNR2, R = Me, Et, %2CsHgO, 2CsHes,
2CsHao) is due to the fact that they are quite stable, contain a C=N triple bond, which can participate
in various weak interactions (in particular, n-stacking due to the triple bond and the formation of
hydrogen contacts involving nitrogen atom). In addition, due to the presence of labile w-electrons in
the C=N group, dialkylcyanamides can be activated upon coordination to the metal center, which is
promising for catalytic reactions and makes it possible to obtain new compounds that are often
unstable or do not exist in an uncoordinated form [17, 18]. Thus, the preparation of new copper(l)
and copper(l1) complex compounds and the study of their physicochemical properties, as well as the
description of weak interactions involving these complexes, is an important and promising area in

coordination chemistry, crystal engineering, and catalysis.
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Scientific novelty. Despite a wide variety of clusters CuslsLs or CusXsOL4 (X = ClI, Br)
formed from copper(l) and copper(ll) halides with various organic ligands NCNR: (R = Me, Et,
15C4HsgO, 2CsHg, ¥2CsH1o) were synthesized and characterized for the first time. Previously unknown
co-crystallizates of clusters CusXsO(NCNMey)s with aromatic molecules (toluene, styrene) were
obtained, which represent supramolecular structures formed mainly due to n-hole interactions with
the participation of NCNMe; ligands and arenes, and the possibility of their existence was confirmed
theoretically. Effect of both the addition of copper(11) halides on the coupling reaction SacH/NCNMe>
and of saccharinate ligand (as SacH) on cluster formation in the system CuXz-nH,O/NCNMe; under
various conditions was  studied, that resulted in the isolation of a new complex
Cu(Sac)2(NCNMez)(H20)2 with labile dimethylcyanamide and aqualigands, which may have
potential applications in medicine due to the low toxicity of the metal and ligands. The synthesis of
Cu(Sac)2(NCNMe)(H20)2 was optimized and number of new complex compounds were obtained,
which form supramolecular structures due to various types of weak interactions. Previously unknown
copper(l) clusters Cuslsa(NCNR2)s were synthesized from Cul and NCNMe: by several methods and
characterized in details. Since copper(l) clusters are often phosphorous, the principal photophysical
characteristics, such as lifetimes and quantum yields, were studied. Co-crystallizates of clusters with
fluorinated iodo(bromo)benzenes (donors of halogen bonds) are obtained, the supramolecular

organization of which is determined by hydrogen contacts, n-interactions, and halogen bonding.

The practical significance of the work. Copper complexes are used in various fields of
science and technology — for creation of magnetic materials, photosensitive elements, phosphors,
conductive materials, drugs. Therefore, understanding the patterns of supramolecular organization in
coordination compounds helps in controlling over the structure of materials, and hence their
properties. As a part of the study, synthetic methods were developed and optimized for obtaining new
copper compounds with a high yield that is contributes to the development of synthetic coordination
chemistry. The main patterns of formation and structural features of new copper complexes have been
established, and a number of the obtained substances are supramolecular structures, which are

promising objects in the crystal chemical design of functional materials.
The following thesis will be under discussion:

1. Effect of synthetic conditions on the composition and structure of clusters CusX4sO(NCNR2)4
(X=Cl, Br; R =Me, %CsHio, ¥2C4Hs, 12C4HgO) and their solvates with electron-rich aromatic
molecules;

2. Non-covalent interactions as the main factor determining the type of crystal packing in cluster

solvates of clusters CusX4sO(NCNR2)4 with aromatic molecules (toluene, styrene);
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3. Effect of the of saccharin (SacH) addition on the direction of the reaction in the system
NCNMe2/CuX2-nH20 resulting in a new heteroligand complex Cu(Sac)2(NCNMe;)(H20)z2;

4. Optimization of the synthesis of new heteroligand complexes with saccharinate (Sac”) and
dialkylcyanamides (NCNR2, R = Me, Et) under various conditions, structural features and
main types of weak (non-covalent) interactions in the resulting complexes;

5. Patterns of formation and structure of cubane clusters Cusls(NCNR2)s (R = Me, %CsHo,
1,C4Hs, ¥2C4HgO) and study of their photophysical properties;

6. Effect of introducing halogen bond donors (1,4-FIB — 1,4-diiodotetrafluorobenzene and 1,4-
FBB - 1,4-dibromotetrafluorobenzene) on the composition and structure of the resulting
products. Description of weak interactions and features of crystal packing in clusters
Cusls(NCNR2)4 and their solvates with halogen bond donors.

The structure of the dissertation: introduction, literature review, discussion of the results,
conclusions, experimental part, supplementary with 39 figures and 1 table, list of references,
including 117 references. The materials are presented on 101 pages of text contain 3 tables and 42

figures.

Personal contribution of the author: examination of published data; setting the goal and
objectives of the work, the experimental part of the work (development and optimization of the
synthesis of new complexes, obtaining single crystals suitable for X-ray diffraction analysis,
identification of the obtained compounds, interpretation, refinement and description of the structures
obtained by X-ray diffraction analysis in the Olex2 program), interpretation of the obtained data,

writing articles, presentations at scientific conferences on the topic of work.

Connection of work with scientific programs, plans, topics: The work was carried out at
the Institute of Chemistry of St. Petersburg State University (2019-2022) with financial support from:
RFBR (Ne 20-33-90240) u RScF (Ne 19-13-00013; 22-13-00078).

Presentation of principal results of study:

The results of the work were presented in the form of presentations at international and all-
Russian conferences: Xl International Conference of Young Scientists "Mendeleev 2019", St.
Petersburg; International Student Conference "Science and Progress-2020", St. Petersburg, Second
International Symposium "Chemistry for Biology, Medicine, Ecology and Agriculture” ISCHEM
2021, St. Petersburg; 1X All-Russian Conference on the Chemistry of Polynuclear Compounds and
Clusters "Cluster-2022", Nizhny Novgorod. In addition, this work is performed by three publications:
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Kukushkin, Cyanamides as n-hole donor components of structure-directing (cyanamide)- - -arene non-
covalent interactions, Cryst.  Growth  Des., 2020, 20(7), P. 4783-4793; DOI:
10.1021/acs.cgd.0c00561

2. Y. N. Toikka, D. V. Spiridonova, A. S. Novikov, and N. A. Bokach, Copper(ll) Prevents
the Saccarine-Dialkylcyanamide Coupling by Forming Mononuclear
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1. Literature overview

1.1 Copper(l) and copper(l1) complexes with N-donor ligands

Copper forms a wide variety of complex compounds with N-donor ligands, many of which
are widely distributed in nature and are used in various fields of science and technology. For example,
imide complexes are of interest for medicine due to their antioxidant activity, since they are models
of a natural antioxidant — the enzyme superoxide dismutase [19, 20]. There are various complex
compounds of copper with porphyrin ligands, amino acids, saccharinates, which have proven
themselves in anticancer therapy [21, 22].

According to Pearson's HSAB theory, copper(ll) easily forms various coordination
compounds with N-donor ligands, since the metal ion is a hard acid, and N-donors are hard bases.
Copper(l) is a softer acid, but it is also capable of forming stable complexes with N-donors. N-donor
ligands are often neutral molecules, for example, derivatives of ammonia, hydrazine, amines, amino
acids, nitriles, pyridine derivatives and other nitrogenous heterocycles, where the nitrogen electron
pair is not involved in the aromatic system, less often - deprotonated particles, such as cyanides,
imides, derivatives of pyrrole, imidazole and other heterocyclic nitrogenous compounds, where the
nitrogen electron pair is involved in the aromatic system. There are ligands that do not contain
multiple bonds at the nitrogen atom, which are pure o-donors, while N-donors with multiple bonds
can also be both n-donors and w-acceptors when interacting with a metal [17, 18]. It is ligands with
multiple bonds that play an important role in the realization of weak interactions, such as n-stacking.

For example, a large number of copper complexes with nitrile ligands are known - some of
them are convenient precursors for the synthesis of other copper compounds. For nitrile copper
complexes, the structure, reactivity, and catalytic properties of these complexes are well studied [20].
Nitriles are frequently used solvents; therefore, RCN molecules (R = Alk, Ar) often enter into the
structure on of solvates of complexes [23].

This dissertation work will focus on the study of the patterns of formation of copper(l) and
copper(1) complexes with NCNR: dialkylcyanamide ligands, which are related to nitrile ligands,
however, such complex compounds are still poorly understood and information about their
composition, structure and properties is not systematized, so further it is worth mentioning the

structure of known complex compounds with dialkylcyanamides.
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1.1.1 Structural features of complex compounds with dialkylcyanamides

Nowadays various dialkylcyanamide complexes with metals of I-XVI11 groups of the periodic
table have been obtained and studied. In research team group of V. Yu. Kukushkin and N. A. Bokach,
various dialkylcyanamide complexes of Pt(Il) and Pt(IV), Pd(ll), Ni(ll), Zn(ll) were obtained and
described [24]. In turn, dialkylcyanamide complexes of Cu, especially Cu(ll), have been little studied
and are represented in the literature by only a few examples, the reactivity of NCNR2 coordinated to
copper is also insufficiently studied [24, 25].

It is known that dialkylcyanamides, like conventional NCR nitriles, can be coordinated to the
metal in different ways: (1) terminal s-bonding n*-NCNR;2; (2) side n-bonding, or n>-NCNR; and
(3) mixed o-, m-bonding, or p-n*, n>-NCNR2. Terminal coordination is a more common (Figure 1)
type of binding. It is characteristic of metal complexes of groups VII-XI and is known for some
representatives of group VI [24].
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Figure 1. Terminal coordination of dialkylcyanamides in the case of monodentate coordination
(a) and bridging (b)

According to X-ray diffraction analysis (XRSD), the C=N distance in NCNR2 ligands varyes from
1.11(1) to 1.17(2) A, and the bond length C-NR;, lies in the range of 1.26(1)-1.36(1) A and is close
to the length of the double C=N bond, which points to a fairly strong conjugation between the lone
electron pair of nitrogen in NR2 and the n-bond of the fragment C=N [26].

According to the published data, with the n-coordination of NCNR;, the frequency of vibrations
of the C=N group in dialkylcyanoamides increases if the metal is in a low oxidation state, while for
metal complexes with high oxidation states, the opposite situation is observed (the frequency
decreases) due to the strengthening of the metal- ligand bond. Thus, according to infrared (IR)

spectroscopy data, n*-coordination is accompanied by an increase in the vibration frequency of the



119

v(C=N) bond by 80-100 cm™, which is associated with c-donation of the lone electron pair of the
uncoordinated nitrogen atom. In complex compounds with nitriles, due to the absence of a second
nitrogen atom, on the contrary, a decrease in v(C=N) is observed in complexes with metals in low
oxidation states and an increase in the case of high oxidation states. This observation indirectly
confirms the better o-donor and/or low m-acceptor properties of dialkylcyanamides compared to
nitriles without an additional nitrogen atom [24].

When considering copper(l) complexes, it should be noted that nitrile complexes, similar to those
with dialkylcyanamide are quite widely represented in the literature. In particular, copper(l) nitrile
complexes [Cu(NCR)4](X) (X = ClO47, BF4; R = Alk, Ar, CH=CHy) are quite well studied and
widely used, for example, in catalytic reactions [27—-29]. There are also known mixed-ligand nitrile
complexes of the type [CuL(NCMe)](X) (L = tris-pyrazolylmethane or tris-pyrazolylborate ligands;
X =BF47, PF¢") [30-32], however, there are very few polynuclear copper(l) compounds with nitriles,
and they are practically unknown with dialkylcyanamides. For example, a low-stability nitrile
complex with the Cusls core was obtained only with acetonitrile [33].

Unlike nitrile complexes, copper complexes with cyanamides have been studied to a far less
extent. As a few examples, copper dialkylcyanamide complexes of the type
[Cu(NCNMey)2(DPEphos)][BFs] (DPEphos —  bis(2-diphenylphosphinophenyl)ether)  [34],
[Cu(NCNR:2)4](BF4) [35] or with 3,5-dimethylpyrazolyl [Cu{HC(3,5-Me2pz):}(NCNR2)][BF4] [36]
(R = Me, Et, %CsHio, %CsHgO, »CsHs, 2CHoPh), as well as binuclear complexes with
bis(diphenylphosphino)methane [Cu2(NCNMez)s(dppm)2][BF4]2 and [CuzL(NCNMez)2(dppm)2][X]
(L= CIO4, NOs7; X = BF4, ClO4, NO3") were mentioned in literature [37].

The reactivity of copper complexes with cyanamides was studied on the example of a number of
compounds. Compounds [Cu(tpm)(NCNR2)](BF4) (tpm — tris(pyrazolyl)methane) showed a low
stability and a tendency to be oxidized to [Cu(tpm)2](BF4)2 in air [38]. It was shown in [39] that the
coordination of cyanamides NCNRz (R = Me, Et, %2C4HgO, 2CsHs, Y2CsH1o) to copper(l) results in
their electrophilic activation in the reaction with ketonitrones Ph,C=N*(O")R’ (R’ = Me, CH2Ph),
moreover, this reaction proceeds catalytically in the presence of a copper complex [Cu(NCMe)4](BF4)
(0,1 eq); 2,3-dihydro-1,2,4-oxadiazoles are formed.

It is worth mentioning that there are currently no published examples of copper(ll)-promoted
reactions of NCNR: disubstituted cyanamides with nucleophiles or 1,3-dipoles, but copper(lIl)-
promoted reactions of nitriles are known. For example in a relatively recent work [36], the reaction
of nitriles RCN (R = Me, 2-C4H3N2— 2-pyrimidinyl) with pyrazole PzH in the presence of copper(ll)
salts CuXo (X = NOz, ClOs) was describped and formation of complexes
[Cu{NH=C(Me)Pz}2(H20)](NO3)2] = and  [Cu4(Pz)4s{NH=C(2-C4H3N2)Pz}2(MeOH)2(ClO4)],

containing organic imino ligands — pyrazole addition products to the nitrile group, was shown. The
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reactions of dicyanamide (CN)2NH with various nucleophiles in the presence of copper(Il) salts were
studied in [40, 41]. So, the reaction in the system Cu?*/(CN)N/HNu (HNu = PzH, MeOH) results in
mono- [NCNC(Nu)=NH] and bis-attachments [{HN=C(Nu)}>N] complexes, isolated as part of
copper complexes with various nuclear numbers.

Thus, there is not enough information about the structural types of copper(l) and (11) complexes
with dialkylcyanamides, about the regularities of their formation, structure, and reactivity; therefore,

this issue requires more detailed study.

1.1.2 Cluster compounds based on halides of copper(l) and (I1)

Tetranuclear clusters based on copper(l1) halides

It is known that anhydrous CuCl, and CuBr, are substances with partially covalent bonds that
point to a potentially high possibility of interaction of these particles with each other followed by the
formation of various clusters. Monomeric CuCl; and CuBr: exist in the gas phase at high
temperatures. The coordination numbers of Cu(ll) in most cases range from four to six, and the
structures are usually distorted from ideal geometry due to Jahn-Teller effect. Thus, complexes with
the formula [CuCls]~ usually exist in the form of planar [Cu2Cls]>~ dimers, while the [CuCl4]* anion

is observed in a tetrahedral or square planar polymeric form (Figure 2) [42].

' 4- 3-
1|31 - al i T
| .C1 P .Cl
oy o S e X
Clomey | s Cu======== Cl— Cu—Cl-===qa=== X—Cu'
| Ta ’ ’ ~
a | Cl o ‘ X
Cl Cl :
[CuCly [CuCly]*~ polymer [CuXs]*
X=ClL Br
r Cl a- | | .
| a._ i _.ca.___ -9
Cl-smmm-- ca Cie 5
~ a”” TS o Ta
‘ | Cl | !
Cl -.,.u.,c Y : !
~ u Cl—_ C O, —Cl
| o e Tl
L cl _ !
The [CuzClg]* dimer Stacking of Cu;Clg? ions in MeaNHzCuCls

Figure 2. Anionic copper(Il) halide complexes
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Hydrates CuX2-nH20 form clusters with CusXsO core due to the presence of water molecules,
where oxygen lies at the center upon the addition of various coordinating solvents including N-
donors. According to the published data, the reactions of CuX2-nH20 hydrates with solvents such as
methanol, acetone, acetonitrile, THF, DMF, DMSO with the addition of bases (K.COs or t-BuONa)

result in p*-oxidoclusters of the type [CusClsO(Solv)s] (Solv = solvent) complexes [43].

I
I

Figure 3. Schematic representation of z* oxide clusters CusXsOL4

For clusters [CusCleOL4], as well as for other copper complexes, ligand substitution reactions or
the formation of crystallosolvates are characteristic. For example, in [43] cluster with tetrahydrofuran
(THF) and urea [CusClsO(THF)(Urea)s]-3THF-Urea was obtained. In this case three substituted THF

molecules remain locate close to the cluster as part of the second coordination sphere (Figure 4).

Q

Figure 4. Structure of the solvate of cluster [CusCleO(THF)(Urea)s/-3THF-Urea
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Due to the presence of several metal centers clusters [CusCleOL4] are potentially more efficient
catalysts than mononuclear copper(ll) complexes. Accordingly, the formation of the above
tetranuclear clusters makes it possible to explain why, when using CuCl2-2H20 in most catalytic
redox reactions, it is multielectron transfer that is provided [44]. In [45], using a cluster with a
benzylamine ligand, [CusClsO(PhNH-)4] a number of catalytic reactions were carried out, such as the
selective oxidation of ethanol, the oxidation of pyrocatechol and its derivatives, the hydroxylation of
aliphatic C—H bonds with H20..

Bromide clusters CusBreOL4 with various N-donors, such as pyridine, nicotine, and other amines,
were obtained in [46, 47], but in much smaller quantities than chloride analogs, and their catalytic
properties are poorly studied and not compared with the properties of analogous chloride clusters.
Mixed-halide clusters CusBrnCls-—n)O(3-CNPy)s were obtained and some of their physico-chemical
properties were studied [48].

Until recently, clusters with a core CusXsOL4 with dialkylcyanamide ligands were not known,
therefore, one of the tasks in the dissertation work is their preparation, characterization and study of
their physicochemical properties.

Tetranuclear clusters based on copper(l) halides

Copper(l) halide complexes are of constant interest to researchers due to their significant role
as catalysts for organic reactions [49, 50], participation of complexes in photocatalytic processes [51,
52], creation of materials with various luminescent [6, 8, 53], sorption, and sensor properties [7]. For
example, the known cubane-like copper(l) clusters with a CusXs core (X = Cl, Br, I) with various
organic N- and P- or S- donor ligands luminesce both in solution and in the solid phase. The distances
between the tetrahedrally oriented copper centers depend on both the halide X and the ligand L.
Various tetranuclear complexes [CusXsLa] (Figure 5) demonstrate Cu—Cu metallophilic interactions,
which can affect the luminescent properties, in particular due to intracluster electron transfer. Similar
interactions are present in almost all [CusX4L4] clusters regardless of the ligand, that is confirmed by
the distance d(Cu—Cu) = 2.60-2.80A, which is less than the sum of van der Waals radii (2.8 A) [6, 8,
53-56].



Figure 5. Schematic representation of CusXsL4 clusters.

Clusters with the Cuals core are much more stable in the external environment, compared with
analogs with chlorine or bromine ions, which expand the scope of iodide clusters. A specific feature
of Cusls iodide clusters is that they intensely luminesce at different temperatures (they also exhibit
thermochromism and solvatochromism) in the solid state and moderately luminesce in solution, are
characterized by high quantum yields, a large emission range, and lifetimes. These photophysical
properties are important in optoelectronics for the development of LEDs [53-59]. Unlike iodide
clusters, chloride and bromide clusters luminesce very weakly in solution and in the crystalline state,
which is associated with the «heavy atom» effect of iodine, which has a higher spin-orbit interaction,
which in turn increases the probability of intracluster electronic transition Cu—X and Cu —Cu from
the triplet state to the singlet one. For clusters with a CusX4 core (X = Cl, Br) the probability of such
a transition is small due to the lower spin—orbit interaction of earlier halogens [53].

For example, in [6, 8] [CuaslsL4] clusters with N-donor substituted pyridine derivatives (L =
3,5-Me-Py, 3-CI-Py) u P-donors (L = PPhs, PPh.CH2CH=CH) have been the object of the major part
of quantitative photophysical studies on copper(l) halide clusters. The authors concluded that the high
structural flexibility of the Cusls fragment makes complexes based on such a core sensitive to changes
in the external environment and capable of demonstrating solvatochromic, thermochromic, and
mechanochromic luminescence. According to the data of [53] for many cubane-type clusters
[CuslsLa] with N-donor ligands (L = Py, substituted pyridines, anilines, amines, MeCN), a long-
wavelength emission originated from cluster-centered metal-to-metal transitions d—s, p and
iodine—metal lies in the region of 550-630 nm. Therefore, in clusters of copper(l) iodide with various
dialkylcyanamide ligands, similar photophysical characteristics may be assumed.

For [CuaslsLs4] clusters as for the [CusClsOL4] mentioned before a heteroligand environment
and the formation of solvates are possible. In contrast to copper(ll) halide clusters very few co-
crystallizations are known for copper(l) clusters according to the data of the CSD crystallographic
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database. In [57-59] solvates of clusters with toluene, dichloromethane, or tetrahydrofuran [Cuasls(4-
picoline)s]-2CeHsCH3, [Cusla(Py)a]a: THF, [Cuasls(PPhs)s]-2CH2Clo, [Cuslsa(PPh3)s]-2.5C7Hg are
described in details, where the solvate molecules are part of the second coordination sphere, as in the
case of copper(ll) halide clusters. The authors of [57] carry out a comparative characteristic of
photophysical properties of the crystallosolvate [Cuslsa(4-picoline)s]-2CéHsCHs and non-solvate
cluster [Cuasls(4-picoline)s]. When comparing the emission spectra of crystallosolvate and non-
solvate cluster at room temperature, changes in both the position of the maximum (from 580 to 641
nm) and the intensity, lifetimes (from 8 to 8.4 us) and wavelengths in the excitation spectra (from
350 to 310 nm) were revealed. However, there are not enough published data about such objects;
therefore, solvates of clusters containing Cuasls core require a wider array of new compounds for

further detailed study of the effect of solvent molecules on the principle photophysical properties.

1.1.3 Complex compounds based on copper(l) and (I1) saccharinates

In addition to the neutral dialkylcyanamide ligands mentioned before and various copper
coordination compounds based on them, imide ligands R:-NH-R2 where R1 u R> contain EWG
(electron withdrawing groups: -COOH, -SO», -HSO3, -COH, =0, -CF3 u 1.1.) are also of interest in
the field of copper chemistry. Due to presence EWG the process of deprotonation occurs quite easily
during complex formation. These ligands are often polydentate and polyfunctional, which explains
the wide variety of complexes with transition metals. Polyfunctional ligands are ligands of
predominantly organic nature possessing several functional groups capable of being coordinated to
metal centers through certain atoms, which results in a stable spatial structure ordered in a certain
way. Imides are generally harder ligands according to Pearson's HSAB theory than
dialkylcyanamides due to negative charge on the nitrogen atom. However, by changing the size of
the ligand, as well as varying functional electron-withdrawing groups, the hardness/softness
parameter can be purposefully changed, which makes it possible to obtain stable complex compounds
with all transition metals. It is known that polydentate imide ligans (Figure 6) are widely used as
linkers to create various supramolecular motifs, including porous organometallic frameworks

(MOFs), which are actively used in chemical catalysis or selective sorption of molecules [60-63].
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Figure 6. Imide ligands as linkers for obtaining MOFs [61]

It is worth noting saccharin (SacH) as a ligand, which will later appear in the experimental
part of the work. Interest in saccharin (SacH) and saccharinate (Sac”) as a representative of an imide-
like ligand is due to the fact that it is a polyfunctional ligand (Figure 7) in transition metal chemistry
[64]. The saccharinate anion can exist in the outer sphere as a counterion, and the saccharin molecule
can enter the second coordination sphere in the composition of the crystal solvate, most often due to
hydrogen bonds. Therefore, saccharin may be a potential building block for the design of new and
different molecular assemblies.

The preparation of some additional copper complexes with saccharin was considered in [65],
where reactions occurring upon addition of other ligands (H20, PPhs u NH3) in complex
[Cu(Sac)2(H20)4] were described, moreover, saccharin is coordinated to copper through nitrogen
atom. According to X-ray diffraction data and other physicochemical methods of analysis of the
obtained products, new mixed-ligand complexes of copper(l) and (II) were formed, in which
saccharinate is coordinated to copper in four different ways (Figure 8), including semi-coordination
through the sulfonyl oxygen atom. Thus, the coordination properties of the saccharinate are suitable
on a case-by-case basis to the hardness/softness of the metal ion, the steric complexation factors

and/or to the stabilization of the crystal structure of the resulting compound.
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Figure 7. Various ways of coordinating saccharin to metals [64]
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Figure 8. Ways to coordinate saccharin to copper [65]

Another example of the polyfunctionality of the saccharinate ion was shown by the authors of
[66], they studied the effect of the crystallization method on the composition of the obtained

saccharinate complexes and the coordination of the ligand to the metal center. According to X-ray
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diffraction data, slow evaporation of the reaction mixture containing copper(ll), saccharin, and
pyridazine (pydz) in H.O/MeOH (1:2) results in the mononuclear complex [Cu(Sac)2(H20)(pydz)2],
whereas the slow diffusion method using diethyl ether results in a polymer complex [Cu(u-OH)(u-
Sac)(u-pydz)]n. The ligands in these complexes exhibit different modes of coordination, and the
participation of the sulfonyl oxygen in saccharin in metal binding in the polymer complex is a rather
rare example in coordination to copper(l1).

For saccharinates, the formation of binuclear complexes is possible. For example, in [67], along
with saccharinate, imidazole was used as the second ligand, resulting in a binuclear heteroligand
complex [Cuz(Sac)a(im)s] (im = imidazole), whrere saccharinate anions are bridging ligands.

Another important feature of the structural chemistry of complexes with saccharin is the formation
of a spatial network of hydrogen bonds in crystals. In [68] it was shown that [M(Sac)2(H20)4] (M =
Cu?*, Ni%*, Co?") reacts with nicotinamide (dena) to form mixed ligand complexes,
[M(Sac)2(dena)(H20)]-H20, with  one-dimensional network of hydrogen bonds formed by
coordinated water and ligands of neighboring molecules.

Saccharin, due to its low toxicity, is used not only in the food industry as a sweetener, but also in
the field of medicine. Thus, saccharin can be potentially useful as an antidote for metal poisoning, as
a ligand for chelation therapy [69]. This is due to a high stability and extremely low solubility of
polymeric saccharin complexes, for example, Pb(ll), TI(I) or Ag(l). Complexes
[Zn(Sac)2(H20)4]-2H20 and [Cu(Sac)2(H20)4]-2H20 have shown a certain inhibitory effect in vitro
against carbonic anhydrase, which can potentially help in the treatment of glaucoma, kidney and
nervous system diseases [70].

In the field of pharmaceuticals, it is known that the formation crystallosovates is of great practical
importance in the development of drug delivery methods due to the effect of increasing their solubility
in water [71]. Saccharin forms solvates easily and is also able to bind to proteins, since it can act as a
donor of HydB (due to the NH group) and as an HydB acceptor (C=0O or SOz groups) [72].
Accordingly, similar areas of application are expected for complexes of various metals with
saccharin; therefore, the study of the features of the formation and structure of complexes with the

above ligand does not lose its relevance.
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1.2 Non-covalent interactions

1.2.1 Basic definitions and characteristics of non-covalent interactions

Because dialkylcyanamides and saccharin contain m-systems, and saccharin is able to form

hydrogen bonds, these molecules can potentially be participants in non-covalent interactions; such

interactions will be discussed further in the section.

Today many different types of non-covalent interactions are known (Table 1), such as

hydrogen bonds [73, 74], halogen, chalcogen, pnictogen bonds [75-78], metallophilic interactions

[79, 80], m-stacking [81], electrostatic interactions of ions between themselves or with the 7-system

[82, 83]. If covalent, donor-acceptor, or ionic bonding is realized through the formation of common

electron pairs or ions with complete charge transfer, then the main contribution to the formation of

non-covalent interactions is made by electrostatic, dispersion, polarization forces and/or partial

charge transfer.

Table 1. Averaged energies of various types of non-covalent interactions compared with

covalent and ionic bonds [72-83]

Type of interaction

Bond energy, kJ/mol

Halogens/chalcogens/pnictogens bonds 2-30

Metallophilic interactions 5-20

Hydrogen bonds 3-100

n-stacking (m-m interactions) 1-50

Electrostatic interactions 20-30

Interactions of ions/electron pairs with 5-80

T-system

Hydrophobic interactions 1-40

Covalent bond, ionic bond 300 - 800
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The main difference between non-covalent and covalent interactions is that in first case
binding energy is rather small compared to the covalent/ionic bond energy. However, the total energy
of many non-covalent interactions is significant, and their influence on the chemical and physical
properties of substances must be taken into account.

It is known that these weak interactions play an important role in the crystal chemical design
of various supramolecular structures, which helps to artificially create materials with a certain
structure and properties (photophysical, electrochemical, magnetic, etc.) [13, 72 — 84].

Some kinds of non-covalent interactions will be considered in more detail below, they will be
presented in the discussion of our own results. One of the types of weak interactions is the halogen
bonding (HalB), which is predominantly an electrostatic interaction R—Xee¢Y (X = halogen, R —
radical, covalently bonded to a halogen) between the nucleophilic center Y (acceptor of HalB) and
the region of positive potential on the halogen atom X in R—X (donor of HalB), which refers to o-
hole interactions.

Politzer et al. in the work on the study of weak interactions [12] introduced the concepts of -
hole and 7©-hole to describe the nature of the location of a positive potential region on the particle —
the interaction donor. When a positive potential region is located along the covalent bond vector, a
o-hole is formed, and when it is perpendicular to the molecular framework, a n-hole is formed (more
often in the presence of multiple bonds); accordingly, interactions can be divided into o-hole and n-
hole (Figure 9).
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Figure 9. Formation of non-covalent contacts (X is an electron density donor, Y is an

acceptor group, Z is an element) through a z-hole (a) and a o-hole (b).

To identify the presence of weak interactions, including the halogen bond, two geometric
criteria are suggested. The first is that the distance between X and Y (Y = F, O, N, Cl, etc.) be less
than the sum of their van der Waals radii (Zyqw). Several scales for van der Waals radii are presented

in the literature, for example, the base of Bondi radii was considered in [85], in which the smallest
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values are suggested most elements. However, when studying a large amount of statistical data on
non-covalent interactions, the above-mentioned radii appear to be too small and close to covalent
radii, therefore, Rowland's van der Waals radii can be a possible alternative [86].

The second criterion assumes that for the HalB almost always the angle 2(R—Xe+*Y) is close
to 180°. The above geometric parameters can be quite easily obtained from the results of X-ray
diffraction analysis (XRD) of single crystals, which is the most suitable method for identifying HalB
[87].

Earlier it was mentioned that various N-donor ligands, such as amines, imides, amino acids,
etc., can form a hydrogen bond (HalB), both as donors and acceptors, depending on the type of
coordination. To obtain new complex compounds, as well as to study their properties, it is important
to understand the mechanism of formation and the criteria for evaluating non-covalent interactions in
particular hydrogen bonds.

A hydrogen bond (HydB) is an intermolecular interaction that occurs between a hydrogen
atom covalently bonded to an atom of an electronegative chemical element and an atom of another
electronegative element. The hydrogen atom, being associated with an electronegative atom,
experiences a deficit of electron density and is electrostatically (with a donor-acceptor component)
attracted to the second electron-excessive atom. Usually, a hydrogen bond is denoted as follows: R—
Hee*Y (Y — nucleophilic atom, hydrogen bond acceptor: F, O, N, sometimes P, S), where R contains
electronegative atoms [73, 74].

Hydrogen bonding is the closest analog of halogen bonding, where in HalB the role of the
hydrogen atom, is performed by the polarized halogen atom. The criterion for the sum of van der
Waals radii according to Bondi and Rowland is also applicable to the assessment of the presence of
hydrogen bonds. However, an important difference between the HalB and the HydB is the more
stringent angular criteria for the HalB (Figure 10). Thus, according to the IUPAC recommendations
for HydB the angle R—Hee*Y is usually greater than 110°, while HalB is characterized by an angle
R—Xee*Y close to 180° [12, 77, 78].

o oL
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d(X--Y) < Ruaw(X) + Ryaw(Y)  d(H--Y) < Rygw(H) + Ruaw(Y)
150° < a < 180° 110° < o < 180°

Figure 10. Comparison of halogen (left) and hydrogen bonds (right).
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Another type of non-covalent interaction worth mentioning and which will be considered in
the discussion of the results is the interaction of particles (ions, lone electron pairs) with the n-system
and n-stacking (between aromatic fragments of molecules). Dialkylcyanamide ligands, as well as the
imide-like saccharin(at) ligand, contain both z-systems (multiple bonds) and unshared electron pairs.

In terms of chemistry, n-interactions are a type of non-covalent interaction in which z systems
form bonds with other molecules, particles, or t systems. As partners of n-systems, depending on the
conditions (e.g., the distribution of electron density), molecules containing lone electron pairs,
cations, holes (particles with electron density deficiency) or multiple bonds in the composition of the
carbon skeleton, functional groups (aromatic, nitrile, isocyanide, carbonyl, carboxyl, sulfoxide, etc.)
can to participate in the m-interactions. In addition, these interactions can also be implemented by
binding the n-system to a metal center (cationic or neutral), to an anion [81, 88].

A special case of electrostatic n-interaction is n-stacking, where a region of a n-system with a

negative charge (m-acceptor), rich in electron density, interacts with a region with a positively charged
n-donor (w-hole). The criterion for the sum of van der Waals radii (Zygw) remains applicable in this

case as well. However, the values of the angles in n-interactions can be different, depending on the

steric factor and on which particles interact with each other (figures 11, 12).

Figure 11. z-stacking between aromatic molecules, « interplanar(CsFege**CsHg) = 180° [88]
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Figure 12. z-interactions between z-holes of organic molecules (a), z-holes of ligands in

complexes (b-e) and an acceptor molecule (Nu) of different geometry, £(Nuseen-hole) = 90° [89]

When considering the main types of non-covalent interactions, it should be noted that their
detailed study is an important component in chemistry, biology and other scientific fields. One
example of weak interactions that play a very important role in living organisms is the z-interaction
of aromatic rings in the composition of nitrogenous bases of neighboring pairs of complementary
nucleotides in a DNA molecule [90].

In addition to experimental methods for identifying weak interactions, their presence can be
confirmed theoretically, for example, using a combination of the methods of the electron density
functional theory (DFT) [91] and the theory of “atoms in molecules” (AIM). According to AIM, the
critical bond points (CBP) on the surface of the theoretically calculated electron density p(r) as a
function of three spatial coordinates unambiguously show all binding intermolecular interactions,

including non-covalent. The same method makes it possible to estimate the energies of the
corresponding contacts Ejnt from semi-empirical correlations between the local values of the energy

in the CTS and the strength of weak interactions [92, 93].

1.2.2 Supramolecular structures based on non-covalent interactions

In modern chemistry, there is an increasing focus on the study of supramolecular ensembles,
which, in turn, is a step towards the controlled creation of various systems and nanomaterials with

desired properties.
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Supramolecular chemistry is a relatively new field of chemistry that considers complex
compounds, such as molecular ensembles, associates of stoichiometric/non-stoichiometric
compositions, the components of which are interconnected by weak (non-covalent) interactions.

The formation of supramolecular assemblies can occur spontaneously, due to a phenomenon
called self-assembly. The main driving force of the self-assembly process is the tendency of the
system to decrease the Gibbs energy by forming new chemical bonds, and the enthalpy effect here
prevails over the entropy one.

The main classes of supramolecular compounds are cavitands, cryptands, calixarenes, host-
guest complexes, catenanes, rotaxanes, hydrates, clathrates. Supramolecular structures can also
include liposomes, micelles, liquid crystals, etc. [94, 95].

A classic example of supramolecular structures is crown ether compounds (Figure 13), in
which the electrostatic interaction of n-electrons of an oxygen atom with a metal cation occurs, and
the cavity diameter should correspond to the radius of the ion. Another example of supramolecular
structures are molecules linked by hydrogen bonds to each other. For example, according to [96],
water molecules in the coordination compounds can form both linear and spatial chains, which
contribute into the stabilization of the crystal structure of the copper complex with 3-bromobenzoic
acid (3-Brbz) and nicotinamide (dena) (Figure 14).

03 CANS
/Na*
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Figure 13. Host-guest complexes formed by crown ethers and alkali metal ions [94].
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Figure 14. Structural fragment (two molecules shown) of a supramolecular polymer
[Cu(3-Brbz)2(dena)(H20).], formed by hydrogen bonds [96]. Here and after, non-covalent contacts
are shown by dotted lines.

One of the promising directions of coordination chemistry is the preparation of various
supramolecular structures based on halogen bonds (HBs). The presence of HalB can strongly affect
various physicochemical properties in the obtained structures, such as photophysical [97], magnetic
[98], and reactivity [99]. Sivchic and co-authors [97] were the first to show the relationship between
the luminescence of a platinum(I1) complex compound and the formation of supramolecular structure
by HalB. The complex itself weakly luminescens in the solid phase with a quantum yield of 3%.
However, the products of its co-crystallization (Figure 15) with XCeFs and 1,4-X2CeFs (X = Br, 1)
have quantum yields from 21% to 63%, that is 7-21 times higher than the quantum vyield of the
luminescence of the initial crystalline complex. Thus, this example confirms that the formation of

supramolecular structures makes it is possible to influence certain properties of the material.
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Figure 15. Structure of the supramolecular complex of Pt(ll) with HalB by 1,4-Br,CeF4 [97]

The literature overview in this work is limited to consideration of only a few examples of
supramolecular structures, for one of which the change in photophysical properties is most
pronounced. However, both in nature and in artificially created objects, there are many such

structures.

Concluding the first section of the work, it is worth to say that the examination of literature
allows us to conclude that there are not so many data on the structure and reactivity of copper
complexes with disubstituted cyanamides and saccharin. Based on the study of the literature on non-
covalent interactions, we can assume which interactions will be typical for copper complexes with
N-donor ligands. Therefore, the development of approaches to the preparation of new compounds,
the study of the reactivity of dialkylcyanamides in the presence of copper compounds and other
ligands (in particular, saccharin), the search for the conditions for the formation of solvates (crystal-
solvates, adducts) of these complexes, and the identification of non-covalent interactions in them are

actual and perspective problems.
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2. The choice of the object of study, the purpose and tasks of

research

In this work, copper(1l) halides (CuX2-nH20, X = CI~, Br") and copper(l) iodide were chosen
as objects of study to obtain new structures. Copper(ll) salts have good solubility in many solvents,
as well as mobile halide ligands, while Cul, unlike other copper(l) halides, is stable in the environment
and also has a good affinity for N-donors. Copper(l) halides are also capable of forming stable
complexes with various nuclear numbers, which attract attention in the study of various
physicochemical properties, for example, photophysical ones. Neutral dialkylcyanamides and
saccharin (both in neutral and deprotonated form) were used as organic N-donor ligands. The choice
of ligands is due to the formation of fairly strong complexes with copper, which, in turn, are attractive
for the creation of new supramolecular structures due to various types of weak interactions. Thus, the
purpose of this dissertation work is:

To reveal patterns of formation and structural features of mono- and oligonuclear copper(l)
and (1) complexes with N-donor ligands such as dialkyl cyanamides and saccharinate under
various conditions.

Within the framework of this purpose, the following tasks were defined:

1. To study the effect of synthetic conditions on the formation of oligomeric copper(ll) halide
clusters from CuXz2-nH20 n NCNRy;

2. To establish the structural features of the resulting copper(l1) complexes CusXsO(NCNR2)4,
and to determine the main types of non-covalent interactions involving aromatic molecules
(toluene — PhMe and styrene — PhCH=CHy);

3. To study the effect of the addition of saccharin (SacH) on the direction of the reaction in the
system NCNR2/CuXz-nHz0;

4. To determine the formation conditions, structure and main types of new Sac’/NCNR2 Cu(ll)
complexes, to reveal the main types of non-covalent interactions with their participation;

5. To study the interaction of copper(l) halide Cul with dialkylcyanamide ligands NCNR> under
various conditions;

6. To reveal the features of crystal packings of cubane clusters Cusls(NCNR2)sand their solvates
with halogen bonding donors (1,4-FIB u 1,4-FBB), identify and compare with each other the
main types of weak interactions;

7. To study the principal photophysical properties of the resulting clusters Cusl4(NCNR2)4 such

as luminescence lifetimes (t) and quantum yield (Q).
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3. Results and discussion

3.1 Tetranuclear copper(ll) clusters with dialkycyanamides

3.1.1 Effect of synthetic conditions on [CusXsO(NCNR:)4] [1-8] and their

solvates with aromatic molecules

In this work, tetranuclear clusters CusXeO(NCNR2)s 1-8, (X=CI, Br;R=Me—-1u 2, %2CsH1o
— 3 u 4, %CsHg — 5 u 6, %CsHgO — 7 u 8) and crystal-solvates of clusters 1 u 2 —
CusXeO(NCNMey)s-4Arene (Arene = PhMe, PhCH=CH_) were obtained. The synthesis was carried
out in two ways: the method of slow diffusion (method 1) and method of supersaturation by a
chemical reaction (method 2). In the first case CuCl2-2H20 and CuBr> were dissolved in an excess of
NCNMe> at room temperature, a solvent-precipitant was layered on top, the mixture was left to
crystallize for several days (the procedure is described in detail in Section 5.3). To avoid side
processes of complex formation, solvents with a low donor number were used, for example, acetone,
ethyl acetate, m-xylene, toluene, and styrene. The choice of solvents containing an aromatic fragment
with high electron density was due to the ability to participate in various weak z-interactions. To
synthesize clusters CusXsO(NCNMe2)s (1, 2) Me,CO/EtOAc and 1,3-Me>CsHas were applied
respectively. When using styrene and toluene as solvents, crystal-solvates of clusters were obtained
1, 2-4PhMe u 1,2-4PhCH=CHp>. Clusters 1 and 2 also were obtained by direct addition of an excess
of dialkylcyanamide to CuCl2-2H20 u CuBr2, however, crystal quality and yield were low.

The second method was used to obtain compounds 3-8 with other dialkylcyanamides NCNR>
(R ="%CsH10, ¥2C4Hs, 2C4HgO), in which copper salts were insoluble. Solutions of copper(l1) halides
in THF were overlaid on a solution of dialkylcyanamide in another solvent (EtOAc, CH2Cl,, CHCI5).
It should be noted that the temperature has a strong influence on the direction of the reaction: for
example, when the reaction mixture was heated to 60-70 °C (with further cooling to RT) in the
presence of small amounts of water (from air, for example), dialkylcyanamides were converted into
urea derivatives, which also coordinated to copper(ll), that was confirmed by the data of XRSD and
IR spectroscopy.

For all substances, crystalline products suitable for XRD were obtained, and the product yield
by both methods averaged 60-80% (Figure 16). Thus, the results of the synthesis showed a significant
effect of the solvent-precipitant on the composition and structure of the obtained clusters with
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NCNMe: and their co-crystallizates. The reasons for this phenomenon will be described in more detail

in section 3.1.3.

solv: PhMe, PhCH=CH,, CuXs-nH;O solv: THF, EtOAc,
Me,CO/EtOAC CH,Cl,, CHCI;
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Figure 16. Conditions for the synthesis of tetranuclear copper(ll) clusters and their
solvates.

3.1.2 Characterization of compounds [1-8] and their solvates

For the obtained compounds 1-8, X-ray single diffraction analysis (XRSD) was used as the
main type of analysis, with the help of which the arrangement of atoms in space was determined
(Figure 17), including the geometric parameters of the unit cell. The obtained bond lengths and angles
are important characteristics for determining the presence and description of non-covalent (weak)
interactions by comparing with £Rvaw and XBvaw.

In the course of the work, the XRPD method was used as a qualitative one to determine the
"homogeneity" of the obtained products by comparing the data of the reference X-ray diffractogram
of a single crystal (calculated from the cif-file) and the X-ray diffractogram of the polycrystalline
powder of the obtained sample (Figure 18). The method is applicable to clusters of the type
[CusXsO(NCNR2)4], but is not very suitable for substances containing hydrate/solvate molecules
since solvates with aromatic molecules 1,2:4PhMe u 1,2-4PhCH=CH2 lose solvent molecules during
storage in air, grinding into powder or exposure to X-rays, since XRPD method is not a applicable

for them.
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Figure 17. View of the molecular structure 1 obtained by the X-ray diffraction method.
Thermal ellipsoids are shown with a 50% probability.
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Figure 18. Comparison of the powder X-ray diffractogram of sample (1) with the reference X-ray

diffractogram of a single crystal (impurity signals are marked with blue lines CuCl2-2H-0).

An additional characterization method is IR spectroscopy, which was used to assess the purity

of all compounds obtained (absence of extraneous bands in the spectra) and to confirm the
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coordination of the dialkylcyanamide ligand to the metal center. Thus, in free dialkylcyanamide
molecules a characteristic intense band is observed in the region of C=N vibrations 2210-2220 cm™,
The same band is also observed in the IR spectra of the obtained copper complexes, but at the same
time it is shifted by 20-50 cm™ to a higher frequency region (Figure 19, see the rest of the IR spectra
in the supplementary materials), which is associated with o-donation of a lone electron pair of

uncoordinated nitrogen atom.
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Figure 19. IR Spectrum of compound 1 in Nujol, v(C=N) = 2261 cm™ ™.

The mass fractions of metal in compounds 1-8 were determined using the AAS and AES
methods and compared with the theoretically calculated one, based on the expected composition of
the obtained substance. The AAS and AES methods supplemented the previous characterization
methods and showed a good possibility of application to the obtained compounds and solvates, where
the use of the XRPD methods is not always possible.

TGA was carried out for compounds 1, 2 and their crystal-solvates. For copper complexes
[CusXsO(NCNR:2)4] and their solvates, the cluster decomposition temperatures occured in the region
140-160 °C. In addition, the nature of decomposition is stepwise and non-stoichiometric for all non-

solvate complexes (Figure 20).
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Figure 21. T7- TG- curve for 1-4PhCH=CHo>.
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In the case of solvates 1-4Arene the elimination of solvate molecules occurs first, that was
confirmed by calculating the mass loss using the example of the compound 1-4PhCH=CHa.
Calculated loss of 4 molecules PhCH=CH> amounted to 8.8%, and on the TG curve the first mass
loss in the form of two jumps — 9.3%, then decomposition occurs, similar in nature to the non-solvate

clusters (Figure 21).

3.1.3 Discussion of the crystal structure of clusters [CusXsO(NCNR:2)4] [1-8] and
their solvates 1, 2-4PhMe and 1, 2-4PhCH=CH>

For clusters [CusXeO(NCNR2)4] 1-8 single crystals were obtained and XRSD was performed,
with the help of which it was found that the unit cells of all the obtained compounds have similar
geometric parameters, and in a number of clusters weak hydrogen bonds are noted between the
hydrogen atoms of dialkylcyanamides and halogens in cluster nuclei HINCNR2)---X(CusXsO) (see
Figure S.32). All compounds 1-8 crystallize in the monoclinic or triclinic syngony, the Cu-N
distances vary within 1.940(3)A-1.956(6) A, the distance in nitrile group C-N = 1.125(14)-1.182(12)
A, the mean angles ZCuNC within the cluster molecule are 145°~175°. For compounds with ligands
containing six-membered rings 5-8, a low R-factor could not be achieved; therefore, their geometrical
parameters are not considered further.

According to X-ray diffraction data, dialkylcyanamide clusters 1 and 2 demonstrate the
presence of dipole—dipole n-stacking between the nitrile fragments of neighboring clusters due to a
greater conformational flexibility and smaller ligand size, while compounds 3-8 do not exhibit z-
stacking. This conclusion was drawn from a comparison of XBvisw and XRvew with the shortest
distance between the nearest CN groups of ligands in neighboring molecules, equal to 3.306(4) A,

and these distances turned out to be shorter than XRvaw (Figure 22).
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Figure 22. Intermolecular dipole-dipole z-stacking in cluster 1 (dashed gray lines), C1o---N7
= 3.306(4) A, ZBvaw = 3,40 A; ZRvaw = 3,54 A.

Thus, based on the XRD results, we can say that clusters with a relatively small
dimethylcyanamide ligand (1 and 2) are able to participate in weak & interactions to a much greater
extent than clusters with bulkier dialkylcyanamides. This was also confirmed experimentally, since
solvates with aromatic molecules 1, 2-4PhCH=CH and 1, 2-4PhMe were obtained only using
dimethylcyanamide as a ligand, despite attempts to use aromatic hydrocarbons in co-crystallization
with all dialkylcyanamides. Structures of compounds 2 u 2-4PhCH=CH:, are presented in Figure 23.

The features of the crystal structure of products obtained and their comparison with non-
solvate clusters will be considered in more detail. In solvate-free clusters, the CUNC angles are in the
range 160—-175°, while in crystal-solvates 1, 2:-4PhMe and 1,2-4PhCH=CH> we see an alignment of
these angles, which become close to 180°. Accordingly, the symmetry groups change from P1 for
non-solvate compounds on 11 (C2 for 2-4PhCH=CH>) for solvates. Also, in the 1, 2-4PhMe and
1,2:4PhCH=CHz> solvates short intermolecular C---C contacts were found with distances less than

>Bvaw and XRvaw, Which is associated with interactions between the n-systems of dimethylcyanamide

and the aromatic molecule.
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Figure 23. Structures of cluster molecules 2 (left) and 2-4PhCH=CH:> (right). Thermal
ellipsoids are shown with a 50% probability.

The non-covalent interactions found, summarized in table 2, can be considered as -
hole(NCNMey)- - -n-electron(Arene), moreover, their feature is the angle in the region of 90° between

the nitrile fragment and the nearest carbon of the aromatic molecule.

Table 2. Found non-covalent interactions in compounds 1,2-4PhMe and 1,2-4PhCH=CH, [89]

BemectBo Konrakr d(C---C),A  £(N=C---C),°
L.4PhMe C1---C4Sarene 3.351(6) 88.3(2)
C1---C4SAarene 3.36(2) 93.9(6)
1-4PhCH=CH> C4---CASarene 3.331(18) 88.1(5)
5. 4PhMe C1:--C4Sarene 3.342(14) 88.7(7)
C10---C27Sarene 3.298(8) 88.8(3)
C1---C3Sarene 3.198(8) 87.2(3)
2-4PhCH=CH> C7:--C17Sarene 3.499(8) 94.4(3)
C4---C9Sarene 3.397(8) 91.7(3)
C4---C16Saikene 3.465(8) 89.3(3)
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Upon a detailed consideration of the crystal packing of compounds 1, 2 and their solvates 1,
2:4PhMe u 1, 2:4PhCH=CHo>, it can be noted that the latter form these supramolecular structures,
which are realized both due to ®(NCNMe>)---n(Arene) interactions and due to weak hydrogen
contacts H(NCNMey)---X(CusXsO) (Figure 24). The presence of these interactions and their
structure-directed nature was confirmed by the construction of the Hirschfeld surface and theoretical
calculations in the framework of the DFT theory, including the calculation of the molecular
electrostatic potential (MEP), the application of the method of analysis of atoms in a molecule (AIM).

Figure 24. Fragment of the crystal packing of 2-4PhCH=CH, along the c axis. Non-

covalent contacts are shown by dotted lines.
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3.1.4 Theoretical studies for solvates 1, 2-4PhMe u 1, 2-4PhCH=CH:

Dr. Tiddo J. Mooibroek is acknowledged for the calculations performed.

Molecular surface Hirschfeld analysis for solvates structures 1,2-4PhMe and
1,2-4PhCH=CH> also confirmed the existence of non-covalent interactions. Hirschfeld surface data
point to the predominance of contacts involving hydrogen atoms (H---H, C---H u CI/Br ---H),
however, they do not disclose the nature and type of electrostatic interaction (attraction/repulsion).
According to the results H-centered interactions are predominant, in particular, hydrogen bonds.

For a detailed study of non-covalent interactions NCNMe;---Arene adducts NCNMez Arene
(Arene = PhH, PhMe, PhCH=CH>) were considered. This simplification seems to be justified, since
cluster nuclei do not directly participate in z-interactions. DFT calculations of the optimized geometry
of the adducts showed that the n-hole interaction of NCNMe; with electron-rich aromatic molecules
is theoretically possible and is similar to the n-hole interaction with acetone or acetonitrile.
Calculations for all adducts show that between the protonated dimethylcyanamide and the aryl ring
([H'IN=CNMey)- - - (Arene) n-n-interactions are theoretically possible, and C—H---w(Arene) contacts
can contribute to the total energy of intermolecular interaction. Calculations have revealed BCT (bond
critical points) between the arene fragments and the NCNMez nitrile fragment, which probably arise
as a result of a combination of =-hole interactions (NCNMey):---w(Arene) and -
hole(NCNMez2)- - -6(C—Harene).

AIM analysis of model adducts with dimethylcyanamide showed that the electrophilic carbon
atom of the nitrile group can attract, and thus “direct”, electron-rich molecules. Thus, these
calculation methods, the results of which are in rather good agreement with experiment, can be used
to reveal and describe various non-covalent interactions in solvates of dialkylcyanoamide complexes

with electron-donating arenes.
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3.2 Mono and -oligonuclear complexes of copper(l1) with Sac™ and
NCNR2

3.2.1 Effect of synthetic conditions on complexes formation in the system
CuX2-nH>0O/NCNRz/SacH(Na)

The second part of the work is devoted to the analysis of the effect of saccharin ligand addition
into the CuX2-nH20/NCNMe: (X = ClI, Br) system on the direction of the reaction and the resulting
products. The choice is due to the fact that earlier colleagues from the Department of Physical Organic
Chemistry of the Institute of Chemistry SPBSU published a work devoted to the coupling reaction
between dialkylcyanamides NCNR2 (R = Me, Et, %2CsHsg, %2CsH10, ¥2C4HgO) and saccharin in the
absence of a metal salt (Figure 25), as a result of which new guanidine derivatives were obtained
[100].
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() o) H. . __;\\//O
\\S/’ HN/ g @S
2 NH @"->—N
R—N"~ N
+ \R O\\S/N (o]
7
N=———NRR' O

Figure 25. Coupling reaction between dialkylcyanamides and saccharin to give guanidine

derivatives

Thus, in the dissertation work both the effect of copper halides on the condensation reaction
of SacH and NCNRy, and of saccharin addition on the formation of tetranuclear copper(ll) clusters in
the system CuXz2-nH20/NCNMe,/SacH(Na) was simultaneously studied.

First, the reaction was carried out in the reaction mixture CuXz-nH,O/NCNMe,/SacH at 60
°C in a large excess of dimethylcyanamide, and the ratio CuXz-nH>0O:SacH was 1:1. As a result of
the reaction, instead of the formation of a copper(ll) cluster, or a coupling reaction between
dialkylcyanamide and saccharin, a new mononuclear complex with the composition
[Cu(Sac)2(NCNMez2)(H20)2] (9) was found, regardless of which halide (X = CI, Br) was present in

the system (at room temperature, a similar reaction proceeded, but much more slowly). The resulting
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product indicates that the addition of copper(ll) salts changes the direction of the reaction of the
coupling of saccharin and dialkylcyanamides by blocking the nucleophilic centers of both organic
reagents, just as saccharin prevents the formation of copper(ll) clusters.

The yield of the new complex 9 under the initial conditions was rather low (less than 30%),
so the synthesis was optimized according to the ratios of the reagents using a number of solvents. To
carry out the new reaction, instead of saccharin (SacH), SacNa salt was used in various solvents (dry
EtOH, MeOH, H>O, THF), the solution of which was layered on a solution of copper halide
CuCl3-2H20 or CuBr2-nH20 in dialkylcyanamide NCNR2 (R = Me, Et), different products were
obtained depending on the solvents used. Other dialkylcyanamides with cyclic substituents NCNR>
(R = %C4Hs, Y%CsHio, %2CsHgO) have also been used, however, due to possible steric and
conformational hindrances, the reaction resulted in the well-known copper saccharinate complex
[Cu(Sac)2(H20)4]-2H20 [101]. Upon using dry EtOH, substance 9 was obtained, in the case of MeOH
or H,O — dihydrate 9-2H,0, when using THF as a solvent, a new binuclear flashlight complex was
obtained [Cu2(Sac)4(THF).]-:2THF (11), regardless of what dialkylcyanamide was used in the
synthesis. In the case of the more hydrophobic diethylcyanamide, [Cu(Sac)2(NCNEt2)(H20).] (10)
independently of the solvent used was formed, with the exception of tetrahydrofuran. It should be
noted that such parameters as the copper salt anion and the change in the ratio of reagents did not
significantly affect the composition of the products. All the obtained crystalline substances were
suitable for XRSD, and the yields were 60-75%. The general scheme for obtaining heteroligand

complexes is shown in Figure 26.
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Figure 26. Scheme of reaction in system SacNa(H)/NCNR2/CuX2-nH>0O at various

conditions
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3.2.2 Study of the crystal structure of mono- and -oligonuclear copper complexes
(11) with Sac”and NCNR:>

The general characterization of the obtained complexes was carried out by practically the
same methods as in Section 5.2 for tetranuclear clusters. In this chapter, we will dwell on a detailed
consideration of the obtained crystal structures, which were formed in the system
CuX2'nH20/NCNMe/SacH(Na) under various conditions.

Compounds 9, 9-2H,0 u 10 have a distorted square-pyramidal geometry, where the NCNMe:
ligand occupies the apical position, and the degree of geometry distortion is greater for the dihydrate
(trigonality parameter [102] 0.07 for 9 and 0.23 for 9-2H,0, Figure 27). N1CuN1’ bond angles are
different depending on compounds obtained: 160.24(14)° for 9, 155.455(12)° for 10 and 174.65(15)°
for 9-2H,0. Angles of fragment {(H20).Cu} £OCuO are also different: for 9 it is 169.93(12)°, for
10 — 172.815(14)°, and for 9-2H20 — 153.39(19)°. Distances Cu—N(Sac) for all compounds obtained
9-11 vary in region 2.011(3)-2.050(3) A, the same as in other known square-pyramidal Cu(l1)(Sac)2
complexes [65]. Distances Cu—N(NCNRy) in 9, 9-2H,0 and 10 are found in the range 2.152(2)-
2.172(4) A, which points to weaker binding of the NCNR; ligand compared to the saccharinate ligand

and is in good agreement with Pearson's HSAB theory.

Figure 27. Structures 9 (left), 9-2H20 (right, 2 water molecules removed for simplicity). Thermal

ellipsoids are shown with a 50% probability.
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In structures 9 and 9-2H>0 classical hydrogen bonding between coordinated water and oxygen
atoms of the carbonyl group is observed, the presence of which is confirmed by O(CO)-H(H-0)
distances varying from 1.988(3) A to 1.899(4) A, that is much less that ZByaw (2.72 A), and angles
are close to 180° (LOHO = 160.5-63.7°). In 9-2H>0 unlike 9 there is a greater variety of hydrogen
bonds due to solvated water, which acts as a tridentate ligand, linking the sulfoxide group of one
molecule, the carbonyl group of another, and the coordinated water molecule of the third, where all
the O—H distances (1.924-1.974 A) are less than ZBvaw, and angles are also close to 180° (ZOHO =
161.8-177.1°).

In structure 9 (figures 28, 29) an eight-membered cycle based on hydrogen bonding
{O(CO)--*H-O-H---O(CO)---H-O-H:-} is observed. Such trimers connecting in turn form 1D-
zigzag chains, where, in addition to hydrogen bonds, n-stacking between aromatic fragments of
saccharinate ions was found according to the angular criterion and by comparing XBvqw. At the same
time, atoms of sulfoxide groups link 1D chains into 3D structures by weak hydrogen contacts.
O(SOz2)---H(Arene). Similar types of hydrogen bonds and crystal packing were found in the structure
10.

Structural study 9-2H>0O showed that a 12-membered ring is formed in it based on a hydrogen
bond {O(CO)---H-O-H---O(CO):--H-O(H20)---H-O-H:--O-H(H20)---}, which binds three 9
molecules and two H20 molecules. In addition, H.O coordinated to copper atom in each molecule is
bound to the sulfoxide group of the neighboring fragment, forming a three-dimensional
supramolecular structure (Figure 30). In contrast to structures 9 and 10 there is no w-stacking in the

dihydrate; therefore, the crystal packing is determined only by hydrogen bonds.

Figure 28. Fragment of crystal packing 9. Intermolecular hydrogen bonds are shown by the red

dotted line, z-stacking is shown by gray.
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Figure 29. Fragment of the 1D chain of compound 9 along the c axis.

Figure 30. Fragment of 3D crystalline packaging 9-2H-0. Intermolecular hydrogen bonds
are shown with a red dotted line.
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Figure 31. Molecular structure view 11. Two solvate THF molecules removed for clarity. Thermal

ellipsoids are shown with a 50% probability.

Structure of [Cuz(Sac)s(THF)2]-2THF (11) is similar to that of the binuclear copper(Il) acetate
dihydrate, and also suggests the presence of intramolecular metallophilic interactions (Cu—-Cu =
2.752(4) A, =Bwaw = 2.8 A). However, complex 11 has a completely different crystal packing due to
additional non-covalent interactions. In the crystal structure of 11, non-covalent intermolecular and
intramolecular hydrogen contacts were found between the sulfoxide group of saccharin and the
hydrogen atoms of the aryl fragment of saccharin O(SO.)---H(Arene), and n-stacking between the
aromatic rings of saccharin, as indicated by two criteria: the angle between the planes of the rings is
180° and the distance between the aromatic fragments C(Aryl)---C(Aryl) is less than Rvgw and
>Bvaw. The presence of the abovementioned interactions leads to the formation of a two-dimensional
layered supramolecular structure (Figure 32), which are also capable to form a three-dimensional
framework through hydrogen bonds O(SO>)---H(Arene).

Thus, it can be assumed that THF, as a solvent with a large donor number with respect to
alcohols, provides for a stronger binding to the Cu?* cation than dialkycyanamides, which contributes
to the formation of binuclear complex 11. The formation of compound 11 points to a much higher
lability of the NCNR: ligand compared to Sac™, which was confirmed by quantum chemical

calculations presented in the next section (3.2.3).
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Figure 32. Two-dimensional layered structure of compound 11. Hydrogen contacts are shown in

red dotted line, z-stacking is shown in grey.

Concluding the discussion of the second part of the experiment, we can say that in all the
structures (9, 9-2H20, 10 and 11) the presence of various non-covalent interactions such as hydrogen
bonds, n-stacking of aromatic rings, metallophilic interactions were revealed. Existence of different
ways of such binding has a significant effect on the features of the molecular packing, the geometric
parameters of the complex, and results in a different supramolecular organization. Comparison of the
structural parameters of the complex 9 and hydrate 9-2H>O made it possible to establish that their
geometric parameters are determined by the features of the crystal packing and by the presence of

various types of hydrogen bonds.

3.2.3 Theoretical studies of the mononuclear [Cu(Sac)2(NCNMez)(H20):]

complex

Dr. Alexander S. Novikov is acknowledged for the calculations performed.

To confirm the change in the direction of the reactionof the coupling reaction SacH/NCNMe>
with CuXz-nH20 and the possibility of cluster formation in the system CuXz2-nH.O/NCNMez: in the
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presence of SacH the nature of Cu-N(NCNMe2) and Cu—N(Sac) bonds in compound 9 were studied.
In this regard, a DFT calculation was carried out, including a complete geometry optimization of the
model structure 9 in the gas phase using corresponding experimental XRSD structure as a reference
point and a topological analysis of the electron density distribution (QTAIM). The results of
theoretical studies have shown that: (1) coordination bonds Cu—N(NCNMez) and Cu-N(Sac) are
single, and the electron density is shifted to the nitrogen atom, respectively, and also have
predominantly electrostatic nature; (2) the saccharinate ion is better coordinated to copper(ll),
forming a stronger bond than NCNMe,, since the calculated vertical total energies for Cu-—
N(NCNMe) and Cu—-N(Sac) amounted to 43.6 and 156.4 kcal/mol, which is in good agreement with
the X-ray diffraction data and Pearson's HSBA theory; (3) c-donation {M}+«L significantly prevails
over the reverse m-donation {M}—L in bindings such as Cu—N(NCNMe;) and Cu—N(Sac) that is
confirmed experimentally by IR spectroscopy data.

Thus, copper(11) completely blocks the nucleophilic centers of the ligands, preventing both
the Sac—-NCNMe2 combination and the formation of [CusXsO(NCNR2)4] clusters due to the
formation of more stable complex compounds [Cu(Sac)2(NCNR2)(H20):], that was established by

both theoretical and experimental methods.

3.3 Tetranuclear copper(l) clusters with dialkylcyanamides

3.3.1 Effect of synthetic conditions on formation of copper(l) clusters
[Cusls(NCNR2)4] [12-16] and their co-crystallizates with HalB donors
(1,4-FIB u 1,4-FBB)

Tetranuclear cubane clusters 12-16 [Cusl4(NCNR2)4], (R = Me — 12, Et — 13, Y4CsH10— 14,
15CaHg— 15, 14C4HgO — 16), and crystal-solvates with dialkylcyanamide 12-0.5NCNMe; and halogen
bond donors 12-1,4-FIB, 12-1,4-FBB were obtained in several ways (Figure 33). To obtain single
crystals of all the above compounds, the slow diffusion method was used. For the synthesis of solvent-
free clusters, a solution of Cul in acetonitrile at room temperature was carefully layered on a solution
of NCNR; in chloroform and placed in a thermostat (5 °C); after 7-14 days colorless single crystals
suitable for XRSD were formed (the procedure is given in Part 3). To obtain high quality single
crystals and to avoid side processes such as copper oxidation and rapid evaporation of the solvent

dried solvents and low temperatures were used. The solvent used for preparation of Cul derivatives
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was acetonitrile, which has a relatively low donor capacity compared to many other N-donors, in
order to minimize the formation of by-products. Solvates 12-1,4-FIB, 12-1,4-FBB with HalB donors
were obtained by a similar procedure, in which a solution of Cul and NCNMe; in acetonitrile was
layered on a solution of 1,4-FIB and 1,4-FBB in chloroform at room temperature with further cooling
to 5 °C. This application sequence is due to the fact that dialkylcyamides themselves are able to form
co-crystallizates with halogen bond mandrels.

The second method was used to obtain powders of compounds 12-16. It was experimentally
established that Cul is soluble in NCNMe2 and NCNEt, upon slight heating to 50 °C, while Cul is
practically insoluble in cyclic dialkylcyanamides. Thus, substances 12 and 13 were isolated from
solutions of Cul/NCNMe:(Et2) adding Et20O (12) or hexane (13) followed by cooling down to —18 °C
during the day. Compounds 14-16 are more stable in air, unlike the previous ones, so they were
isolated in the form of powders by evaporating the reaction mixtures at room temperature for a day

then washing with diethyl ether.

solv1=MeCN, solv2=CHCl; Cul+solv1 1:solv1=MeCN, solv2=CHCI;

+1,4-FIB (1,4-FBB) ¢ 2: solv: CgH44, Et,0, MeCN
R, = Me N=——NR; + solv 2
2 2 Ry = C4Hg, C4HgO, CsH1g
NMez
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Figure 33. Conditions for the synthesis of tetranuclear copper(l) clusters and their solvates.

The resulting products 12-16 are white or light cream powders, which luminescence
noticeably when irradiated with 365 nm light at room temperature. (12, 13 — yellow-orange, 14, 15,
12-1,4-FIB, 12-1,4-FBB — yellow, 16 — yellow-green colors). Compounds 13-16 are relatively stable
in air, their luminescent properties do not change for the period from two days to several weeks
(12:1,4-FBB, 13 — approximately 2-3 days, 14-16 — 14 days). At low temperature (—18°C) all
samples 12-16 are stable for more than a month under a layer of mother liquor. Compounds 12 and
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12-1,4-FIB in a thin layer are unstable at room temperature in contact with air moisture and cease to
luminesce after 10-20 minutes.

In all cases, crystalline products were obtained in sufficient quantities for further
characterization; the yield of products for compounds 12-16 and their solvates with HalB donors was
70-90% [103].

3.3.2 Characterization of compounds [12-16] and their solvates

For compounds 12-16 the main characterization methods were XRSD and XRPD, IR
spectroscopy, CHN elemental analysis and AES.

The XRPD data for powdered samples of clusters 13-16 agree well with the results obtained
by XRSD for the corresponding crystals, which points to the identity of the crystals and the
quantitatively obtained samples, as well as the homogeneity of the latter.

Figure 34. Cluster structures 12-0.5Me>NCN (left) u 16 (right). For clarity, the NCNMe>

molecule is not indicated. Thermal ellipsoids are shown with a 50% probability.

XRPD measurement was also carried out at room temperature for compound 12; however, it
was shown that the dominating phase is y-Cul because the compound is unstable and decomposes
due to heating in the chamber (up to approximately 40-50 °C) under the exposure to X-ray irradiation.
Therefore, X-ray phase analysis was performed for the sample at 100 K, and the obtained powder
pattern did not coincide with that for the copper(l) complex with dimethylcyanamide, a solvate

12-0.5Me2NCN. Thus, this cluster appeared to be unstable in air. Nevertheless, based on the data of
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other physicochemical research methods and luminescence (see Section 3.3.4), when comparing the
results for the entire group of complexes, it can be assumed with a high probability that the
composition of 12 is [Cusls(NCNMe2)4].

Compounds 12-16 and solvates of 12 were characterized by IR spectroscopy. In the IR spectra
of the compounds, there is a characteristic intense band in the region 2237-2239 sm™ (see
supplementary, fig. s. 16 —s. 22), corresponding to the stretching vibration of the nitrile group of the
ligand. The absorption band is moderately shifted to the high-frequency by 20-30 cm™! relative to the
corresponding band of free cyanamide (2210-2220 sm™) that confirms the end-face coordination of
NCNR: to the metal center and points to a slight electrophilic activation of organic ligands in the
copper(l) complexes.

The CHN elemental analysis data and the AES data (for Cu) for substances 12—16 are in good

agreement with the calculated values for non-solvate clusters.

3.3.3 Discussion of the crystal structure of clusters [Cuzl4(NCNR2)4] [12-16] and
their solvates with HalB donors (1,4-FIB/1,4-FBB)

According to the obtained X-ray diffraction data, the compounds 12-:0.5NCNMe; and 13
crystallize in the space group P-1, and the remaining copper clusters, where the ligands contain cyclic
substituents, are isostructural and crystallize in the space group Pbcn (14-16). All structures contain
a distorted Cuasls core, where four copper atoms are additionally bonded to four molecules of dialkyl
cyanamides. Cu-I distances in clusters lie in the range 2.6359(8)-2.7374(7), Cu-N — 1.973(5)-
1.992(7) A, and Cu—Cu lie between 2.6276(10)-2.7864(14) A, that is typical for clusters with a Cuala
core and other N-donor ligands. The distances between copper atoms are less than the sum of the
Bondi van der Waals radii of the corresponding atoms (£Bvaw(Cu, Cu) = 2.8 A), which points to the
presence of metallophilic interactions that exist in such oligonuclear clusters. The CuNC angles also
vary within one molecule, as in the case of tetranuclear copper(ll) clusters, and their value for clusters
on average remains from 153.4(4)° to 173.9(4)°. Thus, we can conclude that the main geometric
parameters of substances 12-16 (bond lengths and bond angles) are typical for cubane copper(l)
clusters Cuasls with N-donors [6, 8, 57-60].

Intermolecular non-covalent interactions in structures 12-:0.5SNCNMe;, 13-16, are represented
by weak hydrogen contacts C-H:- -1, in cluster 16 binding C-H---O is implemented, and in
12-:0.5NCNMez—a C—H--N contact. Another feature of the 12-0.5NCNMe: structure is the presence
of n-stacking of coordinated cyanamides (Figure 35), where the distances (C---N) are 3.389(7)-
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3.439(6) A and are close to or slightly above ZByaw, but less than ZRvaw (ZBvaw = 3,40 A; Rvaw =
3,54 A). Also, as in the case of copper(II) halide oxide clusters, such short contacts are not observed
in structures 13-16, since the least interatomic distance between the nitrile fragments of the ligands

of neighboring molecules is noticeably larger than the sum of Rowland van der Waals radii.

Figure 35. Fragment of the molecular structure 12-:0. 5NCNMe», =-stacking interaction
between NCNMe; ligands (shown by blue dotted lines), the crystallization NCNMe2 molecule is not

indicated.

Based on the difference in crystallographic parameters, the supramolecular organization of
clusters is different. So, in compounds 12-0.5NCNMe> and 13, cluster units are arranged in zigzag
chains running parallel to each other (and connected by C-H:--N contacts) along one of the
crystallographic axes (Figure 36, S.36). The space between the chains is filled with amide substituents
of the ligands and solvent molecules in 12-:0.5NCNMez, the units in the chains are also separated
from each other by amide substituents. In the structures of compounds 14-16, the cluster molecules
form layers in the ac plane, which are separated by the space occupied by the amide substituents of
the ligands (Figure 36, S.37).
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Figure 36. Type of crystal packing for clusters 12-:0.5NCNMe: along the a-axis (left) and 16 along

the c-axis (right).

When halogen bond donors were added into the Cul/NCNMe; system, 12-1,4-FIB, 12-1,4-
FBB solvates were obtained (Figure 37). As in the case of copper(l1) halide clusters, this is due to the
ability of clusters with dimethylcyanamide to participate in weak interactions and, accordingly, to
form co-crystallizates to a greater extent compared to clusters with bulkier dialkylcyanamides.

According to the XRSD data 12-1,4-FIB and 12-1,4-FBB are isostructural and crystallize in
the space group P2i/c. Distances Cu—I, Cu—N u Cu—Cu are in the same range as for non-solvate
clusters 12-16. The CuNC angles in solvates also differ within one molecule, but their value is
somewhat larger than in the non-solvate clusters, 157.4(4)°—175.8(4)°. This change in the angles is
explained by the presence of molecule of the HalB donor, which changes the crystal packing of
solvates molecules.

In the obtained solvates of copper(l) clusters with HalB donors, other types of non-covalent
interactions are observed, which results in completely different crystal packing. Hydrogen contacts
are formed between the electronegative fluorine atoms of the solvate and hydrogen of the methyl
groups of the ligand HINCNMey)---F(1,4-FIB/1,4-FBB), also in both compounds, n-hole interactions
are realized between the electron pair of the iodine atom (acceptor of the n-hole) and the molecule of
iodo(bromo)perfluorobenzene (donor of the =-hole) =n-(1,4-FIB/1,4-FBB)---n(lcuais), Where the
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distances H---F and C(1,4-FIB/1,4-FBB)---I are close to or slightly above XBvaw, but less than the
2Rvaw.

Figure 37. Structures of solvates with HalB donors 12-1,4-FBB, (left) u 12-1,4-FIB (right).

Thermal ellipsoids are shown with a 50% probability.

Crystal packing of structures 12-1,4-FIB and 12-1,4-FBB are represented by a supramolecular
ensemble in the form of a three-dimensional network (Figure4l), where zigzag one-dimensional
periodic chains form layers due to hydrogen contacts H(NCNMey)---F(1,4-FIB/1,4-FBB) and
interligand H---N, and the layers, in turn, are interconnected by weak contacts HINCNMey)- - - 1(Cuals)
(figures 38, 40). A distinctive feature of compound 12-1,4-FIB is the formation of a halogen bond in
it (Figure 39) between the c-hole on the iodine atom in 1,4-FIB and the electron pair of the iodide
anion in Cusls, as well as the greater value of the distance between the aromatic ring and iodine in the
C--I cluster (3.78 A) compared to bromide analogue (3.64 A). The formation of HalB is more
characteristic for 1,4-FIB due to a more pronounced ability of iodine to be a -hole donor compared
to bromine (and due to the greater polarizability of I with respect to Br). Therefore, it can be assumed
that the formation of halogen bonds enters into a competitive process with w(1,4-FIB)- - n(lcu4ia)
interaction, increasing the distance C---I and without changing the space group of the crystal and the
type of crystal packing. From the same position, it can also explain the lower stability in air of the
compound 12-1,4-FIB, where halogen bonding results in weakening n(1,4-FIB)---m(lcusis) Which
probably contributes more to the stabilization of the co-crystallizate molecule than the 1(Cusls) ---
1(1,4-FIB). halogen bond. However, to confirm the above assumption, other methods are also

required, in particular, quantum chemical calculations.



161

Figure 38. Fragment of the crystal packing of 12-7,4-FBB. Hydrogen contacts
H(NCNMey)---F(1,4-FBB) shown by the green dotted line, z-interactions I(Cuals)---1,4-FBB —

gray.

Figure 39. Fragment of the crystal packing of 12-7,4-FIB. Halogen bonds I(Cuals)---1(1,4-FIB)
shown with a purple dotted line.
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Figure 40. Fragment of 3D crystalline packaging of 12-7,4-FIB, view along the b-axis.

Interlayer C---1 shown with a purple dotted line.

Figure 41. Fragment of 3D crystalline packaging of 12-7,4-FIB view along the a axis.
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Thus, copper(l) iodide and NCNR: dialkylcyanamides with various substituents (R = Me, Et,
C4Hs, CsHio, CsHgO) are able to form tetranuclear cubane-like clusters of composition
[Cusls(NCNR2)4], in which the features of the crystallographic packing (and, accordingly, the
supramolecular organization) and the presence of certain types of non-covalent interactions are
determined by the choice of the dialkylcyanamide ligand. Moreover, the greatest variety of non-
covalent interactions, as also for copper(11) clusters, was found for [Cuals] clusters with the NCNMe;

ligand and its solvates with halogen bond donors, 1,4-FIB and 1,4-FBB.

3.3.4 Study of the optical properties for clusters [Cusl2(NCNR2)4] [12-16]

All clusters 12-16 exhibit luminescent properties at different temperatures; therefore, it is
expedient to study their main photophysical properties in more detail [103]. To study the spectral
properties of complexes 12-16, UV and visible absorption spectra were recorded at room
temperature. In the absorption spectra of saturated solutions of the obtained complexes (Figure 42, a)

there is a wide band with a maximum at about 360-365 nm, which was used for luminescence

excitation.
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Figure 42. Normalized absorption (a) and luminescence spectra upon excitation with light at a

wavelength of 365 nm (b) of the compounds 12-16.

Emission spectra (Figure 42, b) of compounds 12-16 in the solid state were recorded upon

excitation with light of a long wavelength of 365 nm at room temperature. The spectra of compounds
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12 and 13 have two maxima in the ranges of 418-422 nm and 580-600 nm; the long-wavelength
maximum is more intense. Spectra 14-16 show only one band at 581, 578, and 554 nm, respectively.
The short-wavelength maximum in spectra of 12 and 13 corresponds to fluorescence characterized
by short lifetimes, (<0.3 ns, which is less than the resolution of the device), while long-wavelength
emission for 12-16 corresponds to phosphorescence with lifetimes up to several microseconds and
corresponds to singlet-triplet transition S — T (table 3). The long-wavelength emission agrees well
with that described in literature for cubane-type complexes [CuslsLs] (L = neutral N-donor ligands:
aliphatic and aromatic substituted amines; acetonitrile; emission in the region of 550-630 nm) [54,
55-60], which is due to cluster-centered transitions (mixed metal-metal d — s, p and halide — metal).
Short-wavelength emission in 12 and 13 can be associated with the formation of an excited state as a
result of intraligand = — =* transitions in NCNR2 and/or iodide-dialkylcyanamide transitions [54],
also possibly as a result of phosphorescence of the Cul impurity. The quantum yield of luminescence
for all obtained substances turned out to be different and, in general, less than that of similar
compounds [CuslsL4] with N-donor ligands. This fact can be explained that the triple bond in the
NCNR:2 ligand quenches luminescence due to an increase in the probability of light energy transfer
by nonradiative processes [104].

Table 3. Lifetime constants of the kinetic curves of luminescence and quantum yields (Q) of the
luminescence of compounds 12—-16 upon excitation with light at a wavelength of 365 nm. SWB and
LWB — short and long wavelength luminescence bands.

Compound SWB LWB Q
Amax, NM | T, NS Amax, NM | T1, NS T2, NS %
12 418 <0.3 580 311+5 2090+30 10,2
13 422 <0.3 600 32045 2190+20 6,4
14 - - 581 316+4 2140+40 25,1
15 - - 578 32945 2270+50 9,4
16 - - 554 318+4 2180+40 16,6




165

Concluding the discussion of the results of the dissertation work, we can say that new
copper(l) and (1) coordination compounds containing dialkyl cyanamides, saccharinates, or other
ligands have been obtained and characterized. It has been established that the majority of clusters are
able to take part in non-covalent interactions, thus forming various supramolecular structures. Section
3.3.4 shows that for copper(l)-based phosphors the variation of ligands makes it possible to change
the photophysical properties of the complexes, which allows us to control over the luminescent
properties of substances. The detailed results of the dissertation work are presented below:

e Composition and structure of tetranuclear copper(Il) CusClsO(NCNR2)4 clusters [1-8] in the solid
state are determined by the type of ligand NCNR2 (R = Me, 4CsH1o, 2C4Hs, 2CsHgO), by a
synthetic method including the choice of solvent. Upon using a Me,CO/EtOAc mixture or 1,3-
Me>CsHs CusXsO(NCNMe2)s (1, 2) clusters are formed; if aromatic solvents such as toluene and
styrene are used, 1,2-4PhMe and 1,2-4PhCH=CH; solvates are obtained. As a result of the
reaction of other dialkylcyanamides with CuXz-nH20 no solvates are observed due to steric
hindrance, regardless of the solvents used;

e In [CusXeO(NCNMey)4] clusters both weak hydrogen contacts and intermolecular dipole-dipole
n-stacking between the nitrile fragments of the ligands were found, which points to the
participation of NCNMe; in the formation of non-covalent interactions. In 1,2-4PhMe and
1,2-4PhCH=CH2 short intermolecular contacts C(NCNMey)---C(Arene), 3.331-3.351 A were
found, that is less then ZRyaw (3.54 A); this fact points to a n-hole interaction between the ligand
and the arene, resulting in the formation of supramolecular structures. The possibility of solvates
formation is confirmed by theoretical calculations;

e Reaction of copper(ll) halides CuX2-nH2O with NCNR2 and SacH (SacNa) results in a new
mononuclear copper complex compounds 9, 9-2H>O, 10 when using alcohols and water as
solvents, while the use of THF — in the formation of a binuclear complex 11;

e Compounds 9-11 exhibit various non-covalent interactions, such as intra- and intermolecular
hydrogen bonds, n-stacking between aromatic saccharin fragments, and Cu—Cu metallophilic
interactions (11). Upon transferring from compound 9 to 9-2H>O changes in geometric
parameters (space group, bond angles, and bond lengths) are observed and a greater number of
hydrogen bonds are realized due to two additionally solvated water molecules, which results in
different crystal packing in the obtained complexes;

e Cul reacts with NCNRz (R = Me, Et, ¥2C4Hs, 2CsH1o, 2C4HgO) forming tetranuclear cubane
clusters with [Cusl4(NCNR2)4] 12-16, and the addition of HalB donors (1,4-FIB u 1,4-FBB)
results in solvates 12-1,4-FIB, 12-1,4-FBB. In all the structures non-covalent interactions were

found in the form of weak hydrogen contacts, and in 12-:0.5NCNMe; in addition to weak hydrogen
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contacts H(NCNMey)---1(Cuals) there is n-stacking between the nitrile fragments of the ligands
of neighboring clusters, which points to the possibility of the formation of co-crystallizates. In the
obtained solvates 12-1,4-FIB and 12-1,4-FBB hydrogen contacts HINCNMe»)---F(1,4-FIB/1,4-
FBB), n-hole interactions 1(Cuasls)---1,4-FBB are realized, also in 12-1,4-FIB halogen bonds
I(Cuasls) -~ 1(1,4-FIB) are presented. However, despite the presence of halogen bonds in 12-1,4-
FIB, both solvates have a similar crystal packing.

It is established that all clusters 12-16, 12-1,4-FIB and 12- 1,4-FBB exhibit luminescent properties
when irradiated with light of 365 nm. Based on the lifetime data for compounds 12-16, it can be
concluded that the emission is related to phosphorescence and is in good agreement with the
literature data on [CuslsL4] clusters with other N-donor ligands. The quantum yield of
luminescence turned out to be lower than that of known cubane clusters with N-donors, which is

associated with an increase in the probability of light energy transition to nonradiative processes.
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4. Conclusions

. The effect of the NCNR:2 ligand and of the solvent on the composition and structure of tetranuclear
copper(11) oxido-clusters [CusClsO(NCNR2)4] 1-8 and their solvates with aromatic molecules is
revealed. Compared to other dialkylcyanamides, the NCNMe: ligand is more capable of forming
weack interactions; therefore, its participation of compounds with the greatest variety of non-
covalent interactions were obtained: clusters with n-interactions between C=N fragments (1, 2)
and solvates 1, 2-4PhMe u 1, 2-:4PhCH=CH> with n-hole interactions are realized. Coordinated
NCNMe;, unlike other dialkylcyanamides, is capable to form co-crystallizates, which are
supramolecular ensembles due to weak n-hole interactions with electron-releasing molecules
n(NCNMey)---w(Arene), was confirmed both by experimental and theoretical research methods.

. Addition of CuXz-nH20O completely changes the direction of the SacH and NCNR2 coupling
reaction due to the blocking of the nucleophilic centers of both organic reagents; only
coordination of the cyanamide and saccharinate anion to the copper ion and the formation of new
mononuclear heteroligand complexes are observed.

. The effect of the synthetic conditions (the nature of the solvent, the substituent in the ligand) on
the composition and crystal structure of the products obtained in the
CuX2-nH2O/NCNR2/SacH(Na) system is disclosed. The high hydrophobicity of the NCNEt;
ligand causes the absence of a dihydrate such as 9-2H>O. Various non-covalent interactions are
identified and described, such as classical hydrogen bonds, n-stacking of aromatic rings, and
metallophilic interactions, that determine the supramolecular organization of crystalline
compounds 9-11.

Reaction of Cul with dialkylcyanamides results in a new cubane clusters [Cuslsa(NCNR2)4] 12—
16, and the addition of halogen-substituted perfluoroarenes into the same system — solvates
12-1,4-FIB u 12-1,4-FBB. Thus, non-covalent interactions in crystal structures are determined by
the choice of the dialkylcyanamide ligand. Moreover, a greater number of non-covalent
interactions have been established for compounds with an NCNMe: ligand — 12-:0.5NCNMey,
12-1,4-FIB, and 12-1,4-FBB. In solvates with these arens only 1,4-FIB acts as a classical donor
HalB, forming halogen bonds, while 1,4-FBB participates only in n-hole interactions.

Clusters 12-16 exhibit similar photophysical characteristics to other known CuaslsLs cubane
clusters. Long lifetimes (t) point to phosphorescence, and the quantum yield (Q) turned out to be
somewhat lower than that of Cuasls clusters with other N-donor ligands due to the presence of a
nitrile group, which quenches luminescence by increasing the probability of nonradiative

processes.
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5. Experimental

5.1 Synthetic work

The following commercial reagents were used without further purification: dialkylcyanamides
NCNR:2 (R2 = Me, Et, %CsHg; %2CeH10; 2CsHgO), CuBrz, CuCl,-2H20, Cul, 1,4-FIB, 1,4-FBB
«Sigma Aldrich» classified as CP; SacH «Sigma Aldrich» u NaSac «100ing», classified as SP;
solvents (acetone, acetonitrile, methanol, ethanol, chloroform, toluene, styrene, ethyl acetate)
«Vecton» n «Neva-reactive» classified as CP. Drying was carried out for the following solvents:
diethyl ether, tetrahydrofuran (THF) and ethanol according to conventional methods. [105].
Pyrrolidinecyanamide (NCNC4Hsg) synthesized according to the method [106].

5.2 Physicochemical and theoretical research methods

X-ray methods

Analytical methods are based on the interaction of X-rays with electrons, which results in X-
ray diffraction on a three-dimensional crystal lattice. We used X-ray single diffraction (XRSD) and
X-ray powder diffraction (XRPD) analysis. The X-ray single diffraction analysis makes it possible to
establish such parameters as the unit cell space group, its dimensions, angles, and bond lengths, that
Is important aspect for identification the presence of weak interactions. Another method used in the
work is XRPD, where the powder method (Debye-Scherer) is used. In the course of the work, this
method was used as a qualitative one to determine the identity of a single-crystal sample and a powder
product obtained by comparing the data of a cif-file of a single crystal (reference X-ray diffractogram)
from X-ray diffraction data and crystalline powder diffraction data. The method is applicable only to
compounds that are stable in air, to grinding into powder and to X-ray irradiation.

X-ray diffraction analysis for all compounds was carried out on single-crystal diffractometers
Agilent Technologies «Supernova» and Rigaku «XtaLAB Synergy-S» at 100 K using monochromatic
emission CuKa in Research Park SPBSU «Centre for X-ray Diffraction Studies». The structures were
solved by ShelXT program and refined by ShelXL program included in the OLEX2 shell using the
radiation least squares method. Crystallographic data on some structures of the obtained complexes
are deposited in the Cambridge Structural Database. (1 — 1992025, 1-4PhMe — 1992026,
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1-4PhCH=CH; — 1992027, 2-4PhMe — 1992028, 2-4PhCH=CH: — 1992029, 9 — 2062446, 9-H.0 —
2062447, 11 — 2062447, 12 — 2084638, 13 — 2084881, 14 — 2172759, 15 — 2085114, 16 — 2085726).
X-ray powder analysis was carried out at the same center on Bruker «D2 Phaser» device with a copper

anode at room temperature, X-ray patterns were compared using the «Mercury» program.

Vibrational spectroscopy

Vibrational spectroscopy (IR spectroscopy) was used to identify vibrations of functional
groups in organic ligands, as well as to confirm the coordination of the ligand to the metal center
[107]. IR spectroscopy is a spectral method based on the absorption of infrared light by a substance,
leading to transitions between the vibrational levels of molecules. In this case, a decrease in the
intensity of the light transmitted through the sample is observed only at those wavelengths whose
energy corresponds to the excitation energies of vibrations in the studied molecules (absorption
maxima). Therefore, the frequencies at which the maximum absorption of IR radiation is observed
allows the idendification of certain functional groups and other fragments in the sample molecules.
The IR spectra for the newly obtained substances were taken for absorption in the region 4000—400
cm ! using a Bruker «FTIRTENSOR 27» spectrometer where the samples were tableted in KBr or

suspended in Nujol in Research Park SPBSU «Chemical Analysis and Materials Research Centrey.

Elemental analysis

Elemental analysis CHNS(O) allows you to determine the exact amount of carbon (C),
hydrogen (H), nitrogen (N), possibly sulfur (S) and oxygen (O) in the sample. The most common
method of elemental analysis is based on the combustion of the sample, which is performed in a
special device - an elemental analyzer. When burned, the sample forms a mixture of combustion
products (CO2, H20, N2, etc.), to which the gas chromatography method is applied and the
percentage of elements in the original sample is determined. In the dissertation work, to confirm the
chemical composition of the obtained products at a quantitative level, the content of CHN elements
was determined. The method was used in this work to determine the mass fractions of elements in the
organic part of complex compounds, in particular, dialkylcyanamides in copper(l) clusters. Elemental
analysis was performed on a «CHNS(O) LECO-932» elemental analyzer based on «Saint-Petersburg

State University of Industrial Technologies and Design».
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Atomic spectroscopy

To determine the mass fraction of the metal in order to confirm the chemical composition of
the entire array of substances, an analysis was carried out for copper content using atomic absorption
and emission methods. Atomic spectroscopy is a method of quantitative analysis based on the
properties of atoms to absorb (absorption, AAS) or emit (emission, AES) light with a certain
wavelength when interacting with electromagnetic radiation. Atomic absorption spectra can be used
to determine the content of many metals (about 70 elements of the Periodic Table) in solutions of
their salts, including copper. Atomic emission analysis was performed at Research Park SPBSU
«Chemical Analysis and Materials Research Centre» on an optical emission spectrometer with
inductively coupled plasma «ICPE-9000», and atomic absorption on a spectrometer on Shimadzu
AA-7000. Standard copper samples for calibration solutions were prepared from MERCK standards
in 0.1M HNO3. The calibration solutions were prepared in the range of 0.01-100.0 mg/l. During
sample preparation, to eliminate the interfering effect of organic ligands, accurate weights of samples
were boiled in nitric acid for 30—60 minutes with a further 100-fold dilution. Then, the mass fraction
of the analyte for the obtained sample was compared with the theoretically calculated one according
to the XRD data.

Thermal methods

Thermal methods are basic for assessing the thermal stability of the obtained coordination
compounds. We used thermogravimetric analysis (TGA), a method that is based on continuous
recording of the dependence of mass change on time and temperature; it allows you to set not only
the temperature of decomposition of a substance, but also to identify the nature and products of
decomposition. TG-curves are obtained - the dependence of the mass of the sample (changes in the
weight of the sample) on temperature or time. To interpret the TGA results, it is necessary to process
the TG curves, in particular, to find the derivative of the TG signal (rate of mass change, DTG), with
its help one can track the time or temperature at which the weight change occurs most rapidly. The
thermograms of the obtained samples were performed at the Research Park SPBSU
"Thermogravimetric and Calorimetric Research Centre" using a «NETZSCHTG 209 F1 Libra»
device in an inert atmosphere (Ar) on an Al>Oz substrate using MnO. powder as a standard. The

survey was carried out in the range from RT to 600 C°, using small portions of 1.2-4.4 mg.
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Optical methods

To study the main photophysical properties of the obtained compounds [Cusla(NCNR2)4] (12—
16) (lifetime - T and quantum vyield - Q) spectral-optical research methods were used, such as
absorption and luminescence spectroscopy. The quantum yield is used to evaluate the efficiency of
luminescence and is defined as the ratio of the number of emitted photons to the number of absorbed
photons, while the lifetimes allow to estimate the type of luminescence (fluorescence, T =10°-10 ¢
or phosphorescence, T = 1072°-107° ¢). For each substance, it is necessary to know the absorption
maxima, at which it is subsequently necessary to measure the luminescence spectra and quantum
yield.

The prepared saturated solutions of compounds 12-16 (12 in diethyl ether, 13 in hexane, 14—
16 in acetonitrile) were placed in a 1 mm thick cuvette, and the absorption spectra were measured on
an SF-2000 spectrophotometer. To record the luminescence spectra, a thin layer of freshly prepared
powders was deposited on glass slides with carbon film to avoid additional reflection. The
measurements were measured using a Fluorolog-3 spectrofluorimeter (Horiba Jobin Yvon). Kinetic
parameters in the form of luminescence decay curves are described by a two-exponential decay
function: I(t) = lo + I1+ ?exp(-t/t1) + I2* exp(-t/t2), where 11 u T2 — temporary constants. The quantum
yield was determined by the "integrating sphere™ method using fluoroplastic substrates. The
measurements were carried out on the base of Research Park SPBSU «Centre for Optical and Laser

Materials Research» n «Chemical Analysis and Materials Research Centre».

Theoretical (calculative) methods

Calculations were carried out by Dr. A. S. Novikov and Dr. T. J. Mooibroek.

To estimate the possibilities of the formation of non-covalent interactions, the distribution of
electron density for the obtained co-crystallizates (crystallosolvates) 1,2-PhMe, 1,2-PhCH=CH; and
free dimethylcyanamide ligand was calculated by the method of electron density functional (DFT
method). The atomic coordinates of crystal structures were imported into the ADF (Amsterdam
Density Functional) simulation program [108] using the D3 dispersion correction [109] of the B3LYP
hybrid functional [110] and the def2-TZVP basis set [111]. The interaction energies were evaluated
by calculating the energy at one point within the ADF between two regions (B3LYP-D3/TZ2P). This
type of analysis has also been used previously to evaluate other non-covalent interactions such as
hydrogen bonds, interactions of 6-holes with carbon atoms, and interactions of n-holes with nitro

derivatives.
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The DFT method was used to study the contributions of the covalent and electrostatic
interactions in the Cu-N(NCNMe2) and Cu-N(Sac) bond in the obtained
[Cu(Sac)2(NCNMez)(H20)2] compound. The geometry of the above molecule was optimized using
the MO06 functional [112] using the Gaussian-09 software package [113]. The calculations were
carried out using the multielectron approximation, MDF10 pseudopotentials approximating 10 inner
shell electrons, and the corresponding basis sets for the copper atom and 6-31G(d) basis sets for the
remaining atoms [114].

The topological analysis of the distribution of electron density in the framework of R. Bader's
theory of "atoms in molecules” (AIM) was also applied using the ADF program to determine the
relative contributions of the metal-ligand interaction in clusters [115]. For the structure of the
mononuclear complex, analysis was performed using the «Multiwfny» program (version 3.7) [116].

To assess the nature of intermolecular interactions in the crystalline state, the Hirschfeld
surface analysis (HSA) was applied for the structures 1, 2-4PhMe u 1, 2-4PhCH=CH_> successfully

proven for studying the possibility of solvate formation [117].

5.3 Synthesis of tetranuclear copper(ll) clusters [CusXeO(NCNR2)4]
and their solvates [CusXsO(NCNMez)4]-4Arene

Synthesis [CusXsO(NCNMe2)4] n [CusXeO(NCNMez)4]-4Arene

CuCl2-2H20 or CuBr; (42.2 mg or 55.9 mg, 0.25 mmol) dissolved B (5-7)- in (5-7)-fold
excess of NCNMe: (0.10-0.13 ml, 1.3-1.8 mmol), obtained solution was left for 2448 hours at room
temperature. Then, 2—-3 ml of the precipitating solvent was added, and the resulting mixture was left
to crystallize for several days in an open vial at RT. When acetone/ethyl acetate (1:1 by volume) was
added to the solution CuCl2-2H2O/NCNMe;, red-brown needles. CusClsO(NCNMez)s (1)
precipitated after 48—-72 hours. When m-xylene was added to the solution CuBro/NMe2CN black-
brown prisms were formed CusBréO(NCNMe2)s (2).

Co-crystallizations (crystallsolvates) with aromatic molecules were obtained by adding 2—-3
ml of toluene (PhMe) and syrene (PhCH=CHy>) to solutions of CuCl>-2H>0 u CuBr. 8 NCNMey,
respectively. Crystal-solvates 1-4PhMe u 1-4PhCH=CH2> were precipitated in the form of red-brown
needle-like crystals, 2-4PhMe — in the form of dark brown prisms, 2-4PhCH=CH2> in the form of dark
green needles. For XRD analysis, the resulting crystals were removed from the mother liquor; for
additional characterization methods, they were dried in air at RT for half an hour (for 1,2-4PhMe) or
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several hours (for 1,2-PhCH=CH). The main characteristics of the obtained products are given
below.

[CusClsO(NCNMe2)4] (1). Yeld 33-38 mg, 70-75%. Cu (AAS) calc. for C12H24NgCusClsO: 33.3%,
found: 32.8%. IR (nujol), cm™: v(C=N) 2261, s. TGA: non-stoichiometric decomposition at 165 °C.
1-4PhMe. Yeld 33-38 mg, 70-75%. Cu (AAS) calc. for C12H24NgCusCleO-1.25PhMe: 29.9%, found:
28.8%. IR (nujol), sm™1: w(C=N) 2261, s. TGA: at 35-132 °C — slow elimination of solvate toluene,
non-stoichiometric decomposition at 160 °C.

1-4PhCH=CHa. Yeld 33-38 mg, 70-75%. Cu (AAS) calc. for C12H24NgCusCleO-4PhCH=CHp>:
21.5%, found: 20.7%. IR (nujol), cm™: w(C=N) 2267, s. TGA: at 33-119 °C — slow elimination of
solvate toluene, non-stoichiometric decomposition at 155 °C.

[CusBrsO(NCNMe2)4] (2). Yeld 42-46 mg, 65-70%. Cu (AAS) calc. for C12H24NsCusBreO: 24.7%,
found: 24.2%. IR (nujol), cm™: v(C=N) 2250, s. TGA, non-stoichiometric decomposition at 148 °C.
2-4PhMe. Yeld 42-46 mg, 65-70%. Cu (AAS) calc. for C12H24NgCusBreO-2PhMe: 20.9%, found:
20.3%. IR (nujol), sm™: y(C=N) 2255, s.

2:4PhCH=CHa>. Yeld 42-46 mg, 65-70%. Cu (AAS) calc. for C12H24NgCusBrsO-4PhCH=CHp2:
17.5%, found: 17.8%. IR (nujol), cm™: v(C=N) 2270, s.

Synthesis of [CusXsO(NCNR2)4]

CuClz-2H20 or CuBr2 (42.2 mg or 55.9 mg, 0.25 mmol) dissolved in 2—3 ml tetrahydrofuran
or acetonitrile, in parallel preparing a solution of dialkylcyanamide NCNR: (1.3-1.8 mmoins, R =
14CaHsg, %CsHio, %:C4HsgO) in (5-7)-fold excess with respect to the copper salt in various solvents (2
ml CH.Cl,, CHCI3, EtOAc). Then solutions of copper salts with a lower density were carefully
layered on a solution of dialkylcyanamide and left for slow evaporation in a vial at room temperature
for a week. Another way to synthesize for all clusters [CusClsO(NCNR2)4] consisted in the direct
addition (5-7)- fold excess NCNRzto CuCl,-2H>0, where the crystalline product was formed within
10-14 days in an open vial in air at room temperature. As a result, the compounds
[CusClsO(NCNR2)4] (R2 = (3) C4Hs, (4) CsHao, (5) C4HgO) were obtained in the form of red-brown
acicular crystals and [CusBrsO(NCNR2)4] (R2 = (6) C4Hs, (7) CsHao, (8) C4HgO) in the form of black-
brown needles and prisms.

[CusaClsO(NCNC4Hs)4] (3). Yeld 37-43 mg, 70-80%. Cu (AAS) calc. for C20H32NgCusClsO: 29.3%,
found: 28.7%. IR (nujol), cm™*: v(C=N) 2256, s.
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[CusClsO(NCNCsH10)a] (4). Yeld 40-44 mg, 70-80%. Cu (AAS) calc. for C2sHaoNsCusClsO: 27.5%,
found: 27.7%. IR (nujol), cm™*: v(C=N) 2232, s.

[CusClsO(NCNC4HgO)4] (5). Yeld 41-45 mg, 70-75%. Cu (AAS) calc. for C20H32NgCusClsOs: 27.3
%, found: 27.4%. IR (nujol), cm™*: v(C=N) 2241, s.

[CusBrsO(NCNC4Hs)s] (6). Yeld 42-46 mg, 60-65%. Cu (AAS) calc. for C2oHzNsCusBreO: 22.4%,
found: 22.8%. IR (nujol), cm™: v(C=N)2257, s.

[CusBrsO(NCNCsH10)4] (7). Yeld 44-48 mg, 60-65%. Cu (AAS) calc. for C24Ha0NgCuaBrsO: 21.3%,
found: 21.6%. IR (nujol), cm™: v(C=N) 2231, s.

[CusBrsO(NCNC4Hs0)] (8). Yeld 44-48 mg, 60-65%. Cu (AAS) calc. for CaoHs2NsCusBreOs:
21.2%, found: 21.7%. IR (KBr), cm™: »(C=N) 2259, s.

5.4 Synthesis of heteroligand Cu(ll) complexes with NCNR2 and Sac™

CuClz-2H20 or CuBr; (0.25 mmol) was dissolved in a 5-fold excess NCNRz (R = Me, Et;
0.10 mu, 1.3 mmons) at RT. Then, a solution of sodium saccharinate NaSac (0.5 mmol) in various
solvents (dry EtOH, MeOH, or H20, 2 mL) was carefully layered onto a solution of copper halides
in dialkylcyanamides. The resulting mixture was left for 3-5 days at RT without stirring; in this case,
bright greenish-blue prismatic crystals precipitated, which were filtered off on a red ribbon filter,
washed with methanol, and dried in air. Compound [Cu(Sac)2(NCNMe)(H20)2] (9), were obtained
using dry EtOH, dihydrate 9-2H>0 from MeOH or H>0. Complex [Cu(Sac)2(NCNEt,)(H20)2] (10)

formed in all cases, independently of the choice of solvent.

[Cu(Sac)2(NCNMe2)(H20)2] (9). Yeld 67-100 mg, 50-75%. Cu (AES) calc. for C17H1sN4CuQsS2:
11.8%, found: 11.4%. IR (nujol), cm™: 3331 m-s br. v(O-H), 2261 m v(C=N), 1646 and 1618 m
v(C=0), 1587 m 5(O—H), 1313 Mm-S vsym(S=0), 1170 M vasym(S=0). TGA: loss of NCNMe> (70 °C),
H20 (70-150 °C) molecule, then slow decomposition.

9-2H20. Yeld 71-106 mg, 50-75%. Cu (AES) calc. for C17H1eN4CuQgS>: 11.1%, found: 10.7%. IR
(nujol), cm™: 3334 m-s br. v(O-H), 2226 m v(C=N), 1646 and 1618 m v(C=0), 1586 m § (O—H),
1313 M-S vsym(S=0), 1170 cp vasym(S=0). TGA: loss of crystallization water at 100°C and NCNMe>
ligand (100-150 °C), then slow decomposition.

[Cu(Sac)2(NCNEt2)(H20)2] (10). Yeld 88-110 mg, 60-75%. Cu (AES) calc. for C21H22N4CuQOsSy:
11.3%. found: 10.9%. HRESI*-MS, m/z: 282.0910 ([M]", calc. 282.0913). IR (nujol), cm™: 3330 m-
s br. v(O-H), 2245 m v(C=N), 1628 m v(C=0), 1584 m 5(O-H), 1309 m-s vsym(S=0), 1168 m
vasym(S=0). TGA: loss of NCNMe; (70 °C), H20 (70-150 °C) molecule, then slow decomposition.
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[Cuz(Sac)s(THF)2]-2THF (11) Sodium saccharinate NaSac (0.5 mmol) was dissolved in 2-3 ml of
MeOH or EtOH. Then, a solution of CuCl2-2H20 or CuBr2 (0.25 mmol) in THF (2-3 ml) was
prepared, after which the copper halide solution was carefully layered onto the sodium saccharinate
solution. The resulting mixture was left to crystallize for 5 days at RT. The precipitated bright blue
crystals were washed with THF (1-2 ml), dried, and stored in a closed vacuum desiccator or in a
freezer due to the instability of the obtained product in air.

[Cux(Sac)s(THF)2]-2THF (11). Yeld 143-171 mg, 50-60%. Cu (AES): calc. for C44HagN4Cu2S4O16:
11.1%, fouund: 11.3%. IR (nujol), cm™: 1640 m, 1568 m-s (N-C=0 B Sac"), 1330 m-s vsym(S=0),
1177 m vasym(S=0). TGA: losing the solvated (125-260 °C) and coordinated THF (260-326 °C), then

stow decomposition.

5.5 Synthesis of oligonuclear copper(l) [Cusl4(NCNR2)4] clusters and
their solvates with 1,4-FIB u 1,4-FBB

Synthesis of [Cuslsa(NCNR2)4], (R = Me, Et, %:CsHs; 2CesH10; ¥2C4HsO)

Suitable for XRSD crystalline samples 12-0.5NCNMe», 13-16 were obtained by layering
solutions of Cul (0.1 mmol) prepared at room temperature in 2 mL of acetonitrile onto solutions of
the corresponding NCNRz in 2 mL of chloroform (molar ratio of Cul : NCNR2 = 1:3) and then slowly
evaporating the solutions at 5°C for 5-7 days. Colorless and light-yellow prismatic crystals
precipitated. Substances 12-16 were also obtained from a solution of copper iodide (19 mg, 0.1
mmol) with a 3-fold excess (0.3 mmol) of the corresponding undiluted dialkylcyanamide at 60 °C
(12, 13) or with the same excess NCNR: solutions EtCN (3), CHClI3 (4), MeCN (5) (2 ml) at RT.
Individual compounds in the form of fine powders 12-13 were isolated from reaction mixtures by
precipitation with diethyl ether (12) or hexane (13) followed by lowering the temperature to —18°C
during the day. Compounds 14-16 isolated in the form of a crystalline powder upon slow evaporation
of the reaction mixtures at room temperature for several days. All compounds luminesced upon light
at a wavelength of 365 nm.

[Cuslsa(NCNMe2)4] (12). Yeld 21.2 mg, 81%. Cu (AES): calc. for C3HsN2Cul, 24.39%, found 24.72%.
CHN: calc. for CsHsN2Cul, %: C 13.83; H 2.32; N 10.75; found, %: C 14.04; H 2.39; N 10.47. IR
(KBr), cm™: 2926 w v(C-H), 2237 s v(C=N).
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[Cusla(NCNETt2)4] (13). Yeld 22.0 mg, 76%. Cu (AES): calc. for CsH1oN2Cul 22.02%, found, 22.59%.
CHN: calc. for CsH1oN2Cul, %: C 20.81; H 3.49; N 9.71; found, %: C 20.47; H 3.42; N 9.18. IR
(KBr), cm™: 2976, 2932, 2880 m-w v(C-H), 2237 s v(C=N).

[Cuals(NCNC4Hs)4] (14). Yeld 20.8 mg, 72.5%. Cu (AES): calc. for CsHsN2Cul 22.17%, found,
23.07%. CHN: calc. for CsHgN2Cul, %: C 20.96; H 2.81; N 9.78; found, %: C 20.59; H 2.88; N 9.58.
IR (KBr), cm™: 2973, 2878 m-w v(C—H), 2240 s v(C=N).

[Cusla(NCNCsH10)4] (15). Yeld 21.8 mg, 72.5%. Cu (AES): calc. for CeH10N2Cul 19.58%, found,
21.14%. CHN: calc. for CeH1oN2Cul, %: C 23.97; H 3.35; N 9.32; found, %: C 24.05; H 4.06; N 8.91.
IR (KBr), cm™: 2944, 2862 m-w v(C-H), 2240 s v(C=N).

[Cusls(NCNC4HgO)4] (16). Yeld 23.1 mg, 76%. Cu (AES): calc. for CsHgN2CulO, 21.00%., found,
22.24%. CHN: calc. for CsHgN.CulO, %: C 19.85; H 2.66; N 9.26.; found, %: C 20.51; H 2.35; N
9.44. IR (KBr), cm*: 2966, 2920, 2857 w v(C-H), 2239 s v(C=N), 1112 m v(C-O).

Synthesis of solvates - [Cusl4(NCNR2)4]-1,4-FIB/1,4-FBB

Crystallosolvates 12-1,4-FIB u 12-1,4-FBB were obtained by careful layering at room
temperature a solution of Cul (0.1 mmol) and dimethylcyanamide NCNMe2 (0.3 mmol) in 2 mL of
acetonitrile onto a solution of the HalB donor 1,4-FIB/1,4-FBB (0.1 mmol) in 2 mL of chloroform
and further slow evaporation of the solutions at 5°C for 10-14 days. Precipitation of colorless
prismatic crystals suitable for XRSD was observed.

Compound 12-1,4-FIB with a high yield of the product was obtained by layering a solution
of Cul (0.1 mmol) in NCNR2 (0.3 mmol) on a solution of 1,4-FIB in 3 ml of tetrahydrofuran, then
the slow diffusion method was applied in a chamber with diethyl ether at 5°C. Within 14 days, the
formation of crystals in the form of light-yellow prisms suitable for XRSD was observed.
[Cusls(NCNMey)a]-1,4-FIB (12-1,4-FIB). Yeld 30,2 mg, 83%. Cu (AAS): calc. for CsHsNCul:
17.60%, found: 17.98 %. IR (KBr), cm™1: 756 m v(C—1), 950, 979 m v(C—F), 1462 m v(C—C)aryi, 2926
m (C—H), 2243 m v(C=N).

[Cusls(NCNMez)4]-1,4-FBB (12-1,4-FBB). Yeld 31.1 mg, 92%. Cu (AAS): calc. for CsHsN2Cul:
18.83%, found: 18.53%. IR (KBr), cm™: 772, 778 m v(C—Br), 950, 979 m v(C—F), 1451, 1474, 1488
m-s v(C—C)aryi, 2926 w (C-H), 2240 m v(C=N).
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Supplementary materials

IR spectra of compounds
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Figure S.1. IR spectra of compound 1-4PhMe in Nujol, v(C=N) = 2261 cm ™1,

B sHIMADZU

Abs
1.75

_-2266.46

1.5

T 292421
—

1.25

295314

\-2854.77

0.75

T E
f—_— "

= —1443.78
—— —1375.30

—1086.93
—— —572.88

0.5

e -2235.59

=

\Uﬂ
wiine

0.25

Z
.
—

—
DL b e i e L L L)

0
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600
nujol 1/cm

Figure S.2. IR spectra of compound 1-4PhCH=CH in Nujol, v(C=N) = 2266 cm ™1,
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Figure S.3. IR spectra of compound 2 in Nujol, v(C=N) = 2236 cm™2.,
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Figure S.4. IR spectra of compound 2-4PhMe in Nujol, v(C=N) = 2255 cm ™1,
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Figure S.5. IR spectra of compound 2-4PhCH=CHz in Nujol, v(C=N) = 2270 cm ™1,
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Figure S.6. IR spectra of compound 3 in Nujol, v(C=N) = 2256 cm ™2,
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Figure S.7. IR spectra of compound 4 in Nujol, v(C=N) = 2232 cm™2,
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Figure S.8. IR spectra of compound 5 in Nujol, v(C=N) = 2241 cm™2,
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Figure S.9. IR spectra of compound 6 in Nujol, v(C=N) = 2257 cm ™!
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Figure S.24. TG/DTG-curve for cluster 2.
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XRSD and XRPD

Figure S.27. Structures of compounds 1-4PhMe (left) and 1-4PhCH=CHa (right). Thermal
ellipsoids are shown with a 50% probability. 3 styrene molecules cut out for simplicity.

Figure S.28. Structure of compound 2-4PhMe. Thermal ellipsoids are shown with a 50%
probability. 3 toluene molecules cut out for simplicity.
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Figure S.29. Structures of compounds 3 (left) « 6 (right). Thermal ellipsoids are shown with a 50%
probability.

Figure S.30. Structures of compounds 4 (left) « 7 (right). Thermal ellipsoids are shown with a 50%
probability.
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Figure S.31. Structures of compounds 5 (left) « 8 (right). Thermal ellipsoids are shown with a 50%
probability.

Figure S.32. Hydrogen contacts between clusters in compound 6 (red dotted line).
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Figure S.33. Structure of compound 10. Thermal ellipsoids are shown with a 50%.

Figure S.34. Structure of compound 13. Thermal ellipsoids are shown with a 50%.
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Figure S.35. Structures of compounds 14 (left) « 15 (right). Thermal ellipsoids are shown with a
50%.

Figure S.36. View of the crystal packing for compound 13 along the a axis.
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Figure S.37. View of the crystal packing for compound 14 along the a axis.
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Figure S.38. Comparison of the powder X-ray diffractogram of sample 2 with the reference X-ray

diffractogram calculated from the cif-file of the single crystal.
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Table s.1. Crystallographic data for crystallosolvates 12-1,4-FBB and 12-7,4-FBB.

Identification code

12-1,4-FBB (YN-250)

12-1,4-FIB (YN-66)

Empirical formula CigH24Br2CusFalaNs C18H24NgF4Cusle
Formula weight 1350.03 144401
Temperature/K 100(2) 100(2)

Syngony monoclinic monoclinic

Space group P2i/c P2i/c

a/A 16.7397(2) 17.4766(4)

b/A 11.01000(10) 11.00847(16)

c/A 20.5560(3) 20.4872(4)

a/° 90 90

/e 110.7190(10) 112.901(3)

v/° 90 90

Volume /A3 3543.54(8) 3630.87(13)

Z 4 4

peaicg/cm? 2.531 2.642

w/mm 33.107 43.085

F(000) 2488.0 2632.0

Crystal size/mm? 0.18 x 0.12 x 0.06 0.09 x 0.08 x 0.06
Radiation CuKo (A =1.54184) CuKa (A= 1.54184)

20 range for data collection, °

5.644 to0 139.984

5.49 to 154.068

Index ranges

-20<h<20,-10<k <13, -
25<1<24

-21<h<21,-13<k<12,-
25<1<25

Reflections collected

32828

40476

Independent reflections

6721 [Rint = 0.0660, Rsigma =

7547 [Rint = 0.0505, Rsigma =

0.0427] 0.0294]
Data/restraints/parameters 6721/0/369 7547/1/373
Goodness-of-fit on F2 1.056 1.039

Final R indexes [[>2c (1)]

R1=0.0345, wR2 = 0.0877

R1=10.0278, wR2 = 0.0702

Final R indexes [all data]

R1=0.0365, wR2 = 0.0893

R1=10.0291, wR2 = 0.0710

Largest diff. peak/hole, e A3

1.14/-1.36

1.09/-1.24
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