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ANOTACE

Tato disertacni prace se zaméfuje na syntézu, modifikaci a reaktivitu N,N-chelatujicich ligandu
obsahujicich donorové atomy kysliku a dusiku ve struktufe asymetrického 2,6-pyridinového
skeletu. Prace se vénuje studiu vlivu substituentti na koordina¢ni schopnosti N,N,PO ligandd,
reaktivité¢ s riznymi solemi nepfechodnych prvki. Zvlastni pozornost byla vénovana vyuziti
ligandii pro stabilizaci organokovovych komplext a jejich potencidlu v nizkoteplotni syntéze
nanocastic GeTe. Prace rovné€Z obsahuje vyzkum katalytického vyuziti vybranych komplext v

polymerizaénich reakcich cyklickych esteri (ROP) a moznosti syntézy hvézdicovych polyestert.
KLICOVA SLOVA

N,N-chelatujici ligandy, nepfechodné prvky, syntéza GeTe nanocastic, katalyza polymeriza¢nich
reakci ROP

TITLE
Preparation of novel N,N-chelating ligands and their application in non-transition metal chemistry
ANNOTATION

This dissertation investigates the synthesis, modification, and reactivity of N,N-chelating ligands
featuring oxygen and nitrogen donor atoms within the structure of an asymmetric 2,6-pyridine
framework. In this work, the influence of substituents on the coordination and reactivity properties
of N,N,PO ligands with salts of non-transition metals was investigated. In particular the utilization
of these ligands for the stabilization of organometallic complexes and their potential in the low-
temperature synthesis of GeTe nanoparticles was studied. Additionally, the research explores the
catalytic applications of selected complexes in the polymerization of cyclic esters (ROP) and their

potential for the synthesis of star-shaped polyesters.
KEYWORDS

N,N-chelating ligands, non-transition metals, GeTe nanoparticle synthesis, catalysis of
polymerization reactions (ROP)
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1. Uvod

Vzhledem k neustdlému rozvoji syntetickych organickych metod a hledani novych
chemickych nebo fyzikdlnich vlastnosti s cilem najit specifické pouziti komplext kovt, design
ligandii se stal klicovou soucasti syntetické chemie. Tato problematika neni omezena pouze na
oblast Kkatalytické chemie'”, ale je nezbytnd i pii piipravé poréznich a funkénich
supramolekularnich materiald®® a komplexd schopnych aktivace malych molekul®. N,N-
chelatujici ligandy patii v soucasné dobé mezi nejvice vyuzivané typy ligandi v koordinac¢ni

chemii jak pfechodnych® ¢i neptechodné prvki®, ale také v chemii lanthand.©

Komplexy pfechodnych kovii na bazi N,N-chelatujicich ligandii jsou dobfe probadanou
oblasti, pficemz nékteré komplexy jsou jiz dlouhodobé vyuzivany v oblasti katalyzy. V poslednich
desetiletich se vSak také pozornost pfesunula k chemii téchto ligandl s prvky hlavni skupiny.
Dtivodt pro tuto rostouci pozornost je hned nékolik: oproti piechodnym koviim jsou prvky hlavni
skupiny obecné¢ méné biotoxické a jsou cenové dostupnéjsi diky jejich vétsSimu zastoupeni v
zemskeé ktife. Vzhledem k témto vlastnostem ziskavaji komplexni slouceniny prvka hlavni skupiny
obsahujici N, N-chelatujici ligandy stale vétsi pozornost, zejména v dobé, kdy nabyva na vyznamu

udrzitelnost a zelena chemie.”

Nasledujici kapitola se primarné zaméiuje na zakladni popis N, N-chelatujicich liganda a
jejich komplexti s prvky hlavni skupiny. N,N-chelatujici ligandy jsou rozdéleny do dvou
strukturnich typu:

1) ligandy s alifatickym zakladem, kde klicovym motivem jsou dva atomy dusiku spojené

C-linkerem (amidiny, diazabutadieny, B-diketiminy),

ii) ligandy s aromatickym zakladem, kde alespoii jeden z atomii dusiku je soucasti

aromatického kruhu (pyridiny a pyrroly).



2. Teoreticka Cast

2.1. N,N-chelatujici ligandy s alifatickym zakladem

Do této skupiny spadaji N, N-chelatujici ligandy, u kterych jsou atomy dusiku zapojeny do
alifatického skeletu, Casto pomoci methylenovych nebo ethylenovych linkert. Nejvyznamnéj$imi
priklady, sefazené podle jejich schopnosti tvofit s atomem kovu rizné velké chelatujici kruhy, jsou

amidiny (Ctyf¢lenné kruhy), diazabutadieny (péti¢lenné kruhy) a diketiminaty (Sesticlenné kruhy).
2.1.1. Amidiny

Amidiny byly poprvé syntetizovany Gerhardtem v roce 1858 reakci anilinu s N-
fenylbenzimidylchloridem a jsou pojmenovany podle kyseliny nebo amidu ziskaného po jejich
hydrolyze.® Od té doby prosla jejich syntéza a modifikace sterickych vlastnosti vyvojem. Diky
moduldrni syntéze umoZziuji amidinaty nezdvislé nastaveni aromatickych nebo alifatickych

substituentll na dusikatych atomech a na spojovacim uhliku.
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Obrazek 1: Obecny vzorec amidinovych (a), amidinatovych (b) komplexii.

Po koordinaci obou atoml dusiku k centrdlnimu atomu M, tak tyto ligandy vytvareji
ctyt¢lenny chelatujici cyklus (Obréazek 1), kdy jeho charakteristickym rysem je mala hodnota thlu
N—-M-N. Tento fakt zptsobuje, Ze centralni prvek M zlstava stericky nechranény a nasledkem
toho, je pomérné reaktivni. V diisledku toho, schopnost téchto ligandt stabilizovat vysoce reaktivni
atomy kovu M je pomérn¢ mald. Tento problém miize byt vyfeSen zavedenim stericky naroénych
substituentii R?, R® na atomy dusiku. V nedavnych prikladech amidinatovych ligandt se tak
objevuji zminky o pfipravé ligandi, které na atomu dusiku nesou objemné arylové skupiny (napf.

2,6-bis(difenylmethyl)fenyl).*1



V ptipadé¢ piipravy amidinatovych komplext neptechodnych prvki jsou znamy tfi hlavni
syntézni cesty. Prvni metoda spociva v inzerci alkylového fragmentu organokovovych slou¢enin
13. skupiny do dvojné vazby C=N karbodiimidi (Schéma 1). Tato metoda je pomérné casto
vyuzivana, protoze tyto reakce obvykle probihaji za mirnych podminek a produkuji odpovidajici

amidinatové derivaty s vysokym vytézkem.(!!

R

o AlMe; \ /Me
RN=C=NR ———> Me<

R = iPr, Cy, Dipp, 1-adamantyl
R

Schéma 1: Reakce trialkylovych derivatii kovii 13. skupiny s karbodiimidy.

Druhd syntézni metoda zahrnuje deprotonaci amidinovych ligandii organokovovymi
slouceninami 13. skupiny ER3. Tato reakce vedla k pfipravé amidinatovych komplext prvkt 13.
skupiny a odstoupeni odpovidajicich slouc¢enin RH (Schéma 2A).1? Stejnou metodou jsou
piipravovany také dinuklearni slouceniny prvka 13. skupiny. Tyto dvoujaderné komplexy s
mistkovymi amidinatovymi ligandy jsou znamy pievazné u objemnéjsich atoma M = Ga'® a In,!¥
v kombinaci s amidinovymi ligandy obsahujici méné objemné skupiny R na atomu dusiku (Schéma

2B).

R3
\
N
R /\ /Me R! = p-Tol A
3\ R AL + CHis  R?=Dipp, p-Tol(CHPh,),
/:N y N/ Me R® = p-Tol(CHPh,),
EMe3
R> /K
' R E=Ga, R'=R?= R’ = Me;
Hac\ * l /CH3 B
+ CHy E=GaR'=Ph,R®=R®=H
ch l \ i L]
* ,1, Ha E=In,R'=Cy,R°=R*=H
/ TN
R2
R1

Schéma 2: Deprotonace amidinovych ligandit organokovovymi slouceninami 13. skupiny vedouci ke vzniku

mononuklearnich (a) a dinuklearnich (b) komplexii.



Tteti, nejrozsifenéj$i a nejobecnéjSi metodou syntézy amidinatovych komplext
neptechodnych prvka je nukleofilni substituce amidinatovych aniontl, které jsou kompenzovany

nejéastéji Li* nebo K iontem, s halogenidy prvk® nepfechodného systému (Schéma 3).(19-(16-(17

Rs R3
\ \
N
/// . EXn //
Ri—= M T R EXa

M =Li, K

E = Al, Ga; X= Alk, Cl, n = 3; R' = Alk, R> = R® = Alk; R" = Alk, R? = Alk, R® = SiMej;
E = In, TI; X= Alk, n = 3; R' = Alk, R? = R® = Alk; R" = Alk, R? = Alk, R® = SiMeg;
E=Ge; X=Cl,n=2;R"=1Bu, Me, R?=R®%=Cy;

E=Sb;X=F n=3; R'"=tBu, R?=R® = Dipp, iPr

Schéma 3: Priprava komplexii reakci amidinatovych soli s halogenidy a alkylhalogenidy 13.-15. skupiny.
V zavislosti na typu halogenidu kovu a pouzité¢ stechiometrii lze v literatufe dohledat

pomérné velké mnoZstvi pfipravenych bis- nebo a tris- amidinatovych komplext pfipravenych

touto cestou (Obrazek 2).(!819:20.CD
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E = Ge, Sn; R = Me, tBu, Ph; E = Al, Ga, In; R' = Me, tBy; E = Si, Sn; R" = Me, H, 1Bu; E=AlR'"=R,=Ph;
R, = Cy, SiMes, iPr, SiMe,Ph R, = Cy, iPr, Me, tBu, Ph; R, = Cy, SiMes, iPr M= In; R" = Me; R = Cy;

Obrazek 2: Priklady bisamidindtovych (a,b,c) a trisamidindatovych (d) komplexii prvkii 13. a 14. skupiny.
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2.1.2. Diazabutadieny (DAB typ)
1,4-diaza-1,3-butadieny (R-DAB) Ize pfipravit kondenzanimi reakcemi glyoxalu, a-
ketoaldehydu nebo a-diketonu s primarnimi aminy RNH»>. V pfipadé methylglyoxalu bylo
prokéazano, ze reakce s aminem probiha ve dvou krocich (Schéma 4). V prvnim kroku je vznikly
a-iminoketon stabilni pouze tehdy, kdyz R je objemna skupina jako napt. tBu. Reakce probiha s
vysokou chemickou selektivitou, kterd je zplsobena vyssi reaktivitou aldehydové skupiny ve

srovnani se skupinou ketonovou.??

o o
1) Y\O * RNH, —_— Y\NR + H,0

R = tBu, EtMe,C

0) X
2) Y\NR + R'NH, - \”/\NR . o

R' = iPr, tBu, EtMe,C, atd.

Schéma 4: Priprava jednoduchych ligandii typu DAB.

Modernéjsi a ekologictéjsi metody piiprav zahrnuji naptiklad ultrazvukovou cestu, kde
kondenzace diketonid s aminy probihd bez pouziti rozpoustédla. Tato metoda se vyznacuje nejen
svou experimentalni jednoduchosti v podobé mirnych podminek reakce, ale také kratkou reakcni

dobou (2—15 minut) a vysokymi vytézky (71-98%).2>

Dalsi skupinou ligandl strukturné odvozenych od DAB ligandi, jsou ligandy, které v
zékladnim skeletu obsahuji aromatické fragmenty. Prikladem takového ligandu je napft.
bis(imino)acenaften (BIAN), ktery je jednim z nejpouzivangjSich ligandi typu DAB v chemii
neptechodnych prvki ligandii. V zavislosti na povaze substituentli na atomech dusiku, ligandy na
bazi BIAN Ize rozdélit na R-BIAN, kde R je alifaticky fragment a Ar-BIAN, kde Ar je aromaticky
fragment. Ligandy typu R-BIAN jsou méné studovany ve srovnani s analogickymi Ar-BIAN
ligandy. Dlivodem je pfitomnosti a-vodikovych atomu alifatickych fragmenti R, ktera vede k
naslednym rozkladnym reakcim.®? Proto jsou v kontextu chemie organokovovych slou¢enin

nepfechodnych prvki mnohem castéjsi studie s ligandy typu Ar-BIAN. Ligandy typu Ar-BIAN

11



jsou obvykle syntetizovany pomoci kondenzacni reakce mezi acenaftochinonem a odpovidajicim

anilinem za kyselych podminek za p¥itomnosti nadbytku ZnCl nebo NiBr> (Schéma 5).29
(L
O i
> e N
% ; A e

Schéma 5: Obecna syntéza Ar-BIAN ligandii se stejnymi substituenty R (mes-, p-Cl-, p-Me- a p-
OMe-) na arylovém kruhu.
Dalsimi pfiklady ligandi na bazi DAB jsou tetrakis(imino)pyraceny (A),
aminotroponiminy (B), 2,2‘-bipyridiny (C), 1,10-fenantroliny (D), apod. (Obrazek 3).

A B C D

Obrdazek 3: Priklady ligandu na bazi DAB: a) tetrakis(imino)pyraceny, b) aminotroponiminy, c) 2,2 “-bipyridiny, d)
1, 10-fenantroliny.

Obecné jsou tyto ligandy na bazi DAB pouzivany nejen diky svym sterickym ¢i
elektronovym vlastnostem, ale také diky tomu, ze patii mezi tzv. redoxné aktivni ligandy. Tyto
ligandy disponuji nizko polozenymi LUMO orbitaly a mohou snadno ptijmout jeden nebo dva
elektrony, ¢imz se pfeméni do radikal-aniontové (L ) nebo dianiontové (enediamido-, L?) formy

(Obrazek 4).
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R4 R4 R4 R4
R—N/ \N—R R——N" N —R
neutraini (L) radikal-aniontova (L) dianiontova (L)

Obrazek 4: Koordinacni moznosti DAB ligandii.

Tato "non-innocent" vlastnost ligandi typu DAB na jednou stranu komplikuje pfifazovani
oxidac¢nich stavi jak pro kov, tak pro ligand, ale na druhou stranu podporuje flexibilitu ligandu ve
vyslednych komplexech, kdy ligandy mohou pfijimat nebo poskytovat elektrony podle potieby,
typu centralniho atomu apod. To umoznuje aktivni Uc¢ast ligandiit DAB v reakcich s ostatnimi

molekulami ve spolupraci s kovovymi centry.?®

Neutralni forma ligandl typu DAB je €asto zachovéna pii pfimych reakcich téchto ligand
s halogenidy prvka 13.-16. skupiny. Reakce Ar-BIAN s halogenidy prvk 13. a 14. skupiny (BCls,
AlCI3, GaClz a GeClz) v poméru 1:2 vedla k tvorbé auto-ionizovanych komplext s obecnym
vzorcem [(Ar-BIAN)(EClu-1))] [EClw+1)] (Ar = Dipp, E = B, Al a Ga, n = 3; Ar = Dph, E = Ge, n=
2) (Schéma 6A).?72%

/\/\ N/ \N@ ECl(n+1) A

ECI,
R . B | E=B,A,Ga;n=3

SN TN E=Ge;n=2

ECI,
Ar-BIAN O
B
R . =1In,Sb;n=

// —
@N/ \N@ = S Toine

E=Se;n=2

cly
Schéma 6: Priklady zachovani neutrdlnich skeletu ligandu typu Ar-BIAN v komplexech s prvky 13-16. skupiny.

Naproti tomu halogenidy t€zSich prvki 13. a 14. skupiny, stejné¢ jako halogenidy prvki 15.

a 16. skupiny, reaguji s témito ligandy Ar-BIAN za vzniku odpovidajicich neutralnich komplexi s



obecnym vzorcem [(Ar-BIAN)(ECI,)] (Ar = Dipp, E = In, Sb, n = 3; Ar = Dph, E = Sn, Te, n = 4,
E = Se, n = 2) (Schéma 6B).%30:31.32

Ligandy tytu DAB mohou byt také redukovany a nasledn¢ vyuzity k dalsim nukleofilnim
reakcim. Redukei neutralniho Ar-BIAN alkalickymi kovy byly pfipraveny dianiontové formy Ar-
BIAN?.®¥ Naslednou reakci s halogenidy prvki 13. skupiny byly p¥ipraveny komplexy hliniku a
gallia [(Dipp-BIAN)E—E(Dipp-BIAN)] (E = Al, Ga) obsahujici vazbu Al-Al a Ga-Ga (Schéma
7).09 Vysledné komplexy [(Dipp-BIAN)E-E(Dipp-BIAN)] (E = Al, Ga) jsou centrosymetrické
dimery, kde nalezené vzdalenosti vazeb AI-Al ~ 2,522 A a Ga-Ga ~ 2.3634 A odpovidaji

jednoduché vazbé kov-kov pro Al a Ga.

Dipﬁ Dipp\
) e o ~\ /N
' — > MyDipp-BIAN] ————> . E—E '
o\ Q N/ \~7 O
Dipp—N N—Dipp /N N\
Dipp-BIAN M =i, K, Na E=Al Ga Dipp Dipp

IPr

Dipp: Q—’

IPr
Schéma 7: Priklady poucziti ligandu typu BIAN v komplexech s prvky 13. skupiny.

Analogick4 reakce en-amidové dianiontové formy Ar-BIAN? (Ar = Dipp, Dtb, Bph)
s GeCly-dioxan vedla k ptipravé sloucenin [(Ar-BIAN)Ge:] (Ar = Dipp, Dtb, Bph) (Schéma
8A).0 Tyto sloudeniny jsou velmi zajimavou oblasti chemie, jelikoz jsou to analoga N-

heterocyklickych karbent.
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‘ Mg, THF GeCly-dioxan “
—_— [(Ar-BIAN)Mg(THF)5] e

Ar—N N—Ar Ar Ar

._.N R
N
Ge

Ar-BIAN Pr

tBu
Ar = Dipp, Dtp, Bph
Dipp: Dtp: Bph: Q
IPr tBu Q

Schéma 8: Priklady syntéz komplexii typu [(Dipp-BIAN)Ge:] s dianiontovou formou Ar-BIAN*.

Slouceniny typu [(Ar-BIAN)Ge:] maji singletovy zékladni stav s jednim prazdnym p
orbitalem a jednim elektronovym parem v jednom ze sp? orbitalt atomu Ge.®® Tato elektronova
situace vede k jejich ambifilnimu chovani, kdy centralni atom Ge muze ptsobit jako c-donor, ale

také jako slaby m-akceptor.

Analogické slouceniny typu [(DAB)E:], kde E je Ge, Sn v oxida¢nim stavu +II, se mohou
také pfipravit acidobazickou reakci protonové formy ligandi typu DAB (H2DAB) s vhodnym
amidem t&chto prvki E[N(SiMes)2]2 (E = Ge, Sn a Pb) (Schéma 9).4” Slou¢eniny [(DAB)E:] jsou

stabilizovany pomoci objemnych substituentl R na atomech dusiku.
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M 1) 2 Et;NHCI AN
A | . | e
M 2) [E(N(SiMe3),)2] /
N N
| | M = Li, K, Na, Mg
R R E = Sn, Ge, Pb
R = Et, iPr, tBu, CH,tBu,
T R Mes, Dipp, Ad, Ph
I
N
M ECl, N\
B | - . | £
M /
T N
R I

o0& &

Schéma 9: Priprava en-diamidovych tetrylenii.

2.1.3. B-Diketiminaty (BDI typ)

Existuje nékolik syntetickych cest vedoucich ke vzniku samotného B-diketiminatového
ligandu ve formé konjugované kyseliny nebo ptimo zabudované¢ho do vysledného komplexu
alkalického kovu. Prvni cesta spoc¢iva v kondenzacni reakci primarniho aminu s B-diketonem, coz
vede k vytvofeni B-diketiminu (Schéma 10A). Po prvni kondenzaci vznikd enaminoketon, ktery
nasledn& podléhd modifikaci umoziiujici pokradovani reakce a druhé kondenzaci.®® Vyhody
zahrnuji vysoké vytézky, pouziti relativné levnych nebo snadno pfipravitelnych reagentt a jejich

dostupnost pro vyrobu ve velkém méfitku.

Druh4 metoda spociva v reakci organokovovych sloucenin alkalickych kovii se dvéma
ekvivalenty nitrilu (Schéma 10B). Tato reakce vede ke vzniku B-diketiminatovych komplext
alkalickych kovii, které jsou néasledné pouzivany jako vychozi slouceniny pro piipravu dalSich

slou¢enin.®?
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2 2
R R
1 3 1 3 1 3
A R R NH,R, CHs R R [EwolBF] R R
desitilace | | Et,0, -78°C |
.
(0] N
) ) O N
H

B LICHR, + 2R'CN

Schéma 10: Metody pripravy B-diketiminatového ligandu.

Nejcastéjsim koordina¢nim typem BDI ligandi vii¢i nepfechodnym koviim 13.-16. skupiny
je k*-N,N' bidentatni koordinace prostiednictvim dvou dusikovych atomii, ktera vytvari Sesticlenné
heterocyklické slouceniny. Funkcionalizace struktur BDI ligandl obvykle nepiedstavuje problém,
a z tohoto diivodu je v literatufe zaznamendna cela fada ligandt s timto BDI motivem. Stejné jako
v ptipadé ptedchozich typta ligandli ma nastaveni sterickych a elektronovych vlastnosti BDI silny
vliv na reaktivitu ligandu. Povaha substituentl R na atomech dusiku (R je napft. alkyl, silyl nebo
objemné aryl skupiny, Obrazek 5) silné ovliviiuje koordina¢ni sféru centradlniho atomu kovu a

umoziuje napt. stabilizaci jejich nizkych oxida¢nich stavi.

(

R-N - vliv na koordinacni
sféru kovu

R-C elektrofilni
/ R = alkyl, silyl, objemné aryl skupiny

R', R3 = CF3, Ph, Me, tBu, apod.

R4 Ry )
/ R =NO,, CN, apod.
R2 A/\

R-R! - vliv na reaktivitu y-C nukleofilni

Obrazek 5: Obecna reaktivita BDI ligandového zakladu.
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I kdyz je zaporny naboj rozlozen po celém kruhu NCCCN, elektronové hustota BDI ligandti
je pfevazné umisténa na a-dusiku a y-uhliku, které pak vykazuji nukleofilni vlastnosti. Zavedeni
odstupujicich skupin R? na y-uhlik (R? napt. NO,, CN skupiny) viak miiZze zabranit nechténym
procesiim vyplyvajicim z reaktivity tohoto y-uhliku. V souladu s tim maji B-uhliky elektrofilni
charakter. Zavedeni elektronové akceptorovych R!? skupin na B-uhlik (R'? napt. CF3 skupina)
naopak tento elektrofilni charakter posiluje a vytvaii relativné elektronoveé chudé komplexy méné
nachylné k oxidaci centralniho atomu. Dale bylo prokdzano, Ze zavedeni arylovych substituenti
R'3 na tento B-uhlik (R!* napt. Ph skupina) vede k dalsi delokalizaci zdporného naboje v celém
BDI ligandu. Tim lze snizit energetickou barieru pro redukci ligandu a podpofit schopnost ligandu
piijimat dalsi naboj. Pfikladem je dvou elektronova redukce ligandu BDI s Me;sSi skupinou na a-

dusiku a Ph skupinou na B-uhlicich, za vzniku diamagnetického trianiontu (Obrazek 6).“%

MesSi i . ,
NG N—'S'Me3 MesSi _ __SiMe3

N N
ph)\/K \\_—_/,

Obrazek 6: Diamagneticky trianiont ligandu BDI stabilizovany pritomnosti Ph skupiny na f-uhlicich.

Sterickd naro¢nost t&chto BDI ligandd Ize ovlivnit jednak substituenty R"* umisténymi na
B-uhlik (R je napt. Me, tBu), nebo substituenty R umisténymi na atomech dusiku. Prvni moZnost
spiSe ovliviiyje elektronové vlastnosti BDI, coz 1ze demonstrovat na rozdilném chovani Me a rBu
substituovanych BDI ligandech. Me>-DBIH ligandy jsou snadno deprotonovatelné pricemz vznika
dianiontovad forma ligandu [(Me-BDI)CH,]* (Schéma 11A).4” Naproti tomu, u tBu,-DBIH

ligandii dochazi k deprotonaci za vzniku o¢ekavatelného aniontu rBup-BDI” (Schéma 11B).

\Nx \N/ e \N' N'/
A M R = objemné aryl skupiny
/
HaC CH, H,C Z CH,
R\N’H\N/R e R/\_\\ r/jR
B M —— K N N R = objemné aryl skupiny
| |
F )L\\_/Jk
Bu tBu tBu < tBu

Schéma 11: Deprotonace a stabilizace aniontovych forem v pritomnosti a) Me, b) tBu skupiny na f-uhlicich BDI.
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Vliv substituentii R umisténych na atomech dusiku na struktury vyslednych komplexi
muze byt demonstrovan na piikladé komplexti india se tfemi riznymi variacemi BDI liganda. V
pripad¢, kdy je na atom dusiku vazana skupina R = Dipp byl izolovan monomerni komplex typu
(BDI)In (Obrazek 7A). Zavedeni substituentu R = Mes na atom dusiku vedlo k izolaci komplexu
[(BDD)In]a, ktery jiz vykazoval dimerni uspotadani (Obrazek 7B). V ptipadé, kdy na atom dusiku
byl zaveden substituent R = 3,5-Me>-CsH3 byl izolovan komplex typu [(BDI)In]es, ktery mél
podobu linearniho polymeru (Obrazek 7C). 4V

A B C

R = Dipp R = Mes R =3,5-Me,-CH,
Obrazek 7: Stericka variabilita komplexii In s BDI ligandy: a) monomer, b) dimer, c) retézec.

Vysoka flexibilita BDI ligandii také umoznila syntézu sloucenin typu [(BDDE], kde se
centralni atom E (prvek 13.-16. skupiny) vyskytuje v nizkém oxida¢nim stavu +I. Tyto syntézy
obvykle zacinaji pfipravou vhodného prekurzoru [(BDI)EXn.1)] a to reakci alkalickych soli
(BDDM (M = Li, Na, K) s odpovidajicim halogenidem EX, (Schéma 12).“? Druhym krokem je
nasledna redukce slou¢enin [(BDI)EX-1)] vhodnym redukénim €inidlem za vzniku komplexi typu

[(BDD)E].“?

Ry A R4 =4 \\, R, A Ry R = Dipp, Mes
A EX, | ! M N R', R? = tBu, Me
| ' - - N N - ! ! M = Li, Na, K
NI IN R/ \E/ \R NI IN E = prvek 13.-16. skupiny
R/ M R | R/ E -~ R X = halogenid

Schéma 12: Obecna priprava halogenidii prvkii 13-16. skupiny podporovanych S-diketiminatovym ligandem.
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V ptipadé prvki 13. skupiny, syntéza téchto Sesticlennych karbenoidt typu [(BDDE] (E =
Ga, In, Tl,) byla také dosazena piimou reakci alkalickych soli (BDI)M (M = Li, Na, K) s

odpovidajicim jodidem EI, kde atom E je jiz v oxida¢nim stavu +I (Schéma 11).4¥

R 2 R R 2 R
r,’ \~“ El r,’ \s\' R=-m1B
! | | I = u, Me
' ' - ! ! M = Li, K, Na
N N “MI N N E=Ga,In, Tl
~N L N O\
Dipp/ M Dipp Dipp/ E Dipp

Schéma 13: Metoda syntézy neutralnich Sesticlennych heterocyklii s prvky 13. skupiny.

Elektronova bohatost spolu se sterickou ndrocnosti ligandi typu BDI umoznuje také
ptipravu kationtl nepfechodnych kovii typu [(BDI)E(X)n]". Tyto kationty byly ve vétsiné piipada
syntetizovany abstrakci halogenidu z plvodnich neutrdlnich komplext [(BDI)EXu-1)]
prostiednictvim metateze soli malo koordinujicich aniontli A~ (A = [BPhs],, [CIB(C¢Fs)3]).*>
Stabilita kationtt nepfechodnych kovii typu [(BDI)E(X)n] " je opét zajisténa diky aryl substituentiim

umisténym na a-dusicich, které podporuji delokalizaci kladného naboje v rdmci BDI ligandu.

r \I /A\
i i B(CgFs)3 nebo NaBPh, N
DAL - i |
R = R NN
| R E R
(o] [A
R = Dipp, Ph
E =Ge, Sn A = BPhy, HO[B(CgF5)3l2

Schéma 14. Synteticky postup pro pripravu kationtovych sloucenin 14. skupiny pomoci cinidel B(CsF5); a NaBPhy.

2.2. N,N-chelatujici ligandy s aromatickym zakladem

Do této skupiny spadaji ligandy, kde je alespoil jeden atom dusiku soucasti
heterocyklického systému. Tyto ligandy jsou ¢asto odvozeny od aromatickych sloucenin, jako jsou
pyridiny (kde jeden dusik je soucésti Sesti¢lenného kruhu) nebo pyrroly (kde jeden dusik je soucasti
péticlenného kruhu). Zapojeni rigidnich heterocyklickych struktur vede k vétsi termodynamické

stabilité a rozSifuje koordinacni schopnosti téchto ligandu.
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2.2.1. Polypyridylové ligandy (Bpy, Tpy)

2,2'-Bipyridin (Bpy) je prvnim clenem fady vysSich oligopyridint, které mohou také
ptsobit jako polydentatni ligandy pro kovova centra. Ptiprava bipyridinti je vEétSinou spojena s
cross-coupling reakcemi jako Stilleova, Negishiho, Suzuki—Miyaurova, Kumadova a Hiyamova
(Schéma 15).49 Syntéza 2,2-bipyridinu pies tyto cross-coupling reakce je spojena se dvéma
hlavnimi problémy. Prvni problém souvisi s obvykle zadanou vlastnosti 2,2-bipyridinti, kterou je
tvorba stabilnich komplexnich sloucenin. Vznik bipyridinového produktu v podstaté¢ zavadi do
reakéniho systému chelatujici ligand, ktery mtize soutézit se substratem o kov katalyzatoru, ¢cimz
jej blokuje pied dalsi katalytickou aktivitou. Druhy problém souvisi se substituentem
transmetalacni skupiny (TMG) v a-pozici k elektronegativnimu dusiku pyridinového kruhu, coz
piinasi inherentn¢ vyssi reaktivitu na této pozici. I kdyz se obecné jedna o velmi Zadouci vlastnost,

muzZe to zpusobit problémy pfii pfipravé organokovového ¢inidla.

Rz

Pd nebo Ni R1N N:\/R2
© W

TMG

X = Odstupuijici skupina, vetSinou halogenidy nebo triflat
TMG = transmetalacni skupina

Stilleova reakce (TMG = SnMej, SnBujy)

NegisSiova reakce (TMG = ZnCl, ZnBr)
Suzukiova—Mijaurova reakce (TMG = Bpin, B(OR),,BF;K)
Kumadova reakce (TMG = MgCl, MgBr)

Hiyamova reakce (TMG = SiR3, Si(OR)3)

Schéma 15: Nejvyznamnéjsi cross-couping reakce pouzivané u pripravy 2,2'-bipyridin.

Chemie typu Bpy ligandt je ve vétsing ptipadil totoznd s jiz zminénou chemii ligandi typu
DAB, tedy ligandu s alifatickym skeletem. Pfi reakci ligandu Bpy s halogenidy prvki p-skupiny,
ligand BPy vétSinou zachovava svou neutralni formu, nicméné lze pfipravit i jeho radikal-

aniontové nebo dianiontové formy (Obrazek 8).
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(Bpy?)°

(Bpy)'"

Obrdazek 8: Moznosti oxidacnich stavii ligandii typu Bpy.

Ptiklady pouziti neutrdlniho Bpy ligandu v chemii prvkl p-skupiny jsou zobrazeny na

Obrazku 9.7 Za zminku stoji, ze piipravené neutralni komplexy prvki 16. skupiny [(Bpy)EX>]

(kde E = Se, Te; X = Cl, Br) vykazuji vynikajici tepelnou stabilitu, ve srovnani v vychozimi

halogenidy prvki 16. skupiny EX.®) Tato vlastnost z komplexti [(Bpy)EXz] ¢ini vhodné reagenty,

které 1ze skladovat a vyuzivat v ramci dalSich syntéz.

\E/
N/ \N/
7 )
— N\
E=Se, Te

3+ [

Obrazek 9: Priklady sloucenin prvkii p-skupiny s Bpy ligandy.

Hsc\ /CH3
/E
N N—
7N )
— N\
E = Si, Ge,Sn

V chemii komplexi nepfechodného systému Ize nalézt také radikal-aniontové nebo

dianiontové formy Bpy ligandi. Tyto slou€eniny se pfipravuji reakei alkalickych soli (Bpy)M (M

=Li, Na, K) s odpovidajicimi halogenidy prvka 13. &i 14. skupiny (Obrazek 10).4?
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— -/ n
R R R R R R
/" \ NN Y
N\ 7/ N/
E E
N/ \N c” e
7 N\
R R
(Bpy)*™ (Bpy)* (Bpy)® E = Si
E=Al(n=0); R =Et, Me — qj V- E =
E=Ga(n=+2):;R=H Ezﬁl' Ge. Sn. P (RBEy,j =B

Obrdzek 10: Piiklady sloucenin prvkii 13-14. skupiny s radikdl-aniontovou (Bpy")'” nebo dianiontovou formou

(Bpy)*” ligandii typu Bpy.

Zavedeni dals$i molekuly pyridinu do Bpy fragmentu vede k ptipravé ligandu typu Tpy (Tpy
= 2,2’:6°,2”-terpyridin). Flexibilita tohoto ligandu spolu s pfitomnosti tii atomt dusiku ptinaseji
nové moznosti koordinace Tpy ligandi. VSechny mozné koordinace ligandu Tpy od
mononukledrnich (vazba jednoho atomu M) az k trinukledrnim koordinacim (vazba tii atomti M)

jsou zobrazeny na Obrazku 11.

Typ mononuklearni koordinace ligandu Tpy s jednim atomem M

KN? k2N, N?

Typ binuklearni koordinace ligandu Tpy s dvéma atomy M

2 2
M M
N N

MkNL:M2kN? MN:M2kN3 M2NL, N2:M2kN3

Typ trinukledrni koordinace ligandu Tpy s tiemi atomy M

MIkNE:M2kNZM3N3
Obrdazek 11: Koordinacni moznosti ligandii typu Tpy .
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V ptipadé¢ nepfechodnych prvki je vSak nejcastéjsi tvorba mononuklearnich komplext typu
(Tpy)M s vazebnou situaci typu kN, tedy komplexy [«*N-(Tpy)M]. V tomto uspotadani ma Tpy
ligand tzv. cis,cis-konfiguraci, ktera je nutna pro tuto tridentdtni koordinaci Tpy ligandu k
centralnimu kovu. Pfi tomto uspoiadani dochézi ke sterickému odpuzovani protont v pozici 3/3”
na jedné stran€ a v pozici 3°/5° na druhé stran€. Z tohoto ditvodu je preferovano ve volném ligandu
Tpy uspotfadani trans,trans-konfigurace z diivodu minimalizaci sterickych 1 elektronovych

odpudivych sil (Obrazek 12).69

Sterické odpuzovani

Elektronové odpuzovani

cis,cis-konfigurace trans,trans-konfigurace

Obrazek 12: Moznosti usporadani ligandui typu Tpy: v komplexech cis, cis-konfigurace, ve volné formé trans,trans-
konfigurace.

Nejpouzivanéjsi metodou pro piipravu komplext [«*N-(Tpy)EXs] (E = Al, Ga, In nebo TI,;
X =Cl, Br, I, ClO4, N3, PFs, OTf) (Obrazek 13A) jsou reakce anorganickych soli prvkl p-bloku
s volnym ligandem Tpy v EtOH nebo MeCN.®? P¥iprava analogickych fluoridovych komplexi
typu [*N-(Tpy)EF3] vyzaduje tvrdsi hydrotermalni podminky reakce (180 °C, 15 hodin).®? Vedle
monomernich komplext byly pfipraveny také slouceniny binuklearni s p-halogenidovymi mustky.
Jako piiklad lze uvést komplex {[K*N-(Tpy)GaF]>(u-F)2}[PFs]2:4H20O (Obrazek 13B), ktery byl
piipraven reakci [k*N-(Tpy)GaF;]-3H20 s NH4PFe.%? V literatufe lze také nalézt ptiklady, kdy na
centralni atom E jsou vazany dva Tpy ligandy. VétSinou se jednda o homoleptické kationtové
komplext typu [ {kK*N-(Tpy)}2E]", kdy je elektrofilni povaha atomu E kompenzovana pfitomnosti
dvou ligandt Tpy.®® Ptikladem je vznik komplexu [ {~®N-(Tpy)}2Ga]" [PFs] (Obrazek 13C), ktery
vznikl reakei in situ pripravené slouceniny [*N-(Tpy)Ga(OTf)s] s [(nBu)sN][PFs].C¥
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Obrazek 13: Strukturni rozmanitost komplexii prvku 13. skupiny s ligandem Tpy: a) [(Tpy)AIF 3], b) {[(Tpy)GaF](u-
F)2}[PFs]5, ¢) [(Tpy):Ga]’*.

V piipadé reakci ligandu Tpy s cini¢itymi halogenidy EX4, zavisi koordina¢ni chovani
ligandu Tpy na pouZitém halogenidu. Reakce ligandu Tpy s Snl4 poskytuje iontovou slouceninu
[®N- (Tpy)Snls]" I'. Naopak, slou¢eniny SnCls a SnBrs poskytly reakcei s Tpy ligandem komplexy
odlisného slozeni. Elementarni analyza a méteni vodivosti roztokii vyslednych slouc¢enin prokazaly
existenci komplexli s pomérem ligandu Tpy a SnX4 2:3. Byly tedy definovany iontové komplexy
[®N-(Tpy)SnX;3]*2 [SnXs]* (X = Cl nebo Br). Rozdilnd povaha komplexii je pak odivodnéna

nizkou stabilitou aniontu [Snls]*>.¢>

V ptipadé reakci halogenidt prvki 15. skupiny s Tpy ligandem byl bez vyjimky piipraven
kation typu [kK*N-(Tpy)EXz]" (E = As nebo Sb; X = Cl, Br nebo I). SloZeni vysledného komplexu
se opét lisi typem aniontu. V ptfipadé atomu Sb, byl kation vyhradné kompenzovan aniontem
[SbXs]*, nezavisle na povaze halogenidu. V piipadé atomu As byly piipraveny kationty [*N-
(Tpy)AsXz]*, které byly kompenzovany pomoci aniontdi [As;Brs]*, [As2Bro]* ¢i [As3Bryp]*".%

2.2.2. Pyridinové ligandy (IMPY, DIMPY)

Mono- a di-imino- substituované pyridiny piedstavuji skupinu bi- a tri-dentatnich liganda,
které¢ se skladaji z centralniho pyridinového kruhu a iminové skupiny v 2- nebo 2,6-pozicich.
Diiminopyridiny [2,6-(ArNCR),CsH3N] (R = H nebo Me, Ar = arylova skupina, tzv. DIMPY), Ize
snadno pfipravit pomoci Schiffovy kondenzac¢ni reakce bud’ 2,6- pyridindikarboxaldehydu nebo
2,6-diacetylpyridinu se dvéma ekvivalenty ptislusného anilinu v alkoholu (napf. ethanol, propanol,

methanol) za zvysené teploty, a reakce je Casto katalyzovana kyselinou (napft. kyselina mravenci,
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kyselina octova, p-toluen sulfonova kyselina) (Schéma 16). Obecné plati, Ze kondenzacni reakce
probihd nejsnadnéji pro 2,6-pyridindikarboxaldehyd, zatimco v ptipad¢ 2,6-dibenzoylpyridinu
jsou analogické reakce za stejnych podminek téméf neaktivni.®” Tento jednoduchy postup
poskytuje Sirokou Skalu ligandl s témét jakymkoliv substituentem na iminovém dusiku a na
postrannim fetézci imind. V ptipad¢ iminopyridinl jsou pouzivany stejné syntetické postupy, které

se lisi pouze vychozimi latkami (2-pyridindikarboxaldehyd a 2-diacetylpyridin).

I I

R | — R 2 ArNH,, R'OH, kat. H* R | 7 R
N > N

-2 H,0

NAr NAr

Schéma 16: Obecnd piprava ligandii typu DIMPY s alifatickym substituentem na postrannim Fetézci.

Mén¢ reaktivni 2,6-dibenzoylpyridiny mohou byt aktivovany NiCl,, kdy béhem
kondenzacni reakce dochazi ke tvorbé reaktivnéjsiho meziproduktu [2,6-(ArNCPh),CsH3;N]NiCl,
(Schéma 17),°¥ jenz miize byt pomoci silikagelu rozlozen na 2,6-(ArNCPh),CsH3N.

\H/Ej\ﬂ/ NIC|2 2 ArNH, \”/[j\ﬂ/ Slllkagel \”/[j\ﬂ/

ArN\ / NAr

CI/ \CI

Schéma 17: Obecna priprava ligandii typu DIMPY s aromatickym substituentem na postrannim retézci.

Déle jsou také znamé diiminopyridiny obsahujici na postrannim iminovém fetézci
N=C(ER) heteroatom E. Tyto slouceniny mohou byt pfipraveny pomoci reakce pyridin-2,6-
dikarboxyimidoyl dichloridu s odpovidajicim NaER (R = Me, 2,6-Me>CeH3; E = O, S) (Schéma
18).

NaER

Schéma 18: Obecna priprava ligandii typu DIMPY se skupinou obsahujici heteroatom na postrannim retezci.
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Diiminopyridinové ligandy opét patii do skupiny "non-innocent" ligandii. Diky dvéma silné
delokalizovanym a nizko polozenym z* orbitaliim, tyto ligandy mohou pfijmout az tfi elektrony.
Diiminopyridinovy (DIMPY) ligand mtize byt v urcitych situacich povazovén za radikalovy aniont,

nebo dianiont (DIMPY)? ¢&i trianiont (DIMPY)?*" (Obrazek 14).€0

Dimpy (Dimpy")™ (Dimpy)*

Obrazek 14: "Non-innocent** chovani ligandui typu DIMPY.

Nejcastéji jsou vSak DIMPY 1 IMPY ligandy pouzity jako neutralni ligandy a pii reakci
s anorganickymi solemi neptechodnych prvki se tyto ligandy mohou koordinovat jako bi- nebo
tri-dentatni ligandy za vzniku komplexti obecného typu [°N-(DIMPY)E] a [x*N-(DIMPY)E] (E
= prvek 13.-16. skupiny). Neutrdlni komplexy [k*N-(IMPY)EX] lze pfipravit ptidanim
GeX»-dioxanu (X = Cl, Br) a SnX, (X = Cl, Br, I, OTf) do roztoka jednoho ekvivalentu ligandu

IMPY (Schéma 19).
Dipp__

N Dipp E
| EX, N

E =Ge, X=Cl, Br
E =Sn, X=Cl,Br, |, OTf

Schéma 19: Syntéza neutralnich komplexii [IMPY -EX].

Naproti tomu stejné reakce DIMPY ligand@ k izolaci neutralnich komplext typu [«’N-
(DIMPY)EX>] nevedou. Jako piimy diisledek velmi silné interakce vSech atomii dusiku v DIMPY
s centralnim atomem E je snadna tvorba iontovych komplexti [k*N-(DIMPY)EX][EX3] ™.V Tyto
ligandy jsou tedy typické pro pfipravu a stabilizaci kladné nabitych komplext prvki hlavni skupiny.
Jako piiklady téchto kationti prvk@ hlavni skupiny Ize jmenovat komplexy [k’N-
(DIMPY)EX]'[EX3]” (E = Ge, Sn, X = Cl, Br),** [«*N-(IMPY)ECI]'[ECI;]” (E = Ge, Sn),*?®
[1>N-(DIMPY)As][SnCls] ", ©*® nebo [>N-(DIMPY)E]** (E = Se, Te) (Obrazek 15).(69
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Obrazek 15: Priklady kationtovych DIMPY a IMPY komplexii s p-prvky.

Velmi zajimavy komplex formalné nulmocného atomu Sn, [«’N-(DIMPY)Sn], byl
syntetizovan pomoci transamina¢ni reakce ligandu DAMPY s Sn[N(SiMes):]> (Schéma 20).(69
Vazebnou situaci v [K°N-(DIMPY)Sn] lze vysvétlit nékolika zptisoby. Prvni moznost pochazi z
Cisté dativnich interakci mezi neutralnim DIMPY ligandem a atomem Sn v oxida¢nim stavu nula,
piinichz volné elektronové pary, které pochazeji z pyridinu a iminovych ramen, piisobi jako donory
a umoziuji donaci do prazdnych orbitalti Sn atomu. Alternativné lze tuto slouceninu popsat jako
komplex stannylenu, ve kterém vznikaji dvé kovalentni Sn-N vazby na tkor aromaticity
pyridinového kruhu. Dal§i mozn4 varianta je, Ze cinové centrum interaguje s dvojnasobné
redukovanym ligandem DIMPY?, ktery mlZe existovat ve formé singletu nebo tripletového

diradikalu.©>

AN N
Sn[N(SiMej3),] |
_ 3)2l2 _
N N
Et,0 | l |
NH HN N N
—
Dipp/ \Dipp Dipp/ Sn \Dipp
DAMPY DIMPY

Schéma 20: Syntéza komplexu [DIMPY-Sn] s Sn atomem ve formalnim oxidacnim stavu nula.

Podobn4 slou¢enina [k*N-(DIMPY)Ge] byla piipravena redukci kationtového komplexu
[>N-(DIMPY)GeCl][GeCls]” pomoci redukéniho ¢inidla KCs v benzenu.®® Tato sloudenina je v
singletovém zakladnim stavu a koordinac¢ni sféra atomu Ge je tvofena tfemi atomy dusiku (Obrazek

16). DFT kalkulace ukazuji ¢aste¢nou delokalizaci jednoho z volnych elektronovych pari atomu
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Ge ptes n*(C=N) orbitaly iminti. Tato delokalizace vede k ¢aste¢né nasobnému charakteru vazby

atomu Ge a iminovymi dusikovymi atomy.

Obrazek 16: Struktura komplexu [(Me;) DIMPYGe] s Ge atomem ve formalnim oxidacnim stavu nula.

Vliv substituentd R (R = H, Me) na a-uhliku v DIMPY ligandech na jejich reaktivitu lze
demonstrovat na reakci s halogenidy 16. skupiny. V piipadé vodikem substituovanych DIMPY
ligandii, tyto reakce vedou ke vzniku iontovych slouéenin [«*N-(DIMPY)E]*" (E = Se, Te) (viz.
Obrazek 15).3% V piipadé, kdy je na a-uhliku Me skupina, tyto , ketiminové“ DIMPY ligandy
reaguji jinym zpisobem. Pti reakci TeXs (X = CI, Br) nebo SeCl, s t€mito ligandy dochazi k

aktivaci CH vazby metylové skupiny s eliminaci 1 ekvivalentu HCI podle Schéma 21.¢7:68)

X

Dlpp\Nl/T TeX, Dipp N,Dipp
/N | N )y ! /N l
AN Iljipp ™ |
X =Cl, Br

Schéma 21: Syntéza neutrdlnich N,N',C-vdzanych chalkogenidovych komplexii.
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3. Cile a zaméry

Organokovové slouceniny prvkll nepiechodného systému jsou tradiéné spojovany s
komplikovanou syntézou a manipulaci, coz ve srovnani s komplexy piechodnych kovl vede k
jejich omezenému poctu a vyuzitelnosti. Nicméné rozvoj a zjednoduSeni piipravy N,N-
chelatujicich ligandli s objemnégjSimi substituenty ve spojeni s pfitomnymi donorovymi atomy
umoznily stabilizaci neutralnich a iontovych komplext p-prvki a oteviely cestu ke konzistentnim
vytézkim (viz. Teoretickou cast disertatni prace). Pfiprava symetrickych N,N-chelatujicich
ligandl a jejich aplikace v chemii nepfechodnych prvkl je pomérné probadanou oblasti. Dle
provedené literarni reserse je zifejmé, Ze syntéza symetrickych ligandli neni vétSinou tak narocna
jako v pfipad¢€ jejich nesymetrickych protéjski. K zavedeni funk¢nich skupin do organického
skeletu prekurzoru dochazi provadénim pfislusnych reakénich krokli ve dvojnasobném pomeéru
oproti vychozimu organickému prekurzoru. Vysledné ligandy maji ptedvidatelnou reaktivitu s p-
prvky a diky mensi variabilité jsou Casto pouzivany pro studium vlivu vedlejSich alkylovych nebo
arylovych skupin na reaktivitu a strukturu organokovovych komplext. Proto se v literatufe s t€émito
ligandy lze setkat znacné Castéji nez s nesymetrickymi N,N-koordinujicimi ligandy. Obzvlast
vyhodné je zavedeni odlisného donorového atomu, ktery ma jiné interakéni schopnosti nez dusik.
Ptiprava takovych ligandii vyzaduje vicekrokové reakce a pokrocilejsi techniky, coz ma za
nasledek snizeni vytézku nebo nutnost zavedeni ochrannych skupin. Odlisné donorové atomy ve
skeletu ligandu umoziuji pfipravu organokovovych komplexii, kde je ligand rizné véazan k
centralnimu atomu v zavislosti na jeho povaze, a kde mize dochazet k vétsi stabilizaci centralniho
atomu. Tato stabilizace nasledné umoznuje zkouméani reaktivity organokovovych komplexti a jejich
vyuziti v katalytickych procesech.

Cilem této disertacni prace bylo rozsifeni znalosti o pfipravé a reaktivité nesymetrickych
ligandt typu N,N,P(0O), které svou strukturou pfipominaji vyse diskutované symetrické N,N,N,-
chelatujici diitminopyridinové DIMPY ligandy (Obrazek 17). Tento typ nesymetrického N, N,P(O)-
chelatujiciho ligandu tedy vychdzi z 2,6-pyridinového zékladu, kdy v jedné ortho-pozici ligand
obsahuje atom dusiku ve form¢ tradi¢niho iminového fragmentu C=N, zatimco ve druhé ortho-
pozici je umisténa skupina RoP(0), ktera je schopna vytvaret P(O)—M koordinace. Zacatek této
studie byl poloZen v diplomové praci M. Sykové, ) kde byly pfipraveny ligandy L' a L? (Obrazek
17) a byla zkoumana jejich reaktivita s GeClz a SnCl.
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—N(Dipp) N(Dipp) iPr

Wa \ /" PP =

— — iPr
orpi~R—© orpi- R _ ©

OiPr OiPr

Lt L2

Obrazek 17: Doposud znamé z literatury ligandy typu NNPO.

Proto byly v ramci této disertacni prace stanoveny nasledujici cile:

1) Modifikace ligandového skeletu a vyzkum vlivu jinych nez OiPr skupin na P(O)
fragmentu na vysledné produkty v chemii cinatych komplexd.

2) Rozsiteni reaktivity ligandi N,N,P(O) typu na dalsi nepiechodné prvky.

3) Testovani stability organokovovych komplexii a zkoumani jejich dalsi reaktivita.

4) Zkoumani moznosti vyuziti stabilnich komplext v oblasti katalyzy a materialové chemie.
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4. Experimentalni ¢ast

Vsechny syntézy popsané v experimentalni ¢asti byly provadény v inertni atmosféfe argonu
(Linde, 99,999%) klasickou technikou s vyuzitim Schlenkovych bangk, sept a kanyl. Béhem
chemickych experimentli a po izolaci jednotlivych produktti ¢i meziproduktd byly pouzity rizné
metody pro ovéieni navrzené struktury sloucenin a jejich Cistoty. Nejcastéji zvolené metody byly
nukledrni magnetickd rezonance (NMR spektroskopie) a rentgenstrukturni analyza (XRD).
Dal§imi pouzitymi metodami byly IC spektroskopie, méfeni bodu tani, rastrovaci elektronovy

mikroskop (SEM) s energiové disperznim analyzatorem (EDX).

Vychozi slouceniny (kyselina mravenci, 2,6-diisopropylanilin, 2-acetyl-6-bromopyridin, 6-
bromo-2-pyridinkarboxaldehyd, 1,1-bis(difenylfosfino)ferrocen, Pd(CH3COO)z, EtaN,
difenylfosfinoxid, ethylfenylfosfinat, GeCl..dioxan, SnClz, TeCls, SeCls, PhaSnClz, PhSnCls,
AgOTT, kovovy draslik, praskovy tellur a LiEts:BH byly pofizeny od spole¢nosti Sigma Aldrich.
Rozpoustédla benzen, dichlormethan, hexan, tetrahydrofuran a toluen doddna od vyrobce PENTA
byla pfedsuSena na zafizeni Pure-Solv MD 7 od firmy Innovative Technology uréené pro suseni
rozpoustédel pod atmosférou argonu. Rozpoustédla acetonitril a methanol byla dodana od vyrobce
Lach-Ner. Acetonitril byl suSen destilaci v inertni atmosféfe argonu s piidavkem CaHos.
Deuterovana rozpoustédla pro NMR spektroskopii byla suSena destilaci s LiAlH4 v inertni
atmosféte argonu. Po destilaci rozpoustédla byla pirevedena do zasobnich nadob a bylo provedeno
zbavovani kysliku (degazovani) pomoci opakovaného vymrazovani zasobniku s rozpoustédlem

v kapalném dusiku a néslednou aplikaci vakua.

Syntéza ligandu L' a L? spolu se slou¢eninou 11 byla popsana v diplomové praci Ing. Miriam
Sykové ) na kterou tato prace navazuje a rozsifuje o nové imino- a ketimino-pyridinové ligandy
L3¢, Prekurzory 2-(CR=N(Dipp)-6-Br-CsHsN (R = H, CH3; Dipp = C¢H3-2,6-iPr2) pro piipravu
téchto ligandfi byly syntetizovany podle postupti uvedenych v literatuie.’” Pro uplnost je nize
uveden ptehled ligandt (Tabulka 1) sloucenin ptipravenych na jejich bazi (Tabulka 2, hvézdickou

jsou oznacené ligandy zminéné v praci Ing. Sykové) v ramei této disertacni praci.
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Tabulka 1: Prehled ligandit NNPO typu L'

NNPO ligandy L4
—N(Dipp) _ —N(Dipp)
_ N(Dipp) _
. N . — N
L N\ / L2 \ N\ 7
P= P=—0
|Pr0/6 o P=0 Ph”\
iPrO OiPr OEt
. —N(Di .
N(Dipp) (Dipp) N(Dipp)
4 o N o
L \ /N L? \ / LS \ /N
P=0
Ph”\ P b Ph”\
OEt Ph
Tabulka 2: Prehled pripravenych sloucenin na bazi ligandii L*-
Pripravené slou¢eniny na bazi ligandi L?®
_ _ o 3 B
[SNCls] [SnC|3]@
1 2
_ . o B
[SnC|3] [SnC|3]®
3 4

33




N(Dipp)

—N(Dipp)

o S l ot
OTf —
5 - 2®\/ 6 N2®Sr'1/ OH
N+Sn=—0H =T OR
\__/ ‘\ S \_/ Nori©
OTf .
_P=0 ph-R O
Ph
OEt Ph
_T(Dipp) —N(Dipp)
7 - N—Sn—Cl 8 - N—>£ —cl
\ / | N\ / ‘”
O_'Sl’lclz O_’SI"ICIZ
B T ©
—N(Dipp) |G N(Dipp)
— [@ —
N—Ge N
9 \  / ’\CI 10 N\ //
___p=0 ipro-F—0—PhzsnCl
i iPro E)iPr ) 1er \OiPr
N(Dipp) ~—N(Dipp)
N N—SeClI
\ 7/ \ 7 2
11 12
ipro~h— O~ PhaSnCl iproh—_°
OiPr OiPr
~—N(Dipp)
N—TeCl
13 @e 3 14
iPrO/P\:O
OiPr

34




—Nipp) |©T1

o ®
N—Ge
15 \_/ ‘ Sal

ipro-h ©
L QiPr -

4.1. Metody strukturalniho vyzkumu

4.1.1. Multinuklearni NMR spektroskopie

NMR spektra ptipravenych sloucenin byla méfena v deuterovanych rozpoustédlech
CD3CN, C¢Ds, CDCI3 a THF-dS8 pii teploté¢ 298 K na pfistroji Bruker Ascend 500 s vyuzitim
Fourierovy transformace. 'H, 13C, *'P, °F, 'Sn, "Se a '*Te NMR spektra byla méfena pfi
frekvenci 500,13 MHz ('H), 125,72 MHz ('*C), 202,40 MHz (*'P), 470,59 MHz (*°F), 186,49 MHz
(”Sn), 95,34 MHz ("’Se) a 131,04 MHz (1*°Te). Hodnoty chemickych posunti 'H a '*C NMR byly
vztazeny k rezidudlnimu signilu deuterovaného rozpoustédla (5 (ppm) pro CD;CN 'H = 1,94 (5),
BC=1,39(7)a 118,69 (1); CsDs 'H= 7,16 (1), 1*C = 128,39 (3); CDCl3 '"H = 7,24 (1); *C = 77,23
(3) a THF-d8 'H = 1,73 (1) a 3,58 (1), 3C = 25,37 (5) a 67,57 (5). Pro hodnoty 'P chemickych
posuntl jako referenéni latka slouzil 85 % roztok H3POu, hodnoty '°F chemickych posuni jsou
vztazeny na CFCls, hodnoty ''”Sn chemickych posunti jsou vztaZeny na standard MesSn. hodnoty
"’Se chemickych posuntl jsou vztazeny na MezSe a pro hodnoty '**Te chemickych posunti jako

standard byl pouzit Me.Te.

4.1.2. Rentgenstrukturni analyza

Krystalograficka data pro krystaly vybranych slou€enin byla métena na difraktometru Bruker
DS8-Venture vybavenym MoKa zdrojem (A = 0,71073 A), mikrofokusnim zdrojem RTG zafeni
(IuS), fotonovym CMOS detektorem a chladicim systémem Oxford Cryosystems. Ziskana data
byla zpracovana pomoci softwaru XT-version 2014/5 a SHELXL-2017/1 implementované¢ho v
syst¢tmu APEX3 v2016.9-0 (Bruker AXS). Vodikové atomy byly lokalizovany na diferencni
Fourierové mapé a vysledné krystalové struktury byly dofeseny prepocitanim do idealnich pozic
(model riding) podle ptitazenych teplotnich faktort (Hiso(H) = 1,2Ueq (vychozi atom) nebo 1,5Ucq
(methyl)). Vodikové atomy v methylovych, methylenovych a atomy vodiku v aromatickych
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kruzich byly umistény s C—H vzdalenostmi 0,96, 0,97 a 0,93 A. Korekce na absorpci byly
provedeny za pouziti Gaussovské integrace z tvaru krystalu. Krystalograficka data pro publikované

slouceniny byla ulozena v Cambridge Crystallographic Data Centre (CCDC).

4.1.3. IC spektroskopie

IC spektra piipravenych slouéenin byla méfena na piistroji Nicolet 6700 FTIR metodou ATR

na kiemikovém krystalu v rozmezi 4000 - 400 cm’'.

4.1.4. Bod tani

Body tani byly méfeny pomoci stolniho bodotavku Stuart MP3.

4.1.5. Elementarni analyza

Elementarni analyza byla méfena na pfistroji LECO—CHNS-932.
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4.2. Piipravy NNPO liganda L*¢

Piiprava 2-(CH=N(Dipp)-6-(Ph(EtO)PO)CsH:N (L?)

—N(Dipp) Et;N —N(Dipp)
__ Q Pd(CH,CO0O0),
DPPF
\ 7 w1 ot CHCN, 110°C N\
Ph 72h
Br —
P=0
Ph”\
OEt
L3

Pracovni postup:

2-(CH=N(Dipp)-6-Br-CsH3N (2,30 g, 6,66 mmol) byl pfedloZzen do tfihrdl¢ kulaté banky a
rozpu$tén v acetonitrilu (30 ml). Jako katalyticky systém pro reakci byla pouzita smés dvou
katalyzéatorti: Pd(OAc): (15 mg, 0,067 mmol) a 1,1’-bis(difenylfosfino)ferrocenem (37 mg, 0,067
mmol). Poté bylo do baiky pfiddno 1,2 ekvivalentu Ph(EtO)P(H)O (1,20 ml, 8,00 mmol) a 3
ekvivalenty Et:N (2,79 ml, 20,00 mmol). Reak¢éni smés byla zahtivana pod chladi¢em k refluxu
(110 °C) po dobu 3 dnfi. Doreagovani komponentli reakci bylo sledovano pomoci *'P NMR.
V okamziku, kdy intenzita signalu vychozi latky klesla na 20 % vici signalu nového produktu byla
reakce ukoncena. Po ukonceni reakce rozpoustédlo bylo odpaieno a produkt rozpoustén v hexanu
(30 ml) s naslednou rekrystalizaci s karborafinem. Po zahusténi hexanovy roztok byl umistén do
mraznicky pii -20 °C, ¢imz byl ziskdn svétle Zluty monokrystalicky materidl. Po opakované
krystalizaci bylo ziskano 2,01 g (69 %) ligandu L3, ktery byl charakterizovan pomoci 'H, '3C a 3!P
NMR a IC spektroskopie.

Charakterizace:

M (C26H3102N2P) = 434,51 g/mol. Bod tani = 98-102 °C. Elementarni analyza: vypocteno C 71,9;
H 7.2; naméreno: C 71,6; H 7,0.

"H NMR (500,13 MHz, CDCls, 25 °C): § (ppm) 1,09 (d, 12H, CHs(iPr), *J('H, 'H) = 6,5 Hz), 1,32
(t, 3H, CHs(Et), *J(*H, 'H) = 7,3 Hz), 2,84 (sept, 2H, CH(iPr), *J("H, 'H) = 6,5 Hz), 4,11 (m, 2H,
CH(Et)), 7,06-7,11 (m, 3H, Ar-H), 7,39-7,41 (m, 2H, Ar-H), 7,46-7,48 (m, 1H, Ar-H), 7,86-7,90
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(m, 1H, Ar-H), 7,96-8,00 (m, 2H, Ar-H), 8,10-8,13 (m, 1H, Ar-H), 8,27 (s, 1H, CH=N), 8,29 (d,

1H, Ar-H, *J('H, 'H) = 8,5 Hz).

1BC{'H} NMR (125,72 MHz, CDCls, 25 °C): § (ppm) 16,5 (d, CHs(OEt), *J(*'P, 1*C) = 5,9 Hz),
23,3 (CHs(iPr)), 27,9 (CH(iPr)), 61,9 (d, CHx(OEY), 2JC'P, 1*C) = 6,6 Hz), 122,8, 123,0, 124,6,
128,2 (d, "JC'P, *C) = 13,2 Hz), 129,3, 129,5 (d, "JC*'P, 1*C) = 22,5 Hz), 132,5, 132,5 (d, "JC'P,
13C) = 9,5 Hz), 136,8 (d, "JC*'P, *C) = 10,3 Hz), 137,1, 1482, 154,5 (d, "JC'P, *C) = 101,2 Hz),

155,2 (Ar-C), 162,8 (CH=N).
3Sp{'H} NMR (202,40 MHz, CDCls, 25 °C): § (ppm) 24.9.
IC: v(P=0) 1232 cm ™.

P¥iprava 2-(C(Me)=N(Dipp)-6-(Ph(EtO)PO)CsHsN (L*)

N(Dipp) Et;N N(Dipp)
_ . Pd(CH,COO0),
DPPF
N\ / w1 ogt  CHCN 110°C N\ /
Ph 72 h
Br —
P=0
Ph”"\
OEt
L4

Pracovni postup:

Analogicky piipravé ligandu L3. Reakci vychozich latek 2-(C(CH;3)=N(Dipp)-6-Br-CsHzN (2,20
g, 6,12 mmol), Ph(EtO)P(H)O (1,11 ml, 7,34 mmol) a EtsN (2,51 ml, 18,36 mmol) vznikl ligand

L*. Po opakované krystalizaci bylo ziskano 2,42 g (88 %) ligandu L*, ktery byl charakterizovan

pomoci 'H, 1*C a *'P NMR a IC spektroskopie.

Charakterizace:

M (C27H3302N2P) = 448,54 g/mol. Bod tani = 98-102 °C. Elementarni analyza: vypocteno C 72,3;

H 7.4; naméreno: C 72,6; H 7,6.

"H NMR (500,13 MHz, CDCl, 25 °C): & (ppm) 1,03 (d, 6H, CHs(iPr), *J('H, 'H) = 6,7 Hz), 1,07—
1,09 (m, 6H, CHs(iPr)), 1,33 (t, 3H, CH(OEt), *J('H, 'H) = 7,0 Hz), 2,09 (s, 3H, (CH:)C=N), 2,56
(sept, 1H, CH(iPr), *J('H, 'H) = 7,0 Hz), 2,64 (sept, 1H, CH(iPr), *J('H, 'H) = 7,0 Hz), 4,12 (m,
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2H, CH(OEY)), 7,02-7,05 (m, 1H, Ar-H), 7,08-7,11 (m, 2H, Ar-H), 7,40-7,44 (m, 2H, Ar-H), 7,48-
7,51 (m, 1H, Ar-H), 7,82-7,86 (m, 1H, Ar-H), 8,01-8,05 (m, 2H, Ar-H), 8,13 (t, IH, Ar-H, 3J('H,
'H) = 6,1 Hz), 8,38 (d, 1H, Ar-H, *J('H, 'H) = 8,2 Hz).

BC{'H} NMR (125,72 MHz, CDCls, 25 °C): § (ppm) 16,4 (d, CH3(OEt), *J(*'P, *C) = 7,0 Hz),
16,9 ((CHs)C=N), 22,6, 22,7, 23,0, 23,1 (CHs(iPr)), 28,1, 28,2 (CH(iPr)), 61,6 (d, CH2(OEt), 'J(*'P,
13C) = 7,0 Hz), 122,6, 122,9, 123,0 (d, "J('P, *C) = 3,0 Hz), 123,7, 128,1 (d, “J(*'P, *C) = 13,0
Hz), 128,8 (d, "J('P, *C) = 23,1 Hz), 129,9 (d, “J(*'P, *C) = 139 Hz), 132,3 (d, "J('P, *C) = 3,0
Hz), 132,5, 132,6, 135,5, 136,4 (d, "J('P, 3C) = 10,0 Hz), 146,1, 153,6 (d, "J(*'P, 3C) = 169,6 Hz),
156,5 (d, "JC'P, *C) = 20,0 Hz) (Ar-C), 166,3 ((CHs)C=N).

Sp{'H} NMR (202,40 MHz, CDCls, 25 °C): § (ppm) 25,4.
IC: v(P=0) 1229 cm™.

P¥iprava 2-(CH=N(Dipp)-6-(Ph:PO)CsH:N (L5)

—N(Dipp) Et;N —N(Dipp)
_ . Pd(CH,COO0),
DPPF
\_/ 0 I >pp CHCN110°C N\ /
Ph 72 h
o PR\
Ph
L5

Pracovni postup:

Analogicky pripravé ligandu L3. Reakci vychozich latek 2-(CH=N(Dipp)-6-Br-CsH3N (2,30 g,
6,66 mmol), Ph.P(H)O (1,62 g, 8,04 mmol) a Et:N (2,79 ml, 20,1 mmol) vznikl ligand L3. Po
opakované krystalizaci bylo ziskano 1,90 g (61 %) ligandu L3, ktery byl charakterizovan pomoci
'H, 13C a3'"P NMR a IC spektroskopie.

Charakterizace:
M (Cs0H310N2P) = 466,55 g/mol. Bod tani = 136—-139 °C. Elementarni analyza: vypocteno C

77,2; H 6,7; namereno: C 77,4; H 6.8.
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"H NMR (500,13 MHz, CDCl, 25 °C): & (ppm) 1,11 (d, 12H, CHs(iPr), *J('H, 'H) = 6,5 Hz), 2,87
(sept, 2H, CH(iPr), *J('H, 'H) = 6,5 Hz), 7,07-7,10 (m, 3H, Ar-H), 7,36-7,43 (m, SH, Ar-H), 7,90—
7,94 (m, 4H, Ar-H), 8,29 (s, |H, CH=N), 8,33 (d, 1H, Ar-A, *J('H, 'H) = 4,5 Hz).

BC{'H} NMR (125,72 MHz, CDCls, 25 °C): & (ppm) 23,3 (CHs(iPr)), 27,9 (CH(iPr)), 122,4 (d,
"JEIP, 13C) = 3,0 Hz), 123,0, 124,6, 128,2 (d, "J('P, *C) = 12,0 Hz), 129,4 (d, "J(*'P, *C) = 20,0
Hz), 131,9 (d, "J(*'P, 1*C) = 105,0 Hz), 131,8 (d, "J(*'P, '*C) = 3,0 Hz), 132,0 (d, "J(*'P, *C) = 10,0
Hz), 136,9 (d, "J('P, *C) = 9,0 Hz), 137,1, 148,3, 154,5 (d, "J(*'P, 1*C) = 20,0 Hz), 156,4 (d, "J(*'P,
13C) = 130,0 Hz) (Ar-C), 162,7 (CH=N).

3P{'H} NMR (202,40 MHz, CDCl;, 25 °C): & (ppm) 19,0.
IC: v(P=0) 1203 cm™.

Priprava 2-(C(Me)=N(Dipp)-6-(Ph.PO)CsH:N (L?)

N(Dipp) Et;N N(Dipp)
— o Pd(CH,COO0),
DPPF
N\ / a1 Npn  CHCN,110C N\
Ph 72 h
Br —
Ph\
LG

Pracovni postup:

Analogicky piipravé ligandu L3. Reakci vychozich latek NN(CH3)Br (2,20 g, 6,12 mmol),
Ph.P(H)O (1,48 g, 7,34 mmol) a Et:N (2,51 ml, 18,36 mmol) vznikl ligand LS. Po opakované
krystalizaci bylo ziskano 2,09 g (71 %) ligandu L8, ktery byl charakterizovan pomoci 'H, '3C a 3!P
NMR a IC spektroskopie.

Charakterizace:

M (Cs:H33:0N2P) = 480,58 g/mol. Bod tani = 117-119 °C. Elementarni analyza: vypocteno C
77,5; H 6,9; namereno: C 77,8; H 7,0.

40



"H NMR (500,13 MHz, CDCls, 25 °C): & (ppm) 1,05 (t, 12H, CHx(iPr), *J('H, 'H) = 6,4 Hz), 2,03
(s, 3H, (CHs)C=N), 2,60 (sept, 2H, CH(iPr), *J('H, 'H) = 6,7 Hz), 7,03 (d, 1H, Ar-H, *J('H, 'H) =
7,0 Hz), 7,09-7,11 (m, 2H, Ar-H), 7,38-7,41 (m, 4H, Ar-H), 7,45-7,48 (m, 2H, Ar-H), 7,88-7,92
(m, 5H, Ar-H), 8,33 (t, 1H, Ar-H, *J('H, 'H) = 6,4 Hz), 8,38 (d, 1H, Ar-H, *J('H, 'H) = 7,9 Hz).

BC{'H} NMR (125,72 MHz, CDCls, 25 °C): & (ppm) 17,0 ((CHs)C=N), 22,6 (CHs(iPr)), 23,0
(CHs(iPr)), 28,1 (CH(iPr)), 122,6, 123,9, 123,7, 128,1 (d, "JC*'P, *C) = 11,7 Hz), 129,1 (d, "JC'P,
13C) = 19,6 Hz), 131,7, 131,9 (d, "JC'P, °C) = 8,8 Hz), 132,6, 135.4, 136,7 (d, "J(*'P, *C) = 9,0
Hz), 146,0, 155,0 (d, "JC'P, *C) = 132,2 Hz), 156,2 (d, "JC'P, °C) = 18,2 Hz) (Ar-C), 166,1
((CH3)C=N).

Sp{'H} NMR (202,40 MHz, CDCls, 25 °C): § (ppm) 20,0.
IC: v(P=0) 1201 cm™.

4.3. PFipravy sloudenin na bazi liganda L6

P¥iprava [{2-(CH=N(Dipp)-6-(Ph(OEt)PO)CsHsN}SnCl]* [SnCL] (1)

_ [SnCI3]®
—N(Dipp)
+ 2 SnCl S
A 2 THF, 24h

P=0

- \
Ph™ \

OEt L OEt _

L3 1
Pracovni postup:

K roztoku SnClz (0.24 g, 1.26 mmol) v THF (10 ml) byl pfiddan pomoci kanyly roztok ligandu L3
(0.27 g, 0.63 mmol) v THF (10 ml). Reakéni smés byla michana po dobu 24 hodin pfi laboratorni
teploté. Plivodni rozpoustédlo bylo za snizen¢ho tlaku odpafeno a pevny material byl proplachnut
malym mnozstvim hexanu (10 ml), za poskytnuti komplexu 1 jako svétle zlutého prasku.
Monokrystalicky zluty material byl vypéstovan rozpusténim pevného sypkého prasku 1 ve

dvouslozkovém systému rozpoustédel Hexan-CH>Cl> a poté umisténim do mraznicky pfti -20 °C.
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Celkové bylo ziskano 0,49 g (97 %) slou¢eniny 1, ktera byla charakterizovana pomoci 'H, 1°C, *'P
a ''”Sn NMR a IC spektroskopie, rentgenové difrakéni analyzy.

Charakterizace:
M (C26H31ClsO2N2PSn2) = 813,74 g/mol. Bod tani = 184-186 °C. Elementarni analyza: vypocteno
C 38,4; H 3,8; nameéreno: C 38,6; H 4.,0.

'H NMR (500,13 MHz, THF-ds, 25 °C): 8 (ppm) 1,15 (bs, 12H, CHx(iPr)), 1,39 (t, 3H, CH>(OEY),
3J('H,'H) = 7,0 Hz), 3,02-3,19 (m, 2H, CH(iPr)), 4,33 (m, 1H, CH>(OE)), 4,52 (m, 1H, CHx(OEL)),
7,19-7,25 (m, 3H, Ar-H), 7,50-7,54 (m, 2H, Ar-H), 7,61 (t, 1H, Ar-H, *J(H,'H) = 7,3 Hz), 8,06—
8,13 (m, 3H, Ar-H), 8,51 (bs, 2H, Ar-H), 8,76 (s, |H, CH=N).

BC{'H} NMR (125,72 MHz, CDCls, 25 °C): § (ppm) 16,4 (d, CHs(OEt), 3J'P,"*C) = 6,4 Hz),
23,6 (CHs(iPr)), 28,5 (CH(iPr)), 67,3 (d, CH2(OEY), 2J(*'P,"*C) = 7,3 Hz), 123,3, 124,4, 1245,
127.,9, 129,6 (d, "J(*'P,*C) = 14,5 Hz), 132,1 (d, "J(*'P,"*C) = 20,0 Hz), 133,1 (d, "JC'P,"*C) = 11,8
Hz), 134.,5 (d, "J(*'P,"*C) = 1,8 Hz), 135,1 (d, "JC'P,3C) = 2,7 Hz), 140,7, 144,2 (d, "J(*'P,*C) =
9,1 Hz), 148,8 ("J*'P,3C) = 126,3 Hz), 149,5 (Ar-C), 162,6 (CH=N).

SIp{'H} NMR (202,40 MHz, THF-ds, 25 °C): & (ppm) 20,0.
119Sn{'H} NMR (186,49 MHz, CDCls, 25 °C): § (ppm) -101,1, -510,3.
IC: v(P=0) 1151 cm™".

Priprava [{2-(C(Me)=N(Dipp)-6-(Ph(OEt)PO)CsHsN}SnClI|" [SnCls] (2)

_ sncig
N(Dipp)
+ 2sncl, —————>
A 2 THF,24h
P=0
Ph”\
Ot
L4 2
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Pracovni postup:

Analogicky piipravé slou¢eniny 1. Reakci vychozich latek SnCl. (0,24 g, 1,26 mmol) a ligandu L*
(0,29 g, 0,63 mmol) vznikl komplex 2. Celkové€ bylo ziskano 0,49 g (92 %) komplexu 2, ktery byl
charakterizovan pomoci 'H, *C, 3'P a '""Sn NMR a IC spektroskopie, rentgenové difrakéni

analyzy.

Charakterizace:
M (C27H33C14O2N2PSn2) = 827,77 g/mol. Bod tani = 175-177 °C. Elementarni analyza: vypocteno
C 39,2; H 4,0; nameéreno: C 39,3; H 4,1.

'H NMR (500,13 MHz, CDCls, 25 °C): & (ppm) 1,05 (d, 3H, CHx(iPr), *J('H,'H) = 7,0 Hz), 1,10
(d, 3H, CHx(iPr), *J('H,'H) = 6,7 Hz), 1,23 (t, 6H, CHx(iPr), *J('H,'H) = 6,4 Hz), 1,44 (t, 3H,
CH(OEY), *J('H,'H) = 7,0 Hz), 2,56 (s, 3H, (CH:)C=N), 2,88 (sept, IH, CH(iPr), *J('H,'H) = 6,7
Hz), 3,01 (sept, 1H, CH(iPr), *J('H,'H) = 6,4 Hz), 4,37-4,44 (m, 1H, CH:(OEY)), 4,54-4,59 (m, 1H,
CH(OEY)), 7,25-7,31 (m, 3H, Ar-H), 7,53-7,57 (m, 2H, Ar-H), 7,64-7,67 (m, 1H, Ar-H), 8,08-8,16
(m, 3H, Ar-H), 8,52-8,53 (m, 1H, Ar-H), 8,59-8,63 (m, 1H, Ar-H).

13C{'H} NMR (125,72 MHz, CDCls, 25 °C): & (ppm) 16,4 (CH3(OEt), *J('P,*C) = 6,4 Hz), 19,7
((CH3)C=N), 24.9, 25.0, 25,1, 25,2 (CHs(iPr)), 28,4, 28,6 (CH(iPr)), 67,3 (CH2(OEY), 2J('P,*C) =
7,3 Hz), 124,8, 1249, 128,0, 129,4, 129,6, 131,8 ("JC'P,*C) = 2,7 Hz), 132,2 ("JC'P,*C) = 19,1
Hz), 133,0, 133,1, 135,0 ("JC'P,3C) = 2,7 Hz), 137,2, 140,0, 140,1, 144,4 ("J'P,*C) = 10,0 Hz),
148,8 ("JC'P,3C) = 144,4 Hz), 150,6 ("J(*'P,°C) = 15,4 Hz) (Ar-C), 169,9 (CHs)C=N).

Sp{'H} NMR (202,40 MHz, CDCls, 25 °C): § (ppm) 36,1.
19Gn{'H} NMR (186,49 MHz, CDCl3, 25 °C): § (ppm) -64,5, -495,5.

IC: v(P=0) 1148 cm™.
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Priprava [{2-(CH=N(Dipp)-6-(Ph.PO)CsHsN}SnCI]"[SnCl] (3)

_ [SnCI3]@
—N(Dipp)
2 SnCl S
N\ + 2 THF,24h
P—0
Ph”\
Ph -
LS 3
Pracovni postup:

Analogicky pifpravé slouceniny 1. Reakci vychozich latek SnClz (0,24 g, 1,26 mmol) a ligandu L®
(0,28 g, 0,63 mmol) vznikl komplex 3. Celkov¢ bylo ziskano 0,49 g (92 %) komplexu 3, ktery byl

charakterizovan pomoci 'H, 3'P a ''°Sn NMR a IC spektroskopie, rentgenové difrakéni analyzy.

Charakterizace:
M (C30H31Cl4ON2PSn2) = 845,79 g/mol. Bod tani =225-228 °C. Elementarni analyza: vypocteno
C42,6; H 3,7; namereno: C 42,8; H 3,8.

'"H NMR (500,13 MHz, THF-ds, 25 °C): § (ppm) 1,23 (d, 12H, CH5(iPr), *J('H,'H) = 7,0 Hz), 3,18
(sept, 2H, CH(iPr), *J(*H,'H) = 7,0 Hz), 7,25-7,31 (m, 3H, Ar-H), 7,65-7,68 (m, 4H, Ar-H), 7,75-
7,78 (m, 2H, Ar-H), 8,08-8,13 (m, 4H, Ar-H), 8,59-8,62 (m, 1H, Ar-H), 8,73 (bs, 1H, Ar-H), 8,78-
8,79 (m, 1H, Ar-H), 8,99 (s, 1H, CH=N).

BC{'H} NMR (125,72 MHz, THF-ds, 25 °C): kviili nizké rozpustnosti vzorku nebylo mozné ziskat
13C NMR spektrum.

S'p{'H} NMR (202,40 MHz, THF-ds, 25 °C): § (ppm) 35,7.
19Gn{'H} NMR (186,49 MHz, THF-ds, 25 °C): § (ppm) -95,4, -485.6.

IC: v(P=0) 1131 cm™.
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Priprava [{2-(C(Me)=N(Dipp)-6-(Ph.PO)CsHsN}SnCI]*[SnCls] (4)

_ (sncig)®
N(Dipp)
+ 2snCl, —————>
N\ 2 THF,24h
Ph\
Ph -
LS 4
Pracovni postup:

Analogicky piipravé slouceniny 1. Reakei vychozich latek SnCl. (0,24 g, 1,26 mmol) a ligandu L®
(0,30 g, 0,63 mmol) vznikl komplex 4. Celkové bylo ziskano 0,49 g (92 %) komplexu 4, ktery byl

charakterizovan pomoci 'H, *'P a '"?Sn NMR a IC spektroskopie, rentgenové difrakéni analyzy.

Charakterizace:
M (C51H33ClsaON2PSn2) = 859,81 g/mol. Bod tani = 194-199 °C. Elementarni analyza: vypocteno
C43,3; H 3,9 ; nameéreno: C 43,5; H4,1.

'"H NMR (500,13 MHz, CDCls, 25 °C): § (ppm) 1,15 (d, 6H, CHs(iPr), *J('H,'H) = 7,0 Hz), 1,28
(d, 6H, CHs(iPr), *J('"H,'H) = 7,0 Hz), 2,65 (s, 3H, (CH:)C=N), 2,97 (sept, 2H, CH(iPr), *J('"H,'H)
=7,0 Hz), 7,32-7,37 (m, 3H, Ar-H), 7,64-7,67 (m, 4H, Ar-H), 7,74-7,77 (m, 2H, Ar-H), 7,97-8,02
(m, 4H, Ar-H), 8,20-8,22 (m, 1H, Ar-H), 8,68-8,70 (m, 1H, Ar-H), 8,77-8,81 (m, 1H, Ar-H).

BC{'H} NMR (125,72 MHz, CDCls, 25 °C): & (ppm) 19,7 ((CHs)C=N), 25,0, 25,0 (CH;s(iPr)),
28,5 (CH(iPr)), 124.6, 124,8, 125,5, 127,9, 128,3, 129,6, 129,7, 131,7 (d, "J('P,'3C) = 2,7 Hz),
132,5 (d, "JC'P,13C) = 19,1 Hz), 133,5 (d, "J'P,13C) = 12,7 Hz), 134,8 (d, "J*'P,'3C) = 2,7 Hz),
137,3, 139,9, 1443 (d, "JC'P,'*C) = 9,1 Hz), 149,3, 150,2, 151,4 (d, “J('P,'*C) = 13,6 Hz) (Ar-C),
169,2 ((CHs)C=N).

Sp{IH} NMR (202,40 MHz, CDCls, 25 °C): § (ppm) 41,0.

119G {'"H} NMR (186,49 MHz, CDCls, 25 °C): & (ppm) -62,0, -469,0.
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IC: v(P=0) 1068 cm™.

Priprava [{2-(C(Me)=N(Dipp)-6-(Ph(EtO)PO)CsHsN}Sn(H:0)] [OTf]: (5)

N(Dipp) —N(Dipp)
— _ l ot®
4+  Sn(OTf) > 2
\ /N 2 THE. 24h \ /N+Sn<\—OH2
ot
P—0O =
Ph”\ phh O
OEt OEt
L2 5

Pracovni postup:

Roztok Sn(OTf): (0,25 g, 0,60 mmol) v THF (20 ml) byl za michani pfidan k roztoku ligandu L2
(0,27 g, 0,60 mmol) v THF (20 ml). Reak¢ni smés byla michana po dobu 24 hodin za laboratorni
teploty. Poté rozpoustédlo bylo odstranéno odparovanim za nizkého tlaku a pevny zbytek byl
promyt benzenem (10 ml), coz vedlo k vysrdzeni slouc¢eniny 5 ve formé Zlutého prasku. Ziskany
produkt 5 byl charakterizovan pomoci 'H, *'P, '"”Sn a '’F NMR a IC spektroskopie. Celkovy
vytézek reakce Cinil 0,47 g (91 %).

Charakterizace:
M (C2sH3309FsN2S2PSn) = 749,23 g/mol. Bod tani = 260-262 °C. Elementarni analyza:
vypocteno C 38,7; H 3,8; naméreno: C 38,5; H 3,7.

"H NMR (500,13 MHz, THF-ds, 25 °C): § (ppm) 1,18 (t, 6H, CHs(iPr), 3J('H,'H) = 7,5 Hz), 1,27-
1,29 (m, 6H, CHs(iPr)), 1,47 (t, 3H, CH3(OEt), *J(*"H,'H) = 7,0 Hz), 3,16 (m, 2H, CH(iPr)), 4,50
(m, 2H, CH>(OEt)), 7,36-7,38 (m, 3H, Ar-H), 7,60-7,65 (m, 2H, Ar-H), 7,74-7,76 (m, 1H, Ar-H),
8,17-8,22 (m, 2H, Ar-H), 8,40-8,44 (m, 1H, Ar-H), 8,57-8,60 (m, 1H, Ar-H), 8,69-8,71 (m, 1H,
Ar-H).

BC{'H} NMR (125,72 MHz, THF-ds, 25 °C): kvili nizké rozpustnosti vzorku nebylo mozné ziskat
BC NMR spektrum.
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S'p{'H} NMR (202,40 MHz, THF-ds, 25 °C): § (ppm) 38,0.
19gn{'H} NMR (186,49 MHz, THF-ds, 25 °C): & (ppm) -859,9.
F NMR (470,59 MHz, THF-ds, 25 °C): § (ppm) -79,3.

IC: v(P=0) 1158 cm, v(O-H) 2960 cm'.

P¥iprava [{2-(CH=N(Dipp)-6-(Ph.PO)CsH:N}Sn(H.0)][OTf]- (6)

—N(Dipp) —N(Dipp)
— _ l ot
N +  Sn(OTf) > 2 /.
N\ / 2 THF, 24h \ /N_'SR:_OHZ
oT®
P—o0 =
Ph”\ ph-R O
Ph Ph
LS 6
Pracovni postup:

Analogicky piipravé slouc¢eniny 5. Sn(OTf)2 (0,18 g, 0,43 mmol) a ligand L(0 0,20 g, 0,43 mmol)
poskytly sloudeninu 6. Ziskany Zluty prasek 6 byl charakterizovan pomoci 'H, *'P, ''°Sn a ’F NMR
a IC spektroskopie. Celkovy vytézek reakce ¢inil 0,33 g (85 %).

Charakterizace:
M (Cs2H330sFsN2S2PSn) = 901,42 g/mol. Bod tani = 172—175 °C. Elementarni analyza:
vypocteno C 42,6; H 3,7; naméreno: C 42,7; H 3.8.

'H NMR (500,13 MHz, THF-ds, 25 °C): § (ppm) 1,26 (d, 12H, CH5(iPr), *J('"H,'H) = 6,7 Hz), 3,19
(sept, 2H, CH(iPr), *J(*H,'H) = 6,7 Hz), 7,31-7,34 (m, 4H, Ar-H), 7,61-7,65 (m, 4H, Ar-H), 7,75-
7,78 (m, 2H, Ar-H), 8,02-8,06 (m, 4H, Ar-H), 8,58-8,63 (m, 3H, Ar-H), 9,03 (s, 1H, CH=N).

BC{'H} NMR (125,72 MHz, THF-ds, 25 °C): kviili nizké rozpustnosti vzorku nebylo mozné ziskat
13C NMR spektrum.

3Ip{'H} NMR (202,40 MHz, THF-dg, 25 °C): § (ppm) 42.8.
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19Sn{'H} NMR (186,49 MHz, THF-ds, 25 °C): § (ppm) -918,2.
F NMR (470,59 MHz, THF-ds, 25 °C): 6 (ppm) -79,1.
IC: v(P=0) 1169 cm™, v(O—H) 2963 cm™.

Priprava [{2-(CH=N(Dipp)-6-(PhP(0)(0OSnCl.))CsH:N}SnCl] (7)

B N C)
SnCl _
[Sncl] —T(Dlpp)
> N—Sn—Cl
Toluen/THF
80°C, 7d
Ph/ﬁ ©
_| Oqan|2
1 7

Pracovni postup:

Sloucenina 1 (0,50 g, 0,61 mmol) byla rozpusténa ve smési rozpoustédel toluen/THF (1:1, 20 ml)
a roztok byl zahtivan v olejové lazni pii 80 °C po dobu 7 dni. Pribéh reakce byl monitorovan
pomoci *'P NMR spektroskopie, dokud signal vychozi slouceniny 1 nezmizel a nebyl nahrazen
novym signalem slouceniny 7. Reak¢ni smés byla solidifikovana odpafenim za snizeného tlaku a
pevny material byl proplachnut malym mnoZzstvim hexanu (5 ml). Ziskany Zluty prasek 7 byl
charakterizovan pomoci 'H, 1*C, 3'P a '"”Sn NMR a IC spektroskopie, rentgenové difrakéni
analyzy. Monokrystalicky zluty material byl vypéstovan rozpusténim pevného sypkého prasku 7
ve dvouslozkovém systému rozpoustédel Hexan-CH>Cl, a poté umisténim do mraznic¢ky pii -20

°C. Celkovy vytézek reakce €inil 0.41 g (90 %).

Charakterizace:
M (C24H26C1302N2PSn2) = 749,23 g/mol. Bod tani = 116-119 °C. Elementarni analyza: vypocteno
C 38,5; H, 3,5; naméreno: C 38,3; H, 3,4.

'TH NMR (500,13 MHz, CDCls, 25 °C): & (ppm) 1,11 (bs, 3H, CH(iPr)), 1,15 (bs, 3H, CHs(iPr)),
1,28 (d, 6H, CHs(iPr), *J("H,'H) = 6,7 Hz), 3,04 (bs, 1H, CH(iPr)), 3,19 (sept, 1H, CH(iPr),
3J(*H,'H) =6,7 Hz), 7,10-7,13 (m, 2H, Ar-H), 7,18-7,24 (m, 2H, Ar-H), 7,38 (t, 1H, Ar-H, *J(*H,'H)
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=7,9 Hz), 7,45-7,50 (m, 1H, Ar-H), 7,57 (t, 1H, Ar-H, *J('H,'H) = 7,0 Hz), 8,00-8,04 (m, 1H, Ar-
H), 8,08-8,12 (m, 1H, Ar-H), 8,18-8,21 (m, 1H, Ar-H), 8,54 (s, |H, CH=N).

BC{'H} NMR (125,72 MHz, CDCls, 25 °C): & (ppm) 23,6 (CHs(iPr)), 28,6 (CH(iPr)), 123,2,
124,8, 1276, 129,1 (d, "J(*'P,*C) = 14,5 Hz), 130,4, 131,0, 132,9 (d, "J(*'P,*C) = 11,8 Hz), 133,6
(d, "J('P,*C) = 3,6 Hz), 139,6, 141,8, 141,9, 147,3 (d, "J(*'P,*C) = 14,5 Hz), 156,3 (d, "J(*'P,"*C)
=142,6 Hz) (Ar-C), 160,4 (CH=N).

3Sp{'H} NMR (202,40 MHz, CDCls, 25 °C): § (ppm) 25,3.
19gn{'H} NMR (186,49 MHz, CDCls, 25 °C): § (ppm) -215,8, -497 4.
IC: v(P=0) 1130 cm™".

Priprava [{2-(C(Me)=N(Dipp)-6-(PhP(O)(OSnCl.))CsHsN}SnCl] (8)

B ] ®
SnCl .

[SnCls] —T(Dlpp)
Toluen/THF N—-5n—Cl

80°C, 7 d ’

ph-T—©
O—>SnC|2

2 8

Pracovni postup:

Analogicky ptipravé slouceniny 7. Zahtatim roztoku slouceniny 2 (0,50 g, 0,60 mmol) dochazi ke
vzniku sloudeniny 8. Ziskany Zluty prasek 8 byl charakterizovan pomoci 'H, 1*C, *'P a ''Sn NMR

a IC spektroskopie. Celkovy vytézek reakce &inil 0,46 g (94 %).

Charakterizace:
M (C2sH25Cl302N2PSn) = 763,25 g/mol. Bod tani = 113-116 °C. Elementarni analyza: vypocteno
C 39,3; H 3,7; naméreno: C 39,5; H 3.,8.

'H NMR (500,13 MHz, CDCls, 25 °C): & (ppm) 1,11 (d, 6H, CHs(iPr), *J('H,'H) = 6,5 Hz), 1,27
(d, 6H, CHx(iPr), *J('H,'H) = 6,5 Hz), 2,47 (s, 3H, (CH3)C=N), 3,01 (bs, 2H, CH(iPr)), 7,28-7,32
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(m, 3H, Ar-H), 7,51 (bs, 2H, Ar-H), 7,58 (d, 1H, Ar-H, *J("H,'H) = 7,3 Hz), 8,11 (t, 1H, Ar-H,
3J('"H,'H) = 6,8 Hz), 8,20-8,25 (m, 2H, Ar-H), 8,22-8,24 (m, 1H, Ar-H), 8,41 (d, 1H, Ar-H,
3J("H,'H) = 7,3 Hz).

BC{'H} NMR (125,72 MHz, CDCl;, 25 °C): & (ppm) 19,0 ((CH3)C=N), 24,5, 25,0 (CHs(iPr)),
28,2, 28,9 (CH(iPr)), 124,3, 124,7, 127.4, 128.1, 128,9 (d, "J(*'P,*C) = 14,7 Hz), 130,3, 1327,
132,9 (d, "J(*'P,"*C) = 11,7 Hz), 134,4 (d, "J(*'P,*C) = 2,9 Hz), 137.4, 141,7 ("J(*'P,*C) = 9,5 Hz),
148,3 ("J(*'P,*C) = 13,9 Hz), 155,8 ("J(*'P,3C) = 139,4 Hz) (Ar-C), 167,1 ((CHs)C=N).

SIp{'H} NMR (202,40 MHz, CDCls, 25 °C): & (ppm) 23,7.
19Sn{'H} NMR (186,49 MHz, CDCls, 25 °C): § (ppm) -212,6, -497.8.
IC: v(P=0) 1156 cm™".

Priprava [{2-(C(CHz3)=N(Dipp)-6-((OiPr)2PO)CsHsN} PhsSnCl] (10)

N(Dipp) N(Dipp)
Ph3;SnCl —>
\ /N + 3= benzen, 2 h \ /N
ipro-F=0 ipro-F=0—PhssnCl
OiPr OiPr
L? 10
Pracovni postup:

Do benzenového roztoku PhsSnCl (0,17 g, 0,43 mmol) byl pfidan roztok ligandu L2 (0,19 g, 0,43
mmol) v benzenu (10 ml) za laboratorni teploty a smées byla michana po dobu 2 hodin. Poté bylo
rozpoustédlo za snizeného tlaku odstranéno a ziskany zluty pevny produkt byl promyt hexanem,
coz vedlo k vysrazeni svétle zlute¢ho prasku 10. Ziskany produkt 10 byl charakterizovdn pomoci
'H, C, 3P a '"Sn NMR a IC spektroskopie a rentgenové difrakéni analyzy. Monokrystaly pro
rentgenovou difrakéni analyzu byly ziskdny z roztoku slouceniny 10 ve smési rozpoustédel

toluen/hexan (1:1) pfi -20 °C. Celkovy vytézek reakce Cinil 0,33 g (94 %).
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Charakterizace:

M (C43H5203CIN2PSn) = 830,02 g/mol. Bod tani = 106,3 °C.

"H NMR (500,13 MHz, C¢Ds, 25 °C): & (ppm) 1,04 (d, 6H, CHx(iPr), *J('H,'H) = 6,2 Hz), 1,10 (d,
6H, CHx(iPr), *J('H,'H) = 9,0 Hz), 1,11 (d, 6H, CHs(OiPr), *J('H,'H) = 8,0 Hz), 1,14 (d, 6H,
CH(OiPr), *J('H,'H) = 6,9 Hz), 2,21 (s, 3H, (CH:)C=N), 2,80 (dd, 2H, CH(iPr)), 4,66 (dd, 2H,
CH(OiPr)), 7,15 (m, 13H, Ar-H), 7,67 (t, 1H, Ar-H), 7,79 (m, 6H, Ar-H), 8,36 (d, 1H, Ar-H,
3J('H,'H) = 8,0 Hz).

BC{'H} NMR (125,72 MHz, C¢Ds, 25 °C): d(ppm) 17,5 ((CHs)C=N), 23.2 (CHs(iPr)), 23,8
(CHs(iPr)), 24,1 (d, CHs(OiPr), *J(*'P,'*C) = 5,2 Hz), 24,3 (d, CHs(OiPr), 3J(*'P,*C) = 3,7 Hz), 29,1
(CH(iPr)), 72,2 (d, CH(OiPr), 2J('P,'*C) = 6,1 Hz), 123.9, 124,8, 129,4 (d, "J(*'P,"*C) = 25,2 Hz),
129,5 (s, "J(**Sn,'*C) = 65,4 Hz), 130,4 (d, "J(*'P,"*C) = 14,0 Hz), 130,4, 136,2, 136,9 (d, "J(*'P,'*C)
=12,1 Hz), 137,0 (s, "J(**Sn,3C) = 48,9 Hz), 140,3, 147,1, 153,2 (d, 'J(*'P,*C) = 230,3 Hz), 157,3
(d, Ar-C, "J(*'P,*C) = 22,1 Hz), 167,2 ((CHs)C=N).

Sp{'H} NMR (202,40 MHz, C¢Ds, 25 °C): & (ppm) 7,6.
198 {"H} NMR (186,49 MHz, CsDs, 25 °C): & (ppm) -58.9.
IC: v(P=0) 1215 cm™".

Piiprava [{2-(C(CH3)=N(Dipp)-6-((OiPr).PO)CsHsN} Ph2SnClz] (11)

N(Dipp) N(Dipp)
Ph,SnCl —>
\ /N + 29Nl benzen, 2 h \ /N
pro-R=0 ipro-F—=0—Ph,SnCl,
OiPr OiPr
L2 11
Pracovni postup:

Do benzenového roztoku Ph,SnCl, roztoku (0,11 g, 0,33 mmol) byl p¥idan roztok ligandu L2 (0,15

g, 0,33 mmol) v benzenu (10 ml) za laboratorni teploty a smes byla michédna po dobu 2 hodin. Poté
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bylo rozpoustédlo za snizeného tlaku odstranéno a ziskany Zluty pevny produkt byl promyt
hexanem, coz vedlo k vysrazeni svétle zlutého prasku 11. Ziskany produkt 11 byl charakterizovan
pomoci 'H, 1*C, 3P a ''”Sn NMR a IC spektroskopie a rentgenové difrakéni analyzy. Monokrystaly
pro rentgenovou difrakéni analyzu byly ziskdny z roztoku slouc¢eniny 11 ve smési rozpoustédel

toluen/hexan (1:1) pfi -20 °C. Celkovy vytézek reakce Cinil 0,24 g (93 %).

Charakterizace:

M (C37H4703C12N2PSn) = 778,37 g/mol. Bod tani = 111,2 °C.

"H NMR (500,13 MHz, C¢Ds, 25 °C): & (ppm) 1,04 (d, 6H, CHx(iPr), *J('H,'H) = 6,2 Hz), 1,10 (d,
6H, CHs(iPr), *J('H,'H) = 9,0 Hz), 1,11 (d, 6H, CHx(OiPr), 3J('H,'H) = 8,0 Hz), 1,14 (d, 6H,
CHx(OiPr), *J('H,'H) = 6,9 Hz), 2,21 (s, 3H, (CH:)C=N), 2,80 (dd, 2H, CH(iPr)), 4,66 (dd, 2H,
CH(OiPr)), 7,15 (m, 13H, Ar-H), 7,67 (t, 1H, Ar-H), 7,79 (m, 6H, Ar-H), 8,36 (d, 1H, Ar-H,
3J('H,'H) = 8,0 Hz).

3C{'H} NMR (125,72 MHz, C¢Ds, 25 °C): 8(ppm) 17,5 ((CHs)C=N), 23,2 (CHs(iPr)), 23.8
(CHs(iPr)), 24,1 (d, CHs(OiPr), J(*'P,"*C) = 5,2 Hz), 24,3 (d, CHs(0iPr), *JC'P,*C) = 3,7 Hz), 29,1
(CH(iPr)), 72,2 (d, CH(OiPr), >J(*'P,C) = 6,1 Hz), 123.9, 124.8, 129,4 (d, "JC'P,*C) = 25,2 Hz),
129,5 (s, "J("'°Sn,*C) = 65,4 Hz), 130,4 (d, "J(*'P,*C) = 14,0 Hz), 130,4, 136,2, 136,9 (d, "JC*'P,*C)
= 12,1 Hz), 137,0 (s, "J("*Sn,3C) = 48,9 Hz), 140,3, 147,1, 153,2 (d, 'JC'P,*C) = 230,3 Hz), 157,3
(d, Ar-C, "J(*'P,*C) = 22,1 Hz), 167,2 ((CHs)C=N).

Sp{'H} NMR (202,40 MHz, C¢Ds, 25 °C): & (ppm) 7,6.
19§n{'H} NMR (186,49 MHz, C¢Ds, 25 °C): § (ppm) -58,9.

IC: v(P=0) 1190 cm™.
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Piiprava [{2-(C(CH=SeCl2)=N(Dipp)-6-((OiPr)PO)CsH3N}] (12)

N(Dipp) ~—N(Dipp)
N + SeC|4 : N— |
\_/ THF, 2 h \ T seck
iPro/FFO ipro"R©
OiPr OiPr
L2 12
Pracovni postup:

SeCls (0,14 g, 0,63 mmol) byl rozpustén v THF (10 ml) a piidan k roztoku ligandu L2 (0,28 g, 0,63
mmol) v THF (10 ml) za laboratorni teploty a smés byla michdna 2 hodiny. Poté bylo rozpoustédlo
za snizeného tlaku odstranéno a oranzova pevna latka byla promyta hexanem. Ziskana slou¢enina
12 byla charakterizovan pomoci 'H, '*C, 3'P a 77Se NMR a IC spektroskopie. Celkovy vytézek
reakce Cinil 0,34 g (90 %).

Charakterizace:

M (C25H35C12N203PSe) = 592,41 g/mol. Bod tani = 180 °C.

"H NMR (500,13 MHz, THF-ds, 25 °C): § (ppm) 0,99 (d, 3H, CHs(iPr), *J('H,'H) = 6,7 Hz), 1,19
(d, 3H, CHx(iPr), *J('H,'H) = 6,7 Hz), 1,24 (d, 3H, CHx(iPr), J(H,'H) = 6,8 Hz), 1,28 (m, 6H,
CHx(iPr)), 1,36 (d, 3H, CHx(OiPr), *J('H,'H) = 6,8 Hz), 1,42 (d, 6H, CH(OiPr), *J('H,'H) = 6,1
Hz), 2,76 (m, 1H, CH(iPr)), 2,83 (m, 1H, CH(iPr)), 4,79 (m, 1H, CH(OiPr)), 4,92 (m, 1H,
CH(OiPr)), 6,08 (s, 1H, (CH)C=N), 7,15 (d, 1H, Ar-H, *J('"H,'H) = 7,5 Hz), 7,20 (d, 1H, Ar-H,
SJ('H,'H) = 14,2 Hz), 7,23 (d, 1H, Ar-H, *J('H,'H) = 14,3 Hz), 8,27 (t, 1H, Ar-H), 8,33 (m, 1H, Ar-
H), 8,39 (m, 1H, Ar-H).

BC{'H} NMR (125,72 MHz, THF-ds, 25 °C): §(ppm) 22,2 (CHs(iPr)), 22,8 (CHs(iPr)), 24,3 (d,
CH:(OiPr), *J(*'P,"*C) = 3,8 Hz), 24,3 (d, CHs(OiPr), *J(*'P,*C) = 30,17 Hz), 24,4 (d, CHs(OiPr),
3J(*'P,1*C) = 9,3 Hz), 24,7 (d, CHs(OiPr), 3J(*'P,*C) = 4,1 Hz), 29,5 (CH(iPr)), 29,7 (CH(iPr)), 62,4
((CH)C=N), "J("Se,*C) = 138,1 Hz), 73,3 (d, CH(OiPr), 2J(*'P,"*C) = 5,6 Hz), 73,5 (d, CH(OiPr),
2J(31P,3C) = 5,9 Hz), 124,2 (d, "J(*'P,"*C) = 21,7 Hz), 126,2 (d, "J(*'P,"*C) = 2,8 Hz), 126,6, 133,2
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(d,"JC'P,*C) = 16,9 Hz), 136,1, 136,83, 141,7 (d, "J(*'P,*C) = 10,4 Hz), 144.6, 151,1 (d, 'J(*'P,*C)
=216,1 Hz), 1526 (d, Ar-C, "JC'P,C) = 16,9 Hz), 161,2 ((CH)C=N).

Sp{'H} NMR (202,40 MHz, THF-ds, 25 °C): § (ppm) 4,7.
77Se{'H} NMR (95,4 MHz, THF-ds, 25 °C): § (ppm) 1029,7.
IC: v(P=0) 1255 cm™.

Piiprava [{2-(C(CH2TeCl3)=N(Dipp)-6-((OiPr)2PO)CsH3N}] (13)

N(Dipp) ~—N(Dipp)
N +  TeCl > N—TeCl
N\ / THF, 2 h N\ / :
iPrO/P\?O ipro-h
OiPr OiPr
L? 13

Pracovni postup:

TeCls (0,17 g, 0,63 mmol) byl rozpustén v THF (10 ml) a pfidan k roztoku ligandu L? (0,28 g, 0,63
mmol) v THF (10 ml) za laboratorni teploty a smés byla michdna 2 hodiny. Poté bylo rozpoustédlo
za snizeného tlaku odstranéno a oranzova pevna latka byla promyta hexanem. Ziskana slouc¢enina
13 byla charakterizovan pomoci 'H, *C, 3'P a '>Te NMR a IC spektroskopie a rentgenovou
difrak¢ni analyzu. Monokrystaly pro rentgenovou difrakéni analyzu byly ziskany z roztoku

slouc¢eniny 13 ve smési rozpoustédel toluen/THF (1:1) pti -20 °C. Celkovy vytézek reakce Cinil

0,34 g (90 %).
Charakterizace:
M (C25H36C13N203PTe) = 677,49 g/mol. Bod tani = 180 °C.

"H NMR (500,13 MHz, THF-ds, 25 °C): & (ppm) 1,11 (d, 6H, CHs(iPr), J(H,'H) = 6,8 Hz), 1,28
(m, 12H, CHs(iPr) + CHs(OiPr)), 1,45 (d, 6H, CHx(OiPr), *J('H,'H) = 6,1 Hz), 2,81 (m, 1H,
CH(iPr)), 4,22 (s, 2H, (CH>)C=N), 4,91 (m, 2H, CH(OiPr)), 7,16 (m, 1H, Ar-H), 7,23 (s, 1H, Ar-
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H), 7,25 (s, 1H, Ar-H), 8,32 (t, 1H, Ar-H), 8,57 (m, 1H, Ar-H), 8,85 (d, 1H, Ar-H, *J(*"H,'H) = 7,2
Hz).

BC{'H} NMR (125,72 MHz, THF-ds, 25 °C): &(ppm) 23,3 (CHs(iPr)), 24,2 (d, CHs(OiPr),
3J(3'P,"*C) = 5,4 Hz), 24,4 (CHs(iPr)), 24,5 (d, CHs(OiPr), *J(*'P,3C) = 3,7 Hz), 29,4 (CH(iPr)),
30,8 (CH(iPr)), 58,9 ((CH2)C=N), 74,7 (d, CH(OiPr), 2J(*'P,"*C) = 4,9 Hz), 124.6, 126,5, 128,1 (d,
"J('P,3C) = 2,3 Hz), 129,2, 133,3 (d, "J(*'P,C) = 16,4 Hz), 135,8, 143,8 (d, "J(*'P,C) = 9,7 Hz),
145,5, 149,6 (d, 'J*'P,"*C) = 210,8 Hz), 153,1 (d, Ar-C, "J(*'P,"*C) = 16,7 Hz), 160,9 ((CH)C=N).

SP{'H} NMR (202,40 MHz, THF-ds, 25 °C): & (ppm) 5,0.
7’Se{'"H} NMR (157,98 MHz, THF-ds, 25 °C): 5 (ppm) 1329,6.
IC: v(P=0) 1185 cm™.

Priprava[{2-(C(CHz3)=N(Dipp)-6-((OiPr):PO)CsH3N}Ge] (14)

[ N ©
. GeCl

—N(Dipp) [GeCly]

\ N—Ge? + K — >
/ \CI benzen, 24 h
pro R ©

- OiPr -

9 14

Pracovni postup:

Malé¢ kousky drasliku (0,05 g, 1,2 mmol) byly pfidany do benzenového roztoku slouceniny 9 (0,5
g, 0,68 mmol) za laboratorni teploty a smés byla michana po dobu 24 hodin. Nerozpustny material
byl odfiltrovan a poté bylo rozpoustédlo za snizeného tlaku odstranéno. Vysledna tmavé ¢ervend
pevna latka byla rozpusténa v hexanu. Hexanovy roztok byl zahustén k nasyceni a uchovavan pii
-20 °C, ¢imz byly nakonec ziskdny tmavé cervené krystaly slouceniny 14 vhodné pro
rentgenstrukturni analyzu. Ziskany produkt 14 byl také charakterizovan pomoci 'H, 3C a *'P NMR
a IC spektroskopie. Celkovy vytézek reakce &inil 0,36 g (20 %).
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Charakterizace:

M (C25H37GeN20O3P) = 517,19 g/mol. Bod tani = 156 °C.

"TH NMR (500,13 MHz, C¢Ds, 25 °C): § (ppm) 1,05 (d, 6H, CH(iPr), *J(*H,'H) = 6,9 Hz), 1,12 (d,
6H, CH(iPr), *J("H,'H) = 6,9 Hz), 1,15 (d, 6H, CH3(OiPr), *J('"H,'"H) = 6,2 Hz), 1,28 (d, 6H,
CHs(OiPr), *J("H,'H) = 6,2 Hz), 1,85 (s, 3H, (CH5)C=N), 2,53 (m, 2H, CH(iPr)), 4,79 (m, 2H,
CH(OiPr)), 6,06 (m, 1H, ArH), 6,95 (m, 2H, ArH), 7,15 (bs, 1H, ArH), 7,17 (bs, 1H, ArH), 7,22
(m, 1H, ArH).

BC{'H} NMR (125,72 MHz, C¢Ds, 25 °C): 8(ppm) 13,1 ((CHs)C=N), 23,6 (CHs(iPr)), 24,3 (d,
CHs(OiPr), 3J(*'P,*C) = 4,4 Hz), 24,5 (d, CHs(OiPr), *J('P,*C) = 4,4 Hz), 26,7 (CHs(iPr)), 28,4
(CH(iPr)), 71,8 (d, CH(OiPr), 2J(*'P,"*C) = 5,3 Hz), 117,4 (d, “J*'P,"*C) = 14,6 Hz), 119,2 (d,
"J('P,'3C) = 16,2 Hz), 123,8, 125,3, 127,9 (d, "J('P,"*C) = 3,6 Hz), 128,1, 129,5 (d, "J(*'P,"*C) =
24,9 Hz), 132,1 (d, "J(*'P,*C) = 11,9 Hz), 136,2, 138.6, 138,7 (d, Ar-C, 'J(*'P,"*C) = 210,5 Hz),
145,7 ((CHs)C=N).

Sp{'H} NMR (202,40 MHz, C¢Ds, 25 °C): & (ppm) 11,1.
IC: v(P=0) 1260 cm™.

Piiprava [{2-(C(CH3)=N(Dipp)-6-((OiPr)2PO)CsHsN}GeCIJ*[OTf] (15)

© B 1O
. GeCl
—N(Dipp) [GeCls] —N(Dipp) o
\ N—'Ge® + AgOTf . N—*Ge@
7 1a CH,Cl,, 1h \ /T
. _P—0 =
iPrO Fi iPrO/P\ O
L OiPr — | QiPr _
9 15
Pracovni postup:

Triflat stiibrny (0,1 g, 0,39 mmol) byl ptidan do roztoku slouceniny 9 (0,28 g, 0,39 mmol) v CH2Cl»
(10 ml) za laboratorni teploty a smés byla michana 1 hodinu. Nerozpustny material byl odfiltrovan

a poté bylo rozpoustédlo za snizeného tlaku odstranéno. Vyslednd nasycena zluta pevna latka byla
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promyta hexanem a ziskana slougenina 15 byla charakterizovan pomoci 'H, '3C a 3'P NMR a IC

spektroskopie. Celkovy vytézek reakce €inil 0,25 g (92 %).

Charakterizace:

M (C26H37CIF3GeN20gPS) = 701,71 g/mol. Bod tani = 130,2 °C.

'H NMR (500,13 MHz, CDCls, 25 °C): & (ppm) 1,06 (d, 6H, CHx(iPr), *J('H,'H) = 6,7 Hz), 1,17
(d, 6H, CHs(iPr), *J('H,'H) = 6,6 Hz), 1,26 (d, 6H, CHx(OiPr), *J(H,'H) = 7,1 Hz), 1,40 (d, 6H,
CHx(OiPr), *J('H,'H) = 6,1 Hz), 2,57 (s, 3H, (CH:)C=N), 2,71 (dd, 2H, CH(iPr)), 4,92 (dd, 2H,
CH(OiPr)), 7,28 (dd, 3H, Ar-H), 8,54 (t, 1H, Ar-H), 8,75 (dd, 1H, Ar-H), 8,83 (m, 1H, Ar-H).

3C{'H} NMR (125,72 MHz, CDCls, 25 °C): (ppm) 19,3 ((CHs)C=N), 23,9 (d, CHs(OiPr),
3JC'P,13C) = 5,2 Hz), 24,1 (d, CHs(OiPr), 3J(*'P,°C) = 2,7 Hz), 25,0 (CHs(iPr)), 27,3 (CHs(iPr)),
29,2 (CH(iPr)), 75,0 (d, CH(OiPr), 2JC'P,*C) = 5,1 Hz), 119,5 (q, CFs, 'J("*F,*C) = 319,4 Hz),
125,2, 128,9, 131,9 (d, "JC'P,*C) = 16,4 Hz), 132,1 (d, "JC*'P,”*C) = 2,1 Hz), 134,7, 139,9, 140,8,
146,4 (d, "JC'P,C) = 9,5 Hz), 147,6 (d, 'J('P,*C) = 210,5 Hz), 149,5 (d, Ar-C, "J(*'P,*C) = 17,7
Hz), 170,9 ((CHs)C=N).

3P{'H} NMR (202,40 MHz, CDCl;3, 25 °C): & (ppm) 12,7.
IC: v(P=0) 1121 cm™.

4.4. Obecny postup ROP cyklickych estert

O
(@]
0 kat., iniciator /60 /iniciétor
145°C H o
O n
(@]

Vybrany iniciator (benzylalkohol nebo polyalkohol), katalyzator a monomer v poméru 1/n:1:100
(n=pocet OH skupin alkoholu) byly umistény do Schlenkovy bafiky a michany, dokud smés nebyla
homogenizovana. Nasledn¢ byla Schlenkova batika se smési umisténa do pece predehiaté na
145 °C. Tato teplota byla vybrana na zakladé vyzkumu provedeného Ing. Terezou Panchartkovou
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D a odpovidé teploté tani L-laktidu (L-LA). Po ukon&eni polymerace byla smés ponechdna k
volnému chladnuti na laboratorni teplotu a konverze polymeracniho experimentu byla stanovena
pomoci 'H NMR spektroskopie srovnanim intenzity integral® signali odpovidajicich monomeru
oproti signdlim polymeru. Pro dal$i analyzy byl polymer nejprve rozpustén v CH3Cl (max. 5 ml)
a nasledné vysrazen pfidanim vzniklého roztoku do vétsiho mnozstvi studeného metanolu (50 ml).
VysuSeny produkt byl dale studovan pomoci vylucovaci chromatografie (SEC) s viceuhlovym

rozptylovym detektorem (MALS) a viskozimetrem (Visco).

4.5. Obecny postup pripravy GeTe nanocastic

_ _ o » 1 #
. OT: i .
—N(Dipp) (o —N(Dipp) N(Dipp)
— ® Li,Te —
N—Ge=Te
N—Ge —_— —— N + GeTe
\ / e THF \ / \ / i
— . pP—0 —
. P—O IPI’O/ \ . P=—0O
iPrO \O L oiPr i iPrO ED'P
- iPr g IPr
15 [L2GeTe] L2

Nejprve byl syntezovan LiTe reakci praskového telluru (32,32 mg, 0,25 mmol) s
triethylborohydridem lithnym (0,5 ml, 0,5 mmol) v THF. Suspenze telluridu lithného byla michana
po dobu 24 hodin, béhem niz doslo ke charakteristické zméné barvy z Sedé na svétle fialovou nebo
riZovou. Nasledné suspenze Li>Te v THF byla podchazena na teplotu -20 °C a po kapkéch pfidana
pies kanylu do roztoku [L2GeCI][OTf]" (15) (0,18 g, 0,25 mmol) v THF, jehoz teplota byla
udrZzovana na -20 °C. Vysledna suspenze byla postupné vytemperovana na pokojovou teplotu a
michana po dobu 24 hodin. Poté nasledovala filtrace a n¢kolikandsobné proplachnuti pevného
podilu suchym THF, aby byly odstranény rozpustné organické zbytky. Vysledny ¢erny prasek byl
dosuSen a pouzit k charakterizaci pomoci praskové rentgenové difrakce (XRD), transmisniho
elektronového mikroskopu (TEM), rastrovaciho elektronového mikroskopu s energiové
disperznim analyzatorem (SEM-EDX), vysokorozliSovaciho rastrovaciho elektronového

mikroskopu (HR-SEM), Ramanovy spektroskopie a LA-TOF hmotnostni spektrometrie.
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5. Vysledky a diskuze

Tato kapitola disertacni prace se zamétuje na shrnuti a zhodnoceni vysledki dosazenych
béhem doktorského studia. Podrobn¢ bude probrana syntéza a charakterizace pfipravenych

slou€enin a tyto vysledky budou porovnany s relevantnimi Gdaji nalezenymi v literatufte.

5.1. Syntéza vychozich ligandi L3¢

Jak jiz bylo zminéno v experimentalni ¢asti, jednd se o doposud nesyntetizované ligandy
L3¢, které rozsifuji téma piipravy nesymetrickych N,N,P(O)-chelatujicich ligand@ a navazuji na
piredchozi poznatky ziskané pii piipravé ligandii L!? s 2,6-distubstituovanym pyridinovym

zdkladem (Obrazek 18).¢”

—N(Dipp) N(Dipp)

\ /" \ /"

ipro”R—© ipro"h—©
OiPr OiPr
L? L2

Obrazek 18: Doposud znamé z literatury ligandy typu NNPO.

Syntéza probihala cestou C-P cross-couplingové reakce mezi odpovidajicim prekurzorem
2-[CR=N(Dipp)]-6-Br-CsHsN (L*5: R = H, L*®: R = CH3) a ethylfenylfosfinatem (L3*) nebo
difenylfosfinoxidem (L>®) v prostiedi triethylaminu za pouziti 1,1 -bis(difenylfosfino)ferrocenu a

octanu palladnatého jako katalyzatoru (Schéma 22).
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N(Dipp) Et;N N(Dipp)
— ﬂ Pd(CH,COO0),
DPPF
\_/ T IR2 CHECN,110°C N\ //
R 72 h
Br —
P=0
R\,
R
L3-6

L% R'=H, R®= OEt, R*=Ph
L% R*= CH,, R = OEt, R®*= Ph
L R'=H,R*=R*=Ph

L% R'=CH, R°=R*=Ph

Schéma 22: Rovnice piipravy nesymetrickych NNPO ligandii L.

Ligandy L*® byly izolovany ve formé& Zlutych krystalickych latek a charakterizovany
pomoci NMR spektroskopie. V. 'H NMR spektrech ligand@i L® a L3 byly nalezeny signaly
s chemickym posunem 6 8,27 (L*) a 8,29 ppm (L) typické pro iminovou funkéni skupinu (H)C=N.
V piipadé ligand L* a Lé byly naopak nalezeny signaly s chemickym posunem ¢ 2,09 (L*) a 2,03
ppm (L% methylové skupiny (CH3;)C=N. V 3'P{'H} NMR spektrech ligandii L* a L* které
obsahuji Ph(EtO)P=0 funk¢ni skupinu, byly nalezeny signdly s chemickym posunem ¢ 24,9 ppm
(L) a & = 25,4 ppm (L*). Naproti tomu, signaly v *'P{'H} NMR spektrech ligandi L3 a LS, které
obsahuji Ph,P=0 funkéni skupinu, jsou posunuty k vy$$im polim a maji hodnoty 6 19,0 ppm (L%)
a8 =20,0 ppm (L®). Lze tedy konstatovat, Ze nalezené *'P{'H} NMR signaly odpovidaji hodnotam
chemickych posunti, které jsou v literatufe uvedeny pro pyridin substituované difenylfosfinoxidy
(6 21,4 ppm) ¢&i ethylfenylfosfinaty (6 27,0 ppm).7?

V IC spektrech ligandti L3 - Lé byly nelezeny vibrace v = 1232 cm™ (L%), 1229 cm™ (L*), 1203

cm™ (L3) a 1201 cm™ (%), které jsou charakterizuji pfitomnost P=0 vazby.(?
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5.2. Reaktivita ligandd L3 se SnCl,

Na zakladé poznatki, Ze ligandy L!? reaguji se SnCl, za vzniku komplexni slouceniny [(L!"
3H)SnClI]* [SnCl3],©® byly podrobeny tyto nové pripravené ligandy L3 analogické reakci. Nejprve
byly ligandy L*% a SnCl, smichany v poméru 1:1 a pribéh reakce byl sledovan pomoci *'P{'H}
NMR spektroskopie. I po delsi dobé v reakéni smési byly detekovany 2 sady signali s pomerem
1:1, patfici pivodnimu ligandu a novému komplexu. Pro kvantitativni doreagovani na produkt bylo
nutné pfidat dalsi ekvivalent SnCly. Vysledna reakce vedla k tvorbé odpovidajicich iontovych
komplextt [(L*)SnCI]"[SnCls]" (1), [(LYSnCI]'[SnCLli]" (2), [(L%SnCI]'[SnCl;] (3) a
[(L%SnCI]'[SnCl5]" (4) (Schéma 23). Tim bylo potvrzeno, ze ligandy L*® jsou schopny auto-

ioniza¢ni reakce SnCl, analogicky ligandiim L',

1 _ 1 _
R
R o . [SnCI3]®
N(Dipp) —N(Dipp)
N + 2 SnCl — N—5n
N\ / 2 THF, 24h \ 7 cl
P—0O 3 pP—0O
R3/ \ 2 | R - \ 2 ]
R R
L>® 1-4

1: R'=H, R*= OEt, R® = Ph
2: R' = CH,, R* = OEt, R®= Ph
3:R'=H,R*=R’=Ph
4:R'=CH,, R*=R*=Ph

Schéma 23: Rovnice pripravy iontovych cinatych komplexii 1-4.

Naproti tomu v literatuie bylo také publikovano, ze N,N-chelatujici ligandy nesouci v ortho-
pozici pyridinového fragmentu stericky narocné arylové skupiny maji odliSnou reaktivitu. V téchto

piipadech byl pozorovan vznik neutralnich komplext typu [L—SnCl2] (Schéma 24).7Y

61
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—_—

\ /N \ /N—»Sncl2
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Schéma 24: Vybrany priklad reakce N,N-chelatujiciho ligandu se SnCl; za vzniku neutralniho komplexu typu
[L—SnCl].

Je tedy patrné, ze zavedeni funkénich skupin RoP=O do ortho-pozice imino-pyridinovych

ligandi je dilezitym faktorem pro iniciaci auto-ionizacni reakce SnCl,.

Slouceniny 1 - 4 jsou rozpustné v polarnich organickych rozpoustédlech (napt. THF nebo
CHxCly), ale jsou téméf nerozpustné v toluenu a hexanu. VSechny sloucCeniny byly
charakterizovany pomoci NMR spektroskopie. Ve *'P{'H} NMR spektrech sloucenin 1 - 4 byl
pozorovan signal s hodnotou chemického posunu ¢ 36,2 ppm (1), 36,1 ppm (2), 40,8 ppm (3) a
41,0 ppm (4). VSechny tyto signdly jsou posunuty k niz§imu poli oproti hodnotdm vychozich

ligandii, coz je v souladu s vétSim odstinénim na atomu P v dasledku P=O—Sn interakce ve

slou¢eninach 1 - 4. V '”Sn{'H} NMR spektrech sloucenin 1 - 4 byly nalezeny vzdy dva signaly.
Na zakladé dat nalezenych v literatute, signaly nalezené v rozmezi od ¢ -101,1 do 0 -62,0 ppm
charakterizuji pfitomnost aniontu [SnCl3]~,"? zatimco signaly v rozmezi od 6 -510,3 do J -469,0
ppm prokazuji existenci N,N-koordinovanych Sn(II) kationti [(L*%)SnCI]*. Tyto hodnoty jsou
navic velmi podobné tém, nalezenym v [K*N-(DIMPY)SnCI]"[EX;3]™ kationtech (rozsah & -482.4
az -411,7 ppm)©®73™) Lze tedy konstatovat, Ze v ptipadé nové pripravenych Sn(II) kationté [(L*
$)SnCl]* je atom Sn(II) koordinovéan dvéma atomy dusiku a jednim atomem kysliku. Ligandy L3
maji tedy v komplexech 1-4 1>-N,N,PO-koordina¢ni méd. Pro piehlednost jsou posuny *'P{!H} a
19Sn {'H} NMR ligandi a jejich Sn(II) komplex@ 1 — 4 shrnuty v Tabulce 3.
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Ligand | &3P{*H} | Komplex | &3P{*H} 5 19Sn{*H} 5 19Sn{*H}
[(L3%)SnCI]* [SnCls]”
L3 24,9 1 36,2 -510,3 -101,1
L* 25,4 2 36,1 -495,5 -64,5
L° 19,0 3 40,8 -485,6 -954
L® 20,0 4 41,0 -469,0 -62,0

Tabulka 3: Chemické posuny (ppm) >'P{H} a ''’Sn NMR pro ligandy L3—6 a komplexy 1-4.

Rentgenova strukturni analyza monokrystali komplexti 1 - 4 jednoznacné prokazala existenci
dvou opaéné nabitych &astic, kationtdi [(L3>*)SnCI]" a anionti [SnCls]", v ramci jedné krystalové
jednotky. Molekulové struktury sloucenin 1, 2:CH2Clz, 3 a 4:CH>Cl; jsou zndzornény na Obrazku
19.

Cl4 1 Sn2 2

CI3

Obrazek 19: ORTEP Reprezentace molekulovych struktur sloucenin 1 - 4. Atomy vodiku a molekuly CH>ClI; nejsou
pro ndazornost ukdzany.

63



Struktura vSech kationtl [(L**)SnCI]" je vzajemné velmi podobna, kdy atom cinu Snl je &tyt-
koordinovany atomy dusiku N1, N2, kysliku O1 a chloru CI1. Vybrané meziatomové vzdalenosti

(A) a thly (°) sloucenin 1-4 jsou shrnuty v Tabulce 4.

Meziatomové vzdalenosti (A) 1 2:CH2Cl; 3 4-CHCl;
a thly (°)

N1-Snl 2,397(7) 2,370(4) 2,420(2) 2,351(2)
N2-Sn1 2,544(8) 2,476(4) 2,574(2) 2,459(2)
01-Sn1 2,277(8) 2,318(3) 2,259(2) 2,281(2)
P1-0O1 1,496(8) 1,491(4) 1,512(2) 1,507(2)
P1-02 1,570(1) 1,578(4) - -
Sn1-Cl1 2,479(2) 2,461(1) 2,4583(6) 2,4574(7)
N1-Sn1-Cl1 82,0(2) 83,28(9) 83,95(5) 89,01(5)
N2-Sn1-Cl1 81,9(2) 86,26(9) 86,86(5) 88,94(5)
01-Sn1-Cl1 88,9(2) 90,63(9) 93,44(5) 84,61(5)
N1-Sn1-N2 66,4(2) 66,7(1) 65,66(6) 66,96(7)
01-Sn1-N1 73,8(3) 74,5(1) 73,79(6) 74,97(7)

Tabulka 4: Vybrané meziatomové vzdalenosti (4) a ihly (°) pro komplexy 1-4.

Meziatomové vzdalenosti O1-Sn1, které se pohybuji v rozmezi 2,259(2) a 2,318(3) A, ukazuji
zanedbatelny vliv substituenti R (R = Ph, OEt, iPr) na silu interakce PO—Sn. Meziatomové
vzdalenosti O1-Sn1 jsou totiZ srovnatelné s hodnotami nalezenymi v analogickych komplexech
[(L™?)SnCI]*[SnCls] (2,224(4)-2,230(2), nebo [{Fe(m>-Cp)(n>-CsHs-1,2-
(iPrO)2P=0)2}2SnC1] [SnCls]~ (2,263(2)-2,603(2) A)."°® Nalezené hodnoty jsou mensi neZ
hodnoty nalezené ve sloudeniné [cryptand[2.2.2]SnCI]*[SnCls]™ (2,745(6)-3,076(6) A).7%Y
Meziatomové vzdalenosti N1-Snl (2,351(2)-2,420(2) A) jsou kratsi nez vzdalenosti N2-Snl
(2,459(2)-2,574(2) A) a prokazuji silngjsi interakci N(py)—Sn oproti interakci N(im)—Sn.
Hodnoty také odpovidaji vzddlenostem N-Sn nalezenych v [(°N-(DIMPY)SnCl]* kationtech, kde
se vzdalenosti N(py)-Sn pohybuji v rozmezi 2,267-2,314 A, zatimco vzdélenosti N(im)-Sn jsou v
rozmezi 2,3839-2,516 A.(7374.76)
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IC spektroskopie slougenin 1 — 4 (méfeni v tuhé fazi na ATR néstavci) prokazala piitomnost
P=0 vibrace v rozmezi v = 1068 -1151 cm'. Tyto hodnoty jsou posunuty oproti vychozim
ligandim L3® (rozmezi v = 1201-1232 cm') a dokazuji zapojeni této skupiny do PO—Sn
koordinace v kationech [(L3%)SnCI]".

Z vyse uvedenych vysledk je ziejmé, Ze se ligandy L3 chovaji obdobné jako piibuzné ligandy
L2 nebo ligandy typu DIMPY %7 a opét reaguji s SnCl, za vzniku iontovych komplexi [(L*
$)SnCl1]" [SnCl3]". Zavedeni riiznych skupin R! (R! ~H, Me) na C=N skupinu, ¢&i skupin R? a R?
(R** = Ph, EtO) na skupinu R»PO nema podstatny vliv na struktury vyslednych slou¢enin. Ligandy
L3¢ se koordinuji k centralnimu atomu cinu «*-N, N,PO-zpiisobem pomoci atomti dusiku a kysliku.

Dale byly také provedeny pokusy o ptipravu cinatych dikationtti stabilizovanych pomoci
ligand L*%. Ekvimolarni reakce ligandd L*% s Sn(OTf), poskytly izolovatelné cinaté dikationty
pouze v piipade ligandii L* a L®, piicemz byly izoloviny odpovidajici aqua- komplexy

[(LYHSn(H20)][OTf]2 (5) a [(L%)Sn(H20)][OTf]2 (6) ve formé Zlutych pevnych latek (Schéma 25).

N(Dipp) —N(Dipp)
_ OTf@
o +  Sn(OTf H,0 . NZ%D/
\ /N n(OTf) ™\ n=—~0H,
oTi®
P 0 Pt ©
OEt OFEt
L4 5
—N(Dipp) —N(Dipp)
_ OTf@
o 4+ sn(OT) H,0 > NZ%) L
N 2 THE o N\ O o
oTi®
I —0
~F=0 ph
Ph”\ b
LS 6

Schéma 25: Rovnice pripravy cinatych dikationtii [(L*)Sn(H,0)][OTH]: (5) a [(L?)Sn(H>0)][OTf] (6).
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Slouceniny 5 a 6 jsou rozpustné v polarnich organickych rozpoustédlech (napt. THF nebo
CHxCly), ale jsou témét nerozpustné v toluenu a hexanu. VSechny slouceniny byly
charakterizovany pomoci NMR spektroskopie. Ve ''”Sn{'H} NMR spektrech slou¢enin 5 a 6 byly
nalezeny signaly s hodnotou chemického posunu 0 -859,9 ppm (5) a -918,2 ppm (6), které jsou
posunuty k vy$§imu poli ve srovnani se signaly v analogickych slou¢eninach [(L')Sn(H.0)][OTf].
(6 -658 ppm),® [{1,2-(CsH4N-2-C(CH3)=N),CH>CH>} Sn][OTf]> (6 -637 ppm), [ {1,2-(CsH4N-2-
C(CH3)=N)2C6H10} Sn][OTf]2 (8 -596 ppm).’” P¥itomnost OTf aniontll v obou slou¢eninach byla
potvrzena pomoci ’F {'H} NMR spektroskopie, kde byly nalezeny signaly s hodnotou chemického
posunu J -79,3 ppm (5) a -79,1 ppm (6). IC spektra obou slou¢enin mimo jiné obsahuji také Siroké
absorpéni pasy shodnotou v = 2960 cm™! (5) a 2963 cm! (6), které prokazuji pfitomnost

koordinované molekuly vody.®”

5.2.1. Stabilita pFipravenych k>-N,N,PO-chelatovanych Sn kationti

Stabilita piipravenych novych slou¢enin 1 - 6 v roztoku byla monitorovana pomoci *'P {'H}
NMR spektroskopie. Bylo zjisténo, Ze stabilita komplexti je vyrazné zavisla na typu ligandu L i
typu aniontu. V piipadé komplexii [(L*)Sn(H.0)][OTf]> (5) a [(L%)Sn(H,0)][OTf]. (6), kde
aniontova Cast je zastoupena skupinou OTT, nebyly detekovany zadné nové signaly. Totéz lze
konstatovat v piipadé sloucenin [(L%)SnCI]*[SnCl3] (3) a [(L)SnCI]*[SnCls] (4), tedy sloucenin
obsahujicich (Ph);PO skupinu a [SnCl3] aniont. Slou¢eniny tedy vykazuji velmi stabilni charakter.

Na druhou stranu, v piipadé komplexd [(L*)SnCI]'[SnCls]” (1) a [(L*SnCI]'[SnCl3] (2), tj.
sloucenin obsahujici (Ph)(EtO)PO skupinu, byly detekovany nové signaly s hodnotou chemického
posunu o0 25,6 ppm a 23,7 ppm. Z téchto méteni vyplyva nestabilita komplexti 1 a 2, u kterych
existuje kombinace ligandu s (Ph)(EtO)PO fragmentem spolu s aniontem [SnCls]". Kvantitativni
pfeména komplexti 1 a 2 byla pozorovéana po zahtivani jejich toluen : THF roztokl po dobu 7 dni.

Po zpracovani byly izolovany nové slouceniny 7 a 8 ve formé oranzovych pevnych latky (Schéma

26).
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Scheéma 26: Vznik sloucenin 7 a 8.

Piipravené slou¢eniny 7 a 8 byly charakterizovany pomoci NMR, IC spektroskopie a struktura
potvrzena pomoci rentgenové difrakéni analyzy (7). V 'H NMR spektrech sloucenin 7 a 8 byla
zaznamenana absence signalii pro skupinu EtO. V 3!'P{'H} NMR spektrech sloucenin 7 a 8 byl
nalezen signal s hodnotou chemického posunu ¢ 25,6 ppm (7) nebo 23,7 ppm (8). Tyto signély jsou
vyrazné posunuty k vy$§imu poli ve srovnani s komplexy 1 (6 36,2 ppm) a 2 (6 36,1 ppm).
V '¥Sn{'H} NMR spektrech pro obé& slouceniny byly pozorovany dva signily s chemickymi
posuny 0 -215,8 a -497,4 ppm (7), -212,6 a -497,8 ppm (8). Zatimco signaly posunuté k niz§imu
poli jsou srovnatelné s hodnotou chemického posunu nalezenou pro SnCly- THF (8 -236 ppm),7®
signaly posunuté k vy$§imu poli jsou podobné cinatym komplexnim kationtim [(L3%)SnCI]* (¢ -
510,3 az -469,0 ppm). Nameétend data tedy indikuji odstépeni Et skupiny z ptivodnich slouc¢enin 1
a 2 a ptitomnost dvou rtiznych Sn center. Domnivame se, ze v disledku interakce [ SnCl3] aniontu
s Ph(EtO)PO fragmentem dochézi k eliminaci EtCl, pticemz zbyvajici molekula SnCl, je dale
koordinovdna pomoci PO—Sn interakce (posuny 0 -215,8 (7), -212,6 (8)). Anion [SnCl3] tedy
vystupuje jako zdroj chloridového atomu, pusobi jako nukleofil pro naslednou eliminaci EtCI.
Z tohoto diivodill je kombinace aniontu [SnCl3] s ptitomnou (RO)P skupinou dilezitym faktorem
pro nestabilni charakter ptipravenych Sn(II) iontu.

Molekulova struktura komplexu 7 je zobrazena na Obrazku 20.
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Obrazek 20: ORTEP reprezentace molekulové struktury slouceniny 7.

Atom cinu Snl je ¢tyi-koordinovany dvéma atomy dusiku N1 a N2, kysliku O1 a chloru CI1.
Meziatomova vzdalenost N1-Sn1 (2,362(2) A) je mensi nez N2-Snl (2,519(2) A), coz indikuje, Ze
pyridinovy dusik N1 je vazan siln¢j§i N—Sn koordina¢ni vazbou, ve srovnani s iminovym dusikem

N2. Meziatomova vzdalenost O1-Snl (2,230(2) A) je srovnatelnad s vychozi slou¢eninou 1

(2,277(8) A). Tato hodnota je delsi neZ soucet kovalentnich poloméri obou atomi O,Sn (X

kov.sB(0,Sn) = 2,05 A)7 a definuje tak existenci silné O—Sn koordina¢ni vazby v 7. Naopak,

meziatomova vzdalenost 02-Sn2 (2,1439(17) A je blizka hodnoté X kov.s8(0,Sn) = 2,05 A a

srovnatelnd s hodnotami nalezenymi v cinatych aryloxidech (2,107-2,124 A).7® Tato data tak
naznacuji pfitomnost kovalentni vazby O-Sn a existenci {OSnCl,}" fragmentu. Vzdalenost P1-O1
(1,507(2) A) je opét srovnatelna s hodnotou nalezenou ve vychozi sloucening 1 (1,496(8) A),
nicméné vzdalenost P1-0O2 (1,515(2) A) je kratsi ve srovnani s hodnotou nalezenou v 1 (1,570(1)
A).

Na zéklad¢ vySe popsané charakterizace lze vazebnou situaci ve slou¢eninach 7 a 8 vysvétlit
nékolika zptsoby. Prvni mozné vysvétleni vychazi z udaji ''”Sn NMR spektroskopie, které
indikuji témé&f stejnou hodnotu chemického posunu pro fragment [(L3%)SnCl]" ve srovnani s
hodnotou chemického posunu pro komplexni kation ve slouc¢eninach 1 a 2. Proto komplexy 7 a 8

mohou byt oznaené za zwitterionické slouceniny obsahujici fragment [Sn-C1]" (Schéma 27A).
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Kladny néboj v tomto ptipadé€ je vykompenzovan noveé vznikajicim aniontem [O-SnClz]". Zaporny
naboj je delokalizovan pies fragment [O-P-O-SnCly], coz je indikovdno témeéf stejnymi

meziatomovymi vzdalenostmi P1-O1 a P1-O2.

Alternativnim vysvétlenim pro vazebnou situaci ve sloucenindch 7 a 8 je piitomnost

jednoduchych vazeb Sn-O a Sn-Cl a interakce P=O—SnCl> (Schéma 27B). Vznik vazby Sn—O

vede k uzavieni péticlenného kruhu, jehoZz nejbliz§i analoga v literatuie jsou

(80)

benzoxafosfastanoly. Toto vysvétleni je podporovano hodnotou chemického posunu

zaznamenanou v ' °Sn NMR pro fragment P=O—SnCl, (5 = -215,8 ppm (7) a § = -212,6 ppm (8)),
ktera je srovnatelna s nalezenou hodnotou chemického posunu v SnClo- THF (8 = -236 ppm).7”

R1 R1
=N(Dipp) =N(Dipp)

.
\ /N~>Sn0| - \ /N"/SnCI

z -0
ph~ o Ph T
-OSHC|2 O_>S|"|C|2
A B

Schéma 27: Mezomerni formy A (zwitterionické vysvétleni) a B (vysvétleni pres jednoduché vazby) sloucenin 7 a 8.

5.3. Reaktivita nesymetrického N,N,PO-chelatujiciho ligandu L?
s chloridy nepfechodnych prvki

Vzhledem k faktu, Ze nebyl pozorovan vyrazny rozdil v reaktivit¢ SnCl, s ligandy L*% ve
srovnani s ligandy L% bylo dal$i zkoumani reaktivity téchto N,N,PO-chelatujicich ligandi, z
praktickych diivod jako rozpustnost, snadnost pfipravy, vytézky reakci, omezeno na ligand L2,

ktery byl syntetizovan a charakterizovan dle postupu navrzeném v diplomové praci Ing. Sykové.®”

Reaktivita ligandu L? byla zaméfena na reakce s vybranymi Lewisovymi kyselinami
neptechodnych prvki, jmenovité GeCly.dioxan, PhzSnCl, Ph,SnCl, SeCls a TeCls. Reakei ligandu
L? s GeCly.dioxan vznika komplex [(L?)GeCl][GeCls] (9) (Schéma 28). Data z charakterizace

slou¢eniny 9 byla v souladu s literaturou.®
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N(Dipp) —n(ipp) |1
N 4+ GeCl,(dioxan) —> N—>Ge®
\ CH,Cl,, 1 h N\ // ‘\u
___p=o0 -
iPro P\ ] iPrO/R 0
OiPr — OiPr -
L2 9

Schéma 28: Rovnice pripravy germanatého komplexu 9.

3IP{H} NMR spektrum slou¢eniny 9 odhalilo pfitomnost signalu s hodnotou chemického
posunu (6 14,3 ppm) blizkou piibuznému organocinatému komplexu [(L*)SnCI]*[SnCls], ale
posunuta smérem k niz§imu poli oproti vychozimu ligandu L? kviili interakci P=O—Ge. N,N,PO
typ koordinace byl déle potvrzen pomoci rentgenové difrakéni analyzy na monokrystalovém
materialu. Detailni charakterizace pomoci NMR a IC spektroskopie a rentgen strukturni analyzy je
popsana v diplomové praci Ing. Sykové.(®? V p¥ipadé reakei ligandu L2 s ECl, (E = Sn, Ge) tedy
plati, Ze dochazi ke vzniku iontovych komplexi typu [(L2)ECI][ECls], a ligand L? se chov4 jako
>-N,N,PO-chelatujici ligand.

Naopak, reakci ligandu L2 s Ph3SnCl nebo Ph,SnCl, vznikly neutrélni komplexy [(L?)SnPh;Cl]
(10) a [(L*SnPhyCl,] (11) (Schéma 29).

N(Dipp) e
\ /N +  SnPh,Clsp benzen, 2 h e \ /N
proR© ipro~f O SPnClaxn
OiPr o
- 10:n=3
11:n=2

Schéma 29: Rovnice pripravy cinicitych komplexit typu SnPh,Cly., (10: n = 3; 11: n = 2).

Pripravené slouceniny 10 a 11 byly charakterizovany pomoci NMR, IC spektroskopie a struktura

potvrzena pomoci rentgenové difrakéni analyzy. V 3'P{'H} NMR spektrech byly nalezeny signaly
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s hodnotou chemického posunu 6 7,6 ppm (10) a 5,3 ppm (11), coZ jsou hodnoty blizké vychozimu
ligandu L? (6 7,2 ppm). Ve srovnani skomplexy [(L?)SnCI]'[SnCl;]" (6 16,4 ppm) a
[(L2)GeCl]"[GeCls] (9, § 14,3 ppm), jsou viak tyto hodnoty posunuty k vyssimu poli.®V Tato data
nasvédéuji tomu, ze dochazi pouze k slabé interakci (iPrO),P=0 skupiny ligandu L? a nedochazi
tak k vyraznému odstinéni na atomu P. V '"”Sn{'H} NMR spektrech byly nalezeny signaly s
hodnotou chemického posunu ¢ -58,9 ppm (10) a -187,7 ppm (11). Hodnota chemického posunu
slouéeniny 10 je srovnatelna s hodnotou nalezenou pro vychozi SnPhsCl (5 -44,7 ppm),®V a je
naopak zna¢né odlisSnd ve srovnani s hodnotami nalezenymi pro jednoduché komplexy
[(py)SnPhsCl] (6 -203,5 ppm) nebo [(DMSO)SnPhiCl] (5§ -226,8 ppm),®D obsahujici
intermolekularni Y—Sn (Y = O, N) interakci. Hodnota chemického posunu slouceniny 11 (0 -
187,7 ppm) je naopak posunuta k vy$sim polim ve srovnani s vychozi slouc¢eninou SnPh>Cl» (0 -
33 ppm v CDC13),%? a je srovnatelna s hodnotami nalezenymi v analogickych organocini¢itych
komplexech obsahujicich péti-koordinovany atom cinu, napt. [(BusP=0)SnPh2Clz] (6 -276 ppm)
nebo [(nCsH17):P=0)SnPh,Cls] (6 -252 ppm).®? I tato data tedy naznacuji zapojeni ligandu L2 do
interakce s vychozimi slouc¢eninami Ph3SnCl nebo Ph,SnCl.. Toto bylo potvrzeno pomoci
rentgenové difrakéni analyzy, kterd jednoznacné prokazala existenci neutralnich komplext
[(L2)SnPh;Cl] (10) a [(L*)SnPhoCl>] (11) s k!-O-koordinaci ligandu L. Monokrystaly slouéenin
10 a 11 vhodné pro rentgenstrukturni analyzu byly ziskdny z nasyceného roztoku toluenu/hexan
v poméru 1:1 pfi teploté -20 °C. Vybrand krystalograficka data sloucenin 10 a 11 jsou shrnuta v

Tabulce 5.

Meziatomové vzdalenosti (A) a thly (°) 10 11

Cl1-Sn1 2.4645(8) 2.4510(6)

Cl2-Sn1 - 2.3690(6)
01-Sn1 2.447(2) 2.2814(14)
P1-0O1 1.475(2) 1.4904(15)

Cl1-Sn1-01 175.84(5) 173.21(4)

Cl2-Sn1-01 - 83.15(4)

C1-Sn1-Cl2 - 90.08(2)

01-Sn1-P1 156.72(13) 142.76(9)

Tabulka 5: Vybrané meziatomové vzdalenosti (A) a iihly (°) pro komplexy 10 a 11.
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Atom cinu Snl je péti koordinovany s tvarem deformované trigonalni bipyramidy (nalezené
hodnoty © = 0,91 pro 10 a 0,80 pro 11). Bylo potvrzeno Ze ligand L? je koordinovan k atomu cinu
pomoci O—Sn intermolekularni interakce, jak dokazuji nalezené vzdalenosti O1-Sn1 2,447(2) A
(10) a 2,2814(14) A (11). Atomy dusiku N1 a N2 jsou mimo koordinaéni sféru Sn1, coz definuje
k!-O-koordinaéni motiv ligandu L? v téchto komplexech. Molekulové struktury sloucenin 10 a 11

jsou znazornény na Obrazku 21.

Obrazek 21: ORTEP reprezentace molekulovych struktur sloucenin 10 a 11.

Z vyse uvedenych vysledkl je zfejmé, Ze ligand L2 se pfi reakci s Ph3SnCl nebo PhoSnClh
chova jako «x!-O-chelatujici ligand, &¢imz se tedy vyrazné lisi ptredchozimu chovani, kdy
v iontovych slougeninach zaujimal «-N,N,PO-chelatujici motiv.

Déle byla také testovana reakce ligandu L? s halogenidy t&z8ich prvka 15. a 16. skupiny.
Zatimco reakce L2 s BiCls a SbCls neposkytly izolovatelné produkty, reakce L*s SeCls a TeCly
prob&hla jako aktivace CH vazby methylové skupiny (CH3)C=N. Ob& reakce byly nejprve

monitorovany pomoci *'P{'H} NMR spektroskopie a v reakéni smési byly nalezeny nové signaly
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s hodnotou 0 4,7 ppm (pro SeCls) a 0 5,0 ppm (pro TeCls). Z téchto reakci byly nasledné izolovany
nové¢ slouceniny 12 a 13, které obsahuji nové vazby CH=SeCl, (12, Schéma 30A) a CH»-TeCl3
(13, Schéma 30B).

~—N(Dipp)

\ /N—>SeCI2 A

N(Dipp) THF iPrO/R:O
— _ 2 HCl OiPr 1
\ /N 4+ ECI,
. THF _
ipro” 0 o N(Dipp)
OiPr ___
2 —
L 12: E=Se \ /N TeClg
13: E=Te
= B
iPrO/P\ ©
OiPr

13
Schéma 30: Rovnice pripravy komplexii 16. skupiny 12 a 13.

Slougeniny 12 a 13 byly nejprve charakterizovany pomoci NMR spektroskopie. V *'P{'H}
NMR spektrech byly nalezeny signaly s hodnotou chemického posunu ¢ 4,7 ppm (12) a 6 5,0 ppm
(13). Tyto hodnoty jsou posunuty k vys§imu poli ve srovnani hodnotami chemickych posunt
nalezenymi v 13-N,N,PO-chelatovanych komplexech [(L*)SnCI]*[SnCli]" (6 16,4 ppm) a
[(L>)GeCl]'[GeCls]” (9, 6 14,3 ppm) a spise se podobaji hodnotdm nalezenych v «!'-O-
koordinovanych slou¢eninach [(L2)SnPhsCl] (10, 6 7,6 ppm) a [(L?)SnPh,Cl,] (11, 6 5,3 ppm).
Nicméné 'H NMR spektroskopie slou¢enin 12 a 13 odhalila absenci signalu methylové (CH3)C=N
skupiny (typicky J ~ 2,3 ppm). Ve spektru slou¢eniny 12 byl pozorovan novy signél s hodnotou
chemického posunu ¢ 6,08 ppm, ktery mél integralni intenzitu 1. Hodnota chemického posunu a
integralni intenzity tak odpovida pfitomnosti methinové skupiny (=CH)C=N ve slouceniné 12.
Naproti tomu, ve spektru slouc¢eniny 13 byl nalezen novy signal s hodnotou chemického posunu o
4,22 ppm, ktery mél integralni intenzitu 2. V tomto piipadé tak 'H NMR spektrum definuje
pritomnost methandiylové skupiny (-CH>)C=N ve sloucenin¢ 13. Tato zjisténi byla dale potvrzena

pomoci PC{'H} NMR spektroskopie obou slouc¢enin. V '*C {!H} NMR spektru slouéeniny 12 byl
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pozorovan signal s hodnotou chemického posunu 0 62,4 ppm pro skupinu (=CH)C=N s interakéni
konstantou 'J(7’Se, 3C) = 138,1Hz. V 'H-'*C HSQC experimentu byl pak nalezen cross-peak
tohoto signalu s "H NMR signalem s § 6,08 ppm, prokazujici existenci (=CH)C=N fragmentu. Diky
piitomné interakéni konstanté 'J(7’Se, 13C) se 1ze domnivat, Ze ve sloucening 12 je atom Se piimo
vazan na tento (=CH)C=N fragment a definuje tak (Se=CH)C=N motiv. Podobné¢ *C{'H} NMR
spektrum slouceniny 13 ukézalo signal s hodnotou chemického posunu 6 58,9 ppm pro skupinu (-
CH2)C=N s interakéni konstantou 'J(1*Te, *C) = 117,4 Hz. V 'H - 1*C HSQC experimentu byl
nalezen cross-peak tohoto signalu s 'H NMR signalem s & 4,22 ppm, prokazujici existenci (-
CH>)C=N fragmentu. Diky piitomné interakéni konstanté 'J(*°Te, 1°C) se lze domnivat, Ze ve
slouc¢eniné 13 je atom Te piimo vazan na tento (-CH>)C=N fragment a definuje tak (Te-CH>)C=N
motiv. Existence CH (pro 12) resp. CHa (pro 13) skupin byla také prokazana pomoci *C APT
spekter téchto sloucenin. V 7’Se {'H} NMR spektru slouéeniny 12 byl pozorovan signal s hodnotou
chemického posunu 6 1029,7 ppm, zatimco v '**Te{'H} NMR spektru slou¢eniny 13 byl nalezen

signal s hodnotou chemického posunu 0 1329,6 ppm. Tato hodnota je srovnatelna s hodnotami

nalezenymi v literatufe pro N—Te koordinované organotelluri¢ité slouceniny [Dipp-(CHoz-

TeCl3)DIMPY] (8 = 1314,7 ppm) a PhoP(NSiMe3)2TeCls (8 = 1317,3 ppm).(1%%®) Data tedy ukazuii,
7ze ob¢ reakce probchly jako aktivace CH vazby methylové skupiny (CH3)C=N, kdy vedle
eliminace molekuly HCI byly izolovany slouceniny 12 a 13, které obsahuji nové vazby
CLSe=CH(C=N) (12, Schéma 30A) a ClzTe-CH>(C=N) (13, Schéma 30B).

V ptipadé slouceniny 12 byla identita slouc¢eniny potvrzena pomoci MS-MALDI TOF, kde signal
m/z = 557,12 v MS" odpovida fragmentu slouceniny [12-Cl]". Struktura slou¢eniny 13 byla
potvrzena pomoci rentgenové difrakéni analyzy. Molekulova struktura je zobrazena na Obrazku

22.
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Obrazek 22: ORTEP reprezentace molekulové struktury slouceniny 13. Vybrané strukturni parametry: vazebné
vzdalenosti (A) a vazebné vihly (°): N1-Tel 2,371(3), O1-Tel 2,862(1), C7-Tel 2,110(3); N1-Tel-ClI 85,65(10),
N2-Tel-C7 77,21(12), C7-Tel-CI1 86,53(16), C6-Tel-C7 114,4(5).

Molekulova struktura odhalila pfitomnost neutralniho slouceniny 13 a potvrdila existenci
nové kovalentni vazby C-Te s hodnotou meziatomové vzdalenosti C7-Tel = 2,110(3) A, ktera je
srovnatelna se souctem kovalentnich polomérii téchto atomid (ZcovC,Te = 2,11 A).7"® Hodnota
meziatomové vzdalenost C7-C6 (1,512(5) A) odpovida jednoduché kovalentni vazbé C-C (ZcovC,C
=1,50 A)7 a spolu s hodnotou vazebného tthlu Tel-C7-C6 (114,4(5)°) potvrzuje piitomnost sp’

hybridizace na atomu C7. Ligand L2 je pak k atomu Tel déle koordinovan pomoci pyridinového

dusiku, kdy meziatomova vzdalenost N1-Tel (2,371(3) A) definuje piitomnost silné N—Te

koordinace (ZcowN,Te = 2,02 A)."” Meziatomové vzdalenosti O1-Tel (2,862(1) A) a N2-Tel
(4,292(1) A) pak ukazuji absenci dalsich koordina¢nich vazeb na centralni atom Tel. Atom Tel je
tedy péti koordinovany a tvar jeho koordinacniho okoli 1ze popsat jako deformovanou trigonalni
bipyramidu (t = 0,91). Nicméné je ziejmé, Ze ligand L? ma ve slouceniné «°-C,N-koordinaéni
motiv.

Vysledkem téchto studii je tedy zjisténi, Ze ligand L? je sriiznymi halogenidy
neptechodnych prvkii schopen poskytnout komplexy s riznymi koordina¢nimi motivy. V pfipadée
iontovych komplexti [(L2)SnCI]*[SnCl;] a [(L?)GeCl]"[GeCls] (9) jsou do koordinace zapojeny

v§echny donorové atomy ligandu L? s vyslednou «>-N,N,PO-koordinaci, v nékterych ptipadech se
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do koordinace zapojil pouze atom kysliku ligandu L? s vyslednou k!-O-koordinaci (slou¢eniny 10
a 11) a nakonec byla prokazana také «*-C,N-koordinace ligandu L?* ve slou¢eninach 12 a 13.
Zasadnim faktorem, ktery ovliviluje kone¢ny produkt v téchto komplexech muze byt
Lewisova kyselost vychozich halogenidi EX,. Sila Lewisové kyselosti byla stanovena pomoci
Gutmann—Beckettovy metody. Tato metoda je zaloZena na sledovani chemického posunu v
3P{'H} NMR spektru pro Ph3PO (J 23,5 ppm v THF) v pfitomnosti Lewisovy kyseliny, kdy sila
interakce PhsPO—EX,, vede k odstinéni atomu P, a tedy k posunu hodnot *'P{'H} signalu k niz§im
polim. Podle vysledki méfeni >'P{'H} NMR spektroskopie, k nejsilngjsi interakci s Ph3PO dochazi
v piipadé GeCl; (6 = 41,8 ppm) a SnCl, (6 37,9 ppm), zatimco Ph3SnCl je dle méfeni nejslabsi
Lewisovou kyselinou ze studované tady (o0 30,5 ppm). Tyto vysledky dobie koreluji s typy
komplext, které tyto chloridy tvoii s ligandem L2. Chloridy prvki 16. skupiny jsou, dle vysledki
méfeni Gutmann—Beckettovy metody, silnymi Lewisovymi kyselinami (pro TeCls d3;p 37,2 ppm,
pro SeCls d3,p 34,8 ppm) srovnatelnymi se SnCl,. S nejvétsi pravdépodobnosti pro tyto slouceniny
je dominantnim faktorem uréujicim odli§nou reaktivitu piitomnost CH; skupiny na a-uhliku v L2,
Toto tvrzeni podporuji priklady analogickych reakci TeX4 (X = Cl, Br) s N,N-chelatujicimi ligandy
obsahujici CH; skupiny na a-uhliku,®® které také vykazuji charakter CH aktivace jedné CHj
skupiny. Reakce ligandu L? se SeCls je vSak pomérné unikdtni. Jak jiz bylo zminéno v teoretické
¢asti, byla studovana pouze analogicka reaktivita sloucenin SeX> (X = Cl, Br) se symetrickymi
N,N,N-chelatujicimi DIMPY ligandy, kde byla opét pozorovana aktivace jedné CH vazby CHj3
skupiny, pti¢emz doslo k izolaci enaminového tautomeru s NH vazbou s ;7 4,5 ppm.©®® Zadné
signaly v této oblasti nebyly pozorovany v piipadé reakce ligandu L2 se SeCls. Pokusy zastavit
nebo zpomalit eliminaci HCI v reakci ligandu L2 se SeCls za pouziti nizké teploty nebo pomoci
baze nebyly Gspésné. Stejne netspesné byly pokusy o eliminaci dalsi molekuly HCI reakcemi mezi

riznymi bazemi a slouceninou 13.
5.4. Reaktivita komplexu 9

Rozmanitost koordina¢nich motivii na ligandech L*% a pfitomnost vazby E-ClI
v pfipravenych komplexech 1 - 13 nabizi moznost redukénich reakci. Bohuzel reakce vSech
piipravenych slouc¢enin 1 - 13 s redukénimi ¢inidly Na, K, KCs nebo Li[BEt;H] vedly k eliminaci
nerozpustné srazeniny elementarniho kovu a uvolnéni volného ligandu do roztoku. Jedina uspésna

redukce byla pozorovéna pfi reakci slouceniny [(L2)GeCl]"[GeCls] (9) s nadbytkem K v benzenu,
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kde byla pozorovana zmeéna zabarveni roztoku ze Zluté na intenzivné ¢ervenou jiz po 2 hodinach
reakce. Po odpateni piivodniho rozpoustédla, extrakci do hexanu a nasledné krystalizaci pti teploté
-40°C, doslo k izolaci erveného komplexu [(L?)Ge] (14) (Schéma 31), ktery je extrémné citlivy

vuci vlhkosti ¢éi vzduchu.

[ B ©
. GeCl

—N(Dipp) [ 3l

\ N—>Ge@ 4+ K —— >
/ \CI benzen, 24 h
ipr0-h ©

- OiPr -

9 14

Schéma 31: Rovnice pripravy 14.

Sloucenina 14 byla nejprve charakterizovdna pomoci NMR spektroskopie. V *'P{'H}
NMR spektru byl nalezen signal s hodnotou chemického posunu 6 11,1 ppm, ktery je posunut
k vy$§imu poli ve srovnani s vychozim komplexem 9 (6 14,3 ppm). V '"H NMR spektru byl nalezen
signal aromatického vodiku ArH s hodnotou chemického posunu 0 6,06 ppm, ktery naznacuje
zvyseni elektronové hustoty na ligandu L2,

Struktura slouceniny 14 byla jednoznacéné stanovena pomoci rentgenové strukturni analyzy.

Molekulova struktura je zobrazena na Obrazku 23.

Obrazek 23: ORTEP reprezentace molekulové struktury slouceniny 14. Vybrané strukturni parametry: vazebné

vzdalenosti (A) a vazebné iihly (°): N1-Gel 1,903(7), N2-Gel 1,862(7), O1-Gel 4,906(8); NI-M1-N2 81.8(3).
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Molekulova struktura potvrdila absenci vazby Ge-Cl, kterd byla pfitomna v pivodnim
kationtu [(L?)GeCl]*. Atom germania Gel je pouze dvou-koordinovany a to pyridinovym dusikem
N1 a iminovym dusikem N2. Hodnoty meziatomovych vzdalenosti N1-Gel (1,903(7) A) a N2-
Gel (1,862(7) A) jsou kratsi ve srovnani s hodnotami nalezenymi ve vychozi sloucening 9 (N1—
Gel = 2,145(5) A, N2-Gel = 2,258(5) A)® a jsou srovnatelné s hodnotami nalezenymi pro
analogicky komplex [>-DIMPY-Ge] (N1-Gel = 1,8988(18) A, N2-Gel = 2,047(7) A).%>
Vazebna vzdalenost O1-Gel (4,906(8) A) naznacuje absenci P=O—Ge interakce, coz definuje
vyslednou k*-N,N-koordinaci ligandu L? ve slou¢eniné 14.

Slouceninu 14 lze popsat jako komplex s atomem Ge v oxida¢nim stavu +II, kdy struktura
ptivodné neutralniho ligandu L2 pfijme dva elektrony, coz vede ke vzniku aniontové formy (L)%
Tato schopnost neutralnich N, N-ligandl pfijmout dva elektrony a vytvofit tak své dianiontové
formy jiz byly popsany v teoretické ¢asti a je zfejmé, Ze se ligand L? svym chovanim vyse
diskutovanym ligandim podoba.

Komplex [(L*)GeCl]"[GeCls] (9) je také vhodnou vychozi slougeninou pro piipravu GeTe
nanocastic. Bylo zjisténo, Ze slouCenina 9 podléhd substitucni reakci s Ag(OTf) za vzniku

iontového komplexu [(L?)GeCI]'[OTf] (15) (Schéma 32).

[GeCl ]® [ ] ©
—N(Dipp) 3 —N(Dipp) ot
cl CH,Cl,, 1 h N\ // -
. _P=—0 =
iPro™\ ipro"h__©
L OiPr — | OiPr _
9 15

Schéma 32: Rovnice pripravy germanatého komplexu 15.

Komplex 15 byl charakterizovan pomoci NMR a IC spektroskopie. V 3'P{'H} NMR byl
nalezen signal s hodnotou chemického posunu ¢ 12,7 ppm, ktery je srovnatelny s hodnotou
chemického posunu vychoziho komplexu 9 (6 14,3 ppm). V *C{'H} NMR spektru byl pozorovan
charakteristicky kvartet CF3 skupiny s chemickym posunem ¢ 119,5 ppm a hodnotou interakéni
konstanty 'J(*°F,"*C) = 319.4 Hz. IC spektrum slougeniny 15 mimo jiné obsahuje charakteristické
vibracni pasy OTf aniontu, které jsou srovnatelné s témi nalezenymi v literatufe napt. pro

komplexy [NH4][OTf] nebo [BusN][OTf] (Tabulka 6).%%
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Slouc¢enina /
Charakteristické | [NH4][OTf] [BusN][OTf] 15
pasy [cm™]
Vas(CFa) 1260 1273 1285
vs(CF3) 1236 1222 1224
Vas(SO3) 1181 1149 1161
vs(SO3) 1035 1032 1018

Tabulka 6: Srovnani nalezenych v literatuie vybranych charakteristickych pasii pro OTf s pritomnymi v IC

spektru pro slouceninu 15.

Stabilita komplexu 15 byla opét studovana v roztoku toluenu, kde ani po delsi dobé v 3'P{*H}
NMR spektru nebyl objeven zadny novy signél, ktery by indikoval rozklad ptivodniho komplexu
15. Z tohoto diivodu byl tento komplex [(L2)GeCI]*[OTf]" (15) déle testovan v substitu¢nich
reakcich. Jako prvni byla provedena reakce slouceniny 15 s Li;Te. Béhem této reakce doslo
k vysrazeni nerozpustného pevného podilu, pti¢emz v roztoku THF byla detekovana pfitomnost
volného ligandu L2 (Schéma 33). Pevny podil byl promyt a charakterizovan pomoci Ramanovy

spektroskopie jako material GeTe.

_ _ - #
[OTf]® N(Di
—N(Dipp) —N(Dipp) N(Dipp)
— ® Li,Te — —
N—Ge=Te
N—G —_ = e N +GeTe
\ /g THF \_/ \ |
— . P=—0 —
. P—0O iPro” \ . P=—0
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Schéema 33: Vyuziti komplexu 15 na pripravu GeTe nanocastic.

Komplex 15 byl tedy dale zkouman jako potencialni prekurzor pro tvorbu ¢astic GeTe
z roztoku za laboratornich teplot. V soucasné dobé vétsina metod piipravy GeTe nanocastic
vyzaduje vysoké teploty, coz v piipadé metod zalozenych na ptipravé GeTe materialu z roztoku
znamena nutnost pouZiti vysoko vroucich rozpoustédel.®¥ Ptiprava GeTe materidlu v b&Znych
organickych rozpoustédlech za laboratorni teploty je prakticky neprobadanou oblasti. Z tohoto

divodu byla tato reakce studovana velmi podrobné. Nejprve tedy byla provedena reakce
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slou¢eniny 15 s Li,Te v THF za laboratorni teploty a vysledna smés byla michana po dobu 24
hodin. Vznikla suspenze byla nasledn¢ piefiltrovana a pevny material byl promyt THF. Vysledny
Cerny prasek byl dosuSen a pouzit pro charakterizaci pomoci dynamického rozptylu svétla (DLS).
Pevny material GeTe byl nejprve rozdispergovan pomoci ultrazvuku v THF. Histogram
hydrodynamického priméru (D) ukazal bimodalni slozeni a obsahoval signély primarnich ¢astic
a jejich aglomeratt. Hydrodynamicky pramér primarnich ¢astic (Dn = 60 nm) se aglomeraci zvétsil
na Dy = 700 nm (s pramérem ADnx = 550 nm) (Obrdzek 24, Cerné kfivka). Podobné chovani
primarnich &astic bylo pozorovano i v jinych systémech.®) Z tohoto diivodu byly nasledné

upraveny reakéni podminky s cilem ziskat nanocastice GeTe.

V ramci na$i studie byl dale zkouman vliv ultrazvuku. Pridavek LioTe v THF byl tedy
proveden do roztoku komplexu 15, ktery byl v ultrazvukové lazni. Reakce byla opét provedena za
laboratorni teploty, nicméné reakéni doba byla snizena na 1 hodinu, aby dlouhodobym pouzitim
ultrazvuku nedochazelo k mozné zpétné aglomeraci primarnich &astic.®%88) Po této dobé byla
reakéni smés vyjmuta z ultrazvuku a nésledovaly operace, popsané v piedchozim experimentu.
Analyza DLS odhalila bimodalni rozdéleni populace castic (Obrazek 24, modra kiivka), s
hydrodynamickym primérem primarnich ¢astic (Dn = 115 nm). Hydrodynamicky pramér
aglomeratt poklesl na Dy = 255 nm. Z téchto vysledku je zifejmé, Ze pouziti ultrazvuku mélo
negativni dopad na zvétSeni populace primarnich ¢astic, a tato metoda také nevedla ke vzniku

nanocastic GeTe s hydrodynamickym pramérem pod 100 nm.

Nasledné byl zkouman vliv nizké teploty. Na rozdil od ptivodni metody, teplota reakce byla
sniZzena na -50 °C, pficemz reakéni smés byla nasledné temperovana na tuto teplotu po dobu 4
hodin a pfi této teploté byla provedena také nasledna filtrace. Ziskany material byl dosusen, promyt
THF a charakterizovan pomoci DLS. Hydrodynamicky pramér primarnich ¢astic ziskanych touto
cestou poklesl na Dy = 71 nm (Obrazek 24, Cervena kiivka). Pfedpokladame tedy, ze v prvni fazi
pti reakci 15 s Li,Te vznika nestabilni komplex [(L?)GeTe], ktery se pii riiznych podminkach

rozklada na ruzn¢ veliké primarni ¢astice GeTe (Schéma 33).
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Obréazek 24: Histogramy hydrodynamického priméru GeTe castic: syntéza 7a RT (Cernd); syntéza za RT s

ultrazvukem (modrd); syntéza za -50 °C (Cervend).

Tento ,,nizkoteplotni* postup byl vysledné reprodukovan a piipravené GeTe nanocastice
byly dale pouzity na dal§i charakterizaci pomoci praskové rentgenové difrakce (XRD),
transmisniho elektronového mikroskopu (TEM), rastrovaciho elektronového mikroskopu s
energiove disperznim analyzatorem (SEM EDX), vysokorozliovaciho rastrovaciho elektronového
mikroskopu (HR-SEM), Ramanovy spektroskopie ¢i LA TOF hmotnostni spektrometrie. V
praskovém XRD byly pozorovany dv¢ velmi Siroké difrakce a zadné difrakéni vrcholy, coz ukazuje
na amorfni povahu materialu. Morfologicka analyza v rezimu TEM/BF prokazala, Zze nanocastice
maji izometricky tvar, bez charakteristickych pro krystalické latky fazet, s primérnou velikosti
¢astic ~ 20 nm. Prvkova analyza v rezimu TEM/EDX dale potvrdila amorfni povahu nanocastic
GeTe. Vysledky méteni SEM EDX prokazaly slozeni nanoc¢astic GesgTes; (S odchylkou + 2 at.%)
s homogenni distribuci Ge a Te prvkl pres cely vzorek. Vzorky byly dale analyzovany pomoci
HR-SEM. Vzorky pro tuto analyzu byly pfipraveny nanesenim suspenze GeTe v THF na drzak a
po odpafeni rozpoustédla pokoveny vrstvou 15 nm zlata. Skeny SEM byly ziskany pfi
akceleraénim napéti 15 kV. Pro sledovani zavislosti koncentrace na velikosti ¢astic a tvorbu
aglomeratt byly vybrany dvé rizné koncentrace GeTe v THF (5 mg/ml a 0,5 mg/ml). Bylo zjisténo,
7e pii koncentraci 5 mg/ml dochézi hlavné ke tvorbé aglomerati GeTe (Obrazek 25A). Nicméné i
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v téchto aglomeratech lze nalézt ¢astice o velikosti ptiblizné 136 nm. Pokles koncentrace na 0,5

mg/ml vedl k tvorbé dobie separovanych ¢astic GeTe o velikosti pfiblizné 155 nm (Obrazek 25B).

- 100nm JEOL
X 43,000 15.0kV SEI SEM WD 7.9mm 13:31:33

Obrazek 25: a) HR-SEM snimek nanocastic GeTe (koncentrace suspenze 5 mg/ml); b) HR-SEM snimek

nanocastic GeTe (koncentrace suspenze 0,5 mg/ml).

Pro srovnani vlivu teploty na vyslednou strukturu ¢astic pro Ramanovou spektroskopickou
analyzu byly vybrany vzorky ptipravené za laboratorni teploté a pii -50 °C. Namétena spektra v
rdmci experimentélni chyby byla identicka, coz indikuje vliv teploty jenom na velikost aglomeratu,
nikoliv samotnou strukturu ¢astic. Nejintenzivngjsi pasy v Ramanove spektru byly pfirazeny pro
vibrace v deforma¢nim modu (90 cm™), symetrickém valenénim modu (120 a 159 cm™) a
antisymetrickém valenénim madu (221 cm™) tetraedru GeTesnGen. Pés s niZzsi intenzitou (370 cm”
1) byl spojen s ptitomnosti homopolarni vazby s zastoupenim 6 az 10 % v GeTe struktuie.®” LA
TOF hmotnostni spektra nanocastic GeTe obsahovaly primarné klastry Ten (n = 1-5), GeTen (n =
2-4) a GemTen (M = 2-6, n = 1-3). Lze tedy konstatovat, e stabilni komplex [(L?)GeCI]*'[OTf]

(15) umoznil diky substituéni reakci s LioTe vznik velmi dobie definovanych nanocastic GeTe.

5.5. Vyuziti Sn(II) ionta v ROP cyklickych estert

V nasi skupiné byly diive pfipraveny N,N-koordinované Sn(ll) kationty 16 — 18 (Obrazek
26), ptiemz tyto slouCeniny byly také vyuzity jako katalyzatory pro ROP (tzv. ring-opening
polymerace) L-laktidu (L-LA) (tato studie nebyla souéasti této prace).""® Vzhledem k faktu, Ze
Vv ramci této disertacni prace byly pfipraveny analogické N,N,PO-chelatujici Sn(Il) kationty 2, 6 a
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8, byly tyto slouceniny v ramci této préce také testovany jako potenciélni katalyzatory ROP L-

laktidu.
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Obréazek 26: Vybrané N-koordinované cinaté kationty pro testovani katalytické reaktivity v ROP.

Podminky ROP L-LA byly zvoleny stejné jako pro jiz publikované slouceniny 16 — 18,

(173 kdy katalyzatory 2, 6 a 8 spolu s benzyl alkoholem (BzOH) a L-LA byly piedlozeny do

reakéni banky v molarnim poméru [L-LA] : kat : BzZOH = 100 : 1 : 1. Stejn¢ jako v pfipadé

komplexti 16 — 18 bylo testovano elektrofilni chovani centralniho atomu Sn s cilem zjistit, zda

studované katalyzatory 2, 6 a 8 budou dostateéné reaktivni a budou schopny tidit ROP podle

mechanismu aktivovaného monomeru (Schéma 34). Zasadnim krokem je tedy interakce Sn(ll)

kationtu s C=0 skupinou L laktidu. VSechny reakce byly provedeny pii teploté 145°C v taveniné

a konverze byly monitorovana pomoci *H NMR spektroskopie.
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Schéma 34: ROP L-LA katalyzovana komplexy 16-18.

Bohuzel vSechny studované komplexy 2, 6 a 8 vykazuji velmi malou katalytickou aktivitu
s konverzi pod 20 %. Jelikoz ucinnost katalyzéatoru souvisi s jeho Lewisovou kyselosti, byla
Lewisovou kyselost diskutovanych slou¢enin 2, 6 a 8 srovnana s uc¢innymi katalyzatory 16 — 18
pomoci Gutmann—Beckettova testu, ktery je zalozen na rozdilu 3*P{*H} NMR chemického posunu
(Ao) mezi hodnotou 5volného PhsP=0 a hodnotami ¢ pro smési studovanych komplext s PhsP=0
(pravdépodobna existence komplexti [PhsP=0—Sn(II)]). Bylo zjisténo, ze hodnoty AJd vzrustaji
v fadé: 6 (A5 =0,2 ppm) <8 (A3 = 1,3 ppm) <2 (A5 =2,1 ppm) < 18 (Ad =4,0 ppm) < 16 (Ad =
10,6 ppm) < 17 (Ad = 11,7 ppm). Z té&chto dat lze tedy konstatovat, ze slabsi interakci s PhaP=0
vykazuji pravé nové pripravené komplexy 2, 6 a 8. Naopak slou¢eniny 16 — 18, které vykazuji
velmi dobrou katalytickou aktivitu, interaguji s PhsP=0 velmi siln¢. Nejvétsi Lewisova kyselost
byla ptifazena komplexu 17. Tato data tak vysvétluji, pro¢ nové piipravené slouceniny 2, 6 a 8
vykazuji slabou katalytickou aktivitu a z tohoto dtivodu byly z dalSich studii vyfazeny a v ramci
této PhD prace byly dale studovany pouze slouceniny 16 — 18, které predstavuji N,N-koordinované
Sn(l1) kationty.

Jak jiz bylo feCeno, tyto slouceniny byly zkoumany jako katalyzatory linearniho PLA.
Vzhledem Kk faktu, Ze tyto slouceniny V piipadé piipravy linearniho PLA vykazovaly dobrou
kontrolu nad polymeraci L-LA,®® byl vramci této price vyzkum rozsifen na piipravu
hvézdicovych PLA. Pro piipravu hvézdicovitych PLA byly opét zvoleny stejné podminky.
Katalyzatory 16 — 18 a [L-LA] byly piedlozeny do reakéni bariky v molarnim poméru [L-LA] : kat
= 100:1. Jako iniciator vsak byl pouzit vicesytny poly-alkohol, na rozdil jiz zkoumaného benzyl
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alkoholu, tak, aby podminky katalyzy byly nastaveny [L-LA] : kat : [OH] = 100:1:1. V konkrétnim
piipadé, kdy jako iniciator byl pouzit dipentaerythritol (DPE), byly podminky nastaveny [L-LA] :
kat : [DPE] = 100:1:1/6 (Schéma 35). Vsechny reakce byly provedeny pfi teploté 145 °C v taveniné
a konverze byly monitorovana pomoci *H NMR spektroskopie a sloudeniny opét vykazaly
kvantitativni konverzi jako v ptipad¢ linearnich PLA. Polymery PLA-DPE 1, PLA-DPE 2 a PLA-

DPE 3 byly nésledné izolovany a charakterizovany.

—
N N
\/
o
i |
- o PLA-Q O-PLA
o} [(L)Sn’] DPE
“asc T TosnT ©
5 o PLA-O" 4 o LA
PLA PLA
5 o
o
HO OH
= O/X PLA = 0
DPE HO>(\ OH H
OH HO

n/6

Schéma 35: Syntéza hvézdicovych PLA katalyzovana komplexy 16-18.

Distribuce molarni hmotnosti a vétveni vyslednych PLA byly charakterizovany pomoci
vylu¢ovaci chromatografie (SEC) svice uhlovym rozptylovym detektorem (MALS) a
viskozimetrem (Visco). Hodnoty ¢iselné stiedni molarni hmotnosti (Mn), hmotnostni stfedni
molarni hmotnosti (Mw), disperze (Mw/My) a stfedni molarni vnitini viskozity ([n]w) vzorka PLA-
DPE 1, PLA-DPE 2 a PLA-DPE 3 jsou uvedeny v Tabulce 7 a jejich vnitini viskozity jsou
porovnavany s linearnimi PLA v grafu na Obrazku 27.

Vzorek Katalyzator M_[g/mol] M_ [g/mol] b [n],, [ml/g] f
PLA-DPE 1 16 13200 15300 1,15 18,0 7,2
PLA-DPE 2 17 8500 13000 1,53 17,5 6,1
PLA-DPE 3 18 12400 25200 2,03 43,7 3,2
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Tabulka 7: ROP hvezdicovych PLA na bazi DPE jako inicidtoru.
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Obrazek 27: Graf's osou y[n]w proti ose x M., pro linedrni PLA (o), vzorky PLA-DPE 1 a PLA-DPE 2 (%)
a vzorek PLA-DPE 3 ().

Hodnoty vnitini viskozity vzorki PLA-DPE 1 a PLA-DPE 2, které jsou podstatné nizsi,
nez u linearniho PLA naznacuji existenci vétvené struktury PLA. Naopak tento rozdil pro vzorek
PLA-DPE 3 je méné vyrazny, coz naznacuje niz8i pocet ramen. Primérny pocet ramen lze
odhadnout pomoci poméru vétveni g'(Mw), ® kde indexy [1],ozvstveny @ [1]1imesrnt 0dkazuji na

linearni a rozvétvené polymery se stejnou molarni hmotnosti (Mw):

g,(MW) — <[n]rozvétven}?>
M,

(0] tinesrni

Z poméru vétveni pak dale Ize vypoéitat podet ramen f pomoci rovnice: ¢

. [13f —2\*°®][0.724 — 0.015(f — 1)
g _K f2 ) H 0.724 l

Pro ziskani poméru vétveni g’ je zapotiebi konstanta Mark-Houwinkovy rovnice pro

linedrni PLA, ktera byla ziskana z Mark-Houwinkovych diagramt linearnich PLA a ¢ini:

[4] = 0.0158 x M %8% (THF, 25 °C)
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Hodnoty f indikuji velmi dobrou shodu mezi experimentalnim a teoretickym poctem ramen

pro katalyzatory 16 (f=7,2) a 17 (f = 6,1). V piipadé hvézdicového PLA piipraveného s pouzitim

katalyzatoru 18, vypoCty naznacuji niz8i pocet ramen oproti teorii (f = 3,2). Proto pro dalsi

experimenty spojené s hvézdicovymi PLA byly pouzité pouze komplexy 16 a 17 a jako iniciatory

byly pouzity dalsi vicesytné poly-alkoholy s poc¢tem OH skupin v rozmezi od 3 do 6.

Reakéni podminky pro katalyzu hvézdicovych PLA byly analogické linedrnim PLA.

Molarni poméry pro reakce byly [katalyzator]:[inicidtor]:[monomer] = 1:1/n:100, kde n je pocet

hydroxylovych skupin v iniciadtoru. Priibéh polymeracnich experimenti byl monitorovan pomoci

'H NMR spektroskopie. Vsechny izolované polymery byly nasledné charakterizovany

kombinovanou analyzou SEC-MALS-Visco za G¢elem stanoveni ¢iselné stfedni molarni hmotnosti

(Mn) a disperze (D). Vysledky charakterizace produkti polymeraci jsou shrnuty v Tabulce 8.

*PLA | Kat. Iniciator conv. Mne ) Mnsee g
[%0] [g/mol] [g/mol]
1 16 glycerol 96 13900 6000 | 1,27 | 2,3 (3)
2 16 trimethylolpropan 85 12300 5700 1,16 | 25(3)
3 16 triethanolamin 96 13900 6300 1,19 | 2,6 (3)
4 16 pentaerythritol 96 13900 9000 1,70 | 3,1 (4)
5 16 xylitol 97 14000 7700 1,91 | 3,7(5)
6 16 myo-inositol 88 12700 10100 1,51 | 2,7 (6)
7 16 D-sorbitol 96 13900 8200 1,80 | 4,1 (6)
8 17 glycerol 95 13700 6800 1,09 | 2,6 (3)
9 17 trimethylolpropan 89 12800 9600 1,22 | 2,7 (3)
10 17 triethanolamin 94 13600 12200 1,14 | 3,8 (3)
11 17 pentaerythritol 97 14000 11900 1,45 | 3,6 (4)
12 17 xylitol 97 14000 13200 1,32 | 4,4 (5)
13 17 myo-inositol 85 12300 8500 1,22 | 4,1(6)
14 17 D-sorbitol 94 13600 12700 | 1,57 | 5,2 (6)

Tabulka 8: ROP hvezdicovych PLA za pouziti riiznych polyalkoholii jako inicidatori.

87



Z Tabulky 8 je ziejmé, ze neexistuje zadny vyznamny vliv pouzitého katalyzatoru na
hodnotu disperze D, ktera zlstava relativné stejnou pro vSechny ziskané polyestery *PLA1-14 (D
systému sloZzeného ze slouceniny 17 jako katalyzatoru a glycerolu (*PLAS8) jako iniciatoru
polymerace. Na druhou stranu, komplex 16 ve spojeni s xylitolem (*PLA5) poskytnul polymer
s nejvyssi hodnotou disperze (B =1,91). Urcity vliv katalyzatoru je patrny v piipadé ¢iselné sttedni
molarni hmotnosti My, kdy experimentalni hodnoty Mn (Mn,sec) pro PLA za pouziti katalyzatoru
16 nabyvaly piiblizné polovi¢nich hodnot ve srovnani s teorii (Mn). Pouziti katalyzatoru 17 vedlo
K priblizeni experimentaln¢ namétenych hodnot k teoretickym, zejména v piipad¢ iniciatort
triethanolaminu (*PLA10), xylitolu (*PLAL12) a D-sorbitolu (*PLA14). Tyto vysledky naznacuji
lepsi kontrolu nad procesem polymerace pro katalyzator 17 v syntéze hvézdicovych polyestert
PLA.Pocet ramen f pro *PLA1-14 se pohybuje v rozmezi od 2,3 do 5,2, coz indikuje, Ze
experimentalni pocet ramen je vzdy pon¢kud nizsi oproti teorii. Hodnoty pro *PLA8-14 (f = 2,6
az 5,2) se piiblizuji teoretickému poctu ramen a s vyjimkou *PLA13 potvrzuji lepsi kontrolu nad

procesem polymerace hvézdicovych PLA v ptipadé€ pouziti katalyzatoru 17.

Lze tedy konstatovat, ze iminopyridinovy skelet je velmi zajimavym systémem umoziujici
syntézu Lewisovsky kyselych Sn(II) kationtl. Jejich Lewisova kyselost se li§i v zavislosti na
skupinach umisténych v ortho pozicich iminopyrididonovych ligandi. Nékteré N,N-koordinované
Sn(Il) kationty jsou univerzalni katalyzatory ROP L-laktidu a v zavislosti na pouzitém iniciatoru
1ze docilit ptipravu nejen linearnich, ale také hvézdicovitych PLA. Z tohoto divodu byly dale
piipravené N-koordinované gallium boroxiny, které obsahovaly vice OH skupin a tyto slouc¢eniny
byly také testovany jako vhodné vicesytné poly-alkoholy pro vznik rozvétvenych PLA. Tyto
slouceniny vSak nevykazovaly Zadnou konverzi a rozvétvené PLA obsahujici tyto gallium

boroxiny nebyly pfipravené.
Vysledky této prace byly publikovany v odbornych impaktovanych ¢asopisech:

1) M. Bouska, Y. Milasheuskaya, M. Slouf, P. Knotek, S. Pechev, L. Prokes, L. Pe¢inka,
J. Havel, M. Novak, R. Jambor, P. Némec. LOW-TEMPERATURE SYNTHESIS OF
GeTe NANOPARTICLES. Chem. - Eur. J., 2024, e202402319 (vysledky souvisejici s

reaktivitou komplexu 9 a piipravou GeTe nanocastic) — viz ptiloha 1.
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2)

3)

4)

5)

M. Novék, Y. Milasheuskaya, M. Srb, S. Podzimek, M. Bouska, R. Jambor. Synthesis
of star-shaped poly(lactide)s, poly(valerolactone)s and poly(caprolactone)s via ROP
catalyzed by N-donor tin(ii) cations and comparison of their wetting properties with
linear analogues. RSC Adv., 2024, 14, 23273-23285 (vysledky tykajici se pfipravy
hvézdicovitych polymerti) - viz piiloha 2.

M. Novék, J. Turek, Y. Milasheuskaya, M. Sykova, M. Dostal, J. Stalmans, Z.
Ruzickova, K. Jurkschat, R. Jambor. Tin(ll) cations stabilised by non-symmetric N,
N’,0-chelating ligands: synthesis and stability. Dalton Trans., 2023, 52, 2749-2761
(vysledky zahrnujici reaktivitu ligand L% se SnCl; a stabilitu vyslednych komplexii)
- viz ptiloha 3.

M. Novak, J. Turek, Y. Milasheuskaya, Z. Razickova, S. Podzimek, R. Jambor. N-
Donor stabilised tin(Il) cations as efficient ROP catalysts for synthesising linear and
star-shaped PLAs via the activated monomer mechanism. Dalton Trans., 2021, 50,
16039-16052 (vysledky tykajici se pfipravy linearnich a hvézdicovitych PLA) — viz
ptiloha 4.

Y. Milasheuskaya, J. Schwarz, L. Dostal, Z. Ruzickova, M. Bouska, Z. Olmrova

Zmrhalova, T. Syrovy, R. Jambor. Synthesis and optical properties of N—Ga

coordinated gallium boroxines. Dalton Trans., 2021, 50, 18164-18172 (vysledky
tykajici se ptipravy hvézdicovitych PLA na gallium boroxinovych vicesytnych

alkoholt) — viz ptiloha 5.
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6. Zavér

Tato disertacni prace navazovala na pfedchozi studie provedené studenty ve skupiné prof.
Jambora a pfispéla k rozvoji metodiky ptipravy cinatych komplexd na bazi iminopyridinovych
ligandt. Byla Uspésné syntetizovana fada novych nesymetrickych neutralnich ligandti na bazi 2,6
disubstituovanych iminopyridinii. Do pozici 6- byla zavedena funkéni skupina (R?)(R%)PO (L3
R? = OEt, R® = Ph; L% R? = R® = Ph) a byl zkoumén vliv substituenti R? a R® na koordinaéni
schopnosti ligandu s cinatymi solemi. Bylo zjisténo, Ze v ptipadé reakce se SnClz, nové ligandy
L36 umoznily vznik odpovidajicich produkti auto-ionizace [(L3®)SnCI]*[SnCls]™ (1-4), coZ zcela
odpovida chovani ligandii L' v analogickych reakcich. Navic ligandy L* a L® byly schopny
stabilizovat cinaté dikationty typu [(L*°)Sn(H20)]** v komplexech 5 a 6. B&hem testovani stability
v roztocich bylo odhaleno, ze v komplexech [(L34)SnCI]*[SnCls] (1 a 2) obsahujicich OEt skupinu
v (RH)(RYPO, stejné jako v analogickych komplexech [(L}?)SnCI]*[SnCls]" obsahujicich
substituenty OiPr v (R?)(R®)PO, probiha stépeni vazby O-R (R = iPr, Et), které je doprovazeno
eliminaci RCI a tvorbou péti¢lenného cyklu za vzniku nové Sn—O vazby. Tyto slouceniny (7 a 8)

Ize povazovat za zwitterionické.

Na bazi ligandu L? byla provedena studie reaktivity se solemi p-prvka. Diky pfitomnosti
riznych donorovych atomii (N,N,0) ve své struktufe, ligand L? mél nékolik koordinanich modi
v zavislosti na L. kyselosti vychozich soli (od nejsilngjsi GeClo > SnCl, > Ph3SnCl ~ Ph,SnCly).
S chloridem GeCl, doslo ke tvorbé komplexu typu [(L?)GeCI]'[GeCls] (9) s «>-N,N,PO-
koordinaci. V piipad¢ reakci se slabsimi L. kyselinami PhsSnCl (10) a PhoSnCl, (11) doslo ke
tvorbé komplexti s «!-O- typem koordinaci. Nakonec reakce s TeCls a SeCls poskytly s L2
komplexy s «?-C,N- typem koordinace (12 a 13). Zatimco syntéza komplexu 13 je ptikladem jiz
znamych C-H aktivaénich reakci, pozorovanych na methylové skupiné s a-uhlikem v
iminopyridinovych ligandech, podle provedené literarni reSerse komplex 12 je prvnim seleni¢itym

komplexem tohoto typu.

Snaha o redukci piipravenych komplexy ve vétSing piipadi vedla k uvolnéni ligandu a
vysrazeni nerozpustného prasku. Nicméné reakce komplexu [(L%)GeCl]"[GeCls] (9) s nadbytkem
K byla uspésni a struktura vzniklého komplexu [(L?)Ge] (14) obsahovala ligand (L?)%, coz

indikuje schopnost ligandu typu NNPO piijmout elektrony a jeho ,,non-innocent” chovani. Dale
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byla zkoumaéna stabilizace komplexu 9 pies substitu¢ni reakci s AgOTf. Ve vysledku reakce doslo
k vyméné aniontu [GeCls] za [OTf], a vysledny stabilni komplex [(L?)GeCI]*[OTf]" (15) byl
vybran jako vhodny prekurzor pro syntézu GeTe nanocastic nizkoteplotni metodou v roztoku.
Pomaly rozklad nestabilniho komplexu [(L?)GeTe] umoznil kombinaci amorfnich GeTe
nanocastic s uhlikovymi nanotrubicemi. Nakonec pouzitim jinych substratl lze potencialné

dosahnout jemné kontroly nad vlastnostmi nanotrubic pro konkrétni budouci aplikace.

Kapitola vyuziti obsahovala dvé podkapitoly s ptiklady vyuziti komplexd 14. skupiny na
bazi 2,6-iminopyridinovych ligandi. Nové komplexy 2, 6, 8, které jsou na bazi N,N,PO-
koordinujicich ligandd, byly testovany jako katalyzatory v reakcich ROP cyklickych esterti, avSak
neuspésné a vykazuji vyrazné nizsi aktivitu nez jiz diive studované N,N-koordinované Sn(ll) ionty
16 - 18. Z tohoto divody byly v ramci této prace piipraveny znamé aktivni N,N-koordinované
Sn(ll) ionty 16 — 18 a byly dale testovany jako katalyzatory pro ROP L-LA v piitomnosti
polyalkoholu jako inicidtora této katalyzy. Timto zpisobem byly pfipraveny hvézdicovité

biodegradovatelné PLA s riznym poctem ramen.
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Low-Temperature Synthesis of GeTe Nanoparticles

-

— Marek Bouska,” Yaraslava Milasheuskaya,” Miroslav Slouf,"” Petr Knotek,®

Stanislav Pechev,'™ Lubomir Prokes ' Lukas Pecinka, Josef Havel, Miroslav Novak,™

Roman Jambor,”™ and Petr Némec*®

Nanoparticles can offer an alternative approach to fabricate
phase-change materials. The chemical synthesis of GeTe nano-
particles using organometallic precursors exploits high-boiling
solvents and relatively high temperatures (close or even above
crystallization temperatures), as reported in the available
literature. The aim of this work is the preparation of GeTe
nanoparticles by a low-temperature synthetic method exploit-
ing new organometallic precursors and common organic
solvents. Indeed, different preparation methods and character-
ization of GeTe nanoparticles is discussed. The characterization
of the prepared nanomaterial was performed on the basis of X-

Introduction

Binary and ternary metal and semimetal chalcogenides have
received increasing interest over the last decades. These
materials are found in applications such as energy devices, fuel
and solar cells, light-emitting diodes, Li-ion batteries, and
thermoelectric devices. In case of thermoelectrics, GeTe-based
materials are heavily studied to enhance their figure-of-merit
and other properties. In detail, in comparison with typical
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ray diffraction, transmission electron microscopy, scanning
electron microscopy with energy dispersive X-ray spectroscopy,
laser ablation time-of-flight mass spectrometry, Raman scatter-
ing spectroscopy, and dynamic light scattering. The results
show that the low-temperature synthetic route leads to
amorphous GeTe nanoparticles. Exploited organometallic pre-
cursor is stabilised by neutral ligand which can be isolated after
the reaction and repeatedly used for further reactions.
Furthermore, GeTe nanoparticle size can be tuned by the
conditions of the synthesis.

thermoelectric material such as Bi,Te;, GeTe-based thermo-
electrics present high figure-of-merit >2.0 and an energy
conversion efficiency beyond 109%."

GeTe-based materials exist in different forms: bulk materials
(including single crystals), thin films, fibers, and nanoparticles
(NPs). Bulk GeTe-based materials can be prepared by different
methods such as solid-state reaction, melting spinning, ball
milling mechanical alloying, Bridgman-Stockbarger single crys-
tal growth, hot extrusion, etc Chalcogenide-based thin films
which are important for a number of applications including
phase change memories, optical sensing, nonlinear optical
applications etc. are fabricated using deposition methods such
as pulsed laser deposition,”? sputtering,”’ metal organic chem-
ical vapour deposition,” hot wire chemical vapour deposition®
or atomic layer deposition.” Furthermore, step index and
photonic crystal fibers, transparent from visible region up to the
mid-infrared and presenting large nonlinear refractive index,
can be made from chalcogenide glasses.” It is worthy to note
that the ternary Ge—Sb—Te materials became famous because
of Ovshinsky’s discovery as new class of materials that are
capable of quickly and reversibly transforming between
amorphous and crystalline phases.” These reversible phase
transitions can be induced by the electric field or light and have
become the basis for optical recording applications.” Later on,
a quick and reversible phase transition was also observed for
binary GeTe itself as reviewed recently.” However, all men-
tioned techniques require sophisticated fabrication equipment.
In addition to bulk, fiber or thin film forms of GeTe-based
materials, they can also be prepared in the form of NPs through
a solution process.'” Thus, the synthesis of well-defined GeTe
NPs either in the amorphous or in the crystalline form seems to
be rather important, especially when the presence of NPs with
various diameters gives the possibility of controlling the
dimensions of nanostructures of tellurium-based materials."”

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Most of the solution synthetic routes are realized at
relatively high temperatures and strongly depend on the
reaction conditions. For example, the reaction of R;PTe (R is
octyl) with Gel, at 180°C provided rhombohedral GeTe
microcrystals,"® but similar starting materials provided amor-
phous GeTe NPs in the presence of R;P, R;PO, and dodeca-
nethiol at 250°C."™ The reaction of R;PTe with Ge[N(SiMes),],
strongly depends on the temperature: amorphous GeTe NPs
could be prepared at 170°C, while the temperature of 250°C
provided rhombohedral GeTe NPs."™ Finally, amorphous GeTe
NPs were prepared from GeCl,dioxane and Te(SiEty), at
150°C.I"¥ Therefore, all above mentioned syntheses have to be
carried out in high-boiling solvents such as dodecanethiol,
hexadecylamine, octadecene or oleylamine."*"® Moreover, all
these approaches proceed close to the crystallization temper-
atures of bulk GeTe (Tc=180°C)"¥ or sputtered films of GeTe
(Tc=170°C)."" However, Caldwell etal. reported that the
crystallization temperatures for the GeTe NPs depends on the
size and observed crystallization temperature of 350 and 400°C
for 2.6 and 1.8 nm GeTe NPs, respectively."

Based on above-mentioned facts, the aim of this work was
to prepare the GeTe NPs at temperatures significantly below
the crystallization temperature in the common organic solvents.
Such low-temperature solution-based synthetic routes could be
an appropriate alternative low-cost method for generating
dimensionally controlled GeTe nanomaterial. Indeed, in the
present paper we report on the low-temperature synthesis of
GeTe NPs using the organometallic precursor, tetrahydrofuran
(THF) as solvent, and we discuss the influence of the temper-
ature on the size of GeTe material. Finally, the GeTe NPs were
characterised by X-ray diffraction, transmission electron micro-
scopy, high-resolution scanning electron microscopy, scanning
electron microscopy with energy dispersive X-ray spectroscopy,
laser ablation time-of-flight mass spectrometry, Raman scatter-
ing spectroscopy, and dynamic light scattering.

Experimental sections

NMR spectroscopy. The NMR spectra for 'H, *C{'H}, and *'P{'H} were
obtained using a Bruker Avance 500 NMR spectrometer. Internal
referencing based on residual protio-solvent signals was used for
the 'H and "*C{'H} spectra. External referencing with H;PO, (85 %)
was utilized for the 3'P{"H} NMR spectra.

X-ray diffraction analysis. X-ray Diffraction experiment was per-
formed on a Malvern Panalytical X'Pert Pro MPD diffractometer,
using Co radiation in reflection mode. Powder sample was with-
drawn from its closed Ar-protected container, then put on a
corundum diffractometer sample holder. 48 minutes diffraction
pattern was collected within the 15° <26 <80° range.

Transmission electron microscopy (TEM). A small volume (2 pL) of the
nanoparticles was dispersed in ethanol and dropped onto the
standard TEM copper grid covered with electron transparent
carbon film. After 2 min the excess of the solution was removed by
touching the bottom of the grid by a thin strip of filtration paper in
order to avoid oversaturation and nanoprecipitation during the
drying process, then the specimens were left to dry completely,
and after drying they were transferred to a TEM microscope (Tecnai
G2 Spirit Twin 12; FEI company, Czech Republic) and observed at
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accelerating voltage of 120 kV. Standard bright field imaging (TEM/
BF) was applied to observe the morphology of the particles,
energy-dispersive analysis of X-rays (TEM/EDX) yielded the elemen-
tal composition, and selected area electron diffraction (TEM/SAED)
was used to verify the crystalline structures. The experimental
electron diffraction patterns were transformed to 1D-diffractograms
(by means of ProcessDiffraction”®) and compared with theoretical
X-ray diffraction patterns (calculated with freeware Python package
EDIFF) of the expected crystalline structures of GeTe (the three
known GeTe crystalline modifications — rhombic o-GeTe, cubic B-
GeTe, and orthorhombic y-GeTe™ - were obtained from Crystallog-
raphy Open Database®").

Scanning electron microscopy (SEM) with energy-dispersive X-ray
(EDX) spectroscopy. SEM EDX was performed on TESCAN, VEGA 3,
EasyProbe, Brno, Czech Republic. Standard uncertainties of the EDX
measurements were =+2 at.%. Typically, the EDX measurements
were performed at 3 spots per sample and averaged.

High-resolution scanning electron microscopy (HR-SEM). HR-SEM
image was obtained using a JSM-7500F (JEOL, Tokyo, Japan)
microscope with the accelerating voltage of 15 and 20 kV.

Raman scattering spectroscopy and dynamic light scattering. Raman
scattering spectra excited by a laser operating at the wavelength
A=785 nm were measured with a Dimension P2 (Lambda Solution,
USA). The Raman spectra were reduced according to the Gammon-
Shuker equation.”” The hydrodynamic size of the particles D,, was
analysed by the dynamic laser scattering DLS (90Plus/BI-MAS
Analyzer, Brookhaven Instruments Corp., USA) operated at 660 nm
with a light output of 35 mW. Dy values were measured for 30 s at
10 replications, and these data were statistically processed in the
form of a histogram. Experimental details of both methods and
sample preparation are given in Ref.?**"!

Laser ablation (LA) time-of-flight mass spectrometry (TOF MS). Mass
spectra were recorded on a MALDI-7090 mass spectrometer
(Shimadzu Kratos Analytical, UK) using an Nd-YAG laser (A=
355 nm). The laser energy was scaled in arbitrary units (a.u.) from 0
to 180. The irradiated spot size was 100 um in diameter. For
measurements with higher resolution AXIMA Resonance mass
spectrometer (Shimadzu Kratos Analytical, UK) hybrid quadrupole
ion-trap time-of-flight mass spectrometer was used. The instrument
was equipped with a nitrogen pulsed laser (A=337 nm). Mass
spectra were recorded in the 100-1500 m/z range. All measure-
ments were performed in both positive and negative reflectron ion
modes. External mass calibration in both ionization modes was
performed using clusters of red phosphorus giving an accuracy
better than +20 mDa. Computer modelling of the isotopic
envelopes using Launchpad software (Kompact version 2.9.3, 2011)
from Kratos Analytical Ltd. (Manchester, UK) was used to determine
stoichiometry of the detected clusters. For LA TOF mass spectrom-
etry, sample of GeTe was dispersed in 1 mL of THF. The suspension
in THF was sonicated for 5 min before deposition on the target. A
1 uL sample of a suspension was deposited on a stainless-steel
target and dried under an air stream at room temperature (RT). The
target was then introduced into a mass spectrometer, and the
measurements started once the pressure decreased below 107° Pa.
First, mass calibration was carried out using red phosphorus as the
standard (with mass error being less than +50 mDa for all
measurements) and each mass spectrum was then accumulated
from at least 10 shots using 500 profiles.

Chemicals. Te powder (30 mesh, purity 99.997%) was purchased
from Sigma-Aldrich (Steinheim, Germany). For comparison, GeTe
powder (purity 99.999%) was purchased from ThermoFisher
(Kandel, Germany). Red phosphorus was bought from Riedel
deHaén (Hannover, Germany), tetrahydrofuran and dichlorome-
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thane were purchased Sigma-Aldrich (Steinheim, Germany). All
solvents were dried using Pure Solv-Innovative Technology equip-
ment. Deuterated solvents such as CDCl; was purchased from
GenChem, heated with solvent-appropriate drying agents, distilled
under an argon atmosphere, degassed, and stored over molecular
sieves. Starting materials such as diisopropyl phosphine oxide,
Palladium(ll) acetate, 1,1-bis(diphenylphosphino)ferrocene, triethyl-
amine, Germanium(ll)  chloride  dioxane complex (1:1)
(GeCl,(dioxane)),, silver trifluoromethanesulfonate (AgOTf), lithium
triethyl borohydride (1 M solution in THF) were purchased from
Sigma Aldrich and used as received.

Results and Discussion
Synthesis of GeTe Nanoparticles

All air-sensitive and moist operations were performed under an
inert atmosphere using the standard Schlenk technique. The
N,N-chelating ligand L (L is {2-[(Me)C=N(C¢H;—2,6-iPr,)]-6-
[(iPrO),P=01C;H;NH™?¥ was used to stabilise the initial ionic Ge-
based complex [LGeCl]* [OTf]~ (1) (Scheme 1; more details are
given in SI).

Compound 1 is soluble in polar organic solvents such as
THF or CH,Cl,, but almost insoluble in toluene and hexane.
Compound 1 was characterised by NMR spectroscopy (com-
plete NMR details are shown in SI; for NMR spectra, see
Figures S1-S4 in SI). The *'P{"H} NMR spectrum of 1 revealed
singlet resonance at d 12.7 ppm, which is shifted downfield as
compared to the value found for the starting ligand L (6
7.2 ppm).”¥ This downfield shift is a clear proof of the P=0—Ge
interaction in 1. The presence of the OTf anion in 1 was
confirmed by the quartet signal in *C{'"H} NMR at 6 119.5 ppm
flanked with "J('°F, C)=319.4 Hz due to the presence of the
CF; group. Finally, the '"H NMR spectrum of 1 showed the
singlet resonance at 6 2.57 ppm of (CH;)C=N being shifted
downfield compared to the free ligand L (6 2.25 ppm). This
downfield shift proves the existence of the C=N—Ge interaction
in1.

Complex 1 was tested as a suitable precursor for further
synthesis of GeTe NPs. Therefore, the reaction of 1 with

CH,
NR
i) GeCl, dioxane. —NR ot HyC
ii) AGOTf —
N ®
> \ /) _ = N—-Ge R=
\
\ 7 "
i, _P=0 _
OPr |, OrPr/Fl’i HsC
' CHj,
L 1
#
C] NR
—NR [T —NR
— ® +Li,Te, THF — —
N—Ge | —————> N—-Ge |—> N +GeTe|
\ 7/ NI \ /7 \ \ /
Cll iy r.t. with sonification €|
—, i 0 —, P—
o © iih -70 *C o'Pr/'TI °© o, °©
O'pr o'Ppr P
1 [L->GeTe] L

Scheme 1. Preparation of GeTe NPs via the complex [LGeCI] ™ [OTf]™ (1).
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suspension Li,Te, prepared in situ, was tested (Scheme 1, for
details - SI). Li,Te was added dropwise via a cannula to the THF
solution of 1 at RT and stirred for 24 hours. The resulting
suspension was filtered and the solid material was washed with
THF. Subsequently, this solid was redispersed in THF, the
suspension was sonicated (FisherBrand FB15053H ultrasonic
bath, 560 W (Fisher Scientific, UK)) for 10 minutes and the
particle size of this solid material was characterised by dynamic
light scattering (DLS). The histogram of the hydrodynamic size
(Dy) was bimodal, formed from the signal of the primary
particles and further from their agglomerates. Primary GeTe
particles (D;=60 nm, Figure 1 - black curve) were agglomer-
ated to the highly populated particles GeTe with D;=700 nm,
i.e. the mean Dy increased to the 550 nm, similar to other
systems of metals'®**, oxides**® or layered perovskites®” in
the environment out of distilled water.”®

Therefore, the reaction conditions were modified and the
Li,Te suspension was added to the sonicated THF solution of 1
at RT. The reaction was subsequently sonicated for an addi-
tional 10 minutes. The short time of sonication was chosen
because it is well known that a longer time of sonication led to
the disappearance of nanoparticles and promoted re-
agglomeration.”®*#* Fyrther procedures were similar as de-
scribed in the previous case. The histogram of Dy, for solid GeTe
prepared by this method was again bimodal (Figure 1 - blue
curve), with maximums at 115 nm and agglomerates GeTe at
255 nm. Thus, sonication did not allow isolation of nano-GeTe
particles either. Finally, the influence of temperature was
investigated. Thus, the Li,Te suspension was added dropwise to
the THF solution of 1 at —50°C, the solution was stirred for an
additional 4 h at this temperature and warmed to RT. Further
procedures were similar as described previously. The histogram
of Dy for solid GeTe prepared by this low-temperature method
revealed that the hydrodynamic diameter of the primary
particles was 71 nm (Figure 1 - red curve).

We suppose that the reaction of 1 with Li,Te produced an
unstable complex [L—GeTe] that decomposes into the GeTe
material together with the free ligand L. However, the low
temperature slows down this decomposition and provides the
GeTe NPs. The presence of ligand L was always detected in the
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Figure 1. Histograms of the hydrodynamic diameter for GeTe particles

redispersed in THF and sonicated for 10 min: synthesis at RT (black);
synthesis at RT together with ultrasonication (blue); synthesis at —50°C (red).
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reaction mixture after the addition of Li,Te. Additionally, after
the isolation of GeTe NPs, we were able to use the filtrated THF
solution containing the ligand L, for the synthesis of another
batch of 1 and GeTe NPs. This low-temperature procedure was
repeated three times, and prepared GeTe NPs were character-
ised by other techniques.

Characterisation of GeTe Nanoparticles

The prepared GeTe nanoparticles were further characterised by
TEM, SEM EDX, HR-SEM, Raman scattering spectroscopy, XRD,
and LA TOF mass spectrometry. At room temperature, the
powder XRD patterns exemplified in Figure 2 show two very
broad halos and no diffraction peaks, which demonstrates an
amorphous material.

TEM characterisation of the prepared GeTe nanoparticles is
summarised in Figure 3. Bright field imaging (TEM/BF; Figure 3a)
showed that the particles were isometric, rounded, without
sharp crystal facets, and of average size ca 20 nm. The

powder sample at 25°C E

1400

onal (PDF-04-001-7916)
R (PDF-04-006-2042) E|
oo | 1

1100

00 |

Intensity (arb. units)

s
2609

Figure 2. Room temperature powder X-ray diffraction (CoKa A= 1.790 A)
pattern of GeTe sample. Blue and red lines correspond to X-ray diffraction
pattern of low temperature hexagonal (rhombohedral) GeTe and high
temperature cubic GeTe phase, respectively. Data were used from the
database Powder Diffraction Fille PDF-4+-2023.

PXRD{a-GeTe)
PXRD(G-GeTe)

—— PXRD{y-GeTe)
SAED(C-film)

—— SAED(GeTe NP}

Intensity
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Figure 3. TEM analysis of GeTe nanoparticles: (a) TEM/BF - bright field image
showing the morphology of the nanoparticles, (b) TEM/SAED - 2D-electron
diffraction pattern, (c) comparison of experimentally determined 1D-electron
diffraction pattern (dark red line) with control sample containing only the
supporting carbon film (light red line) and d 1D-powder X-ray diffraction
patterns of a-GeTe (light grey), B-GeTe (medium grey), y-GeTe (dark grey
line), and (d) TEM/EDX - energy-dispersive analysis of X-rays showing
elemental composition of the nanoparticles.

Chem. Eur. J. 2024, 30, €202402319 (4 of 7)

experimental electron diffraction pattern (TEM/SAED; Figure 3b)
did not display any sharp peaks, which documented that the
particles were amorphous. This observation was consistent with
the XRD results. Two of the three observed broad diffraction
maxima of the analysed GeTe nanoparticles roughly corre-
sponded to the amorphous carbon supporting film (compare
light red and dark red lines in Figure 3c). The highest diffraction
maximum of GeTe nanoparticles, observed at ~2 A, indicated
certain periodicity in otherwise amorphous material. The fact
that the observed particles were an amorphous form of GeTe
was confirmed by energy dispersive spectroscopy (Figure 3d).
The EDX spectrum was dominated by the strong peaks of Cu
and C (signal from the supporting carbon coated copper grid as
the nanoparticles were quite small) and peaks of Ge and Te
(confirmation of the NPs elemental composition). The peak of
oxygen (at E=0.52 keV) suggested a certain oxidation of the
nanoparticles. The peak of silicon could be attributed to the
fluorescence from Si-detector.?"

The SEM EDX results (shown in S| as Figure 5) suggested
that the composition (atomic percentages) of the resulting
nanoparticles is Ge,gTes, (+2 at.%). The distribution of elements
was clarified by the EDX results, which showed that the
germanium and tellurium elements were homogeneously
distributed in the whole sample. The samples were further
analysed by HR-SEM. The samples for this analysis were
prepared by the deposition of GeTe dispersion in THF on the
brass sample holder. After the evaporation of THF, samples
were coated with 15 nm of a gold conductive layer and SEM
scans were acquired at 15 kV of acceleration voltage. Two
different concentrations of GeTe in THF (5 mg/ml a 0.5 mg/ml)
were chosen to study the dependence of the concentration on
the size and formation of the agglomerates of the prepared
GeTe particles. This study showed that for a concentration of
5mg/ml, only GeTe agglomerates were formed (Figure 4A).
However, even in these agglomerates, particles can be found
with a size of approximately 136 nm (Figure 4A). However, a
decrease in concentration to 0.5 mg/ml led to the formation of
well-separated GeTe particles with a particle size of approx-
imately 155 nm (Figure 4B).

The Raman spectra (exemplified in Figure 5) for both
synthesised GeTe materials (synthesised at RT and —50°C) were
within experimental error identical, e.g. the temperature of the
synthesis effect mainly the size of the agglomerates, not the
local structure itself. The most intensive bands in the Raman
spectra are attributed to the vibrations in bending mode
(90 cm™": overlapping peaks assigned to the v,(F,) and v,(E)),
symmetric stretching modes (120 and 159 cm™": A, motion of
the corner and edge-sharing tetrahedra) and antisymmetric
stretching mode (221 cm™": v;(F,)) of the GeTe,_,Ge, tetrahedra,
Figure 452" The population of the different tetrahedra GeT-
e, .Te, was calculated in according to the Phillip's model2
for GeTe composition such as 6.25% GeTe, 25% GeTe;Ge,
37.5% GeTe,Ge,, 25% GeTeGe; and 6.25% GeGe,. The low
intensive band at 307 cm™' could be thus associated with the
presence of the Ge—Ge homopolar bond with the population
ca. 6-10% in the GeTe structure.®® The possible presence of the

-1

Te—Te stretching mode should be detectable at the 150 cm™,
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Figure 4. A) HR-SEM image of GeTe NPs (prepared from THF suspension,
5 mg/ml). B) HR-SEM image of GeTe NPs (prepared from THF suspension,
0.5 mg/ml).

50

120 cm™

159 cm™’

Reduced Raman intensity

T ' T v T ¥ T ¥ T L)
100 150 200 250 300 350
Raman shift (cm™)

Figure 5. Raman spectrum of GeTe powder synthesised at —50°C.

Chem. Eur. J. 2024, 30, €202402319 (5 of 7)

WD 7.9mm 12:22:17

WD 7.9mm 13:31:33

B4bl byt it is overlapped by the more intensive bands of A,
mode of the edge-sharing tetrahedra.

The Raman spectra are qualitatively comparable with the
spectra of the thin films of amorphous GeTe material prepared
by magnetron sputtering®?® or PLD techniques.”® When the
GeTe is in the form of nanowires® or in the form of thin film
prepared by CVD from organometallic precursors,*® the ratio of
signals representing edge/corner shared GeTe, tetrahedra
strongly decreases to about 1:5, which corresponds to the
structural preference of the corner-shared arrangement. In the
Raman spectra of the crystalline form of GeTe there is a
significant amplification and decrease in the bandwidth of the
signal at 90 cm '®%*<* due to the high Raman activity of the
rhombohedrally deformed rock-salt structure.

The LA TOF MS data of the synthesised GeTe material,
commercial Te, and commercial GeTe are shown in Figure 5. It
can be seen that ion clusters of binary GeTe were well detected
on the newly synthesised material. Only a binary cluster GeTe, "
was detected in commercial material, indicating the most stable
ion formed in the gas phase. In addition to Te,” clusters (n=1-
5), series of GeTe,” (n=2-4), GeTe,OH  (n=1-3), and
GeTe,O,H™ (n=1-4) clusters were detected in synthesised
materials. Several signals of contaminants from synthesis and/or
from solvents were observed, however they do not complicate
data evaluation (marked with asterisk in Figure 6).

Some new signals corresponding to Ge,Te,” were detected
when mass spectrometer equipped with quadrupole ion trap
(Axima Resonance) was used (Figure S6). The newly observed
signals of Ge,Te,” clusters were identified as those with the
number of Ge atoms: m=2-6 and number of Te atoms n=1-3.

Experimentally recorded mass spectra were compared with
theoretical ones. Comparison for m/z region 470-640 Da is
given as Figure S7. Identification shows clear agreement
between exact masses of given isotopes and the intensity ratio
of isotopes matches nicely with the theoretical ones.

Synthesis of Materials with GeTe NPs
The low-temperature synthetic method of GeTe NPs via the

decomposition of [L—GeTe] also allows the very efficient
combination of GeTe NPs with other substrates. We repeated

* Sample GeTe
* 1 ks
E * 3z S
SQ- . -9 & 2
@ 2 Te, > g © &
Te « o @ 5 & o Tes 2 ()
TR M Fgog™ © ¢}
R T U S| N .- .- ~
0‘7‘; Te, Te commercial
e 2,
5 2
T | g < Tes
g 100 il J ] lle .J...m e idlle e — —
g 3 GeTe commercial
2 s0 Te Xz .
N i ) -
g ool Ll ” Al
100 140 180 220 260 300 340 380 420 460 500 540 580 620

m/z

Figure 6. Comparison of the mass spectra of GeTe synthesised material,
commercial Te, and commercial GeTe in the 70-650 m/z region in the
negative ion mode. Asterisk (*) indicates m/z values corresponding to
contamination.
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the synthesis of GeTe NPs in THF at —50°C and in this solution
single wall carbon nanotubes (SWCNTs) in weight ratio GeTe:
SWCNT=1:1 and 5:1 were added. The reaction mixtures were
warmed at RT and the prepared material was characterised by
EDX and HR-SEM. EDX measurement confirmed the presence of
Ge and Te atoms in the samples. HR-SEM scans of the GeTe:
SWNCTs samples with two studied weight ratios showed a
different distribution of GeTe particles within the SWNCTs
matrix. The formulation with the weight ratio of GeTe:
SWCNTs=1:1 revealed the formation of only GeTe agglomer-
ates with nonuniform incorporation into the matrix of SWCNTs.
This led to the observation of GeTe-rich and GeTe-poor regions
(Figure 7A). On the contrary, a more homogeneous distribution
of GeTe agglomerates was found in samples with a weight ratio
of 5:1 (Figure 7B). It is worth noting that the GeTe agglomer-
ates in this sample are composed of particles with a size of
approximately 35 nm, therefore a clear influence of the
presence of SWCNTs on the size of the GeTe particles is found.

L e
ipm  JEOL
WD 7.8mm 095:41:19

X 22,000 15.0kV SEIL

X 80,000

20.0kV SEI

Figure 7. A) HR-SEM image of GeTe NPs with SWCNTs (prepared from THF
solution, weight ratio 1:1), B) HR-SEM image of GeTe NPs with SWCNTs
(prepared from THF solution, weight ratio 5:1).
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Conclusions

Amorphous GeTe nanoparticles were prepared by the original
low-temperature synthetic method employing a new organo-
metallic precursor stabilised by neutral ligand L which can be
isolated after the reaction and used for further reactions.
Modification of reaction conditions such as temperature,
sonication, or time led to preparation of different sizes of
nanoparticles, which were evaluated by DLS measurements.
The XRD patterns of GeTe nanoparticles confirmed that they are
of an amorphous nature. SEM EDX suggested that the
composition of the resulting nanoparticles is Ge,gTes, (+2 at.%).
HR-SEM of GeTe NPs showed homogeneity of the diameter of
the nanoparticles. TEM showed that the particles were
isometric, rounded, without sharp crystal facets, and averaged
~20 nm in size. The experimental electron diffraction pattern
did not display sharp peaks, which again documented that the
particles were amorphous. Raman scattering spectroscopy gave
insight into the local structure of the prepared nanoparticles.
LA TOF mass spectra of GeTe nanoparticles contain Te,” clusters
(n=1-5), GeTe,” (n=2-4) and Ge,Te,” (M=2-6, n=1-3)
species and some clusters contaminated by oxygen and hydro-
gen. In conclusion, a low-temperature synthetic method using
neutral ligands can be an effective route for the preparation of
chalcogenide-based materials in the form of amorphous nano-
particles. Finally, the easy low-temperature synthetic method of
GeTe NPs allows for a very efficient way to combine GeTe NPs
with different substrates. In future work, we plan to deposit
GeTe NPs in a form of thin films with the outlook of measure-
ment of their thermoelectric performance or other applications.
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In this study, we report the use of N-coordinated tin(i) cations [L*— Sn(H,O)I[OTfl,- THF (1) and [L'— SnCl]
[SNCls] (2) (L = 1,2-(CsH4N-2-CH = N),CH,CH,) as efficient ROP catalysts, which, in combination with
benzyl alcohol, afford well-defined linear poly(e-caprolactone) (PCL) and poly(3-valerolactones) (PVL) via
an activated monomer mechanism (AMM). Thanks to the versatility of complexes 1 and 2 as catalysts,
star-shaped PCL, PVL and PLA were also prepared using three-, four-, five- and six-functional alcohols.

The number of arms was determined by SEC-MALS-Visco analysis. Spin-coated thin layers of linear and
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selected six-armed polymers were further studied in terms of their wettability to water. Attention was

focused on the influence of the composition and structure of the polymers. Finally, to increase the
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Introduction

In past decades, linear aliphatic polyesters, such as poly(lactide)
(PLA) or poly(e-caprolactone) (PCL), have received great atten-
tion due to their biodegradable and biocompatible properties.*
For this reason, they are nowadays a very suitable alternative to
classic petroleum-based plastics and, in particular, poly(-
lactides) have found application in many areas such as building
and packaging materials, electronic components, pharmacy
and medicine.” Besides these applications, biodegradable
polyesters are considered as relatively hydrophobic materials
and for this reason they have found an attractive application in
the preparation of non-fluorinated hydrophobic materials, i.e.
water-repellent, self-cleaning materials or membranes in oil-
water separation, etc.> The classification of the hydrophobic
properties of materials is based on the measurement of the
contact angle of water (WCA, 6), for example by the sessile drop
method. The final wetting properties depend not only on the
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hydrophobic properties of the studied polymers, stannaboroxines L%(Ph)Sn[(OB-(CgH4-4-CF3)),0O] and
L2(Ph)SNn[(OB-(CgH4-3,5-CF3)»),0] (L2 = CgH3-2,6-(Me,NCH,),) were applied.

type of polymer and thus their surface energy, but also on the
topography of the studied substrate, which is associated with
the fabrication method. In the case of PCL, the most hydro-
phobic materials were prepared by electrospinning, when
a series of nanofibers, meshes, scaffold, sheets and tissues was
obtained.**" These materials showed WCAs in the range of 113-
136°.*** The electrospinning method has also become an
excellent way to manufacture hydrophobic and super-
hydrophobic PLA-based materials. It has been reported that PLA
nanofibers prepared in this way show WCA = 152° and the
application of these fibers on a cellulosic cotton substrate
provides a very effective membrane for water-oil separation with
an efficiency of 99.16%.*" A similar results on hydrophobic
electrospun-made PLA membranes and fibers was demon-
strated by Zhang and Opaprakasit, who reported materials with
WCAs of 133° and 110°, respectively.*”* On the other hand, the
electrospinning process is more complex and not all PLA-based
materials show a hydrophobic character. Recently, PLA fibers
with a flat and smooth surface have been produced, resulting in
a WCA of 86.7°.% Besides the electrospinning process, a simple
approach based on the solvent casting method of dioxane
solution of PLA were implemented to obtain superhydrophobic
PLA surfaces.* While the film obtained only from dioxane
solution exhibited WCA = 66.6°, the precipitation of PLA from
dioxane-water or dioxane-ethanol solutions in the combination
with the gelation in air led to a WCA higher than 150°.*
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Scheme 1 ROP of L-lactide catalysed by complexes 1 and 2.

The hydrophobic properties of biodegradable polymers
could be influenced not only by their surface energy and
topography, but also by the structure of the polymer. In
particular, star-shaped polymers have become the object of
great interest due to their unique structure and topological
properties, which cannot be achieved in the case of linear
polymers.* These polymers are composed of several linear arms
radiating from central core, which causes a high proportion of
chain ends and a higher concentration of functional groups
than in their linear analogues of the same molar mass.

Two possible polymerization techniques are applicable to
produce star-shaped polyesters. The first one is based on poly-
condensation of dicarboxylic acids with polyalcohols, which,
however, yield polymers with M,, < 4700 g mol . On the other,
an incorporation of catalysts based on p-toluenesulfonic acid®
or triphenylphosphonium trifluoromethanesulfonate” led to
the isolation PLAs with M,, up to 67 000 g mol ™~ ". The second and
more widespread method is the ring-opening polymerization
(ROP) of cyclic esters operating by the coordination insertion or
activated monomer mechanism.* This method is popular
mainly due to the excellent control, robustness, versatility, and
simple reaction setup. Besides the monomer, the key compo-
nents of the ROP are initiator and catalyst.

23274 | RSC Adv, 2024, 14, 23273-23285
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Almost all reports used Sn(Oct), to catalysed the formation
star-shaped polyesters.® Sn(Oct),, operating via coordination-
insertion mechanism, is a very efficient catalyst and it has low
toxicity as reported by the Food and Drug Administration (FDA,
USA) for biomedical applications.’ For the synthesis of star-
shaped polymer, the polymerization of L-LA in the bulk with
Sn(Oct), as catalyst was usually carried out at 130 °C."* Further,
other tin compounds as spirocyclic tin initiators based on tin-
substituted polyethylene ethoxylate,** cyclic stannoxane," tin
acetylacetonate,'* tetraphenyltin'® were have also been used
with success. Besides tin compounds, other catalysts such as
calcium hydride,' potassium hexamethyldisilazide'” and bis-
muth(m) acetate'® were also employed. Further, more biologi-
cally friendly aluminium salen and salan,***” zinc amino-, thio-
phenolate or zinc amido-oxazolinate®* and diiminate complex*
extended the range of metal mediators for the synthesis of star-
shaped polyesters. In addition, Lewis acid catalysts based on tin
and aluminum allowed control of polymerization and provided
polymer stars with variable tactics.*

Recently, we reported the utilization of N-coordinated tin(u)
cations [L' — Sn(H,0)][OTf],- THF (1) and [L' — SnCI][SnCl;] (2)
(L' = 1,2-(CsH4N-2-CH = N),CH,CHy,) as the examples of Lewis
acidic tin(i) catalysts in the ROP of L-LA (see Scheme 1).>* It has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 ROP of 3-VL and ¢-CL catalysed by 1 and 2 using BzOH as
initiator.
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been demonstrated that polymerization operates via activated
monomer mechanism and the kinetic studies indicated
a pseudo-first order reaction, and thus a good control over the
polymerization.

Therefore, we set out the study to prove that 1 and 2 are the
universal catalysts for ROP of other monomers, 3-valerolactone
(3-VL) and e-caprolactone (e-CL), to prepare linear biodegrad-
able polyesters.

In addition, the formation of activated monomer also opens
the possibility to use different polyalcohols instead of benzy-
lalcohol for the synthesis of star-shaped polymers. Thus, the
application of 1 and 2 in the synthesis of star-shaped polyesters
poly(i-lactide)s, poly(d-valerolactone)s and poly(e-caprolactone)
s using glycerol, trimethylolpropane, triethanolamine, pen-
taerythritol, xylitol, myo-inositol, p-sorbitol and dipentaery-
thritol as different polyalcohols is another goal of this study.
These experiments provided three-, four-, five- and six-armed
stars. The linear and star-shaped polyesters were character-
ized by SEC-MALS-Visco analysis.

Further, since the linear PLA showed good water-repellent
properties, we tested selected linear and star-shaped poly-
esters as hydrophobic materials. Due to the good solubility and
film-forming properties, we prepared thin layers of selected
linear and star-shaped polyesters by spin-coating method. The
spin-coating method led to the preparation of uniform thin-
layers, in which it was possible to study the hydrophobic
properties only based on their composition and structure.
Finally, the effect of stannaboroxines L*(Ph)Sn[(OB-(CeH4-4-
CF3)),0] and L*(Ph)Sn[(OB-(C¢H4-3,5-CF3),),0] (L*> = C¢H3-2,6-
(Me,NCH,),)*** on the hydrophobic properties of thin layers of
polyesters is also discussed. Both compounds with six-
membered SnB,O; central core were selected as properly
soluble and good film-forming compounds,** that structurally
resemble polymer N-Boroxine-PDMS with six-membered B;0;
central core. This polymer in the combination with SiO, nano-
particles was recently published as hydrophobic material with
WCA = 160.8°.%°

Results and discussion

Synthesis and characterization of linear polyesters PVL and
PCL

Recently, compounds 1 and 2 proved to be effective catalysts in
ROP of L-LA. The computational study confirmed that ROP
operates via activated monomer mechanism. The kinetic
studies indicated a pseudo-first order reaction with a similar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymerization rate (k = 5.44 x 10~ > min " for 1 and k = 4.93 x
107> min~" for 2), and thus a good control over the polymeri-
zation. Complexes 1 and 2 are also universal in the ROP of other
cyclic esters, which was demonstrated by the preparation of
linear PVL and PCL (see Scheme 2).

All polymerization tests were performed in bulk at 145 °C. 3-
VL and &-CL was purified by the distillation over CaH, to avoid
data fluctuations due to the variation of impurities in the
technical grade monomers. The polymerization reactions were
carried out at molar ratios of [catalyst] : [monomer] = 1:50, 1:
100, 1:200 and 1:500. In all reactions, benzyl alcohol (BzOH)
was added as an initiator in a molar ratio of 1:1 compared to
the catalyst. The conversion a kinetics of the polymerization
experiments was monitored by the "H NMR spectroscopy and
showed a similar process as in the case of PLA. The data thus
demonstrated not only the same process, but also the same
activated monomer mechanism. All isolated polymers were
further characterized by the combined SEC-MALS-Visco analysis
with the aim to determine the number-average molar mass (M,,)
and dispersity (P). Results on polymerization tests are
summarized in Table 1.

As in the case of polymerization of L-LA,* the different
charge of the tin atom in 1 and 2 does not have significant
influence on the polymerization rate of 3-VL a &-CL, since both
catalysts 1 and 2 are very active and almost complete conversion
of monomers (for molar ratio [catalyst] : [monomer] =1:50,1:
100 and 1 : 200) was occurred after 1 hour. However, for a molar
ratio of 1:500, the catalytic activity of 1 and 2 decreases, when
after 1 hour the conversion was in the range of 65-78%.
Furthermore, the isolated PVLs showed macromolecular
parameters with only small deviations independently of the
catalyst used. The determined M, spc should correspond to
M, within the controlled living ROP, which is given by the
equation M, = [monomer]:[cat] X M(monomer) x conver-
sion + M(alcohol). In our case, this condition is met, for both
catalysts 1 and 2, especially by the molar ratio [cat] : [monomer]
=1:50 (and for PCL also 1:100 and 1 : 200). The prepared PVLs
and PCL (in the molar ratio of 1:100, 1:200 and 1 : 500 for PVL
and 1: 500 for PCL) show lower M,, sgc than the theoretical ones,
which can be caused by the traces of water in monomer and
deactivation of catalyst (especially in a higher loading of
monomer) resulting in the inhibition of the polymerization. So,
1 and 2 produces PVLs with M, in the range of 4000-11 600 g
mol " for 1 and 4100-16 500 g mol " for 2 and 5700-24 700 g
mol " for 1 and 5900-16 500 g mol ™" for 2 in the case of PCL.
The dispersity D (1.46-1.60 for PVLs and 1.42-1.58 for PCLs)
demonstrates a relatively uniform nature of polymers.

Based on these data, it can be concluded that the ROP of 3-VL
and &-CL catalysed by complexes 1 and 2 is relatively well
controlled and the character of polymerization is very similar to
L-LA polymerization catalysed by same complexes.**

Synthesis and characterization of star-shaped polyesters PLA,
PVL and PCL

Compounds 1 and 2 showed the ability to polymerize L-LA, 3-VL
and &-CL via activated monomer mechanism providing linear
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Table1 ROP of 3-VL and e-CL catalysed by 1 and 2 using BzOH as initiator

Entry Catalyst [cat]:[BzOH]:[3-VL] Conv” [%] M, 4 [g mol '] My sec” [g mol '] b

1 1 1:1:50 99 5100 4000 1.55
2 1 1:1:100 99 10000 5900 1.55
3 1 1:1:200 98 19700 13100 1.60
4 1 1:1:500 65 32600 11 600 1.46
5 2 1:1:50 98 5000 4100 1.51
6 2 1:1:100 99 10000 7200 1.53
7 2 1:1:200 96 19300 15 800 1.59
8 2 1:1:500 68 34100 16 500 1.48
Entry Catalyst [cat]:[BzOH]:[¢-CL] Conv” [%)] My " [g mol™] M, sec’ [g mol™] p

9 1 1:1:50 97 5600 5700 1.45
10 1 1:1:100 98 11200 8000 1.55
11 1 1:1:200 99 22700 15100 1.58
12 1 1:1:500 78 44 600 24700 1.46
13 2 1:1:50 98 5700 5900 1.42
14 2 1:1:100 98 11200 9700 1.47
15 2 1:1:200 99 22700 20400 1.53
16 2 1:1:500 69 39500 16 500 1.46

“ Measured by the "H NMR spectroscopy. ? Calculated M, of PVL (g mol~

CL]:[cat]-conv-M(e-CL) + M(BzOH). ¢

biodegradable polyesters PLA, PVL and PCL. This mechanism
opens the possibility of exchanging BzOH for polyalcohols, such
as glycerol, trimethylolpropane, triethanolamine, pentaery-
thritol, xylitol, myo-inositol, p-sorbitol and dipentaerythritol as
initiators. Therefore, 1 and 2 were tested in ROP of L-LA, 3-VL
and &-CL with these polyalcohols serving as the core in well-
defined star-shaped polyesters (see Scheme 3).

FREv 9?

: [3-VL]:[cat]- conv-M(8-VL) + M(BzOH); calculated Mn of PCL (g mol ): [e-
Experimental M,, values were determined by SEC-MALS-VISCO analysis in THF solution.

The experimental set up was the same as in the case of the
synthesis of linear polyesters. The polymerization reactions
were carried out in a molar ratio of [catalyst]:[initiator]:
[monomer] =1:1/n:100 (wWhere n = number of hydroxyl groups
in the initiator). The conversion of the polymerization experi-
ments was monitored by the "H NMR spectroscopy. All isolated
polymers were further characterized by the combined SEC-
MALS-Visco analysis with the aim to determine the number-

I
n/x

T A
2 .

A,

n/x

HO OH
OH HO
glycerol )
trimethylolpropane pentaerythritol
triethanolamine
OH
oH HO
OH OH OH OH
HO,, WOH
OH
HO OH HO Y [¢)
W = OH OH
OH OH HO H OH OH OH HO
litol g ;
- on D-sorbitol dipentaerythritol
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Scheme 3 Synthesis of star-shaped PLAs, PCLs and PVLs using 1 and
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Table 2 ROP of L-LA using catalysts 1 and 2 with a series of polyalcohols

Entry Catalyst Initiator Conv” [%] M,.m” [g mol ™ M, sec” [g mol '] b 7

1 1 Glycerol 96 13900 6000 1.27 2.3 (3)
2 1 Trimethylolpropane 85 12 300 5700 1.16 2.5 (3)
3 1 Triethanolamine 96 13 900 6300 1.19 2.6 (3)
4 1 Pentaerythritol 96 13900 9000 1.70 3.1(4)
5 1 Xylitol 97 14000 7700 1.91 3.7 (5)
6 1 myo-Inositol 88 12700 10100 1.51 2.7 (6)
7 1 p-Sorbitol 9% 13 900 8200 1.80 4.1 (6)
8 (ref. 24) 1 Dipentaerythritol 95 13950 8500 1.53 6.1 (6)
9 2 Glycerol 95 13700 6800 1.09 2.6 (3)
10 2 Trimethylolpropane 89 12 800 9600 1.22 2.7 (3)
11 2 Triethanolamine 94 13 600 12 200 1.14 3.8 (3)
12 2 Pentaerythritol 97 14 000 11900 1.45 3.6 (4)
13 2 Xylitol 97 14000 13200 1.32 4.4 (5)
14 2 myo-Inositol 85 12 300 8500 1.22 4.1 (6)
15 2 p-Sorbitol 94 13 600 12700 1.57 5.2 (6)
16 (ref. 24) 2 Dipentaerythritol 9% 14100 13200 1.15 7.2 (6)
17 Sn(Oct), Dipentaerythritol 99 14500 19 200 1.54 3.9 (6)

@ Measured by the "H NMR spectroscopy. ? Calculated M, of PLA (g mol~"): [L-LAJ:[cat]- conv-M(L-LA) + M(initiator). ¢ Experimental M, values were
determined by SEC-MALS-VISCO analysis in THF solution. ¢ Numbers in parentheses indicate the theoretical number of arms.

average molar mass (M,sgc) and dispersity (D). These two
macromolecular parameters further served as criteria for the
classification of complexes 1 and 2 as suitable catalysts for well-
controlled ROP. Thus, a promising catalyst should produce
polymers with D close to 1, indicating a uniform character of
polymer. Furthermore, as already mentioned, M, spc should
ideally be equal to the theoretical value of M,, (M,, 1) within well-
controlled ROP. Results of the polymerization tests are
summarized in Tables 2-4.

For L-LA, the polymerization tests did not show any signifi-
cant effect of the used catalyst on the dispersity D, since it is
statistical across the obtained PLAs (range of 1.09-1.91) but
shows a relatively uniform nature of polymers. The lowest

dispersity D was achieved using catalytic system of 2 and glyc-
erol (1.09, Table 2, entry 9). On the other, the complex 1 in the
combination with xylitol produced polymer with the highest b
(1.91, Table 2, entry 5). A certain influence of the catalyst is
evident in the case of number-average molar mass, when the
experimental M,, values (M,,,sgc) for PLAs produced using cata-
lyst 1 generally reach approximately half of the theoretical ones
(Myyen)- On the other hand, when catalyst 2 is used, the agree-
ment of these two parameters is observed, especially when
triethanolamine, xylitol and p-sorbitol are used as initiators
(Table 2, entries 11, 13 and 15). These results thus suggest better
control by using of 2 as catalyst producing well defined uniform
star-shaped polyesters of PLAs.

Table 3 ROP of 8-VL using catalysts 1 and 2 with a series of polyalcohol

Entry Catalyst Initiator Conv” [%] My ” [g mol™] M, sec” [g mol '] b Vi

1 1 Glycerol 93 9300 11 800 1.13 3.3(3)
2 1 Trimethylolpropane 90 9000 9300 1.15 3.1(3)
3 1 Triethanolamine 92 9200 9800 1.12 3.2 (3)
4 1 Pentaerythritol 97 9700 12100 1.14 3.4 (4)
5 1 Xylitol 94 9400 9000 1.17 3.2 (5)
6 1 myo-Inositol 90 9000 3800 1.15 2.9 (6)
7 1 p-Sorbitol 91 9100 7600 1.17 3.4 (6)
8 1 Dipentaerythritol 92 9200 11700 1.19 4.2 (6)
9 2 Glycerol 93 9300 14 600 1.96 7.3 (3)
10 2 Trimethylolpropane 90 9000 18900 1.77 8.0 (3)
11 2 Triethanolamine 91 9100 14900 1.87 7.2 (3)
12 2 Pentaerythritol 96 9600 19 000 1.72 7.8 (4)
13 2 Xylitol 95 9500 16 800 2.00 7.4 (5)
14 2 myo-Inositol 87 8700 14 400 1.89 8.4 (6)
15 2 p-Sorbitol 95 9500 15800 2.13 8.1 (6)
16 2 Dipentaerythritol 90 9000 21000 2.26 12 (6)
17 Sn(Oct), Dipentaerythritol 93 9600 15 700 1.78 3.5 (6)

@ Measured by the "H NMR spectroscopy. ? Calculated M, of PVL (g mol™): [3-VL]:[cat] conv-M(3-VL) + M(initiator). ¢ Experimental M, values were
determined by SEC-MALS-VISCO analysis in THF solution. ¢ Numbers in parentheses indicate the theoretical number of arms.
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Table 4 ROP of e-CL using catalysts 1 and 2 with a series of polyalcohol

Entry Catalyst Initiator Conv* [%] M0 [g mol ] M, sec’ [g mol ™) b Vi

1 1 Glycerol 99 11 300 10200 1.43 2.5 (3)
2 1 Trimethylolpropane 99 11300 11 400 1.68 2.8 (3)
3 1 Triethanolamine 99 11300 8800 1.34 2.4 (3)
4 1 Pentaerythritol 99 11 300 9500 1.73 2.7 (4)
5 1 Xylitol 99 11300 8600 1.57 2.8 (5)
6 1 myo-Inositol 99 11 300 12 000 1.52 2.3 (6)
7 1 p-Sorbitol 99 11300 10 000 1.70 3.2 (6)
8 1 Dipentaerythritol 99 11300 6200 1.90 3.2 (6)
9 2 Glycerol 99 13 400 8300 1.63 7.1 (3)
10 2 Trimethylolpropane 65 13 000 10 200 1.38 4.5 (3)
11 2 Triethanolamine 95 13100 8900 1.36 2.5 (3)
12 2 Pentaerythritol 99 13 900 9900 1.72 9.5 (4)
13 2 Xylitol 97 13 700 9700 3.18 14 (5)
14 2 myo-Inositol 67 12 600 12 000 1.53 2.3 (6)
15 2 p-Sorbitol 98 13 700 10100 2.72 13 (6)
16 2 Dipentaerythritol 97 13 000 12 800 1.45 9.8 (6)
17 Sn(Oct), Dipentaerythritol 99 11500 16 400 1.68 3.7 (6)

@ Measured by the "H NMR spectroscopy.  Calculated M, of PCL (g mol~"): [¢-CL]:[cat]- conv- M(e-CL) + M(initiator). ¢ Experimental M, values were
determined by SEC-MALS-VISCO analysis in THF solution. ¢ Numbers in parentheses indicate the theoretical number of arms.

In contrast, the polymerization experiments of 3-VL indi-
cated strong influence of catalyst on dispersity D of isolated star-
shaped PVLs. It is evident, that complex 1 produce polymers
with very low dispersity b, which is in a very narrow range of
1.12-1.19 (Table 3, entries 1-8). Moreover, M, sgc values corre-
late very well with M, 4, except for the case involving myo-
inositol (Table 3, entry 6). In contrast, poor control over poly-
merization was achieved when complex 2 was used as catalyst.
The isolated star-shaped PVLs revealed dispersity b of range
1.72-2.26 (Table 3, entries 9-16) and M, sgc values are almost
twice as large as M, 1. These results thus suggest better control
by using of 1 as catalyst producing well defined uniform star-
shaped of PVLs.

Similar results were also obtained in the polymerization
experiments of &-CL. In comparison to the ROP of L-LA and d-
VL, the polymerization of &-CL is less controlled, but complex 1
produce star-shaped polyesters with narrower dispersity D
ranging from 1.34 to 1.90 (Table 4, entries 1-8) and M, sgc
values correlate with M, 4, except for the dipentaerythritol
(Table 4, entry 8). Poor control over polymerization was ach-
ieved when complex 2 was used as catalyst (dispersity D ranging
from 1.36 to 3.18, Table 4, entries 9-16). These results thus
again suggest better control by using of 1 as catalyst producing
well defined uniform star-shaped polyesters of PCLs.

The different ability of complexes 1 and 2 to control the
polymerization of L-LA, 3-VL and &-CL, and thus the dispersity
b, can be explained based on the strength of the interaction
between the catalyst (as Lewis acid) and the monomer (as Lewis
base) in the activated monomer. This is a prerequisite to
produce well-defined polymers. In the previous work, we used
theoretical calculations to determine the NPA atomic charge g
of tin(u) atom in 1 and 2, which are 1.42¢ (for 1) and 1.21 (for 2)
indicating 1 as more Lewis acidic.”* Unfortunately, to the best of
our knowledge, there is no study in the literature comparing the
basicity of L-LA, d-VL and e-CL. Information about this is only

23278 | RSC Adv, 2024, 14, 23273-23285

for 3-VL and &-CL, which exhibit similar pKj, (14.3 for 8-VL and
14.7 for e-CL).>” However, it can be assumed that the presence of
a Me group with a +I effect in the L-LA structure increases the
nucleophilic character of the carbonyl oxygen, and thus the
Lewis basicity. The Lewis basicity of the studied monomers can
thus be estimated in order L-LA > 3-VL = &-CL. From this point
of view, 3-VL and &-CL can form a strong interaction only with
more Lewis acidic complex 1, leading to well-defined star-
shaped PVLs and PCLs. In contrast, L-LA can also interact
strongly with complex 2, which, despite the assumption of
a weaker interaction than in the case of complex 1, produces
PLAs with a lower distribution.

The incorporation of polyalcohols into the polymer chain
was confirmed by 'H NMR spectroscopy. A representative
sample was chosen for this study, namely PCL containing tri-
methylolpropane as the core (Table 4, entry 2). In the "H NMR
spectrum of this polymer, the major signals with ¢ = 1.28, 1.55,
2.21 and 3.96 ppm corresponding to CH, protons of the main
chain of e-caprolactone unit were found. Besides these signals,
the "H NMR spectrum revealed small peaks with 6 = 0.80 and
3.89 ppm, which were assigned to the trimetholpropane core. In
addition, the presence of trimethylolpropane in the prepared
PCL was also detected by TG-GCMS, when the chromatogram of
the studied PCL showed a peak with a retention time of ¢tz =
3.6 min and M,, = 134.

Although these studies confirm the incorporation of poly-
alcohols into the structure of the prepared polymers, the
branching of the polymer chain cannot be clearly determined
from these data. The combined SEC-MALS-viscosity method
allows not only the determination of absolute molar mass
distribution, but also the estimation of the degree of branching.
The detection and quantification of branching is based on the
fact that a branched macromolecule has smaller size than cor-
responding linear molecule of identical chemical composition
and molar mass.”® For small macromolecules the branching

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03515a

Open Access Article. Published on 24 July 2024. Downloaded on 4/6/2025 9:02:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

cannot be characterized on the basis of root mean square radius
(radius of gyration) as this quantity cannot be determined for
molecules with radii below about 10 nm, which roughly corre-
sponds to molar mass of 10> g mol~". This limit applies to
majority of molecules in the prepared samples. Instead,
branching characterization based on the intrinsic viscosity can

be used:*
g= (%)M 1)

Here [7] is the intrinsic viscosity of branched (br) and linear (lin)
macromolecule, subscript M refers to the same molar mass. The
parameter g’ can be related with the number of arms. The
equation derived by Douglas et al.>** was used in this work:

(3 —2\"*0.724 - 0.015(f — 1)
§= ( 7 ) 0.724 2)

Here fis the number of arms per branched macromolecule. To
obtain the branching ratio g/, one needs constants of Mark-
Houwink equation for linear polymer. The constants were ob-
tained by plotting the Mark-Houwink plots obtained by the
SEC-MALS-viscosity analysis of linear PLA, PCL and PVL
samples. To cover the molar mass range as broad as possible,
Mark-Houwink plots of four different samples of different
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Fig.1 Mark—Houwink plots of linear PLA (top), PCL (center), and PVL
(bottom).

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

molar mass distribution were gathered together. The plots of
linear polymers obtained by ROP catalysed by 2 (PLA) and 1
(PVL and PCL) that showed better control over the polymeriza-
tion are depicted in Fig. 1 and the Mark-Houwink constants
obtained from these plots are as follows:

PLA [n] = 0.025 x M%7
PCL [7] = 0.042 x M%592
PVL [5] = 0.051 x M%6%

The constants are valid for THF and 25 °C. Using the above
equations, one can calculate the intrinsic viscosity of a hypo-
thetical linear polymer that would have the same weight-average
molar mass (M,,) as that of branched polymer (see Fig. 2). The
branching ratio g’ is obtained by simple division of the experi-
mental weight-average intrinsic viscosity ([7]s) divided by the
value calculated for the linear polymer (see Fig. 2). The esti-
mation of an average number of arms per molecules is per-
formed using the eqn (2). As eqn (2) does not allow the explicit
expression for f, one can simply calculate g’ for various f(with an
increment 0.1) in Excel, and then to match the g’ calculated for
a given sample with f. The obtained values of f are listed in
Tables 2-4.

In the case of star-shaped PLAs, the factor f ranges from 2.3
to 5.2 and thus the experimental number of arms is always
slightly lower than the theoretical ones. As discussed, complex 2
showed better control over the polymerization of the star sha-
ped polymers. This is also demonstrated by the values of the
factor franging from 2.6 to 5.2. Therefore, the values correlate
well with the theoretical ones, except the star shaped polymer
based on myo-inositol as a core (Table 2, entry 14). As already
mentioned, polymerization tests of 3-VL producing star-shaped
PVLs showed better control when using catalyst 1. This fact is
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Fig. 2 Example of Mark—Houwink plots of linear and star shaped
polymers. Top left: PVL, linear vs. star shaped with theoretically four
arms (pentaerythritol as core, Table 3, entry 4) catalysed by 1; left
bottom: g’-versus—M plot for the star shaped PVL; top right: PLA,
linear vs. star shaped with theoretically four arms (pentaerythritol as
core, Table 2, entry 12) catalysed by 2; left bottom: g’'—versus—M plot
for the star shaped PLA.
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also reflected in factor franging from 2.9 to 4.2. The values thus
fit well especially in the case of 3- and 4-armed star-shaped PVLs
(Table 3, entries 1-4), while 5- and 6-armed PVLs revealed lower
branching. The biggest discrepancy can be found again for myo-
inositol as a core (Table 3, entry 6). Similar results can be found
for star-shaped PCLs, where better control was achieved by
catalyst 1. The factor franges from 2.3 to 3.2. The values again fit
well for 3- and 4-armed star-shaped PCLs (Table 4, entries 1-4),
while 5- and 6-armed PCLs revealed lower branching. The
biggest discrepancy can be found again for myo-inositol as
a core (Table 4, entry 6).

Finally, the catalytic activity of complexes 1 and 2 was
compared with commercial Sn(Oct),. Dipentaerythritol was
selected as representative initiator. The experimental set up was
the same as in the case of complexes 1 and 2. The macromolec-
ular parameters M, sgc, P and fare summarized in Tables 2-4 (for
PLA, see Table 2 entry 17; for PVL, see Table 3, entry 17 and for
PCL, see Table 4, entry 17). For all polymers M, sk is higher than
M, , the deviation is more pronounced than for their analogues
prepared using 2 (for PLA and PCL) and 1 (for PVL). The dis-
persity D is also higher (1.54 vs. 1.15 for PLA, 1.78 vs. 1.19 for PVL
and 1.68 vs. 1.45). Additionally, Sn(Oct), does not provide poly-
mers with such a degree of branching compared to 2 and 1 (3.9
vs. 7.2 for PLA, 3.5 vs. 4.2 for PVL and 3.7 vs. 9.8 for PCL). By
comparing these factors, it can be clearly stated that complex 2
(for PLA and PCL) and complex 1 (for PVL) control ROP much
more effectively than commercial Sn(Oct),.

Comparison of wettability of linear and star-shaped polyesters

As it has been stated linear PLA and PCL based materials are
considered as hydrophobic materials.® Thus, the comparison of
the wettability of linear and star-shaped PLA, PCL and PVL
prepared in this study was another goal. Since the literature
clearly demonstrates dependence of the WCAs on the fabrica-
tion method, we took advantage of the good solubility of the
synthesized polymers and we prepared thin layers of above
mentioned polymers by an spin-coating method to avoid any
influence on the method of fabrication. This method may
provide thin layers with uniform surfaces and allow us to study
the hydrophobicity of the polymers in terms of composition,
structure, and concentration.

To investigate the influence of WCA on the polymer
composition, linear polyesters with similar M,, prepared by ROP
catalysed by 1 or 2 were selected. Thus the linear PLA (PLA-L)
with M,, = 7800 g mol~" and P = 1.25,* linear PVL (PVL-L) with
M, = 7200 g mol~ " and P = 1.53 (see Table 1, entry 6) and linear
PCL (PCL-L) with M,, = 8000 g mol ', b = 1.55 (see Table 1, entry
10) were studied further. To see the effect of the polymer
structure on WCA, star-shaped polyesters with similar M,
derived from dipentaerythritol as polymers with the highest
number of arms prepared by ROP catalysed by 1 or 2 were
selected. Thus the star-shaped PLA (PLA-DPE) with M, = 13
200 g mol™*, B = 1.15 and f = 7.2 (see Table 2, entry 16),>* star-
shaped PVL (PVL-DPE) with M,, = 11 700 g mol ™, P = 1.19 and f
= 4.2 (see Table 3, entry 8) and star-shaped PCL (PCL-DPE) with
M, = 12800 g mol ', = 1.45 and f = 9.8 (Table 4, entry 16)
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Fig. 3 (A) A graphical representation of WCAs of tested linear and star-
shaped polymers. (B) Screens of water droplet.

were studied further. We tested THF solutions of selected
polymers at concentrations 0.5, 1.0 and 2.0% (w/w) for the
fabrication of the thin layers. A silicon wafer was used as
a substrate to may analysed these thin layers based on atomic
force microscopy (AFM), scanning electron microscopy (SEM)
and variable angle spectroscopic ellipsometry (VASE) data. The
thin layers were fabricated by the coating on the silicon wafer
with approximately 0.3 ml of the THF solutions of polymers
followed by the spinning at 4000 rpm. Then, the thin layers were
dried under vacuum. The substrates modified in this way were
subsequently used for the measurement of WCA by the sessile
drop method. The obtained results of these measurements are
summarized in Fig. 3 and Table S1 in ESL{

The measured data show that WCA depends on polymer
composition, polymer structure and concentration. In general,
the most hydrophobic materials were obtained from 2% (w/w)
solutions. The highest WCA values were found for 2% (w/w)
PLA-L (97.2°), 2% (w/w) PCL-L (101.4°) and 2% (w/w) PCL-DPE
(103.5°) and fall in the region of hydrophobic behaviour.
Therefore, the influence of the polymer composition on WCA is
evident, since hydrophobic properties are mainly exhibited by
both PCLs, while both polymers based on PVLs are hydrophilic
(PVL-L 74.6°, PVL-DPE 76.0°). The influence of the polymer
structure on WCA can be also discussed. While the WCAs of
polymers based on PVL and PCL are almost the same for both
linear and star-shaped analogues, pronounced effect is
observed for PLA polymers. The star-shaped PLA-DPE (2% (w/
w)) has a hydrophilic character with WCA not exceeding 79.9°,
while linear PLA-L (2% (w/w)) revealed hydrophobic behaviour
with WCA at 97.2°. These results again proved that the values of
WCA of polymer materials strongly depend on the method of
the preparation and the WCA of spin-coated thin layers of PLA,
PCL or PVL cannot compete with PLA nanofibers prepared by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 SEM image and AFM scan of PLA-L (a, d), PCL-L (b, e) and PCL-

DPE (c, f).

Table 5 Characteristics of prepared thin layers: thickness films
(determined by VASE) — error in determination of thickness is 2 nm,
RMS (determined by AFM) — error in determination of thickness is

+£2 nm

Thin layer

Sample name WCA [°] Thickness [nm] RMS [nm]

2% (W/w) PLA-L 97 (+1) 155 20.36

2% (w/w) PCL-L 101 (+1) 222 16.59

0.5% (w/w) PVL-L 75 (£2) 52 Macro defects
2% (w/w) PLA-DPE 80 (£1) 154 Macro defects
2% (w/w) PCL-DPE 104 (£3) 242 14.42

2% (w/w) PVL-DPE 76 (£3) 44 6.31

the electrospinning method, where WCA exceeding 150° were
obtained.*”

As mentioned, the uniformity of thin layers was also studied.
Surfaces were characterized based on atomic force microscopy
(AFM), scanning electron microscopy (SEM) and variable angle
spectroscopic ellipsometry (VASE) data. The SEM and AFM data
showed that thin layers of hydrophobic materials have the
surface with small cracks and corrugations (Fig. 4) with root
mean square (RMS) roughness values (determined by AFM) in
the narrow range of 14.42-20.36 nm. The thicknesses of these
thin layers (determined by VASE) showed also narrow values of
155-242 nm (Table 5).

In contrast, the VASE data revealed that thin layers of
hydrophilic materials have smaller thicknesses ranging from 44

2
?/ ? O/Sn.o
| |
/©/B\O/B\©\ F3C B\O/B CF3
F3C CF :; :|:
8 SnBO-1 8
CF CF
8 SnBO-2 8
NMe,
2=
NMe,

Fig. 5 Structure of stannaboroxines SnBO-1 and SnBO-2.
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Fig. 6 (A) A graphical representation of the WCA of tested formula-
tions containing SNnBO-1 and SnBO-2. (B) Screens of water droplet.

to 154 nm (Table 5), and the SEM and AFM data suggested that
the surfaces of two samples contain macro defects and there-
fore AFM scans could not be measured (see Table 5).

To increase the hydrophobic properties of the studied poly-
mers, we further focused our attention on their combination
with another component. In the past decade, we have been
concerned with the synthesis of N — M coordinated galla- or
stannaboroxines with the general formula L*Ga(OB-Ar),0 and
L*(Ph)Sn(OB-Ar),0 containing MB,O; central ring (L> = C¢Hj-
2,6-(Me,NCH,),, Ar = substituted aryl).> The great advantage of
this type of compounds is easy preparation, solubility in organic
solvents and great variability of differently substituted aryls
bound to the boron atoms. In addition, it has recently been
found that gallaboroxine LGa(OB-Ar),0, where Ar is C¢H,-4-CH
= O, exhibits very good film-forming properties, which allowed
the fabrication of transparent thin films with properties
comparable to amorphous oxide glasses containing B,0; and
Ga,0; (ref. 31) (for example refractive index n = 1.44 or optical
band gap E, = 3.95 eV).** This fact evoked us to use hetero-
boroxines as additives to the studied polymers to improve the

Fig.7 SEM image and AFM scan of PVL-L:SnBO-2 =1:1 (w/w) (a, c),
PLA-DPE : SnBO-2 =1:1 (w/w) (b, €) and PVL-DPE : SnBO-2 =1:1 (w/
w) (c, f).
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Table 6 Characteristics of prepared thin layers: thickness films (determined by VASE) — error in determination of thickness is £2 nm, RMS
(determined by AFM) — error in determination of thickness is 0.2 nm for SnBO-2 based thin layers

Thin layer

Sample name WCA [°] The increase of WCA [°] Thickness [nm] RMS [nm]
0.5% (w/w) PVL-L:SnBO-2 1:1 100 (+1) 25.7 465 0.94

2% (w/w) PLA-DPE: SnBO-2 1: 1 97 (+2) 15.7 522 1.18

2% (w/w) PVL-DPE : SnBO-2 1:1 95.0 (+1) 19 89 0.66

uniformity of surfaces and increase the WCAs of these hydro-
philic materials. Two stannaboroxines L*(Ph)Sn[(OB-(C¢H,-4-
CF;)),0] (SnBO-1) and L*(Ph)Sn[(OB-(C¢H,4-3,5-CF3),),0] (SnBO-
2) (Fig. 5),%*> were selected due to their solubility. The presence
of fluorine atoms in the structures of SnBO-1 and SnBO-2 could
have been a promising aspect to increase the WCA. In addition,
both compounds contain six-membered SnB,0O; central core
and they structurally resemble polymer N-Boroxine-PDMS with
six-membered B;0O; central core.?®

Therefore, THF solutions of PVL-L (0.5% w/w), PLA-DPE (2%
w/w), and PVL-DPE (2% w/w) were enriched by SnBO-1 and
SnBO-2 to get two ratios of polymer/SnBO at 1:0.5 and 1:1,
respectively. Thus, new formulations were obtained for the
study of hydrophobic properties.

The thin layers from these THF solutions of new SnBO based
formulations were fabricated by similar way (spin coating on the
silicon wafer) and dried under vacuum. The substrates modified
in this way were subsequently used for the measurement of WCA
by the sessile drop method. The obtained results of these
measurements are summarized in Fig. 6 and Table S2 in ESLt

Based on these data, it was found that the addition of SnBO-2
with the ratio of polymer/SnBO-2 at 1:1 significantly increased
the WCAs of thin layers of PVL-L, PLA-DPE and PVL-DPE. Their
hydrophilic character was changed to the hydrophobic one with
the WCAs 100.3° (PVL-L), 96.5° (PLA-DPE) and 95.0° (PVL-DPE).
Especially for PVL-L, the increase of WCA (25.7°) is the most
striking. Of course, SnBO-1 and SnBO-2 were also added to PLA-
L, PCL-L and PCL-DPE and new formulations were fabricated in
the same way. However, such a significant improvement in
hydrophobic properties was not observed in these cases (Table S2
and Fig. S1, ESIT).

The uniformity of these thin layers with highest WCAs
(Polymer:SnBO-2 = 1:1 (w/w)) was again studied. Surfaces
were characterized based on AFM, SEM and VASE. The SEM and
AFM data showed smooth surface without cracks and corruga-
tions (see Fig. 7). Root mean square (RMS) roughness values
determined by AFM were typically found to be lower than
~2.35 nm (see Table 6). The thicknesses of all samples were
determined by VASE showing values of 89-522 nm (Table 6).
From these data, it is evident that the hydrophobicity is not
influenced by the thickness of layers, which varies between 89
and 522 nm with almost the same WCAs (95-100°). In addition,
the presence of oxygen, boron, fluorine and tin atoms in the
spin coated thin films was confirmed by SEM EDX.

Therefore, it is evident, that the stannaboroxines improved
the uniformity of surfaces of thin layers of polymers and

23282 | RSC Adv, 2024, 14, 23273-23285

increased the WCAs of these hydrophilic materials and formed
the hydrophobic materials.

Conclusions

Following the catalytic activity of N-coordinated tin(u) cations
[L'— Sn(H,0)][OTf],-THF (1) and [L'—SnCl][SnCl;] (2) in
ROP producing well-defined linear PLAs via activated mono-
mer mechanism, here, we determined these complexes as
effective and universal also for the polymerization of e-CL and
8-VL. The polymerization of these monomers yielded well-
defined linear PCL and PVL. Moreover, the formation of acti-
vated monomer opened the possibility to use different poly-
alcohols for the synthesis of well-defined star-shaped
analogues. Thus, the application of 1 and 2 in the synthesis of
star-shaped polyesters PLAs, PVLs and PCLs led to the prep-
aration of a series of polymers with different arm numbers.
While well-defined star-shaped PLAs were obtained using
complex 2, complex 1 provided well-defined star-shaped PVLs
and PCLs.

The preparation of well-defined linear and star-shaped PLAs,
PCLs and PVLs allowed us to compare their wettability in terms
of composition and polymer structure. For this study, thin
layers of the linear and six-armed polymers derived from
dipentaerythritol were fabricated by spin-coating method to
avoid any influence on the method of fabrication. Results based
on WCA measurements showed that the wetting properties of
PCLs and PVLs depend only on the composition, when PCLs
showed hydrophobic character (~102°), while PVLs hydrophilic
(~75°). For PLAs, the hydrophobicity was found for linear
polymer (~97°), while star-shaped analogue (~80°) showed the
hydrophilicity. To improve the uniformity of surfaces and
increase the WCAs, two stannaboroxines L*(Ph)Sn[(OB-(C¢H 4-4-
CF3)),0] and L*(Ph)Sn[(OB-(C¢H,-3,5-CF;),),0] were applied.
The addition of stannaboroxines improved the uniformity of
thin films and moreover transferred hydrophilic polyesters to
hydrophobic, which was the most striking for linear PVL (AWCA
~26°). This fact suggested the use of stannaboroxines and other
heteroboroxines can be promising approach for the creating of
hydrophobic materials.

Experimental part
General consideration

All moisture and air sensitive reactions were carried out under
an argon atmosphere using standard Schlenk tube techniques.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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All solvents were dried using Pure Solv-Innovative Technology
equipment. r-lactide, d-valerolactone and e-caprolactone were
purchased from Sigma-Aldrich and were purified by the
recrystallization from toluene or distillation over CaH, before
use. Compounds 1, 2, SnBO-1 and SnBO-2 were prepared
according to the literature.?**” The 'H NMR spectra were
recorded on a Bruker 500 NMR spectrometer at 298 K. The 'H
NMR spectra were referenced internally to the residual protio-
solvent. The molar mass distributions and Mark-Houwink
plots were determined by size exclusion chromatography (SEC)
coupled with a multi-angle light scattering (MALS) detector
DAWN NEON, an RI detector Optilab NEON and an online
viscometer ViscoStar NEON (all detectors from Wyatt Tech-
nology). The SEC system consisted of a 1200 Series isocratic
pump and an autosampler with two Mixed-C 300 x 7.5 mm 5
pm columns (all Agilent Technologies) using tetrahydrofuran
(THF) as the mobile phase at a flow rate of 1 ml min~*. Samples
of linear and star-branched polymers were prepared as solu-
tions in THF at the concentrations of = 6 mg ml™', left to
dissolve for at least 12 h, filtered with 0.45 pm filters and
injected in the amount of 100 pL. The specific refractive index
increment (dn/dc) was determined from the RI detector
response and injected mass assuming 100% mass recovery.
The average values obtained from four or five measurements of
different linear samples are as follows:

PLA dnldc = 0.046 + 0.001 ml g™
PCL dn/dc = 0.072 + 0.001 ml g~

PVL dn/dc = 0.070 + 0.001 ml g

The values are valid for THF, the wavelength 690 nm and
temperature 25 °C.

Ring-opening polymerization of r-lactide using 1 and 2 as
catalysts. Typical polymerization procedures are as follows. A
catalyst, benzylalcohol or polyalcohol and monomer in a molar
ratio 1:1/n:100 (where n = number of hydroxyl groups in the
initiator) were weighted into a Schlenk tube and homogenized.
The polymerization mixture was then placed into an oven pre-
heated to 145 °C. After a desired time, the reaction mixture was
cooled to room temperature and subjected to the 'H NMR
analysis. The monomer conversion was determined by the
calculation of the integration of the monomer vs. polymer
characteristic resonances in the "H NMR (CDCl;, 500 MHz)
spectrum. The polymer was purified by dissolving the crude
samples in CHCl; and precipitating into cold methanol
(100 ml). The obtained polymers were dried to a constant
weight, and the dry polymer samples were analyzed by the
SEC-MALS-Visco.

Preparation of thin layers of linear and star-shaped polymers
by spin-coating. The polymer samples were dissolved in THF at
concentrations of 0.5, 1 and 2% (w/w). For example, for 2% (w/
w) solution: 0.2 g of polymer was dissolved in 9.80 g of THF.

The prepared solutions were deposited on silicon wafer
substrates of 15 x 15 x 0.3 mm and the substrates were rotated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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using a Spin-Master spin coater at 4000 rpm for 60 s. After that,
thin layers were dried under vacuum at 80 °C. The formulations
containing the stannaboroxines SnBO-1 and SnBO-2 were
prepared by adding these compounds to appropriate THF
polymer solution in weight ratios of polymer:SnBO-1(-2) at 1:
0.5 and 1: 1. For example, for formulation of 2% (w/w) solution
of polymer with SnBO-2 in ratio 1: 1 (w/w): 0.2 g of polymer and
0.2 g of SnBO-2 was dissolved in 9.80 g of THF. The thin films
were prepared in the same manner as the polymer samples
themselves.

Water contact angles (WCAs) measurements. The WCAs by
the sessile drop method were measured using an OCA 50EC
goniometer (DataPhysics Instruments). Data were collected
with OCA20 software. The volume of dispensed water was set to
3.5 pl. 10 images were taken from one drop and the determi-
nations were made on 3 different locations for each condition.
The resulting WCAs were averaged.

Characterization of thin layers prepared by spin-coating. The
surface of the prepared films and their chemical composition
were studied using scanning electron microscopy (SEM,
TESCAN, VEGA 3, EasyProbe, Brno, Czech Republic) linked
with energy-dispersive X-ray analyzer. The EDX measurements
were performed at 3 spots per sample. Atomic force micros-
copy (Solver NEXT, NT-MDT) was used to study topography of
thin films within typical scanned area of 5 ym x 5 pm and
10 pm x 10 pm. Measured data were edited by means of rows
alignment using polynomial function of the fourth order. The
AFM scans were performed in the semi-contact mode
(amplitude modulated atomic force microscopy - AM-AFM)
using double-sided cantilever with the resonant frequency of
235 and 140 kHz (+£10%) respectively. The data were pro-
ceeded using Gwyddion software. Optical functions of
prepared layers as well as their thicknesses were obtained
from the analysis of spectroscopic ellipsometry data
measured using an ellipsometer with automatic rotating
analyzer (VASE, J. A. Woollam Co., Inc.). Experimental data
were analyzed using a three layer model of optical functions:
(i) the substrate (silicon substates), (ii) thin film, and (iii) the
surface layer. For the analysis of VASE data in broad measured
spectral region (300 nm-2300 nm, with wavelengths steps of
20 nm and angles of incidence 65°, 70° and 75°.), we used
Cauchy model.
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