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Abstrakt

V predkladané disertacn{ praci se zabyvam vyzkumem reakci katalyzovanych zlatem.
Jako hlavn{ experimentdlni metodu jsem pouZzila hmotnostni spektrometrii spojenou s
elektrosprejovou ionizaci. Abych ziskala uceleny pohled do studované problematiky,
pouZzila jsem také infracervenou multifotonovou disociaénf spektroskopii, spektrosko-
pii nukledrni magnetické rezonance a kvantové chemické vypocty. V prvni ¢dsti diser-
tacni prace jsem se zaméfila na studium interakce zlatného kationtu s nenasycenymi
uhlovodiky. Ve druhé ¢asti jsem studovala afinitu zlatného nebo stfibrného kationtu k
zlatnym acetylidam. V posledni ¢dsti disertacni prace jsem zkoumala mechanismus
adice methanolu na alkyny katalyzované zlatem. Zjistila jsem, Ze se zlatny kation sil-
néji vdZe k zlatnym acetylidiim neZ k neaktivovanym trojnym CC vazbdm. Ukdzala
jsem, Ze komplexy obsahujici dvé zlata predstavuji kliCové intermedidty v mecha-
nismu adice methanolu na alkyny a Ze ligand vdzany na atom zlata hraje zdsadni roli

v urCeni mechanismu.



Abstract

The main focus of the current dissertation thesis is research of gold catalyzed reac-
tions. I was using mass spectrometry as the primary research technique. I comple-
mented the results with infrared multiphoton dissociation spectroscopy, nuclear mag-
netic resonance spectroscopy and quantum chemical calculations. I have investigated
the interaction of the gold(I) cation with unsaturated hydrocarbons in the first part of
my thesis. Secondly, I have studied gold(I) or silver(I) affinity to gold acetylides. In
the last part, I have investigated the reaction mechanism of a gold mediated addition
of methanol to alkynes. I found out that the gold(I) cation interacts stronger with gold
acetylides than with nonactivated triple CC bonds. I showed that the complexes con-
taining two gold atoms represent the key intermediates in the mechanism of addition
of methanol to alkynes and that the ligand on the gold catalyst plays a fundamental

role in the determination of the mechanism.
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Cesky
1 Uvod

V ramci predkladané disertacni prace se zabyvam vyzkumem reakci katalyzovanych
zlatem. Funkcionalizace nasobnych CC vazeb katalyzovana komplexy jednomocného
vyzkumu organokovovych reakei.! P¥ikladem takovych reakci katalyzovanych zlatem
miiZe byt cykloadice enynd nebo adice nukleofiléi na ndsobné CC vazby.”> Vieo-
becné prijimany mechanismus téchto reakci zahrnuje v prvnim kroku aktivaci sub-
stratu pomoci n-koordinace ke zlatu. JelikoZ n-komplexy mezi zlatnym katalyzatorem
a nenasycenymi uhlovodiky predstavuji kliCovou roli v celém mechanismu reakce,
jsou piedmétem intenzivniho vyzkumu.®® Dal§i moZnosti jak aktivovat substrat v re-
akcich katalyzovanych zlatem je kromé m-aktivace také o,m-dudlni aktivace, u které
vznikaji jako mozné intermediaty dinuklearni komplexy zlata. Tyto komplexy mu-
Zeme rozdélit do dvou skupin. Do prvni skupiny miZeme zatadit o,n-dikoordinované
acetylidy.”~'? Do druhé skupiny patfi gem-diaurované vinyl nebo aryl komplexy.!3 14
Predpoklada se, Ze dinukledrni komplexy predstavuji kliCovy intermediat v adici nuk-
leofilii na trojné CC vazby.'? 1517 Nicméng zde existuji rizné nazory na roli téchto
komplexi v reakénim mechanismu. Jedni navrhuji, Ze diaurované intermediaty nejsou
aktivni sou¢dsti katalytického cyklu a tvoif se jen jako vedlejsi produkt reakce.!d:16
Druh4 skupina zastava ndzor, Ze adice nukleofild na alkyny probihd tzv. dudlnim me-

chanismem, kde diaurované komplexy jsou aktivni souésti katalytického cyklu.!317

2 Cile prace

« urcit vazebné energie mezi nenasycenymi uhlovodiky a Au(PMe3)*

* urcit strukturu zlatnych acetylidi se zlatnym nebo stiibrnym kationtem a va-
zebné energie pro ztrdtu Au(PMe3)*, Au(PMes),* nebo Ag(PMes3)*

« studovat mechanismus adice nukleofild na alkyny katalyzované zlatem



3 Metodika

Hlavni experimentdlni metodou byla hmotnostni spektrometrie (MS). Experimenty
jsem provéadeéla na tandemovém hmotnostnim spektrometru Finnigan TSQ 7000 s ge-
ometrii QOQ (Q - kvadrupdl, O - oktupdl).!® Tonty jsou v tomto hmotnostnim spek-
trometru tvofeny pomoci elektrosprejové ionizace (ESI). Sledovdni zmén fragmentace
v z4vislosti na kolizn{ energii vede k podrobné&jsim rozpadovym diagramdm. Pro jed-
notlivé fragmentace je moZné urcit vazebné energie (BDE). Pro analyzu rozpadovych
diagramu jsem pouZila program L-CID (ligand collision-induced dissociation, disoci-
ace ligandu vyvoland srazkou), ktery byl vyvinut Chenem a spolupracovniky.'®

Infratervenou multifotonovou disociaéni (ICMFD) spektroskopii jsem pouZila pro
uréeni struktury iontét v plynné fazi. ICMED spektra jsem méfila v laboratofi CLIO
(Center Laser Infrarouge d"Orsay) v Paii7i.2% ICMFD spektroskopie vyuZiva infrader-
veného laseru na volnych elektronech (FEL - free electron laser). Zafen{ laseru je pfi-
vedeno do hmotnostniho spektrometru Bruker Esquire 3000. ICMFD spektrum jsem
ziskala ze zévislosti fragmentacniho vytézku na vlnové délce infracerveného svétla.

NMR spektra jsem méfila na pfistroji Varian NMR System 300 MHz v roztoku
CD3OD. Jako vnitini standard jsem pouzila CD,Cl,.

Pro kvantové chemické vypoéty jsem vyuZila program Gaussian 09.2! Pro ur&o-
véani vazebnych energif a pro ziskan{ teoretickych infracervenych spekter jsem pouZzila
hybridni funkcional mPW1PW91.22 Pro studium mechanismu adice methanolu na al-
kyny jsem pouZila hybridni funkciondl B3LYP?? s empirickou korekei disperznich

interakei D3.24

4 Vysledky a diskuze

4.1 Interakce zlatného kationtu Au(PMe;)* s nenasycenymi uhlovodiky

Pro uréeni vazebnych energii mezi nenasycenymi uhlovodiky a Au(PMe3)* jsem jako
experimentdlni metodu pouzila hmotnostni spektrometrii. lonty jsem generovala po-
moci elektrosprejové ionizace (ESI) methanolového roztoku AuCl(PMes) a nenasy-
cenych uhlovodikd C,H,, (benzen, styren, pent-1-en, pent-1-yn, pent-2-yn, fenylace-
tylen, cyklookten, cyklookta-1,5-dien nebo cyklookta-1,3-dien). Prvnim kvadrupdlem
jsem vybrala ionty odpovidajici komplexu [Au(PMe3)(C,H,;;,)]*. Vybrané ionty byly

disociovany v kolizni cele srazkou s neutrdlnimi atomy xenonu. Dochdzelo k ztraté



Tabulka 4.1: Experimentdlni vazebné energie (BDE) urcené pomoci L-CID pro-
gramu a teoretické vazebné energie (BDEor)* pro ztritu C,H, z komplexu
[Au(PMe3)(C,H,,)]*. Relativni rychlostni konstanty k. pro vyménné reakce mezi
[Au(PMes3)(C,H,)]* a fenylacetylenem®.

CnHp BDE [eV]  BDEg [eV] ke
benzen 1,68 £ 0,03 1,31 0,461 £0,017
styren 1,85 £ 0,04 1,61 0,435 £ 0,025
pent-1-en 1,82 + 0,05 1,57 0,315 £ 0,029
pent-1-yn 1,88 £ 0,07 1,60 0,129 £ 0,011
pent-2-yn 1,91 +0,04 1,69 0,015 + 0,002

fenylacetylen 1,87 + 0,04 1,64 -

cyklookten 1,89 + 0,02 1,72 0,018 + 0,002
cyklookta-1,5-dien 1,93 £ 0,03 1,83 0,006 + 0,002
cyklookta-1,3-dien 1,83 £ 0,03 1,63 0,072 £ 0,007

2Teoretické vazebné energie (BDEc,) jsem spocitala pomoci metody mPW1PW91/cc-pVTZ:LanL2DZ s ko-
rekei na BSSE.

5Tlak fenylacetylenu v kolizni cele byl 0,2 mTorr.

nenasyceného uhlovodiku (C,H,,):

[Au(PMe3)(C,Hy)] " — [Au(PMe3)] " + (C,Hy) @.1)

Sledovanim zmén fragmentace v zdvislosti na kolizni energii jsem ziskala podrob-
néjsi rozpadové diagramy pro vSechny studované komplexy. Pro analyzu rozpadovych
diagramii jsem pouzila program L-CID!® a pomoci tohoto programu jsem ziskala va-

zebné energie mezi nenasycenymi uhlovodiky a zlatym kationtem (Tab. 4.1).

Pomoci hmotnostni spektrometrie jsem také studovala vyménné reakce u kom-
plexd [Au(PMe3)(C,H,,)]*, kde C,H,, je benzen, styren, pent-l-en, pent-1-yn,
pent-2-yn, cyklookten, cyklookta-1,5-dien nebo cyklookta-1,3-dien, s fenylacetyle-
nem. Prvnim kvadrupélem jsem nejdiive vybrala studovany komplex
[Au(PMe3)(C,H,)]*. Tento ion jsem poté v kolizni cele srdZela s fenylacetylenem
pfi nulové kolizni energii (Rov. 4.2). Reak¢ni rychlost vymény k; byla normalizo-
vand na reak¢ni rychlost kpeop Vymény methanolu za fenylacetylen v komplexu
[Au(PMes3)(CH30H)]" (Rov. 4.3). Vysledné relativni rychlostni konstanty ke
(Rov. 4.4) jsem uvedla v Tab. 4.1.



[Au(PMe3)(C,H,)] " +PhCCH & [Au(PMes)(PhCCH)| + (C,Hp)  (4.2)

[Au(PMe3 ) (CH3OH)]* +PhCCH %%, [Au(PMe3 ) (PhCCH)]" + (CH30H) (4.3)

el = kL (4.4)

MeOH
Dile jsem studovala vyménné reakce pro malé nenasycené uhlovodiky (acety-
len, ethylen a buta-1,3-dien) v komplexech [Au(PMe3)(C,H,;)]* s propynem jako
neutrdlnim reaktantem v koliznf cele (Rov. 4.5 a Tab. 4.2). Rychlostn{ konstantu k;
jsem znovu normalizovala na vyménnou reakci v komplexu [Au(PMe3)(CH30OH)|*

(Rov. 4.6).

[Au(PMe3)(C,H,,)]* + propyn LN [Au(PMe3)(propyn)] ™ + (C,H,,) 4.5)

[Au(PMe;3)(CH30H)] " + propyn Ko, [Au(PMe;)(propyn)]™ + (CH30H) (4.6)

Vazebné energie mezi zlatnym kationtem a nenasycenymi uhlovodiky jsem také
studovala pomoci teoretickych vypoctd. U vech studovanych komplexi jsem zjistila,
Ze teoretické vazebné energie jsou nizZ$i nez experimentdlni o 0,1 - 0,37 eV, coz je
nejspiSe ddno nepfesnym popsdnim koordinacni vazby mezi zlatem a nenasycenymi
uhlovodiky pomoci DFT (Tab. 4.1 a 4.2).

Ur¢ila jsem vazebné energie mezi [Au(PMe3)]* a nenasycenymi Cs - Cg uhlovo-
diky. Vysledky ukazuji, Ze se zlatny kation silnéji koordinuje k trojné vazbé, kdeZto
nejslabsi interakci ma k aromatickému kruhu (Tab. 4.1). Ukazala jsem, Ze vazebnd
energie mezi zlatnym kationtem a trojnou CC vazbou je o0 0,1 eV vétsi nez pro dvoj-
nou CC vazbu a o 0,2 eV vétsi neZ pro interakci s aromatickym kruhem. Stejny
trend jsem potvrdila i z méfen{ relativnich rychlostni konstant &y, které klesaji s ros-
touci vazebnou energii uhlovodikid k zlatnému kationtu (Tab. 4.1 a Obr. 4.1). Déle

jsem studovala interakci zlatného kationtu s malymi nenasycenymi uhlovodiky (ace-



Tabulka 4.2: Relativni rychlostni konstanty k. pro vyménné reakce mezi
[Au(PMes)(C,H,,)]* a propynem? a teoretické vazebné energie (BDEeqr)? pro ztratu
C,H,; z komplexu [Au(PMe3)(C, H,,)]*.

CnHp krel BDE(eor [eV]
acetylen 0,52 + 0,05 1,27
ethylen 0,41 +0,05 1,41
propyn 1,51
propen 1,52
but-2-yn 1,64
but-2-en 1,56

buta-1,3-dien 0,11 £0,01 1,50
penta-1,3-dien 1,65
hexa-2,4-dien 1,62

2Tlak propynu v kolizni cele byl 0,2 mTorr.
bTeoretické vazebné energie (BDE,,) jsem spotitala pomoci metody mPW1PW91/cc-pVTZ:LanL.2DZ s ko-
rekei na BSSE.

tylen, ethylen, propyn a propen). Z vysledki je zfejmé, Ze alkyl a aryl substituenty na
trojné CC vazbé maji zdsadni vliv na silu interakce mezi zlatem a trojnou CC vazbou
(Tab. 4.2). Acetylen md mensi vazebnou energie k zlatnému kationtu nez ethylen, coz
se ukazuje jako ddlezity vysledek vzhledem k modelovym studiim, ve kterych se asto
pouZzivaji malé substraty jako ekvivalent ke skute¢nym vét§im reaktantim. Pokud se v
téchto studiich nevezme v potaz efekt substituenti mtzou byt ziskany zavadéjici vy-
sledky. Stejné tak konkuren¢ni koordinace mezi vnitini trojnou a termindlni dvojnou
vazbou, jak ukazuji vysledky pro but-2-en a propyn, mize vést prednostné k interakci
zlata s dvojnou vazbou. Tyto vysledky mohou byt ndpomocny napf. pii studovani me-
chanismu zlatem katalyzované cyklizace diynt nebo enyni, kde reaktanty s vnitini a
termindln{ trojnou vazbou poskytuji rizné produkty nebo reakce pravdépodobné pro-

bihaji jinym mechanismem.>27

4.2 Interakce zlatnych acetylida se zlatnym nebo stfibrnym kationtem

Dile jsem studovala diaurované a smiSené (obsahujicich zlato a stifbro) komplexy
sloucenin obsahujicich jednu nebo dvé trojné CC vazby. Pro urceni vazebnych energii
v komplexech [Auy(PMe3)>(M-H)]*, kde M je fenylacetylen, diethyl
2-propargylmalonat, diethyl 2,2-dipropargylmalonat nebo diethyl

2-butynyl-2-propargylmalondt jsem jako experimentdlni metodu pouZila hmotnostn{
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Obrazek 4.1: Zavislost In(k]) na vazebné energii (BDE) studovanych nenasycenych
uhlovodiki k zlatnému kationtu [Au(PMe3)]*.

spektrometrii. Disociace vyvoland srdzkou s neutrdlnimi atomy xenonu u komplext
[Auy (PMe3)>,(M-H)]* vedla ke vzniku tif fragmentacnich kandld, které odpovidaji
ztrat€ [Au(PMes3)]t (Rov. 4.7), [Au(PMe3);]" (Rov. 4.8) a (PMe3) (Rov. 4.9)
(Obr. 4.2). Sledovanim zmén fragmentace v zdvislosti na kolizni energii jsem zis-
kala podrobnéjsi rozpadové diagramy pro vSechny studované komplexy. Pro analyzu
rozpadovych diagramii jsem pouzila program L-CID.' Fitovala jsem fragmenta&ni
kanély pro ztrdtu [Au(PMe3)]* a [Au(PMe3),]* (Tab. 4.3).

[Au; (PMe3)o (M-H)]" — [Au(PMe3)] " + [Au(PMes3)(M-H)) 4.7
[Auy (PMe3 ) (M-H)] T — [Au(PMe3)s] ™ + [Au(M-H)] (4.8)
[Aua (PMe3)2(M-H)]™ — (PMes) + [Aua (PMe3)(M-H)| ™ 4.9

Dile jsem pomoci hmotnostni spektrometrie studovala smiSené komplexy acety-
1idG s kationtem st¥ibra a (trimethylfosfino)zlatnym kationtem [AuAg(PMe3)(M-H)]*,
kde M je diethyl 2-propargylmalonat, diethyl 2,2-dipropargylmalondt nebo diethyl
2-butynyl-2-propargylmalonat. Disociace vyvoland sraZkou neutrdlnimi atomy xenonu
u komplext [AuAg(PMe3)(M-H)]* vedla ke vzniku péti fragmentacnich kandld, které
odpovidaji ztrdté¢ [Ag(PMe3)]" (Rov. 4.10), [Au(PMe3)]* (Rov. 4.11), (PMej3)
(Rov. 4.12), Ag* (Rov. 4.13) a [Ag(C3H,)]" (Rov. 4.14) (Obr. 4.3). ProtoZe fragmen-

tace smiSenych komplext byla moc sloZitd, nemohla jsem pouZit k uréeni vazebnych
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Obrazek 4.2: Rozpadové diagramy komplexd [Auy(PMe3),(M-H)I*, kde M je
a) fenylacetylen, b) diethyl 2-propargylmalondt, c) diethyl 2,2-dipropargylmalonit a
d) diethyl 2-butynyl-2-propargylmalondt, v zdvislosti na kolizni energii jsou zndzor-
néné pomoci symbolt. Plnou ¢drou jsou znazornény fity ziskané pomoci programu
L-CID. KrouZky je zndzornéna ztrata [Au(PMe3)]*, Ctverci [Au(PMej3),]* a trojihel-
niky (PMe3).
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Obrézek 4.3: Rozpadové diagramy komplexi [AuAg(PMes)(M-H)]*, kde M je
a) diethyl 2-propargylmalondt, b) diethyl 2,2-dipropargylmalondt a c) diethyl
2-butynyl-2-propargylmalonat, v zdvislosti na kolizni energii jsou zndzornéné pomoci
symbold. Ctverci je zndzornéna ztrata [Ag(PMe3)]*, krouzky [Au(PMes)]*, trojihel-
niky (PMe3), Sestidhelniky Ag* a kosodtverci [Ag(C3Hy)]*.

energii L-CID program.

[AuAg(PMe3)(M-H)] " — [Ag(PMe3)]" + [Au(M-H)] (4.10)
[AuAg(PMe3)(M-H)]* — [Au(PMe3)] " + [Ag(M-H)) (4.11)
[AuAg(PMe3)(M-H)]" — (PMe3) + [AuAg(M-H)]* (4.12)
[AuAg(PMe3)(M-H)]" — Ag™ + [Au(M-H)(PMe3) (4.13)
[AuAg(PMe3)(M-H)] " — [Ag(C3Hy)] " + [Au(M-C3H3 ) (PMe3)] (4.14)



Tabulka 4.3: Experimentdlni vazebné energie (BDE) ur¢ené pomoci L-CID programu
a teoretické vazebné energie (BDEr)* pro diaurované a smiSené komplexy.b

BDE [eV] BDE (eqr [eV] BDE [eV] BDE (er [eV]
ztrdta [Au(PMes3)]* [Au(PMes3)]* [Au(PMes), ]* [Au(PMes), I*
[Auy(PMes ), (PhCO) T+ 2,37 +0,03 2,66 2,58 + 0,05 2,22
[Au,(PMes),((monoyn)-H)J* 2,53 +£0,07 2,90 2,46 + 0,06 2,42
[Auy(PMes)» ((diyn)-H)+ 2,63 +0,03 2,67 2,21 +£0,04 2,22
[Au,(PMes), ((mediyn)-H)]* 2,80 £ 0,10 2,72 2,22 £0,02 2,26
ztrdta [Au(PMe3)]* [Ag(PMe3)]*
[AuAg(PMe3)((monoyn)-H)I* 3,59 3,51
[AuAg(PMe;)((diyn)-H)]* 3,53 3,36
[AuAg(PMe3)((mediyn)-H)]* 3,58 3,40
ATeoretické  vazebné energie (BDEy,) jsem spocitala pomoci metody mPWIPW9l/cc-

pVDZ:LanL2DZ(SP:cc-pVTZ:LanL.2TZ) s korekci na BSSE.
"Monyn je diethyl 2-propargylmalonat, diyn je diethyl 2,2-dipropargylmalonit a mediyn je diethyl
2-butynyl-2-propargylmalonat.

Urdila jsem vazebné energie pro komplexy mezi [Au(PMes)]* nebo stiibrnym
kationtem a riznymi zlatnymi acetylidy (Tab. 4.3). Vysledky ukazuji, Ze kation zlata
stejné jako kation stfibra se védze silngji k zlatnym acetylidim neZ k neaktivova-
nym trojnym CC vazbdm. Rozdil mezi vazebnymi energiemi [Au(PMe3)]* k zlatngm
acetylidim a neaktivovanym trojnym vazbam se pohybuje okolo 0,5 eV. Studovala
jsem také struktury diaurovanych a smiSenych komplexd. Ukdzala jsem, Ze komplex
[Auy(PMe3),(PhCO)T  je gemindlné diaurovany, kdezto komplexy
[Auy(PMe3)>,(M-H)]*, kde M je diethyl 2-propargylmalondt, diethyl
2,2-dipropargylmalondt a diethyl 2-butynyl-2-propargylmalondt, pfedstavuji tzv. di-
nukledrni o,n-acetylidy zlata. Jeden kation zlata se vdZze o vazbou na trojnou vazbu
a druhy kation zlata interaguje se stejnou trojnou vazbou pomoci m-koordinace. V
piipadé smiSenych komplexa se stejné jako v pfedchozim piipadé kation zlata vdze
o vazbou na trojnou vazbu a kation stiibra interaguje pomoci n-koordinace s obéma
trojnymi vazbami. Podle Mullikenovy popula¢ni analyzy oba atomy aktivované trojné
vazby nesou zdporny naboj jak v piipadé dizlatnych tak smiSenych komplexti. Tudiz
tvorba komplexi mezi zlatnymi acetylidy a zlatnym nebo stifbrnym kationtem vede k

deaktivaci studovanych alkynt viéi nukleofilni adici.



Tabulka 4.4: Rychlostni konstanty v dm3.mol"!.min"! ziskané pomoci NMR spek-

troskopie.
katalyzator kq ko ki1 ko»
Au(PPh3) 0,19+0,03 0,12+0,02 13+£03 5114
Au(PPh3)/TsOH 0,26+£0,01 0,18+£0,01 34+08 56+40
Au(IPr) 5,6+£0,3 169+09 03+£0,1 72+0,7
Au(IPr)/TsOH 72+0,9 30£6 1,403 120+ 4
Au(PPh3)/Au(IPr) 1,0£0,1 2,5+0,3 3+2 27+5

Au(PPh;)/Au(IPr)/TsOH 1,102 3,8+02 241 8115

4.3 Mechanismus adice nukleofilii na alkyny katalyzované zlatem

Nakonec jsem studovala kinetiku reakénich intermediatti u zlatem katalyzované adice
nukleofildi na alkyny. Zaméfila jsem se na studii adice methanolu na 1-fenylpropyn ka-
talyzovanou riznymi zlatnymi katalyzatory (AuCl(PPhj3) a/nebo AuCI(IPr)) pomoci
hmotnostni spektrometrie spojené s elektrosprejovou ionizaci, NMR spektroskopie a
teoretickych vypocta.

Vysledky ziskané pomoci NMR spektroskopie ukazuji, Ze prvni adice methanolu
na 1-fenylpropyn katalyzovand pomoci AuCI(IPr) je mnohokrat rychlejsi neZz adice
druhého methanolu (Tab. 4.4). Pro obé reakce plati, Ze pfednostné vznikd produkt
C2 adice. Pokud jsem k reakéni smési pfidala kyselinu, probihaly obé reakce rych-
leji (Tab. 4.4). Pomoci hmotnostni spektrometrie a nové vyvinuté metody zpozdéného
znaCeni reaktantu jsem zjistila, Ze diaurovany komplex [Au, (IPr), (PhCCCH3,CH30)]*
5-5™T neni v rovnovdze ani s reaktanty nebo produkty, ale tvoii stabilni komplex, ktery
se rozpada jen velmi pomalu. To je diivod, pro¢ reakce neprobihd pres tvorbu diauro-
vanych intermediatt, které v tomto pfipadé tvoii vedlejsi produkt reakce.

Adice methanolu na 1-fenylpropyn katalyzovand pomoci AuCl(PPh3) je pomalejsi
neZz reakce katalyzovand zlatnym katalyzdtorem obsahujici karbenovy ligand
(Tab. 4.4). Hlavnim dtiivodem je velmi pomald prvni adice methanolu. Nicméné druha
adice methanolu je rychlejsi nez prvni adice, a dokonce je rychlejsi neZ analogicka
reakce katalyzovana pomoci AuCI(IPr). Regioselektivita je u prvni adice methanolu
opacnd neZ pro reakci katalyzovanou AuCl(IPr) a pfednostné vznikd produkt C1 adice.
Nicméné u druhé adice methanolu vznika rychleji stejné jako pro AuCl(IPr) produkt
C2 adice. Obé reakce jsou v ptipadé katalyzy AuCl(PPhj3) urychleny priddnim kyse-

liny (Tab. 4.4). Pomoci metody zpozdéného znaceni reaktantu jsem zjistila, Ze v pii-
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Tabulka 4.5: Pologasy Zivota komplexu 5-5PPM3 [Au,(PPh3),(PhCCCH3,CH;0)]* a
rychlostni konstanty kyy odpovidajici zdniku komplexu 5-57Ph3,

) pridany » 5.5PPh3 5-5PPh3
katalyzator aditiva . .
reaktant t1p [min] ki [min™]

CD,0H - 113+1,7 0,063 0,009

Au(PPhs)/ 1,2 ekv. A :
u(PPhy)/ 12 ckv. Ag CD;0D ; 122408 0,057 0,004
Au(PPh3)/ 0,5 ckv. Ag CD;0H ; 109+ 1,1 0,064 = 0,007
Au(PPhs)/ 2 ckv. Ag CD;0H } 103+08 0,068 0,005
Au(PPh3)/ 5 ckv. Ag CD;OH } 11.0+13 0,063 = 0,008
CD,0H TsOH  7,0% 1.6 0,101 0,023

Au(PPhs)/ 1,2 ekv. A :
u(PPhs)/ 1.2 ckv. Ag PhCCCD; ; 42404 0,167 = 0,018

padé diaurovaného komplexu [Au, (PPh3),(PhCCCH3,CH30)]* 5-5PP"3 mizu pouzit
aproximaci staciondrniho stavu. Diky tomu jsem byla schopna urcit rychlostni kon-
stantu kyp, kterd uruje s jakou rychlosti dochdzi k zaniku toho komplexu, a také urcit
polo&as Zivota komplexu 5-5PPh3 (Tab. 4.5). Ukdzala jsem, 7e pokud do reakéni smési
priddm kyselinu TsOH dojde k urychleni zéniku diaurovaného komplexu 5-5PPh3 a
zvySeni konstanty kyp 0 50% (Tab. 4.5). V pripadé vysledki z NMR spektroskopie
jsem zjistila, Ze po pfidani kyseliny je prvni adice methanolu do C1 polohy urychlena
0 37% a do C2 polohy urychlena o 50% (Tab. 4.4). Diky této shodé mezi experi-
menty predpokladam, Ze rychlost uréujicim krokem pro reakci katalyzovanou pomoci
AuClI(PPh3) je pravé zénik diaurovaného intermedidtu 5-5°7P3. Diaurovany komplex
muZe zanikat pomoci protodeaurace. Zjistila jsem, Ze pokud dojde ke zdvojndsobeni
koncentrace alkynu v reakéni smési, dochdzi také k rychlejSimu zdniku komplexu
5-5PPh3 (Tab. 4.5). Diky tomu piedpoklddam, Ze alkyn hraje aktivni roli pii zaniku
diaurovanych komplexi 5-57F13 nejspise zapojenim do protodeaurace.

Dal$im argumentem, pro¢ pfedpokldddm, Ze adice methanolu na 1-fenylpropyn
katalyzovand pomoci AuCl(PPh3) probihd pres diaurovany intermedidt 5-5PPh3 je
srovndni s difve publikovanou analogickou reakci,!3 kde je adice methanolu katalyzo-
vdna pomoci AuCl(PMes). Zinik a také vznik diaurovaného komplexu
[Auy(PMej3),(PhCCCH3,CH30)]* stejné jako celkova rychlost reakce je u katalyzy
pomoci AuCl(PMe3) rychlejsi neZ pro katalyzu pomoci AuCl(PPh3). Pokud bych ale
predpoklddala alternativni vysvétleni s tfm, Ze pouze dochdzi k vedlej$i rovnovaZné
reakci mezi monoaurovanym a diaurovanym intermedidtem a reakce bézi pouze pres

monoaurovany komplex a diaurovany komplex se tvoii jen jako vedlejsi produkt re-
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akce. Poté by musela byt reakce katalyzovand pomoci AuCIl(PPhj) rychlejsi nez s
AuCl(PMej3), protoZe pomalejsi tvorba diaurovaného komplexu méné brzdi reakci
vedouci pfes monoaurovany intermedidt. JenomZe reakce katalyzovand AuCl(PPhj)
neni rychlej$i neZ reakce katalyzovand AuCl(PMe3), coZ je pddny argument proto, Ze

reakce katalyzovanad pomoci AuCI(PPh3) probiha pfes diaurované intermedidty.

Dile jsem provadéla experiment, kde byla adice methanolu katalyzovana obéma
katalyzatory dohromady, to znamend jak pomoci AuCI(PPhjs) tak i pomoci AuCl(IPr).
Pomoci NMR spektroskopie jsem zjistila, Ze prvni adice je nejspiSe katalyzovéna pre-
vazné pomoci AuCl(IPr) (Tab. 4.4). Je to jednak proto, Ze je reakce rychlej$i nez
reakce katalyzovand pomoci AuCI(PPh3). Déle je selektivita stejnd jako reakce ka-
talyzovand jenom pomoci AuCI(IPr), coz znamend, Ze vznika vice produktu C2 adice.
Druhd adice methanolu je nejspiSe katalyzovana hlavné pomoci AuCl(PPhjs), protoze

rychlostn{ konstanty jsou si velmi podobné.

Adici methanolu na 1-fenylpropyn katalyzovanou bud’ AuCl(PPh3) nebo AuCl(IPr)
jsem studovala také pomoci kvantové chemickych vypoctd. Zjistila jsem, Ze vysledky
teoretickych vypoétii nenaznaduji, pro¢ je regioseletivita prvni adice methanolu na
1-fenylpropyn mirné posunuta k C1 adici pro katalyzator obsahujici fosfinovy ligand,
kdeZto pro katalyzétor obsahujici karbenovy ligand je posunuta k C2 adici. Dale také
nevysvétluji, pro¢ reakce s AuCl(PPhs) vede ke vzniku diaurovaného intermedidtu
oproti reakci katalyzované pomoci AuCl(IPr), protoZe energeticky profil je velmi po-
dobny pro oba katalyzatory.

Na zakladé vsech experimentalnich a teoretickych vysledkii jsem navrhla mecha-
nismus pro adici methanolu na 1-fenylpropyn (Obr. 4.4). Prvnim vratnym krokem,
ktery je stejny pro oba katalyzatory AuCl(PPh3) i AuCI(IPr), je endotermni adice
methanolu na zlatem aktivovany alkyn 5-2, kdy vznikd komplex 5-3. Dal§im kro-
kem je deprotonace. JenomZe v tom kroku se mechanismus pro oba katalyzatory od-
liSuje. Pfedpokladdm, Ze v pfipadé katalyzy pomoci AuCl(IPr) vznikd jednoduchou
deprotonaci monoaurovany komplex 5-4. KdeZto pro reakci katalyzovanou pomoci
AuCl(PPh3) je deprotonace asistovana koordinaci zlatného kationtu a vznika diauro-
vany komplex 5-5b. Tato reakce je silné exotermni a nejspiS§e mnohem rychlejsi nez
jednoduchd protonace. To je také diivod pro¢ reakce probihd pres diaurované kom-
plexy 5-5b. Nicméné muiZe byt potlacena v piipadé pouZiti katalyzatoru s objemnym
ligandem jako je IPr. Zanik jak monoaurovaného 5-4 tak i diaurovaného 5-5b kom-

plexu predstavuje rychlost urcujici krok reakce. Pfredpokladdm, Ze zanik diaurovaného
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Obrézek 4.4: Navrhovany mechanismus adice methanolu na 1-fenylpropyn katalyzo-
vané bud’ AuCI(PPh3) (cesta pfes diaurovany intermedidt) nebo AuCl(IPr) (cesta pres
monoaurovany intermediat).

komplexu 5-5b je asistovan reaktantem a probihd za vzniku aktivovaného komplexu
5-2 a komplexu mezi produktem a zlatnym katalyzatorem 5-6. Je jasné, Ze protonace
neutrdlniho monoaurovaného intermedidtu 5-4 bude probihat rychleji neZ asistovand
protonace pozitivné nabitého diaurovaného komplexu 5-5b. CoZ vysvétluje, proc je
reakce s objemnym katalyzatorem jako je AuCI(IPr), kde je potlacen vznik diaurova-
ného intermedidtu 5-5b, rychlejsi neZ se stericky méné objemnymi katalyzétory, kde
reakce probihd pies diaurované intermedidty 5-Sb. Pfi druhé adici methanolu diauro-
vané komplexy nemohou vznikat, proto je reakce rychlejsi s pouZzitim méné branéného
katalyzatoru AuCl(PPhjs).

5 Zavér

Katalyza zlatem predstavuje hlavni téma mé disertacnf prace. Jako klicovou experi-
mentdlni metodu jsem pouZila hmotnostni spektrometrii, kterou jsem doplnila o infra-
Cervenou multifotonovou disociacni spektroskopii nebo nukledrni magnetickou rezo-
nanéni spektroskopii nebo teoretické vypocty.

Prvnim krokem ve vétSiné reakei katalyzovanych zlatem je tvorba n-komplext
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zlata s reaktanty obsahujici ndsobné CC vazby. ProtoZe zde chybéla ucelend studie,
kde by se pro stejny zlatny kation porovndvaly substraty obsahujici aromaticky kruh,
termindlni nebo vnitini dvojnou ¢i trojnou CC vazbu, vice dvojnych vazeb, které jsou
bud’ v konjugaci nebo jsou izolované, mym cilem bylo provést takovou studii. Zjistila
jsem, Ze se zlatny kation vaZe silnéji k vnitini neZ k termindln{ trojné CC vazbé. Slabs{
interakci nez k trojnym CC vazbdm ma k dvojnym CC vazbam a nejslabéji se vaze
k aromatickému kruhu. Pfekvapujicim vysledkem bylo zji§téni, Ze v piipadé malych
systémd se zlatny kation vaZe silnéji k dvojné nez trojné CC vazbé. Ukdzala jsem,
Ze alkylové substituenty maji zdsadni vliv na silu interakce mezi zlatem a nenasyce-
nymi uhlovodiky. Tento vysledek je ddleZity, protoZe ukazuje, Ze je potfeba si ddvat
velky pozor, pokud k zdvéram pouzivdme modelové studie s malymi substrity jako

ekvivalent ke skute¢nym vét§im reaktantim.

Na predeslou studii jsem navdzala vyzkumem interakci mezi zlatnym nebo stiibr-
nym kationtem a zlatnymi acetylidy. Ukdzala jsem, Ze kation zlata stejné jako kation
stifbra se vazi silngji k zlatnym acetylidim neZ k neaktivované trojné CC vazbé.
Studovala jsem strukturu diaurovanych a smiSenych komplexi. Zjistila jsem, Ze po-
kud vznikd komplex, ktery je gemindlné diaurovany, je trojnd vazba silné polari-
zovand s velkym zdpornym ndbojem na termindlnim atomu uhliku. Tyto komplexy
pak budou nejspise reagovat jako klasické acetylidy. U komplexi tvofici dinukledrni
o,m-acetylidy zlata, kde se jeden kation zlata vdZe o vazbou na trojnou CC vazbu a
druhy kation zlata interaguje se stejnou trojnou CC vazbou pomoci n-koordinace, je
aktivovana trojnd CC vazba méné polarizovand. Oba atomy uhliku trojné CC vazby
nesou zaporny naboj jak v pripadé dinukledrnich o,r-acetylidi zlata obsahujici kation
zlata tak i kation stfibra. TudiZ tvorba téchto komplext vede k deaktivaci studovanych

alkynt vici nukleofilni adici.

Na zakladé predeslych poznatkd jsem studovala mechanismus zlatem katalyzo-
vané adice nukleofild na trojnou CC vazbu. Zjistila jsem, Ze pomoci hmotnostni spek-
trometrie spojené s elektrosprejovou ionizaci miZu pro intermediaty, které jsou ve
staciondrnim stavu, urcit jejich polocas Zivota. Dile jsem byla schopna zkoumat vliv
piidavku kyseliny nebo koncentrace katalyzitoru ¢i reaktantu na ziskana kinetickd
data. Ukdzala jsem, Ze je zdsadni rozdil v mechanismu adice nukleofili na alkyny, po-
kud pouzijeme méné stericky branény ligand vdzany ke zlatu nebo stericky objemny
ligand. V pripadé pouZziti méné stericky branéného ligandu reakce probihd pomaleji

tzv. dudlnim mechanismem pres diaurované intermediaty, kdy rychlost uréujicim kro-
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kem je pravé rozpad téchto komplext. KdezZto pokud pouZzijeme katalyzator obsahujici
stericky objemny ligand, reakce probihd rychleji pfes monoaurované intermedidty.

Ukaézala jsem, Ze diky kombinaci experimentdlnich metod v plynné fazi a v roz-
toku a teoretickych vypocti jsem byla schopnd detailné studovat vlastnosti a reaktivitu
komplexi obsahujicich zlatny kation a nenasycené uhlovodiky, dinukledrni komplexy
zlata obsahujici bud’ zlatny nebo stiibrny kation nebo mechanismus adice nukleofila
na alkyny katalyzované zlatem.

Vysledky ziskané v rdmci mé disertacni prace jsou publikovédny v ¢lancich:

« ’Interaction of the Gold(I) Cation Au(PMe3)* with Unsaturated Hydrocarbons’
L. Jasikova, J. Roithova; Organometallics 31, 1935 (2012).

¢ ’Interaction of Gold Acetylides with Gold(I) or Silver(I) Cations’ L. Jasikova,
J. Roithovd; Organometallics 32, 7025 (2013).

» ’Reaction Intermediates Kinetics in Solution Investigated by Electrospray Ioni-
zation Mass Spectrometry’ L. JaSikovd, M. Anania, S. Hybelbauerovd, J. Roi-
thova; Journal of the American Chemical Society 137, 13647 (2015).
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English
6 Introduction

The dissertation thesis is focused on the research of gold catalyzed reactions. Gold-
catalyzed reactions have emerged as a powerful tool for the construction of a diverse

1

array of molecular architectures.” Cycloadditions of enynes or additions of nucleo-

philes to multiple CC bonds represent an example of reactions catalyzed by gold.>™
It is generally accepted that the first step of the mechanism of gold catalyzed reac-
tion is n-coordination of the gold(I) cation to the reactant. Because these n-complexes
between gold catalyst and unsaturated hydrocarbons play a fundamental role in the
mechanism, they are in the interest of many research groups.®® o,n-dual activation
is another possibility how to activate reactants in gold catalysis, when dinuclear gold
complexes are formed as intermediates. It is possible to classify the dinuclear com-
plexes to two categories. The first one is represented by o,n-dicoordinated acetyl-
ides.> 12 Gem-diaurated vinyl or aryl complexes are in the second one.'>!* Tt is
assumed that the diaurated complexes represent intermediates in the addition of nuc-
leophiles to triple CC bonds.!3 1517 However there are two concepts about the role
of these complexes. The first theory is based on an assumption that the diaurated
complexes are not an active part of the catalytic cycle and that they are formed as a
by-product.!>1® The second group assumed that the addition of nucleophiles to al-
kynes goes through the dual mechanism, where the diaurated complexes are an active

part of the catalytic cycle.!3 17

7 Aims of the study

* to determine binding energies between unsaturated hydrocarbons and Au(PMe3)*

¢ to determine structures of gold acetylides with gold(I) or silver(I) cation and
binding energies for the loss of Au(PMe3)* or Au(PMe3),* or Ag(PMes)*

* to study the mechanism of gold catalyzed addition of nucleophiles to alkynes.

16



8 Methods

I used mass spectrometry (MS) as the primary research technique. I did experiments
on the mass spectrometer Finnigan TSQ 7000 with geometry QOQ (Q - quadrupole, O
- octupole).'® The ions were generated by electrospray ionization (ESI). It is possible
to determine binding energies (BDE) by analysis of energy-resolved collision-induced
dissociation (CID) spectra. I used L-CID (ligand collision-induced dissociation) pro-
gram!? for the analysis.

I used infrared multiphoton dissociation (IRMPD) spectroscopy for the determina-
tion of structures of ions in the gas phase. I measured IRMPD spectra in the laboratory
CLIO (Center Laser Infrarouge d Orsay) in Paris.2’ IRMPD spectroscopy works with
the free electron laser (FEL). The light of the laser is transferred to the mass spectro-
meter Bruker Esquire 3000. The dependence of the fragmentation intensities on the
wavelength of the laser light gives IRMPD spectrum.

I measured nuclear magnetic resonance (NMR) spectra on Varian NMR System
300 MHz in the solution of CD30OD. I used CD,Cl, as an internal standard.

I used Gaussian 09 for the theoretical calculations.?!

I used hybrid functional
mPWI1PWOI for the determination of binding energies and theoretical infrared spec-
tra.22 1 used hybrid functional B3LYP%? with empirical corrections for dispersion

324

interactions D3“* for the determination of the mechanism of addition of nucleophiles

to alkynes.

9 Results and discussion

9.1 Interaction of the Gold(I) Cation Au(PMe3)* with Unsaturated Hy-
drocarbons

I used mass spectrometry to determine the binding energies between unsaturated hy-
drocarbons and Au(PMe3)*. I generated the ions using electrospray ionization (EST)
of methanol solution of AuCIl(PMe3) and unsaturated hydrocarbons C,H,, (benzene,
styrene, 1-pentene, 1-pentyne, 2-pentyne, phenylacetylene, cyclooctene,
1,5-cyclooctadiene or 1,3-cyclooctadiene). I selected the ions appropriate for the com-
plex [Au(PMe3)(C,H,,)]* by the first quadrupole. The selected ions were dissociated
by collision with neutral xenon atoms in the collision cell. They lost unsaturated hy-
drocarbon (C,H,,):
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Table 9.1: Experimental binding energies (BDE) determined by L-CID program and
theoretical binding energies (BDEeor) (method:mPWI1PW91/cc-pVTZ:LanL.2DZ
corrected to BSSE) for the loss of C,H,, from complex [Au(PMe3)(C,H,,)]*. Rela-
tive rate constant ke for ligand-exchange reaction between [Au(PMe3)(C,H,,)]"™ and
phenylacetylene.

CnHp, BDE [eV] BDEjpeor [eV] krel
benzene 1,68 £ 0,03 1,31 0,461 £ 0,017
styrene 1,85 +0,04 1,61 0,435 £ 0,025
1-pentene 1,82 + 0,05 1,57 0,315 £ 0,029
1-pentyne 1,88 +0,07 1,60 0,129 + 0,011
2-pentyne 1,91 £ 0,04 1,69 0,015 £ 0,002

phenylacetylene 1,87 + 0,04 1,64 -
cyclooctene 1,89 + 0,02 1,72 0,018 + 0,002
1,5-cyclooctadiene 1,93 £ 0,03 1,83 0,006 £ 0,002
1,3-cyclooctadien 1,83 +0,03 1,63 0,072 = 0,007
[AU(PM%)(CnHm)}Jr - [AU(PMC3)}+ +(CyHpm) ©.1)

I obtained more detailed fragmentation patterns by scanning the dependency of
fragmentation on collision energy for all studied complexes. I used the L-CID soft-
ware!? to analyse the fragmentation patterns. The output was the binding energy

between unsaturated hydrocarbons and the gold cation (Tab. 9.1).

Further, I studied the ligand-exchange reactions in complexes
[Au(PMe3)(C,H,)]*, where C,H,, is benzene, styrene, I-pentene, I-pentyne,
2-pentyne, cyclooctene, 1,5-cyclooctadiene or 1,3-cyclooctadiene,  with
phenylacetylene, using mass spectrometry. I chose the studied complex
[Au(PMe3)(C,H,,)]* with the first quadrupole. The complex was collided with the
phenylacetylene at zero collision energy in the collision cell ( Eq. 9.2). The relative
rate constant k; was normalised to the rate kyeop Of methanol and phenylacetylene
exchange in the complex [Au(PMe3)(CH30H)]* (Eq. 9.3). I showed the final relative
rate constant ke (Eq. 9.4) in the Tab. 9.1.

[Au(PMe3)(C,H,)]" +PhCCH & [Au(PMes)(PhCCH)]* + (CoHp)  (9.2)
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Table 9.2: Relative rate constants k. for the ligand-exchange reactions be-
tween [Au(PMe3)(C,H,,)]* and propyne. Theoretical binding energies (BDEeor)
(method:mPW1PW91/cc-pVTZ:LanL.2DZ corrected to BSSE) for the loss of C,Hy,
from complex [Au(PMes3)(C, H,)1*.

CnHp kel BDEeor [€V]
acetylene 0,52 +0,05 1,27
ethylene 0,41 +£0,05 1,41
propyne 1,51
propene 1,52
2-butyne 1,64
2-butene 1,56

1,3-butadiene 0,11 £ 0,01 1,50
1,3-pentadiene 1,65
2.4-hexadiene 1,62

[Au(PMes)(CH30H)]* + PhCCH 249, [Au(PMe3)(PhCCH)] " + (CH30H) (9.3)

ki

krel =7
kmeon

9.4)

Following that, I studied the ligand-exchange reaction between unsaturated hydro-
carbons (acetylene, ethylene and 1,3-butadiene) in complexes [Au(PMes3)(C,H,)]*
with propyne, as a neutral reactant, in the collision cell (Eq. 9.5 and Tab. 9.2). Again,
T used the exchange reaction in the complex [Au(PMe3)(CH30H)]* as a normalisation
for the relative rate constant k; (Eq. 9.6).

[Au(PMe3)(C,H,,)] " + propyne ﬁ> [Au(PMe3)(propyne)] " + (C,Hy) 9.5)

[Au(PMe;3)(CH30H)] " + propyne Kucon, [Au(PMej3) (propyne)] " + (CH30H)
9.6)
I used theoretical calculations for the study of complexes between the gold cation
and unsaturated hydrocarbons as well. I found that in all of the studied complexes, the

theoretical binding energies were lower than the experimental ones by
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0,1 - 0,37 eV which is most probably due to imprecise description of the coordination
bonds between the gold cation and unsaturated hydrocarbons using DFT
(Tab. 9.1 and 9.2).

I determined the binding energies between [Au(PMe3)]* and unsaturated Cs - Cg
hydrocarbons. The results show that the gold cation is strongly coordinated to the
triple bond and the weakest interaction is with the aromatic ring (Tab. 9.1). I showed
that the binding energy between the gold cation and the triple CC bond is stronger
by 0,1 eV than between the double bond and by 0,2 eV stronger than the interaction
with aromatic ring. I endorsed the same trend by measurements of the relative rate
constants ke which decrease with the increasing binding energies of the hydrocar-
bons to the gold cation (Tab. 9.1 and Fig. 9.1). Further, I studied the interaction of
the gold cation with the small unsaturated hydrocarbons (acetylene, ethylene, propyne
and propene). It is clear from the results that the alkyl and aryl substituents on the
triple CC bond have the fundamental impact factor on the intensity of the gold cation
and triple CC bond interaction (Tab. 9.2). Acetylene has a lower binding energy to
the gold cation than ethylene. This seems to be an important result, according to the
model studies, where small substrates are very often used as an equivalent to the real
bigger reactants. Misleading results could be obtained if the effect of substituents is
not considered. The results for 2-butene and propyne show that concurrent coordin-
ation between the inner triple and the terminal double bond can lead to the preferred
gold double bond interaction. These results could be helpful for investigation of the
mechanism of gold-catalyzed diyne or enyne cyclization where the reactants, with the
internal and terminal triple bonds, afford different products or the reactions follow by

the different mechanisms.

9.2 Interaction of Gold Acetylides with Gold(I) or Silver(I) Cations

I have investigated diaurated and mixed (containing silver and gold cations) complexes
of compounds containing one or two triple CC bonds. I used mass spectrometry for
the determination of binding energies for complexes [Auy(PMes),(M-H)]*, where
M is phenylacetylene, diethyl 2-propargylmalonate, diethyl 2,2-dipropargylmalonate
or diethyl 2-butynyl-2-propargylmalonate. Collision-induced dissociation (CID) of
complexes [Auy(PMes),(M-H)]* with neutral xenon atoms leads to the elimination
of [Au(PMe3)]* (Eq. 9.7), [Au(PMe3),]* (Eq. 9.8) and (PMej3) (Eq. 9.9) (Fig. 9.2).

It is possible to determine binding energies (BDE) by analysis of energy-resolved
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Figure 9.1: Dependence of In(k.|) on the binding energies (BDE) of the investigated
unsaturated hydrocarbons to the gold cation.
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Figure 9.2: Energy-resolved CID (symbols) of  complexes

[Auy(PMe3),(M-H)]*, where M is a) phenylacetylene, b) diethyl
2-propargylmalonate, c¢) diethyl 2,2-dipropargylmalonate and d) diethyl
2-butynyl-2-propargylmalonate. ~The solid lines correspond to the L-CID fits.
The experimental data for elimination of [Au(PMe3)]* , [Au(PMe3),]", and (PMe3)
are given in circles, squares, and triangles, respectively.
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collision-induced dissociation spectra. I used L-CID program!® for the analysis. I fit-
ted fragmentation channels for the losses of [Au(PMe;)]" and [Au(PMes),]*
(Tab. 9.3).

[Auy (PMes3 )y (M-H)|T — [Au(PMe3)]" + [Au(PMe;3)(M-H)] 9.7)
[Auz(PMes3 )2 (M-H)]™ — [Au(PMe3)2] + [Au(M-H)] 9.8)
[Aup (PMe3 ) (M-H)] ™ — (PMe;3) + [Au (PMe3 ) (M-H)] * 9.9)

Next, I have studied the mixed complexes [AuAg(PMe3)(M-H)]*, where M is di-
ethyl  2-propargylmalonate,  diethyl 2,2-dipropargylmalonate or diethyl
2-butynyl-2-propargylmalonate. Collision-induced dissociation of complexes
[AuAg(PMes)(M-H)]* with neutral xenon atoms leads to the elimination of
[Ag(PMe3)]* (Eq. 9.10), [Au(PMe3)]* (Eq. 9.11), (PMe3) (Eq. 9.12), Ag*
(Eq. 9.13) and [Ag(C3Hy)]" (Eq. 9.14) (Fig. 9.3). Because fragmentation of mixed
complexes was too complicated, it was not possible to use L-CID program to determ-

ine the binding energies.

[AuAg(PMe3)(M-H)]t — [Ag(PMe3)]" 4 [Au(M-H)] (9.10)
[AuAg(PMe3)(M-H)]t — [Au(PMe3)]" 4 [Ag(M-H)] 9.11)
[AuAg(PMe3)(M-H)]T — (PMe3) + [AuAg(M-H)]" 9.12)
[AuAg(PMe3)(M-H)|" — Ag™ + [Au(M-H)(PMe3)] (9.13)
[AuAg(PMe3) (M-H)|™ — [Ag(C3Hy)] ™ + [Au(M-C3H3) (PMes)] (9.14)

I determined the binding energies between [Au(PMe3)]* or silver cation and series

of gold acetylides also by means of theoretical calculations (method: mPW1PW91/cc-
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Figure 9.3: Energy-resolved CID (symbols) of complexes [AuAg(PMe3)(M-H)]*,
where M is a) diethyl 2-propargylmalonate, b) diethyl 2,2-dipropargylmalonate, and
¢) diethyl 2-butynyl-2-propargylmalonate. The losses of [Ag(PMe3)]*, [Au(PMe3)]*,
(PMe3), Ag*, and [Ag(C3H,)]* are given in squares, circles, triangles, hexagons, and
diamonds, respectively.

Table 9.3: Experimental binding energies (BDE) determined by L-CID pro-
gram and theoretical binding energies (BDEyeo) (method: mPWI1PWO91/cc-
pVDZ:LanL2DZ(SP:cc-pVTZ:LanL2TZ) corrected to BSSE) of the diaurated and
mixed complexes.

BDE [eV] BDE e [€V] BDE [eV] BDEpeor [eV]

Loss [Au(PMe3)]* [Au(PMes3)]* [Au(PMes), |* [Au(PMes), |*
[Auy(PMej3),(PhCO)T* 2,37 +0,03 2,66 2,58 + 0,05 2,22
[Au,(PMes), ((monoyne)-H)* 2,53+0,07 2,90 2,46 + 0,06 2,42
[Auy(PMes), ((diyne)-H)* 2,63 +0,03 2,67 2,21 +£0,04 2,22
[Auy(PMe;), ((mediyne)-H)* 2,80 £0,10 2,72 2,22 £0,02 2,26

Loss [Au(PMe3)]* [Ag(PMes)]*
[AuAg(PMe3)((monoyne)-H)]* 3,59 3,51
[AuAg(PMes)((diyne)-H)]* 3,53 3,36
[AuAg(PMe3)((mediyne)-H)]* 3,58 3,40
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pVDZ:LanL2DZ(SP:cc-pVTZ:LanL2TZ) corrected to BSSE) (Tab. 9.3).

I showed that the gold cation as well as the silver cation interacts stronger with
gold acetylides than with the nonactivated triple CC bonds. The difference between
binding energies of [Au(PMe3)]* to gold acetylides and nonactivated triple CC bonds
is around 0,5 eV. I have studied structures of diaurated and mixed complexes. I
showed that complex [Au,(PMe3),(PhCC)]* is geminally diaurated, whereas com-
plexes [Auy(PMesz),(M-H)]*, where M is diethyl 2-propargylmalonate, diethyl
2,2-dipropargylmalonate and diethyl 2-butynyl-2-propargylmalonate, correspond to
dinuclear o,m-acetylides. The first gold cation is o-bound to triple bond of acetylides
and the second one interacts with the same triple bond by n-coordination in dinuclear
o,n-acetylides. In the case of mixed complexes, the gold cation is also o-bound to
triple bond and the silver cation interacts with both triple bonds by n-coordination.
According to the Mulliken population analysis, both carbon atoms of activated triple
bond bear a negative charge in the diaurated and also mixed complexes. Therefore
formation of these complexes leads to the deactivation of studied alkynes for possible

nucleophilic reactions.

9.3 Mechanism of Gold Catalyzed Addition of Nucleophiles to Alkynes

Finally, I have studied reaction intermediates kinetics of gold catalyzed addition of
nucleophiles to alkynes. I focused on the investigation of addition of methanol to
1-phenylpropyne catalyzed by AuCl(PPh3) or AuCl(IPr) or both catalysts together by
ESI-MS, NMR spectroscopy and theoretical calculations.

I showed that the first addition of methanol to 1-phenylpropyne catalyzed by
AuCI(IPr) is faster than the second addition by means of NMR spectroscopy
(Tab. 9.4). The product of C2 addition is formed for both reactions. When I ad-
ded the acid to the reaction mixture then both reactions proceeded faster (Tab. 9.4).
I found out by ESI-MS and DRL (Delayed reactant labeling) method that diaurated
complex [Au,(IPr)y(PhCCCH3,CH30)]* 5-5" is not in equilibrium with reactants
or products, rather it forms a stable complex which degrades very slowly. This is the
reason why reaction does not proceed by the formation of diaurated intermediates,
which forms by-products in this case.

I found out by NMR spectroscopy that the addition of methanol to 1-phenylpropyne
catalyzed by AuCl(PPhj) is slower than the reaction catalyzed by gold catalyst con-

taining carbene as a ligand (Tab. 9.4). The main reason for this phenomena is that
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Table 9.4: Rate constants in dm>.mol"!.min"! determined by NMR spectroscopy.

catalyst ky ko ki1 ko»
Au(PPhjs) 0,19+0,03 0,12+0,02 1,3+£0,3 5114
Au(PPh3)/TsOH 0,26 +0,01 0,18+0,01 34+0,8 56+40
Au(IPr) 5603 169+09 03+0,1 72+07
Au(IPr)/TsOH 72+£0,9 30£6 1,4+0,3 120+ 4
Au(PPh3z)/Au(IPr) 1,0£0,1 25403 3+£2 27+5

Au(PPh3)/Au(IPr)/TsOH 1,1 +0,2 3,8+0,2 2+1 8115

the first addition is very slow. However, the second addition of methanol is faster
than the first one and, furthermore, it is faster than an analogous reaction catalyzed
by AuCl(IPr). The regioselectivity is the opposite for the first addition to the reac-
tion catalyzed by AuCl(IPr) and the product of C1 addition is formed preferentially.
Nevertheless the product of C2 addition is formed faster for the second addition of
methanol as well as for AuCI(IPr). Both reactions are accelerated by the addition of
the acid in the case of catalysis by AuCl(PPh3) (Tab. 9.4). I found out by ESI-MS and
DRL method that I could use the steady state approximation in the case of diaurated
complex [Auy(PPh3),(PhCCCH;3,CH30)]* 5-5PPh3 Because of that I was able to de-
termine the rate constant kyyj, which determines how fast the complex degrades and
also I determined the half-life of complex 5-5PPh3 (Tab. 9.5). T showed that addition of
acid leads to acceleration of degradation of complex 5-5PPh3 and the rate constant kg
increases by 50% (Tab. 9.5). I determined by NMR spectroscopy that the first addition
of methanol to C1 carbon atom is accelerated by 37% and to C2 carbon atom by 50%
after the addition of acid (Tab. 9.4). Because of agreement between the results from
NMR spectroscopy and MS, I assume that the rate determining step of the reaction
catalyzed by AuCI(PPhs) is the degradation of diaurated intermediate 5-5°F"3 Diaur-
ated complex can degrade by protodeauration. I found out that if the concentration of
alkynes in the reaction mixture is doubled then the degradation of complex 5-5PPh3 js
faster (Tab. 9.5). Because of that I suppose that the alkyne plays an active part in the
degradation of diaurated complex 5-577h3,

Another argument why I assume the addition of methanol to 1-phenylpropyne

catalyzed by AuCl(PPhs) proceeds by diaurated intermediate 5-57Ph3

, is a compar-
ison with a similar reaction recently published,'> where the addition of methanol is
catalyzed by AuCl(PMe3). The degradation and also formation of diaurated complex

[Auy(PMe3 ), (PhCCCH3,CH30)] as well as the overall rate of the reaction is faster
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Table 9.5: The half-life of complex 5-57F13 [Au, (PPhs ), (PhCCCH3,CH30)]* and the
rate constant kyy for degradation of complex 5.5FPh3,

5_5PPh3 5_5PPh3
catalyst addition additive . .
t172 [min] kqr [min™]

CD,0H - 113+1,7 0,063 0,009

Au(PPhs)/ 1.2 eq. A :
u(PPhy)/ 1.2 eq. Ag CD;0D ; 122408 0,057 0,004
Au(PPh3)/ 0,5 eq. Ag CD;0H ; 109+1,1 0,064 %0007
Au(PPh3)/ 2 cq. Ag CD;0H } 103+08 0,068 0,005
Au(PPhs)/ 5 eq. Ag CD;OH } 11.0+13 0,063 = 0,008
CD,0H TsOH  7,0% 1.6 0,101 0,023

Au(PPhs)/ 1,2 eq. A :
u(PPhs)/ 1.2 eq. Ag PhCCCD; ; 42404 0,167 = 0,018

for AuCl(PMes3) then for AuCl(PPhs). So if I assumed that the reaction proceeds
by monoaurated intermediate (not through diaurated intermediate) then the reaction
catalyzed by AuCIl(PPh3) should be faster than for AuCl(PMes) because slower form-
ation of diaurated intermediates leads to slower obstruction of the reaction, which goes
through monoaurated intermediates. However the reaction catalyzed by AuCl(PPhj3)
is not faster than the reaction catalyzed by AuCl(PMes). This is a valid argument that
the reaction catalyzed by AuCl(PPh3) proceeds by diaurated intermediates.

Next, I did experiments where the addition was catalyzed by AuCI(PPh3) and
AuClI(IPr) together. I found out by NMR spectroscopy that the first addition is most
probably catalyzed by AuCl(IPr) (Tab. 9.4). The reason is that the reaction is faster
than the reaction catalyzed by AuCl(PPhs) and that the selectivity of the reaction is
the same as for the reaction catalyzed by AuCI(IPr). The second addition of methanol
is most probably catalyzed mainly by AuCl(PPhj), because the rate constants are very
similar.

I have studied the addition of methanol to 1-phenylpropyne catalyzed by
AuClI(PPh3) or AuCI(IPr) by means of theoretical calculations. I found out that the
results do not indicate why regioselectivity of the first addition of methanol to
1-phenylpropyne is shifted to C1 addition for AuCI(PPhs). Neither do the results
suggest why the reaction with AuCl(PPh3) leads to the formation of diaurated inter-
mediates, whereas the reaction with AuCl(IPr) proceeds by monoaurated intermediate,
since the energetic profile is very similar for both catalysts.

I proposed the mechanism of addition of methanol to 1-phenylpropyne on the basis

of experimental and theoretical results (Fig. 9.4). The first reversible step, which is
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Figure 9.4: Proposed mechanism of addition of 1-phenylpropyne catalyzed by
AuCl(PPh3) (pathway through diaurated intermediate) or AuCI(IPr) (pathway through
monoaurated intermediate).

similar for AuCl(PPh3) and AuCI(IPr), is endothermic addition of methanol to activ-
ated alkyne 5-2, when the complex 5-3 is formed. Next step is deprotonation. But then
the mechanism is different for both catalysts. I assume that monoaurated complex 5-4
is formed by simple deprotonation in the case of catalysis by AuCI(IPr), whereas the
deprotonation assisted by the coordination of gold cation leads to diaurated complex
5-5b in the reaction catalyzed by AuCl(PPh3). This reaction is strongly exothermic
and most probably faster than simple protonation. This is the reason why the reaction
proceeds by diaurated complex 5-5b. However this pathway can be suppressed in the
case of using a catalyst with sterically demanding ancillary ligands (IPr). Degradation
of monoaurated complex 5-4 as well as diaurated complex 5-5b represents the rate-
determining step. I suppose that the degradation of diaurated complex 5-5b is assisted
by the reactant and proceeds by the formation of 5-2 and the complex between the
product and the gold cation 5-6. It is evident that the protonation of neutral monoaur-
ated intermediate 5-4 will be faster than assisted protonation of diaurated complex
5-5b. This fact explains why the reaction with ancilliary catalyst (AuCI(IPr)), where
the formation of diaurated intermediate 5-5b is suppressed, is faster than the reaction

catalyzed by less sterically demanding ligand, where the reaction proceeds by diaur-
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ated intermediate 5-5b. Diaurated complexes cannot be formed in the second addition
of methanol, because of that the reaction is faster with less sterically demanding ligand
(AuCl1(PPh3)).

10 Conclusions

Research of gold catalyzed reactions represents the main topic of my Ph.D. thesis. |
used mass spectrometry as the key experimental method, complemented by infrared
multiphoton dissociation spectroscopy or nuclear magnetic resonance spectroscopy or
theoretical calculations.

The formation of t-complexes between the gold(I) cation and multiple CC bonds
of reactants represents the first step of gold catalyzed reactions. I found out that the
gold cation interacts stronger with internal than with terminal triple CC bond. Interac-
tion of the gold cation to double CC bonds is smaller than to triple CC bonds and the
weakest interaction is for aromatic ring. Surprisingly, the gold cation interacts stronger
with double CC bond than with triple CC bond in the case of small unsaturated hydro-
carbons. I showed that alkyl substitution is crucial for the generally accepted view of
the interaction between gold cation and unsaturated hydrocarbons. These findings are
important according to the model studies, where small substrates are very often used
as an equivalent to the real bigger reactants.

Then I continued with the investigation of interaction between gold(I) or silver(I)
cation and gold acetylides. I showed that gold cation interacts stronger with gold
acetylides than with nonactivated triple CC bonds. I have studied the structures of
diaurated and mixed complexes. I found out that if geminally diaurated complex is
formed then the activated triple bond is strongly polarized and the terminal atom of
triple CC bond bears a large negative charge. These complexes will most probably
react in analogy to the usual acetylide. Polarization is smaller for the complexes which
form dinuclear o,r-acetylides, where the first gold cation ¢ bonds to triple CC bond
and the second gold cation interacts with the same triple CC bond by r-coordination.
Both carbon atoms of activated triple CC bond bear a negative charge in the case of
dinuclear o,m-acetylides containing gold cation as well as silver cation. Therefore the
formation of these complexes leads to deactivation of studied alkynes in the addition
of nucleophiles.

Next, I have investigated the mechanism of gold catalyzed addition of nucleophiles
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to triple CC bonds. I found out that I can determine the half-life of intermediates
formed in the steady-state approximation by means of mass spectrometry. I was able
to extract the effect of addition of acid or concentration of reactants or catalyst on the
kinetic data. I showed that there is a fundamental difference between the mechanism
of addition of nucleophiles to alkynes if less sterically demanding ligands or sterically
demanding ancillary ligands are used. The reaction proceeds by dual mechanism with
the formation of diaurated intermediates in the case of less sterically demanding ligand
on gold atom. Whereas the reaction proceeds faster by monoaurated intermediates for
catalysts containing sterically demanding ancillary ligand.

I showed that I was able to study the reactions catalyzed by gold in details by
means of the combination of experimental methods in the gas phase and in the solu-

tion.

The results of my Ph.D. thesis are published in papers:

* ’Interaction of the Gold(I) Cation Au(PMe3)* with Unsaturated Hydrocarbons’
L. Jasikova, J. Roithova; Organometallics 31, 1935 (2012).

 ’Interaction of Gold Acetylides with Gold(I) or Silver(I) Cations’ L. Jasikova,
J. Roithova; Organometallics 32,7025 (2013).

* ’Reaction Intermediates Kinetics in Solution Investigated by Electrospray lon-
ization Mass Spectrometry’ L. Jasikova, M. Anania, S. Hybelbauerova, J. Roithova;
Journal of the American Chemical Society 137, 13647 (2015).
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