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Abstract
The current dissertation thesis is focused on the investigation of metal-catalyzed reactions
using ESI-MS. Other gas-phase methods such as tandem mass spectrometry, IRMPD

spectroscopy and DFT calculations have also been involved.

The first project investigates the speciation of Cu(OAc), in organic solvents. ESI-MS
studies revealed an extensive clustering ability and were complemented by solution-phase
studies including EPR spectroscopy, which supported an extensive aggregation of Cu(OAc);
in organic solvents. The formation of the copper clusters can be suppressed by contamination

of the organic solvents with a small amount of water.

ESI-MS was used to monitor a Cu-catalyzed aerobic cross-coupling reaction between thiol
esters and arylboronic acids in the second study. The ESI spectra showed the formation of Cu-
complexes with the starting thiol ester and the coupling product. Online monitoring of the
reaction using ESI-MS was carried out allowing determination of the rate constants and
thermodynamic parameters (AH*, AS*, and AG*) for the title reaction.

In the third project phenylpyridine dilute solutions in the presence of NiCl, were probed
by ESI-MS. The spectra showed the formation of ions [Ni(PhPy),]** and [NiCI(PhPy),]" that
were characterized by ESI-MS, IM-MS and DFT calculations. 2-PhPy acts in a very different
manner to that of 3- or 4-PhPy. For 2-PhPy, C—H bond activation in the [NiCI(PhPy),]"
complex is significant, whereas this route is almost completely suppressed for the

corresponding complexes of 3- and 4-PhPy only occursing at elevated energies.

Finally, a gas-phase investigation of the C-H activation of 2-PhPy, catalyzed by
Cu(OAc),, Pd(OAC), and Ru(ll) carboxylate was carried out. The energy required for C-H
activation was estimated in CID experiments. Hammett plots constructed from CID
experiments with different copper carboxylate catalysts revealed that the use of stronger acids
accelerates the C-H activation step. Carboxylates derived from stronger acids make the metal
atom more electrophilic and shift the reaction towards the C-H activated products. DFT
calculations determined reaction pathways for each catalyst; the reaction pathways are similar

but the energy profiles are significantly different.



Abstrakt

Predkladana disertacni prace se zabyva studiem reakci katalyzovanych kovy za vyuziti
ESI hmotnostni spektrometrie. Dale byly pouzity také techniky v plynné fazi, jako je
tandemova hmotnostni spektrometrie, IRMPD a byly provadény DFT vypocty.

Prvni projekt se zabyva chovanim Cu(OAc), v organickych rozpoustédlech. Studie za
pouziti ESI-MS odhalily rozsdhlou tvorbu klastra Cu(OAc),. Tato méfeni byla doplnéna
studiem Cu(OAc), v kapalné fazi zahrnujici EPR spektroskopii, kterd potvrdila intenzivni
agregaci Cu(OAc), v organickych rozpoustédlech. Vznik klastri médi muze byt potlacen

kontaminaci rozpoustédla malym mnozstvim vody.

Ve druhé studii byla pouzita ESI-MS ke studiu médi katalyzovaného cross couplingu
thioestert a arylboronovych kyselin. ESI spektra ukazala tvorbu komplexii médi s vychozim
thioesterem a s produktem couplingu. Prubézné sledovani reakce pomoci ESI-MS umoznilo
vypotitat rychlostni konstanty a termodynamické parametry (AH*, AS*, a AGY) zminéné
reakce.

Ve tretim projektu byly studovany ziedéné roztoky fenylpyridini v pfitomnosti NiCl, za
pomoci ESI-MS. Spektra ukézala tvorbu iontii [Ni(PhPy)n]** a [NiCI(PhPy).]*, jez byly
charakterizovany ESI a IM hmotnostni spektrometrii a DFT vypoéty. 2-fenylpyridin
vykazoval podstatné jiné chovani v porovnani s 3- a 4-fenylpyridinem. Aktivace C-H vazby v
komplexu [NiCI(PhPy),]* u 2-PhPy je velice vyznamna, zatimco v piipadé komplexi
odpovidajicich 3- a 4-fenylpyridinu je tato cesta témét zcela potlacena a uplatiluje se pouze
pfi vysSich energiich.

V posledni studii byla zkoumana C-H aktivace 2-fenylpyridinu v plynné fazi katalyzovana
Cu(OACc),, Pd(OAC), a Ru(ll) karboxylaty. Energie potiebna k C-H aktivaci byla stanovena
pomoci CID experimentl. Hammetovy rovnice sestrojené na zakladé CID experimentd, s
pouzitim raznych karboxylati méi jako katalyzator ukazaly, Ze silngjsi kyseliny urychluji C-
H aktivaci. Karboxylaty odvozené od silnéjSich kyselin zvySuji elektrofilitu atomu kovu a
usnadnuji reakci ve sméru produktii C-H aktivace. Reakéni cesta byla v ptipadé kazdého
katalyzatoru stanovena DFT vypocty; nalezené reakéni cesty jsou podobné, ale odpovidajici

energetické profily se zna¢né lisi.



List of abbreviations
AC
ACN
AcOH
CID
CLIO
DFT
EPR
ESI-MS
FEL
FWHM
HPLC

alternating current

acetonitrile

acetic acid

collisional induced dissociation

Centre Laser Infrarouge Orsay (France)
density functional theory

electron paramagnetic resonance
electrospray ionization mass spectrometry
free electron laser

full width at half-maximum
high-performance liquid chromatography
ion mobility

ion mobility mass spectrometry
infrared

infrared multiphoton dissociation

ion trap mass spectrometer

methanol

mass spectrometry

nuclear magnetic resonance

potential energy surface
phenylpyridine

zero-point vibrational energy
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1. Introduction
The discovery of cross-coupling reactions has been a breakthrough for organometallic

chemistry, which was recently acknowledged by award of the Nobel Prize in Chemistry
(2010).% These reactions have dramatically changed the synthetic approach for many natural
compounds, supramolecular materials or polymers, and many well-known organic molecules;
in the past their synthesis required many more steps than nowadays. Therefore the
mechanistic investigation of metal-catalyzed reactions has become a “hot topic” in
contemporary organic chemistry, as their mechanisms greatly differ from what is considered a
classical mechanistic scheme (e.g. Adg or SN2).

Reaction mixture monitoring is now widely used for mechanistic investigations of new
reactions. It has a wide potential allowing for kinetic studies, establishment of the reaction
end points and modification of the synthetic procedure (improve yields, reduce catalyst
loading and by-product formation, make the reaction more environmentally friendly, etc.).
Among many available techniques, NMR, IR spectroscopy and mass spectrometry are used
frequently.

ESI-MS is very popular for reaction monitoring. An ideal reaction for ESI-MS studies
would proceed at room temperature, in a polar volatile solvent (e.g. acetonitrile, methanol, or
water), in an ambient atmosphere and would contain ionic reaction intermediates for easy
detection and characterization. Organometallic reactions fulfill most of these requirements
and are therefore popular for ESI-MS investigation. ESI is also a soft method for ion transfer
from solution to the gas phase, and has been called the “major tool for the investigation of
reaction mechanisms”.® Moreover, MS allows for the advantageous investigation of
intermediates’ properties in greater detail, and the thermodynamic and kinetic properties of
elemental reaction steps.

2. Aims of the study

The aim of the current dissertation work was the investigation of metal catalyzed reaction

mechanisms with ESI-MS using suitable reaction monitoring methods.

3. Results and discussion

3.1 Copper acetate speciation
Prior to investigating the mechanisms catalyzed by Cu(OAc),, we decided to study its
ESI-MS behavior in methanol and acetonitrile. The methanolic (10 M) solution of Cu(OAc),

revealed the formation of clusters with highest degree of clusterization (see Figure 1).
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Figure 1. ESI mass spectra of a methanolic solution of Cu(OAc), in positive-ion mode.

We found that small amounts of water dramatically increase the abundance of the
mononuclear clusters, while the abundance of larger cluster decreased (Figure 2). Thus, in a
pure MeOH solution mononuclear species only correspond to a few percent of the total signal
abundance, whereas after the addition of 5 vol. % of water the mononuclear species become

the most abundant.
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Figure 2. a) Normalized abundances ( I; = 100) of [Cu , (OAC) 2-1.m (CH30) m (CH30H) , 1" and b) [Cu , (OAC) 2
1(CH3CN), 1" cations as a function of the water content in the feed solution of Cu(OAc), (1 mM) in a) methanol
and b) acetonitrile.

In order to test whether a similar water effect takes place in solution we have performed a
series solution-phase experiments (solubility, conductivity and EPR studies). EPR
experiments show that the pure methanol solution of Cu(OAc); is almost EPR inactive.
However, addition of water increases the signal (with the EPR parameters A and g
unchanged) suggesting that the signal growth corresponds to a concentration increase of

monomers in the solution (Figure 3a).



The dependence of EPR signal growth on the amount of water is linear (Figure 3b) and
shows that at 10% of added water 80% of copper acetate became EPR active. These
observations suggest that the mononuclear species are formed after the addition of water. We
also assume that high order [Cu(OACc),], species are antiferromagnetic when n is even, or
produce a small EPR signal when n is odd. Therefore, these results support the hypothesis of

the presence of water leading to a cluster breakage in solution.
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Figure 3. a) EPR spectra of Cu(OAc), solutions, 3.75 mM in methanol with variable water content; b) fraction
of EPR-active Cu(ll) species in Cu(OAc), solutions in methanol with variable water content, obtained via double
integration of spectra relative to an external standard.

3.2 Investigation of copper catalyzed aerobic cross coupling of thiol esters and

arylboronic acids

In 2007 Villalobos et al. found a convenient method for the synthesis of non-symmetrical
ketones (Scheme 1),* a modification of the Liebeskind—Srogl coupling reaction.’
B(OH), 0 0
5 mol% Cu(OAc),
NH_\ + - i Ph + S
OYS o Ph DMF, 50°C, air o H/\Ph
Ph

1 2 3 4

Scheme 1. Aerobic coupling of thiol esters and boronic acids (specific reaction investigated here).

The mechanism of the reaction shown in Scheme 1 was investigated using ESI-MS and
tandem mass spectrometry. The ESI-MS of the mixture of all three components (thiol ester,
boronic acid and copper catalyst, Figure 4) in methanol showed complexes of both copper (1)
and copper (1) with the starting thiol ester 1 at m/z 410, 469 and 757. In addition, Figure 4

shows complexes of the product 4 with Cu(l/11) and sodiated complexes of 4.
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Figure 4. ESI-MS of the mixture of thiol ester 1, 4-tolylboronic acid and Cu(OAc), in methanol, taken after 1h

of mixing the reagents at room temperature.

On-line monitoring of the reaction has also been performed. Table 1 shows the intensity
changes for the most abundant ions in the spectrum over time. Due to the small amounts of
copper catalyst in the reaction mixture and the dominance of sodiated complexes, the

detection of copper complexes was very challenging.

On-line monitoring performed at different temperatures (40, 50, 60 and 80°C) resulted in
the creation of kinetic curves. Treating the reaction as if it proceeds under pseudo first order
kinetics gives the linear dependencies shown in Figure 5a, and the rate constant can be

determined from the slopes of the corresponding lines. The temperature dependency of the

rate constants can be further investigated using the Arrhenius In(k) =%-%+1n(ﬂ]

_ant :
LH -i-|-1n"h—3+% , for the determination of

. . k_
and the Eyring equations ln;— — 7

thermodynamic parameters of the reaction.

Table 1. Relative intensities of the major complexes observed in the reaction mixture performed in DMF at 50°C

m/z
Time, h 356 370 396 689 703 717
[(4)Na]" [(1)Na]" [(4)Cul" [(4).Na]" [(1)(4)Na]" [(1).Na]’

0.25 0.3 19.6 0 0.6 10.5 69
0.5 0.6 14.3 0.4 1.4 13.1 70.2
1 0.7 10.3 0.3 2.6 21.4 64.7
2 0.9 7.9 0.4 7.8 31.3 51.7
3.25 1.7 7.7 1.1 11.3 38.2 40
5.33 2 5 0 21.2 43.9 27.9
6.67 3.3 5.7 0 26.6 42.3 22.1
8.2 3.7 5.6 0 32.2 42 16.5
23 47 0.7 0 71.9 20.8 1.9
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Figure 5. (a) Logarithmic plot of the abundance of the reactant complexes vs the reaction time at different
temperatures; (b) Arrhenius (1) and Eyring (2) plots for thiol ester 1 coupling with 4-tolylboronic acid. The
resulting values were determined from two independent measurements (I represents the sum of the abundances
of [(1)Na]", [(1)(4)Na]", and [(1)(2)Na]" divided by the sum of the abundances of all complexes in Table 1).

Analysis of the Arrhenius equation gave us a value for E, = 81 + 5 kJ-mol™'. The Eyring

equation gave an activation enthalpy of 76 + 5 kJ-mol™', and an activation entropy of -100 + 5
. . st
J-mol™-K™". The Gibbs energy according to the equation AG*(T) = AH? — % was found to

be 103 + 5 kJ-mol ! at 298 K.

3.3 Nickel catalyzed C-H activation of phenylpyridines

The mixtures of 2- ,3- and 4-PhPy (3-10* M) with the nickel (11) chloride (10 M) in
methanol/water (1:1) were investigated by ESI-MS, IMS and tandem mass spectrometry. The
results obtained from positive ESI mass spectra are summarized in Table 2.

Most 2-PhPy is present in the activated form: [(2-PhPy),Ni-H]" and the complex [(2-

PhPy),NiCI]" serves as the precursor for bond activation:
[(PhPY)NiCI]* — [(PhPy)Ni(PhPy—H)]" + HCI (1)

Table 2. Relative intensities® of the major nickel complexes in the ESI mass spectra of NiCl, (ca. 1-10™ M) with
isomeric PhPy (ca. 3-10* M), performed in water/methanol (1:1) under soft ionization conditions in the ESI
source.

[(PhPY);NiT?™®  [(PhPy),Ni]** [(PhPy),Ni-H]*  [(PhPy),NiCI]*  [(PhPy)sNiCI]*

2-PhPy 2 <1 100 30 2
3-PhPy 2 100 <0.1 <1 6
4-PhPy 12 100 <0.1 3 10

2 Given relative to the base peak (100). "This entry includes the [(PhPy);Ni(H,0)]** signal which is formed by
association of the [(PhPy);Ni]* dication with background water.

The mass-selected [(PhPy),NiCI]" ions were further characterized by CID (Table 3). In all

cases we observed competition between C-H bond activation and simple loss of a PhPy

10



ligand, where the former was much more pronounced with 2-PhPy. In addition, the mixed
complexes of phenylpyridine and NiCI" with perdeuteropyridine were examined. For all three
isomeric PhPy ligands, losses of perdeuteropyridine prevails, but once again the appearance

energy for ligand loss with 2-PhPy is significantly lower than with the other two isomers.

Table 3. Fragment ion appearance energies (in kJ-mol™) and relative fragment intensities (given in brackets)
upon CID of mass-selected [(PhPy),NiCI]* and [(PhPy)(Ds-Py)NiCI]".

[(PhPy),NiCI]" [(PhPy)(Ds-Py)NiCI]*
-HClI - PhPy -HClI -DCl -Ds-Py  -PhPy
2-PhPy 160 (27%) 170 (73%) 160 (6%) na 160 (94%)  na

3-PhPy 215 (13%) 215 (87%) 200 (4%) 205 (1%) 205 (91%) 205 (4%)
4-PhPy 220 (5%) 230 (95%) 200 (1%) 215 (<1%) 205 (98%) 215 (1%)

Next, IM-MS experiments were performed. Figure 6 shows the mobilograms of
[(PhPy),NiCI]* complexes obtained from solutions of NiCl, and a mixture of 2- and 3-PhPy
(1:1). At low cone voltages (U; = 20 V), three features are observed ina 1: 2 : 1 ratio. At
elevated cone voltages, [(2-PhPy),NiCI]" and then [(2-PhPy)(3-PhPy)NiCI]" are depleted
relative to [(3-PhPy),NiCI]*, being fully consistent with lowered ligand binding energies in
the case of 2-PhPy caused by increased steric hindrance. The results of the systematic IM-MS

studies are summarized in Table 4.

[NiCI(2-PhPy)(3-PhPy)]"

[NiCI(3-PhPy),]

(@) (o)
[NICI(2-PhPy),]
[NiCI(2-PhPy),]’
20V second
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- N \ - 50V 35V
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Figure 6. a) Arrival-time distributions of the mass-selected complex [(PhPy),NiCI]* upon IM-MS of a
methanolic solution of NiCl, and 1 : 1 mixture of 2- and 3-PhPy at cone voltages (U.) of 20, 35, and 50 V; b)
arrival-time distribution of [(2-PhPy),NiCI]* from IMS generated at a cone voltage of U, = 35 V. The second
component appears at about 5.45 ms.

However, a second feature in the arrival distribution of [(2-PhPy),NiCI]" was a

considerable challenge to interpret. In addition to the major component at an arrival time of

11



ca. 4.9 ms, a second peak appeared at about 5.45 ms (Figure 6b). In order to understand its
nature, we performed quantum chemical studies. The calculations however ruled out several
explanations for the existence of the second feature in the ion-mobility trace of [(2-
PhPy),NiCI]". In fact, the existence of different structures with different cross-sections was
confirmed by theory, but all of the structures were predicted to easily interconvert under the

conditions of the IM-MS experiments.

Table 4. Arrival times (in ms) of various ions generated upon ESI of a methanolic solution of NiCl, and PhPy.

m/z 2-PhPy 3-PhPy 4-PhPy
[(PhPY)NiICI]* 248 2.98 3.80 3.80
[(PhPy)( PhPy-H)Ni]" 367 4.83 5.32 5.97
[(PhPy),NiCI]™® 403 4.94 6.08 6.35
[(PhPy);NiCI]* 558 n.a 8.90 9.77
[(PhPy)sNi]** 261.5 n.a 3.09 3.20
[(PhPy),Ni]** 339 n.a 3.74 4.07

Hence, we compared the measured arrival times of the various [(PhPy),NiCI]" ions with
the computed cross sections (Figure 7). Strikingly, the arrival time of the second feature of
[(2-PhPy),NiCI]" coincides with that of the mixed [(2-PhPy)(3-PhPy)NiCI]" complex.
Accordingly, we checked the commercial sample 2-phenylpyridine for possible impurities.
Using selected-ion monitoring in GC/MS, we identified a contamination of the original 2-
PhPy sample with about 0.2 % of 3-PhPy. Hence, the presence of this impurity can account

for the second component in Figure 6b.
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Figure 7. Measured arrival times in IM-MS versus computed cross sections of selected [(PhPy),NiCI]"
complexes. The red vertical line denotes the arrival time of the second feature of [(2-PhPy),NiCl]" in Figure 6b.
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3.4 Investigation of metal-catalyzed carboxylate assisted C-H activation

We have investigated the behavior of 2-phenylpyridine with three different metal
carboxylates (ruthenium, palladium and copper) by ESI-MS, IRMPD and DFT calculations
(Scheme 2) in order to compare their modes of activation and structures of the reaction

intermediates.

~
S | = |
| M(©Ac), ) -AcOH N7
N 3 T —_— f
M(OAC),4 M(OAC) 2

Scheme 2. The carboxylate assisted C-H activation investigated here.
3.4.1 ESI-MS and CID studies

In the case of Ru catalysis, ESI-MS revealed the formation of an ion at m/z 394 that
contained both catalytic and substrate parts (Figure 8a). CID analysis of this species showed
the elimination of a neutral AcOH leading to the [(CeHs)Ru((2-PhPy)-H)]" complex
containing C-H activated 2-PhPy. This can either represent elimination of neutral AcOH from
the activated complex (i.e. [(CsHs)Ru((2-PhPy)-H)(AcOH)]") or the result of C-H activation
in the non-activated complex (i.e. [(CsHe)RuU(2-PhPy)(AcO)]"). The appearance energy for
acetic acid loss was determined to be AE(-AcOH) = 113 + 3 kJ-mol™.

The ESI mass spectrum of copper acetate and 2-PhPy in ACN is shown in Figure 8b. The
complex at m/z 432 formally containing Cu(OAc)* and two 2-PhPy units showed competition
between the elimination of 2-PhPy and AcOH. The determined appearance energies stood at
147 + 5 kJ-mol™ for 2-PhPy loss and to 138 + 5 kJ-mol™ for AcOH loss. While the former
fragmentation is more abundant, its appearance energy is higher than that of the latter
fragmentation. Therefore the elimination of 2-PhPy is kinetically favored and the elimination
of AcOH represents the C-H activation step proceeding via a tight transition state. Thus the
structure of the complex most probably corresponds to non-activated [Cu(OAc)(2-PhPy),]".

In parallel with the copper complexes reported above, Figure 8c shows the formation of an
ion at m/z 475 that may correspond to [Pd(OAc)(2-PhPy),]". CID of this complex exclusively
leads to elimination of acetic acid with an AE of 65 + 3 kJ-mol™. As it is much lower than in
the previous complexes, it may be possible that acetic acid is bound as a neutral ligand and
the ions at m/z 475 are complexes with activated 2-phenylpyridine [Pd((2-PhPy)-H)(2-
PhPy)(AcOH)]".

13
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Figure 8. ESI-MS spectrum of the Ru-dimer [CgHsRuCl,], complex, acetic acid, triethylamine and 2-
phenylpyridine in acetonitrile; b) ESI-MS spectrum of Cu(OAc), and 2-PhPy in acetonitrile; ¢) ESI-MS
spectrum of Pd(OACc), and 2-PhPy in acetonitrile.

3.4.2 DFT calculations of the reaction pathways

DFT calculations were used generate the PES for the acetate assisted C-H activation of 2-
PhPy with Ru, Cu and Pd catalysts (Figure 9b-d). Each of the derived mechanisms exhibited
several common steps and similar labelling is employed to aid their comparison. An overall
guide to the progression of these reactions is shown in Figure 9a (structure 1b represents the
non-activated complex bearing monodentate acetate). In the Ru examples the generic ligand
(L) represents a n-bonded benzene, while with Cu or Pd L is the supporting 2-PhPy bonded to
the metal through the nitrogen atom. Labelling is consistent for all metals with the metal

indicated in this text using superscript prefixes as follows: *'1,, 1, or ™1,

14
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Figure 9. a) structural representations of the different calculated species involved in the C-H activation reactions
(structure 1b, the monodentate isomer, was omitted for clarity); potential energy surface for the b) Ru, c¢) Cu and
d) Pd - assisted C-H activation of 2-PhPy, (B3LYP/cc-pVTZ:cc-pVTZ-pp(M)). All energies are at 0 K and the
depicted structures represent the transition structures; distances are in A.

3.4.3 |IRMPD studies

IRMPD experiments were performed on the [(2-PhPy)Ru(CeHe)(OAC)]", [(2-
PhPy),Cu(OAc)]* and [(2-PhPy),Pd(OACc)]" complexes in order to account for their real
structure. Thus, the experimental IRMPD spectrum generated for the [(2-
PhPy)Ru(CsHs)(OAC)]" complex showed good agreement with the theoretical spectrum of the
initial 1, isomer. In case of Cu-catalysis an IRMPD spectrum for [(2-PhPy),Cu(OAc)]" was
similar to that of the ruthenium complex and also showed excellent agreement with the
theoretical spectrum of the non-activated intermediate ““1,. The IRMPD spectrum obtained
for [(2-PhPy),Pd(OAc)]" was considerably more complicated than the previous two examples.
None of the calculated theoretical spectra provide an adequate match to the experimental
results on their own. Therefore a mixed result is possible due to the low and comparable

energies of "1, and 73,

3.4.4 Comparison of the experimental and theoretical results

Comparison of the experimental and theoretical results revealed that for the Ru complex,

the measured AE of the acetic acid loss reflects its dissociation limit from the ruthenium
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complex rather than the C-H activation barrier. For the Cu complex we concluded that the C-
H activation step is the limiting step and determines the appearance energy that we observe.
Interpretation of the experimentally observed value for elimination of AcOH from the
palladium complex is complicated by the fact that we study a mixture of activated and non-
activated complexes. It is likely that the experimentally measured value is largely dominated

by the fragmentation of complexes with activated 2-phenylpyridine.

3.4.5 Acid and substituent effects on the AEs of the carboxylic acid loss

We studied a series of LCu(OAc), 2-PhPy and acid mixtures in acetonitrile in order to
generate a Hammett plot associated with the C-H activation step (Figure 10). The dependence
of the branching ratio logarithms on the acid substituent ¢ constants results in a p constant of
0.93. This value conveys i) that electron-withdrawing substituents accelerate the C-H
activation step and ii) a low ionic character of the transition state. The cause of the electronic
effects is the structure of the concerted transition state in which hydrogen abstraction is
assisted by the formation of the carbon-metal bond. The electron-withdrawing substituents at
the carboxylate make the metal center more electrophilic and thus assist in the formation of
the carbon-metal bond. The theoretical cyclic transition structure with highly delocalized
charge density is also in accordance with the small value of p.

0.04
0.5+

-1.04

10G(L s ovey)

-154  p-NH,

p=0.93
207 o R*=0.95
p‘N(CHa)z

-2.5 T T ‘ T T T T T T )
-10 -08 -06 -04 -02 00 02 04 06 08 1.0

a

Figure 10. Hammett plot for the Cu-catalyzed C-H activation of 2-phenylpyridine showing the dependence of

the logarithm of the branching ratio between acid and 2-phenylpyridine losses vs the ¢ constant.
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4. Conclusion

The studies described in this dissertation represent some fundamental findings for

organometallic chemistry research.

The investigation of Cu(OAc), behavior in methanol and acetonitrile revealed a high
degree of clusterization. The abundance of clusters is strongly dependent on the presence of
water in the solution: even small water contents significantly suppress the amount of clusters.
Monomeric copper complexes become dominant with the water contents of 5 vol. %. This
finding could be important for further investigations of reaction mechanisms catalyzed by
Cu(OAC),.

In the investigation of copper catalyzed cross coupling between thiol esters and boronic
acids we were able to follow the kinetics of the reaction. Although the copper complexes had
low abundance, we profited from the large intensities of reagent and product complexes with
sodium. Reaction Kkinetics monitoring with ESI-MS allowed rate constants to be obtained at
different temperatures and the thermodynamic parameters of the reaction to be calculated.

An investigation of complexes with three isomeric phenylpyridines and Ni®* cations
revealed that 3- and 4-PhPy behave similarly to each other, however 2-PhPy differs. In the Ni-
2-PhPy complexes one of the 0-C-H bonds of the phenyl ring comes in close proximity to the
metal center enabling activation of the C-H bond and formation of a metallocycle. IM-MS
was found to be a useful method for investigating the coordination and steric effects for the

isomeric [NiCI(PhPy),]" complexes.

Finally, the mechanism of carboxylate assisted C-H activation of 2-phenylpyridine was
studied in the gas phase with Ru, Cu, and Pd catalysts. We determined the energies required
for C-H activation and subsequent acetic acid elimination. Further analysis revealed that the
experimentally observed appearance energy for AcOH loss in the case of Ru and Pd chiefly
reflects the binding energy of acetic acid to the metal center after the C-H activation step. On
the other hand the energy determined for copper complexes reflects the energy needed for C-
H activation. C-H activation was also studied using Hammett plots. The results show that
electron-withdrawing substituents on the benzoate counter ion accelerate the C-H activation
step. This can be explained by the cyclic nature of the transition structure, where C-H bond

dissociation is assisted by the formation of a metal-carbon bond.
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5. Uvod
Objev cross-couplingovych reakci pfinesl prilom v oblasti organokovové chemie, coz

bylo neddvno potvrzeno udélenim Nobelovy ceny za chemii (2010).%? Tyto reakce
dramaticky zménily syntetické pfistupy pro pripravu piirodnich latek, supramolekularnich
materiali a polymeri a mnoha dobfe znamych organickych molekul, jejiz pfiprava v
minulosti vyzadovala mnohem vice reakénich krokd. Ztéchto divodi a jelikoz se
mechanismy uvedenych reakci 1isi od klasickych mechanismii (napt. Ade nebo Sy2), stalo se
mechanistické studium kovy katalyzovanych reakci zasadnim tématem soucasné organické
chemie.

Sledovani reakéni smési je dnes Siroce pouzivanou technikou pro studium mechanisma
novych reakci. Tyto metody maji velky potencial pro studium reakéni kinetiky, uréeni boda
ekvivalence a modifikace syntetického postupu (zvyseni vytézkl, snizeni mnoZzstvi
katalyzatoru a tvorby vedlejSich produktd, snizeni ekologické zatéze atd.). Z mnoha
dostupnych technik jsou nejcastéji pouzivany NMR, infracervena spectroskopie a hmotnostni
spektrometrie.

ESI-MS je velmi populdrni metoda monitorovani pribéhu chemickych reakci. Idealni
reakce pro ESI-MS studie by méla probihat pii pokojové teploté, v tékavém polarnim
rozpoustédle (napf. acetonitril, methanol nebo voda), za pfistupu vzduchu a méla by
obsahovat reakéni intermediaty ve formé iontd pro jejich snadnou detekci a charakterizaci.
Organokovové reakce splituji vétsinu téchto pozadavku a ESI-MS je proto popularni metodou
pro jejich studium. ESI je mé&kkou technikou pro pfenos iontu z kapalné do plynné faze, a
proto se nékdy nazyva “hlavni néstroj pro studium reakcnich mechanismt”.®> Hmotnostni
spektrometrie navic s vyhodou umoziuje detailn¢ studovat vlastnosti intermediati a

termodynamické a kinetické charakteristiky elementarnich reakénich krokd.

6. Cile prace

Cilem této disertacni prace bylo studium mechanismi kovy katalyzovanych reakci pomoci

ESI-MS za pouziti vhodnych metod sledovani pribehu reakce.

7. Vysledky a diskuze

7.1 Chovéni octanu méd’natého

Pfed samotnym zkoumanim reakci katalyzovanych Cu(OAc); jsme se rozhodli studovat
ESI-MS chovani této latky v methanolu a acetonitrilu. Cu(OAC), rozpustény v methanolu
(10" M) vykazoval rossahlou tvorbu klastri (Obrazek 1).
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Obrézek 1. ESI hmotnostni spektrum methanolového roztoku Cu(OAc), v pozitivnim iontovém modu.

Bylo zjisténo, Ze malé mnozZstvi vody dramaticky zvySuje Eetnost mononuklearnich
klastri a zaroven snizuje zastoupeni vétSich klastrti (Obrazek 2). V ¢istém methanolovém
roztoku tak mononuklearni ¢éstice tvoii jenom nékolik procent z celkového poctu signald,

zatimco po piidani 5 obj. % vody maji mononuklearni ¢astice ve spektru nejvétsi zastoupeni.
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c c
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Obrazek 2. a) Normalizované zastoupeni (I; = 100) pro [Cu , (OAC) 2n-1.m (CH30) m (CH30H) 41" a b) [Cu , (OAC)
an1 (CH3CN) 41" kationty jako funkce obsahu vody v roztoku Cu(OAc), (1 mM) v a) methanolu a b) acetonitrilu.

Pro zjisténi, zda ma voda podobny vliv také v kapalné fazi, provedli jsme sérii
experimentll v rozpoustédle (studium rozpustnosti, vodivosti a EPR). Experimenty ukazuji, Ze
roztok Cu(OAc), v ¢istém methanolu je v EPR téméf neaktivni. Pfidani vody vSak zvétSuje
signal (pfi nezménénych EPR parametrech A a g), coz naznacuje, Ze vzrist signalu odpovida
rastu koncentrace monomeru v roztoku (Obrazek 3a).

Zavislost ristu EPR signdlu na mnozstvi vody je linedrni (Obrazek 3b) a ukazuje, Ze pfi
10 % obsahu ptidané vody se 80 % octanu méd’natého stane EPR aktivnim. Tato pozorovani
napovidaji, ze mononukledrni ¢astice se tvoii az po pfiddni vody. Také predpokladame, Ze

polynuklearni klastry [Cu(OAC).], jsou antiferromagnetické, paklize je n sudé, nebo poskytuji
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slaby EPR signal, pokud je n liché. Tyto vysledky proto podporuji hypotézu, ze piidavek vody

vede K rozbiti klastru.
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Obrazek 3. a) EPR spektra roztokit Cu(OAc),, 3,75 mM v methanolu s proménnym obsahem vody b) ¢ast EPR
aktivnich Cu(II) ¢astic v methanolovém roztoku Cu(OAc), s proménnym obsahem vody ziskané dvoji integraci
spekter vzhledem k externimu standardu.

7.2 Studium aerobniho cross couplingu thioesteri a arylboronovych kyselin
katalyzovaného médi
V roce 2007 Villalobos a kolektiv nalezli vhodnou metodu pro ptipravu nesymetrickych

ketont (Schéma 1), které je modifikaci Liebeskind-Sroglova couplingu.”

B(OH), 0 O
5 mol% Cu(OAc),
@}(NH—\ + Ph)b\ + /©)LS
DMF, 50°C, air

OYS o Ph i o H/\ Ph

Ph

1 2 3 4

Schéma 1. Aerobni coupling thioester a boronovych kyselin (konkrétni reakce studovana zde).

Mechanismus reakce zobrazené ve Schématu 1 byl studovan za pomoci metod ESI a
tandemové hmotnostni spektrometrie. ESI-MS smési vSech tii slozek (thioester, boronova
kyselina a méd’naty katalyzator, Obrazek 4) v methanolu detekovala komplexy vychoziho
thioesteru 1 s médi jak v oxida¢nim cisle (I) tak i (IT) o hmotnostech 410, 469 a 757 m/z.
Obrazek 4 navic ukazuje tvorbu komplext produktu 4 s médi (I/Il) a komplexy latky 4

obsahujici sodik.
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Obrazek 4. ESI-MS smési thioesteru 1, 4-tolylboronové kyseliny a Cu(OAc), v methanolu pii pokojové teploté
po 1 h po smichani reaktantd.

Bylo také provedeno on-line sledovéani reakce. Tabulka 1 ukazuje zmény intenzit nejvice
zastoupenych iontil ve spektru v zavislosti na ¢ase. V disledku malého mnozstvi méd’'natého
katalyzatoru v reakéni smési a dominujicich komplext se sodikem byla detekce komplext

médi velmi omezena.

Na zakladé on-line sledovani reakce provadéné pii raznych teplotach (40, 50, 60 a 80°C)
byly sestrojeny Kinetické kiivky. Na reakci bylo pohlizeno, jakoby se fidila kinetikou
pseudoprvniho tadu, a byly tak ziskany linearni zavislosti zobrazené na Obrazku 5a.
Rychlostni konstanty byly ziskany jako smérnice odpovidajicich ptimek. Pro ziskani
termodynamickych parametri reakce mohou byt teplotni zavislosti rychlostnich konstant dale
studovany ~ za  pouziti  Arrheniovy In(k) = % 1% + In(4) a Eyringovy

$ $
k_ CAHT 1 kg | AS7 i
lmr = T+ In " + = rovnice.

Tabulka 1. Relativni intenzity hlavnich komplexii pozorovanych v reakéni smési v DMF pti 50 °C.

m/z

Cas, h 356 370 396 689 703 717

[(4)Na]" [(1)Na]” [(4)Cu]" [(4).Na]" [(1)(4)Na]" [(1).Na]"
0.25 0.3 19.6 0 0.6 10.5 69
0.5 0.6 14.3 0.4 14 13.1 70.2
1 0.7 10.3 0.3 2.6 21.4 64.7
2 0.9 7.9 0.4 7.8 31.3 51.7
3.25 1.7 7.7 1.1 11.3 38.2 40
5.33 2 5 0 21.2 43.9 27.9
6.67 3.3 5.7 0 26.6 42.3 22.1
8.2 3.7 5.6 0 32.2 42 16.5
23 4.7 0.7 0 71.9 20.8 1.9
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Obréazek 5. (a) Logaritmicka zavislost zastoupeni komplext reaktantl na reakénim Case pfi riznych teplotach;
(b) Arrheniovy (1) a Eyringovy (2) zavislosti couplingu thioesteru 1 s 4-tolylboronovou kyselinou. Vysledné
hodnoty byly stanoveny ze dvou nezavislych méfeni (I predstavuje soudet zastoupeni [(1)Na]*, [(1)(4)Na]" a
[(1)(2)Na]") podélené souctem zastoupeni pro viechny komplexy z Tabulky 1).

Analyza Arrheniovy rovnice poskytla hodnotu pro E, = 81 + 5 kJ-mol™'. Eyringova

rovnice poskytla hodnoty pro aktiva&ni enthalpii 76 + 5 kJ-mol ™" a aktiva&ni entropii -100 * 5

. . ragt . .
J-mol™-K™". Na zaklad& rovnice AG*(T) = AH? — % byla nalezena Gibbsova energie 103

+ 5 kJ-mol™' pii 298 K.

7.3 Niklem katalyzovana C-H aktivace fenylpyridinu

Roztoky ligandt 2-, 3- a 4-PhPy (3:10* M) a chloridu nikelnatého (10 M) ve smési
methanol/voda (1:1) byly studovany pomoci ESI-MS, IMS a tandemové hmotnostni
spektrometrie. Vysledky méfeni ESI-MS v pozitivnim modu jsou shrnuty v Tabulce 2.

Nejvétsi frakce 2-PhPy je pfitomna v aktivované formé: [(2-PhPy),Ni-H]" a komplex [(2-
PhPy),NiCI]" slouzi jako prekurzor pro aktivaci vazby C—H:

[(PhPY)NiCI]* — [(PhPy)Ni(PhPy-H)]" + HCI (1)

Tabulka 2. Relativni intenzity® nejvyznamné&jsich nikelnatych komplexi pozorovanych v hmotnostnich
spektrech NiCl, (ca. 1-:10* M) a isomerickych PhPy (ca. 3-10* M) ve smési voda/methanol (1:1), m&fenych
pomoci elektrosprejové ionizace a mékkych ioniza¢nich podminek.

[(PhPy)sNiI*™  [(PhPy),Ni]*  [(PhPy);Ni-H]" [(PhPy);NiCI]*  [(PhPy);NiCI]*

2-PhPy 2 <1 100 30 2
3-PhPy 2 100 <0.1 <1 6
4-PhPy 12 100 <0.1 3 10

2 Relativné vi¢i nejintenzivn&jdimu piku ve spektru (100). "Tato hodnota zahrnuje rovn&z signal iontu
[(PhPyY)3sNi(H,0)]%*, ktery se tvori asociaci dikationtu [(PhPy)sNi]** s vodou pfitomnou v iontové pasti.

Hmotnostng vybrané ionty [(PhPy),NiCI]" byly dale charakterizovany pomoci CID
(Tabulka 3). Ve vsech piipadech byly pozorovany dva konkurencni disociac¢ni kanaly
odpovidajici aktivaci vazby C-H (nejzastoupenéjsi v piipadé 2-PhPy) a jednoduché ztraté

ligandu PhPy. Studovany byly rovnéz smésné komplexy fenylpyridinu a NiCl* s
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perdeuteropyridinem. Ztrata perdeuteropyridinu je dominantni disociacni kanal pro vSechny
tii izomerické ligandy PhPy. Prahova energie pro ztratu ligandu je pfitom opét vyznamné

nizsi pro 2-PhPy nez pro zbyvajici dva izomery.

Tabulka 3. Prahové energie (v kJ-mol™) a relativni intenzity fragmentii (v zavorkach) ziskanych CID
hmotnostné vybranych iontt [(PhPy),NiCI]" a [(PhPy)(Ds-Py)NiCI]".

[(PhPy),NiCIT* [(PhPy)(Ds-Py)NiCI]*
- HCI - PhPy - HCl -DCl -Ds-Py - PhPy
2-PhPy 160 (27%) 170 (73 %) 160 (6%) na 160 (94%)  na

3-PhPy 215 (13%) 215 (87%) 200 (4%) 205 (1%) 205 (91%) 205 (4%)
4-PhPy 220 (5%) 230(95%) 200 (1%) 215(<1%) 205 (98%) 215 (1%)

Nasledné byla pomoci IM-MS studovana iontova pohyblivost zkoumanych komplext. Na
Obréazku 6 je znazornén mobilogram komplexi [(PhPy),NiCI]" ziskanych z roztoku NiCl, a
smési 2- and 3-PhPy (1:1). Pfi nizkych napétich (U = 20 V) byly pozorovany tii komponenty
v poméru 1 : 2 : 1. Pouziti vyssich napéti vedlo postupné k ibytku iontu [(2-PhPy),NiCI]" a
poté i [(2-PhPy)(3-PhPy)NiCI]* vzhledem k [(3-PhPy),NiCI]", coz je v souladu s nizsi
vazebnou energii 2-PhPy zptsobenou sterickymi naroky ligandu. Vysledky ziskané pomoci
IM-MS jsou shrnuty v Tabulce 4.

[NiCI(2-PhPy)(3-PhPy)]

[NICI(3-PhPy),]

N
(b)
[NiCI(2-PhPy),]"
20V druha
y komponenta
35V
N \\ 50V 35V
40 45 50 55 60 65 70 40 45 50 55 60 65
Retenéni Cas, ms Retencni Cas, ms

Obréazek 6. a) Distribuce retenénich ¢asi hmotnostné vybranych komplexti [(PhPy),NiCI]" ziskanych pomoci
IM-MS methanolického roztoku NiCl, a smési 2- a 3-PhPy 1 : 1 pfti pouZitych napétich U, 20, 35 a 50 V; (b)
distribuce retenénich &ast iontu [(2-PhPy),NiCI]* v IMS generovaném pfi pouzitém napéti U, = 35 V. Druha
komponenta je detekovana v ¢ase 5.45 ms.

Vysvétleni distribuce retenénich &asti iontu [(2-PhPy),;NiCI]" se ukazalo byt ne¢ekanou
vyzvou. Kromé hlavni komponenty s retenénim ¢asem ca. 4.9 ms byl pozorovan rovnéz druhy
pik v case 5.45 ms (Obrézek 6b). Ve snaze odhalit jeho pivod jsme vyuzili kvantové

chemické vypocty. Ty vylouc€ily né€kolik moznych vysvétleni pfitomnosti druhé komponenty
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v mobilogramu iontu [(2-phpy).NiCI]*, ac¢koliv byly odhaleny riizné struktury iontu li§ici se
srazkovymi prifezy. Ukazalo se totiz, ze jednotlivé struktury mezi sebou mohou za podminek
IM-MS snadno prechazet.

Tabulka 4. Retenéni ¢as (v ms) riznych iontd generovanych pomoci ESI z methanolickych roztokd NiCl, a
PhPy.

m/z 2-PhPy 3-PhPy 4-PhPy
[(PhPY)NiCI]* 248 2.98 3.80 3.80
[(PhPy)( PhPy-H)Ni]" 367 4.83 5.32 5.97
[(PhPy),NiCI]™® 403 4.94 6.08 6.35
[(PhPy);NiCIT* 558 n.a 8.90 9.77
[(PhPy)sNi]** 261.5 n.a 3.09 3.20
[(PhPy),Ni]** 339 n.a 3.74 4.07

Srovnali jsme proto naméfené retencni Casy a vypocitané srazkové prifezy jednotlivych
iontd [(PhPy),NiCI]" (Obrazek 7). Ukéazalo se, Ze retenéni ¢as druhé komponenty nalezené
v mobilogramu iontu [(2-PhPy),NiCI]" se shoduje s retenénim ¢asem smésného komplexu
[(2-PhPy)(3-PhPy)NiCI]*. Nasledna kontrola ¢istoty komeréniho 2-fenylpyridinu pomoci
GC/MS (SIM mod) odhalila znec€isténi vychozi latky 2-PhPy pfiblizné 0.2 % 3-PhPy, coZ

vysvétluje pfitomnost druhé komponenty v Obrazku 6b.
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Obrazek 7. Retenéni ¢asy naméfené pomoci IM-MS vynesené proti vypocitanym sraZzkovym prufezim
vybranych komplextt [(PhPy),NiCI]*. Cervena vertikdlni G4ra oznaduje retenéni ¢as druhé komponenty v
mobilogramu [(2-PhPy),NiCI]* (Obrazek 6b).

7.4 Vyzkum karboxylem asistované C-H aktivace katalyzované kovy
Zkoumali jsme chovani 2-fenylpyridinu s tfemi riznymi kovovymi karboxylaty
(konkrétné ruthenia, palladia a médi) pomoci ESI-MS, IRMPD a DFT vypocti (Schéma 2),

abychom porovnali zplisob jejich aktivace a struktury reak¢énich intermediata.
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Schéma 2. Zkoumana karboxylem asistovana C-H aktivace.

7.4.1 ESI-MS a CID studie

V ptipadé katalyzy pomoci ruthenia, ESI-MS odhalila tvorbu iontu o m/z 394, ktery v
sob¢ obsahoval ¢ast jak z katalyzatoru tak i substratu (Obrazek 8a). CID analyza tohoto iontu
ukazala eliminaci neutralni AcOH vedouci ke vzniku komplexu [(CsHs)Ru((2-PhPy)-H)]*
obsahujici C-H aktivovany 2-PhPy. Tato ztrata mohla byt zptisobena bud’ eliminaci neutralni
AcOH z aktivovaného komplexu (tedy [(Ce¢Hs)Ru((2-PhPy)-H)(AcOH)]") ¢&i vysledek C-H
aktivace neaktivovaného komplexu (tedy [(CeHs)Ru(2-PhPy)(AcO)]"). Hodnota prahové
energie pro ztratu kyseliny octové byla uréena jako AE(-AcOH) = 113 + 3 kJ-mol™.

ESI hmotnostni spektrum smési octanu méd’natého a 2-PhPy v acetonitrilu je zobrazeno
na Obrazku 8b. Komplex 0 m/z 432 forméln& obsahujici Cu(OAc)* a dvé molekuly 2-PhPy
vedl ke dvéma konkurenénim disocia¢nim kanalim, konkrétné ke ztraté¢ 2-PhPy a AcOH.
Zjisténé prahové energie vykazovaly hodnoty 147 + 5 kJ-mol™ pro ztratu 2-PhPy a 138 + 5
kJ-mol™ pro ztratu AcOH. 1 kdyZ je prvné zminéna fragmentace vice frekventovana, jeji
prahova energie je vyS$i nez prahova energie druhé jmenované, tedy eliminace 2-PhPy je
Kineticky zvyhodnéna a eliminace AcOH reprezentuje krok C-H aktivace probihajici skrze
"tight" tranzitni stav. Z c&ehoz vyplyva, ze struktura tohoto komplexu s nejvetsi

pravdépodobnosti odpovida neaktivovanému [Cu(OAc)(2-PhPy),]".

V paralele s pozorovanim komplexii médi uvedenym vySe, Obrdzek 8c ukazuje vznik
iontu 0 m/z 475, ktery mize odpovidat komplexu [Pd(OAC)(2-PhPy),]". CID tohoto komplexu
vede vyhradng ke ztraté kyseliny octové (AE = 65 + 3 kJ-mol™). JelikoZ je tato zjisténa
energie daleko niZ$i nez u piedchoziho komplexu, je mozné, Ze je kyselina octova vazana
jako neutralni ligand a ionty o m/z 475 odpovidaji komplexim s aktivovanym 2-
fenylpyridinem, tedy iontéim [Pd((2-PhPy)-H)(2-PhPy)(AcOH)]".
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Obrazek 8. ESI-MS spektrum smési komplexu dimeru ruthenia [C¢HeRUCI],, kyseliny octové, triethylaminu a
2-fenylpyridinu v acetonitrilu; b) ESI-MS spektrum smési Cu(OAc), a 2-PhPy v acetonitrilu; ¢) ESI-MS
spektrum smési Pd(OAc), a 2-PhPy v acetonitrilu.

7.4.2 DFT vypocty reakénich cest

DFT vypocty byly vyuzity ke generovani PES pro acetatem asistované C-H aktivace 2-
PhPy pomoci katalyzatord na bazi ruthenia, médi a palladia (Obrazek 9b-d). Kazdy ze
zjisténych mechanisml vykazoval n€kolik spole¢nych krokt, kviili ¢emuz je vyuzito podobné
znaceni, aby napomohlo lepSimu porovnani. Celkové znazornéni vyvoje téchto reakci je
uvedeno na Obrazku 9a (struktura 1b reprezentuje neaktivovany komplex s monodentatné
vazanym acetatem). V ptipad¢ ruthenia ligand L piedstavuje m-vazany benzen, zatimco v
pfipadé¢ médi a palladia je ligandem L 2-fenylpyridin vazany ke kovu pies dusikovy atom.
Znaceni je konsistentni pro vSechny kovy a jednotlivé kovy jsou v textu oznaceny hornim

. o e . Rug Cuq x: Pd
indexem pied ¢islem sloudeniny jako: "1, “"15 &i 1,
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Obrazek 9. a) Strukturni znazornéni sloucenin vystupujicich pii C-H aktivacich (struktura 1b — monodentatni
izomer, byla vynechana pro lep$i ptehlednost); povrchy potenciondlnich energii b) rutheniem, ¢) médi a d)
palladiem katalyzovanych C-H aktivaci 2-PhPy, (B3LYP/cc-pVTZ:cc-pVTZ-pp(M)). VSechny energie jsou
uvedeny pfi 0 K, zndzornéné struktury reprezentuji tranzitni stavy a vzdalenosti jsou uvedeny v A.

7.4.3 Infradervena multifotonova disocia¢ni (IRMPD) spektroskopie

IRMPD  spektroskopie  byla  pouzita pro  ureni  struktury  komplext
[(2-PhPy)Ru(CeHs)(OAC)]", [(2-PhPy),Cu(OAc)]" a [(2-PhPy),Pd(OAc)]". Experimentalni
IRMPD spektrum komplexu [(2-PhPy)Ru(CeHes)(OAC)]” je v dobré shodé s teoretickym
spektrem izomeru "1,. IRMPD spektrum komplexu obsahujici m&d [(2-PhPy),Cu(OAc)]*
bylo podobné spektru rutheniového komplexu a odpovidalo teoretickému spektru
neaktivovaného intermediatu ““1,. Kdezto IRMPD spektrum komplexu [(2-PhPy),Pd(OAc)]*
bylo komplikovanéjsi nez piedchozi dva piiklady a zadné z teoreticky vypocitanych spekter
neodpovidalo experimentalnimu spektru. Nejspise se tedy jedna o smés dvou izomerd "1, a
Pd3,, které maji podobnou energii.

7.4.4 Porovnani experimentalnich a teoretickych vysledki

Z porovnani experimentalnich a teoretickych vysledkii bylo odhaleno, ze pro Ru
komplexy zjisténa prahova energie (AE) pro ztratu kyseliny octové odpovida spiSe disociacni
energii nez bariéie pro C-H aktivaci. V ptipadé Cu komplexu predstavuje C-H aktivace

rychlost urcujici krok a urCuje prahovou energii, kterd byla sledovana. Interpretace
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protoze byla studovdana smés aktivovaného a neaktivovaného komplexu. Nicméné je
pravdépodobngjsi, ze experimentalné zméfenad hodnota pro prahovou energii odpovida

prevazné fragmentaci komplexu s aktivovanym 2-fenylpyridinem.

745 Vliv kyselosti a substitu¢niho efektu na prahové energie pro ztratu

karboxylovych kyselin

Studovali jsme fadu smési LCu(OAc), 2-PhPy a kyselin v acetonitrilu pro ziskani
Hammetova grafu spojeného s C-H aktiva¢nim krokem (Obrézek 10). Ze zavislosti logaritmu
podilu intenzit pro ztratu kyseliny a 2-fenylpyridinu na o konstanté kyselych substituentt
jsme ziskali hodnotu konstanty p 0.93. Tato hodnota nam fika i) Ze elektron-odtahujici
substituenty urychluji C-H aktivaéni krok a ii) ze tranzitni stav ma nizky iontovy charakter.
Z duvodu elektronickych efektl je struktura predpoklddaného tranzitniho stavu, ve kterém je
abstrakce vodiku spojena s formaci vazby uhlik-kov, cyklicka. Elektro-odtahujici substituenty
na karboxylatu délaji centralni kov elektrofilngjsi a tudiz asistuji pii tvorbé vazby uhlik-kov.
Teoreticka cyklicka struktura tranzitniho stavu s vysoce delokalizovanou hustotou néboje je
také v souladu s nizkou hodnotou konstanty p.

0.0+
0.5

-1.04

|Og(|4acld/|—24phpy)

5]  p-NH,

0=0.93
204 * R’=0.95
p-N(CH,),

'25 T T T T T T T T T T TT T T T ™
-1.0 08 -06 04 -02 00 02 04 06 08 1.0
(o)

Obrézek 10. Hammettiv graf pro Cu-katalyzovanou C-H aktivaci 2-fenylpyridinu jako zavislost logaritmu
podilu intenzit mezi ztratou kyseliny a 2-fenylpyridinu na ¢ konstantg.

28



8. Zavéry

Studie popsana v disertacni praci piredstavuje nékolik stéZejnich vysledkti v ramci
vyzkumu organokovové chemie.

Vyzkumem chovani Cu(OAc), v methanolu a acetonitrilu bylo zjisténo, ze vznika velké
mnozstvi klastrii. Pocet klastrii siln€ zavisel na ptitomnosti vody v roztoku. Dokonce i malé
mnozstvi vody vyrazn¢ snizovalo mnozstvi klastri. Monomerické komplexy médi
ptevazovali v roztoku obsahujici 5 vol. % vody. Tento vysledek miize byt dulezity pro dalsi
studie reak¢nich mechanismt katalyzovanych Cu(OAc);.

Pii studii médi katalyzovaného cross couplingu mezi thiolestery a boronovymi kyselinami
velké intenzity komplexi reaktantu a produktu se sodikem. Sledovani reak¢ni kinetiky
pomoci ESI-MS nam umoznilo ziskat rychlostni konstanty pifi riznych teplotach a spoditat i
ostatni termodynamické parametry.

Vyzkumem komplexii obsahujici tii izomerické fenylpyridiny a Ni** kationty bylo
odhaleno, ze 3- a 4-PhPy se chovaji podobné, kdezto chovéani 2-PhPy bylo odlisné. V
komplexu Ni-2-PhPy je jedna z 0-C-H vazeb fenylového kruhu blize u centralniho kovu a
umoziuje aktivaci C-H vazby a vznik metalacyklu. Zjistili jsme, ze IM-MS je vhodnou
metodou pro studium koordinace a sterickych efekti pro izomerické komplexy
[NiCI(PhPy)]".

Nakonec byl studovan mechanismus karboxylatem asistované C-H aktivace 2-
fenylpyridinu v plynné fazi za pouziti Ru, Cu a Pd katalyzatort. Ur¢ili jsme energie potfebné
pro C-H aktivaci nasledované eliminaci kyseliny octové. Dal§im vyzkumem jsme zjistili, ze
experimentalné sledovana prahova energie pro ztratu AcOH v pfipadé Ru a Pd odpovida
pfedevs§im vazebné energii kyseliny octové k centrdlnimu kovu po C-H aktivaénim kroku. Na
druhou stranu energie urena pro komplexy meédi pfedstavuje energii potfebnou pro C-H
aktivaci. C-H aktivace byla také studovana s pouzitim Hammetovych grafii. Vysledky
ukazuji, Ze elektron-odtahujici substituenty na benzodtovém proti-iontu zrychluji C-H
aktivacni krok. Tento fakt mize byt vysvétlen cyklickou strukturou tranzitniho stavu, kde je

disociace C-H vazby spojena se vznikem vazby uhlik-kov.
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