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Chapter 1

Introduction

The work in this Introduction chapter is published as Perspective in Chemical Science:
Mehara, J.; Roithovd, J. Identifying Reactive Intermediates by Mass Spectrometry.
Chem. Sci. 2020, 11 (44), 11960-11972.
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Development of new reactions requires finding and understanding novel reaction
pathways. In complex reactions such as C-H activations, these pathways often
involve highly reactive intermediates, which are the key to our understanding but
are challenging to study. Mass spectrometry has a unique sensitivity for detecting
low abundant charged species; therefore, it is increasingly used for the detection
of such elusive intermediates, particularly in the realm of metal-catalyzed- and
organometallic reactions. This introduction chapter aims to provide an overview
of recent developments in the field of mass spectrometric research of reaction
mechanisms with a particular focus on going beyond traditional mass-detection.
Sections describe the advantages of collision-induced dissociation, ion mobility,
and ion spectroscopy to elucidate the structures of the detected intermediates.
Additionally, it delves into the relationship between the condensed phase
chemistry and mass spectrometric species detection in solution.
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Introduction

Progress in chemistry is driven by findings of new chemical transformations that
allow us to construct new molecules and materials. The further advances are based
on our understanding of chemical reactions and ability to use this knowledge to
control the reactivity. Hence, the development of new reactions always goes hand
in hand with mechanistic studies that rationalize these reactions and give us a
handle to build upon them further.

Many spectroscopic methods are used to monitor chemical reactions. The in situ
methods such as optical spectroscopies (IR or UV-Vis spectroscopy) or NMR
spectroscopy can determine rates of transformation of reactants to the products
and in connection with modern physical organic chemistry methods provide deep
insight into reaction mechanisms.' Detection of key reaction intermediates is
another important part in elucidation of reaction mechanisms. It can be easy for
some reactions, but it could be rather challenging for other ones.* Especially in
recent organometallic, photocatalytic, electrocatalytic, or other catalytic reactions
that are based on the generation of highly reactive species in solution, detection of
intermediates can be challenging.

Reactive intermediates, often short-lived and present in low concentrations,
necessitate specialized detection methods. In situ detection of these species
often relies on their unique properties that help suppress the signals of dominant
species in solution. An example could be EPR (electron paramagnetic resonance)
spectroscopy for radical intermediates or NMR spectroscopy based on metal
elements present just in a metal-based catalyst and its complexes. Another strategy
relies on ex situ approaches. The popular ex situ approach is crystallization of a
metal-complex intermediate out of the reaction mixture. X-ray crystallography
offers many details about these intermediates and therefore provides valuable
data. However, it also has pitfalls. Firstly, the effort to crystalize the intended
reactive intermediates is often accompanied by modifications of the complexes in
order to make them more stable, which can introduce a bias to the study. Secondly,
crystallization may yield off-cycle intermediates rather than reactive intermediates.

Mass spectrometry analysis serves as another ex situ approach, offering extreme
sensitivity for the detection of minor species. The reaction mixtures can be directly
analyzed using an electrospray ionization interface.®* The simple implementation
and broad availability of mass spectrometers resulted in the growing popularity of
mass spectrometry analysis in the investigation of reaction mechanisms. Particularly,
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catalytic organometallic reactions are often addressed by mass spectrometry,
because metal-containing intermediates are usually easily ionized (or present as
ions in solution per se) and thus selectively detected.®” Despite its advantages, mass
spectrometry analysis lacks direct structural information, and blind assignment of
ions generated by electrospray ionization may lead to misinterpretation of reaction
mechanisms. This chapter discusses the various methods developed to address
these challenges, providing a comprehensive understanding of mass spectrometry
analysis of reaction intermediates.®

Detection of reactive intermediates by ESI-MS

Mass spectrometry detects ions. Hence, reactions involving charged intermediates
are easily monitored by electrospray ionization mass spectrometry.>*'"" Typically,
such intermediates are operative in reactions catalyzed by cationic complexes of
gold, silver, copper, rhodium, or ruthenium with non-coordinating counterions such
as SbF", BF,", PF_, etc. Other examples are organocatalytic reactions proceeding
via iminium ions and basic intermediates. The latter can be easily detected as
protonated or as sodiated ions.'*'?

The C-C coupling reactions belong to the most important chemical transformations.
These reactions are typically catalyzed by palladium complexes, which are often
neutral in solution. They can be detected as protonated ions or as anions,'' but
it is by far not a general rule. Therefore, these intermediates are often studied
using the charge-tagging approach. Either substrate or a ligand of the catalyst
is decorated by a permanently charged group placed in a position that does not
affect the reaction itself.'®2° Thereby, the intermediates can be detected as ions, yet
the “neutral reaction intermediate core” is unaffected.

An example of using the charge-tagging method could be a study of palladium-
catalyzed C-H functionalization. Palladium-catalyzed C-H activation using a
directing group leads to palladium(ll) intermediates such as complex 1 in Figure 1.2
The activated carbon atom can be coupled with various reactants.?>?* Czyz et al.
explored a mechanism of the coupling with iodine promoted by photoexcitation of
the palladium(ll) complex (Figure 1).* Using the charge tagging method they could
monitor the starting complex (m/z 535, blue triangle), formation of the product
(m/z 516, green circle) and also formation of ions with m/z 748 (red box)
corresponding either to palladium(lV) intermediates or to palladium(ll) complex
with the product.
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Figure 1. ESI-MS detection of intermediates in a palladium-catalyzed photochemical reaction.
Adapted with changes from Ref. [25] under CC BY 3.0 license.?

Without going into the details of this reaction, we want to focus on the common
problem in the investigation of organometallic reactions. According to the
textbook knowledge, the expected reaction intermediates and the product
complexes are often connected by a reductive elimination step and thus have a
different structure, but the same mass. It can be tempting to assign the detected
complexes to the intermediates and thus provide the desired indices for the
expected reaction mechanism. Nevertheless, it could be misleading, if the ions
actually correspond to the product complexes that were formed by a different
pathway. The mere observation of “the correct mass” is insufficient, instead every
effort must be made to relate the mass spectra to the reaction intermediates and to
the reaction mechanism.

13
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Structure of reactive intermediates by ESI-MS?

Assigning possible structures to the detected ions has been classically done based
on their fragmentation pattern. In the detection of intermediates for organometallic
reactions (such as shown in Figure 1), this simple approach is complicated by
the fact that the intermediates and the product complexes can follow the same
or similar fragmentation pathways (Figure 2). This is especially true if the energy
barrier between the intermediate and the product complex is small and the energy
demands for the fragmentations are large. For example, if the energy demand for
the intermediate fragmentation is much larger than the energy of the transition
state for the rearrangement to the product complex (blue vs. black pathway in
Figure 2). In that case, we will observe the same or similar fragmentation pattern for
the intermediate and the product complex.

Figure 2. An example of a potential energy surface for gas-phase dissociation of reactive intermediates
and product complexes connected by a simple reaction step such as reductive elimination
(see e.g. Figure 1).

Characterization of the intermediates by ESI-MS? is possible if the fragmentation
energy and the energy of the transition structure for the rearrangement to the
product complex are similar (orange pathway in Figure 2). Experimentally, this
approach requires a control experiment with the complex generated from the
catalyst and the independently prepared product. This is nicely shown in the work
of Parera et al.”’ The authors studied cyclotrimerization reaction, which is extremely
demanding in terms of possible detection of isobaric complexes (Figure 3, the grey
panel). The authors detected rhodacyclic intermediate (in red, Figure 3) and they
were able to differentiate it from the product complex (in green). The reason for
this successful ESI-MS? characterization is that the homolytic cleavage of the tosyl
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group in the intermediate can kinetically compete with the reductive elimination
leading to the product (Figure 3). The product complex is dominantly losing the
neutral product and does not eliminate the tosyl radical as the authors showed in a
separate experiment.?”’

Figure 3. Catalytic cycle proposed for the [2+2+2] cycloaddition of diynes and monoynes under Rh/
bisphosphine catalysis (the BINAP ligand has been omitted for clarity) with CID mass spectrum of the
ion at m/z=1116.3 from the reaction mixture. Adapted with permission from Ref. [27] Copyright 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The work of Auth et al. shows how to use ESI-MS? for the investigation of the
transformation from the reactive complex to the product.”® The authors studied
transmetallation reaction within phenylborate complexes. They mixed Li(BPh,) salt
with AgOTf and studied the possible transfer of the phenyl group from boron to
either lithium or silver. The ESI-MS detected [(BPh,)"M*(BPh,)"] anionic complexes

15
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(see Figure 4 for the structure). These complexes either fragment to the [(BPh,)"M"]
ion pair and the (BPh,)” anion, or they undergo transmetallation to yield [(BPh,)
M(Ph)I” and neutral BPh.. The latter is observed only for silver complexes, proving
that transmetallation is possible with silver but not lithium.

The approach of transferring complexes of this type to the gas phase and triggering
the desired transformation by collisional heating offers a good control over the
overall process. Hence, it creates defined conditions for systematic investigation
of various metals as well as of the organic groups in transmetallation reactions.
The authors demonstrated this in the study of metal clusters of various sizes and
evaluated the trends (the energy demand for the transmetallation decreases in
larger clusters).

Figure 4. Collision-induced dissociation spectra of mass-selected [M(BPh,),]" anions. A) M=Ag, B) M=Li.
Q) Potential energy surface for dissociation of [M(BPh,),I". Reprinted (adapted) with permission from
Ref. [28]. Copyright 2020, American Chemical Society.
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Collision-induced dissociation (CID) of mass-selected ions can also be used to
quantitatively evaluate bond dissociation energies.®-3' Kinetic modeling of the
energy-dependent fragmentation yield in a CID experiment provides threshold
energy for the given dissociation (e.g., Figure 5b). The threshold energy is the
minimum energy required for the given dissociation and thus corresponds to
bond-dissociation energy. There are various experimental approaches to obtain
the relevant data and various ways to perform kinetic modeling.3**' This section is
limited to the discussion of an example from Peter Chen's group. They presented
an elegant study to describe a complex that can be considered as a model for a
transmetallation transition structure (see Figure 5a). Using a thermodynamic
cycle shown in Figure 5a they could estimate stabilization of this complex by
copper-palladium interaction (9 kcal mol™).32 The approach of using tandem mass
spectrometry to investigate reaction intermediates can be extended even further.
For example, Waters et al. used the ESI-MS" method to investigate the whole
catalytic cycle of methanol oxidation by [Mo,O,(OH)]" (and other metal oxides) in
the gas phase.*® This research extends toward the classical gas-phase chemistry
approach for studying reactions and will not be further discussed here.3*3¢
Instead, the following section focuses on the methods providing more structural
information about the reactive intermediates directly detected from the solution.

Beyond mass-analysis: lon mobility separation

lon mobility separation is an increasingly popular addition to the mass
spectrometry analysis.’’-* It separates isobaric ions based on their ion mobilities
which essentially reflect their shapes. Clearly, this is an ideal approach to solve the
dilemma of detecting reactive intermediate vs. the product complex discussed in
the previous section. The intermediates and the product complexes have the same
mass but should have different molecular volumes and, thus, different ion mobility
cross sections. Hence, we should be able to separate them and thus eliminate the
problem of mass overlap. The ion mobility cross-section can be obtained from
theoretical calculations, and thus, the experimental value can be compared with
the predicted cross-sections and assigned to a particular isomer/conformer.

An excellent example of separating a multitude of possible isomeric intermediates
comes from the Hashmi and Kappes groups.*’ They have investigated the gold-
catalyzed cycloisomerization reaction of a 1,5-bis-terminal diyne followed by a
coupling reaction with benzene (Figure 6a).*’ The reaction is catalyzed by two
gold cations, and at every point, several possible isomers can be formed. All the

17
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Figure 5. a) Proposed mechanism for the transmetallation step in Sonogashira reaction. b) Model
to evaluate metal-metal interaction in a complex mimicking transmetallation transition structure.
The binding energies of the ligated copper cation to benzene and the palladium complex can be
determined from the energy-resolved collision-induced dissociation experiment. The binding energy
was determined by kinetic modeling using the L-CID program.? c) Zero-pressure-extrapolated cross
sections (circles) with L-CID-fitted curves (lines). Inset: Reaction scheme for CID of the palladium
complex with the corresponding activation energy (E ). Reprinted (adapted) with permission from Ref.
[32]. Copyright 2017, American Chemical Society.
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Figure 6. a) Proposed mechanistic pathways for the hydroarylating aromatization of a 1,5-bis-terminal
diyne R1 as catalyzed by the synergistic interplay of two gold centers [(L)Au]*. b) Mobilograms: the
[(L),Au,(C,H)I* precatalyst (m/z 1209, black, P-CAT); the [(L),Au,(R1-H)]* intermediate (m/z 1323,
red, 11-14)), and the [(L),Au,(R1-H)(C,H ]* intermediate after the reaction with benzene (m/z 1401,
blue; P1 and P2). Reprinted (adapted) with permission from Ref. [41]. Copyright 2018, American
Chemical Society.
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complexes along the catalytic cycle can be easily detected by ESI-MS, because they
are cationic. However, it would be impossible to study this reaction just by means
of ESI-MS", because all the complexes' fragmentation patterns will be similar.

Figure 6b shows signals of individual mass-selected ions separated according to
the ion mobilities of the contributing isomers. The reaction is catalyzed by cationic
gold, and the authors used [(L)Au(C3H3)] (L = IPr, see the structure in Figure 6a) as
the precatalyst. It can be detected by ESI-MS as dimeric [(L),Au,(C,H,)]* cations. As
expected, these ions are present as only one isomer, thus represented by a single
peak in the mobilogram (Figure 6b).

The first family of reaction intermediates is formed by activation of the diyne by two
cationic gold complexes ([(L),Au,(R1-H)]*, see complexes labeled by a red label in
Figure 6a). The authors detected four of these intermediates (red line in Figure 6b).
The experiments can provide collision cross-sections of these ions, which can be
compared with theoretical calculations for various possible isomers. Such analysis
allowed the authors to assign the detected ions to intermediates 1 - 4 in Figure 6a.
The next step is a coupling between [(L),Au,(R1-H)]* and benzene. Again, a
multitude of intermediates can be, in principle, detected (complexes labeled in blue
in Figure 6a). However, only two complexes corresponding to these intermediates
were trapped by ESI-MS (purple line in Figure 6b). A comparison of experimental
and theoretical cross-sections suggested that the authors probably trapped
intermediates B and C (see Figure 6a). Hence, the authors detected intermediates
along both reaction pathways, as shown in Figure 6a. Here, both pathways lead
to the same product, hence the branching between the pathways does not affect
the outcome of the reaction. However, in other cases, the branching of reaction
pathways can affect reaction selectivity. This ESI-IMS-MS approach offers an easy
tool to check how reaction conditions affect the branching between the reaction
pathways, which might facilitate reaction optimization.

Another example of how ion mobility separation can add another dimension to the
mass-spectrometric investigation of reaction intermediates comes from the group of
Guo.”? They studied intermediates formed in an organocatalytic reaction developed
for C-N couplings.! This type of reaction is well suited for mass spectrometry
investigation because the intermediates are either charged iminium ions (e.g., I, in
Figure 7) or easily protonated amines or enamines (e.g., 5 in Figure 7).** The
organocatalytic reactions are often used for stereoselective reactions.** Here,
product 4 is formed as R or S stereoisomer at the a-carbon atom of the aldehyde.
The stereochemistry is predetermined by the configuration of the key enamine



Introduction | 21

intermediate 5." The key finding of this study is that the ratio of enamine
intermediates Z-5 and E-5 can be easily determined by the ESI-IMS-MS approach,
which the authors verified by NMR spectroscopy. ESI-IMS-MS detection could be an

alternative to NMR or chromatography detection of these intermediates. More
importantly, it can be the tool of choice for shorter-lived intermediates that cannot
be easily detected by NMR or chromatography.

Figure 7. Organocatalytic reaction for C-N bond coupling. The key reactive enamine intermediate
5 was detected by ESI-MS, and its Z- and E-isomers were separated by ion mobility. Adapted from
Ref. [42] with permission from The Royal Society of Chemistry.
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The final example showing a great promise of ion mobility separation for the
investigation of reaction intermediates and reaction mechanisms is from the group
of Schroder.* They have used ESI-IMS-MS to study epimerization of a bis-Troger bases
(Figure 8).Troger bases are trapped as enantiomers due to the steric strain that hinders
epimerization by inversion at the nitrogen atoms. Yet, these bases can epimerize by
bond-breaking processes, which could either correspond to the formation of iminium
ions upon protonation or to the retro Diels Alder reaction (Figure 8a).

Figure 8. a) Proposed pseudo-epimerization mechanisms of Troger bases via iminium ions (top) and
via retro-Diels-Alder sequence (bottom). b) Bis-Tréger bases syn-1 and anti-1 and their structures
predicted by DFT theory. c) lon-mobility traces of mass-selected syn-1H* (left) and anti-1H* (right)
as a function of the increasing cone voltage. The grey numbers are the ratios of integrated areas of
the peaks corresponding to syn-1 and anti-1, respectively. Adapted with permission from Ref. [45]
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The bis-Tréger base 1 can have either syn or anti configuration (Figure 8b).
The diastereoisomers syn-1 and anti-1 are stable and can be separated by
chromatography. Electrospray ionization of these bases yields protonated ions syn-
1H* and anti-TH*. The anti-isomer has a more extended molecular shape, which
correlates with a larger collisional cross section and thus a longer arrival time in the
ion mobility experiment (Figure 8c). The researchers used a variation of electrospray
ionization conditions to study the pseudo-epimerization process. With increasing
collisional activation during ESI, they observed increasing epimerization of the
starting isomer to the other. The syn — anti isomerization required less energy
than the reverse process, suggesting that the anti-isomer is thermodynamically
more stable.

The researchers also studied sodiated ions syn-1Na* and anti-1Na* in analogous
experiments. However, these ions showed no isomerization, although the retro-
Diels-Alder pathway should be accessible. Hence, this study showed that pseudo-
epimerization could efficiently proceed upon protonation via the iminium ion
formation, whereas the retro-Diels-Alder pathway is mechanistically disfavored.

Beyond mass analysis: lon spectroscopy

lon spectroscopy is another technique that adds more dimensions to mass
spectrometric separation.*“*® lon spectroscopy provides IR, Vis, and UV spectra
of mass-selected ions, adding information about their molecular and electronic
structure. Small densities of mass-selected ions in a mass spectrometer do not
usually permit direct measurements of absorbance/transmittance as in classical
optical spectroscopies. Instead, the absorption of photons is detected indirectly
by monitoring ion fragmentation caused by photon absorption. That is why ion
spectroscopy is often referred to as photodissociation spectroscopy.*->

IR and UV/Vis spectra of mass-selected ions are usually assigned based on
theoretical calculations. The fact that the spectra belong to isolated ions in a
“vacuum” simplifies the theoretical calculations, and results are often in excellent
agreement. Access to this spectroscopic information solves the problem of mass
overlap for detected intermediates with product complexes. In addition, it provides
important structural information and thus gives deeper information about the
nature of the intermediates.

23
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The first example of using IR photodissociation spectroscopy for the characterization
of reaction intermediates is from gold chemistry.? Gold activated alkynes can
be oxidized by an oxygen-transfer reagents such as pyridine N-oxide (Figure 9a).
It has been postulated that the oxidation leads to elusive gold(l) a-oxocarbenes
that react further. If the reaction proceeds in acetonitrile, the reaction continues
to oxazole products (see Figure 9a). Electrospray ionization of the reaction mixture
provides ions with m/z 782 and m/z 744 (among others). These ions can correspond
to reaction intermediates (upper structures in the colored boxes in Figure 9a). The
ions with m/z 782 can also represent an isomer of the primary intermediate (lower
structure in the green box in Figure 9a). This isomer can be protodeaurated to yield
a-pyridinium ketone — a by-product in the reaction. The ions with m/z 744 can also
correspond to the complexes between the oxazole product and the gold catalyst
(the lower structure in the red box in Figure 9a).

The IR photodissociation spectra of the detected ions show that none corresponds
to the primary intermediates (Figures 9b,c). The spectrum of the gold complex
of a-pyridinium ketone clearly displays C=0 stretching vibration of the ketone
function (Figure 9b). In contrast, the spectrum of the gold complex of oxazole
features C=N and C=C stretching bands of the oxazole ring. This simple example
shows that IR photodissociation spectroscopy can provide a direct link to the
structure of the detected ions and thus assist in the correct evaluation of the results
(see also discussion in the next section).

Another example comes from the field of reaction development and concerns
silver-catalyzed C-O and C-N coupling reactions.>* The group of Ribas envisaged a
catalytic cycle based on silver(l) complexes. They designed a reaction starting with
a silver(l) complex, which undergoes oxidative addition with an aryl iodide to form
a silver(lll) intermediate. This intermediate should exchange iodide with an N- or
O-based nucleophile. The reaction sequence is completed by reductive elimination
to form the new C-N or C-O bond, respectively (Figure 10a). They demonstrated
that the idea worked for a range of N- and O-nucleophiles for a substrate shown
in Figure 10. They used mass spectrometry and ion spectroscopy to prove that the
reaction proceeds via the envisaged silver(lll) intermediates.
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Figure 9. a) Gold-mediated oxidation of phenylacetylene by pyridine N-oxide in the presence of
acetonitrile. b,c) IR photodissociation spectra of ions with (b) m/z 782 and (c) m/z 744 measured by
the helium-tagging method** and their comparison with DFT predicted IR spectra of the product
complexes.? Adapted with permission from Ref. [52] Copyright 2016 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Figure 10. a) Silver catalyzed C-Nuc coupling and the mechanism proposed based on ESI-MS and ion
spectroscopy study. b) IR photodissociation spectrum of ions with m/z 408 isolated from the reaction
mixture measured by the D -tagging method.>*** c) DFT predicted spectra for possible isomers of
the detected intermediates with m/z 408. Reprinted (adapted) with permission from Ref. [54].
Copyright 2018, American Chemical Society.
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ESI-MS of the reaction mixture showed ions with m/z 408 that formally
corresponded to the expected silver(lll) intermediates bearing an acetonitrile
molecule instead of iodine (see the central complex in Figure 10a). However,
the infrared photodissociation spectrum of these ions did not correspond to the
expected silver(lll) complex (Figure 10b). Instead, the spectrum contained bands
that could have been explained only by intramolecular cyclization of the aromatic
substrate to form the tetracyclic product ions (Figure 10c, see e.g., the bands
highlighted in red).

The detection of the tetracyclic product complexes of silver(l) was surprising.
However, their formation can only be rationalized if the transient silver(lll)
intermediates were formed in the first place. A simple mechanistic sequence with a
rollover of the quinoline group then explains the formation of the cyclized product.
This initially purely mass spectrometric observation was later confirmed also
synthetically. The authors performed the very same reaction without the addition of
the nucleophile. Indeed, they isolated the tetracyclic product as the major product
of the reaction. Hence, this example shows that a detailed mass spectrometry study
can not only elucidate the reaction mechanism but also lead to the discovery of
new reaction pathways that would be neglected otherwise.

The last example shows how mass spectrometry and photodissociation
spectroscopy can intersect the key intermediates and help assign the correct
mechanistic pathways. The investigated reaction used palladium catalysis
and organocatalysis to enable a rather complex transformation to form spiro
compounds (Figure 11)."* One of the substrates was a,3-unsaturated aldehyde
known to react with (chiral) pyrrolidine-based organocatalysts. The so-formed
iminium intermediates readily react with nucleophiles. The second reactant (1)
must be activated by palladium to become reactive as the nucleophile. However,
the question was how this activation happens.

Substrate 1 contains a pyrazole ring, which is easily protonated. Hence, the mass
spectrometry analysis relied on charging by substrate protonation rather than
designing charge-tagged reactants. Accordingly, the electrospray ionization of
the substrate (1) and the palladium catalyst led to the detection of TH* and the
protonated complex between 1 and palladium (Figure 11).

The infrared photodissociation spectrum of the mass-selected palladium complex
revealed that the activation of 1 proceeds via the opening of the seven-membered
ring. The intermediate corresponds to a palladium-stabilized zwitter-ion. The
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Figure 11. (a) Synergistic catalysis for enantioselective synthesis of spiropyrazolones and the proposed
mechanism. (b) ESI-MS spectrum of 9 mM solution of 1 in CH,CN/CH,Cl, (4:1 v/v) with 2.5 mol%
Pd,(dba),. (c) Helium tagging infrared photodissociation spectrum of [(DPA(CH,CN)IH* (m/z 374; red

line) and theoretically predicted spectrum (purple line) of the depicted complex. Adapted with changes
from Ref. [14] under CC BY 3.0 license.?®
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negative charge is localized at the oxygen atom and at the pyrazole ring, where
the intermediate gets protonated. The structure of the protonated intermediate
could be assigned based on excellent agreement between the theoretical
prediction of the IR spectrum of the given complex and the experimental IRPD
spectrum. Knowing the structure of the intermediate, the mechanism could be
rationalized. The negatively charged part of the palladium intermediate couples
with the activated a,3-unsaturated aldehyde, while palladium(0) stabilizes the allyl-
cation fragment. The following step corresponds to the nucleophilic attack at the
allyl cation.

These examples showed how ion spectroscopy can nail down the structures of the
mass-spectrometry-detected intermediates. The first two examples showed that the
detected ions corresponded to product complexes, which is often the case in mass
spectrometric investigations of reaction mechanisms. However, these examples
show that even if the ions are stable product ions, their detection can help resolve
the reaction mechanism or attest indirectly to the nature of the intermediate.

Linking mass spectra with solution chemistry

A frequent criticism of the mass spectrometry investigation of reaction
intermediates and reaction mechanisms evolves from the fact that the studied
processes commonly proceed in solution. In contrast, the detection is based on the
isolated species in the gas phase. This is undoubtedly a problem that must be well
addressed in each mass spectrometric study addressing solution chemistry. The
problems that occur are:

1. The electrospray ionization process is associated with large concentration
changes. Hence, ESI-MS can detect the formation of larger clusters, which are
artifacts of the ESI process and do not originate from solutions. Increasing
the concentration can also substantially accelerate some reactions.’>#+5”
Hence, processes that are important at high concentrations can be selectively
detected, although they do not play a role at standard conditions in solution.
The concentration of the solution during the spray process accelerates
all condensation reactions, and it has even been tested as an alternative
approach for bulk synthesis.>#6°

2. Electrospray ionization generates ions in the 3 -5 kV field. This can lead to the
formation of ions that are not present in the solution. For example, palladium-
catalyzed reactions often proceed in neutral palladium complexes. However,
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electrospray ionization can detect the ionized species either because of the
anionic ligand loss or protonation.' The detection of the ionized complexes
can still report about the reaction mechanism or the intermediates, but one
has to be aware of the possible effect of ionization. It is also important to
keep in mind that the electric field and the concentration changes can lead
to the formation of species that do not have anything in common with the
solution chemistry.

3. Theionresponse in electrospray ionization is not linear.®’ Therefore, the signal
intensities cannot be generally correlated with concentrations. However, the
relative changes of the signal intensities can often be related qualitatively to
the relative changes in concentrations of the given ions in solution. This is
frequently applied in reaction monitoring using ESI-MS (see below).

4.  lon suppression is another problem affecting the ESI-MS detection of various
species from solution. This is especially problematic if the concentration of
the studied solution is above the usual analytical range (< 10° M), which is
often the case in investigations of reaction mixtures.®> The ion suppression
might be especially problematic if the ionization efficiencies of reactants,
intermediates, and products differ. For example, the formation of an easily
ionizable product can lead to an increasing suppression of signals of other
ions during the reaction monitoring. Hence, the time evolution of some ESI-
MS signals may appear to correspond to the reaction intermediate, but in
reality, it might be a by-product accumulated in the solution.

Considering all these possible complications, we can use ESI-MS for reaction
monitoring. Many such studies originate from the McIndoe group.5*%4The following
section describes an example of their study of the Suzuki-Miyaura reaction. Without
going into details of the reaction mechanism, we focus on real-time monitoring of
the reaction progress with ESI-MS.%

The palladium-catalyzed cross-coupling reactions operate in the catalytic cycles
between palladium(0) complexes and palladium(ll) complexes bearing two anionic
ligands. Hence, the key intermediates are neutral. The McIndoe group showed
that the intermediates can be detected using a change-tagging strategy.®® The
permanently charged group can be attached to a phosphine ligand coordinated
to palladium (e.g., one of the phenyl groups in the Ph_P ligand can be sulfonated)®
or to a reactant.®®* The advantage of charge tagging is that the ion transfer process
during electrospray is quasi-identical for all the charged tagged ions, and thus, it
allows their simultaneous monitoring and even evaluation of the signal intensity
changes during the monitoring.
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Figure 12. Suzuki- Miyaura coupling between a charged tagged aryl iodide (Ar*l) and para-tolyl
boronic acid catalyzed by Pd(PPh,),. A) The ion-signal evolution of Ar+l and product Ar*Ar’ B) Palladium
intermediates. Inset: natural log of the intensity of Ar*l over time showing well-behaved pseudo-first-
order kinetics out to 5 half-lives. Reprinted (adapted) with permission from Ref. [63]. Copyright 2018,
American Chemical Society.

One of the examples of their work is the investigation of transmetallation
mechanisms in Suzuki-Miyaura coupling (Figure 12).° They have shown that using
charge-tagging of the reactant can allow quantitative monitoring of reaction
kinetics. Under the standard coupling conditions, they showed that ESI-MS data
can reproduce the first-order kinetics of this reaction (see the inset in Figure 12A).
They also monitored the palladium-containing intermediates (Figure 12B).
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In principle, it is possible to obtain quantitative information on the concentration
of given species from mass spectrometry experiments. The quantification
requires the use of isotopically labeled standards with known concentrations.
For example, spiking of a reaction mixture with an isotopically labeled product
of the given reaction could be used to monitor the reaction progress by ESI-MS
quantitatively. This approach could be an alternative to other means of reaction
progress monitoring (e.g., IR or NMR spectroscopy). However, the strength of mass
spectrometry is in detecting minor reactive intermediates that other spectroscopies
cannot address. For these reactive intermediates, no isotopically labeled “standards”
could be prepared.

Figure 13. Delayed reactant labeling method for the investigation of reaction intermediates formed
in a steady state approximation. Delay t, is when the reaction runs only in the presence of unlabeled
reactants; then, an isotopically labeled reactant is added to the reaction mixture, resulting in an out-
of-equilibrium situation. Monitoring of the mutual evolution of the ESI-MS signals of the intermediates
(bottom panel) allows determination of half-lives in steady-state approximation (see the equation:
k’=k_, + k,; this particular simulation is for an intermediate with k"= 0.05 min”, hence with t, , = 14 min).



Introduction |

To enable the quantification of reactive intermediates and to overcome the problem
of non-existing isotopically labeled standards, Jasikova et al. from the Roithova group
have designed the “Delayed reactant labeling” method (Figure 13).5” This method
works with a reaction mixture containing isotopically labeled and unlabeled reactants
added at different times. The time delay introduces relative concentration differences
that can be kinetically evaluated.

The example in Figure 13 shows a reaction that proceeds via intermediates in
steady-state approximation. The reaction starts with isotopically unlabeled
reactants, leading to the formation of unlabeled intermediates and products. After
a time delay, the addition of the isotopically labeled reactant allows the formation
of isotopically labeled intermediates and products. Right after the mixing, the
reaction mixture is out of equilibrium. The mutual evolution of the intermediates’
signals reflects the equilibrium's establishment (Figure 13, bottom). Similarly, the
mutual evolution of products can be qualitatively evaluated, albeit in a bit more
complex way (see Ref. 67 for details). Note that the isotopic labeling should be
remote so that no kinetic isotope effect affects the reaction (or it has to be taken
into account).

This method can investigate intermediates with half-lives on the order of minutes.
If the intermediates have a very short lifetime, then the equilibrium is established
before the reaction solution arrives at the electrospray ionization source. Hence, the
signal intensities of the intermediates will only reflect the relative concentrations
of the isotopically labeled and unlabeled reactants. The same applies to all
“artifact” species that do not originate from the solution but are formed during the
electrospray ionization. For such species, no mutual signal intensity changes evolve.

Figure 14 shows an example of the use of Delayed reactant labeling for
determination of half-lives of diaurated intermediates in gold-catalysed addition
of methanol to alkynes. Intermediates in this reaction can be described by the
steady-state approximation, and their half-time is ideal for mass spectrometric
investigation. The changes in the half-life of the intermediates induced by changing
reaction conditions directly correlate with changes in the overall reaction rate
determined by NMR.5-%° Hence, it was possible to evaluate the effect of adding an
acid, changing concentrations of reactants, effects of counter ions, and the effect of
added silver salts directly on the kinetics associated with intermediates.5”-%°
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Figure 14. Determination of half-lives of diaurated intermediates in gold catalyzed methanol addition
to alkynes. a) Simplified reaction mechanism involving diaurated intermediates. Delayed labeling was
done by diluting the reaction mixture in CH,OH by CD,OH to a double volume after 5 minutes. See the
exact condition in Ref. 67. b) Mutual evolution of ESI-MS signals (open points) of isotopically unlabeled
(INT) and labeled (D,-INT) intermediates. The data show acceleration of the reaction (decrease of the
half-live of the intermediates) by changing reaction conditions (increasing alkyne concentration and
addition of para-toluene sulphonic acid). The half-lives were determined by fitting with the function
shown in Figure 13 (solid lines). Reprinted (adapted) with permission from Ref. [67]. Copyright 2015,
American Chemical Society.

Next to the quantitative kinetics evaluation, Delayed reactant labeling can also
serve to qualitatively evaluate different reaction pathways. The gold-mediated
oxidation of alkynes shown in Figure 9 is a good example.>? As shown above, the
IR photodissociation experiments revealed that the ESI-MS methods detect ions in
the green and red boxes in Figure 9. The question to be resolved is, whether the
pyridine group in the gold-a-oxocarbenoid intermediates could be replaced by
acetonitrile (in an SN2 reaction) and thus the intermediates could yield the desired
oxazole product (Figure 15a).
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Figure 15. a) Possible reaction pathways in the synthesis of oxazoline. b) Setup for the determination
of possible pathways. c) Results of delayed reactant labeling with the addition of acetonitrile only
after the time delay. The opposite relative intensities of isotopically labeled and unlabeled oxazole
product complex (iv) show that the reaction pathway is independent of that toward the formation of
pyridinium gold-a-oxocarbenoid (i).>* Adapted with permission from Ref. [52] Copyright 2016 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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As the reaction starts with only unlabeled reactants in dichloromethane, the
reaction could only proceed via the pyridinium gold-a-oxocarbenoid intermediates
towards the formation of a-pyridinium ketone product. After a time delay,
isotopically labeled alkyne and acetonitrile were added to the reaction mixture
(Figure 15b). The mutual evolution of the signals (Figure 15c) of the pyridinium
gold-a-oxocarbenoid intermediates (i) attest the initial larger concentration of
the unlabeled intermediate in solution (the blue curve) and it shows that this
intermediate in a relatively slow reaction degrades to form a-pyridinium ketone
products (ii) (Compare the blue curves (i) and (ii) that correspond to the degradation
of the unlabeled pyridinium gold-a-oxocarbenoid intermediate to the unlabeled
a-pyridinium ketone product respectively). The reaction with the labeled alkyne is
reflected in the red curves (compare the evolution of curves in Figure 15c).

Inspection of the mutual intensities of the gold-oxazole product complexes
(iv) immediately shows that the signal intensities of the unlabeled and labeled
product complexes are reversed. Thus, these complexes are not formed by the
reaction of pyridinium gold-a-oxocarbenoid intermediates (i). If the pyridinium
gold-a-oxocarbenoid intermediate led to the gold-oxazole product, we would
expect to observe more of the unlabeled product (in blue) in the initial reaction
time instead of the labeled product (in red), which is not the case in Figure 15c
(iv). Instead, the intensities of gold-oxazole product complexes roughly mirror the
mutual intensities of the gold-alkyne complexes (iii), reflecting concentrations of
the alkynes in solution.

This last section shows that ESI-MS monitoring can be used to evaluate reaction
kinetics in solution, albeit it requires some tricks. Either way, we should strive
to make the ionization process for the detected species uniform, which can
be achieved by charge-tagging. Or, we have to use relative determination of
concentrations by spiking the reaction mixture with isotopically labeled standards.
In the particular case of the reactive species, these standards could only be formed
in situ, and we are thus left to work with relative signals as in the presented Delayed
reactant labeling method.
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Conclusions

Electrospray ionization provides a link between solution-phase chemistry and mass
spectrometry detection. This chapter shows how this link can be utilized to monitor
reactions in solution directly. Mass spectrometry has unique sensitivity; therefore,
it could help detect key reaction intermediates or other low-abundant species
from the solution. The trade-off is that the detection is not quantitative and that
the solution-gas phase transfer might create artifacts. This introductory chapter has
explained these difficulties and provided guidelines for overcoming them.

Mass spectrometric detection provides information about the elemental
composition of the detected ions. However, the mere mass of the detected ions
cannot be taken as proof of detecting a particular species from the solution.
Collision-induced dissociation, ion mobility, and ion spectroscopy emerge as
indispensable techniques to obtain information about the structures of detected
ions. Sections show that the knowledge of the structure of the detected ions is key
in the evaluation of the relevance of the detected species for the solution chemistry
and for the investigated reaction mechanism.

This chapter demonstrates the valuable contributions of ESI-MS in investigating key
reaction steps and tracking reaction pathways through the examples presented.
However, we believe that ESI-MS could go even further and be used to discover
new reactions. ESI-MS sensitivity could be employed in testing ideas for new
chemical conversions.
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Electrospray lonization Mass Spectrometry (ESI-MS)

In the research presented in this thesis, an electrospray ionization (ESI) source was
used as the source for mass spectrometers, except in cases specifically mentioned
otherwise. The selection of ES| as the ionization method is based on its classification
as a "soft" ionization technique. This characteristic makes ESI particularly well-suited
for the analysis of reaction mixtures.’-® One of the significant benefits of employing
ESI is its ability to ionize complex molecules with minimal fragmentation. This
is crucial for our objectives, as it allows for the potential detection of reaction
intermediates intact, offering a distinct advantage over the more fragmentary
nature of ionization observed in Electron lonization (EI) sources. By minimizing
molecular fragmentation, ESI facilitates a more accurate characterization of the
chemical species present in the reaction mixture, enabling a detailed investigation
of the mechanistic pathways under investigation.

Sample Injection Methods: Offline vs. Online MS Studies

The method of introducing samples into the mass spectrometers was tailored to
align with the nature of the study - distinguishing between offline and online
analysis. The choice of method was influenced by the sample's characteristics and
the experimental prerequisites.

Offline Sample Injection: Samples of a reaction mixture are taken at predetermined
intervals, which are then filtered, diluted, and injected into the mass spectrometer
from a syringe using a syringe pump. This offline approach offers precise control
over the sample's flow rate into the mass spectrometer.

Online Sample Injection: For experiments involving reaction mixtures or samples
that require sequential addition of reagents or gases (such as nitrogen, carbon
monoxide, hydrogen, or oxygen), the pressurized sample infusion electrospray
ionization mass spectrometry (PSI-ESI-MS) technique is preferred.”® This method
typically involves pressurizing a sealed vial containing the sample with inert gas. A
silica capillary, with one end submerged in the sample, facilitates the sample's entry
into the mass spectrometer under the overpressure of nitrogen. This approach
is suited for dynamic studies where the reaction conditions or the sample's
composition changes over time.
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The injection method was selected to suit the specific requirements of the sample
and the experimental setup. This strategic choice ensured that the analysis
was conducted optimally and accurately, providing reliable insights into the
mechanisms under investigation.

Figure 1: Electrospray ionization (ESI) source depicting the sheath liquid and auxiliary gas inlet and
interface to mass spectrometry.

Additionally, in Chapter 6 (study of binding energies for the [(L)M(alkyne)]*
complex),® for certain cases where challenges were encountered with generating
metal complexes bound to alkynes/alkene in the solution phase, we adopted
another strategy. To facilitate the formation of these complexes, we indirectly
introduced the alkyne (or alkene) using the sheath liquid or auxiliary gas inlet
(Figure 1). This helped to overcome obstacles that hinder direct binding, potentially
caused by factors like stronger solvent(/2"’L) binding to the metal center, and the
desired generation of [(L)M(alkyne)]* complex is achieved in the gas phase.

Delayed reactant labeling

Our group developed the "delayed reactant labeling" method (Figure 2), which
is used to investigate the kinetics of reaction intermediates in solution via
electrospray ionization mass spectrometry (ESI-MS)." It involves the analysis of
mixtures containing isotopically labeled and unlabeled reactants over varied
reaction times, enabling the determination of rate constants for the degradation
of reaction intermediates. By introducing a labeled reactant to the reaction
mixture containing an unlabeled reactant after a time delay, this method allows for
quantitative evaluation as long as the intermediates are in a steady state. Delayed
reactant labeling not only helps in overcoming the challenges of correlating
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ions detected in the gas phase by ESI-MS directly with the species present in
the reaction solution but also facilitates the differentiation between product
complexes and intermediates.”"'* This technique proves especially valuable for
studying intermediates that are present in low concentrations or exhibit high
reactivity, providing deeper insights into their behavior and significance in the
overall reaction mechanism.

Figure 2. Delayed reactant labeling method for the investigation of reaction intermediates formed in a
steady state approximation. Delay t, is when the reaction runs only in the presence of unlabeled
reactants; then, an isotopically labeled reactant is added to the reaction mixture, resulting in an
out-of-equilibrium situation. Monitoring of the mutual evolution of the ESI-MS signals of the
intermediates (bottom panel) allows the determination of half-lives in steady-state approximation (see
the equation: k"= k| + k,; this particular simulation is for an intermediate with k"= 0.05 min™, hence
with t, , = 14 min). Reproduced from Ref. 6 with permission from the Royal Society of Chemistry.
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In Chapter 3, we utilized the delayed reactant labeling method to study the relative
kinetics of different catalytic cycles in the palladium-catalyzed alkoxycarbonylation
reaction of styrene, offering a more accurate reflection of reaction dynamics
and mechanisms.™

Energy-resolved collision-induced dissociation
(Energy-resolved CID)

Energy-resolved collision-induced dissociation (CID) is a method in mass spectrometry
that determines the bond dissociation energy or fragment's appearance energies. It
involves selecting a precursor ion and colliding it with a neutral gas within an ion
trap or other mass spectrometric instrument to cause fragmentation (Figure 3b). This
fragmentation data allows for the experimental calculation of binding energy (Figure
3c). Precise calibration of the energy scale is crucial and is done using thermometer
ions with known fragmentation patterns as benchmarks.’'¢

In this thesis, the energy-resolved collision-induced dissociation (CID) experiments
were conducted using an LCQ Deca mass spectrometer (ion trap) with an ESI source.
The collision energies for the positive ions (Chapters 5-7) were calibrated using
benzylpyridinium and benzhydrylpyridinium thermometer ions using Schroder’s
method.”™'® Similarly, carboxylate ions'''® of known bond dissociation energies
were used for calibration for the negatively charged ions (Chapter 3).™

Infrared and Visible lon Spectroscopy

The infrared and visible photodissociation spectra of the ions were measured using
the ISORI (lon Spectroscopy of Reaction Intermediates) instrument equipped with
an electrospray ionization (ESI) source.” Figure 4 depicts the schematics of the
homebuilt ISORI instrument built by modification of TSQ 7000 instrument.
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Figure 3. An example of experimental appearance energy calculation®: (a) ESI-MS spectrum of
dichloromethane solution of AgPF, L, and pent-2-yne, (b) CID spectrum of mass-selected ion m/z 379
[L,Ag(2-pentyne)]* and (c) Energy-resolved CID spectrum of m/z 379 [L,Ag(2-pentyne)]* and the
extrapolation of the fragmentation onset to determine the appearance energy.”
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Infrared photodissociation spectroscopy (IRPD) is carried out using helium tagging.
The ions of interest generated by ESI were mass-selected by the quadrupole mass
filter and transferred via a bender and octopole guide to a cold ion trap operated at
3-5 K.?° Collisions with helium atoms cool the ions, and the thermalized ions attach
to a helium atom. These helium-tagged ions were then used for spectroscopic
experiments. The ions were in alternative cycles irradiated. After irradiation, the
ions were extracted, mass analyzed by a quadrupole, and detected by a Daly-type
detector. The spectra are constructed as 1-N( )/N, where N(,) is the number of
helium complexes after the irradiation, and N is the number of helium complexes
in alternative cycles without the irradiation. The photon source was OPO/OPA
LaserVision pumped by Nd: YAG laser Surelite EX from Continuum (tuning range
600-4700 cm™, FWHM ~ 1.5 cm™, 10 ns pulse length) for the infrared spectra and
SuperK Extreme laser (420-650 nm) for the visible photodissociation (visPD)
spectra. Due to the low absorption efficiency, the electronic spectra were measured
with simple photodissociation, not helium tagging. For IRPD, helium tagging was
primarily used; in cases where attaching helium to the complexes is challenging, a
mixture of neon or argon (1-5% concentration) with helium is used as an alternative.

Figure 4. Helium tagging Infrared spectroscopy (He-IRPD) and visible photodissociation spectroscopy
(visPD) on the ISORI instrument. Adapted with permission from Ref 19. Copyright 2016 American
Chemical Society.
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Theoretical calculations

Density functional theory (DFT)

Gaussian 162" was used to calculate the theoretical infrared and visible spectra of
specified complexes in this thesis. The functional and basis sets used are mentioned
in the appendices of the chapters. In all cases, optimized structures were checked to
ensure that the frequency calculation contained no imaginary frequency; this also
provided us with the theoretical IR spectra of the complexes. For the theoretical
visible spectra of the complexes, time-dependent DFT (TD-DFT) was performed.?

Collision cross-section (CCS)

We performed ion mobility separation experiments on Bruker timsTOF. The
mass and mobilities were calibrated using a standard calibration solution.?®* The
experimental CCS was determined using the DataAnalysis and Bruker Compass
mobility calculator. To compare these experimentally obtained CCS data, we
calculated the theoretical CCS using the Collidoscope program.?* For these
calculations (Chapter 3), we used the optimized geometries of the complexes.
Collidoscope calculations using the ‘trajectory method’ based CCS calculator with
N, as the collision gas were performed.
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Palladium-catalyzed carbonylation is a versatile method for the synthesis of various
aldehydes, esters, lactones, or lactams. Alkoxycarbonylation of alkenes with carbon
monoxide and alcohol produces either saturated or unsaturated esters as a result
of two distinct catalytic cycles. The existing literature presents an inconsistent
account of the procedures favoring oxidative carbonylation products. In this
study, we have monitored the intermediates featuring in both catalytic cycles of
the methoxycarbonylation of styrene PhCH=CH, as a model substrate, including
all short-lived intermediates, using mass spectrometry. Comparing the reaction
kinetics of the intermediates in both cycles in the same reaction mixture shows that
the reaction proceeding via alkoxy intermediates [Pd"]-OR, which gives rise to the
unsaturated product PhCH=CHCO,Me, is faster. However, with advancing reaction
time, the gradually changing reaction conditions begin to favor the catalytic
cycle dominated by palladium hydride [Pd"]-H and alkyl intermediates, affording
the saturated products PhCH,CH,CO,Me and PhCH(CO,Me)CH, preferentially.
The role of the oxidant proved to be crucial: using p-benzoquinone results in a
gradual decrease of the pH during the reaction, swaying the system from oxidative
conditions towards the palladium hydride cycle. By contrast, copper(ll) acetate as
oxidant guards the pH within the 5 - 7 range and facilitates the formation of the
alkoxy palladium complex [Pd"]-OR, which favors the oxidative reaction producing
PhCH=CHCO,Me with high selectivity. Hence, it is the oxidant, rather than the
catalyst, that controls the reaction outcome by a mechanistic switch. Unraveling
these principles broadens the scope for developing alkoxycarbonylation reactions
and their application in organic synthesis.
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Introduction

Carbonylation reactions convert alkenes/alkynes into aldehydes, acids, esters,
or lactones in a one-pot catalytic reaction.'? The catalysts are usually based
on transition metals, such as Rh, Ru, Ir, Pd, Co, and Fe.'* Palladium-catalyzed
carbonylation reactions, in particular, have garnered significant attention owing
to their potentially broad applicability.>® However, unless an intervention of a
neighboring group is involved,” '° these reactions typically exhibit low selectivity;
thus, carbonylation of a-olefins can give various products with only a limited level of
control (Scheme 1), which reduces the synthetic applicability of this methodology.
Nevertheless, empirical tuning of the reaction conditions by selection of the ligand
(phosphines, imines, NHCs, and thioureas, etc.), oxidant, additives (acids, salts),
temperature, and CO pressure, has allowed, to some extent, to steer the reaction
toward the desired product (Scheme 1).7"%

Scheme 1. Different conditions steer the methoxycarbonylation of styrene to different products. For
more details on the ligands employed, please refer to the original literature.
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Previous mechanistic studies suggested that the alkoxycarbonylation can occur
via two competing pathways (Figure 1). The first pathway (“Hydride cycle”)
involves palladium(ll) hydride complexes [Pd"]-H (1) as the key intermediates.
The palladium hydride complexes react with alkenes by 1,2-insertion to form
palladium alkyl complexes 2a/2b. In the next step, a 1,1-insertion of CO leads to the
formation of acyl-palladium complexes 3a/3b. The final step is alcoholysis, leading
to the saturated ester product 4a/4b and regeneration of palladium(ll) hydride
intermediate 1.2 This “hydride” mechanism is favored under acidic conditions®'
and does not require an additional oxidant.

Figure 1. Palladium-catalyzed carbonylation: (a) Palladium-hydride mechanism and (b) palladium-
alkoxy mechanism. The formulas assume negatively charged ligands ‘X! If one or both ‘X" are neutral
ligands, then the overall charge of the complexes changes accordingly.

All intermediates in the hydride cycle were studied by NMR spectroscopy.’>*® The
structures of palladium hydride complexes and acyl-palladium complexes were
characterized by X-ray spectroscopy.®*3#3° Further mechanistic studies involved
DFT, deuterium labeling, HPLC-MS, and GC-MS techniques.?3343%41

The alternative mechanism (“Alkoxy cycle”) can be conjectured to feature alkoxy-
palladium complexes 6 as the key intermediates, which are likely to insert CO,
generating alkoxycarbonyl palladium intermediates 7. Subsequent steps would
involve 1,2-insertion of an alkene (8), followed by B-H elimination, ultimately
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yielding the unsaturated ester product 9 and palladium-hydride complex 1 in
analogy with the classical Heck reaction (Figure 1). Palladium hydride 1 can
release a proton (H*) or eliminate acid (HX) by reductive elimination, leading to the
formation of palladium(0) complex 5. The alkoxy cycle would then continue with
the reoxidation of palladium(0) concomitant with the reformation of the alkoxy-
palladium complex 6. For phosphine-based ligands, alkoxycarbonyl palladium
complexes were prepared and studied previously by NMR spectroscopy.***

Controlling the selectivity of the alkoxycarbonylation reaction would require
controlling the competition between these two cycles at the branching point of
the formation of palladium hydride 1. The alkoxy cycle can be easily suppressed
by adding an acid, disfavoring the reductive elimination step. The reaction then
proceeds selectively towards the saturated products 4a/4b,'%*¢-3%4" The conditions
favoring unsaturated products are more challenging to achieve.?*?*

Several protocols for selective alkoxycarbonylation to afford unsaturated products
were published, which, however, do not offer common ground for a mechanistic
rationale of the observed selectivity.??2>4243 One of us has previously highlighted
the significant role of acetonitrile in the oxidative alkoxycarbonylation of terminal
alkenes toward a,B-unsaturated esters, suggesting the key role of acetonitrile as
a ligand to the palladium intermediates, provided Cu(OAc),-H,0 is employed as
the oxidant.* Nevertheless, the actual role of this ligand, i.e., how it swings the
reaction toward the unsaturated ester, was unclear. Furthermore, when CuCl, was
used instead of Cu(OAc),, the reaction did not proceed even in acetonitrile.** Wang
et al., who used copper(ll) acetate, also reported a palladium-catalyzed oxidative
alkoxycarbonylation of alkenes.? Unlike the previous study, which emphasized the
importance of acetonitrile as a ligand, Wang et al. employed a toluene/dimethyl
sulfoxide (DMSO) mixture as a solvent with no additional ligands. They proposed
that acetate ions play a key role in alcohol activation and Pd(ll) regeneration.
In this respect, it is pertinent to note that various reactions based on palladium
catalysts and DMSO (or its congeners) as a ligand have been reported, where
oxygen acts as the sole oxidant for Pd(ll) regeneration.**=>' Maffei et al. utilized a
heterogenous palladium source (Pd/C) and copper iodide to achieve effective
oxidative alkoxycarbonylation of olefins to produce unsaturated esters.?® They
suggested that this process required homogenous palladium (leaching from the
support) and a low concentration of carbon monoxide. In the very first example
of oxidative carbonylation, Cometti and Chiusoli demonstrated the conversion of
styrene into methyl cinnamate and also noted that the low CO pressure favored
the desired product.®> On the other hand, higher CO pressure, in combination with
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certain ligands, led to the formation of the dicarbonylated products.?**? Bianchini
et al. successfully controlled the selectivity of the methoxycarbonylation of styrene
by steering it either toward methyl cinnamate or to dimethyl phenyl succinate by
employing palladium precursors with various phosphine ligands.??

In light of the numerous conditions published to date, this chapter describes
our efforts to decipher the competition between two mechanisms. By using
mass spectrometry to monitor reactive intermediates, we have investigated the
effects of various reaction conditions on both the kinetics of the reaction and the
proportional occurrence of individual pathways.

Results and Discussion

We focused on the interplay of intermediates in the two catalytic cycles in
the methoxycarbonylation of styrene (Figure 1) under oxidative conditions by
electrospray ionization mass spectrometry (ESI-MS). This technique is particularly
suited for detecting low-abundance intermediates present in reaction mixtures.>*-*
We mainly focused on PdCl, as the catalyst in an acetonitrile/methanol solvent
mixture using p-benzoquinone or Cu(OAc),-H,0 as oxidants. In addition, we have
also tested toluene/DMSO solvent and PdCl,(PPh,), and PdCl,(dppf) catalysts. The
intermediates were detected as negative ions in the absence of phosphine ligands
(X =Cl™in Figure 1) or as positive ions when supported by phosphines (both X are
neutral phosphine ligands in Figure 1, changing the charge of the complexes to +1;
see Figures S1-S4 and S37-545).

The palladium-hydride cycle

First, we monitored the reaction mixture of PdCl,, p-benzoquinone, styrene,
and CO in CH,CN/CH,OH by offline sampling (for details, see SI). Aliquots of the
reaction mixture were filtered, diluted, and analyzed using ESI-MS (Figures 2b and
S1-S3). Initially, we observed [PdCI3]' and [PdCIa(CO)]' as dominant species.
Other palladium complexes included the hydrido-palladium complex [PdCL(H)]"
(m/z 177) and complexes formally corresponding to [PdCl,(H,styrene)]”
(m/z 281, blue) and [PdCl(H,styrene,CO)I" (m/z 309, red) (Figure 2b). These
palladium complexes were stable at room temperature and could be detected over
a long reaction time (20-120 minutes).
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Figure 2. Palladium-hydride cycle: (a) Reaction mechanism with the detected intermediates. (b-d)
Electrospray-ionization mass spectra of the reaction mixture; (b) PdCl, (100 uM), p-benzoquinone (1
mM), styrene (5 mM) in CH,CN and CH,OH (1:1) under the CO atmosphere at 40 °C; (c) styrene with
CD,OD; and (d) D-styrene with CH,OH, the detailed spectra on the right show the isotopic patterns of
the acyl-palladium complexes; the calculated H:D ratio refers to the hydrogen atom build-in as hydride
- the ratio varied between 1 : 9 to 3 : 7 depending on the reaction time. (e-g) Collision-induced
dissociation spectra of mass-selected ions indicated in the graphs. Bond dissociation energies (BDEs)
were determined from energy-resolved experiments (see Figures $21-5S23).

We have further investigated the detected complexes by collision-induced
dissociation (CID) experiments (Figure 2e-g). The detected [PdCL(H,styrene)]”
intermediate, arising from [PdCL(H,styrene,CO)]" (Figure 2e), loses HCI (Figure 2f),
indicating that it corresponds to the o-bound alkyl palladium [PdCI.(CH,-CH,-Ph)]"
or [PdCIz(CH(CHa)-Ph)]' rather than to a complex with m-coordinated styrene, which
would be expected to lose preferentially styrene. The observed HCl loss must be
preceded by the reversed 1,2-insertion of styrene (blue in Figure 2). Hence, the
[PdCI(styrene)]” fragment should contain m-coordinated styrene. Accordingly,
[PdCI(styrene)]” eliminates neutral styrene in the follow-up collision-induced
dissociation experiment (Figure 29).
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The detected [PdCL(H,styrene,CO)]” complex eliminates CO (red in Figures 2b, 2e)
in the collision-induced dissociation. The CO elimination can be interpreted either
as the reversed 1,1-insertion reaction from [PdCI(CO-C,H,Ph)]” or dissociation of
CO from [PACL(C,H,Ph)(CO)I". To assess which complex was detected, we compared
the experimental appearance energies of the given fragmentations (AEs) with the
theoretically calculated bond-dissociation energies (BDEs). The calculated BDE
of CO in the [PdCIZ(CH(CH3)-Ph)(CO)]' and [PdCL(CH,-CH,-Ph)(CO)]I" complexes,
featuring tetra-coordinated palladium with one ligand being CO, is 71 kJ mol™and
77 kJ mol”, respectively (Table S1). On the other hand, the BDE of CO in the acyl-
palladium intermediates [PdCIz(CO-CH(CH3)-Ph)]' and [PdCI,(CO-CH_-CH_-Ph)]" are
95 kJ mol™ and 96 kJ mol, respectively. Since the latter figures are consistent with
the experimental value of 99 + 6 kJ mol” obtained by the energy-resolved collision-
induced dissociation experiment,***” the detected complex [PdCL,(H,styrene,CO)I"
can be assigned the acyl-palladium structure, i.e., [PdCI,(CO-CH,-Ph)]".

The [PdCI,(CO-C,H,-Ph)]” assignment was corroborated by isotopic labeling: In analogy
with the previous experiment, the reaction of D -styrene and D,-methanol generated
the perdeuterated complex [PdCIz(CO—C2D4-PhD5)]' (m/z 318, Figure S10). Collision-
induced dissociation of this intermediate led to the consecutive elimination of CO
and DCl, as expected. The reaction of D,-styrene and unlabeled methanol led to
[PdCIZ(CO—C2D3H—PhD5)]' (m/z 317, Figure 2d), which sequentially extruded CO and
DCl or HCl in the collision experiments (Figure S11).

Using ion-mobility separation (IMS), we have endeavored to identify the isomers of the
detected ions. Under catalytic conditions (p-benzoquinone as an oxidant), we observed
only single IMS peaks for the detected palladium complexes (Figure S27). Interestingly,
with stoichiometric PdCl, concentration, the acyl-palladium intermediates showed
two isomers, indicating a reduced selectivity (Figures S28, S29, and Table S3).
The appearing minor isomer has a smaller size (collision cross section) than the
dominant isomer that prevails at the catalytic conditions. According to the theoretical
calculations, the branched [PdCIZ(CO-CH(CHa)-Ph)]' isomer is smaller (Table S3).
Hence, the major detected acyl-palladium complexes correspond to the linear isomer
[PACL(CO-CH,-CH,-Ph)I".

For the alkylpalladium complexes, we observed both isomers only if we used
D,-styrene and a stoichiometric amount of PdCl, (Figure S29). The minor isomer
is larger than the dominant one (Figure S29). The calculations again suggest that
the branched isomer is smaller than the linear one (Table S2). Accordingly, the
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dominant alkyl palladium complex detected from the solution is the branched
isomer [PdCI,(CH(CH,)-Ph)]".

The final confirmation of the structure for the observed complexes was obtained
using infrared multiphoton dissociation (IRMPD) spectroscopy. The IRMPD
spectrum of mass-selected [PACL(H,styrene)]” (m/z 281, Figure S30) agrees better
with the theoretical IR spectrum of the branched alkylpalladium complex. The
IRMPD spectrum of [PACI(H,styrene,CO)I" (m/z 309, Figure S31) agrees best with
the linear [PdCI,(CO-CH_-CH,-Ph)]” complex.

The findings about the detected isomeric palladium complexes can serve as a nice
demonstration of the Curtin-Hammett principle.®® The branched a-phenylalkyl
palladium complexes are more stable than their linear counterparts B-phenylalkyl
palladium complexes (Table S2). Therefore, they prevail in the solution. However,
the linear alkyl palladium complexes react faster in the insertion step, which results
in the predominant formation of the linear products (Table S3).

A PdC|2
CoO

p-BQ ESI-MS

*+ CHyOH CH3CN Isotopic pattern analysis

Source of Hydride Intermediate composition
a) If CH30H is the only source of 'H'— 100 % of [PdCl,(H,styrene,CO)]
b) Replacing CH30H with CD30D =2 100 % of [PdCl,(D,styrene,CO)I"

L—>» ~80 % of [PdCI,(D,styrene,CO)J"
~20 % of [PdCly(H,styrene,CO)I"

c) Dg-styrene and CH;0OH > 100 % of [PdCly(H,Dg-styrene,CO)]

L—» ~70 % of [PdCI,(H,Dg-styrene,CO)J"
~30 % of [PdCl,(D,Dg-styrene,CO)]

Scheme 2. Summary of the labeling experiment and the resulting isotopic composition of the hydride
intermediate [PdCl(H,styrene,CO)]” observed experimentally (Figures 2c and 2d).

Finally, we addressed the origin of the hydride ligand in 1 (Figure 1). A priori,
the palladium hydride intermediates 1 can either be formed by the reaction of
the starting palladium complex with methanol or originate from B-hydrogen
elimination of the styrene-containing intermediate 8 in the alkoxy-cycle (Figure 1).
To shed light on this issue, we further analyzed the labeling experiments. In
the reaction of unlabeled styrene with CD,OD (Figure 2c, Scheme 2b), the
ESI-MS spectra showed an almost exclusive formation of [PdCI,(D,styrene,CO)I"
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(m/z 310), which suggests that the hydride originates from methanol. However,
the ion intensities in the isotopic pattern do not match exactly, indicating the
presence of about 20% of [PdCL(H,styrene,CO)]" (m/z 309) with H originating from
B-hydrogen elimination from the styrene-containing intermediates. In the reaction
of labeled D,-styrene with unlabeled CH,OH (Figure 2d), we detected [PdCI(H,D,-
styrene,CO)I” (m/z 317). Closer inspection of the isotopic pattern revealed
about 30% contribution of [PACI.(D,D-styrene,CO)I" (m/z 318) with D arising by
B-deuterium elimination from the D,-styrene-containing intermediate. These results
demonstrate the interconnection of both cycles via the hydride intermediate.

The alkoxy-palladium cycle

The operation of this cycle was inferred from the generally observed reactivity of
palladium complexes. However, to date, the intermediates have not been detected
directly. Since we assumed them to be short-lived, we opted for the pressurized sample
infusion-electrospray ionization-mass spectrometry (PSI-ESI-MS) monitoring.>*¢°
Our experiments showed that, indeed, the intermediates can be detected at room
temperature using a CO balloon at reaction times below 30 min. At longer times, the
palladium hydride intermediates prevailed (Figure S34). The onset of the palladium-
hydride intermediates is linked with the occurrence of palladium black in the reaction
vessel, suggesting an insufficient regeneration of the palladium(ll) complex, which
then results in the formation of larger palladium(0) clusters.

At short reaction times, we have detected the Pd-methoxycarbonyl precursor
complexes [PACL(COOCH,)I” (m/z 235) and [PdCI(COOCH,,CO)]" (m/z 263) (Figure
3a and 3b); this assignment was confirmed by the experiments carried out in
CD,OD (Figures 3 and S1-54). The initially formed [PdCI(COOCH,)]" complex
undergoes fragmentation by elimination of a-acetolactone (Figure S5) to give the
[Pd"CL(H)]" fragment. Similarly, [PACI,(COOCD,)I" (m/z 238) eliminates deuterated
a-acetolactone and yields [Pd"CL(D)]". Interestingly, the kinetic isotope effect in the
deuterated intermediate decreases the abundance of the rearrangement required
for this fragmentation and opens the competing fragmentation path via the loss of
CO (Figure S6). The Pd-methoxycarbonyl intermediates were also observed to arise
in toluene and other nonpolar solvents or in the presence of phosphine ligands
(Figures S39 and S40).

After adding styrene to the reaction mixture containing the alkoxy
precursor complexes, the formation of styrene-containing intermediates
[PACl (styrene,COOCH,)I" (m/z 339) was observed (Figure 3b). Notably, the latter
intermediate adds another CO molecule to the 4™ coordination site, yielding
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[PdClz(styrene,COOCHyCO)]' (m/z367) (Figure 3b). In collision-induced dissociation,
the [PdCl (styrene,COOCH,)]” complex lost HCI (Figure 3d), which corresponds to
B-hydrogen elimination. The fragmentation appeared at a low collision energy
(85 £ 3 kJ mol™), indicating a low energy barrier for this process.

Figure 3. Palladium-alkoxy cycle: (a) PSI-ESI-MS spectrum of the reaction mixture of PdCL, (100 uM),
p-benzoquinone (1 mM), and styrene (5 mM) in acetonitrile and CH,OH (1:1) ratio under the CO
atmosphere (using a balloon) monitored online for < 20 min; (b) Reaction mechanism with the
detected intermediates; (c-f) Collision-induced dissociation spectra of the indicated mass-selected
ions. Bond dissociation energies (BDEs) were determined from the energy-resolved collision-induced
dissociation experiments (see Figures S24 - S26).

Interplay of the catalytic cycles

The decisive splitting between the hydride and alkoxy catalytic cycles occurs at the
point of the palladium hydride formation (Figure 1). Either the hydride inserts the
alkene (1 — 2a/2b) or is transformed into the alkoxypalladium complex (1 — 6).
Hence, the kinetics of these steps affect the selectivity of the reactions. We employed
delayed reactant labeling to shed light on the kinetics of these catalytic cycles.'#?
This method allows us to study the half-lives of the detected intermediates in solution
by monitoring the equilibration of their isotopologs. Here, we added D, -styrene to
the running reaction of unlabeled reactants. In time, we observed the building up of
the deuterated intermediates next to their unlabeled congeners already present. The
kinetics of their equilibration reflect their lifetime in the solution.
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Figure 4. Snapshots of ESI-MS spectra during delayed reactant labeling experiments. The compositions
were as follows: (a) PdCl, and oxidant (p-benzoquinone) in acetonitrile pre-stirred under CO
atmosphere at 40 °C for 10-20 min; (b) styrene in methanol was added; (c) After a delay of 5 minutes,
D,-styrene in methanol was added and the reaction was further monitored by ESI-MS (red curly arrows
indicate the corresponding intermediate with D -styrene); (d-g) Relative evolution of the signal
intensities of the unlabeled (light grey) and labeled (light red) intermediates for the indicated complex.
The fits (dark red) correspond to the / = qu(1—e'k‘) function, where / and qu are relative signal intensities
of the labeled ion and unlabeled ion at time t and the steady-state equilibrium, respectively, and k is

the rate constant, t, = In2/k.

Figure 4 shows the experiment under the settings where the intermediates in
both catalytic cycles are present in the reaction mixture. First, we set up the
carbonylation reaction with unlabeled reactants. We detected the palladium
hydride intermediates [PdCI,(C,H,Ph)]” and [PdCI,(CO-C,H,Ph)]" (Figure 4a and 4b),
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as well as the palladium alkoxy intermediates [PdCIz(styrene,COOCH3)]' and
[PdCl (styrene,COOCH,,CO)]". After 5 min, we added D,-styrene and saw the onset
of the signals of the deuterated analogs of all detected intermediates (Figure 4c).
The relative evolution of the non-deuterated and deuterated signals can be
quantitatively evaluated because the ESI-MS detection efficiency is equal for
different isotopologs (see Figures 4d-g).®® Accordingly, we fitted the isotopolog
equilibration kinetics with an exponential fit (data points: light grey and red; fit:
dark red lines in Figures 4d-g). The derived half-life times of the intermediates in
the solution revealed that the hydride-cycle intermediates have a much longer
half-life (~6.6 min) than the alkoxy-cycle intermediates (~2.6 min).%° The half-lives
of the hydride-cycle intermediates [PACI(C,H,Ph)]" and [PdCI(CO-CH,Ph)]" are
comparable, demonstrating that the CO insertion is fast and does not represent
a bottleneck of the reaction (compare Figures 4d and 4e). Hence, the final
methanolysis is most likely the rate-determining step in the hydride cycle.

The observed short lifetime of the intermediate [PdCIz(styrene,COOCH3)]' in the
alkoxy cycle suggests rapid B-hydrogen elimination, which agrees well with the low
activation energy determined for the HCl elimination from the gaseous complex
(Figure 3d). Equilibration of the off-cycle intermediates [PdClz(styrene,COOCH3,CO)]'
is slightly slower, suggesting that both these palladium complexes are in equilibrium
and CO addition does not significantly affect the reaction (at the given pressure).
We also tested the kinetics of equilibration of Pd alkoxy precursor complexes
[PACL(COOCH,)I" (m/z 235) with labeled CD,OH (Figure S32). As expected, these
intermediates equilibrated almost immediately. Hence, the results clearly show that
under the conditions that favor the formation of alkoxy intermediates, the catalytic
cycle towards unsaturated products is faster and should, therefore, prevail. However,
as the reaction progresses, the conditions in the reaction mixture begin to disfavor
the formation of the alkoxy intermediates (vide infra), and, as a result, the hydride
catalytic cycle starts to dominate.

To support the conclusion derived from the monitoring of the reactive intermediates,
we have also monitored the progress and selectivity of the methoxycarbonylation
of styrene by gas chromatography (Figure S35a). Using a stoichiometric amount of
p-benzoquinone and 25 mol% PdCl, catalyst, we could detect about 1: 1 : 1 ratio of
two saturated- and one unsaturated esters after 30 min of the reaction time. At longer
reaction times, the saturated products started to prevail, and the unsaturated product
was fully converted into the product of double methoxycarbonylation. We also tested
the reaction under the same conditions but with Cu(OAc), oxidant. The reaction
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was fully selective for the formation of the unsaturated ester product with a partial
conversion to the product of double methoxycarbonylation (Figures S35b and S36).

Steering the catalytic cycles

Understanding the differences between the two catalytic cycles opens the
way to identifying a possible steering wheel. As previously found, the pH of the
reaction mixture is an important factor: In the presence of an acid, the hydride
cycle becomes dominant, leading to an improved selectivity in carbonylation
procedures by promoting the formation of the saturated products 4a/4b. However,
even without an added acid, we observed significant variations in the pH in
experiments with various oxidants. Reaction mixtures with stoichiometric PdCl, and
p-benzoquinone became acidic (pH < 3) after 30 minutes, while those with copper
acetate monohydrate as oxidant retained the pH in the approximate range of 5 - 7.
As demonstrated before, lower pH favors the hydride catalytic cycle.'®'”?37 Hence,
the choice of the oxidant is critical for the outcome of the carbonylation reactions.

Figure 5. (a) ESI-MS spectrum (negative mode) of copper acetate monohydrate dissolved in methanol;
(b) addition of PdCl, to the solution of copper acetate monohydrate in methanol; and (c) ESI-MS
(positive mode) spectrum of copper acetate monohydrate and PdCl, in a mixture of CH,CN: CH,OH.

The transformation of palladium(ll) hydride 1 into the palladium(ll)-alkoxy
intermediate 6 is the key factor in steering the reactivity towards the unsaturated
product 9. To investigate the role of copper beyond being an oxidant in the
catalytic cycle, we investigated the speciation of copper and palladium complexes
in solution. Analysis of a solution of copper acetate in methanol revealed the
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presence of [Cu(OAC),(OCH)I" m/z 212 (Figure 5a), indicating the formation of
methoxy complexes. Upon adding PdCl, to the solution, the copper complexes
are transformed into [CuCl.]" ions (Figure 5b), suggesting the copper participation
in facilitating the transfer of the methoxo and acetato ligands to the palladium
center.?*%* The formation of mono- and di-Pd complexes with methoxy ligands is
detected in the positive ionization mode (Figure 5¢, Figure S46).

-
' + CuyCly} + AcOH

;
CI\Pld'C + CU(OAG), + Cu(OAc)(OMe) — O pgOAC

a)
H OMe

MeOH

b) CuoXy + O, + 2H" —— Cuy(OH)oXo Cuy(OMe)oXs

Scheme 3. Reaction pathway for transforming [Pd]-H into [Pd]-OMe in the presence of copper acetate
as oxidant, based on the ions observed in Figure 5."X’stands for any counter ion present in the solution.

During the methoxycarbonylation reaction, we detected many mixed palladium-
copper complexes, all corresponding to a palladium(ll) interaction with copper(l).
These complexes are thus likely intermediates in the reoxidation of palladium(0)
by copper(ll) in the solution. The speciation of the complexes changes with the
progressing reaction time (Figure 6a). At the onset of the reaction, the complexes
mostly contained CI” counterions. With increasing the reaction time, ClI” was
progressively exchanged by AcO™ (Figure 6b, green — red — blue). Finally, we
detected dimeric copper(l) complexes bridged by MeO™ (Figure 6¢, orange). This
observation is consistent with removing CI” by Cu' from the solution (Scheme 3a).
In addition, the reoxidation of copper(l) requires protons, which leads transiently to
the formation of copper(ll) hydroxide (Scheme 3b). This reaction helps to guard the
pH during the reaction and supports the effective formation of the methanolato
ligands required for the methoxycarbonylation reaction. Overall, this finding
explains the significance of the copper-based oxidants in the alkoxy pathway,
leading to the dominant formation of unsaturated esters (9) as the major products.

Our experiments were performed with the PdCl, catalyst precursor. The results
imply that using Pd(OAc), instead should be advantageous as it would avoid
the initial CI" to AcO™ exchange. The effect of CI" on pH using the copper oxidant
is diminished due to the Cu,Cl, precipitation. However, when using p-BQ or
other oxidants, a palladium salt with counterions from weaker conjugated acids
(e.g., AcO") should be more inclined to drive the reaction toward the alkoxy cycle,
which agrees with our earlier findings.?*
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Figure 6. (a) Snapshots of ESI-MS (positive mode) spectra of PdCl, and copper acetate monohydrate in
CH,CN: CH,OH under the CO and O, atmosphere at room temperature: at the start, after styrene
addition, 30 min, and 50 min; the grey arrows indicate the complex with additional CH,CN. (b) Plot of
normalized traces of specified bimetallic complexes vs. time; and (c) plot of normalized traces of
specified dimeric Cu(l) complexes vs. time. For more information, see Figure S48.
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The mechanism of reoxidation of palladium(0) complexes with quinones was studied
previously, and the n?-Pd(ll)-(p-BQ) and n?-Pd(0)-(p-BQ) were intercepted by NMR
spectroscopy.®%8 The reduction of p-benzoquinone to hydroquinone is associated
with 2e™ oxidation of palladium(0) and consumption of 2 protons. Hence, efficient
oxidation of palladium(0) with p-benzoquinone should not lead to a dramatic pH
drop. Nevertheless, hydroquinone is a weak acid (pKa ~ 10); hence, even if the
oxidation were efficient, hydroquinone could contribute to the pH drop. Overall,
the pH drop and the low selectivity suggest that p-benzoquinone is not a good
oxidant for oxidative palladium-catalyzed methoxycarbonylation reactions with
PdCl,. However, under optimized conditions, using phosphine ligands to stabilize
palladium complexes, quinone oxidants can be sufficient.?? Note, that in other
reactions, not involving palladium-hydride intermediates, p-benzoquinone can
serve as an excellent oxidant. For example, in 1,4-difunctionalization of 1,3-dienes
and in allylic oxidation of olefins, both in the presence of acetic acid.*’> However,
these examples are mechanistically unrelated to the reaction studied here.

Conclusions

Two competing catalytic cycles in the palladium-catalyzed methoxycarbonylation
reaction of styrene were investigated by using electrospray ionization mass
spectrometry (Figure 1): catalytic cycle via alkylpalladium intermediates 2a/2b,
yielding the saturated products 4a/4b, and catalytic cycle via alkoxypalladium
intermediates 6, affording the unsaturated products 9. All key intermediates were
detected, including the short-lived low-abundant alkoxycarbonyl species 8, which
had never been detected before.

Isotopic labeling (with deuterium) allowed us to study the kinetics of the reactions
of the intermediates in both catalytic cycles simultaneously in the same reaction
mixture. A direct comparison shows the following: The reaction that proceeds via
alkoxy intermediates, giving rise to the unsaturated product PhCH=CHCO,CH,, is
faster than the competing reaction occurring via the alkylpalladium intermediate
from which the saturated isomeric products PhCH,CH,CO,CH, and PhCH(CO,CH,)
CH, are obtained. However, the conditions during the reaction evolve, manifested
by a gradual suppression of the alkoxypalladium cycle and the ultimate domination
of the palladium hydride and alkylpalladium intermediates resulting in the
formation of saturated products.
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The oxidant has the key steering role in the reaction: p-benzoquinone causes a
gradual decrease of pH, favoring the formation of palladium hydride intermediates,
which leads to low reaction selectivity. By contrast, copper(ll) acetate guards the
pH in the 5 - 7 range. In addition, the copper ions form methoxy complexes by
anion exchange with methanol, which facilitates the formation of palladium
methoxy complexes. Hence, a mixture of copper(ll) acetate and a palladium(ll)
salt is ideal for steering the alkoxycarbonylation reaction towards the unsaturated
products, as demonstrated in the successful protocols - albeit until today without
understanding the key role of the copper(ll) acetate additive.

Overall, our findings provide the mechanistic understanding of the Pd-catalyzed
alkoxycarbonylation of olefins but are likely to have significant implications in
catalytic redox processes - far beyond the realm of palladium.
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Appendices

Experimental details:

Mass spectrometric experiments were performed on Thermo Scientific LTQ XL,
Finnigan LCQ Deca XP mass spectrometer, or Bruker TIMSTOF, all equipped with
electrospray ionization (ESI) sources.” General conditions for LTQ and LCQ were as
follows: sheath gas 5-40 arbitrary unit, auxiliary gas 0-10 arbitrary unit, capillary
temperature 180-220 , spray voltage 3-5 kV, capillary voltage -20 to 30 V, and
tube lens - 40 to 50 V. The energy-resolved collision-induced dissociation (CID)
experiments were performed on LCQ Deca mass spectrometer with an ESI source.
The negative mode collision energies in the LCQ ion trap were calibrated based on
the measurements of dissociation energies of carboxylate anions (trifluoroacetate,
dichloroacetate, trichloroacetate, and benzoate).’®*” The mass-selected ions were
collided with the He buffer gas with an activation time of 30 ms and activation
g = 0.25. The complexes were repeated 2-4 times to determine the standard
deviation of determined appearance energies (AEs).

General procedure for the offline sampling of reaction mixture: To a
solution of PdCl, (100 puM) in a mixture of acetonitrile (1 ml) and methanol (1 ml),
p-benzoquinone (1 mM) was added. The clear solution was pre-stirred under the
carbon monoxide (CO) atmosphere (using a balloon) for 2-5 minutes, and styrene
(1-5 mM) was added. The reaction mixture was then stirred at 40 for 20-80 minutes.
Aliquots of the reaction mixture were then filtered (using a syringe filter) and
analyzed on ESI-MS. The substrate and/or solvent were substituted for labeling
experiments as indicated.

General procedure for the online sampling of the reaction mixture, i.e.,
pressurized sample infusion-electrospray ionization-mass spectrometry
(PSI-ESI-MS)>*%° monitoring: To a solution of PdCI (100 pM) in a mixture of
acetonitrile (1 ml) and methanol (1 ml), p-benzoquinone (1 mM) was added. The
clear solution was pre-stirred under the carbon monoxide (CO) atmosphere (using a
balloon) for 2-5 minutes. This stirred reaction mixture was directly sprayed into the
ESI-MS inlet via silica capillary and N, or CO overpressure. When required, using
a heating metal block, the desired temperature was achieved. Substrate styrene
(1-5 mM) was injected during the acquiring MS data to monitor the evolution of the
reaction intermediates. The substrate and/or solvent were modified for the labeling
experiments as indicated.
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GC-TOF measurements: We performed 1:10 dilution of the reaction mixture at
specified intervals with dichloromethane (DCM), followed by extraction with water,
The resulting organic layer was dried over sodium sulfate, filtered by syringe filter
and injected into the GC-TOF. The Agilent 7890A GC-TOF used was fitted with an
electron ionization (El) source and HP-5MS column (30m x 0.25mm x 0.25um).
Method employed (15 min run time) started with the oven temperature at 100
(1 min hold), 20 increment until 320 (3 min hold). The detector was set at 2050V,
and a split ratio of 10.0:1 was applied.

pH measurements: As the reaction solvent(/s) i.e. acetonitrile and methanol are
miscible with water, we prepared 1:1 dilution of the reaction mixture at selected
interval with Milli-Q water, followed by mixing and syringe filtration to remove
black precipitate. The resulting solution was tested with universal pH paper for
qualitative pH estimation.
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Source spectra

Figure S1. ESI-TOF spectra of the reaction mixture of PdCl,(100 uM), p-benzoquinone (1 mM), styrene
(5 mM) in acetonitrile and CH,OH (1:1) ratio under CO atmosphere at 40 after 30 minutes, the black
particles were filtered using syringe filter.

Below are the zoomed experimental spectrum sections (top) plotted against the calculated spectrum
(bottom) for isotopic pattern analysis of the palladium complexes.

[PACL(H)] m/z 177 [PACl(COOCH:)] m/z 235

[PACl(styrene)] m/z 245

[PACly(styrene, COOCH;) m/z 339

[PACLy(H,styrene)] m/z 281

[PdCL;(styrene,COOCH,;,CO)] m/z 367

[PdCLy(H,styrene,CO)] m/z 309
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Figure S2. ESI-TOF spectra of the reaction mixture of PdCl(100 uM), p-benzoquinone (1 mM),
D,-styrene (5 mM) in acetonitrile and CH,OH (1:1) ratio under CO atmosphere at 40 after 30 minutes,
the black particles were filtered using syringe filter.

Below are the zoomed experimental spectrum sections (top) plotted against the calculated spectrum
(bottom) for isotopic pattern analysis of the palladium complexes.

[PdCly(H,Ds-styrene,CO)] m/z 317

[PACLly(Ds-styrene,COOCH,)] m/z 347

[PdCl,y(Dg-styrene,COOCHs,CO)] m/z 375
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Figure S3. ESI-TOF spectra of the reaction mixture of PdC,(100 uM), p-benzoquinone (1 mM), styrene
(5 mM) in acetonitrile and CD,0D (1:1) ratio under CO atmosphere at 40 after 30-45 minutes, the black
particles were filtered using syringe filter.

Below are the zoomed experimental spectrum sections (top) plotted against the calculated spectrum

(bottom) for isotopic pattern analysis of the palladium complexes.

[PdCL,(D,styrene,CO)] m/z 310

[PACly(styrene,COOCD;)] m/z 342

[PdCl,(styrene,COOCD,;,CO)] m/z 370
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Figure S4. ESI-TOF spectra of the reaction mixture of PdCl,(100 uM), p-benzoquinone (1 mM), D,-
styrene (5 mM) in acetonitrile and CD,0OD (1:1) ratio under CO atmosphere at 40 after 80 minutes, the
black particles were filtered using syringe filter.

Below are the zoomed experimental spectrum sections (top) plotted against the calculated spectrum
(bottom) for isotopic pattern analysis of the palladium complexes.

[PdCly(Dg-styrene,COOCD;)]” m/z 350

[PACly(Dg-styrene,COOCD3,CO)] m/z 378
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The collision induced dissociation (CID) spectra of the ions with
specified m/z

Figure S5. CID spectrum of the [PdCl(COOCH,)I" with m/z 235 at collision energy 5 eV

Figure S6. CID spectrum of the [PdCI(COOCD,)I" with m/z 238 at collision energy 1 eV

Figure S7. CID spectrum of the [PdCl(styrene)]" with m/z 245

Figure S8. CID spectrum of the [PdCI,(H,styrene)] with m/z 281



Competing Mechanisms in Palladium-Catalyzed Alkoxycarbonylation of Styrene | 85

Figure S9. CID spectrum of the [PACI,(H,styrene,CO)I with m/z 309

Figure $10. CID spectrum of the [PdCI,(D,D-styrene,CO)]" with m/z 318

Figure S11. CID spectrum of the [PdCl (H,D -styrene,CO)I" with m/z 317

Figure S12. CID spectrum of the [PdCl (styrene,COOCH,)I" with m/z 339

Figure S13. CID spectrum of the [PdCI((styrene-H)COOCH,)I" with m/z 303
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Figure S14. CID spectrum of the [PCL(D,-styrene,COOCH,)I" with m/z 347

Figure S15. CID spectrum of the [PdCI (styrene,COOCH,,CO)]" with m/z 367

Figure $16. CID spectrum of the PdCl,(D,-styrene, COOCH_,CO)I" with m/z 375
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Energy Resolved Collision Induced Dissociation (CID) experiments

Figure S17. Calibration of the ion trap of the LCQ-Deca electrospray ionization mass spectrometer
in the negative mode using specified carboxylate ions of known bond dissociation energies.***’ The
appearance energies (AEs) were obtained by sigmoidal fitting of the fragment intensity vs. applied
collision energy.
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Figure S18. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of CO in the intermediate [PdCI (CO)]- with m/z 239.

Figure S19. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of acetolactone in the intermediate [PdCI,(COOCH,)]" with m/z 235.

Figure S20. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of CO in the intermediate [PACI(COOCH,,CO)I" with m/z 263.
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Figure S21. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of styrene in the intermediate [PdCl(styrene)]" with m/z 245.

Figure S22. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of HC in the intermediate [PdCl (H,styrene)]” with m/z 281.

Figure S23. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of CO in the intermediate [PACI,(H,styrene,CO)I with m/z 309.
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Figure S24. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energy (AE) of CO in the intermediate [PdCl (styrene,COOCH,)]" with m/z 367.

Figure S25. Energy resolved CID and extrapolation of fragmentation onset to determine the
appearance energies (AEs) of CO and HCl in the intermediate [PdCl (styrene,COOCH,)]" with m/z 339.

Figure S26. Energy resolved CID and extrapolation of fragmentation onset to determine the appearance
energy (AE) of methyl cinnamate in the intermediate [PACI((styrene-H)COOCH,)I with m/z 303.
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Bond dissociation energy (BDE) calculation for CO loss from the
[PACI,(H,styrene,CO)]" m/z 309

The DFT calculations were performed using the B3LYP”* functional with

the D3 dispersion correction” as implemented in Gaussian

16.75 All

the

calculations were carried out with the 6-311+G** basis set’””’® and SDD’°%° on
palladium. The geometries were fully optimized by verifying that there were no

imaginary frequencies.

Table S1. BDEs calculation in kJ mol” by DFT

91

[PACI (H,styrene,CO)I" [PACL(H,styrene)l” co BDEs
m/z 309 m/z 281 kJ mol”
L-Pd_2_mz309 -1472.159686  L-Pd_2_mz281 -1358.77921 -113.344011  95.7388575
B-Pd_1_mz309 -1472.159518  B-Pd_1_mz281 -1358.786661 75.735173
L-Pd_2_mz309 -1472.159686  B-Pd_1_mz281 -1358.786661 76.176257
B-Pd_1_mz309 -1472.159518  L-Pd_2_mz281 -1358.77921 95.2977735
L-Pd_2_mz309_sqpl -1472.15256 L-Pd_2_mz281 -1358.77921 77.0295445
B-Pd_1_mz309_sqpl -1472.157674  B-Pd_1_mz281 -1358.786661 70.893751
L-Pd_2_mz309 B-Pd_1_mz309

L-Pd_2_mz309_sqpl B-Pd_1_mz309_sqpl

L-Pd_2_mz281 B-Pd_1_mz281
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lon mobility separation

Oxidant: p-benzoquinone (p-BQ)
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Figure S27. a) ESI-TOF spectra of the reaction mixture of PdCl, (200 uM) in a mixture of acetonitrile
(1 ml) and methanol (0.5 ml), p-benzoquinone (1 mM), and styrene (5 mM) under the CO atmosphere
at 40 for 30 min, black precipitation filtered by syringe filter; b) c) d) and e) Mobilogram of specified
m/z with inset showing ultra resolution mobilogram from 0.65 to 0.85 range. Dashed line indicate
isomer appearing due to fragmentation.

[PdCI,(H,styrene)]” (m/z 281, Figure S27 b): the peak with the 1/K; ~0.704 is most likely due to the
fragmentation of the ions with m/z 309 with the same 1/K; hence, the detected ions with m/z 281 are
most likely only one isomer. We note that ultra resolution of mobility conditions are more harsh and
cause fragmentation of isomers. Peak at ~ 0.88 is due to higher clusters.

[PdCI,(H,styrene,CO)]" (m/z 309, Figure S27 c): one isomer only.
[PACI (styrene,COOCH.)]I" (m/z 339, Figure 527 d): the peak with the 1/K  ~0.786 is most likely due to
the fragmentation of the ions with m/z 367 with the same 1/K ; hence, the detected ions with m/z 339

are most likely only one isomer.

[PdCI,(styrene,COOCH,)(CO)]" (m/z 367, Figure S27 e): one isomer.
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No oxidant, stoichiometric PdCl, with styrene

Figure 528. a) ESI-TOF spectra of the reaction mixture of excess of PdCl, and styrene in CH,CN:MeOH
under the CO atmosphere at 40 for 30 min, black precipitation filtered by syringe filter; b) ¢) d) and e)
Mobilogram of specified m/z with inset showing ultra resolution mobilogram from 0.65 to 0.85 range.
Dashed line indicates isomer appearing due to fragmentation.

[PdCI,(H,styrene,CO)]" (m/z 309, Figure S28 c): Ultra resolution inset graph confirms detection of
2 isomers. When compared to Figure S27 ¢, new isomer with smaller reduced mobility is detected.
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No oxidant, stoichiometric PdCl, with D -styrene

Figure 529. a) ESI-TOF spectra of the reaction mixture of excess of PdCl, and D-styrene in CH,CN:MeOH
under the CO atmosphere at 40 for 30 min, black precipitation filtered by syringe filter; b) c) d) and e)
Mobilogram of specified m/z with inset showing ultra resolution mobilogram from 0.65 to 0.85 range.
Dashed line indicates isomer appearing due to fragmentation.

[PACI(H,D -styrene,CO)]" (m/z 317, Figure S29 c): Ultra resolution inset graph confirms detection of
2 isomers. When compared to Figure S27 c and similar to Figure S28 ¢, new minor isomer with smaller
reduced mobility is detected.
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Collision cross section (CCS) calculation

The DFT calculations were performed using the B3LYP”* functional with the D3
dispersion correction” as implemented in Gaussian 16.7% All the calculations were
done with the 6-311+G** basis set’”””’® and SDD’°%° on palladium. The geometries
were fully optimized by verifying that there were no imaginary frequencies.

The CCS calculations were performed using the coordinates of optimized
geometries in Collidoscope®' ‘trajectory method’ based CCS calculator using N, as
the collision gas. lon mobility separation experiments were performed on Bruker
timsTOF, the mass and mobilities were calibrated using standard calibration
solution.®? Using the DataAnalysis and Bruker Compass mobility calculator, the
experimental CCS was determined.

Table S2: Experimental and calculated CCS for [PdCI,(H,styrene)] with m/z 281

Experimental Culated Relative zero
Calculate e point energy
Opt d struct
. ccs (A?) ptimized structure difference (kJ mol
CCS (A?) )
(A)
142.6 0
branched type
(®) 140.3
’ 145.2 17
linear type
©
143.9 52
T type

We note that the calculated CCS for the structure (A) and (B) is very close with only ~ 2.6 A2difference,
If both the isomers are present then they can be separated only based on the resolution of ion mobility
separation technique used. In our case, the major isomer with ~ 140 A2 was detected which we assign
to structure (A). It must be noted that structure (A) is 17 kJ mol™ lower in energy when compared to
structure (B).
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Table S3: Experimental and calculated CCS for [PdCI,(H,styrene,CO)I" with m/z 309

Experimental Relative zero
Calculated . point energy
2 Opt d struct
. CCS (A?) ptimized structure difference (kJ
ccs (A2) mol)
(A)
150.7 4.4
branched type
(B)
147.1 5.6
branched type’
148.5
(@]
148.7 0
linear type
(D)
161 4.5
linear type’
(E)
branched type 152.1 9.2
and CO ligand
on Pd
(F)
154.3 25.3
linear type and
CO ligand on Pd

Based on the comparison of experimental and calculated CCS along with the relative energies the
major isomer detected is assigned to structure (C). Experiments with no oxidant in the ultra resolution
also showed a minor isomer with comparatively small CCS, which could be structure (B).
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Table S4: Experimental and calculated CCS for [PdCl (styrene,COOCH,)I" with m/z 339

Experimental Relative zero point
Calculated o .
ccs (A2) Optimized structure energy difference
CCs (A?) (k) mol?)
(A)
158.6 17
branched ester
type
155.1
(B)
164.9 0
linear ester type

Here, we note that the lowest energy structure has a huge difference in CCS with the experimentally
obtained CCS. Based on the comparison of experimental and calculated CCS along with the relative
energies, the major isomer detected is assigned structure (C).
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Figure $30. IRMPD of the mass-selected [PACI,(H,styrene)]" (top experimental spectrum; black line
represents m/z 281 for styrene while the red line represents corresponding complex with D -styrene)
with the theoretical spectra of possible isomers (styrene-grey and D,-styrene-light red).
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Figure $31. IRMPD of the mass-selected [PdCl,(H,styrene,CO)]" (top experimental spectrum; black line
represents m/z 309 for styrene while the red line represents corresponding complex with D -styrene)
with the theoretical spectra of possible isomers (styrene-grey and D -styrene-light red).
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Delayed reactant labeling experiments

Figure S32. a) ESI-TOF spectra of the reaction mixture of PdCl(100 pM), p-benzoquinone (1 mM) and
styrene (1 mM) in acetonitrile stirred under CO atmosphere at 40, b) CD,OH added, ¢) CH,OH added
after 1 min and d) Delayed reactant labeling plot for [PdCI,(COOCD,)] (red points) and [PdCI,(COOCH,)I
(black points) showing a very fast equilibration with half-life time of ~ 0.2 min.
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Figure S33. For the above reaction mixture, extracted delayed reactant labeling plot for
[PdCl (styrene,COOCD,)] (red points) and [PdCl (styrene, COOCH,)]" (black points).

The DRL fitting to obtain t,, in red did not fit the experimental data properly.
Alternatively, using double exponential non linear curve fitting i.e. ExpGrow2 (dark
red), gave 2 processes. As in this experiment the alcohol is added, this alcohol will first
form Pd alkoxycarbonyl precursor and then the [PdCl (styrene, COOCH, )] intermediate.

Figure S34. Snapshots of online monitoring of the reaction mixture of PdCl,(100 uM), p-benzoquinone
(500 uM) and styrene (500 pM) in acetonitrile and methanol (1:1) stirred under CO atmosphere at room
temperature. Initially the alkoxy intermediates are observed, followed by hydride intermediates. In the
end the intermediates of hydride cycle prevails.
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Figure S35. GC-MS chromatograms of the sample from the reaction mixture (a) PdCl, (10 mM),
p-benzoquinone (40 mM), styrene (40 mM) in acetonitrile and CH,OH (1:1) ratio under CO atmosphere
at 40 after i) 30 minutes, ii) 60 min, iii) 2 hr and iv) 4 hr; (b) PdCl, (10 mM), Cu(OAc),.H,O (40 mM),
styrene (40 mM) in acetonitrile and CH,OH (1:1) ratio under CO and O, atmosphere at 40 after i)
30 minutes and ii) 60 min; (c) Structure are assigned based on comparison of El spectrum with the
NIST library.[citation] Except for the ‘6.33" which is not available in the NIST library and is proposed
based on the m/z and fragmentation observed as a subsequent intramolecular lactonization from the
dicarbonylated product.
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Figure S36. EI-MS spectrum of peak observed at retention time '6.33’ and the proposed scheme for its
formation from the dicarbonylated product.

- We observe that the reaction with p-BQ shows unsaturated oxidative
carbonylation product at ‘5.26" at 30-60 min. When compared to other products,
this unsaturated product does not grow after long time. This is in-line with our
findings that the alkoxy cycle could be observed only at the start of the reaction.

« Over long time when the pH becomes slightly acidic, then the hydride cycle
becomes dominant leading to the saturated products and is reflected in
the chromatogram.

- Similarly, using stoichiometric PdCl, with no additional oxidant showed acidic
pH and resulted in the detection of the saturated carbonylated products of the
hydride cycle after 2 hr at 40 .

Effect of the reaction conditions on the observation of
the intermediates
1,1"-Bis(diphenylphosphino)ferrocene (dppf) as the bidendate phosphine ligand

Figure S37. ESI-TOF(+) spectra, a) (dppf)PdCl,, p-benzoquinone in CH,CN and MeOH under CO atm,
b) After styrene addition in 1T0min alkoxy intermediate observed and c) After acid (PTSA) addition, the
alkoxy intermediate disappeared.
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Figure S38. Collision induced dissociation (CID) spectra. a) CID of the alkoxy intermediate [(dppf)
Pd(styrene,COOCH,)]" ion m/z 823, showing the loss of the product methyl cinnamate, b) CID of the Pd
alkoxy precursor complex [(dppf)Pd(COOCH3)]* with m/z 719, loss of cyclic acetolactone as previously
observed for negatively charged precursor complexes (see Figure S5 and S6), and c) CID spectrum of
[(dppf)Pd(H)]* ion with m/z 661.

Toluene/DMSO as the solvent instead of acetonitrile
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Figure S39. ESI-MS spectra of the reaction mixture of PdCl, in toluene as a solvent with 5% DMSO
under CO and oxygen atmosphere.

Pd-methoxycarbonyl precursor complexes [PdCL(COOCH,)" (m/z 235) was
detected. Peak at m/z 289 was [PdCI3(DMSO)]'.
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Toluene/DMSO as the solvent instead of acetonitrile and in the presence of
monodentate triphenylphosphine ligand
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Figure S40. ESI-MS spectra of the reaction mixture of PACL(PPh,), in toluene as solvent with 5% DMSO
under CO and oxygen atmosphere.

Pd-methoxycarbonyl precursor complex with PPh, ligand as [Pd(PPh,),(COOCH,)]*
(m/z 689) was detected.
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Figure S41. ESI-MS spectra of the reaction mixture of PdCI (PPh,),, p-benzoquinone and styrene in
toluene as solvent with 5% DMSO under CO and oxygen atmosphere.

Hydride cycle Pd-intermediate with PPh, ligand as [Pd(PPh,),(styrene,H)]* (m/z 735)
was detected.



Competing Mechanisms in Palladium-Catalyzed Alkoxycarbonylation of Styrene | 107

Standard reaction with p-benzoquinone as oxidant, acetonitrile and methanol
as solvent under CO, but styrene substituted to p-chloro styrene
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Figure S42. p-chloro styrene instead of styrene, m/z 373 is Pd alkoxy
intermediate [PdCI,(Cl-styrene,COOCH,)I".
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Figure S43. Chloro-styrene instead of styrene after 2 hr.

Palladium hydride intermediate m/z 343 is Pd alkoxy intermediate [PdCI,(CI-
styrene,CO,H)]", Palladium alkoxy intermediate [PdCI,(Cl-styrene,COOCH,)]" at m/z
375 and [PdCI(Cl-styrene,COOCH,,CO)]” at m/z 401.
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Copper acetate monohydrate as oxidant and in the presence of tertabutyl
ammonium bromide

100 179
80
135
60 133 420
177
40 181 502
137 2 & 500
20 N 216 3 424
442 478
81 413 |l139 183

o T el o e o [T gl

100 150 200 250 300 350 400 450 500

m/z

Figure S44. ESI-MS spectrum of PdCl,, copper acetate monohydrate, tetrabutylammonium bromide in
acetonitrile under CO atmosphere, showing various Pd and copper complex/clusters. This is pre-stirred
mixture according to literature before styrene addition.
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Figure S45. ESI-MS spectrum of PdCl,, copper acetate monohydrate, tetrabutylammonium bromide
in acetonitrile under CO atmosphere, showing various Pd and copper complex/clusters after 2 hrs. Pd
alkoxy precursor complexes could be detected with bromide from TBAB exchanging with the usual
chloride complex. m/z 279 is [PdCIBr(COOCH,)] and m/z 323 is [PdBr,(COOCH,)].
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Figure 546. ESI-MS spectrum of PdCl,, p-benzoquinone, styrene in acetonitrile:methanol under CO
atmosphere, showing various Pd(ll) complexes after 15 min. Pd complexes detected are as follows: m/z
247 [PdCI(H)(CH,CN),INa*, m/z 264 [PdCI(CH,CN).I*, m/z 281 [PdCI(CH,CN),INa* and m/z 305 is
[PACI(CH,CN),I*.

It is important to note that -OMe containing complexes were not detected in this
case when compared to oxidant copper acectate.
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Palladium and copper speciation under the reaction conditions

Stock solutions of palladium chloride 2.6 mM in CH,CN, Cu(OAc),.H,0 18.7 mM
in CH.CN, styrene 144 mM in CH.,CN were prepared. The palladium chloride and
copper acetate monohydrate were sonicated for 20-30 min. To 1:1 solvent mixture
of CH,CN:MeOH, 200 uM of PdCl, and 650 pM Cu(OAc),.H,0 was added. This mixture
was stirred at room temperature under the balloon of carbon monoxide (CO)

and oxygen. The reaction mixture was online monitored and at 1°* min excess of
styrene (10 mM) was added. Resulting reaction mixture was monitored for an hour
on ESI-TOF.

Figure S47. Snapshots of ESI-TOF online monitoring spectra of the reaction mixture of PdCl, and
copper acetate monohydrate in CH,CN:MeOH under the CO and O, atmosphere at room temperature
a) initial spectrum, b) on addition of styrene and ¢) spectrum after 30 minutes, with zoomed section.
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Figure S48. Plot of normalized specified ion intensities against the time.

At the start, we observed the Pd(ll) complexes as depicted in golden yellow to
orange shades.

After styrene addition (dotted grey line indicating the addition), the red curve
shows that the Pd complex containing styrene increases sharply and, over
time, decreases.

The purple shades curves indicated di copper complexes with bridging ligands. It
must be noted that the dicopper complexes with methoxyl as the bridging ligand
are only detected after the species containing the styrene has disappeared.
During this time, the Pd(ll) (grey curve) is generated simultaneously.

Bimetallic Pd Cu complexes show the interplay of the bridging ligands. Initially,
complexes with chloro bridging ligands are observed (cyan), followed by mixed
choro with acetato (green), and finally, towards the end, only the complexes with
the acetato bridging ligands are observed (in blue).
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Figure S49. Plot snapshots of ESI-MS online monitoring spectra of the reaction mixture of under the
0, atmosphere at room temperature a) initial spectrum of PdCl, in CH,CN, b) on addition of copper
acetate monohydrate, ) on the addition of methanol and d) spectrum after the addition of styrene in
20 minutes.

« Atthe start, we observed the Pd(Il) complexes in both positive and negative modes.

« After the copper addition, followed by methanol, we initially observed copper(ll)
complexes in the negative mode.

«  On the addition of styrene and as the reaction proceeds, copper(l) complexes are
detected in both modes.
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Control experiments in methanol

Figure $50. ESI-MS spectrum of the PdCl, in methanol (200 pM concentration, solution sonicated
and filtered).

- We observed the [(PACL) ClI” complexes and their adducts with Pd°. Because of
the low solubility of PdCl, in methanol, we had to sonicate the solution for ~20
min. During this time, some palladium was reduced. Palladium(ll) complex can
react with the methanol ligand by 3-hydrogen elimination, leading to palladium
hydride and ultimately to palladium reduction.

Figure S51. ESI-MS spectra a) NaOAc (200 pM) in methanol and b) PdCl, in methanol + NaOAc
(both 200 pM) in methanol solutions.

We could not detect palladium complexes from the methanol solution of PdCl, and
NaOAc. Surprisingly, even the signals of the NaOAc clusters were suppressed.
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Chapter 4

Mechanistic Studies of the Palladium-
Catalyzed S,0-Ligand promoted
C-H Olefination of Aromatic Compounds

The work in this chapter is published: Naksomboon, K.; Gdmez-Bengoa, E.; Mehara, J.;
Roithova, J,; Otten, E.; Fernandez-lbafiez, M. A. Mechanistic Studies of the Palladium-

Catalyzed S,0-Ligand Promoted C-H Olefination of Aromatic Compounds. Chem. Sci.

2023, 74 (11),2943-2953.
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Pd-catalyzed C-H functionalization reactions of non-directed substrates have
recently emerged as an attractive alternative to the use of directing groups. Key
to the success of these transformations has been the discovery of new ligands
capable of increasing both the reactivity of the inert C-H bond and the selectivity
of the process. Among them, a new type of an S,0-ligand has shown to be highly
efficient in promoting a variety of Pd-catalyzed C-H olefination reactions of non-
directed arenes. Despite the success of this type of the S,0-ligand, its role in the C-H
functionalization processes is unknown. Herein, we describe a detailed mechanistic
study focused on elucidating of the role of the S,0-ligand in the Pd-catalyzed C-H
olefination of non-directed arenes. With this purpose, several mechanistic tools,
including isolation and characterization of reactive intermediates, NMR and kinetic
studies, isotope effects and DFT calculations have been employed. The data from
these experiments suggest that the C-H activation is reversible and is the rate-
determining step in both cases with and without the S,0-ligand. Furthermore,
the results indicate that the S,0-ligand triggers the formation of more reactive Pd
cationic species, which explains the observed acceleration of the reaction. Together,
these studies shed light on the role of the S,0-ligand in promoting Pd-catalyzed
C-H functionalization reactions.

My specific contribution to this work centers on the mass spectrometric studies
employing a charge tagging method (see Chapter 1 section 1.6), through which we
successfully detected the key 'neutral' intermediate postulated in the catalytic cycle.
Moreover, the mass spectrometric data further illuminated the S,0-ligand's role
in catalysis, revealing the formation of more reactive Pd cationic species. Through
collective efforts, a clearer understanding of the S,0-ligand's mechanistic contributions
was achieved, offering valuable perspectives for future catalytic system development.



Mechanistic Studies of the Palladium-Catalyzed S,O-Ligand | 117

Introduction

Over the past 20 years, palladium-catalyzed C-H functionalization reactions
has become a powerful synthetic tool in organic synthesis." The majority of the
reported methods rely on the use of directing groups to increase the reactivity and
selectivity of the process.? In last few years the use of ligands in metal-catalyzed C-H
functionalization reaction of non-directed substrates has emerged as an attractive
alternative to the use of directing groups.> However, to date, only few catalytic
systems have shown certain generality in promoting palladium-catalyzed C-H
functionalization reactions of non-directed arenes. In this context, mono-protected

amino acids ligands (MPAA),* pyridine based ligands® or the combinations of both®
have been identified as efficient ligands for these transformations. Recently, we
have discovered a new type of an S,0-ligand, namely thioethercarboxylic acid, that
enables palladium-catalyzed C-H olefination of simple arenes, thiophenes, anisole
and aniline derivatives (Scheme 1).”

/\COZEt (1 equiv)

0
PA(OAC) (5 ol 4
1.(5 mol%) XX ACOEL |y
\/

PhCOst-Bu (1 equiv) RN FH SPh

(excess) AGOH, 100 °C, 6 h 1

R = alkyl, EDG, EWG

Scheme 1. Pd/S,0-ligand-catalyzed C-H olefination of non-directed arenes.

The effectiveness and simplicity of the new catalytic system based on Pd/S,0-ligand
has inspired other research groups to use the S,0-ligand in the functionalization
of anisoles or to prepare palladium-organic frameworks containing S,0-moieties
for the C-H olefination of a variety of aromatic compounds.® Despite the potential
applications of the Pd/S,0-ligand catalyst in C-H functionalization reactions, the
mechanistic role of the S,0-ligand is unknown.

Herein, we describe a detail mechanistic investigation on the role of the S,0-ligand
in Pd-catalyzed C-H functionalization reactions of aromatic compounds. We have
isolated and characterized by X-ray diffraction analysis several complexes before and
after C-H activation and evaluated their catalytic activities. NMR and kinetic studies
reveal that the C-H activation is rate limiting and reversible. Moreover, these studies
suggest that the S,0-ligand triggers the formation of Pd cationic species. Additionally,
a cationic Pd-complex is detected by ESI-MS and its reactivity in C-H activation
processes studied. DFT calculations corroborate the feasibility of the cationic
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pathway in the C-H activation of benzene as well as reveal the higher reactivity of
cationic complexes in these processes. These investigations provide insights into the
role of the S,0-ligand in promoting Pd-catalyzed C-H functionalization reactions. We
expect that the finding will not only serve to guide future ligand development in
the growing field of non-directed C-H functionalization reactions but also in further
applications of this type of ligands in metal-catalysis.

Results and Discussion

Identification of active Pd complexes

Initially, we concentrated our efforts in the identification of Pd complexes bearing
an S,0-ligand. For simplification, we performed our experiments using the
2-methyl-2-(phenylthio)propanoic acid ligand (L2) that shows similar performance
in the C-H olefination of simple arenes as the 3-methyl-2-(phenylthio)butanoic acid
(L1) previously used.”” With this purpose, we reacted Pd(OAc), with L2 in a 1:1 ratio
in CH,Cl, at room temperature overnight (Scheme 2, a). From the 'H NMR spectrum
of the crude reaction mixture, several complexes were detected. Fortunately, we
were able to isolate and unequivocally characterize by X-ray analysis the major
Pd complex 1-cis bearing two S,0-ligands in a cis geometry.”»® When the reaction
was performed using 2 equiv of ligand L2, Pd-complexes 1-cis and 1-trans were
obtained in quantitative yield in a 2:1 ratio, respectively (Scheme 2, b). In order
to isolate the Pd complex with only one S,0-ligand attached, we performed the
reaction in the presence of PPh, using a 1:1:1 ratio of Pd:L2:PPh, in CH,CI,. To our
delight, complex 2 bearing one S,0-ligand, one PPh, and one acetate ligand was
isolated in 84% yield and fully characterized by X-ray analysis (Scheme 2, c)."°

With these complexes in hand, we performed several experiments to evaluate their
catalytic activities (Figure 1A). We executed the reaction of benzene with ethyl
acrylate under the optimal reaction conditions with and without ligand L2 (entries
1 and 2).72 The reaction without ligand provided, after 2h, the olefinated product in
21% yield and in the presence of L2, the olefinated products 3 were obtained in 78%
yield. When we performed the same reaction using 5 mol% of complex 1 instead
of Pd(OAc),, the olefinated product was obtained in 53% yield (entry 3), indicating
that complex 1 might accelerate the C-H olefination reaction. To see the effect of
PPh, in the reaction, we tested the reaction using 5 mol% of a catalyst based on a
1:1:1 ratio of Pd:L2:PPh.. This reaction provided the desired products in 79% yield
which is comparable to the result of the reaction without PPh, (entries 2 and 4). To
our delight, the reaction using 5 mol% of complex 2 gave products 3 in 77% vyield
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(entry 5), suggesting that this complex is involved in the catalytic reaction in the
presence of PPh.. Additionally, the kinetic profiles of the reactions using different
Pd catalysts were also performed (Figure 1B). The reactions using a 1:1 ratio of
Pd:L2 and complex 2 as catalyst provided comparable curves suggesting that a
similar reaction mechanism is taking place with and without PPh.. The reaction
using complex 1 showed an increase in reaction rate compared with the reaction
without ligand. However, the kinetic profile shows that the reaction is slower than
when complex 2 or a 1:1 ratio of Pd:L2 is used.

(@)

(0] o
CH,Cl, Oy-0 0
Pd(OAc), + OH Pd,
RT, overnight S S
SPh 9 Ph Ph
L2 1-+cis
(1 equiv) (1 equiv) other
complexes
(b)
Pd(OAC)z + OH ;\: \Pd/ :/Q . ;\: \Pd/
SPh RT, overnight s s s © o
_ ) Ph Ph Ph
L2 quantitative yield 1-cis 1-trans
(1 equiv) (2 equiv)
(c)
CH,Cl, On-0, OAc
Pd(OAc), + OH * PPh ——m———— Pd,
Sph RT,1h s PP
L2 84% 2

(1 equiv) (1 equiv) (1 equiv)

Scheme 2. Synthesis of Pd/S,0-ligand complexes

Figure 1. A) Reactivity of Pd catalyst in the C-H olefination of benzene and B) Kinetic profiles of
C-H olefination of benzene.
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With the intention of identifying a Pd complex after the C-H activation step, we
carried out the reaction of complex 2 with benzene in a pressure tube at 100 °C for 10
min (Scheme 3, a). From the "H NMR spectrum of the reaction mixture, we tentatively
assigned some peaks to the formation of complexes 4 and/or 4’, which come after
the C-H activation step, along with many other peaks that we could not identify.
From the 3'P NMR spectrum, mainly three equally intense peaks which belong to
triphenylphosphine oxide, complexes 2 and 4 (or 4') were observed. Unfortunately,
from the reaction mixture, we were not able to isolate complex 4 (or 4').

To confirm the formation of complex 4 (or 4’), we decided to synthesize 4’ via a
different synthetic route following a literature procedure." The structure of
complex 4’ was confirmed by X-ray analysis where two enantiomers that differ in
the configuration of the sulfur atom 4’A and 4’B were observed (see Supporting
Information).’? Then, we compared the 'H and 3'P NMR spectra of 4’ with the one
obtained from the reaction of 2 with benzene. We found that both spectra match,
confirming that 4 (or 4’) was formed in the reaction of complex 2 with benzene.
Next, the reaction of complex 4’ with an excess of ethyl acrylate furnished the
olefinated product in 90% 'H NMR yield (Scheme 3, b). From these results, we
suggest that complexes 2 and 4’ (and/or 4) are active catalysts in the reaction.

(a)
ON-0, OAc benzene (excess) ~ ON~O_ Ph Ox~0, PPh;
/Pd\ /Pd\ or /Pd\
S PPhg 100°C, 10 min s’ PPhs s Ph
Ph S, S
2 4 4
(1 equiv)
(b)
OO, PPhs
>\]\: P + 7 COsE P co,et
2 )
S Ph 100°C, 2 h
Ph
4 90% NMR yield
(1 equiv) (excess)

Scheme 3. Reaction of (a) Pd complex 2 with benzene and (b) Pd complex 4’ with ethyl acrylate.

Identification of Pd complexes during the catalytic reaction
After having several Pd complexes characterized, we attempted to identify the
complexes that were formed during the catalytic reaction. The reaction was
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performed in an NMR tube at 100 °C and was followed at different times by
measuring the 'H and 3'P NMR spectra at room temperature. We performed
the reaction under standard conditions but using 50 mol% of the catalyst and
deuterated acetic acid as a solvent. The comparison of '"H NMR spectra of ligand L2,
Pd complexes 1, 2 and 4’ and the reaction at different times (0, 3, 5 and 10 min) are
shown in Figure 2B. Before the reaction started (0 min), ligand L2 and complex 2
were clearly identified from their characteristic peaks of the methyl groups. After
3 and 5 min, we observed mainly complex 2 in the '"H NMR spectra. After 10 min,
the reaction was completed and the signals of complex 2 were almost insignificant.
After 3 min, we started to observe trace amounts of complex 1 and we did not
detect any formation of complex 4’ during the reaction. The '"H NMR data were
consistent with 3P NMR spectra as shown in Figure 2C. Mainly the peak at 27 ppm,
which belongs to complex 2, was observed from 0 to 5 min and the intensity of
this peak dramatically decreased after 10 min. The formation of complex 4’
(P NMR at 26 ppm) was not detected during the reaction; however, other
unidentified phosphorus species were formed. These results indicate that complex
2 is the resting state of the catalyst.

Figure 2. A) Reaction under study; B) '"H NMR spectra of (a) ligand L2, (b) complexes 1-cis and 1-trans,
(c) complex 2, (d) complex 4’ in AcOH-d,. C-H Olefination of benzene and ethyl acrylate using a 1:1:1
ratio of Pd:L2:PPh, as catalyst in AcOH-d, monitored by 'H NMR spectroscopy at (e) 0 min, (f) 3 min,
(g9) 5 min and (h) 10 min. ox = oxidant, EA = ethyl acrylate, BA = benzoic acid; C) *'P NMR spectra of
(a) complex 2 and (b) complex 4’ in AcOH-d,. C-H Olefination of benzene and ethyl acrylate using a
1:1:1 ratio of Pd:L2:PPh, as catalyst in AcOH-d, monitored by *'P NMR spectroscopy at (c) 0 min,
(d) 3 min, () 5 min and (f) 10 min.

Next, we examined the reaction using benzene, Pd(OAc),, ligand L2 and PPh3
in AcOD-d, in the absence of ethyl acrylate in an NMR tube at 100 °C, recording
the NMR data at the indicated time at room temperature. As shown in Figure 3B,
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at 0 min, ligand L2 and complex 2 were detected. After 2 and 4 min, complex 2
was the main complex observed, traces of complex 1 were detected and traces of
complex 4’ (or 4) were identified from the peaks around 6.5-7 ppm. 3P NMR data
corroborated that complex 2 (27 ppm) was the main complex during the reaction
and that traces of complex 4’ (or 4) (26 ppm) were formed (Figure 3C).

Figure 3. A) Reaction under study; B)'H NMR spectra of (a) ligand L2, (b) complexes 1-cis and 1-trans,
(c) complex 2 and (d) complex 4’ in AcOH-d,. The reaction of benzene with Pd(OAc),, ligand L2 and
PPh, in AcOH-d, monitored by 'H NMR spectroscopy at (e) 0 min, (f) 2 min and (g) 4 min; C) °'P NMR
spectra of (a) complex 2 and (b) complex 4’ in AcOH-d,. The reaction of benzene with Pd(OAc),, ligand
L2 and PPh_ in AcOH-d, monitored by *'P NMR spectroscopy at (c) 0 min, (d) 2 min and (e) 4 min.

Kinetic investigations

Order of the reaction

The order of each reagent was determined in the reaction in the presence of ligand
L1 by using the initial rate method.' Figure 4A shows the plot of logarithm of the
reaction rate against the concentration of the reagent. A straight line with a slope
of nearly one was measured for Pd-catalyst and benzene, revealing a first order in
these reagents (Figure 4A, a and b). Non-significant change in the reaction rate was
observed using different concentrations of oxidant and olefin (Figure 4A, c and d),
indicating that the migratory insertion and oxidation of Pd(0) occur after the RDS.
Nevertheless, the small negative fractional order in both cases can be explained by
the formation of off-cycle catalyst bearing these groups as neutral ligand instead of
for example PPh_."*

Based on a previously reported observation of an inverse first-order dependence
of the rate on [OAc-] in the C-H olefination of heteroarenes using a monodentate
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thioether ligand,'> we decided to determine the order of the reaction at different
concentrations of NaOAc and an inverse 0.7 order dependence was found.
(Figure 4A, e).'® To explain the inverse order observed, we considered two different
possibilities: 1) the association of acetate to form off-cycle [Pd(L1)(OAc),]" species
and 2) a reversible dissociation of acetate from LPd(L1)(OAc) to form cationic
palladium species. To distinguish between these two possibilities, we added an
excess of NaOAc to a 1 to 1 mixture of L2 and Pd(OAc), in AcOD-d* to investigate
whether the formation of the off-cycle [Pd(S,0-L)(OAc),I" was the cause of the
inverse order on acetate. After heating the mixture at 100 °C, we observed by
'H NMR that the relative intensity of peaks that belong to different Pd species
changed but no major new Pd species were detected (see Supporting Information).
Therefore, the observed inverse order with respect to NaOAc is not the result of the
formation of off-cycle [Pd(S,0-L)(0OAc),] species. Taking into account these results,
it seems reasonable to propose that more reactive cationic palladium species are
formed during the reaction and prior the RDS.™"”

Figure 4. Dependence of the observed rate constant on the concentration of (a) catalyst, (b) benzene,
(c) PhCO,t-Bu, (d) ethyl acrylate, and (e) NaOAc in the reaction: A) with ligand L1; B) without ligand.

Next, we investigated the order of each reagent in the reaction without ligand
(Figure 4B). We observed a 0.3 order in the catalyst and the first order in the
benzene concentration (Figure 4B, a and b), suggesting a trimeric precatalyst and
one benzene associated to the catalyst prior the RDS."® Again, near zero order in
both oxidant and olefin were observed (Figure 4B, c and d), indicating that olefin
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insertion and oxidation of Pd(0) occur after the RDS and that probably some off-
cycle catalyst having these reagents as neutral ligands are formed. Zero order in
the acetate concentration is observed at lower concentrations of NaOAc and
changed to the inverse 1.2 order dependence when the concentration of acetate
was increased (Figure 4B, e). We postulated that at higher concentrations of acetate
the off-cycle [Pd(OAc),] is formed in the reaction.

From these kinetic experiments, we suggest that the C-H activation is the RDS in
both cases, with and without ligand and that the presence of the S,0-ligand triggers
the formation of cationic species, which are expected to be more reactive.'” We also
proposed that the reaction in the presence of the S,0-ligand occurs via catalytically
active monomeric species which are the main species in solution.

KIE and H/D exchange experiments

The KIE values were examined by performing reactions with benzene and
benzene-d, in two different reaction flasks.’ The reaction in the presence of ligand
L1 provided a k /k_ ratio of 4.0 and in the absence of ligand provided a k,/k ratio of
5.4 (Scheme 4, a). The observed primary KIE corroborates together with the kinetic
and NMR studies that the C-H bond cleavage is the RDS in the reaction with and
without the S,0-ligand. Additionally, the reversibility of the C-H activation step by
performing H/D scrambling experiments using AcOD-d, as a deuterium source was
evaluated. We used mesitylene as a diagnostic arene to facilitate the interpretation
of the 'TH NMR spectra. The reaction with ligand L1 provided the olefinated product
and deuterated mesitylene in 17% after 6 h. In the reaction without ligand, by
increasing the amount of the catalyst and the reaction time, the formation of
25% deuterated mesitylene was observed. Based on these experimental results,
we suggest that the C-H activation is reversible in both cases, with and without
the ligand.

Competition experiments

To get more insights into the mechanism of the C-H activation step, we performed
one-pot intermolecular competition experiments between an electron-rich arene,
p-xylene, and an electron-poor arene, 1,4-bis(trifluoromethyl)benzene, with
and without the ligand (Scheme 4, b). We found that in both cases, electron-rich
arene reacted preferentially. These results, together with the C-H bond cleavage
being the RDS, are consistent with an asynchronous CMD mechanism,?°?' or a
BIES mechanism.?>?
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(a) KIE experiments of benzene
Pd(OAc), (5 mol%)
PN with or without L1 (5 mol%) Xy CO,Et
He/Dg + # "COEt He/Ds
PhCO3/Bu (1 equiv)
AcOH (0.2 M), 100 °C ‘

(22.4 equiv) (1.0 equiv) without ligand, ky/kp =5.4 ’

with L1, ku/kp = 4.0

(b) Competition experiments

Me Me X CO,Et
\©\ /\COZEt (1.0 equiv) \©\/\/
M Me
5

e Pd(OAc), (5 mol%)
(5.0 equiv) with or without L1 (5 mol%)
+ +
FsC PhCO3/Bu (1 equiv) F4C X _CO,Et
\©\ AcOH (0.2 M), 100 °C, 3 h \©fv
CFs CFs
(5.0 equiv) 6

without ligand, (5:6 = 22%:traces)
with L1, (5:6 = 84%:traces)

Scheme 4. Mechanistic studies (a) KIE experiments of benzene and (b) competition experiments.

Detection of reactive palladium complexes by ESI-MS and their
reactivities in C-H activation processes

With the aim to identify cationic reactive intermediates in solution, we analyzed
the system by electrospray ionization mass spectrometry (ESI-MS). Firstly, the
Pd(OAc), and L2 were mixed in benzene and we detected larger palladium
clusters with combination of deprotonated L2 (L2-H) and AcO~ ligands (Figure
S1 in the Supporting Information). Upon addition of PPh, to the mixture, the
clusters disappeared and we detected monomeric [(PPh,) Pd(L2-H)]* complex (m/z
825, Figure 5a). The activation of benzene leads to complex 4/4’ that are neutral.
Therefore, we repeated the experiment with an addition of the negatively charged
(PPh,Ph®°*) ligand (Ph*®* = 3-phenylsulfonate). We observed the [(PPh,Ph®®*)
Pd(L2-H)(AcO)]" and [(PPh,Ph*°*)Pd(L2-H),]" ions (m/z 701 and m/z 836, respectively,
Figure S2). However, we were unable to detect the expected [(PPh,Ph*%*)Pd(L2-H)
(Ph)]” complex with this system.
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Figure 5. (a) ESI mass spectrum of a mixture of Pd(OAc),, L2 and Ph.P in benzene and (b) ESI mass
spectrum of Na[(PPh,Ph*°*)Pd(L2-H)(AcO)] in benzene, heated for 5 min at 100 °C.

In the quest to characterize the intermediates 4/4’, we synthesized the complex
[(PPh,Ph*°*)Pd(L2-H)(AcO)INa* with the charge-tagged ligand. Upon heating
the complex in benzene for 5 min at 100 °C, we indeed detected the [(PthPh5°3')
Pd(L2-H)(Ph)]" complex (m/z 719, Figure 5b). We have confirmed this assignment
by repeating the experiment in deuterated benzene and by high-resolution
measurements (Figure S3 and S4).

We further explored the formation of [(PPh_Ph*°*)Pd(L2-H)(Ph)]" by ion mobility
studies of the mass-selected ions. The ion mobility profile is related to the shape of
the ions and therefore it is expected to be different for the 4 and 4’ isomers of the
[(PPh,Ph*®*)Pd(L2-H)(Ph)]". The ion mobility experiment indicated only one major
isomer of the detected [(PPh,Ph*°*)Pd(L2-H)(X)]" complexes with X = Cl, OAc, and
Ph. (Figure S5).

For a deeper insight into the C-H activation process itself, we explored unimolecular
reactivity of the detected [(PPh3)2Pd(L2-H)]+ complex. This complex eliminates
neutral L2 ligand upon collisional activation (196 Da) meaning that one of the
phenyl rings had been deprotonated (Figure 6a). To confirm this, we prepared
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the complex with perdeuterated triphenylphosphine ligands and the main
fragmentation indeed corresponded to the loss of the monodeuterated S,0-ligand
L2 (197 Da) (Figure 6b). In order to determine kinetic isotope effect of this process,
we prepared a mixed complex [(PPh3)(PPh3-d15)Pd(L2-H)]+ (m/z=840). From the
ratio of the elimination of L2 and L2-d,, we determined the intramolecular kinetic
isotopic effect as ~2 (Figure 6d). Consistently, the extrapolation of the appearance
energies for the eliminations of L2 and L2-d, predicts slightly higher energy
demand for the fragmentation involving D-atom transfer.

Figure 6. CID mass spectra of (a) [(PPh,),Pd(L2-H)]* (m/z=825), (b) [(P(C,D,),),Pd(L2-H)]* (m/z=855),
(c) [(dppb)Pd(L2-H)]* (m/z=727) and (d) Energy resolved CID of mixed phosphine complex [(PPh3)
(d,;-PPh,)Pd(L2-H)]* (m/z=840).
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To further explore the ability of the S,0-ligand to promote intramolecular C-H
activation, we studied fragmentations of four complexes bearing different
diphosphine ligands: dppm [(1,1-bis(diphenylphosphino)methane], dppe
[(1,1-bis(diphenylphosphino)ethane], dppp [(1,1-bis(diphenylphosphino)propane]
and dppb [(1,1-bis(diphenylphosphino)butane] (Figure 6¢). The complexes with the
dppm and dppe ligands show only a degradation of the S,0-ligand (a loss of 86 Da),
whereas the larger more flexible ligands allow the activation of a phenyl bound
to the phosphorus ligand evidenced by elimination of the neutral ligand L2. This
reaction is more facile of the complex with dppb (Figure 6c) than for the complex
with dppp (Figure S84(iii)). This highlights the importance of the close proximity of
the C-H bond and the metal center and the S,0-ligand for the intramolecular C-H
activation to occur.

From the performed experiments, the following information can be abstracted: i)
cationic Pd-complex [(PPh,),Pd(L2-H)]*is formed when mixing Pd(OAc),, L2, PPh,
in benzene; ii) related 2 complex [(PPhPh*%*)Pd(L2-H)(AcO)]" is detected by ESI-
MS and its reaction with benzene, forming the related 4/4’ isomers [(PPh Ph*%)
Pd(L2-H)(Ph)I", is confirmed and, iii) the carboxylate group of the L2-H ligand is
capable of acting as internal base when the C-H bond is in close proximity.

DFT Calculations

Density functional theory calculations were also carried out to get more insight
into the species involved in the mechanism and the reactivity difference between
cationic and neutral Pd-complexes.?* Following our previous discussion about
the formation of cationic species during the reaction and considering that 1-
cis is an active precatalyst, we took its protonated form (complex 1) as the initial
point for the calculations (G=0). From there, several complexes were evaluated by
substitution or partial decoordination of one of the S,0-ligands, introducing also
benzene as a necessary element prior to its C-H activation. Among the computed
complexes (see Supporting Information), the most relevant structures are shown
in Figure 7, where the substitution of one S,0-ligand by PPh3 and benzene units is
exothermic (II-P, AG = -3.4 kcal/mol), while the partial substitution of the S,0-ligand
by a molecule of benzene is endothermic (lI-S, AG = +9.9 kcal/mol), but affordable
in the experimental conditions.
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Figure 7. Relative computed energies (in kcal/mol) of I and benzene containing structures Il

From these intermediates (II-P and II-S), a series of changes in the coordination

sphere lead to the direct precursors of the C-H activation, IV-P and IV-S. The
necessary steps are the decoordination of the S atom and the n'-coordination of the
acetate anion, prior to the C-H cleavage during the transition states TS-P and TS-S
(Figure 8). Significantly, the activation energies of the C-H activation are 27.4 and
23.9 kcal/mol respectively, which are accessible barriers in the reaction conditions.
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Figure 8. Computed transformation of the cationic complexes Il into the transition structures.

Although the previous scheme confirms the feasibility of the cationic pathway, the
absolute values are not especially low, and do not show any distinctive feature with
respect to other previously computed neutral systems.? For that reason, we decided
to compare directly the C-H functionalization of very similar systems, like those
solely differentiated by the presence/absence of just one proton (Figure 9). To our
delight, the activation energies are up to 3 kcal/mol lower for the cationic systems
than for the neutral ones. The values in the Figure represent the barrier between IV-P
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and TS-P (AAG* = 7.3 kcal/mol) and its comparison with the deprotonated system
(TSP’, AAG* = 10.6 kcal/mol). For the couple TS-S and TS-S’, a similar difference
was also found (10.6 vs 13.8 kcal/mol). This direct comparison confirms the better
performance of cationic species with respect to very similar neutral species with an
energy difference of roughly two orders of magnitude in reaction rate. We believe
that this finding further supports the idea that the efficiency of our ligands rests in
their ability to promote the formation of more reactive cationic catalytic systems.

'a Y
+
H,c00_ PPhs Bl H3COO_  PPhy
N/ \
,Pd—(\) ,Pd—(\)
{ \ S~ { Y S~
T T s P T
(@) o
TS-P TS-P'
AAG* = 7.3 keal/mol AAG* = 10.6 kcal/mol
L cationic pathway neutral pathway
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cationic pathway neutral pathway
. J

Figure 9. Computed relative activation energies between cationic and neutral transition states.

Proposed catalytic cycle in the presence of S,0-ligand

By combining all the experimental data we have, we propose the mechanism
outlined in Scheme 5 for the C-H olefination of arenes in the presence of the
S,0-ligand. We draw the intermediates with PPh, as ligand since we isolated and
identified many of these complexes in the catalytic reaction and similar mechanism
is expected to occur with and without PPh.. Nevertheless, in the case of performing
the reaction without PPh,, complexes bearing an innocent ligand () or the
formation of polymeric species might be formed. First, Pd(OAc), reacts with ligand
L2 and PPh, forming Pd complex 2, which we isolated and demonstrated that is
catalytically active. We observed by NMR that complex 2 is the catalyst resting
state, indicating that C-H activation is the RDS. This is in agreement with the order
of the reaction and the large KIE values observed. After the reversible C-H activation
step, complex 4 is formed. We propose that the C-H activation takes place via
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cationic monomeric palladium species 7, which are formed from complex 2 after
losing an OAc ligand. The formation of cationic species is supported by the inverse
order in OAc observed. Additionally, a monomeric cationic [(PPh,),Pd(L2-H)]*
complex, which matches with the structure of palladium species 7, was detected
by ESI-MS and its reactivity in intramolecular C-H activation processes proved. DFT
calculations corroborate the feasibility of the cationic pathway in the C-H activation
of benzene. Complex 4 reacts with ethyl acrylate providing complex 9 which then
undergoes B-H elimination to provide the olefinated compound and Pd(0) species.
The oxidation of these species by an oxidant completes the catalytic cycle.

From the comparison of the experiments performed with and without ligand, we
propose that the S,0-ligand triggers the formation of cationic palladium species

that are more reactive than the neutral species in the C-H activation step, which is

in both cases the RDS.

Pd(OAC),
(0]
%OH + PPh,
SPh L2
HOAc
Oy-0, OAc - OAc Ovo H
Pd, Pd®
s’ PPhy s’ 'PPhy
Ph 2 Ph 4
oxidation resting state
PO PhH
C-H activation + PhH
EtoZC\/\Ph of benzene
3-mono -H elimination RDS HOAc
Ph
o 1
Q CO,Et
/Pd\
S PPh o
Ph 3 00 ph ” \
° D WA
olefin insertion S PPh; S PPh3
F’h4 Ph s

2 C0o,E

Scheme 5. Proposed catalytic cycle
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Conclusion

This article describes a detailed mechanistic study on the role of the S,0-ligand
in the Pd-catalyzed C-H olefination reactions of non-directed arenes. Several
monomeric Pd/S,0-ligand complexes before and after the C-H activation step have
been isolated and fully characterized and their reactivities have been evaluated.
NMR and kinetics studies, and KIE values indicate that the C-H activation step is
RDS and reversible in both cases with and without S,0-ligand. Moreover, these
studies suggest that the S,0-ligand triggers the formation of Pd cationic species.
Additionally, a cationic Pd-complex has been detected by ESI-MS and its reactivity
in C-H activation processes studied. DFT calculations corroborate the feasibility
of the cationic pathway in the C-H activation of benzene as well as reveal the
higher reactivity of cationic complexes in these processes. Together, these
studies shed light on the role of the S,0-ligand in promoting Pd-catalyzed C-H
functionalization reactions.
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Mass spectrometric measurements

The mass spectra were recorded on a linear ion trap (LTQ) instrument with an
electrospray ionization (ESI) source. General conditions used were as follows: 4 to
5 kV spray voltage, 200 to 275 °C capillary temperature and 1 to 20 psi sheath gas.
For positive mode, 0 to 20 V capillary voltage and 25 to 70 V tube lens while for the
negative mode 0 to -20 V capillary voltage and -25 to -75 V tube lens.

Energy resolved collision induced dissociation (CID) experiments were performed
on LCQ Deca mass spectrometer with an ESI source. The calibration was performed
using the thermometer ions using the Schroder’s method to correlate the collision
energy and the appearance energies of the ions.

In general, T mM fresh stock solution was prepared in the desired solvent (sonication
used if turbidity observed followed by filtration, filtrate used). From these stock
solutions after mixing/addition, by appropriate dilution with the desired solvent
final concentration of 50 to 200 uM was injected directly into the ESI-MS inlet with
the help of a silica capillary using the nitrogen overpressure in the vial.

[P(L-H)(PPh_Ph*%?)OAc INa i.e. the negatively charge tagged analog of ‘complex
2" was synthesized according to the “Procedure for the synthesis of complex
2" described above with the exception that instead of triphenylphosphine,
3-(Diphenylphosphino)benzenesulfonic acid sodium salt i.e. PPh,Ph*>*Na was used
and dark yellowish solid of [Pd(L—H)(PPhZPh5°3)OAc INa was obtained. This was then
used further for mass spectrometry analysis.

High resolution mass spectra were recorded with a timsTOF instrument from Bruker
Daltonik (Bremen, Germany) equipped with ESI source. Calibration was performed
using Agilent ESI low concentration tune mix before the experiment. The sample
and the calibrant solutions were injected in the timsTOF using a glass syringe
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pump with 0.5 mL volume and flow rate of 0.3 uL. The timsTOF was operated in the
negative ion mode in a mass range of m/z 50 to 1500 with spray voltage of 4.5 kV.
The end plate offset of -500 V with a N, nebulizer pressure of 0.3 bar and a dry gas
flow of 1.5 L min™ at 275 °C.

Figure S1. ESI mass spectrum (positive mode) of a mixture of Pd(OAc), and L2 in benzene and
ethyl acetate.

Figure S2. ESI mass spectrum (negative mode) of a mixture of Pd(OAc),, L2, (PPh,Ph***)Na and acetic
acid in benzene and deuterated benzene.

Figure S3. ESI mass spectrum (negative mode) of [Pd(L-H)(PPh,Ph**)OAc INa in benzene and
deuterated benzene (heated for 5min at 80°C and filtered, filtrate injected).
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and DCM (heated for 5min at 60°C and filtered, filtrate injected); [(PPh,Ph*°*)Pd(L2-H)(X)]" ions
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Figure S5. Mobilogram of [(PthPh5°3')Pd(L2—H)(X)]', where X = Cl (m/z 677, green), AcO (m/z 701,
blue), or Ph (m/z 719, red). Note that the minor peaks at the higher values of mobility originate from
fragmentations of larger clusters; ie, they do not correspond to isomers of the
monopalladium complexes.
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Chapter 5

Cationic Gold(ll) Complexes:
Experimental and Theoretical Study

The work in this chapter is published: Mehara, J.; Koovakattil Surendran, A.; van
Wieringen, T.; Setia, D.; Foroutan-Nejad, C.; Straka, M.; Rulisek, L.; Roithov4, J. Cationic
Gold(ll) Complexes: Experimental and Theoretical Study**. Chem. - A Eur. J. 2022, 28
(60), €202201794.
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Gold(ll) complexes are rare, and their application to the catalysis of chemical
transformations is underexplored. The limited application of gold(ll) complexes
in catalysis is primarily attributed to their facile oxidation or reduction processes,
resulting in the formation of more stable gold(lll) or gold(l) complexes, respectively.
This chapter delves into the exploration of the formation of [Au"(L)(X)]* complexes
(L=ligand, X=halogen) from the corresponding gold(lll) precursors and investigated
their stability and spectral properties in the IR and visible range in the gas phase.
The results show that the best ancillary ligands L for stabilizing gaseous [Au'(L)
(X)]* complexes are bidentate and tridentate ligands with nitrogen donor atoms.
The electronic structure and spectral properties of the investigated gold(ll)
complexes were correlated with quantum chemical calculations. The results show
that the molecular and electronic structure of the gold(ll) complexes as well
as their spectroscopic properties are very similar to those of analogous stable
copper(ll) complexes.
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Introduction

Gold(l) and gold(lll) complexes have an important place in the field of metal
catalysis."”® Gold(l) complexes are mainly used for the activation of multiple bonds
towards additions and subsequent cascade reactions’, whereas gold(lll) complexes
have been utilized as catalysts in various coupling reactions.”””'> Conversely,
reports on gold(ll) chemistry are sparse.'®2? The gold(ll) complexes are usually
unstable and tend to disproportionate to the gold(l) and gold(lll) complexes.” The
destabilization of the gold(ll) oxidation state is due to the relativistic effects*?®
which are responsible for an expansion and energy destabilization of the 5d shell
and contraction of the 6s electron shell.**?¢ As a result, the contribution of the
5d electrons to the valence shell increases. The ionization of 5d electrons is then
associated with the Jahn-Teller distortion, leading to a large energy splitting of the
d,andd, ,
electrons paired.”’

energy levels. Thus, gold is easily ionized to the gold(lll) state with all

Heinze and co-workers reported a series of stable monomeric gold(ll) complexes
supported by porphyrin ligands.?*?2° The preparation of the gold(ll) complexes
relied on the reduction of the corresponding gold(lll) precursors. In order to avoid
the subsequent reduction to gold(l), the authors used cobaltocene (E, = -1.3 V vs
Fc/Fc* couple) which matched the redox potential for the first reduction potential of
the gold(lll) porphyrin complex.?® The only reactivity of prepared gold(ll) complexes
studied so far was based on electron transfer processes.®® However, they were
suggested as intermediates in several reactions involving radical chemistry.’3°
The reactions beyond the electron transfer require a labile coordination site at the
gold(ll) complexes that could coordinate reactive molecules or radicals. Therefore,
we aimed at exploring the generation and properties of gold(ll) complexes with
bidentate and tridentate ligands.

Previous electrochemical experiments with analogous complexes showed that the
reduction of gold(lll) complexes often leads directly to the gold(l) complexes or
that the Au" — Au" and Au" — Au' potentials are very close and therefore the steps
are difficult to separate'3* In such a situation, where the properties of reactive
complexes cannot be properly studied in solution, isolation of these species in
the gas phase can extend their lifetime and thus allow a detailed study albeit in
vacuum.*3¢ This approach permitted an exploration of the chemistry of metal
complexes in unusual oxidation states or even in the oxidation states that cannot be
prepared in a condensed phase.*” In addition, previous DFT calculations suggested
that the gold(ll) complexes are more stable in the gas phase than in the solution.
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Herein, we present a gas-phase study of the intrinsic properties of gaseous gold(ll)
complexes with bidentate and tridentate ligands. We generated the gold(ll) complexes
from their gold(lll) precursors and explored how various common ligands stabilize
the unusual oxidation state. We have characterized the generated gold(ll) complexes
with gas-phase ion spectroscopy. Benchmarked to the experiment, we have also
investigated their structure and spectroscopic properties by DFT calculations.

Table 1. Fragmentation of [Au"(Ligand)(X),]* complexes.>®

Branching of fragmentations pathways®

Reaction 1 Reaction 2 Reaction 3
Ligand X AU +X [AULIF+X, [Au"(L-H)(X)]* + HX
Pyridine ca - 18% 66%
Pyridine Br - 94% -
TMEDA Cc  13% = 8%
TMEDA Br 98% - 2%
2,2"-bipyridine Cl  93% 6% =
2,2'-bipyridine Br  100% - -
2,2'-bipyridine | 99% - -
1,10-phenanthroline Ccl 93% 7% -
1,10-phenanthroline Br  100% - -
2,2":6,2"-terpyridine Cl  85% 14% -
2,2":6,2"-terpyridine Br 96% 2% -
PPh, Cl Precursor complex [Au"(PPh,),(Cl),]* not observed
PPh, Br  Precursor complex [Au"(PPh,),(Br),]* not observed

Ph,P-(CH,)-PPh, (dppm) CI Precursor complex [Au'"(dppm)(CI)z]+ not observed
(

Ph_P-(CH,)-PPh, (dppm) Br  Precursor complex [Au"(dppm)(Br),]* not observed

Ph_P-(CH,),-PPh,(dppe) CI - - 2%

Ph_P-(CH,),-PPh,(dppe) Br 63% - -

Ph,P-(CH,)-PPh (dppp) Cl - - 5%

Ph,P-(CH,)-PPh,(dppp) Br 8% 16% -

Ph,P-(CH,))-PPh,(dppb) CI - - 15%

Ph,P-(CH,),-PPh, (dppb) Br  Precursor complex [Au"(dppb)(Br),I* not observed

Phenylpyridine Cl Precursor complexes [Au"(phenylpyridine) (Br),I* or
[Au"(phenylpyridine-H)(Br)]* not observed

Thiophene Br  Precursor complex [Au"(thiophene),(Br),]* not observed

2,2'-Bithiophene Br  Precursor complex [Au"(2,2-thiophene)(Br),]* not observed

[a] The complexes were generated from an acetonitrile and dichloromethane solution of the AuX; salt
(0.1 mM) and the ligand (0.1 mM), achieving a final concentration of 100 uM.
[b] The fragmentations were investigated at collision energies of 1.9 - 3.9 eV
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Other

(specification of the fragment(s))

6%

1%

98% (loss of PhCl & subsequent ligand degradation)

95% (subsequent ligand degradation)

85% (loss of 2x HCl & subsequent ligand degradation)
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Results

Generation of the gaseous complexes

Our aim has been to explore the properties in terms of thermodynamic stability
and spectral properties in IR/VIS range of cationic gold(ll) complexes in the gas
phase. We envisaged that the easiest general way of generation of these complexes
could start from the [Au"(L) (X),I" precursors (n = 1 for bidentate ligands and n = 2
for monodentate ligands such as pyridine and PPh,) that might be prone to lose a
halogen radical and thereby form the desired [Au'(L) (X)]* complexes (Reaction 1).
In the study of the gold(lll) complexes, we indeed observed this reaction path.
However, we also observed competing reactions leading to the reduction of the
complex to gold(l) (Reaction 2) or to the degradation of the gold(lll) complex
(Reaction 3).

[AUM(L)(X), 1> [AU'L)(X)T* + X (1)
[AUM(L)(X),]* > [AU(L] + X, 2)
[AUM(L)(X),]1* = [AULH)(X)]* + HX 3)

We have tested the fragmentations of [Au"(L) (X),]" with a series of monodentate-,
bidentate- and tridentate ligands with N, P, and S coordinating atoms (Table 1). The
monodentate ligands do not support the desired formation of gold(ll) complexes.
The reason stems from the coordination flexibility of the monodentate ligands in
the coordination sphere of the gold atom. The gold(lll) precursors were formed
in a square planar geometry'#?*3* with the [Au"(n'-ligand),(X),]" speciation.
These complexes can easily eliminate the dihalogen molecule (X)) because the
resulting [Au'(n'-ligand),]* can attain the favoured linear arrangement of the
two n'-ligands and thereby make Reaction 2 favoured.***** Dicationic gold(ll)
complexes with neutral monodentate ligands can be generated in the gas phase
by reaction of gold atoms with neutral ligands and subsequent electron ionization
of the complex. Properties of the [Au"(n'-ligand) ]** generated in this way were
studied previously.*>4¢
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Figure 1. (a) Electrospray ionization mass spectrum of a solution of 2,2"-bipyridine (bipy, 100 pM) and
AuBr, (100 uM) in ACN. (b) Collision induced dissociation (CID) spectrum of mass-selected [Au"(bipy)
(Br),I* (m/z 511) at the collision energy of 1.9 eV. (c) CID spectrum of mass-selected [Au"(bipy)(Br)]*
(m/z 432) at the collision energy of 2.4 eV. (d,e) Integrated abundances of the peaks in the energy-
resolved CID spectra of the ions with m/z 511 and m/z 432, respectively. (f,g) Integrated abundances
of the peaks in the energy-resolved CID spectra of [Au"(terpy)(Br)]* (m/z 588) and [Au'(terpy)(Br)]* (m/z
509), respectively. The extrapolation of the onset of the fragmentation provides the bond dissociation
energy (BDE) for the given fragmentation.
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On the contrary, the bidentate ligands do support the formation of gold(ll)
complexes. The gold(lll) precursors were formed with the [Au"(n>-Ligand)(X),]*
speciation.*” Fragmentation of the gold(lll) precursors with N,N-bidentate ligands
led almost exclusively to the elimination of a halogen radical and thus to the
formation of the desired [Au"(n*ligand)(X)]* complexes (Reaction 1, Figure 1b). In
comparison, phosphine-based ligands are less suitable for the generation of gold(ll)
complexes because they get easily oxidised in the presence of the gold(lll) salts.
Accordingly, next to the desired gold(lll) precursors with the bis-phosphine ligands
(PP-Ligands), we have always observed gold(l) complexes with the bis-phosphine-
oxide ligands. Nevertheless, we have detected a fraction of the desired [Au"(PP"-
Ligand)(X),]* precursors with the bis-diphenylphosphine ethylene (dppe) and
propylene (dppp) ligands and therefore we could explore the possibility to form the
gold(ll) complexes.”® The desired reaction 1 occurred only for complexes with X =
Br; hence, we observed the formation of [Au'(dppe)(Br)]* and [Au'(dppp)(Br)]*. The
competing reactions led generally to the reduction of the complexes to the gold(l)
state and to a degradation of the ligands (see Table 1). The bis(diphenylphosphino)
methane (dppm) ligand with a smaller bite angle provided directly just gold(l)
complexes. We also tested sulphur-based ligands but were unable to prepare the
desired gold(lll) precursor complexes.

Figure 2. Energy-resolved CID curves for dissociation of [Au"(L)(X),]* (black) to [Au"(L)(X)I* (red) and
[AU"(L)(X)]* (red) to [Au'(L)]* (blue); L = bipy (a to c) and terpy (d,e); X = Cl (a,d), Br (b,e) and | (c). The
orange region depicts the energy window for the possible generation of the gold(ll) complexes. The
window starts when 20% of the gold(lll) complexes fragmented to the gold(ll) complexes and stops
when 20% of the gold(ll) complexes fragmented to the gold(l) complexes. (f) Schematic potential
energy profile for elimination of CI" from [Au"(terpy)Cl,]*; the depicted structures are optimized at the
B3LYP-D3BJ/6-311*G**/SDD(Au) level of theory.
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Table 2. Experimental® and theoretical® bond dissociation energies of [Au(L)(X),I* complexes (n =1 or 2).

[Au"(L)(X),]* - [Au"(L)(X)]* + X [Au"(L)(X)]* - [Au'(L)]* + X-

X L BDE, * BDE, " BDE, * BDE, " ABDE, | ABDE,
[kJ mol ] [kJ mol ] [kJ mol] [kJ mol ] [kJmol"]  [kJmol']

Cl  bipy 2131 225 229+2 244 16 19

Br bipy 169 £5 199 196 £ 4 231 27 32

| bipy 128+2 174 177 £2 221 49 47

Cl  terpy 155%3 131 226+ 1 232 71 101

Br terpy 108x6 113 191 +1 210 83 97
[AU"(L)(X)1?* = [AU"(L)]** + X

Cl  terpy 185+4 259

Br terpy 165%4 237

[a] The experimental values were determined from energy-resolved CID experiments.

[b] The theoretical values were calculated by Gaussian 16: B3LYP-D3BJ/6-311+G** level with SDD/SDD-
ECP on Au and 6-311G** on |. See also Table S1 for results obtained at the PBE0-D3/def2TZVPP level
of theory. These results show the same trend, but overestimate the binding energies even more.

Finally, we tested the same approach with a N,N;N”tridentate ligand
(12,22:2%,3%-terpyridine, terpy in the following). The precursor gold(lll) complexes
had a [Au"(terpy)(X),]* speciation. As the gold(lll) complexes prefer square planar
coordination and the complex retains two halogen ligands, the terpy ligand initially
coordinates probably only as a bidentate ligand. The complex easily eliminates one
of the halogen atoms and forms [Au'(terpy)(X)]*. Presumably, the ligand changes
the coordination mode and fills in the vacant coordination site after the elimination
of X. For more detailed information, we studied bond dissociation energies (BDEs)
for the halogen eliminations.

Energetics of gold(ll) complex formations and fragmentations

A comparison of the results for various complexes suggests that the bromido
ligands are more suitable for the generation of the gold(ll) complexes than the
chlorido ligands. We have investigated this in a more detail using complexes
with the 2,2’-bipyridine ligand and we have also included the iodido precursors.
The aim was to determine the span of the energies that are sufficient to induce
the reduction from [Au"(bipy)(X),]* to [Au'(bipy)(X)]*, but insufficient to induce the
second reduction step from [Au"(bipy)(X)]* to [Au'(bipy)]* (Figure 2, Table 2). Note
that the gold(lll) iodine complexes easily undergo a disproportionation reaction.**°
Therefore, we had to generate the [Au(bipy)(l),]* complexes in situ by the Finkelstein
reaction®'*2 from the corresponding chloride complex and sodium iodide.
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The energy demands for the reduction reactions were determined from energy-
resolved collision induced dissociation experiments with mass-selected [Au"(bipy)
(X),I* and [Au"(bipy)(X)]* (Figure 1 and Figure 2). The extrapolation of the energy-
dependent relative fragmentation cross-section for the elimination of the
halogen atom provides the experimental Au-X bond-dissociation energy (see the
Experimental Details). The energy difference between the energy demands for the
Au"— Au"and Au"— Au' reductions decrease in the order of X: | > Br > Cl (Table
2). Hence, the iodido complexes provide the largest interval of energies that allow
the formation of the gold(ll) complexes from their gold(lll) precursors. However, with
respect to the low stability of the gold(lll) iodido precursors, the bromido complexes
are probably the best candidates for studying gold(ll) complexes in the gas phase.

We have also studied BDEs for the complexes with the tridentate ligand terpy
and X = Cl and Br. The dominant gold(lll) complexes detected from the solution
correspond to the [Au"(terpy)(X)]** dications. The energy required for the formation
of [Au'(terpy)]**is slightly smaller than that for the formation of [Au'(bipy)(X)]* (the
bottom of Table 2). This attests that a pyridine type ligand better stabilizes the
+II oxidation state of gold than the chlorido ligand. Interestingly, this trend is not
caught by the DFT calculations (see also below).

The gold(lll) complexes with the terpy ligand and two chlorido ligands, [Au"(terpy)
(X),]*, can have two possible structures. The first structure can have a square
planar arrangement of the halogen ligands and two pyridine units (N-N-X-X, see
Figure 2f). The alternative structure can have one halogen and three pyridine units
coordinated to the gold centre in the plane (N-N-N-X) and the remaining halogen
above the plane. According to DFT calculations, the latter structure lies ~48 kJ
mol™ higher in energy for [Au"(terpy)(Cl),]* and could not have been localized for
[Au"(terpy)(Br).]* (see Figure S29). Hence, we conclude that the recombination of
[Au(terpy)(X)]>** and X” during the transfer to the gas phase proceeds via a pyridine-
to-X" replacement in the square planar arrangement.

The analysis of the fragmentation energetics shows that the binding energies of
the halogens in the [Au"(terpy)(X),I" complexes are more than 60 kJ mol™ smaller
than in [Au"(bipy)(X),]". The reason probably stems from the assistance of one of
the pyridine units in the elimination of the halogen radical (see Figure 2f). The
binding energies of the halogen atoms in the gold(ll) complexes [Au'(terpy)(X)]*
remain very close to those in [Au"(bipy)(X)]*. Table 2 shows a comparison of the
experimental BDEs and the computed values (B3LYP-D3BJ/6-311+G**, SDD/SDD
ECP on Au and 6-311G** on |). The theoretical calculations overestimate the bond
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dissociation energies. In the exploratory calculations, we have found out that the
overestimation is even larger if we use larger basis sets and if we (correctly) include
the spin-orbit coupling and non-scalar relativity (X2C). We will investigate the origin
of this peculiar effect in a large benchmarking study of the theoretical methods in
future. For the purpose of this study, we will evaluate the relative trends (1t vs 2"
dissociation; CI/Br/I ligands) that are reasonably reproduced irrespective of various
methodological ingredients.

The theoretical results show in agreement with the experiment that the gold(ll)
complexes are better stabilized with heavier halogen ligands and that the
tridentate ligand stabilizes the complex better than the bidentate ligand. The
formation of the gold(ll) complexes from [Au"(terpy)(X),]"is about 60 kJ mol™ less
energy-demanding than that from [Au"(bipy)(X),]*. In theoretical calculations, this

value is even higher and reaches 80 — 90 kJ mol". The discrepancy is caused by
the fact that we measure AE_ in the experiment, whereas we calculate AH in the
theory (see Figure 2f). Typically, the simple bond cleavages are quazi-barrierless
endothermic processes and therefore the measured activation energy corresponds
to the reaction enthalpy of the bond cleavage process, i.e., to the bond dissociation
energy (BDE). In the case of [Au"(terpy)(X),]*, the starting complex has a pseudo
square planar geometry around the gold centre formed by two pyridine units and
the two halogen atoms (see the initial structure in Figure 2f). The third pyridine unit
interacts only weakly with the gold ion. The X elimination proceeds via a transition
structure in which the initially loosely bound pyridine unit coordinates to the gold
centre. The measured activation energy thus corresponds to the barrier height of
this process.

Electrochemistry experiments

The experiments determining bond dissociation energies of the gaseous complexes
show that the window of the stability of the gold(ll) complexes is rather narrow. It is
sufficient to generate these complexes in the gas phase, but it remains a question,
whether these complexes could be also studied in solution. In order to test this
possibility, we have prepared the [Au(bipy)X,IPF, and [Au(terpy)X](PF,), complexes
and performed cyclic voltammetry (CV) experiments in dichloromethane (DCM)
and dimethylformamide (DMF) solutions. We have selected DCM, because it is
non-polar non-coordinating solvent and thus the conditions are closest to the gas
phase experiments (Figure S14 & S16). Unfortunately, the terpy complexes were not
soluble in DCM and therefore the comparison of all complexes was done in DMF.
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Figure 3 shows a comparison of the reduction waves of the [Au(bipy)(X)z]PF6 and
[Au(terpy)(X)I(PF,), (X = Cl or Br) complexes (X = Cl or Br) in DMF under the same
conditions. We show the range of the CVs with the reduction waves corresponding
to the reduction of gold(lll) to gold(l) complexes. This 2e-reduction process has
been studied and discussed in detail for analogous complexes®*>5* with the bipy
and terpy type ligands previously. The whole range of the CV experiments with
the assignment of the Au" — Au' and Au' — Au° transitions is in the Supporting
Information (Figures S13, S15, S17- S23).

Figure 3. (a) Cyclic voltammogram of [Au(bipy)(X),IPF, and [Au(terpy)(X)I(PF,), (X = Cl or Br) in
dimethylformamide (0.25 mM) in the range of the Au"'— Au' reduction potential (scan rate 100 mV s™).
(b) Cyclic voltammogram of [Au(bipy)(CI),IPF in dichloromethane (0.5 mM) at various scan rates (100,
300, 500, 1000, 1500 and 2000 mV s™').

The comparison of the Au" — Au' reductions waves for the studied complexes shows
the trend of the shifts to more positive potentials in the order [Au(terpy)(Br)]** >
[Au(terpy)(CI)]** and [Au(bipy)(Br),]* > [Au(bipy)(Cl),]I*. The reduction of the complexes
with the terpy ligand is reversible, whereas the reduction of the complexes with
the bipy ligand is irreversible. We have further tested, whether we could separate
the 2e-reduction wave to the two one-electron reduction steps by increasing the
CV scanning rate.* The only successful separation was achieved for the [Au(bipy)
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(CI),]* complex (in DCM - Figure 3b and in DMF - Figure $20). With the increasing
scanning rate, the reduction became partially reversible. This result suggests that the
irreversibility is associated with the decomposition of the complex that is fast. We did
not succeed in separation of the reduction steps for the bromide complexes which
suggest that they decompose even faster than the chloride complexes.

Vibrational photodissociation spectra

Next, we investigated the spectroscopic properties in the infrared region for the
[Au"(bipy)(X)]* complexes (X = Cl and Br) in the gas phase and compared them with
the analogous complexes of copper(ll). While 2,2"-Bipyridine is usually not acting
as a redox-active ligand,* it can be redox active in some complexes.>’*® In addition,
some metals can activate a C-H bond of 2,2"-Bipyridine in a roll-over mechanism.>*¢°
We have assumed that if the C-H activation reactivity or the redox reactivity would

be important for the gold(ll) complexes, then we should detect distinct signatures
by vibrational and electronic spectroscopy of the mass-selected complexes.®'-%* For
an easier interpretation, we compared all spectral features with those of analogous
copper complexes.

Figure 4. IR photodissociation spectra (measured by helium tagging photodissociation spectroscopy)
of Au(lll), Au(ll) and Cu(ll) complexes (black lines) and their comparison with theoretically predicted IR
spectra (grey lines, calculated by B3LYP-D3BJ/6-311+G**(SDD on Au/Cu/Br), scaling factor: 0.98).
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We measured IR spectra by helium tagging photodissociation method.®> In the
range of our OPO IR light source, the spectra show mostly only the vibrations of the
bipy ligand (Figure 4). The comparison of gold and copper (M = Au or Cu) analogues
of [M"(bipy)(Cl)]* and [M"(bipy)(Br)]* reveals that both metals interact with the ligand
in the same way (compare the top IRPD spectra in both columns in Figure 4). The
spectra do not reveal any significant differences. We also measured IR spectra of the
gold(lll) precursors (bottom IRPD spectra in Figure 4). The gold(lll) complexes show
a very similar fingerprint of the bipy ligands as the respective gold(ll) complexes.
The comparison of the experimental spectra with the IR spectra predicted by DFT
(B3LYP-D3BJ®¢ - the most frequently used functional in ion spectroscopy®-% - in
grey in Figure 4) shows a very good agreement. The agreement suggests that the
DFT method describes well the interaction between gold(ll) and the ligand as well
as the overall geometry of the complex. The assignment of the vibrational bands is
shown in Figure S26.

We have further measured the IRPD spectra of [Au(terpy)(Cl),]* and [Au(terpy)(CI)]**
(Figures S29 and S31). They are very similar to the spectra of the bipy complexes.
The spectra show the vibrations of the terpy ligand that are similar to those of the
bipy ligand. The experimental spectrum of [Au(terpy)(Cl).]* better agrees with the
theoretical spectrum of the more stable isomer of [Au(terpy)(Cl),]* with the N-N-Cl-
Cl planar arrangement of the ligands, but the IR spectrum of the alternative high-
energy isomer with the N-N-N-Cl arrangement of the ligands is rather similar (see
Figure S29).

Electronic photodissociation spectra

Next, we have characterized the newly generated gold(ll) complexes [Au'(bipy)(X)]*
(X = Cl or Br) by measuring their absorption spectra in the visible range using the
helium tagging photodissociation method. For the comparison, we measured also
the spectra of the stable copper(ll) analogs [Cu'"(bipy)(Cl)]* and [Cu"(bipy)(Br)]*. The
copper chlorido complex has an absorption band below 450 nm. We could detect
only the onset of this band, because of the working range of our laser (Figure 5a).
The absorption maximum for [Cu"(bipy)(Br)]* is red shifted to 544 nm (Figure 5c). For
the gold complexes, we detect a band at 637 nm for [Au"(bipy)(CI)]* (Figure 5b) and
two bands at 494 nm and 663 nm for [Au"(bipy)(Br)]* (Figure 5d). In order to explain
the spectra and get a deeper insight into the properties of gold(ll) complexes, we
have performed quantum chemical calculations.



Cationic Gold(ll) Complexes: Experimental and Theoretical Study | 159

Figure 5. Helium-tagging photodissociation spectra in the visible range (visPD) of Cu(ll) and Au(ll)
complexes at 3K.

Computed electronic spectra

To provide an interpretation and computational support of the experimental
absorption spectra (Figure 5), we employed the CAM-B3LYP/aug-cc-pVTZ/Au(PP)
density functional theory method. The equilibrium geometries were obtained at the
PBEO/def2-TZVPP/PP(Au)’®”" level. This combination provided a good agreement
between the computed and experimental data and afforded their straightforward
interpretation, though it partly relies on error cancellation, see SI. A comparison
of the DFT functionals, basis set requirements, subtle structural effects on the
computed spectra, as well and the spin-orbit effects are given in the SI, including
the full set of the calibration data, Tables S2-S5.

The calculations clearly reveal the origin of two transitions responsible for the
spectral features that are common to all four studied complexes. The transitions
are illustrated in Figure 6. It can be seen that the experimental band near 650 nm
(Figure 5) arises from LP(X) > n(M-X)* a, (LP: lone pair, @’ in the C_symmetry, vide
infra) excitation (Figure 6a) whereas the experimental band near 500 nm (Figure 5)
arises from the o(M-X) > m(M-X)* b, (a” in C) excitation (Figure 6b). These common
features are calculated at all tested levels, DFT and ab initio, see Tables S2-S5.

Comparison of theoretical and experimental data shown in Table 3 reveals that for
X = Br, i.e., for the [Cu(bipy)(Br)]*and [Au(bipy)(Br)]* complexes, both transitions are
experimentally observed and the calculations are in a good agreement with the
(b) =
455 nm seems to correspond to the experimental band appearing at the end of the

experimental values (to within 220 nm). For [Cu(bipy)(CI)]*, the predicted A

calc
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short-wave-length of the experimental spectra (~ 450 nm) whereas the predicted
A_.(a,) at 684 nm seems to be hidden in noise on the other end of the experimental
spectra (Figure 5a). For [Au(bipy)(C)]*, the predicted \ (b)) = 416 nm in the C,,

geometry and Acalc(a”) =433 nmin the C, minimum (see discussion below) is clearly

calc

outside the experimental window (A  ~ 450 nm). This explains the missing b, band
in the spectrum of [Au(bipy)(Cl)]* (Figure 5b).

Figure 6. The MO origin of studied excitations. (a) a, excitation from the b, LP(X) SOMO-2 to b, m(M-X)*
LUMO; in the C, geometry. (b) b, excitation from a, 6(M-X) SOMO-3 to b, m(M-X)* LUMO; in the C,,
geometry. (c) a‘excitation from the a” LP(X) SOMO-2 to a” m(M-X)* LUMO in the C, geometry.

As for the computed intensities of the two peaks, the computed value of the
oscillator strength for the a, excitation (f = 14-10% Figure 6b, Table 3) at the C,,
minima is rather low. We assumed that it was caused by neglecting of the vibronic
coupling. To further elaborate on this assumption, the in-plane bending mode
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(Figure 7) of the halogen atom in the [M(bipy)(X)]* complex is associated with a very
low vibrational frequency of a few tens of cm'. In energy terms, this corresponds to
a computed deformation energy of 2 — 4 kJ.mol’ (vide infra).

Interestingly, in the case of [Au(bipy)(Cl)]* complex, the equilibrium geometry
at the PBEO/de2TZVPP/Au(PP) level corresponds to the C_minimum (Figure 7a);
whereas the C, structure lies ~ 2 kJ.mol" above (Figure 7b). In fact, the latter
(C,) is a transition state with an imaginary mode of i30 cm™, whereas the lowest
vibrational mode in the C_ minimum (30 cm™) corresponds to soft in-plane ligand-
gold-chlorine bending. More importantly, for the C, minimum of [Au(bipy)(CI)]*
the computations predict ~ 100 times higher oscillator strength for the A_ (a)
(a,) in the C,, geometry (f=0.0103 vs 0.0001,

c.f. Table 3). The predicted wavelength of the Acalc(a’) transition raises from 639 to

excitation in comparison with the A

calc

665 nm (1.94 to 1.86 eV), which is admittedly away from the experimental value of
637 nm (1.95 eV).

Similar arguments can be applied for [Au(bipy)(Br)]*. The equilibrium geometry of
[Au(bipy)(Br)]*- at all tested levels — corresponds to a C,, minimum, for which the
calculated oscillator strength of the b, transition is also very low, f = 10* (Table 3).
However, a relaxed scan of the N1-Au-Br tilt angle reveals that the energy of the
system changes only very little (< 2 klJ.mol' for 20 degrees), while the intensity
of the @’ transition strongly raises, by ~100 times for the same (20 degrees) tilt,
c.f. Table S6. The A
from the experimental value of 663 nm (1.87 eV). Inclusion of spin-orbit coupling

(a) calculated then raises to 754 nm (1.64 eV), relatively far

in calculations may decrease the predicted value by few tens of nm as shown in
Table S2. All in all, we qualitatively demonstrated the sensitivity of the computed
intensities on the small structural changes of the studied complexes.

Table 3. Comparison of theoretical and experimental absorption resonances for [M(bipy)(X)]* M=Cu,
Au; X=Cl, Br systems. In nm. Calculated oscillator strengths are in parentheses. CAM-B3LYP/aug-cc-
pVTZ/Au(PP)//PBEO/def2TZVPP/Au(PP) level.

Molecule Sym. A, (b) A (b) A, (a) A.@)
[Cu(bipy)(ChI* G, 455(0.12) <450 684(4x10*) -
[Au(bipy)(Ch)]* G, 416(0.17) - 639(1x10) 637
[Cu(bipy)(B)I* G, 545(0.12) 544 694(4x107) 673
[Au(bipy)(Br)]* G, 495(0.17) 494 664(1x107) 663
[Au(bipy)(Ch]* C, 433(0.01) - 665(0.01) 637

[a] C-symmetry. A (@) and A__(a')
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It can be thus concluded that the ratio between the computed intensities of the two
peaks is between 1:10 and 1:100. This still seems to be somewhat in disagreement
with the experimental spectrum (Figure 5¢) for which the ratio 1:3 can be inferred
from the visual inspection of the figure. However, the band intensities in the visPD
spectra depend on the laser power that varies with the wavelength. In addition,
the spectra were measured with large attenuations (close to the saturation regime)
with the aim to detect also less intense bands. In a linear regime, the ratio between
the bands would be larger, making the agreement between experimental and
theoretical results qualitatively correct.

As mentioned above, the a, band is either missing or hidden in the noise in the
spectra of [Cu(bipy)(CI)]* system, Figure 5a. Calculations of C-symmetric [Cu(bipy)
ale (@) =
679 nm with oscillator strength ~ 0.003 that is only ca 10x higher than in the C,,
minimum. Apparently, the vibronic coupling is much weaker in [Cu(bipy)(Cl)]* and

(ChI* with ClI artificially bent by 20 degrees from the C,, minimum give A

the corresponding band is not well observed in the spectrum.

Oxidation state and electronic configuration of the metal

To check the unusual oxidation state Il of the gold ion in the studied complexes,
QTAIM (Quantum Theory of Atoms in Molecules) analysis” of the electronic structure
has been carried out employing the localization index, A(A) as the central property.
The oxidation state of an electropositive element in contact with elements that are
more electronegative can be defined as the difference between its atomic number
and its A(A).”® This quantity is consistent with the IUPAC definition of the oxidation
state that is atomic charge after “ionic approximation” of the heteronuclear bonds.
The QTAIM analysis of [M(bipy)(X)]* (M = Cu, Au; X = Cl, Br, 1) complexes in Table
4 shows that while the atomic charges of M vary from 0.4 for [Au(bipy)()]* to 1.0
for [Cu(bipy)(C)]*, the A(A) index remains rather constant among all species,
confirming the Il oxidation state of the metal. The differences between the A(A) and
atomic numbers for copper and gold complexes are similar to each other, which is
consistent with their similar oxidation numbers.

Figure 7. (a) C and (b) C_ structures
of the [Au(bipy)Cl]* systems.
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The bonding between Au(ll) and the other atoms in the molecule can be described
by the delocalization index, DI, that expresses the level of electron sharing, i.e.,
covalency, between two atoms. The results in Table 4 point to the covalent M-X
bonds with DI, values varying between 1.1 ([Cu(bipy)(Br)]*) and 1.5 ([Au(bipy)
(CDI*). The DI, , higher than 1 denotes multiple bonding, see NBO analysis below.
Dative bonds are predicted between M and nitrogen atoms, with DI, about 0.5-
0.7 for each nitrogen in Table 4. It is worth noting that as the covalent character
of M-X in both copper and gold complexes increases, spin density on the metal
centres decreases. This is compensated by an increase of the spin density at the
halide atoms. Visualizing the spin density in 2D and 3D plots, Figures S34-S36,
shows that the unpaired electron is placed in the d-orbitals of the gold atom with
some contribution of the X and nitrogen atoms. The calculated spin densities are
listed in Table 4.

Figure 8. M-X bonding NBOs found in [Au(bipy)(Br)]* system. (a) Single occupied alpha NBO
corresponding to one-electron LP_(X)>d _*(M) interaction, and, (b) NBO that corresponds to o(M-X)
bond. Here, in fact, two NBOs, one alpha and one beta single occupied NBO share similar spatial shape,
so only one is shown.
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The multiple bonding character of M-X bonds (DI, , >1 in Table 4) is reflected
in the NBO analysis of ([Au(bipy)(Br)]*) that finds three one-electron bonding
NBOs between Au and X. Two of these one-electron bonds share similar spatial
shape but one host an alpha- the other host a beta electron (Figure 8b) which
basically corresponds to a two-electron 6(M-X) bond. The third M-X bonding
NBO corresponds to one-electron LPm (X) donation to d_"(M), Figure 8a. The Au-N
interactions are also observed in all systems. The NBO procedure finds LP(N) NBOs
that strongly interact with the M-X antibonding NBOs.

Discussion

The isolation of ions in the gas phase allowed us to study properties of gold(ll)

complexes with the [Au"(L)(X)]* speciation (L = bidentate or tridentate ligand,
X = halogen) in detail. The gold(ll) complexes can be prepared by reduction of
gold(lll) precursors. The challenge in this preparation is a possibility of an easy
direct reduction of gold(lll) complexes to gold(l) complexes. We have explored
the possibility to generate the gold(ll) complexes by sequential eliminations of
halogen radicals from the [Au"(L)(X),]* precursors in the gas phase for various L and
X combinations. The experiments clearly showed that the ligands L that stabilize
gold(l) complexes do not favour the formation of the desired gold(ll) complexes. This
includes all monodentate ligands that easily support favourable linear coordination
of gold(l) complexes and ligands with “soft” donor atoms (especially P-based). The
most favourable ligands for the formation of gold(ll) halido complexes were N,N"-
bidentate and N,N;N"-tridentate ligands.

Knowing the ligands that can stabilize gold(Il) halido complexes, we have attempted
to prepare the respective gold(ll) complexes also in solution by electrochemical
reduction. Unfortunately, the electrochemical reaction led always to the two-
electron reduction and the formation of gold(l) complexes. Nevertheless, we
have observed the trend in the onset potential for the reduction of the gold(lll)
complexes that correlates well with the gas-phase halogen bond dissociation
energies from the respective [Au"(L)(X),]* ions (Figure 9b). For the tridentate ligand
terpy, the reduction is reversible and the ions are speciated as [Au"(terpy)(X)]*"in
solution (Figures S11 and S12).747¢ Accordingly, the dications are also the dominant
complexes detected by electrospray ionization mass spectrometry (Figure S7
& S8). The [Au(terpy)(X)]** complexes can accept 2 electrons without forming
an unstable species (Reaction 5 in Figure 9a). On contrary, the bidentate ligand
will support the [Au"(bipy)(X),]* speciation. Electrochemical reduction of these
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complexes was always irreversible. Likely, the [Au"(bipy)(X),]* complexes accept 2
electrons and then spontaneously dissociate to form linear [Au(X),]” and the free
ligand. Alternatively, the complexes could dimerize.3*3*77 Interestingly, a correlation
between the BDEs of the gold-halogen bonds in [Au"(L)(X),]" and the reduction
onset potentials (blue points in Figure 9) suggests that the energy of the gas-phase
homolytic M-X bond cleavage to a certain degree predict the redox potential of the
metal M. The fact that we see a better correlation with the BDE values measured
for [Au"(terpy)(X),]* than with those for the solution-relevant [Au"(terpy)(X)]**
complexes is most probably because of the charge. The double charge increases
the BDEs in the gas-phase. Hence, the additional chlorido ligands in [Au"(terpy)
(X),]* compensate this effect and allow the rough correlation even in a family of
different ligands.

Figure 9. a) The possible processes in solution (one-electron reductions are indicated by blue arrows,
ligand dissociations are indicated by black arrows) and the processes studied by collision induced
dissociation experiments (radical cleavages indicated by orange arrows). b) Correlation between E

onset

of the Au" — Au' redox potentials and the bond dissociation energies of the [Au"(L)(X),]* complexes
(blue symbols) and [Au"(terpy)(X)]?* (red symbols; L = terpy or bipy, X = Br or Cl).

The possibility to generate the gold(ll) halido complexes in the gas phase allowed
us to characterize their spectroscopic properties. Using infrared photodissociation
spectroscopy, we could show that gold(ll) has a very similar electronic interaction
with the auxiliary ligands as copper(ll). The IR spectra showing the vibrations of
bipy ligand do not suggest any unpaired electron delocalization at the ligand. The
gold(ll) complexes absorb also in the visible range. In comparison to the analogous
copper(ll) complexes, their absorption maxima are slightly blue shifted. The spectra
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suggest the orange-red color for [Au'(bipy)(Br)]* and cyan for [Au"(bipy)(Cl)]*. The
theoretical analysis of the spectra showed that the excitations are metal-centered
and also demonstrated how subtle structural variations and vibronic coupling
dramatically change the intensities of peaks and also shift non-negligibly the
positions of the absorption peaks.

QTAIM calculations confirm that both gold and copper are in oxidation state M" in
calculated [(bipy)M"X]* systems, with the calculated M-X bond order between 1 and
1.5 (multiple bonding) and with the M-N bond orders near 0.7 (dative bonding).
The NBO analysis reveals a strong interaction of the in-plane LP(X) with the half-
empty d orbital at the gold(ll) center.

Conclusions

We have shown that gold(ll) complexes with bidentate and tridentate ligands
can be generated in the gas phase by eliminations of halogen radicals from the
gold(lll) halogen precursors. We have further explored spectroscopic and electronic
properties of the [Au"(bipy)(X)]* complexes in detail, because these complexes are
not fully coordinatively saturated and thus offer a possibility to study reactivity
of gold(ll) complexes in future. The results show that the interaction of gold(ll)
with the ancillary ligand bipy is analogous to that of copper(ll). Also, electronic
spectra of the gold(ll) complexes are similar to those of the analogous copper(ll)
complexes. The absorption maxima in the spectra are blue-shifted for the gold
complexes suggesting that the color of [Au'(bipy)(Br)]* should be orange-red and
that of [Au"(bipy)(CI)]* should be cyan.

Experimental Section

Mass spectrometry

Mass spectrometric (MS) experiments were carried out using the Thermo Scientific
LTQ XL linear ion trap mass spectrometer with electrospray ionization (ESI) source.”®
Energy-resolved collision-induced dissociation spectra were measured with an
LCQ Deca XP ion trap mass spectrometer.” In the collision-induced dissociation
(CID) experiments, bond dissociation energies (BDE) can be determined from
the dependence of the relative cross-section of the given dissociation on the
collision energy.® The linear extrapolation of the rise of the sigmoid fit of the
cross-section energy dependence gives the appearance energy of the given
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dissociation channel (see Figure 1 and the data in the Supporting Information).
The appearance energies are related to the bond dissociation energies associated
with the given fragmentations. The collision energies in the LCQ instruments can
be calibrated based on the measurements of the dissociation energies of a series
of “thermometer” alkylpyridinium ions (Figure S1).8-% The ions of interest were
generated by electrospray ionization from dichloromethane/acetonitrile (DCM/
ACN) solution of the respective 1 mM ligand and 1T mM AuX; stock solutions. The
stock solutions were mixed in a 1:1 ratio and diluted to achieve the final 100 mM
concentration. The electrospray voltage was 45 kV and the capillary was heated to
150-220 °C. The sheath gas, flow rate, and voltages of capillary and lenses were
optimized in order to obtain the maximum ESI-MS signals of the required ions.
Collision-induced dissociation (CID) experiments were performed for mass-selected
ions with a trapping parameter g, = 0.25 and the excitation period of 30 ms.

Infrared and UV-VIS photodissociation spectroscopy

The IR and Vis spectra of mass-selected ions were measured with a helium tagging
photodissociation method using the ISORI instrument.®® The ions were generated
by the electrospray ionization, mass selected by a quadrupole, and transferred to
a wire quadrupole trap operated at 3 K. The ions were trapped and cooled down
using the helium buffer gas. The relaxed ions attached a helium atom. The helium
complexes then served for the spectroscopic experiments. The complexes were
irradiated with the OPO/OPA system from LaserVision pumped by Nd:YAG laser
Surelite EX from Continuum (tuning range 700-4700 cm™, FWHM ~1.5 cm™, 10 ns
pulse length) or with supercontinuum laser NKT Photonics SuperK Extreme (430-
700 nm range using acusto-optic tunable filter SuperK Select).®* The spectra are
constructed as (1 — N/N, ), where N, and N,  are numbers of helium complexes with
and without laser irradiation.8>8

Electrochemistry. The gold(lll) complexes were prepared according to the
literature.’” The NMR spectra of the solutions of the complexes in CD,CN on
comparison with the literature indicate that the complexes are present as [Au(bipy)
CLI*, [Au(bipy)Br,I*, [Au(terpy)CI]** and [Au(terpy)Br]** (see SI, Figures 59-512).7%
7687 \WWe note that overtime these complexes especially the terpy based gold(lll)
complexes decomposed in solution as precipitation was observed. The speciation
can depend on the solvent, but the results are consistent with the dominant
speciation detected by NMR. Cyclic voltammetry (CV) experiments were performed
using a Metrohm potentiostat (Autolab PGSTAT204) at room temperature in a
solution of 0.25 or 0.5 mM of the respective gold complex (freshly prepared), 0.1 M
of the supporting electrolyte (tertabutyl ammonium hexafluorophosphate) either
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in DMF or in DCM. Glassy carbon working electrode, Pt counter electrode and a
double junction non-aqueous Ag/AgCl reference electrode filled with 2 M LiCl in
ethanol as the inner electrolyte was used. Prior to the measurements the electrolyte
was deoxygenated by argon bubbling, and during the measurement electrolyte
was kept under the argon atmosphere. Reference electrode was calibrated against
ferrocene redox couple before measurements.

DFT calculations. All quantum chemical calculations were carried out using
Gaussian 16,%¢ and Turbomole 7.5.1. programs.®® Density functional theory
(DFT) has been mostly used throughout. A set of density functionals, including
pure generalized-gradient approximation (GGA),* meta-GGA and hybrids were
employed: B3LYP, PBE, TPSS, and PBEO. Basis sets of triple-zeta quality 6-311+G**,
and def2-TZVP(P) used throughout are considered as sufficiently large to report

the converged DFT values. For gold and iodine core Stuttgart-Dresden (SDD)
pseudopotentials (ECP’s) were used.”** The electronic excitation spectra were
mostly calculated by employing time-dependent (TD-) DFT theory as implemented
in Gaussian 16. For comparison, the ab initio CC2 and ADC2 calculations were
performed using the Turbomole 7.5.1 code. The spin-orbit SO-ZORA excitations
we obtained in the ADF 2021 program suite.””-'® The particular method used
for computations is always denoted in the following by employing the standard
notation: Method A/basis set A//method B/basis set B. This describes the level of
theory at which the geometry was optimized (method B/basis set B) and the final
single-point energy (method A/basis set A) calculated. Zero-point vibrational
energy (and entropic and thermal contributions, if needed) were obtained
employing the standard normal-mode analysis.

Quantum Theory of Atoms in Molecules (QTAIM) and NBO analysis. To investigate
chemical bonding and to determine the oxidation states of metal in the studied
complexes, quantum theory of atoms in molecules, QTAIM," was employed. All
QTAIM computations were performed by the AIMAIIl suite of programs.'® Natural
bond orbital analysis'®'” used program NBO 7.0'%'% linked to the Gaussian
16 code.®
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Appendices

For detailed supplementary information: Mehara, J.; Koovakattil Surendran, A.;

van Wieringen, T.; Setia, D.; Foroutan-Nejad, C.; Straka, M.; Rulisek, L.; Roithova, J.
Cationic Gold(ll) Complexes: Experimental and Theoretical Study**. Chem. - A Eur. J.
2022, 28 (60), €202201794.

It can be accessed via https://doi.org/10.34973/pdan-6826 upon request of the
promotor or the IMM data steward.

Mass spectrometric studies:

The experiments were performed on either Thermo Scientific LTQ XL linear trap or
Finnigan LCQ Deca XP mass spectrometer equipped with an electrospray ionization
(ESI) source.'® General conditions were as follows: sheath gas 5-40 arbitrary unit,
auxiliary gas 0-5 arbitrary unit, capillary temperature 150-220 °C, spray voltage 2-5
kV, capillary voltage 0-50 V and tube lens 0-150 V.

Helium tagging photodissociation method was used to measure the IR spectra of
the mass selected complexes on the ISORI instrument equipped with ESI source.®
The ISORI instrument features a wire quadrupole trap operated at 3-5K, trapped ions
are cooled down because of the helium buffer gas. These cooled ions then attach a
helium atom, the helium complexes on irradiation with the IR laser undergo helium
detachment and the IR spectra is constructed as (1 — N/N, ), where N, and N, are
numbers of helium complexes with and without laser irradiation. For irradiation
OPO/OPA system from LaserVision was used.

The energy resolved collision induced dissociation (CID) experiments were
performed on LCQ Deca mass spectrometer with an ESI source. The collision
energies in the LCQ ion trap was calibrated based on the measurements of
dissociation energies of series of thermometer ion consisting of benzylpyridinium
and benzhydrylpyridinium thermometer ions using Schroder’s method.®#28
The complexes were measured for 2-4 times to calculate the standard deviation.
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Figure S1. Calibration of the ion trap instrument using the thermometer ions (appearance energy i.e.
AE for a set of thermometer ions is plotted against the known bond dissociation energy).
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ESI spectrum of various ligands from Table 1 with AuX, (Source spectrum, CIDs
and(/or) energy resolved CIDs)
1) 2,2'-bipyridine with AuCI3

Sample preparation: 100 uL of 1 mM AuCl, in Acetonitrile (ACN) + 100 uL of 1T mM
bipyridine (bipy) in dichloromethane (DCM) + 0.8 mL DCM.

Figure S2. Source spectrum of 2,2"-bipyridine with AuCl,

Figure S3. CID of m/z423 at C.E = 16.5%

100
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Figure S4. Energy Resolved CID of m/z 423
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Figure S5. CID of m/z388 at C.E =29%
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Figure S6. Energy Resolved CID of m/z 388

Similarly source spectra and energy resolved collision induced dissociation datasets
for all other ligands and metals can be accessed via https://doi.org/10.34973/pdan-

6826 upon request of the promotor or the IMM data steward.

Figure S7. [Au(terpy)(CD](PF ), dissolved in acetonitrile
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Figure S8. [Au(terpy)(Br)](PF,), dissolved in acetonitrile

Synthesis of gold(lll) complexes

Using the synthesis procedure described by Casini et al., gold(lll) complexes of
bipyridine, phenanthroline and terpyridine with Cl or Br and PF_ as counterion were
prepared.’” To 1 eq. of the ligand in acetonitrile, aqueous solution of 1 eq. of KAuX,
or AuX, was added and the mixture refluxed for 12-24 hrs. Followed by addition of
3 eq. of KPF_and refluxed for another 2-3 hours. The solution was cooled to room
temperature and the precipitate was filtered, washed with cold water (3X) and
dried under vacuum. These complexes were used for electrochemical studies.
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Figure S9. 'H NMR in CD,CN of gold(lll) complex prepared with bipy, gold(lll) chloride with PF,
counterion [Au(bipy)CI,IPF,

'H NMR (500 MHz, CD,CN) 6 9.47 - 9.42 (d, 2H), 8.63 - 8.55 (m, 4H), 8.10 - 8.01 (td, 2H).
NMR matches with the literature values of the complex.™°
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Figure $10. 'H NMR of gold(lll) complex prepared with bipy, gold(lll) bromide with PF, counterion
[Au(bipy)Br,]PF, - a) CD,CN and b) DMSO-d,
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"H NMR (500 MHz, CD3CN) §9.68 (d, J = 6.0 Hz, 2H), 8.59 — 8.54 (m, 4H), 8.09 - 7.98
(m, TH).

1TH NMR (500 MHz, DMSO) 6 9.64 - 9.63 (d, 2H), 8.93 - 8.91 (d, 2H), 8.73 - 8.70 (t, 2H),
8.13-8.11 (t, 2H).

As noted in the literature for similar gold(lll) complexes, the low intensity signals
are due to the degradation of the complex in DMSO-d,.”®

2233888885883 88 ¥993388
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Figure S11. 'H NMR in CD,CN of gold(lll) complex prepared with terpy, gold(lll) chloride with PF,
counterion [Au(terpy)CII(PF,),

'H NMR (500 MHz, CD,CN) 6 9.15 (dd, J = 6.0, 1.5 Hz, 2H), 8.83 (t, J = 8.2 Hz, TH), 8.68
(td,J=7.9,1.5Hz, 2H),8.59 (dd, J=8.1, 2.2 Hz,4H), 8.10 (ddd, /= 7.7, 6.0, 1.6 Hz, 2H).

NMR compares well with the literature values of the same complex (shifts observed
because of different solvents used).”
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Figure S12. 'H NMR in CD,CN of gold(lll) complex prepared with bipy, gold(lll) bromide with PF,
counterion [Au(terpy)Br](PFG)z

'H NMR (500 MHz, CD,CN) 6 8.76 - 8.72 (m, 2H), 8.64 (dt, J = 8.0, 1.1 Hz, 2H), 8.59 -
8.54 (m, 1H), 8.47 (d, J=7.9 Hz, 2H), 8.16 - 8.10 (m, 2H), 7.62 - 7.56 (m, 2H).

As noted in the literature for similar gold(lll) complexes, the low intensity
signals are due to the degradation of the complex; we have also observed a
precipitation overtime.”
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Electrochemistry experiments
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Figure S13. Cyclic voltammogram (CV) of [Au(bipy)(Cl),]PF, (0.25mM) measured in TBAPF, (0.1M) in
DMF with a scan rate of 100 mV/s.
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Figure S14. Cyclic voltammogram (CV) of [Au(bipy)(Cl),IPF, (0.25mM) measured in TBAPF, (0.1M) in
DCM with a scan rate of 100 mV/s.
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Figure S15. Cyclic voltammogram (CV) of [Au(bipy)(Br),IPF, (0.25mM) measured in TBAPF, (0.1M) in
DMF with a scan rate of 100 mV/s.
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Figure S16. Cyclic voltammogram (CV) of [Au(bipy)(Br),IPF, (0.25mM) measured in TBAPF, (0.1M) in
DCM with a scan rate of 100 mV/s.
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Figure $17. Cyclic voltammogram (CV) of [Au(terpy)(CD1(PF ), (0.25mM) measured in TBAPF, (0.1M) in
DMF with a scan rate of 100 mV/s.
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Figure S18. Cyclic voltammogram (CV) of [Au(terpy)(Br)I(PF,), (0.25mM) measured in TBAPF, (0.1TM) in
DMF with a scan rate of 100 mV/s.
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Figure $19. Overlaid cyclic voltammogram (CV) of [Au(bipy)(Cl),IPF, (dark cyan), [Au(bipy)(Br),IPF,
(orange), [Au(terpy)(CDI(PF,), (dark blue) and [Au(terpy)(Br)IPF,), (red) (0.25mM) measured in TBAPF,
(0.1M) in DMF with a scan rate of 100 mV/s. Region | corresponds to the reduction of Au(lll) = Au(l) of
the corresponding gold(lll) complexes.>'** The region Il corresponds to the reduction of free Au(lll) salt
present in the complex, this is further confirmed by performing CV experiments with AuCl, and AuBr,
salts (Figure S21). Region Il includes the reduction of Au(l) = Au(0) and the ligand reduction (the
ligand reduction is shown in the figure S21).

Figure $20. Cyclic voltammogram of [Au(bipy)(Cl),]PFin DMF (0.5 mM) at various scan rates (100, 300,
500, 1000, 1500 and 2000 mV/s) in the range of the Au"— Au' reduction potential
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Figure S21. Cyclic voltammogram of gold salts AuCl,, AuBr,and 2,2"-bipyridine ligand in DMF (0.5 mM)
at a scan rate of 100 mV/s.

Figure S22. Cyclic voltammogram of AuBr, salt mixed with 2,2"-bipyridine (black), the synthesized
complex [Au(bipy)(Br),]PF, (orange), and AuBr, salt (red) in DMF at a scan rate of 100 mV/s. The mixing
of AuBr, with bipyridine also shows the same reduction peak of [Au(bipy)(Br),]PF, (synthesized
separately) indicative of the formation same gold(lll) complex.
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Figure S23. Calculation of the onset potentials using tangent line intersection from the cyclic
voltammogram for gold(lll) complexes in DMF (0.25 mM) at a scan rate of 100 mV/s.

IRPD and Vis spectra

Figure S24. a) The experimental IR spectra of [Au(bipy)(C)]* measured by helium tagging
photodissociation spectroscopy and b) Theoretically predicted IR spectra of [Au(bipy)(Cl)]* calculated
by B3LYP-D3BJ/SDD, scaling factor: 0.98.
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Figure S25. a) The experimental IR spectra of [Au(bipy)(Cl),]* measured by helium tagging
photodissociation spectroscopy and b) Theoretically predicted IR spectra of [Au(bipy)(Cl),]* calculated
by B3LYP-D3BJ/SDD, scaling factor: 0.98.

Figure S26. Experimental IR spectra comparison of the [Au'(bipy)Cl]* and [Au"(bipy)Cl ]* with tentative
assignment of the vibration modes. Note: is a stretching vibration, __is an asymmetric stretching
vibration, is a general in-plane vibration, "is a rocking vibration and ¢ is a scissoring vibration.
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Figure S27. a) The experimental IR spectra of [Au(bipy)(Br)]* measured by helium tagging
photodissociation spectroscopy. b) Theoretically predicted IR spectra of [Au(bipy)(Br)]* calculated by
B3LYP-D3BJ/SDD, scaling factor: 0.98.

Figure S28. a) The experimental IR spectra of [Au(bipy)(Br),]* measured by helium tagging
photodissociation spectroscopy. b) Theoretically predicted IR spectra of [Au(bipy)(Br),]* calculated by
B3LYP-D3BJ/SDD, scaling factor: 0.98.
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Figure $29. a) The experimental IR spectra of [Au(terpy)(Cl),]* measured by helium tagging
photodissociation spectroscopy. b) Theoretically predicted IR spectra of [Au(terpy)(Cl),]* calculated by
B3LYP-D3BJ/SDD, scaling factor: 0.98. c) Theoretically predicted IR spectra of [Au(terpy)(Cl),]* calculated

by B3LYP-D3BJ/SDD, scaling factor: 0.98.

Figure S30. a) The experimental IR spectra of [Au(terpy)(Cl)]* measured by helium tagging
photodissociation spectroscopy. b) Theoretically predicted IR spectra of [Au(terpy)(Cl)]* calculated by
B3LYP-D3BJ/SDD, scaling factor: 0.98.
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Figure S31. a) The experimental IR spectra of [Au(terpy)(Cl)]** measured by helium tagging
photodissociation spectroscopy. b) Theoretically predicted IR spectra of [Au(terpy)(Cl)]1** calculated by
B3LYP-D3BJ/SDD, scaling factor: 0.98.

Figure S32. a) The experimental IR spectra of [Cu(bipy)(Cl)]* measured by helium tagging
photodissociation spectroscopy and b) Theoretically predicted IR spectra of [Cu(bipy)(Cl)]* calculated
by B3LYP-D3BJ/SDD, scaling factor: 0.98.

Figure S33. a) The experimental IR spectra of [Cu(bipy)(Br)]* measured by helium tagging
photodissociation spectroscopy and b) Theoretically predicted IR spectra of [Cu(bipy)(Br)]* calculated
by B3LYP-D3BJ/SDD, scaling factor: 0.98.
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Theoretical Details

Table S1. Overview of experimental and theoretical bond dissociation energies of [Au(Lig)(X) I
complexes (n=1or2).

Reaction BDE_ [kJ BDE,_[kJmol'] B3LYP-D3/6-311+G**SDD
mol”] on Au,Brand |
B3LYP-D3BJ/ B3LYP-D3/6- [Au"(bipy)(Cl),]* [rechts]
Def2VTZPP 311+G**Def2TZVPD  [Au"(bipy)(CD)]* + CI
on Au
213+1 215 246 226 [Au'(bipy)(CD)]* -
[Au'(bipy)]* + CI:
228 +2 235 266 246 [Au"(bipy)(Br),]* —
[Au"(bipy)(Br)]* + Br
169 £ 5 172 214 197 [Au'(bipy)(Br)]* —
[Au'(bipy)]* + Br
196 £ 4 203 247 231 [Au"(bipy)(I),I* =
[Au"(bipy)(D]* + I
12842 146 123 [Au"(bipy) (] —
[Au'(bipy)]* + I
178+2 197 230 [Au"(terpy)(Cl),]* >
[Au'(terpy)(Ch)]* + CI-
155+3 125 136 [Au"(terpy)(CD]* -
[Au'(terpy)]* + CI
26+1 224 232 [Au"(terpy)(Br),]" -
[Au'(terpy)(Br)]* + Br
108+6 86 114 [Au'(terpy)(B)]* -
[Aul(terpy)]* + Br
191 £1 188 209

Method calibration for electronic spectra

In here, we tested performance of several functionals, ab initio methods, different
basis sets, ECPs, role of the optimized structure, and spin-orbit effects in the
calculations of electronic spectra of studied systems. Optimized structure is an
important factor here. For example, the calculated A(a,) in [Au(bipy)(Br)]* covers
a relatively broad range of wavelengths, 639723 nm (1.721.94 eV) depending on
the method used for the geometry optimization. The expected dependence on
DFT is mild. The tested functionals (B3LYP, CAM-B3LYP, PBEO, wB97DX) predict
results from 440 nm to 464 nm (2.672.82 eV; Table S2) for A(a,) in [Au(bipy)(Br)]".
The aug-cc-pVTZ quality basis sets with the corresponding pseudopotentials
(PP) provide results that converge within a few nm (Table S3) and are affordable
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for studied systems. Inclusion of scalar relativistic effects via ECP (effective core

pseudopotential) is a necessity for Au atom but has only marginal effect for Br atom

(Table S2). Using ECP on Cu atom may to lead to larger deviations and

problems,

Table S3. The effect of spin-orbit (SO) coupling can be relatively large, several tens

of nm, Tables S2 and S5. For the qualitative analysis in the main text, w

e decided

to use PBEO/def2TZVPP/PP(Au) for geometry and CAM-B3LYP/aug-cc-pVTZ/Au(PP)

for excitation energies.

Table S2. Comparison of theoretical and experimental excitation bands for [Au(bipy)(Br)]*:

Geometry Functional Basis set and ECP Ab,)/nm AMa,)/nm
B3LYP/6-311+G**/SDD(Au) B3LYP aug-cc-pVTZ/PP(Au,Br) 530 713
B3LYP/6-311+G**/SDD(Au,Br) aug-cc-pVTZ/PP(Au,Br) 558 723
TPSS/def2-TZVP/PP(Au) aug-cc-pVTZ/PP(Au,Br) 497 667
PBEO/def2-TZVPP/PP(Au) aug-cc-pVTZ/SDD(Au,Br) 475 639
6-311+G*/SDD(Au, Br) 476 647
aug-cc-pVTZ/PP(Au,Br) 480 638
B3LYP aug-cc-pVTZ/PP(Au) 477 637
CAM-B3LYP aug-cc-pVTZ/PP(Au) 495 664
PBEO aug-cc-pVTZ/PP(Au) 482 638
wB79xD aug-cc-pVTZ/PP(Au) 500 672
CAM-B3LYP  ZORA/TZP 479 634
CAM-B3LYP ~ SO-ZORA/TZP 434 621
TPSS/def2-TZVP/Au(PP) ADC(2) def2-TZVP 554 713
TPSS/def2-TZVP/Au(PP) cc2 def2-TZVP 510 646
Experiment 494 663
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Table S3. Comparison of theoretical and experimental excitation bands for [Cu(bipy)(CI)]*.

Geometry Functional Basis set and ECP Ab,)/nm Ma,)/nm
B3LYP/6-311G** B3LYP aug-cc-pVTZ 484 681
PBEO/def2-TZVPP auc-cc-pVTZ 464 658
6-311+G** 487 697
auc-cc-pVTZ 464 658
aug-cc-pVQZz 464 654
aug-cc-pVTZ/SDD(Cu) 333 409
PBEO/def2-TZVPP B3LYP aug-cc-pVTZ/PP(Cu) 435 654
CAM-B3LYP aug-cc-pVTZ/PP(Cu) 413 674
CAM-B3LYP aug-cc-pVTZ 455 684
PBEO aug-cc-pVTZ 443 686
wB79XD aug-cc-pVTZ 440 692
TPSS/def2TZVP ADC(2) def2-TZVP 556 898
TPSS/def2TZVP cc2 def2-TZVP 558 617
Experiment <450 -

Table S4. Comparison of theoretical and experimental excitation bands for [Cu(bipy)(Br)]*.

Geometry Functional Basis set and ECP Ab,)/nm AMa,)/nm
B3LYP/6-311G** B3LYP aug-cc-pVTZ
B3LYP/6-311G**/ aug-cc-pVTZ
SDD(Cu)
PBEO/def2-TZVPP auc-cc-pVTZ 532 680
PBEO/def2-TZVPP 6-311+G**
auc-cc-pVTZ
aug-cc-pvVQZz 532 669
aug-cc-pVTZ/SDD(Cu) 413 1095
B3LYP aug-cc-pVTZ/PP(Cu)
CAM-B3LYP aug-cc-pVTZ/PP(Cu) 497 691
CAM-B3LYP aug-cc-pVTZ 545 694
PBEO aug-cc-pVTZ 520 699
wB79XD aug-cc-pVTZ 534 699
MO06-2X aug-cc-pVTZ/PP(Au) 368 991
TPSS/def2-TZVP ADC(2) def2-TZVP 785 968
TPSS/def2-TZVP cc2 def2-TZVP 681 1097
Experiment 544 673
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Table S5. Comparison of theoretical and experimental excitation bands for [Au(bipy)(Cl)]* using the
C, structure.

Structure Functional Basis set and ECP Ala)/nm Ald)/nm
B3LYP/6-311+G**/SDD(Au)  B3LYP aug-cc-pVTZ/PP(Au) 515 750
PBEO/def2-TZVPP/PP(Au) aug-cc-pVTZ/PP(Au) 457 693
6311+G**/SDD(Au) 472 717
aug-cc-pVTZ/SDD(Au) 464 705
B3LYP aug-cc-pVTZ/PP(Au) 457 693
CAM-B3LYP aug-cc-pVTZ/PP(Au) 469 665
PBEO aug-cc-pVTZ/PP(Au) 451 677
wB97DX aug-cc-pVTZ/PP(Au) 469 674
MO06-2X aug-cc-pVTZ/PP(Au) 485 767
CAM-B3LYP ZORA/TZP 464 708
CAM-B3LYP SO-ZORA/TZP 408 646
TPSS/def2-TZVP/Au(PP) ADC(2) def2-TZVP 461 697
TPSS/def2-TZVP/Au(PP) cc2 def2-TZVP 440 633
Experiment - 637

Table S6. Dependence of electronic energy and calculated excitation energies (intensities in
parenthesis) on N-Au-Br in-plane bending in [Au(bipy)(Br)]*.

N-Au-Br(deg) E(kJ/mol) A (a”)/nm A (a)/nm

147 0 664(0.0001)
137 0.04 514(0.1468) 706(0.0047)
127 0.63 512(0.0707) 754(0.0194)

117 221 508(0.0320) 809(0.0200)
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Figure S34. Profiles of (a) the spin density and (b) the Laplacian of the spin density on the plane of the
[Au(bipy)(Cl)]* complex. (c) The isosurfaces of (c) the spin density at 0.01 and (d) the Laplacian of the
spin density at -0.05 au. Positive and negative values are presented by blue and red in all maps.
Negative values in the Laplacian plots denote regions in with spin density is more concentrated.
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Figure S35. Profiles of (a) the spin density and (b) the Laplacian of the spin density on the plane of
the [Au(bipy)(Br)]* complex. (c) The isosurfaces of (c) the spin density at 0.01 and (d) the Laplacian of
the spin density at -0.05 au. Positive and negative values are presented by blue and red in all maps.
Negative values in the Laplacian plots denote regions in with spin density is more concentrated.
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Figure S36. Profiles of (a) the spin density and (b) the Laplacian of the spin density on the plane of the
[Au(bipy)()]* complex. (c) The isosurfaces of (c) the spin density at 0.01 and (d) the Laplacian of the
spin density at -0.05 au. Positive and negative values are presented by blue and red in all maps.
Negative values in the Laplacian plots denote regions in with spin density is more concentrated.
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This chapter investigates the interactions of copper(l), silver(l), and gold(l) metals
with m-ligands, emphasizing on the o-bonding and n-back-bonding mechanisms.
We investigated these interactions using bidentate ancillary ligands with electron
donating and withdrawing substituents. The m-ligands span from ethylene to larger
terminal and internal alkenes and alkynes. By means of X-ray crystallography, NMR,
and IR spectroscopy and gas phase experiments, we show that the binding energies
increase in the order Ag < Cu < Au and the binding energies are slightly higher
for alkynes than for alkenes. By modulating the electron density at the metal using
substituents on the ancillary ligands, we show that the m-back bonding interaction
plays a dominant role for the binding in the copper and gold complexes.
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Introduction

Coinage metals (Cu, Ag, and Au) play critical roles in the chemical transformations
of small unsaturated hydrocarbons such as olefins and alkynes." For example,
copper(l) salts and complexes are often employed as catalysts in azide-alkyne
cycloadditions,? cyclopropanation of alkenes,®* and cyclopropenation of alkynes.*
Copper(l) salts supported by alumina are also involved in the oxychlorination of
ethylene. Silver(l) is used industrially for the epoxidation of ethylene to ethylene
oxide,® and also has found use in numerous alkyne transformations.” Likewise,
gold catalyzes the hydrochlorination of acetylene to give vinyl chloride,® another
industrially important chemical, and many processes involving various alkenes and
alkynes.? Recently, Hashmi reported a bimetallic gold/silver catalyzed alkynylation
of cyclopropenes.®

Polydentate ligands comprised of N-containing heterocycles have had a
longstanding use in stabilizing isolable coinage metal complexes of small

hydrocarbon molecules.’ Poly(pyrazolyl)borates are particularly attractive in
this regard due to their high degree of steric and electronic tunability through
variations of substituents on the pyrazolyl moieties. The tris(pyrazolyl)borate
[HB(3,5-(CH,),Pz),ICu(CH,) (1) is the first structurally authenticated copper-ethylene
complex.’”® The highly fluorinated tris(pyrazolyl)borate ligand analog [HB(3,5-
(CF3)2Pz)3]’ enabled the isolation of [HB(3,5-(CF3)2Pz)3]M(C2H4) (M =Cu(2),Ag (3), Au
(4)), which represents the first complete series of structurally characterized coinage
metal (group 11) ethylene complexes."" The silver(l) adduct [HB(3,5-(CF,),Pz).]
Ag(C,H,) is a rare isolable complex featuring a silver-acetylene bond."® [HB(3,5-
(CF,),Pz),ICu(C,H,) (2) has been utilized in ethylene sensing applications,'> while the
bis(pyrazolyl)borate analog [H,B(3,5-(CF,)Pz),]ICu is a very effective material for the
separation of ethylene from ethane.” Furthermore, bis- and tris-(pyrazolyl)borate
copper complexes [H,B(3,5-(CF,),Pz) JCuNCMe and [HB(3,5-(CF,),Pz),JCuNCMe are
excellent catalysts for the cyclopropenation of alkynes,* while [Ph,B(3-(CF,),Pz),]
Cu(CH,) mediates alkene cyclopropanation chemistry.”* The copper complexes
such as [HB(3,5-(CH,),Pz).1Cu(CH,) with non-fluorinated tris(pyrazolyl)borate ligand
(Figure 1) supports are also proven to be good catalysts for the cyclopropanation of
alkenes, cyclopropenation of alkynes, and aziridination of alkenes.™
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Figure 1. Tris(pyrazolyl)borate coinage metal complexes of ethylene (1-4), and bis(pyrazolyl) borate
(5) and bis(pyrazolyl)methane (6) supporting ligands.

In contrast to the anionic, poly(pyrazolyl)borates (e.g. [HB(3,5-(CH,),Pz).I", [H,B(3,5-
(CH,),P2),I" (5)), the closely related neutral poly(pyrazolyl)methanes (e.g., HC(3,5-
(CH,),Pz),,H,C(3,5-(CH,),Pz), (6)) have been less thoroughly explored.’“'®To date, very
few bis(pyrazolyl)methane supported olefin complexes have been reported, despite
having a similar degree of tunability to their anionic counterparts. For example, in
2006, Pampaloni and coworkers prepared the electron-rich bis(pyrazolyl)methane
(H,C(3,5-(CH,),Pz), (5)) supported copper(l) complexes of cyclooctene, norbornene,
and p-vinyl anisole.”” The following year the same group prepared electron poor
bis(pyrazolyl)methane (HZC(3,5-(CF3)2PZ)2) and HZC(3-CF3Pz)2) copper(l) and silver(l)
complexes of cyclooctene.”® However, only [H,C(3,5-(CH,),Pz),Cu(cyclooctene)]
[OTf] was characterized using X-ray crystallography. Recently, Sumby and Doonan
prepared Mn(ll) based MOF using bis[4-carboxyphenyl-(3,5-dimethylpyrazol-
1-yl)lmethane to trap and characterize copper(l) complexes of CO, ethylene,
norbornadiene (NBD) and phenyl acetylene.” They also managed to obtained
X-ray structural data of the copper ethylene complex, MnMOF-1-[Cu(C,H,)IIBF ],
and the related NBD and phenyl acetylene adducts. Other reported copper and
silver complexes of bis(pyrazolyl)methane are typically the homoleptic compounds
with two bis(pyrazolyl)methane ligands on metals'®* or dimers'’'®2' which feature
bridging bis(pyrazolyl)methane ligands. In addition, there are also quite a few
computational studies involving coinage metal complexes of alkenes and alkynes.??
Overall, isolable and structurally authenticated molecules of copper, silver and gold
alkenes and alkynes supported by bis(pyrazolyl)methane ligands are quite rare as
evident from the above account.



Binding interactions in copper, silver, and gold m-complexes | 207
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Figure 2. Metal complexes (M = Cu, Ag, Au) with ligands L, (H,C(3,5-(CH,),P2),. 6), L, (H,C(3-(CF))Pz),),
and L, (H,C(3,5-(CF,),Pz),). The n-ligands were various alkenes (ethylene displayed here) and alkynes.

Furthermore, despite the importance of coinage metals in alkene and alkyne
chemistry, there is little experimental evidence on how changing the nature
of the ancillary ligand on coinage metal ions and substituents on alkenes and
alkynes effect the binding energies of the two components. Previously, we have
investigated binding energies of unsaturated hydrocarbons to phosphinogold(l)
and phospinosilver(l) ions.?®> The binding energies to alkenes and alkynes were in
the range of 1.8 - 1.9 eV for [Au(PMe,)(ri-ligand)]* and in the range of 1.6 - 1.8 for
[Au(PPh,)(r-ligand)]*.** In general, the binding energies were always about 0.1 eV

higher for alkynes than for alkenes. In the silver complexes [Ag(PPh3)(n-Iigand)]*,
the binding energies dropped to the 1.3- 1.6 eV range.

In this work, we present results from a systematic study on synthesis, structures, and
binding energies involving coinage metal ions and alkenes and alkynes supported
by bis(pyrazolyl)methanes. This includes the first X-ray structural data and detailed
study of isoleptic, {[H,C(3,5-(CH,),Pz) IM(C,H,)}* series involving the coinage metals,
M = Cu, Ag, Au. We also probed the effects of supporting ligand fluorination (and
therefore the donor features) on the chemistry of such species. Being a neutral
ligand, bis(pyrazolyl)methanes make it an ideal platform for performing mass
spectrometric studies to investigate these effects since the complexes of M(l)
supported by such ligands are cationic species.

Results

Synthesis and spectroscopic data of alkene and alkyne complexes.

The first part of this work involves the isolation of [LM(m-ligand)]* complexes where
L represents bidentate, bis(pyrazolyl)methane ligand scaffolds and M was copper,
silver, and gold (Figure 2). The properties, spectroscopic, and structural studies of
such species were the focus. For this purpose, ethylene complexes [L,M(C,H,)I[SbF ]
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(M = Cu (7), Ag (8), Au (9)) as well as [L,Cu(C,H)IISbF,] (10) and [L,Ag(C,H)I[SbF ]
(11) were prepared successfully by first generating the tris(ethylene) copper(l),
silver(l), or gold(l) hexafluoroantimonate complex in situ,” followed by addition
of L orlL, (Scheme 1). The ethylene gas evolution was observed upon addition of
the bis(pyrazolyl)methane ancillary ligand. Special care was taken to slowly add
a dichloromethane solution of the ancillary ligand during the synthesis of 7-11,
to prevent the homoleptic bis-ligand complex (L), MI[SbF 1) formation with the
loss of bound olefin. Removing solvent under reduced pressure would also result
in olefin liberation, also resulting in the aforementioned [(L),MI[SbF,]. Solvent
was removed by a slow stream of ethylene to obtain the desired Cu(l), Ag(l), and
Au(l) ethylene complexes 7-11 as colorless crystalline solids. As solids, these
compounds are stable under vacuum at room temperature for short periods of
time. However, prolonged exposure to reduced pressure will lead to the loss of the
coordinated olefins.

M(C2H4)3][SbFé] N\

N
|
N

z—Z

-2 CyH,

M
L

[L1M(C2H4)][SbF¢]
M = Cu (7), Ag (8), Au (9)

é " E\\ M(C2Hy)sSbF ) ¢
Y
L

Ly =
[L3M(C2H4)I[SbF6]
M = Cu (10), Ag (11)

z—Z

Scheme 1. Synthesis of Cu(l), Ag(l) and Au(l) ethylene complexes supported by ligands L, (H,C(3,5
(CH,),P2),), L, (H,C(3-(CF,)Pz),) and L, (H,C(3,5-(CF,),P2),).

The 1-pentene complex [L,Cu(1 -pentene)][SbFG] (12) was also obtained via a similar
route® using an in-situ generated Cu[SbF] sample in the presence of excess
1-pentene followed by the addition of L, (Scheme 2). The [L,Cu(1-pentyne)][SbF,]
(13) was synthesized by generating the ethylene complex 7 in situ, followed by the
addition of excess alkyne (Scheme 2). The related 2-pentyne complex of copper(l)
was prepared via an analogous method to that of 13. Attempts to prepare these
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copper(l) alkyne complexes using the route utilized for 12 and alkynes instead
of alkenes were unsuccessful. The solid products of 12 and 13 were obtained by
removing the solvent using a nitrogen stream rather than reduced pressure to
prevent ni-ligand dissociation.

PN Cu[SbF
72 0 N TN
=N N= 1 -pentene N\

L
C3H7
[L1Cu(1-pentene)][SbFg] (12)
1-pentyne
H
JONTNT, T CoHy TG
/N\ /N\ [L41Cu(1-pentyne)][SbFg] (13)
C|u 2- pentyne
[L4CU(CoH4)IISbFe] (7) -CzH4 ?IZ‘ §

HsC— = CyH;
[L1Cu(2-pentyne)][SbF¢]

Scheme 2. Synthesis of pentene and pentyne complexes of copper(l) supported by ligands
L, (H,C(3,5-(CH,),Pz2).,).

These complexes were characterized by several analytical techniques including
'H and *C NMR spectroscopy. The key NMR spectroscopic features of olefinic and
alkyne moieties bound to the coinage metal ions are summarized in Table 1. In
comparison to the free ethylene, the 'H and '*C NMR spectra of copper(l) complex
7 show coordination induced upfield shifts of 0.92 ppm and 35.6 ppm for the
ethylene protons and carbons, respectively, while the analogous silver(l) complex
8 shows a 0.18 ppm downfield shift of the ethylene proton signals and a 11.6 ppm
upfield shift of the carbon resonance (Table 1). The gold(l) complex 9 displayed a
noticeably large upfield shift of the ethylene proton and carbon signals (1.70 ppm



210 | Chapter 6

("H) and 66.3 ppm (3C)). The N,N"-bis(8-(3,5-dichlorophenyl)-1-naphthyl)butane-2,3-
diimine (Nap’,Diimine) ligand supported, cationic coinage metal mono-ethylene
adducts, [(Nap’,Diimine)M(C,H,)I[SbF,] reported by Daugulis and co-workers®”’
provide a good comparison, and show their ethylene ™C shifts at & 88.0, 105.4,
and 65.4 ppm for M = Cu, Ag and Au, respectively. The group trends are consistent
between 7-9 and [(Nap’,Diimine)M(C,H,)I[SbF,], as well as with neutral coinage
metal ethylene complexes supported by tris(pyrazolyl)borate ligands including the
[PhB(3-(C,F,)Pz) . IM(C,H,) series (i.e., the gold and silver complexes displaying the
highest and lowest upfield ethylene carbon shifts, respectively, as a result of metal
ion coordination).'@'? The relative magnitude of the upfield shifts in ethylene
carbons due to coordination reflects the o-acceptor and m-donor abilities of the
coinage metal atom (e.g., d'°—=d'"s’ electron affinity of Cu(l), Ag(l) and Au(l) ions
are -7.72, -7.57 and -9.22 eV, respectively, and d'°—d°p' promotional energies of
Cu(l), Ag(l) and Au(l) ions are 8.25, 9.94 and 7.83 eV, respectively),” and the extent
of M-ethylene n-back bonding believed to exist in these molecules.?3°

Table 1. Selected peaks from 'H and '*C NMR for complexes 7-13 and the chemical shift (A8) from
corresponding free m-ligand (A6 = 6(metal complex) - &(free ligand)), L, = H,C(3,5-(CH,),P2),) and L, =
H,C(3,5-(CF,),Pz),. For comparison, free ethylene has chemical shifts of & 5.40 ('H) and 123.1 (*C) ppm
in CDCl,, 5.40 ('H) and 123.2 (*C) in CD,Cl,, and 5.38 ('H) and 123.5 (*C) in acetone-d.

,Cly,
compound 'HNMRH,C=CHR A8 (ppm) "CNMRH,C=CHR AS (ppm)
or HC=CR (ppm) or HC=CR (ppm)
[L,Cu(C,HIISbF ] (7) 4.48 -0.92 87.91 356
[L,Ag(C,H,)][SbF ] (8) 5.56' +0.18 111.9¢ 116
[L,Au(C,H)IISbF ] (9) 3.70" -1.70 56.9% -66.3
[L,Cu(CHIISbF, ] (10) 482 -0.56 93.4 -30.1
[L,Ag(C,H)IISbF ] (11) 5.78! +0.38 113.6% -9.6
[L,Cu(1-pentene)][SbF ] (12) 4.76, -0.21, 1194, -19.6,
4,711 -0.22 94.91 -19.5
[L,Cu(1-pentyne)][SbF ] (13) 4,620 +2.67 98.1, +13.6,+7.6
75.811

ICDCl,, P'CD,Cl, Yacetone-d,

2772

Compared to L, (HZC(3,5-(CH3)2PZ)2), the highly fluorinated L (HZC(3,5-(CF3)2PZ)2) is
a weaker donor and should make the metal sites supported by this ligand relatively
electron poor. The copper(l) and silver(l) ethylene complexes 10 and 11, indeed show
relatively smaller upfield shifts of the ethylene '3C signal due to metal ion coordination,
suggesting somewhat lower level of metal—ethylene backbonding relatively to the
related 7 and 8.25%3° The olefinic proton and carbon signals in 'H and '*C NMR spectra
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of the 1-pentene complex of copper 12 in acetone-d, also shows upfield shifts relative
to the corresponding signals of the free 1-pentene, indicating the existence of this
adduct in solution. In contrast to the M(olefin) complexes, the 1-pentyne complex 13
displayed large downfield shifts of 2.67 ppm ('H) and 13.6, 7.6 ppm (**C) in its spectra
for the HC= proton and alkyne carbons. The IR spectrum of 13 displayed bands at 1937
and 3199 cm?, which can be assigned to the C=C and =C-H stretch. These bands were
observed in the free 1-pentyne at 2120 and 3307 cm', respectively, and thus show red
shifts of 183 and 108 cm™, respectively.

The copper(l)-olefin complexes are moderately air stable, colorless solids, but
slowly oxidize to green, presumably copper(ll) decomposition products. However,
solutions of these olefin complexes are significantly more sensitive to air, and easily
produce dark green solutions. The copper(l) complexes of ethylene (7, 10) show
poor solubility, except in highly polar solvents such as acetone, tetrahydrofuran,
and methanol. Thus, we had to synthesize [L,Cu(C,H,)]* with a different counter
ion [n-BuBF,]" to obtain suitable crystals of [L,Cu(C,H)1[n-BuBF.] (14) for X-ray
crystallographic studies. The gold(l) ethylene complex 9 is somewhat light sensitive
and best kept in the dark under an ethylene atmosphere at -20 °C. In solution, we
observed partial loss of ethylene from 9 to produce [L,Au]* species. It is possible
to minimize this ethylene dissociation at lower temperatures. The silver and gold
complexes 8 and 9 dissociate and binds ethylene reversibly in solutions when
purged with nitrogen gas or ethylene gas as evident from the data from NMR
experiments. Remarkably, the 1-pentyne complex 13 was quite shelf stable, even
after 6 months of storage.

X-ray crystallographic study.

The copper, silver, and gold ethylene complexes, [L,Cu(CH,)I[n-BuBF.,] (14),
[L1Ag(C2H4)][SbF6] (8), and [L1Au(C2H4)][SbF6] (9) were isolated using weakly
coordinating hexafluoroantimonate and n-butyl trifluoroborate anions in
order to get a more accurate understanding of the metal-n-ligand interaction
between the coinage metal ion and ethylene without significant interference
from a coordinating anion. They were characterized by X-ray crystallography and
represent a rare, complete series of closely related cationic coinage metal-ethylene
complexes with structural data from group trend studies. The coinage metal mono-
ethylene adducts, [(Nap’,Diimine)Cu(C,H,)I[OTf], [(Nap’,Diimine)Ag(C,H,)I[BF,] and
[(Nap’,Diimine)Au(C,H,)I[SbF ] reported by Daugulis and co-workers,”” and the tris-
ethylene complexes [M(C2H4)3][SbFG]25 and [M(C,H,).ITAHOC(CF,).},] (M = Cu, Ag and
Au)*' represent the only other complete series of cationic coinage metal ethylene
complexes with X-ray structural data to our knowledge.
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Figure 3. Molecular structures of [L,Cu(C,H,)1[n-BuBF ] (14), [L,Ag(C,H)IISbF] (8), and [L,Au(C,H,)I
[SbF,] (9) (clockwise from top to bottom). Anions have been omitted for clarity. L, = H,C(3,5-
(CH)),Pz),(6)

Figure 3 depicts the molecular structures of the cationic moieties [L,M(C,H,)I*. They
are three-coordinate metal complexes with k*-bound HZC(3,5-(CH3)2PZ)2Iigands.The
ethylene coordinates to metal in a familiar n°>-fashion. The cyclic CN,M core adopts
a flattened boat conformation. Table 2 summarizes selected structural parameters.
The sum of angles about the metal center in 8, 9 and 14 is 360°, indicating the
trigonal-planer geometry at the metal site. One of the fluorine atoms of [n-BuBF.I
in [L,Cu(C,H,)1[n-BuBF,] (14) sits near Cu at 2.5825(10) A, which is within the van
der Waals contact separation of Cu and F atoms (3.84 A) but this interaction is not
significant to distort the planar geometry at copper. Furthermore, Cu(l) complexes
of terminal fluoride ligands usually have much shorter Cu-F distances, e.g., [(t-
Bu),phen]CuF (1.870(8) A),*? (PPh,),CuF (2.062(6) A).>*
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Table 2. Selected bond lengths and angles of bis(pyrazolyl)methane complexes of Cu, Ag and Au and
those of several related complexes for comparisons.

compound n-ligand C-M-C(°) N-M-N(°) M-N (A) C-M (A) Y anglesat M (°)

C=C (A) involving N and
centroid of C=C
[L,Cu(CH,I 1.361(2)  39.44(6) 94.45(4) 1.9885(11), 2.0153(13), 360
[n-BuBFS] (14) 1.9896(11) 2.0181(13)
[L,Ag(C,H)I 1.350(5)  34.96(12) 88.96(9) 2.223(2), 2.243(3), 360
[SbF,](8) 2.232(2) 2.253(3)
[L,Au(C,H)] 1.401(3)  39.04(10) 87.37(7) 2.1720(19), 2.098(2), 360
[SbFs] 9) 2.1733(18) 2.094(2)
[PhB(3-(C,F,) 1.354(7)  38.96(19) 93.76(13)  2.008(3), 2.027(4), 360
Pz),]Cu(C,H,)* 2.009(3) 2.033(4)
[PhB(3-(C,F,) 1.311(5)  33.38(14) 86.02(7) 2.279(2), 2.286(3), 360
Pz),JAg(C,H,)* 2.286(2) 2.279(3)
[PhB(3-(C2F5) 1.366(12) 38.0(3) 84.7(2) 2.213(6), 2.089(8), 360
P2),JAu(C,H ) 2216(6)  2.105(7)
[L3Ag(CZH4)] 1.340(4); 33.67(11); 86.44(6); 2.3306(18), 2.309(3), 359.7;
[SbF] (11)¥ 1.340(4) 33.69(11) 86.49(6) 2.3328(18); 2.319(3); 359.8
2.3330(18), 2.312(3),
2.3293(18) 2.313(3)
[L,Cu(1- 1.364(3)  39.14(8) 95.69(6) 1.9816(14), 2.0194(18), 359.0
pentene)] 1.9936(14) 2.0512(17)
[SbF ] (12)
[L1Cu(coe)] 1.362(3) 38.57(9) 94.57(9) 2.007(2), 2.072(2), 354,21
[OTf]'7 (15) 2.009(2) 2.050(2)
[L1Cu(1— 1.241(2)9  36.64(6) 91.93(5) 1.9787(11), 1.9540(14), 359.89
pentyne)] 1.9856(12) 1.9927(14)

[SbF ] (13)

two molecules in the asymmetric unit, ®'triflate counterion excluded in the calculation of sum of
angles, )C=C length, “involving centroid of C=C

The N-M-N and C-M-C planes are nearly coplanar with torsion angles of 1.85°, 5.67°,
and 2.12° for [L,M(C,H,)I* (M = Cu, Ag and Au, respectively), with the silver adduct
showing the largest twist perhaps suggesting the weakest M-ethylene m-back
bonding. The Cu-N<Au-N<Ag-N bond length follows the covalent radii, as silver is
bigger than both gold and copper.>* The M-C bond lengths also follow this trend,
and they compare well with the previously reported tris(pyrazolyl)borate ligand
supported coinage metal ethylene complexes'“''“?® and copper and silver dipyridyl
amine systems involving larger olefins.?® The ethylene C=C bond is longest for
[L,Au(C,H,)I*, followed by [L,Cu(C,H)I* and [L,Ag(C,H,)]* with bond lengths of
1.401(3), 1.361(2), and 1.350(5) A, respectively, but the difference in the latter
two numbers is not significant at the 30 limit of estimated standard deviations
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(for comparison, the C=C bond length for free gaseous ethylene is 1.3305(10)
A while the corresponding distance from X-ray data is 1.313 A).%* Apart from the
MOF complex MnMOF-1-[Cu(C,H,)IBF,,'* there are no structurally characterized
bis(pyrazolyl)methane adducts of Cu, Ag or Au with ethylene to our knowledge. The
M-N, M-C, and C=C bond lengths of [L,M(C,H,)]* are however, consistent with the
structural data on molecules supported by various other supporting ligands, which
suggests that gold interacts strongest with ethylene, followed by copper while
silver having the weakest interaction with ethylene.?-2837

Figure 4. Molecular structure of [L,Ag(C,H)I[SbF,] (11). The anion has been omitted for clarity.
L, =H,C(3,5-(CF,),Pz),

We have also managed to crystallize and characterize [L3Ag(C2H4)][SbF6] (11) that
has a highly fluorinated bis(pyrazolyl)methane supporting ligand, H,C(3,5-(CF,)_Pz),
using single crystal X-ray crystallography (Figure 4). Basic structural features are
similar between [L1Ag(C2H4)][SbF6] and [L3Ag(C2H4)][SbF6]. The [L3Ag(C2H4)][SbF6]
is also a three-coordinate, trigonal planar metal complex. The Ag-N and Ag-C
distances are significantly longer in the [L,Ag(C,H)I[SbF ] compared to those
of the [L1Ag(C2H4)][SbF6] pointing to the relatively weakly coordinating nature of
H,C(3,5-(CF,),Pz), in comparison to H,C(3,5-(CH,),Pz), (Table 2). This observation
is in agreement with the NMR data presented above for the two adducts (i.e.,
[L,Ag(C,H)IISbF,] and [L,Ag(C,H)IISbF,] display chemical shifts of 5.56 and
5.78 ppm in their 'H spectra and 111.9 and 113.6 ppm in their '*C spectra for the
ethylene moiety). However, the C=C distance is not significantly different between
the two complexes, which is not unusual,?>3 considering typically smaller changes
in the distances are often overshadowed by the relatively high estimated standard
deviations (esds) associated with the measurement, libration effects and anisotropy
of the electron density.
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Figure 5. Molecular structures of [L,Cu(1-pentene)][SbF ] (12, left) and [L ,Cu(1-pentyne)][SbF ] (13,
right). The anions were omitted for clarity. L,= H,C(3,5-(CH,),Pz),

We have also investigated the 1-pentene and 1-pentyne complexes, [L Cu(1-
pentene)][SbF ] (12) and [L,Cu(1-pentyne)l[SbF ] (13) using X-ray crystallography.
The molecular structures are illustrated in Figure 5. They are three-coordinate
metal complexes with k*-bound H,C(3,5-(CH,)Pz), ligands. Pentene and pentyne
coordinate to copper in the typical n*>fashion. The cyclic CN,Cu core in these
molecules adopts a flattened boat conformation. The N-M-N and C-M-C planes are
not strictly coplanar with torsion angles of 9.63° and 5.20° for [L,Cu(1-pentene)]
[SbF ] and [L,Cu(1-pentyne)][SbF ], respectively.

The C=C bond length of 1.364(3) A of [L,Cu(1-pentene)][SbF ] is similar to the
corresponding distance observed in the ethylene complex 14 (1.361(2) A). The
bending back angle between the CuC C, plane and the C,C.C, plane of 1-pentene
is 9.9° deviated from the idealized 90°, illustrating the effect of o/m-interaction
between the copper(l) to 1-pentene in 12. A copper(l)-cyclooctene complex,
[L,Cu(coe)][OTf]" (15) supported by L, is known, but this molecule features a short
TfO—Cu contact leading to a pseudo-tetrahedral copper site (Table 2). The Cu-C
and Cu-N distances of 15 are slightly longer than the corresponding distances
observed for 12.

The C=C bond length of [L,Cu(1-pentyne)l[SbF,] (1.241(2) R) is at the upper end
of the few reported three-coordinate, terminal copper(l) alkynes of the type
N,Cu(alkyne) in the literature.* The C=C-C bond angle of 160.85(14)° is typical* and
shows a significant deviation from linearity as a result of the copper-coordination.
For comparison, the neutral copper(l)-hexyne complex, [N{(C3F7)C(Dipp)N}2]
Cu(EtC=CEt) has C=C-C bond angles of 156.5(2)° and 156.3(2)°.*° Packing diagrams
of 8,9, 11-14 show contacts between some fluorine atoms of the anion and some
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hydrogen atoms of the cationic moieties, as well as between the Cu site and one of
the fluorines in compound 14.

Mass spectroscopic studies.

Next, we investigated bond dissociation energies in mass-selected cationic [LM(m-
ligand)]* complexes with L = L, L, and L, (Tables 3 - 5 and Figure 6). Despite
all efforts, it was impossible to generate gaseous complexes with ethylene or
acetylene. However, we could prepare a series of [L M(mr-ligand)]* complexes with
larger terminal and internal alkenes and alkynes. We were not able to generate all
complexes with the more electron-deficient ligands L, and L,, therefore we will
discuss the general trends for the complexes with the L, ligand first.
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Figure 6. The relation between the experimental BDEs of n-ligands in [L Ag(n-ligand)]* and [L,Au(n-
ligand)]*and those in [L Cu(n-ligand)]* (Table 3). L = H,C(3,5-(CH,),P2),

In the series of the metal complexes, the binding energies to the m ligands increase
going from the silver to the copper and finally to the gold complexes (Table 3). This
observation is consistent with the data from spectroscopic and structural studies
described above. The copper complex binds with a larger energy to the alkynes than
to the alkenes (see distribution along x-axis in Figure 6). Silver and gold complexes
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bind with a similar binding energy to alkenes and terminal alkynes (~1.2 eV in
[L,Ag(m-ligand)]*and ~1.9 eV in [L,Au(n-ligand)]*, see the color-highlighted stripes
in Figure 6). The internal alkynes have about 0.1 - 0.2 eV larger binding energies in
both, silver, and gold complexes (see the point above the color-highlighted stripes
in Figure 6). For all the investigated complexes, the symmetrical 3-hexyne has the
largest binding energy. Interestingly, Widenhoefer has also observed such unusual
binding involving 3-hexyne with phosphine supported gold (I).*' An easily isolable,
isoleptic series [N{(C,F,)C(Dipp)N}LIM(EtC=CEt) (M = Cu, Ag and Au) is also known
with 3-hexyne.*

Table 3. Bond dissociation energies of mi-ligands from [L,M(n-ligand)]*. L = H,C(3,5-(CH,),Pz),
n-Ligand [L,Cu(m-ligand)]* [L,Ag(n-ligand)]* [L,Au(n-ligand)]*
BDE, [eV] BDE, leVl BDE, [eV] BDE, [eV] BDE, [eV] BDE,  I[eV]

theor theor theor

1-Pentene 1.51+£0.02 1.40 1.21£0.01 1.16 1.94+£0.01 1.95
2-Pentene 146+0.01 133 1.20+£0.04 1.12 1.95+0.04 1.90
1-Pentyne 1.63+£0.02 148 1.21£0.03 1.16 1.92+£0.04 1.96
2-Pentyne 1.65+0.02 1.52 1.30+0.02 1.21 209+0.04 202
3-Hexyne 1.73+£0.03 1.58 1.36+£0.01 1.27 2.11+£0.04 2.09
Styrene 1.54+0.01 1.51 1.24+0.04 1.21 1.95+0.01 1.97
Phenylacetylene  1.67 +£0.01 1.54 1.23+£0.01 1.22 1.97£0.01 1.99
1-Phenylpropyne 1.66 +0.02 1.57 1.31+£0.02 1.27 209+0.01 205

We have further calculated the bond dissociation energies of the m-ligands in the
[L,M(r-ligand)]* complexes using DFT theory (B3LYP-D3/def2TZVPP). In a rough
approximation, the experimental data correlate well with the theory (see the solid
points in Figure 7 and their grouping around the dashed correlation lines). We find
the best agreement between the theoretical and experimental values of the gold
complexes. In the case of the silver and copper complexes, the values correlate
well, but the theoretical bonding energies are underestimated by about 0.05 eV
for the silver complexes and by about 0.1 eV for the copper complexes. However,
in a more detailed inspection of individual metal complexes series, the trend of the
BDEs of different m-ligands correlates well only for the copper complexes except
for the BDEs for styrene and 1-phenylpropyne (see Figure S3). The prediction of the
BDE trend in the silver (Figure S4) and gold complexes (Figure S5) is less precise.

Next, we have compared the binding energies in complexes with modified ligands
L, - L, (Figure 7, Tables 3 - 5). The electron deficient ligands could be expected to
promote a stronger o-bonding associated with the electron density transfer from
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the m-ligands to the metal centers but should have a weaker m-back bonding
interaction. The experiments show that the BDEs of the given m-ligands slightly
decreased when the ancillary ligand was more electron deficient (see the y-values
of the connected points in Figure 7; for details see Figures S6 — S8) pointing to the
importance of the m-back bonding. That trend is in agreement with the reported
DFT data on three-coordinate, gold tris(pyrazolyl)borate complexes.*> Note that
the formation of the complexes with the electron deficient ligands L, and L, was
difficult and therefore we couldn’t measure whole series of the complexes. The gold
complexes with L, were not formed at all.

Figure 7. The relation between theoretically calculated BDEs of m-ligands in copper, silver, and gold
complexes (green, black, and red, respectively) [L,M(rr-ligand)]* (solid circles), [L,M(rn-ligand)]* (open
squares), [L,M(r-ligand)]* (stars) (listed in Tables 3 - 5). The color-coded lines connect points
corresponding to the complexes with the same mi-ligand, but different L. L, = H,C(3,5-(CH,),P2),, L,=
H,C(3-(CF,)Pz), and L, = H,C(3,5-(CF,),P2),.

Table 4. Bond dissociation energies of n-ligands from [L ,M(rr-ligand)]*. L, = H,C(3-(CF,)Pz),

n-Ligand [L,Cu(n-ligand)]* [L,Ag(m-ligand)]* [L,Au(m-ligand)]*

BDE, [eV] BDE,  [eV] BDE_ [eV] BDE, [eV] BDE_ [eV] BDE,  I[eV]
1-Pentene 1.60 1.31+0.03 1.31 1.92+0.01 2.20
2-Pentene 1.54 1.29 £ 0.07 1.29 1.95+0.01 217
1-Pentyne  1.62+0.01 1.67 1.35+0.02 1.32 1.75+0.08 2.19

2-Pentyne 1.64 £0.01 1.69 1.41+£0.02 1.39 1.97 £0.03 2.27
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Table 5. Bond dissociation energies of n-ligands from [L,M(ri-ligand)]*. L, = H,C(3,5-(CF,),Pz),

n-Ligand [L,Cu(n-ligand)]* [L,Ag(n-ligand)]* [L,Au(n-ligand)]*

BDE_ [eV] BDE,  [eV] BDE_ [eV] BDE,  [eV] BDE_ [eV] BDE,  I[eV]
1-Pentene 1.50 1.65 1.26+0.02 1.36 2.24
2-Pentene 1.47 1.60 1.28+0.04 135 2.24
1-Pentyne 1.60£0.02 1.71 1.30 £0.01 1.37 2.19
2-Pentyne 1.62+£0.03 174 134+£0.04 143 2.30

lon spectroscopy

In order to confirm the trend of the binding energies, we have also measured IR
photodissociation spectra of selected gaseous complexes. The focus was on
complexes with 1-pentyne as they show a prominent C=C stretching vibration. The
spectral shifts of this vibration can also be related to the effect of the metal binding
on the C=C bond. The v of free 1-pentyne is 2120 cm™.** We have first compared
the C=C stretching vibrations in copper, silver, and gold complexes with the L,
ligand (Figure 8). In agreement with the predicted trend of binding energies, we
observed the smallest red shift for the silver complex (v = 2024 cm™), followed by
the copper complex (v, = 1947 cm™) and by the gold complex with the largest red
shift (Vo= 1862 cm™). The stretching frequency of the L, Cu(1-pentyne)* agreed well
with the isolated solid complex (v.. = 1937 cm™ in both the Raman and infrared).
The remaining part of the fingerprint spectra nicely correspond to the theoretically
predicted bands (see Figures S9 - S11).

Figure 8. Helium tagging photodissociation spectra of [L,Cu(1-pentyne)l*(top, green), [L ,Ag(1-
pentyne)l* (middle, grey), and[L Au(1-pentyne)]* (bottom, red). The fingerprint IR spectrum agrees
with the theoretically predicted spectra (Figures S9 - S11). L, = H,C(3,5-(CH,) P2),.
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Next, we investigated series of copper complexes with 1-pentyne and the ligands
L, L, and L, (Figure 9). The IR photodissociation spectra clearly show that the red
shift of the C=C stretching vibration is slightly smaller for the complexes with
electron deficient ligands (L,: 1947 cm™, L,: 1977 cm™, L,: 1980 cm). Similarly, we
could compare the IR spectra of silver complexes with L, and L, and the trend (L;:
2024 cm™, L,: 2035 cm™) again clearly showed a weaker interaction of the alkyne
with the complex bearing the electron deficient ligand L.. These spectroscopic
data thus fully support the experimental binding energies and show that the more
electron deficient ancillary ligands do not support a stronger interaction between
the coinage metals and the m-ligands.

Figure 9. Helium tagging photodissociation spectra of [L,Cu(1-pentyne)]*and [L,Cu(1-pentyne)]* (top
and middle, both green) and [L,Ag(1-pentyne)]* (bottom, grey). The fingerprint IR spectrum agrees
well with the theoretically predicted spectra (Figures S12 - S14). L, = H,C(3-(CF,)Pz), and
L,=H,C(3,5-(CF,),Pz)..

Discussion

We have reported a series of m-complexes with copper(l), silver(l), and gold(l) having
bidentate ancillary ligands. The binding energies of the n-ligands increase in the
complexes in the order of Ag < Cu < Au (Table 3). This trend correlates with the
increasing C-C bond distances of the m-bonds of the ligands in the corresponding
crystal structures (Table 2). In solution, the increasing binding energy correlates
with the increasing up-field NMR shifts of the carbon atoms of the coordinated
multiple bond as well as with the up-field NMR shifts of the hydrogen atoms
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attached to those carbon atoms (Table 1). The effect on the NMR shifts is almost
negligible for the silver complexes but increases for the copper- and even more for
the gold complexes. These results suggest that the binding between the coinage
metals Cu'and Au' and the ni-ligands leads to an increase of electron density at the
n-bond and thus is dominantly mediated by m-back bonding in these complexes.
This finding is in agreement with recent computational analysis of three-coordinate
coinage metal complexes bearing nitrogen-based supporting ligands.'#4>44
Interestingly, the computational data of the coinage metal ethylene and acetylene
complexes without supporting ligands predict the presence of more dominant
o-bonding interaction over n-back bonding.*

The importance of the m-back bonding for the interactions in the reported
complexes is further highlighted by a neutral- or a negative effect of electron-
withdrawing substituents at the ancillary ligands on the binding energies between
the metals and n-ligands. The electron-withdrawing substitution at the ancillary
ligands decreases electron density at the metals. Therefore, it should support

o-bonding interaction between the n-ligands and the metals but should weaken the
ni-back bonding. The experimental data show that upon the reducing of the electron
density at the metal, the binding energies slightly grow for silver complexes, stay
about the same for copper complexes and decrease for the gold complexes. The
trend suggests that the role of the m-back bonding grows in the series Ag < Cu < Au
and is probably the dominating interaction for the gold m-complexes.*?

Finally, a comparison of the experimental BDE data with non-relativistic DFT
calculations presented above (Figure 7) shows that DFT does not correctly describe
the effects of electron-withdrawing substituents at the ancillary ligands on metal-
ni-ligand moiety. This is probably due to an insufficient description of the m-back
bonding at the nonrelativistic level.* Accordingly, the agreement for the gold
complexes is the worst. The relativistic effects destabilize the 5d electrons that are
therefore high in energy and thus can more efficiently participate in the binding
interactions with m ligands.“® If this relativistic effect is insufficiently included
in the calculations, the participation of the d-electrons in the binding will be
underestimated leading to a wrong description of the m-back bonding.

Conclusions

The bis(pyrazolyl)methane ligands enabled a detailed investigation of coinage
metal alkene and alkyne complexes including the solid state structural data on a
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rare isoleptic series [L M(C,H,)]* (M = Cu, Ag, Au). The interaction between these
transition metals and m-ligands is a combination of o bonding and n-back bonding.
Consistent with NMR spectroscopic and X-ray structural data, and in agreement
with previous studies, this shows that the binding energies of m-ligands in the
coinage metal complexes increase in the series Ag < Cu < Au.¥ It is often believed
that the o bonding contribution for the d'® coinage metal complexes prevails over
the m-back bonding contribution. However, the experimental trend of binding
energies and geometry parameters does not support this hypothesis. On contrary,
the m-ligand binding energies for copper and gold complexes decrease with the
electron withdrawing substitution on the ancillary ligands. This suggest that the
m-back bonding interaction play a significant role in this type of complexes, even
though they are cationic, closed-shell d'® metal systems.
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Appendices

For detailed supplementary information: Mehara, J.; Watson, B. T.; Noonikara-Poyil,

A.; Zacharias, A. O.; Roithova, J.; Rasika Dias, H. V. Binding Interactions in Copper,
Silver and Gold MN-Complexes. Chem. — A Eur. J. 2022, 28 (13).

It can be accessed via https://doi.org/10.34973/pdan-6826 upon request of the
promotor or the IMM data steward.

Experimental details of mass spectrometric studies:

The experiments were performed on either Thermo Scientific LTQ XL linear trap or
Finnigan LCQ Deca XP mass spectrometer equipped with an electrospray ionization
(ESI) source.?® General conditions were as follows: sheath gas 5-30 arbitrary unit,
auxiliary gas 0-5 arbitrary unit, capillary temperature 150-200 °C, spray voltage 2-5
kV, capillary voltage 0-20 V and tube lens 0-40 V.

The [LM]* ions were generated from the 1 mM stock solution in DCM where L
was either L, L, or L, while M was either Cu, Ag or Au. For TmM metal DCM stock
solutions, Cu(ACN),PF, or CuCl/AgPF was the copper source, while AgPF_or AgSbF,
served as the silver source, and AuCl/AgPF6 was used as the gold source. In the
case of CuCl/AgPF6 and AuCl/AgPF6, the precipitated AgCl was filtered through a
0.22 pm filter (13mm Syringe Filter, Nylon 66) to prepare a stock solution. For the
generation of [LM(m-ligand)]*, to 1 ml of TmM alkene or alkyne stock solution in
DCM, 100 pM the Cu/Ag/Au stock solution was added, followed by the addition
of 50 uM of L /L,/L, ligand stock solution. In some cases, especially for ligand L,
cooling to -10 °C helped to generate the desired [LM(m-ligand)]*. In many cases
where the [LM(m-ligand)]* complex in solution was not easily formed, we used the
ni-ligand as an auxiliary gas using nitrogen overpressure to generate the desired
[LM(m-ligand)]* complex in the gas phase.

The energy-resolved collision-induced dissociation (CID) experiments were
performed on LCQ Deca mass spectrometer with an ESI source. The collision
energies in the LCQ ion trap was calibrated based on the measurements of
dissociation energies of series of benzylpyridinium and benzhydrylpyridinium
thermometer ions from the Armentrout group using Schroder’s method.>>*” Each
complex was measured for 2-4 times on different days to calculate the standard
deviation. The Calibration and CID experiments were carried under the ion gauge
pressure of 0.7 to 1.98 X 10e~ Torr, activation Q of 0.25 and activation time of 30 ms.
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Helium tagging photodissociation method was used to measure the IR spectra of
the mass selected [LM(n-ligand)]* complexes on the ISORI instrument equipped
with ESI source.®® The ISORI instrument features a wire quadrupole trap operated
at 3 K, trapped ions are cooled down because of the helium buffer gas. These
cooled ions then attach a helium atom, the helium complexes on irradiation with
the IR laser undergo helium detachment and the IR spectra is constructed as (1 —
Ni/NiO), where N, and N, are numbers of helium complexes with and without laser
irradiation.* For irradiation OPO/OPA system from LaserVision was used.

Theoretical details

Geometrical structures were minimized at B3LYP-D3/def2TZVPP®% |evel using
Gaussian 16 code.®* Theoretically predicted IR spectra and the bond dissociation
energies of the [LM(m-ligand)]* complexes were calculated by B3LYP-D3/def2TZVPP
level on all atoms except for metals i.e., def2TZVPPD®¢* was used for Cu®%¢, Ag®3©°
and AU.63’65’66



Binding interactions in copper, silver, and gold m-complexes | 231

Results of mass spectrometric studies

N

L
N*
L

Figure S1. Calibration of the ion trap instrument using the thermometer ions (appearance energy i.e.
AE for a set of thermometer ions is plotted against the known bond dissociation energy)



232 | Chapter 6

311.33
100 - .
(a) 8 [L4Ad]
g
S
§ [L,Ag(Pent-2-yne)]*
I 50+ 378.93
) +
-é [(L4),Ad]
RS 515.07
[0)
Q: 0 l| T L IR A | T 8 T l 1
200 250 300 350 400 450 500 550
m/z
378.67
(b) 81 00+ [L,Ag(Pent-2-yne)]*
3
S
S [L,Agl
Q 1Ag
< 50 311.03
2 L
kS,
()
® 5
100 150 200 250 300 350 400 450 500
m/z
(©) 100 (Ly)Ag(2-Pentyne)]” [(L)Ag]"
BDE = 1.292 eV
8
&
S
I~
S
50
2
kS
[0)
'
. . Rest
O 1 T = I T T T 1
0.5 1.0 1.5 3.0 3.5 4.0

2.0 2.5
Collision Energy [eV]

Figure S2. Determination of the experimental BDE of [L Ag(2-pentyne)]*. (a) ESI-MS spectrum of
dichloromethane solution of AgPF, L, and pent-2-yne, (b) CID spectrum of mass-selected ion m/z
379 [L,Ag(2-pentyne)]* and (c) Energy resolved CID spectrum of m/z 379 [L Ag(2-pentyne)]* and the
extrapolation of the fragmentation onset to determine the bond dissociation energy.

Similarly, for all the other complexes, the BDE was calculated.
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Figure S3. The correlation between the theoretically calculated and the experimental BDEs of [L,Cu(-
ligand)]* listed in Table 3. The red points were not taken into the linear fit.
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ligand)]*listed in Table 3.
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Figure S9. (a) The experimental IR spectra of [L,Cu(1-pentyne)]* measured by helium tagging
photodissociation spectroscopy and (b) Theoretically predicted IR spectra of [L Cu(1-pentyne)]*
calculated by B3LYP-D3/def2TZVPP (def2TZVPPD on Cu), scaling factor: 0.98.
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Figure S10. (a) The experimental IR spectra of [L Ag(1-pentyne)]* measured by helium tagging
photodissociation spectroscopy and (b) Theoretically predicted IR spectra of [L Ag(1-pentyne)]*
calculated by B3LYP-D3/def2TZVPP (def2TZVPPD on Ag), scaling factor: 0.98.
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Figure S11. (a) The experimental IR spectra of [L,Au(1-pentyne)l" measured by helium tagging
photodissociation spectroscopy and (b) Theoretically predicted IR spectra of [L Au(1-pentyne)]*
calculated by B3LYP-D3/def2TZVPP (def2TZVPPD on Au), scaling factor: 0.98.
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photodissociation spectroscopy and (b) Theoretically predicted IR spectra of [L,Cu(1-pentyne)l*
calculated by B3LYP-D3/def2TZVPP (def2TZVPPD on Cu), No scaling performed.
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Figure S13. (a) The experimental IR spectra of [L,Cu(1-pentyne)]* measured by helium tagging
photodissociation spectroscopy and (b) Theoretically predicted IR spectra of [L,Cu(1-pentyne)]*
calculated by B3LYP-D3/def2TZVPP (def2TZVPPD on Cu), No scaling performed.
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Chapter 7

Copper(ll)-TEMPO interaction

The work in this chapter is published: Mehara, J.; Roithova, J. Copper(ll)-TEMPO
Interaction. Isr. J. Chem. 2023, 63 (7-8).
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Copper(ll) complexes with N-oxyl reactants such as TEMPO can selectively oxidize
alcohols to aldehydes or ketones. The proposed copper intermediates of the
oxidation reaction were extensively theoretically studied, but they were never
experimentally detected. Here, we present an analysis of “frozen” intermediates
that contain alcohols without a-hydrogen atoms, thus preventing oxidation. The
copper(ll)-TEMPO complexes with a bipyridine-type ancillary ligand were isolated
by electrospray ionization mass spectrometry and investigated spectroscopically
by cryogenic photodissociation spectroscopy. The vibrational characteristics
of the complexes suggest that TEMPO retains its unpaired electron even upon
coordination with copper(ll). In agreement, the electronic spectra of the TEMPO-
copper(ll) complexes show a characteristic band for gaseous copper(ll) complexes.
These results contradict some of the previous density functional theory (DFT)
analyses of the possible reaction intermediates. The experimental data were
confronted with theoretical results obtained by pure DFT (OPBE, TPSS) and
hybrid DFT (TPSSH, B3LYP) calculations. The methods favor different ground
states and capture various aspects of the experimental results, demonstrating a
multiconfigurational character of the copper(ll)-TEMPO complexes.
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Introduction

Copper complexes are used in many catalytic oxidation reactions.'* Typical oxidation
reactions are 2-electron processes.® Therefore, the mechanistic proposals either
involve the Cu"/Cu' transition or the Cu",/Cu', dimer transition.®” Alternatively, copper
catalysts can act together with redox-active ligands, each accepting one electron.®
A prominent example of this reaction strategy is the method developed for alcohol
oxidation by Stahl et al.? The catalytic system relies on using copper(ll) complex with
N-based ligands in combination with TEMPO (TEMPO = (2,2,6,6-Tetramethylpiperidin-
1-yl)oxyl, Scheme 1a).""" The proposed intermediate corresponds to the copper(ll)
complex bound to an alcoholate and TEMPO (X in Scheme 1a)."? The electron
configuration of this elusive intermediate has been a subject of discussion.’™'8

a) ?
L,Cul'OH* + N OH (
n +
X D
7.0 o /Cu\ H
207 EH J\ + H,0 Z |N O-N
b) //CUl(Ln) /,Cu”(l-n) B /CUIH(Ln)
/O\' I‘O\' |6
Il I I
O |70 e
A B c

Scheme 1. a) Proposed catalytic cycle for alcohol oxidation by copper(ll)-TEMPO system. X: The
proposed reactive intermediate. b) Possible electron configurations in the copper(ll) - TEMPO binding.

The interaction between copper(ll) and TEMPO has been investigated by X-ray
absorption spectroscopy of [(TEMPO),Cu,Cl,] clusters.” The experimental results
and their matching with DFT calculations suggested that the interaction between
copper(ll) and TEMPO leads to the pairing of the unpaired electrons, and the
resulting structure has a character of copper(l) interacting with temponium ions
(structure A in Scheme 1b).

The intrinsically low concentrations of reactive complexes such as X in solution
often preclude their investigation. Mass spectrometry can be used to isolate such
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complexes in the gas phase and study their structure and reactivity properties.?-2
The molecular and electronic structure of mass-selected ions can be studied in
detail by photodissociation spectroscopy.?** Spectroscopy in the infrared range
provides vibrational spectra. The bond stretching vibrations reflect the order of
the bonds and, therefore, can be used to monitor the electron distribution in the
ions.>® In particular, we have shown that infrared photodissociation spectroscopy
can monitor redox processes in copper complexes with redox-active ligands.?'-*
We have shown previously that the electron transfer in the copper(ll)-phenolate/
copper(l)-phenoxy radical pair can be tracked by the C-O stretching frequency of
the phenolato ligand.?** Here, we will use this experimental strategy to study the
structure of the analogs of X (Scheme 1). The possible electronic configuration in
the copper-TEMPO is shown in Scheme 1b.

Results and Discussion

Vibrational frequency scale for copper-TEMPO

The N-O stretching mode in the copper-TEMPO complexes should reflect
the electron distribution between the binding partners. We have tested this
assumption with a theoretical design of copper(l) complexes with different levels of
electron localization at the copper center: [CUCI(TEMPO)]*, [Cu(pyridine)(TEMPO)]*,
and [(bipy)Cu(TEMPO)]*. Calculations were performed at the B3LYP-D3/6-
311+G(2d,p) level. Figure 1a shows the N-O stretching wavenumber and the spin
localization at the N-O bond of TEMPO. The spin values show that one unpaired
electron stays localized at the TEMPO ligand in all model copper(ll) complexes.
The [CuCl(TEMPO)]* complex in the singlet state mimics the binding of copper(l)
with the temponium cation with the N-O stretching frequency at 1469 cm™ (Figure
1). The free temponium ion has the N-O stretching frequency at ~1640 cm™ (the
harmonic frequency scaled by 0.97). In the triplet state of [CuCI(TEMPO)]*, one
unpaired electron is localized at the CuCl core and the second one in the m-bonding
orbital of TEMPO, resulting in the N-O frequency of 1325 cm™. In comparison, free
TEMPO has an N-O stretching frequency of 1375 cm™. The complexes [Cu(pyridine)
(TEMPO)]I* and [(bipy)Cu(TEMPO)]* are doublets and can thus mimic the possible
equilibrium between copper(l)-TEMPO and copper(ll)-temponium.?® The electron
distribution in the complexes suggests that the TEMPO ligand retains the unpaired
electron in the m-bonding orbital of the N-O bond. The stretching frequencies of
the N-O bonds are 1354 cm™ and 1340 cm™, respectively.
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Figure 1. a) Theoretical N-O stretching wavenumber of various model compounds (black y-axis, black
square) and the sum of the spin density at the N and O atoms of TEMPO determined by the Mulliken
population analysis (red y-axis, red filled circle), using B3LYP-D3/6-311+G(2d,p). b) Experimental
infrared helium tagging photodissociation spectrum of temponium ions (in black) and the theoretically
predicted IR spectrum (red bars, B3LYP-D3/6-311+G(2d,p), scaling 0.97).

Having explored the model systems and the expected spectral characteristics of the
different structures of the copper-TEMPO complexes, we have studied analogs of X.
We have complexes having the 2,2'-bipyridine (bipy) type ligand bearing a primary
or tertiary alcohol moiety as a side chain (L' and L? in Scheme 2). In addition, we
also prepared a ligand with the phenol side chain (L) to investigate the possible
delocalization of unpaired electrons in the ligand system. To detect the reactive
complexes X' - X?, we mixed the corresponding ligand, CuCl, and TEMPO in acetonitrile
(1:1:1 in 150-200 pM final concentration). The experiments with L' led only to the
detection of copper(l) complexes (Figures $8-510). It suggests that the intermediates
are short-lived and we can detect only increasing concentrations of copper(l)
complexes produced by the oxidation of the alcohol moiety. The experiments with L?
and L3 allowed us to detect X? and X3 and study their structure (Figures S12, S16).
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Scheme 2. Investigated copper complexes (X', X2, and X3) are models of reactive intermediates formed
from the corresponding (L', L?, and L®) ligands containing side arms with an alcohol group. X' was not
detected due to fast oxidation to the corresponding aldehyde.

lon Spectroscopy

First, we investigated the structure of X? and X3 with helium-tagging IR
photodissociation spectroscopy.?*?*® The detected bands in the experimental IR
spectra were assigned based on comparing all measured spectra and using the
guide of theoretically calculated spectra (Figures S27- S36, either OPBE, TPSS,
TPSSH, and B3LYP with 6-311+G(2d,p)). For comparison, we also measured the
experimental He tagging IRPD spectra of complexes with closed-shell ligand
pyridine N-oxide (PyO) instead of TEMPO. Using the L3 ligand, we were able to
generate [(L3>-H)Zn(TEMPO)]* (zinc analog of X3), and [L*Cu(acetone)]* complexes.
Comparison of experimental spectra of X*with [(L>-H)Cu(PyO)]*reveals that the N-O
vibration of the TEMPO ligand in X2 is located at 1363 cm™ (Figures 2a and 2b). The
TEMPO ligand has other characteristic vibrations, one of them being an umbrella
vibration of the methyl groups found in all investigated complexes at about 1380
cm. The second characteristic vibration is a symmetric C-C vibration of the TEMPO
ring, which is found between 1230 - 1245 cm™ (all bands assigned to TEMPO are
highlighted in green in Figure 2).
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Figure 2. Experimental helium tagging IR photodissociation spectra. The tentative assignment is
based on the comparison of the spectra and theoretical calculations.
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The IR spectra of the complexes with the L® ligand show only a minor effect of
the labile ligand on the structure of the L3 ligand (the bands indicated by the
vertical dashed lines in Figure 2c-f stay largely unaffected in all complexes). The
C-O band of the phenoxy group is localized at 1338 cm™ for the [(L3-H)Cu(PyO)]*
and [L3*Cu(acetone)]* complexes. The C-O stretching mode is usually localized at
about 1280 cm™ in other gaseous copper(ll) phenolate complexes.?*3' The blue shift
observed here is likely associated with the delocalization of the negative charge
over the aromatic backbone of L3. The TEMPO ligand in X*and [(L3>-H)Zn(TEMPO)]*
causes a planar distortion of L. Accordingly, the C-O stretch of the phenoxy ligand
red-shifts to 1297 cm™and 1317 cm™, respectively. The N-O stretching vibration of
TEMPO is localized at 1332 cm™ for X3and 1369 cm™ for [(L*~H)Zn(TEMPO)]*.

The N-O stretching vibration of the TEMPO ligands in all investigated complexes
does not suggest any indication of the possible temponium formation associated
with the corresponding N-O vibration localized above 1400 cm™ (see the gray areas
in Figure 2).

Next, we measured the visible spectra of complexes X2, X3, and [(L3*-H)Cu(acetone)]*
(Figure 3). The spectra of all complexes contain a band at about 430 nm. Our laser
source loses power below 420 nm (dotted lines in Figure 3); hence, the bands
are likely broad towards the lower wavelength. Recently, we analyzed electronic
excitations of the [Cu(bipy)X]* (X = Cl and Br) complexes.’” The spectra contained
a band corresponding to the o(M-X) > m(M-X)* transition (<450 nm for X=Cl
and 500 nm for X=Br). In analogy, the bands in the spectra presented here most
likely correspond to the transition o(M-OR) > m(M-OR)* (OR = the alcoholato or
phenolato ligand). The additional bands in the vis spectrum of [(L*-H)Cu(acetone)]*
are probably due to the metal-to-ligand excitations involving acetone. We note that
free TEMPO has a weak absorption band at 450 nm.3®

Figure 3. Visible photodissociation spectra of a) X?, b) X3, and ¢) [(L>-H)Cu(acetone)]* in black. The
dotted line in grey show the laser power.
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We have further analyzed the results using DFT calculations. We have used the
B3LYP functional because it typically provides harmonic IR spectra that have a
superior agreement with the experiment compared to other functionals.®*" At
the B3LYP-D3 level with a triple zeta basis set, X? and X3 have the triplet ground
states. The closed-shell singlet states are about 20 kJ/mol higher in energy than
the triplet states (Table 1). The attempts to converge the open-shell singlet states
resulted in solutions converging to the geometry and wavefunction of the closed-
shell singlet structures.

Cheng et al. reported that the triplet state of [(bipy)Cu(PhCH,O)(TEMPO)]* lies higher
in energy than the singlet state (~2 kcal/mol in the gas phase and ~4 kcal/mol in 2:1
acetonitrile/water solution).'? Based on the results of Cheng et al., the following DFT
calculations on analogous systems did not consider the triplet states at all.

Hybrid DFT functionals such as B3LYP are known to stabilize the higher spin states.?”
To assess this effect, we have optimized the complexes with pure DFT functionals,
OPBE and TPSS, and one more hybrid DFT functional, TPSSH. The pure DFT
functionals energetically preferred the singlet states. The unrestricted optimization
of the singlet state complexes led to the localization of the most stable geometry

for the singlet states, and the solution corresponded in the end to the closed-shell
singlet states. The hybrid TPSSH functional predicted singlet and triplet states close
in energy, slightly favoring the triplet states.

The geometries of the X2 and X® complexes optimized with different functionals
were relatively similar (Table 1, Figure 4). The only exception was the triplet state
of X2 optimized with the OPBE functional, which predicted only a loose binding
of TEMPO at a distance more than 3.5 A (see Table 1); we thus do not discuss this
outlier further. Generally, the geometry differences between the singlet and triplet
states were small. The singlet states of the complexes have a shorter distance
between the copper center and the oxygen atom of the TEMPO ligand (by ~ 0.07 -
0.13 A, d(Cu-0) in Table 1) and a slightly shorter N-O bond of the TEMPO ligand (by
~0.02 - 0.03 A, d(N-0) in Table 1).
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Next, we compared the theoretical IR spectra of the triplet and singlet states of X2
and X3 with the experimental IRPD spectra (Figure 4 and Figure S29). We discuss
only the spectra of X2 here, the spectra of X® show similar trends with even fewer
differences between the individual spectra than found for X2 (Figure S29). The
theoretical spectra contain several bands associated with the N-O vibration of the
TEMPO ligand coupled with other vibrational modes. The most prominent bands are
denoted in Figure 4 (and Figure S29). They correspond to the N-O vibration coupled
with the C-C stretching of the bonds between C2-C3 and C5-C6 of TEMPO. The
higher wavenumber band has more character of the N-O stretch, whereas the lower
TEMPO and (C-C)TEMPO’
respectively). All the N-O coupled bands of the TEMPO ligand are predicted below
1400 cm regardless of the spin state of the DFT functional.

wavenumber band of the C-C stretch (we denote them as (N-O)

Figure 4. Comparison of the experimental helium tagging IRPD spectrum of X2 (a) with the theoretical
harmonic IR spectra of X2 optimized in the singlet (b) and triplet (c) states using different DFT
functionals. The theoretical spectra were scaled so that the experimental C=C stretch at 1607 cm™ is
reproduced (OPBE: 0.998; TPSS: 1.005; TPSSH: 0.987; B3LYP-D3:0.985), the scaling factor is the same for
the singlet and triplet states. The structures show the optimized geometries with different DFT
functionals (color-coded).
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The significant difference between the theoretical IR spectra of the singlet and
triplet state complexes is the prediction of the pronounced N-O stretching band
in the singlet state that dominates the spectra of X2 In contrast, the other N-O
coupled bands are much weaker. Such a pattern was not observed experimentally.
On the other hand, the IR spectra of the triplet state complexes have two bands
of similar intensity as observed experimentally. The second note is that the
OPBE calculations predict the N-O stretching vibrations at higher wavenumbers
(associated with a shorter N-O distance) than the rest of the functionals. All
significant TEMPO vibrations in the OPBE calculated spectra are localized in the
1300 — 1400 cm™ range and similar for the singlet and triplet states. Note that
TEMPO is only loosely bound in the triplet state and has a minimal vibrational
coupling with the rest of the complex. This analysis suggests that the experimental
spectrum is best reproduced by the spectra calculated at B3LYP and TPSSH levels
for the triplet states of X2 However, the differences between all predicted spectra
are slight, and most of the spectra could be considered an acceptable fit with the
experimental spectrum (this is especially true for the X* complex).

Figure 5. Optimized structures (B3LYP-D3/6-311+G(2d,p)) of complexes X? and X3in the triplet states
and complexes [(L*~H)Cu(acetone)]*and [(L*~H)Zn(TEMPO)]* in the doublet states. The contours show
spin density calculated as a single point at the B3LYP/6-311G(2d,p) level.

To further analyze the viable structure of the complex predicted at the B3LYP level,
we studied the spin distribution in the complexes. We compared the localization of
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the spin density in the investigated complexes X? and X®and the model complexes
[(L>-H)Cu(acetone)]*and [(L3*-H)Zn(TEMPO)]* calculated at the B3LYP level of theory
(Figure 5). The spin density of the triplet states of X2 and X3 reflect one unpaired
electron localized at the TEMPO ligand (compare X? and X3 and [(L3>-~H)Zn(TEMPO)]*)
and one unpaired electron localized at the copper center (compare X? and X3 and
[(L3>-H)Cu(acetone)]*). The calculations do not predict a significant impact of the
copper ion on the electron distribution in TEMPO, as also evidenced in the IR spectra.

To assess the DFT calculated energies, we have experimentally determined bond
dissociation energies (BDEs) of TEMPO in the studied complexes and compared them
to the theoretical values calculated with different DFT functionals (Figure 6 and S37).
The calculations tend to underestimate the binding energy of the labile ligands
(TEMPO, Py-O, and acetone). The B3LYP-D3 method predicts the binding energies
of Py-O and acetone within the experimental error, but the binding of TEMPO is
underestimated by 27 - 40 kJ mol™” (Table 2). Without the D3 correction of dispersion
interactions, all theoretical binding energies decrease by about 30 - 40 kJ mol™ (Table
2 and Figure 6). The TPSS and TPSSH functionals underestimate the binding energies
by a similar amount as B3LYP. However, the TPSS functional predicts the binding
energy of TEMPO in X? and X3 with a similar offset as the other binding energies. The

OPBE functional performs worst of all functionals with the most significant offset
(~94 kJ mol") from the experimental energies and a large spread of relative errors.

The calculations of the binding energies show that the hybrid DFT functionals
describe the interaction between the copper(ll) center and TEMPO in the triplet
ground state as weaker than expected based on the other predicted values with these
functionals (see Figures S37 and S38). The pure DFT functionals predict the binding
energies of TEMPO in the singlet copper complexes with similar accuracy as other
binding energies, with the TPSS functional providing the most consistent results.

Summarizing the theoretical results, it becomes evident that single-reference DFT
methods can hardly describe the copper(ll)-TEMPO complexes well. On the one
hand, the IR spectra reflecting the structure of the complexes better correspond
to the triplet state complexes predicted by pure DFT methods and thus suggest
that the complexes correspond to structure B from Scheme 1. On the other hand,
the binding energy between the copper center and TEMPO is more consistent for
the singlet state complexes predicted by pure DFT methods, suggesting structure
C from Scheme 1. Hence, the correct analysis of these complexes must be done
with multiconfigurational methods that could consider the contribution of
both configurations.
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Conclusions

We have presented models of reactive intermediates in alcohol oxidation using a
copper(ll)-TEMPO catalytic system. In the model, copper intermediates X', X?, and
X3 contain a bipyridine-type ligand with alcohol as a side chain and the TEMPO
ligand. We have successfully isolated only “frozen” intermediates that contained an
alcohol moiety without a-hydrogen atoms (tertiary alcohol and phenol). Complexes
with the ligand containing a primary alcohol moiety reacted with TEMPO; we could
not detect intermediates and only detected copper(l) complexes as evidence of the
redox reaction.

Vibrational analysis of the isolated model intermediates X? and X® demonstrated
that the N-O vibrations of the TEMPO ligand (1363 cm™ and 1332 cm', respectively)
stay very similar to that of free TEMPO (1339 cm™).#24 We have also compared our
model reactive complexes with a zinc analog, where no electron pairing or electron
transfers are expected. The vibrational features of the zinc complex are very
similar to that of the copper complex. These results strongly suggest that TEMPO
coordinates as 2e-ligand and retains the unpaired electron at the m*(N-O) orbital.

We have also measured the electronic spectra of the isolated complexes, which are
consistent with the ranges of other copper(ll) complexes, suggesting once more
that TEMPO is not oxidized to a temponium-type ligand, as previously indicated in
the literature.

Analysis of the investigated complexes with the density functional theory methods
leads to a reasonable agreement with the experimental results. Hybrid DFT
functionals predict that the complexes have a triplet ground state in which TEMPO
retains one unpaired electron and the copper center the second one. However, the
interaction between TEMPO and copper(ll) is predicted to be somewhat weaker
than expected based on the experiments. The bond dissociation energy of TEMPO
in the complexes is theoretically underestimated by about 27 — 40 kJ mol™ at the
B3LYP level. Accordingly, the theoretical N-O stretching vibrations are slightly
red-shifted compared to the experiment. On the contrary, pure DFT functionals
favor the singlet ground state of the complexes. They show a worse consistency
with the IR spectroscopic features, but they predict the bond dissociation energies
of the TEMPO ligand in consistence with the BDEs of other ligands. In summary,
the theoretical results clearly show that copper(ll)-TEMPO complexes have a
multiconfigurational character. Accordingly, single-reference DFT calculations
capture only a limited picture of the correct electronic and molecular structure of
the complexes.
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Experimental details

The L3 ligand was synthesized as previously reported.* The L' and L? ligand
was synthesized using a modified procedure.** For L?, LDA was added to the
solution of the substrate at -76 °C, followed by addition of acetone. The mass
spectrometric experiments were conducted using a linear trap instrument LTQ
with an electrospray ionization (ESI) source. The electrospray voltage was 4 - 5 kV,
and the capillary was heated to 200 - 220 °C. The sheath and auxiliary gas flow
rates and capillary voltages were optimized to maximize the signal of the required
ions. Energy-resolved collision-induced dissociation (CID) experiments for bond
dissociation energies (BDEs) determination were measured with an LCQ Deca XP
(Finnigan) ion trap mass spectrometer. The collision energies in the LCQ instruments
can be calibrated based on measurements of dissociation energies of thermometer
ions*47 using Schroder’s method.* The experiments were performed in triplicates,
and the appearance energy values are given with the experimental uncertainties of
different measurements. The ions of interest were generated from the acetonitrile
solution of the L ligand, copper chloride, and 2,2,6,6-tetramethylpiperidine 1-oxyl
TEMPO free radical. For the L' and L? ligands, potassium tert-butoxide was used in
addition to copper chloride and the TEMPO.

Infrared and visible spectra of the mass-selected ions were measured with the
helium tagging photodissociation method using the ISORI (lon Spectroscopy of
Reactive Intermediates) instrument.3? lons generated by electrospray ionization
were mass-selected by the first quadrupole and transferred via a bender and an
octopole to a linear quadrupole cold trap operated at 3 K. The ions were trapped
and thermalized by the helium buffer gas. The thermalized ions attached a helium
atom. These helium-tagged ions were then used for spectroscopic experiments.
The ions were in alternative cycles irradiated. After irradiation, the ions were
extracted, mass analyzed by a quadrupole, and detected by a conversion dynode
and an electron multiplier. The spectra are constructed as 1-N()/N,, where N() is
the number of helium complexes after the irradiation and N, is the number of
helium complexes in alternative cycles without the irradiation. The photon source
was OPO/OPA LaserVision pumped by Nd: YAG laser Surelite EX from Continuum
(tuning range 700-4700 cm™, FWHM ~ 1.5 cm™, 10ns pulse length) for the infrared
spectra and SuperK Extreme for the electronic spectra. Due to the low absorption
efficiency, the electronic spectra were measured with simple photodissociation,
not helium tagging.
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The DFT calculations were performed using functionals: OPBE,*->2 TPSS,>* TPSSH,5*%
and B3LYP*¢-*8 with the D3 dispersion correction® as implemented in Gaussian 16.%°
All calculations were done with the 6-311+G(2d,p) basis set.6’®? The geometries
were fully optimized; the frequency calculation contained no imaginary frequency.
The population analysis at the B3LYP level was performed for the optimized
structures but using single-point calculations with the B3LYP/6-311G(2d,p) method
to prevent false delocalization due to diffuse functions in the basis set.
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Appendices

Experimental details
Synthesis of L' and L? was carried out according to the procedure by Ziessel et al.®

Synthesis of 2-(6'-methyl-[2,2'-bipyridin]-6-yl)ethan-1-ol L'

To a stirred solution of 6,6'-dimethyl-2,2"-bipyridine (250 mg, 1.36 mmol) in THF (4
mL) at -76 °C dropwise LDA (2 M, 0.82 mL,1.63 mmol) added. The color changes
from light orange to dark green. After 1 hr., paraformaldehyde (48.9 mg, 1.63 mmol)
suspension in THF (1 mL) was added dropwise, maintaining the temperature at -76
°C. The reaction mixture was then allowed to attain room temperature overnight.
After 16 hrs., the reaction mixture was quenched with 25 mL water, followed by
extraction with CHCI3 (3 x 30 mL). Combined organic fractions were dried over the
sodium sulfate and concentrated under reduced pressure. The crude obtained was
purified to yield 93 mg (32 %). ESI-MS (LTQ XL): [(L")H]* = 215, [(L")Na]* = 237 and
[(L"),Na]* — 451 observed. 'H NMR (400 MHz, cbdaly) 6 8.30 (d, 1H), 8.07 (d, 1H),
7.77-7.67 (m, 2H), 7.18-7.15 (m, 2H), 4.64 (broad s,1H), 4.12-4.09 (t, 2H), 3.10-3.08 (t,
2H), 2.63 (s, 3H). *C NMR (101 MHz, CDCl,) & 160.06, 158.01, 155.63, 155.15, 137.62,
137.14,123.36, 123.24,119.09, 117.90, 61.78, 38.56, 24.65.

Synthesis of 2-methyl-1-(6'-methyl-[2,2'-bipyridin]-6-yl)propan-2-ol L?
To a stirred solution of 6,6'-dimethyl-2,2'-bipyridine (250 mg, 1.36 mmol) in THF (4
mL) at -76 °C dropwise LDA (2 M, 1.22 mL, 2.44 mmol) added. The color changes
from light orange to dark green. After 1 hr., acetone (~1 mL, 13.6 mmol) was added
dropwise, maintaining the temperature at -76 °C. The reaction mixture was then
allowed to attain room temperature overnight. After 16 hrs., the reaction mixture
was quenched with 25 mL water, followed by extraction with CHCI, (3 x 30 mL). The
combined organic fractions were dried over the sodium sulfate and concentrated
under reduced pressure. The crude obtained was further purified by prep TLC in
diethyl ether. ESI-MS (LTQ XL): [(L)H]* — 243, [(L*)Na]* - 265 and [(L*),Na]* — 507
observed. 'H NMR (400 MHz, CDCI3) 6 8.33 (d, 1H), 8.06 (d, 1H), 7.76 (t, 1H), 7.67 (t,
1H), 7.19-7.10 (m, 2H), 2.99 (s, 2H), 2.62 (s, 3H), 1.26 (s, 6H). *C NMR (101 MHz, CDCI3)
6 159.23, 157.99, 155.34, 154.90, 137.84, 137.18, 124.26, 123.45, 119.11, 117.96,
70.82, 48.40, 29.52, 24.62.

Synthesis of 2-([2,2'-bipyridin]-6-yl)phenol L3

Firstly, the synthesis of 6-(2”-methoxyphenyl)-2,2’-bipyridine was followed from the
procedure by Kagalwala et al.** 6-bromo-2,2-bipyridine (293.75 mg, 1.25 mmol)
and 2-methoxyphenyl boronic acid (189.95 mg, 1.25 mmol) were added to a 25 mL
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pressure tube. The solids were dissolved in a mixture of toluene/EtOH (1:1 v/v, 10
mL) and purged with N, for 15 min. The K,CO, dissolved in water (1 M, 2 mL) was
added next, as well as the Pd(PPh,), (72 mg, 5 mol%), which was added by dissolving
in toluene (1 mL). The mixture was purged for another 15 min and subsequently
closed and heated to 100 °C. The heating was applied for 48 hrs., after which no
color change was observed. The reaction mixture was filtered, and water (5 mL) was
added to the filtrate. This was subsequently extracted using (DCM 3 x 5 mL). The
organic layers were combined, evaporating the solvent under reduced pressure.
The final crude product was purified over an alumina column using heptane/ethyl
acetate (9:1 v/v) as eluent. The final yield was 0.1136 g (0.43 mmol, 43 %). ESI-MS
(LTQ XL): [MH]* observed 263.

6-(2"-methoxyphenyl)-2,2"-bipyridine (0.1136 g, 0.43 mmol) was dissolved in a
minimal amount of DCM and transferred to a 10 mL round-bottom flask. The
DCM evaporated by air for 1 hr., and the final bit was boiled at 40 °C. Aqueous
HBr solution (48% 4 mL) was added to the flask, and the mixture was refluxed at

120 °C for 24 hr. The reaction mixture turned from yellow to brown/orange during
this period. The mixture was added to water (30 mL), upon which a white solid
precipitated. The mixture was neutralized with KOH, which yielded a creamy white
solid. The mixture was filtered, and the solids were purified using trituration. The
final yield was a yellow solid (0.0665 g, 0.268 mmol, 62%). ESI-MS (LTQ XL): [(L®)Na]*
— 271 and [(L*),Na]* — 519 observed.

'H NMR (400 MHz, CDCl,) 6 14.59 (s, 1H), 8.75 (d, 1H), 8.34 (d, TH), 8.21 (d, TH), 8.05-
7.95 (m, 2H), 7.92-7.84 (m, 2H), 7.42-7.32 (m, 2H), 7.08 (d, 1H), 6.98-6.94 (m, 1H). '3C
NMR (101 MHz, CDCl,) 6 *CNMR (101 MHz, CDCl,) & 159.78, 157.37, 154.62, 153.36,
149.65, 138.86, 137.37, 131.65, 126.49, 123.71, 120.81, 119.50, 119.29, 119.03,
118.98, 118.49.



262 | Chapter 7

I N2 Y
@
N OH
Z |-25000
Z SN
P
o |-20000
- 15000
- 10000
- 5000
“M “ . | L JLA_J‘o
T T L4
T T T T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 1 2 3 4
f1 (ppm)

Figure S1: '"H NMR of L" in CDCI,

TH NMR (400 MHz, CDCI3) 6 8.30 (d, 1H), 8.07 (d, TH), 7.77-7.67 (m, 2H), 7.18-7.15 (m, 2H), 4.64 (broad
s,1H), 4.12-4.09 (t, 2H), 3.10-3.08 (t, 2H), 2.63 (s, 3H).
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Figure S2: PCNMR of L? in CDCI,

13C NMR (101 MHz, CDCI3) 6 160.06, 158.01, 155.63, 155.15, 137.62, 137.14, 123.36, 123.24, 119.09,
117.90, 61.78, 38.56, 24.65.
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Figure S3: "H NMR of L* in CDCl,

'H NMR (400 MHz, CDCl,) 6 8.33 (d, TH), 8.06 (d, 1H), 7.76 (t, TH), 7.67 (t, TH), 7.19-7.10 (m, 2H), 2.99 (s,
2H), 2.62 (s, 3H), 1.26 (s, 6H).
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Figure S4: *CNMR of L in CDCI,

C NMR (101 MHz, CDCl,) & 159.23, 157.99, 155.34, 154.90, 137.84, 137.18, 124.26, 123.45, 119.11,
117.96, 70.82, 48.40, 29.52, 24.62.
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Figure S5: '"H NMR of L* in CDCI,

TH NMR (400 MHz, CDCI3) § 14.59 (s, 1H), 8.75 (d, 1H), 8.34 (d, TH), 8.21 (d, 1H), 8.05-7.95 (m, 2H), 7.92-
7.84 (m, 2H), 7.42-7.32 (m, 2H), 7.08 (d, TH), 6.98-6.94 (m, TH).
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Figure S6: *C NMR of L* in CDCI,

BC NMR (101 MHz, CDCl,) 6 159.78, 157.37, 154.62, 153.36, 149.65, 138.86, 137.37, 131.65, 126.49,
123.71,120.81, 119.50, 119.29, 119.03, 118.98, 118.49.
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Mass spectrometric studies

Mass spectrometric experiments were performed on Thermo Scientific LTQ XL or
Finnigan LCQ Deca XP mass spectrometer equipped with an electrospray ionization
(ESI) source.®* General conditions were as follows: sheath gas 5-40 arbitrary unit,
auxiliary gas 0-10 arbitrary unit, capillary temperature 150-220 °C, spray voltage
2-5 kV, capillary voltage 0-30V, and tube lens 0-50 V. The energy resolved collision
induced dissociation (CID) experiments were performed on an LCQ Deca mass
spectrometer with an ESI source. The collision energies in the LCQ ion trap was
calibrated based on the measurements of dissociation energies of a series of
thermometer ion consisting of benzylpyridinium and benzhydrylpyridinium
thermometer ions using Schroder’s method.**® The complexes were measured 2-4
times to calculate the standard deviation. The helium tagging photodissociation
method measured the IR spectra of the mass-selected complexes on the ISORI
instrument equipped with an ESI source.® The ISORI instrument features a wire
quadrupole trap operated at 3-5 K; trapped ions are cooled down by the helium
buffer gas. These cooled ions then attach a helium atom, the helium complexes
on irradiation with the IR laser undergo helium detachment and the IR spectra is
constructed as (1 = N/N, ), where N, and N,  are numbers of helium complexes with
and without laser irradiation. For irradiation, OPO/OPA system from LaserVision was
used. SuperK was used to record the photofragmentation spectra.

ESI spectrums
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Figure S7: L' in acetonitrile

[(LYH]* = 215, [(L)Na]* = 237 and [(L"),Na]* — 451
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Figure S8: L' and CuOAc, in acetonitrile
[(L'-H),Cu,(OAQ)I* - 611
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Figure S9: L' + CuOAc, + TEMPO in acetonitrile
[(L"),Cul* - 491 and [(L'-H),Cu,(OAd)]* - 611
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Figure S10: L' + CuOAc, + K'OBu + TEMPO in acetonitrile
(L'-H),Cu,(OA]* = 611; [(LYK]* — 253; [(L") KI* — 467
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Figure S11: L? in acetonitrile
[(L)H]* — 243, [(L)Na]* — 265 and [(L?),Na]* — 507
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Figure S12: L2 + K'OBu + Cu(OAc)2 + TEMPO in Acetonitrile
[(L-H)Cu(TEMPO)]* — 460
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Figure S$13: CID of m/z 460 [(L>-H)Cu(TEMPO)]* at CE=16 %
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Figure S14: L® in acetonitrile
[(L’)Na]*— 271 and [(L*) ,Na]*— 518
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Figure S15:L° and CuCl,

[(L3-H)Cu]* - 310 and [(L3)(L3-H)Cu]* - 558
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Figure $16: L* + CuCl, + TEMPO
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Figure $17: CID of m/z 466 [(L*-H)Cu(TEMPO)]* at CE=21 %

368

310

0——11 T T T T [T T T T T T T T T 1 T T T [ T T T T T T T T T [ T T T T [ T T T T [T T T T [T T T T T TT7T]
150 200 250 300 350 400 450 500 550 600 650 700
m/z

Figure S18: CID of m/z 368 [(L>-H)Cu(acetone)]* at C.E =14 %
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Figure S19: L* + ZnBr, + TEMPO
[(L3-H)Zn]* - 311 and [(L*-H)Zn(TEMPO)]* — 467
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Figure $20: CID of m/z 368 [(L*>-H)Cu(acetone)]*at C.E=17 %

Figure S21: Energy resolved CID of m/z 460 [(L>-H)Cu(TEMPO)]*

Figure S22: Energy resolved CID of m/z 399 [(L*-H)Cu(PyO)]*
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Figure S23: Energy resolved CID of m/z 466 [(L*-H)Cu(TEMPO)1*

Figure S24: Energy resolved CID of m/z 467 [(L>-H)Zn(TEMPO)I*

Figure S25: Energy resolved CID of m/z 368 [(L>-H)Cu(acetone)]*
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Figure $26: Energy resolved CID of m/z 405 [(L*-H)Cu(PyO)1*
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lon Spectroscopy

Figure $27: Comparison of the theoretical IR spectra of X? optimized in the singlet or triplet states
using different DFT functionals (6-311+G(2d,p) basis set) with the experimental helium tagging IRPD
spectrum. The theoretical spectra were scaled so that the experimental C=C stretch at 1607 cm™ is
reproduced (OPBE: 0.998, red; TPPS: 1.005, blue; TPPSH: 0.987, green; B3LYP-D3:0.985, black).
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Figure $28: Comparison of the theoretical IR spectra of [(L2-H)Cu(PyO)]* optimized using different DFT
functionals (using 6-311+G(2d,p) basis set) with the experimental helium tagging IRPD spectrum. The
theoretical spectra were scaled so that the experimental band at 1480 cm™ is reproduced (OPBE: 1.002,
red; TPPS: 0.995, blue; TPPSH: 0.980, green; B3LYP-D3:0.979, black).
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Figure S29: Comparison of the experimental helium tagging IRPD spectrum of X* (a) with the
theoretical harmonic IR spectra of X3 optimized in the singlet (b) and triplet (c) states using different
DFT functionals. The theoretical spectra were scaled so that the experimental C=C stretch at 1612 cm™!
is reproduced (OPBE: 1.0; TPPS: 1.006; TPPSH: 0.989; B3LYP-D3: 0.9865), the scaling factor is the same
for the singlet and triplet states. The structures show the optimized geometries with different DFT
functionals (color-coded).
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Figure S30: Comparison of the theoretical IR spectra of X3 optimized in the singlet or triplet states
using different DFT functionals (using 6-311+G(2d,p) basis set) with the experimental helium tagging
IRPD spectrum. The theoretical spectra were scaled so that the experimental C=C stretch at 1612 cm”’
is reproduced (OPBE: 1.0, red; TPPS: 1.006, blue; TPPSH: 0.989, green; B3LYP-D3:0.9865, black).
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Figure $31: Comparison of the theoretical IR spectra of [(L*-H)Cu(PyO)]* optimized using different DFT
functionals with the experimental helium tagging IRPD spectrum. The theoretical spectra were scaled
so that the experimental C=C stretch at 1545 cm™ is reproduced (OPBE: 0.996, red; TPPS: 1.002, blue;
TPPSH: 0.985, green; B3LYP-D3:0.983, black).
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Figure S32: Comparison of the theoretical IR spectra of [(L>-H)Zn(TEMPO)]* optimized using different
DFT functionals with the experimental helium tagging IRPD spectrum. The theoretical spectra were
scaled so that the experimental C=C stretch at 1607 cm™ is reproduced (OPBE: 0.996, red; TPPS: 1.004,
blue; TPPSH: 0.986, green; B3LYP-D3:0.985, black).
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Figure $33: Comparison of the theoretical IR spectra of [(L3-H)Cu(acetone)]* optimized using different
DFT functionals with the experimental helium tagging IRPD spectrum. The theoretical spectra were
scaled so that the experimental C=C stretch at 1545 cm™ is reproduced (OPBE: 1.001, red; TPPS: 1.005,
blue; TPPSH: 0.986, green; B3LYP-D3:0.985, black).
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Figure S34: Comparison of the theoretical IR spectra of [(L3-H)Cul* optimized using different DFT
functionals with the experimental helium tagging IRPD spectrum. The theoretical spectra were scaled
so that the experimental C=C stretch at 1610 cm™ is reproduced (OPBE: 1.012, red; TPPS: 1.018, blue;
TPPSH: 0.996, green; B3LYP-D3:0.992, black).
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Figure S35: Comparison of the theoretical IR spectra of [Temponium]* optimized using different DFT
functionals with the experimental helium tagging IRPD spectrum. The theoretical spectra were scaled
so that the experimental C=C stretch at 1461 cm™ is reproduced (OPBE: 1.012, red; TPPS: 1.018, blue;
TPPSH: 0.996, green; B3LYP-D3:0.992, black).
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Figure S36: Overlay of the theoretical IR spectra of TEMPO optimized using different DFT functionals
(OPBE: 0.998, red; TPPS: 1.005, blue; TPPSH: 0.987, green; B3LYP-D3:0.985, black).
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Figure S37: Correlation of the experimental and theoretical bond dissociation energies (BDEs)
of TEMPO in complexes X?, X3 (triplet states), and [(L*-H)Zn(TEMPO)]*, BDE of acetone in [(L3-H)
Cu(acetone)]* and pyridine N-oxide (PyO) in [(L>-H)Cu(PyO)]* and in [(L3>~H)Cu(PyO)]*. The theoretical
BDEs were calculated at the a) OPBE, b) TPSS, c) B3LYP, and d) TPSSH levels of theory using
6-311+G(2d,p) basis set; the depiction of the spin states: S=0 open circles, S=1/2 - solid rectangles,
S=1 - solid triangles.
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Figure S38: Correlation of the experimental and theoretical bond dissociation energies (BDEs)
of TEMPO in complexes X2, X3 (triplet states), and [(L’>-~H)Zn(TEMPO)]*, BDE of acetone in [(L*-H)
Cu(acetone)]* and pyridine N-oxide (PyO) in [(L>-H)Cu(PyO)]* and in [(L3>-H)Cu(PyO)]*. The theoretical
BDEs were calculated at the a) OPBE, b) TPSS, c) B3LYP-D3, and d) TPSSH levels of theory using
6-311+G(2d,p) basis set; the depiction of the spin states: S=0 open circles, S=1/2 - solid rectangles,
S=1 - solid triangles.
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Summary

This thesis presents an investigation into reactive organometallic complexes by
mass spectrometry, going beyond the detection of primary molecular ions. The
complexity of organometallic reactions, low concentration, and the transient
nature of their intermediates necessitate a sensitive analytical approach. Mass
spectrometry, recognized for its high sensitivity to charged species, is employed
in concert with conventional spectroscopic techniques. The study explores a
range of mass spectrometric methodologies, including energy-resolved collision-
induced dissociation, delayed reactant labeling, ion mobility spectrometry, and ion
spectroscopy, to analyze reactive intermediates and metal complexes.

In Chapter 1, we highlight the various mass spectrometric approaches for the
reaction mechanism studies. We reviewed advanced mass spectrometry techniques
like energy-resolved collision-induced dissociation, delayed reactant labeling, ion
mobility, and ion spectroscopy, using literature examples to showcase their use in
identifying and elucidating the structures of elusive reactive intermediates.

Chapter 2 outlines the experimental methods employed in this thesis, including
delayed reactant labeling, energy-resolved collision-induced dissociation, ion
spectroscopy, and theoretical calculations.

In Chapter 3, we show how the reaction conditions and the choice of oxidant in the
palladium-catalyzed methoxycarbonylation of styrene influenced the selectivity
between two catalytic cycles, ultimately dictating the formation of saturated
vs. unsaturated ester. The oxidant's role in steering the reaction mechanism
offers insights into optimizing alkoxycarbonylation reactions. We detected
the intermediates of the alkoxy cycle for the first time. Using delayed reactant
labeling, we compared the relative kinetics of the intermediates in the hydride and
alkoxy cycles.

Chapter 4 describes a study on Pd-catalyzed C-H olefination reactions of non-
directed arenes, emphasizing the role of a novel S,0-ligand in enhancing the
reactivity and selectivity of these reactions. Through mass spectrometric charge-
tagging, we identified a key 'neutral' intermediate, supporting the proposed
catalytic cycle. The findings illuminated the ligand's role in accelerating the
reaction by promoting the formation of reactive Pd species, contributing to the
understanding of ligand effects in catalysis.
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Chapter 5 examines the catalytic potential of rare gold(ll) complexes, investigating
their formation, stability, and spectral properties. We revealed that certain bidentate
and tridentate nitrogen donor ligands stabilize these complexes. Through a
combination of mass spectrometric, electrochemical, and ion spectroscopic studies,
we correlated the complexes' spectral properties with their electronic structures,
offering parallels to stable copper(ll) complexes.

Chapter 6 explores the interactions between copper(l), silver(l), and gold(l)
metals with m-ligands, examining the role of o-bonding and m-back-bonding. The
findings, supported by X-ray crystallography, NMR, IR spectroscopy, and gas phase
experiments, highlight the importance of m-back bonding and the influence of
electron density on metal-ligand interactions.

In Chapter 7, we investigate the proposed copper intermediate for copper(ll)-
TEMPO complexes involved in alcohol oxidation, which were previously extensively
theoretically studied, but never experimentally detected. Through electrospray
ionization mass spectrometry and ion spectroscopy of ‘frozen’ intermediate, we
presented experimental evidence of the complexes' vibrational and electronic
characteristics. Our study revealed the multiconfigurational nature of these

complexes, suggesting new avenues for understanding and optimizing copper-
catalyzed oxidation reactions.
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Samenvatting

Dit proefschrift presenteert een onderzoek naar reactieve organometaalcomplexen
met behulp van massaspectrometrie, dat verder gaat dan de detectie van
primaire molecuulionen. De complexiteit van organometaalreacties, de lage
concentratie en de voorbijgaande aard van hun tussenproducten maken een
gevoelige analytische benadering noodzakelijk. Massaspectrometrie, bekend om
zijn hoge gevoeligheid voor geladen ionen, wordt gebruikt in combinatie met
conventionele spectroscopische technieken. Het onderzoek verkent een reeks
massaspectrometrische methodologieén, waaronder energy-resolved collision-
induced dissociation, delayed reactant labeling, ion mobility spectrometrie
en ionenspectroscopie, om reactieve tussenproducten en metaalcomplexen
te analyseren.

In hoofdstuk 1 belichten we de verschillende massaspectrometrische benaderingen
voor het bestuderen van reactiemechanismen. We bespreken geavanceerde
massaspectrometrische  technieken zoals energy-resolved collision-induced
dissociation, delayed reactant labeling, ion mobility en ion spectroscopie, waarbij we
literatuurvoorbeelden gebruiken om hun gebruik bij het identificeren en ophelderen
van de structuren van ongrijpbare reactieve tussenproducten te laten zien.

Hoofdstuk 2 beschrijft de experimentele methoden die in dit proefschrift zijn
gebruikt, waaronder delayed reactant labeling, energy-resolved collision-induced
dissociation, ionenspectroscopie en theoretische berekeningen.

In hoofdstuk 3 laten we zien hoe de reactieomstandigheden en de keuze van het
oxidatiemiddel in de palladium-gekatalyseerde methoxycarbonylering van styreen
de selectiviteit tussen twee katalytische cycli beinvloedden, waardoor uiteindelijk de
vorming van verzadigde versus onverzadigde ester werd gedicteerd. De rol van de
oxidant in het sturen van het reactiemechanisme biedt inzicht in het optimaliseren
van alkoxycarbonyleringsreacties. We hebben voor het eerst de tussenproducten
van de alkoxycyclus gedetecteerd. Met behulp van DRL vergeleken we de relatieve
kinetiek van de tussenproducten in de hydride- en alkoxycyclus.

Hoofdstuk 4 beschrijft een studie naar Pd-gekatalyseerde C-H olefination -reacties
van non-directed arenen, waarbij de rol van een nieuw S,0-ligand in het verbeteren
van de reactiviteit en selectiviteit van deze reacties wordt benadrukt. Door
middel van massaspectrometrische ladingstags identificeerden we een belangrijk
'neutraal’ tussenproduct dat de voorgestelde katalytische cyclus ondersteunt. De
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bevindingen belichtten de rol van het ligand in het versnellen van de reactie door
de vorming van reactieve Pd-species te bevorderen, wat bijdraagt aan het begrip
van ligandeffecten in katalyse.

Hoofdstuk 5 onderzoekt het katalytisch potentieel van zeldzame goud(ll)
complexen en onderzoekt hun vorming, stabiliteit en spectrale eigenschappen.
We onthulden dat bepaalde bidentate en tridentate stikstof donorliganden
deze complexen stabiliseren. Door een combinatie van massaspectrometrische,
elektrochemische en ion spectroscopische studies, correleerden we de spectrale
eigenschappen van de complexen met hun elektronische structuren, wat parallellen
oplevert met stabiele koper(ll) complexen.

Hoofdstuk 6 onderzoekt de interacties tussen koper(l), zilver(l) en goud(l) metalen
met m-liganden, waarbij de rol van o-binding en m-back-binding wordt onderzocht.
De bevindingen, ondersteund door rontgenkristallografie, NMR, IR spectroscopie
en gasfase experimenten, benadrukken het belang van n-binding en de invioed
van elektronendichtheid op metaal-ligand interacties.

In hoofdstuk 7 onderzoeken we de voorgestelde koperintermediairen voor
koper(Il)-TEMPO-complexen die betrokken zijn bij alcoholoxidatie, die eerder
uitgebreid theoretisch werden bestudeerd, maar nooit experimenteel werden
gedetecteerd. Door middel van electrospray ionization mass spectrometry- en
ionenspectroscopie van het 'bevroren' tussenproduct hebben we experimenteel
bewijs geleverd voor de vibrerende en elektronische eigenschappen van de
complexen. Onze studie onthulde de multiconfigurationele aard van deze
complexen, wat nieuwe manieren suggereert voor het begrijpen en optimaliseren
van koper-gekatalyseerde oxidatiereacties.
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Concluding Remarks

This thesis has investigated advanced mass spectrometric techniques to analyze
reactive organometallic complexes, providing new insights into catalytic
mechanisms and transient intermediates. By employing methods like energy-
resolved collision-induced dissociation, delayed reactant labeling, charge tagging,
MS/MS studies, ion mobility spectrometry, and ion spectroscopy, this research has
successfully detected and characterized fleeting intermediates, enhancing our
understanding of reaction pathways and ligand effects.

The findings underscore the versatility of mass spectrometry as a sensitive tool
that complements traditional techniques. From studying palladium-catalyzed
methoxycarbonylation to exploring gold and copper complexes, this work advances
our understanding of complex reaction mechanisms and the role of ligands. By
identifying previously undetected intermediates, this research demonstrates how
mass spectrometry uncovers details that traditional methods alone cannot provide.

Throughout my PhD, | have aimed to develop expertise in monitoring and
understanding chemical reactions through innovative analytical techniques, with
mass spectrometry at the core. My goal is to apply these skills in an industrial
setting, where combining mass spectrometry with other analytical methods
offers a comprehensive approach to solving chemical challenges and promoting
sustainable practices. This research has provided a strong foundation for that goal,
equipping me with the skills to tackle challenges in chemical process development.

In conclusion, this work demonstrates the potential of mass spectrometry to
deepen our understanding of organometallic chemistry and catalysis.
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This thesis research has been carried out under the institute research data
management policy of the Institute for Molecules and Materials of Radboud
University, The Netherlands.’

1. Data sets for chapters (1, 2, 4 - 7) are deposited in the Radboud Data
Repository as a data sharing collection with a unique digital object identifier
(DOI) 10.34973/pdan-6826. It can be accessed via https://doi.org/10.34973/
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2.  Data set for chapter 3 is deposited in the Radboud Data Repository as a data
sharing collection with a unique digital object identifier (DOI) 10.34973/
cgxm-cv50. It can be accessed via https://doi.org/10.34973/cqxm-cv50 upon
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Data sets available are:

« Experimental IR and MS data as txt files.
« Output from DFT calculations as log files and xyz data of optimized geometry as
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! https://www.ru.nl/rdm/vm/policy-documents/ (last accessed 5 April, 2024)
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DPPB: 1,4-Bis(diphenylphosphino)butane
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ESI-MS: electrospray ionization mass spectrometry
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