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1 Introduction

Coordination compounds such as transition metal (TM) complexes have been utilized by
humanity since antiquity!+. They exhibit a broad variety of properties and features,
which makes them ubiquitous in everyday life and scientific research 6. TM catalysts
mediate important (industrial) chemical reactions’-11 by homogenous catalysis and
activate small molecules such as N2 or COz for subsequent functionalization2-15, The
reactivity of TM complexes relates to their three dimensional structure. Thus, molecular
structure elucidation is paramount in order to gain fundamental insight into their

catalytic properties.

Unpaired electrons within TM complexes give rise to intrinsic magnetic phenomenal®
like magnetization of the complexes in the presence of an external magnetic field. “Single
Molecule Magnets” (SMM) are complexes designed to remain magnetized even after the
magnetic field is switched offl7. The intrinsic molecular magnetism of SMM’s sets them
apart from traditional bulk magnets and promises a variety of applications!8-20,
Archetypical SMM’s contain a small number (~4 to 30) of paramagnetic TM centers,
which are linked together by bridging atoms or molecules (e.g. 0%, CH3CO2’) and
stabilized by further organic ligands?!. Optimizing magnetic properties of TM complexes

demands fundamental understanding of their intermetallic magnetic couplings.

The elucidation of cooperative effects between two or more metal centers within TM
complexes and clusters stands out as a very active field of research??. A cooperative
effect in TM clusters or TM complexes is defined as a new magnetic, optical, or reactive
effect or function emerging by combining two or more TM centers. This definition
implies, that neither the participating TM centers nor the whole complex exhibit this
function if the two TM centers are sufficiently far apart. Oligometallic systems have been
investigated to elucidate how cooperative effects determine their magnetic23, catalytic24
as well as their optical properties2>. Investigations on free molecules in vacuo exclude
superimposing effects (e.g. solvent or crystal packing effects) and benefits insights into

such intramolecular properties.

Soft ionization techniques like Matrix Assisted Laser Desorption/lonization26-28 (MALDI)
and Electrospray lonization2°-31 (ESI) enable the transfer of intact ionic TM complexes32-

35 into vacuum. Subsequent mass spectrometric analysis3¢-40 determines their mass to
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‘ Introduction

charge (m/z) ratios and allows for an isolation of ion ensembles by m/z selection. A low
ion density in the gas phase excludes molecule characterization by classical absorption
spectroscopy, since any light attenuation would be below the detection limit. An “action
spectroscopy” approach#! provides a solution to this problem: Light may cause
measurable changes of the ion ensemble’s m/z ratio (e.g. by dissociation) depending on
the wavelength and photon flux. Collisions of the ions with background gas molecules
provide an additional source of information. The ions may cool down, heat up, and
undergo dissociations or reactions along sole or competing pathways. Various
experimental methods#2-46 employ action spectroscopy as well as molecular collisions to
extract information on molecular properties like geometrical structure*7-49,
magnetism>% 51, reaction barriers% 53, binding strengths>* 5> and fragmentation
pathways>6 57, Such molecular properties may interdepend and modulate each other.
Thus, combining several experimental methods in parallel favors a complete
understanding of the TM complex. Quantum chemical calculations (e.g. density
functional theory58 59) support interpretations of experimental data and deepen the

fundamental insight thereof.

InfraRed (Multiple) Photon Dissociation (IR-(M)PD) is an established “action
spectroscopy“ technique to obtain insight into binding motifs and structural
compositions of isolated TM complexes®0-66, At resonance, photons in the infrared
spectral region excite molecular vibrations. An intramolecular vibration redistribution®’
(IVR) process transfers the excess energy into internal vibrational degrees of freedom
(internal energy). This allows for repeated absorption of several photons by one
absorber®8-70. The trapped ions fragmentize (measured as change their m/z ratio) if
their internal energy reaches the dissociation threshold’! 72. High dissociation
thresholds and/or inefficient IVR processes may prevent fragmentation within one laser
pulse, which results in undetected vibrational bands’3 74. “Messenger” techniques’>-7?
circumvent this problem by collisional cooling of the trapped ions. At cryo temperatures
the ions form adducts with background gas atoms or molecules (e.g. N2 or He). These
molecules act as “messengers” of the vibrational bands, since their low dissociation
thresholds allow for dissociation by single photon absorption. A resonant 2-color (2c)-
IR-MPD technique enhances fragmentation efficiency of TM complexes8? by utilizing two
IR lasers. The resulting 2c-IR-MPD spectra depend crucially on the temporal delay

between the two laser pulses8l. A detailed vibrational and structural analysis of the

| 2
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IR-(M)PD spectra arises via comparison with calculated IR spectra of molecular
structures with adequate geometries. Density Functional Theory (DFT) has been proven
to be a capable and cost efficient approach to compute geometry optimized energy

minima structures, linear absorption spectra as well as other molecular properties82 83,

Collisions between trapped ions and background gas atoms/molecules can increase the
internal energy of the ions by thermal heating®. Such collisional activation results in
collision induced dissociation8> 8¢ (CID). Historically, CID was observed in mass spectra
by diffuse fragment peaks®” 88, Since then it has evolved to a widely used technique in
mass spectrometry, e.g. for protein sequencing®8® %, In the context of TM complexes, CID
is very useful to investigate activation barriers of catalyst precursors®! 92, ligand binding
energies®3-95 and intramolecular fragmentation pathways?6 97. The experimental results
are compared with accompanying geometry optimized fragment and transition state
structures along the reaction coordinate. The combination of CID experiments and DFT
modelling provides fundamental insight into the intramolecular fragmentation

processes?8-100,

The element selective X-ray Magnetic Circular Dichroism1%1 (XMCD) spectroscopy allows
to investigate magnetic properties of samples such as deposited nanoparticles102. 103,
Spin and orbital contributions to the total magnetic moment of the investigated
compounds can be deconstructed by sum rule analysis104106, Recently, the XMCD
technique has been adopted as a gas phase “action spectroscopy” method to investigate
the magnetism of isolated clusters and complexes!07-109, XMCD spectra provide
information on intrinsic magnetic properties, i.e. void of any alterations such as crystal
packing or surface induced effects. The broken symmetry approach!1% 111 js useful to
simulate intramolecular magnetic couplings via DFT modelling. The combination of
XMCD experiments and Broken Symmetry/DFT modelling provides fundamental insight

into the molecular magnetism in isolated complexes112.

This thesis comprises studies on isolated mononuclear and oligonuclear TM complexes.
It applies ESI in conjunction with mass spectrometry to isolate species of interest as
gaseous ions. Their molecular structures, fragmentation pathways and magnetic
properties are elucidated by combining several experimental and computational

methods (cf. Scheme 1). The thesis contains five independent research studies (chapters
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3 to 7) utilizing IR-(M)PD, CID and XMCD investigations as well as DFT modelling in
various combinations depending on the nature of the investigated TM complexes and
individual scientific questions. Each research study provides an independent
introduction, a short description of the experimental and theoretical methods, a

discussion and a conclusion.

Minima Structures
and Linear

Broken

Absorption Spectra Symmetry

InfraRed
(Multiple) Photon Molecular Molecular
Dissociation Geometry Magnetism
(IR-(M)PD)

X-Ray Magnetic
Circular Dichroism
(XMCD)

Transition

Metal
Complex

Molecular Local Minima and
Fragmentation Transition State
Pathways Structures

Collision Induced

Dissociation (CID)

Scheme 1: Overview of the experimental methods (grey oval shapes) and
associated computational modelling (green oval shapes) utilized in this thesis
to investigate molecular properties of isolated TM complexes.

Chapter 3 reports on “non-classical” vibrational blue shifts of dinitrogen molecules
coordinated to trinuclear iron (III) oxo acetate complexes [Fe30(0Ac)s]* (OAc = acetate).
It presents IR-PD spectra of cryo cooled complexes in conjunction with DFT modelling.
Molecular orbital analysis serves to rationalize the increasing N-N bond strength and

provides insight into the nature of the N2-Fe bonding in [Fe30(0Ac)e(N2)n]* (n = 1,2,3).

Chapter 4 elucidates the cationization of a bimetallic [AuZnCls] complex by coordinating
alkali metal ions. It characterizes structural features of the charged adducts via IR-MPD
spectroscopy and DFT modelling. CID experiments and calculated stationary points

along the fragmentation pathway reveal molecular reorganizations upon CID activation.

Chapter 5 showcases delay dependent 2¢c-IR-MPD spectroscopy in conjunction with DFT
modelling. The investigation reveals laser induced torsional isomerization in a

mononuclear silver (I) complex.

Chapter 6 establishes magnetostructural correlations in trinuclear iron (III) oxo acetate

pyridine complexes [Fe3sO(OAc)s(Py)n]* (Py = pyridine, n = 0,1,2,3). It utilizes CID/DFT to
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determine pyridine binding strengths and IR-MPD/DFT to characterize the geometrical

evolution of the triangular Fe30 core upon stepwise coordination of pyridine ligands.

XMCD investigations in conjunction with Broken Symmetry/DFT modelling serve to

characterize the magnetic couplings of the triangular Fe30 core in dependence of its

geometry.

Chapter 7 characterizes structural features and fragmentation pathways of mononuclear

and binuclear palladium catalysts by IR-MPD and CID experiments as well as DFT

modelling.
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2 Experimental and Computational Methods

2.1 Electrospray lonization (ESI)

Electrospray lonization (ESI) is a widely used method to transfer molecular ions from
solution into the gas phasel 2 with minimal fragmentation of the analyte ions. It has
enabled mass spectrometric investigations on biomolecules3 4 as well as on transition
metal (TM) complexes>. ESI ion sources have been continuously advanced in the last
decades®8 in order to generate labile non covalent complexes? 10 or intermediate

structures from catalytic cycles 11-13,

initial (um) final (nm)
droplets droplets

ESI capillary A A
+++Taylcr cone
Tooa TR @ @&y +
analyte +7 . 4+ % s P B4+ mass
-+ +++ @ @®@ ] + | spectrometer

B T, dg t
+

.

Scheme 1: Release of charged droplets and ions by the Electrospray

Ionization (ESI) processi#.
On a fundamental level, ESI proceeds as follows (cf. Scheme 1): An analyte solution flows
into an ESI capillary (also called spray needle). A power supply generates a strong
electrostatic field between the capillary and the orifice of the mass spectrometer. This
electrophoretically separates cations and anions within the solution and leads to the
formation of a Taylor Conel5 16 at the exit of the capillary. The tip of the Taylor Cone
releases charged droplets as soon as the coulomb repulsion between the ions within the
solution overcomes the surface tension of the solvent. Subsequently, the droplets shrink
by thermal induced desolvation. Reaching the Rayleigh limit!” the droplets undergo
Coulomb explosions. Repeating this process, the analyte ions completely desolvate and
remain as bare free molecular ions in vacuo. ESI-Models18 like the charge residue
modell? 20 and the ion evaporation model?! 22 describe the desolvation mechanism on a
qualitative basis. Polar solvents with low boiling points suit the ESI process since they

stabilize ions and facilitate the desolvation process.
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2.1.1 Apollo II ESI Source

The Bruker Apollo II ESI source (cf. Fig. 1) is used in combination with the Bruker
amazon SL mass spectrometer (cf. chapter 2.2.1) and the customized FRITZ tandem
mass spectrometer (cf. chapter 2.2.2). An ESI Sprayer (1) houses the spray needle.
Hamilton™ gas tight syringes serve to inject sample solutions into the spray needle
through a peek capillary (inner diameter =0.13 mm). A syringe pump provides a
constant solution flow rate of 2 pl/min. A constant flow of nitrogen gas (nebulizer
pressure ~400 mbar; flowrate ~2.5L/min) along the spray needle supports the
formation of small aerosol particles in the Spray Chamber (2). An electrostatic field is
generated by applying a high voltage (4.5 kV -3.5kV) on the Spray Shield (3) and
grounding the spray needle. The Glass Capillary (6) serves as the entrance to the mass
spectrometer. It is metal coated on both ends (platinum coating). Nitrogen gas heated by
the Dry Gas Heater (5) (gas temperature ~220 °C) flows in the opposite direction of the
droplet stream (4 - 6 L/min) and supports the desolvation of the ions. An electrostatic
potential between the Spray Shield (3) and the Glass Capillary (6) focuses the ion to the
capillary entrance. An additional electrostatic gradient between the entrance and exit
coatings of the Glass Capillary (6) guides the charged particles into the vacuum of the

vacuum of the subsequent instrumentation.

(1) ESI Sprayer
(2) Spray Chamber
(3) Spray Shield
(4) Waste

(5) Dry Gas Heater
(6) Glass Capillary

Figure 1: 3D model of the Bruker Apollo II ESI source?3.
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2.1.2 Custom ESI Source

A custom ESI source?* 25 developed by the research group of Thomas Schlatholter
(University of Groningen, The Netherlands) is coupled to the NanoClusterTrap
apparatus (cf. chapter 2.2.3). It consist of a stainless steel spray needle, a stainless steel
transfer capillary and a home build radio frequency (RF) ion funnel2¢. Hamilton™ gas
tight syringes serve to inject the sample solutions into the spray needle through a peek
capillary (inner diameter = 0.13 mm). A syringe pump provides a constant solution flow
rate of 2 pl/min. A x,y,z translation stage allows to optimize the position of the spray
needle for maximum signal intensity. A voltage (3 - 3.5 kV) between the spray needle
and the transfer capillary generates the electrostatic field needed for the ESI process.
The transfer capillary is heated by an additional applied voltage of ~11 V to support
desolvation. After passing the transfer capillary the ions are captured by a home build
RF ion funnel consisting of 26 ion lenses with declining inner diameters. It operates at a
frequency of ~250 kHz and peak to peak amplitudes of ~300 V. This alternating RF field
is overlaid by a static voltage declining from the first to the last lens (120 V to 25 V).
Passing the ion funnel the ions enter the vacuum of the experimental apparatus for

further investigations.

2.2 Mass Spectrometric Instrumentation

Mass spectrometry is a versatile method allowing for the chemical analysis of gaseous
ions?7-29, [t has as its basis the determination of mass-to-charge (m/z) ratios of these
ions. A huge variety of analytical methods exploit m/z specific interactions of charged
particles with electric and/or magnetic fields to extract its m/z ratios3. In addition, the
ions can be trapped3! within the vacuum of the instrument (ion traps). Paul type32 traps
as well as linear multipoles utilize RF voltages applied on metal rods (linear multipoles)
or hyperbolic electrodes (Paul trap) to generate an alternating trapping potentials33-37,
Wolfgang Paul has been awarded the Nobel Prize for Physics38 in honor of this method.
Fourier Transform lon Cyclotron Resonance ion traps utilize homogenous magnetic
fields39-42 to trap the ions. The following chapters provide descriptions of the utilized

mass spectrometric instrumentation of this work.
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2.2.1 AmaZonSL Mass Spectrometer

The modified Bruker amaZonSL mass spectrometer serves to conduct Collision Induced
Dissociation (CID) and InfraRed Multiple Photon Dissociation (IR-MPD) studies*3 44, It is
equipped with an Apollo II ESI ion source (cf. chapter 2.1.1) and comprises several
differentially pumped vacuum chambers (cf. Fig. 2). Gaseous ions exit the transfer
capillary and enter the first vacuum stage (pressure ~1 mbar). A double arrangement of
ion lenses with declining inner diameters forms a dual ion funnel. It focuses the
voluminous ion cloud by combining radio RF and direct current (DC) voltages. The dual
ion funnel is fitted “off axis”, in relation to the exit of the transfer capillary. By this
arrangement it blocks the flow of neutral gas molecules from the ESI source, thereby
providing an optimal vacuum gradient. Two linear RF - octopoles serve to guide the
focused ions to the final vacuum chamber (pressure ~ 10-¢ mbar). A Paul type ion trap

accumulates the ions and allows for their m/z determination and isolation.

ESI Transfer ~ Dual Dual Paul Type Bipolar
Source Capillary  Funnel Inlet Octopole Ion Trap Detector
e g —
E=——==1 ] ) e | }:

alll] ) 1{| —
il L—\'¥

4-stage, differentially pumped vacuum system

Figure 2: Schematic cross section of the Bruker amaZonSL mass spectrometer?23.

The Paul trap is a three dimensional quadrupole ion trap. It consists of a ring electrode
and two end caps (cf. Fig 3) forming a nearly hyperbolic inner profile. The ions enter and
exit the trap through pinholes in the end caps. A high voltage RF potential (781 kHz) is
applied to the ring electrode, while the end caps are grounded. The resulting oscillating
quadrupolar electric field allows for the accumulation of the ions within the three
electrodes. Depending on the amplitude of the RF voltage, the field traps ions within a
wide mass range. An auxiliary dipolar voltage is fed to either the exit cap or both
end caps of for subsequent ion isolation and fragmentation. It is vital to slow down the
arriving ions in order to trap them effectively. A proportional integral derivative (PID)

gas controller maintains a partial Helium buffer gas pressure of ca. 10-3 mbar inside the
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trap. The ions decelerate by collisions with the He atoms, which allows for their efficient
trapping. It is possible to accumulate weak signals over an extended period of time.

Typical accumulation times vary between 0.01 ms and 200 ms.

Entrance Cap
Ring Electrode
Exit Cap

lon Cloud

HWwNE

ground primary RF amplitude | | auxilliarydipolaramplitude

Figure 3: Schematic cross section of a Paul type ion trap?23.

The motion of ions in an electric field comprises oscillations in both the radial as well as
the axial direction. The oscillations depend on the m/z ratios as well as on the field
parameter (voltage, amplitude, frequency etc.). The solutions of the Mathieu equations4>
describe such motions analytically and provide a two dimensional stability diagram,
which indicates stable orbits of ions within the trap (cf. Fig. 4). An orbit is stable if its
oscillatory amplitudes in radial direction (described by the parameter (3;) and axial
direction (described by the parameter 3;) lie between 0 and 1. Other orbits are unstable
and the ions can collide with the walls of the ion trap. B, and [B: are inversely
proportional to the mass of the ions and directly proportional to the RF voltage. In a
particular field the m/z ratio of an ion determines the stability of its orbit. The axial
motion (f;) is of primary importance because this is the direction of ion injection and
ion ejection. In RF only mode (during accumulation of ions) the stability diagram reveals
a boundary of stability along the line 3, = 1. This determines the lowest m/z ratio in the
particular field, which allows for a stable orbit. All ions exhibiting lower m/z ration have
unstable orbits. Therefore, the range of m/z ratios that can be stored simultaneously in
the trap has a lower cut-off that is determined by the RF amplitude at the ring electrode.
Theoretically, there is no upper limit to the storable mass range. However, for practical

purposes and thermal reasons, there is an upper limit. This upper limit is about 20-30
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times the lower cut-off m/z ratio. lons with an m/z above this limit are not efficiently

trapped by the RF field.

Operating line for
B=0 / tllle RF-on!y mode

Increasing
DC voltage

Increasing
RF amplitude

Figure 4: Stability diagram for ions in a Paul trap3¢. Oscillation in radial
direction is described by the parameter 3 and the oscillation axial direction
is described by the parameter [3,. Stable orbits exhibit 0 < 3., 3. < 1.

Variation of RF voltages in addition to applying DC voltages allows for the continuous
ejection of the trapped ions under m/z control. The ejected ions are detected by a Daly
detector#t. A scan of ion ejection with various m/z rations yields a mass spectrum
(MS Scan). Typical scan speeds lie around 32500 (m/z)/s (Ultrascan mode). This mode
yields resolutions of ~0.3 FWHM / m/z. Isolation of ions with particular m/z ratios is
possible by applying specific voltages, such that all other ions have instable orbits. A

subsequent mass scan (MS" scan; n = 2,3, ...) exhibits only the isolated species.

Several modifications of the amaZonSL mass spectrometer allow for IR-MPD
experiments: Two pinholes drilled in the ring electrode of the Paul trap create an optical
path through the center of the ion trap passing the ion cloud (cf. Fig. 5). The holes
tamper from 6 mm on the outer side to 2 mm on the inner side to limit Helium loss of
the trap. Associated windows and mirrors have been installed to guide the laser beam

inside and outside the mass spectrometer. The software of the instrument has been
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updated to allow for a synchronization of the duty cycle of the mass spectrometer to the
10 Hz trigger signal of the pump laser. Further details on the modifications of the
amaZonSL mass spectrometer are available in the PhD thesis of Fabian S. Menges*7.

IR beams

w1 w2

RE

M1 M2

Figure 5: Scheme of the modified ring electrode (RE) of the Paul trap. IR
laser beams pass the BaF, windows (W1, W2) and are reflected by two
mirrors (M1, M2).
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2.2.2 FRITZ - Tandem Mass Spectrometer

The customized Fourier Transform-lon Cyclotron Resonance (FT-ICR)-mass
spectrometer48-50 “FRITZ” (cf. Fig. 6) serves to conduct temperature controlled IR-(M)PD
studies. It is based on a Bruker Apex Ultra FT-ICR and is equipped with an Apollo 2 ESI
source (cf. chapter 2.1.1). An additional Laser VAPorization Source>? 52 (LVAP) stands
by, but was not utilized in this work. The ESI generated ions are injected into a cryogenic
hexapole ion trap passing different ion lenses, a 90 degrees ion beam bender and a

quadrupole mass filter.

He cryostat

ESI source

laser
superconducting vaporization
solenoid (7 T) 4 source
4 hexapol;\
2. ion trap

Figure 6: 3 D model of the FRITZ setup52. The inset shows a 3 D model of the
hexapole ion trap.

The hexapole is cooled by a two stage closed cycle Helium cryostat (Sumitomo SRDK-
101E). Two sensors (LakeShore, Cernox™) monitor the temperature of both cooling
stages. Heating resistors (Catridge Heater, Janis Research, R = 50 Q) in combination with
a temperature controller (LakeShore, model 336) provide a constant temperature of
26 K for the measurements of this thesis. Lower temperatures up to 11 K are possible.
Buffer and/or reaction gas can be introduced into the hexapole both pulsed and
continuously. In this work two continuous gas inlets were used. The pressure is first
increased by Nz gas from 1.7 x 107 mbar up to 3.0 x 107 mbar and subsequently
increased with He gas up to 4.0 x 10-* mbar to accomplish N2 attachment as well as

efficient trapping and cooling of the ions. Storage of the ions for a variable time (0-10 s)
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allows them to react with N;. The product ions are guided by electrostatic lenses into the
FT-ICR cell of the “infinity” type>3. This cell is cooled at a temperature of about 10 K with
a two stage closed cycle Helium cryostat (Sumitomo) to prevent heating of the ions by
black body radiation. Three temperature sensors (LakeShore, CernoxTM) monitor the

temperature within the ultra high vacuum region.

Figure 7: Infinity™ type ICR Cell: (1) front trapping plate, (2) excitation
plate, (3) detection plate, (4) back trapping plate>2.

The ICR cell (cf. Fig. 7) is located in the high field region (7 T) of a superconducting
solenoid and serves to trap, isolate and mass analyze the ions of interest. It consists of
six plates. The ions enter the cell through the front plate. The strong magnetic field
induces Lorentz forces on the ions which lead to a circular ion trajectory within the
trap>4-56, Electrostatic fields applied to the front and back plate serve to trap the ions. A
RF is applied to the two excitation plates. Frequency sweeps applied to the excitation
plates accelerate the ions on their trajectory. As a result, their orbits increase while they
retain their specific cyclotron frequency. lons passing the two detection plates induce an
image current. Recording the time dependence of these signals yields a spectrum in the
frequency domain. Fourier transformation of this data yields a mass spectrum of the
trapped ions. Frequency sweeps can also be applied to eliminate ions with unwanted
m/z ratios from the trap and therefore isolate ions of interest. A BaF2 window on the
backside of the high vacuum chamber and a hole in the back trapping plate of the ICR
cell provide optical access to the isolated ions in order to conduct IR-(M)PD
experiments. Further instrumentational details of the FRITZ tandem mass spectrometer

are available in the PhD thesis of Jennifer Mohrbach>52.
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2.2.3 NanoClusterTrap

The custom build NanoClusterTrap instrument>7-60 (cf. Fig. 8) serves to measure X-ray
absorption (XAS) and XMCD spectra of isolated TM complexes and clusters. It has been
build by the groups of Thomas Moller, Bernd von Issendorff and Tobias Lau and is
located at the UE52-PGM beamline at the BESSY II (Helmhotz Zentrum Berlin)
synchroton facility. In this work the NanoClusterTrap is coupled with a custom build
ESI - ion source (cf. chapter 2.1.2) kindly provided by the group of Thomas Schlathdélter,

University of Groningen.

quadrupole
qqadrupole mass filter
ion trap
Wiley-McLaren hexap_ole
accelaration stage ion guide

einzel-lenses

reflectron

L\

Superconducting
selenoid, 5T Jquadrupole electrostatic
~ ionguide lenses

Figure 8: Schematic cross section of the NanoClusterTrap instrument®l. The
ESIion source is omitted for clarity.

Gaseous ions of interest are mass selected in a linear quadrupole mass filter (Extrel, 40-
4000 m/z) and transported through several electrostatic lenses into the quadrupole ion
bender. It bends the ion beam by 90 ° onto the axis of the superconducting solenoid and
the X-ray propagation direction. The electrostatic lenses compensate for deflection of
the ions by the stray field of the superconducting solenoid. Passing the ion bender the
ions are constantly injected into a (liquid helium cooled) linear quadrupole (cf. Fig 9),
where they are stored for cooling and irradiation by the X-Ray beam. The trap is
operated between 2 and 4 MHz (~500 V peak to peak voltage) depending on the mass of
the investigated ions. The quadrupolar electric field of the linear quadrupole focuses the
ions to the X-Ray beam axis benefitting the overlap between the light and ion cloud.
Static potential on entrance and exit plate serve for axial ion trapping. Evaporation of

the liquid Helium (pressure of ~8 x 107 mbar within the vacuum chamber) cools down
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the ion trap to cryo temperatures around 4 K. Collisional cooling of the trapped ions
leads to thermalized ions at slightely elevated temperatures of ~15Ké2 due to RF
heating. The ion cooling is necessacy to reduce temperature induced orientation
randomization of the magnetic moments of the investigated species. The ion trap is
located inside the high field region of a superconducting solenoid (up to 5-4.5T) to
allign the magnetic moments of the investigated ions to the light pass of the X-Ray beam.
Accordinglly, all rods and side electrodes of this linear quadrupole are made of non-
magnetic molybdenum. Irradiation of the ions with circularly polarized X-Ray radiation
from the UE52-PGM beamline (10 - 15 s irradiation time per set photon energy) leads to
their fragmentation. After Irradiation the parent ions as well as the associated fragment
ions are ejected from the ion trap into an in line reflectron time of flight mass
spectrometer (~100 Hz) to record the resulting mass spectra, specifically to record the
intensity of the X-Ray induced fragments. Further instrumentational details of the

NanoClusterTrap is available in the PhD thesis of Andreas. Langenberg®1.

Figure 9: Schematic drawing of the cryogenically cooled quadrupole of the
NanoClusterTrap®l. It comprises four parallel rods (d =6 mm, L=25cm)
along with four side electrodes, which increase trapping efficiency. The rods
and side electrodes are made of non-magnetic molybdenum, since the
quadrupole is located in the high field region of a superconducting solenoid.
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2.3 Light Sources
2.3.1 Optical Parametric Oscillator/Amplifier IR Laser Systems

The wavelength of laser radiation can be converted within non linear optical crystals by
means of second order non linear optical interaction®3. This provides an approach to
tune the frequency of laser radiation®%. Non linear optical process demand very
intensive and coherent light (laser light) as pump sources, since their frequency
conversion efficiency is intrinsically low®5. An optical parametrical oscillatoré® (OPO)
essentially consists of a non linear optical crystal and an optical resonator (e.g. two
mirrors). It converts one entering “pump photon” into two photons with lower photon
energies, called signal and idler photons. Changing the incident angle between laser
beam and crystal surface allows to tune the outgoing signal and idler frequencies by
phase matching®’. An optical parametric amplifier®® (OPA) consists of one or several non
linear crystals and serves to amplify seeded (tunable) laser light. The generation of
intensive and tunable laser radiation makes OPO/OPA laser systems extremely useful

for laser spectroscopic investigations®°.

In this work, two commercially available “Dean Guyer LaserVision” OPO/OPA IR laser
systems’? enable (two color) IR-(M)PD investigations on isolated TM complexes. The
laser systems are coupled to the amaZonSL (cf. chapter 2.2.1) as well as the FRITZ
(cf. chapter 2.2.3) instruments and provide identical frequency conversion schemes

(cf. Scheme 2 and Figure 10):

Continuum fundamental w : } signal 1: } signal 2: }
Nd:YAG-laser | 1064 nm 2 9394 cm 14000 -11300 cm™ 7400 - 4700 cm
10 Hz 2 w: . .
550 m]/pulse A 187 , ddlerl: idler 2:
J/p 532 nm £ 18789 cm 2400 - 4700 cm-t 4700 - 2200 cm-t

fundamental w

v signal 1 ‘l’ signal 2
siG | 20 [ oro F——/ | ora - > DFM Mass
KTP | grp | ddlerl > KIA “"TT Z .| AgGaSe, Spec.
)

Scheme 2: Non linear optical processes and frequency conversions of the
LaserVision OPO/OPA laser systems. Potassium titanyl phosphate (KTP)
crystals serve for second harmonic generation (SHG) and for the optical
parametric oscillator (OPO) process. Potassium titanyl arsenate (KTA)
crystals serve for the optical parametrical amplification (OPA) process.
AgGaSe; crystals enable difference frequency mixing (DFM).
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a) Pump laser Nd:YAG (1064 nm)
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Figure 10: a) Optical setup of the LaserVision broadband OPO/OPA laser

system. Lines and arrow indicate the pathway of the incoming and outcoming

laser beam. b) The inset shows the OPO configuration for the narrowband

system.
An injection seeded Nd:YAG laser (Continuum-PL8000; 10 Hz, 540 - 560 m]/pulse)
provides intensive fundamental laser radiation pulses at 1064 nm (9394 cm1) and a
pulse length of ~7 ns. This fundamental beam w pumps the OPO/OPA system. A beam
splitter guides one third of the w photons to a potassium titanyl phosphate crystal (KTP)
for second harmonic generation®>(SHG). The intensity of the fundamental beam w can be
attenuated by a A/2 wave plate. Two w photons of the pump beam combine to one
photon with the doubled frequency 2w (532 nm, 18789 cm1). The 2w beam enters the
OPO resonator. The OPO converts one entering 2w photon into two photons: a signal 1
and an idler 1 photon. Per definition, the frequency of the signal photon is higher than
the frequency of the idler photon. The frequency (v) of these photons can be tuned by
varying the incident angle between the 2w beam and the surface of the KTP crystal. The
photon energy sum of signal 1 and an idler 1 has to be identical to the photon energy of

2w (cf. eq. 1 and 2) due to energy conservation.

2w =5321M = Vsignai1 + Vidter1 (1)

2w = 18789 cm™! = Tgignarr + Vrdier1 (2)

A silicon filter blocks the signal 1 beam and the idler 1 beam enters the OPA stage
consisting of four potassium titanyl arsenate (KTA) crystals. Within the OPA stage the
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idler 1 beam overlaps with two thirds of the fundamental beam w. By the OPA process
the w photon splits in two photons, a signal 2 and an idler 2 photon. The idler 1 beam is
amplified by this process since the generated signal 2 photon has the same frequency as
the idler 1 photon (cf. eq. 3 to 5). Thus the frequency of idler 1 determines the frequency
of the new photon called idler 2. The intensity of the OPA output can be attenuated by a

A/2 wave plate and a thin film polarizer.

Vidier1 = Vsignal 2 (3)
1064 nm = Usignat 2 + Vidier 2 (4)
9394 cm™! = Usignai2 + Vrdier 2 (5)

The idler 2 and signal 2 beams exhibit different linear polarizations of their electric field
vectors. A silicon filter tuned to the associated Brewster angle selectively filters out
either the signal 2 or the idler 2 beam. This provides IR laser light radiation in the
spectral range of 7400-2200 cm-! (idler 2: 2200 - 4700 cm-1; signal 2: 4700 - 7400 cm-1).
Difference frequency mixing’! (DFM) of the idler 2 and signal 2 beams in an AgGaSe:
crystal generates an new beam, whose frequency (¥pgy) is the difference frequency of
the idler 2 and signal 2 photons (cf. eq.6). The DFM process extends the available
spectral range to 800 - 2200 cm-1. Residual idler 2 and/or signal 2 photons are filtered
out by a ZnSe filter.

Uprm = VUsignai2z = Vrdter 2 (6)

The two utilized laser systems differ by their OPO resonators (cf. Fig. 10). The
“broadband” OPO consists of two potassium titanyl phosphate (KTP) crystals within the
optical resonator. The “narrowband” OPO consists of one larger KTP crystal and
implements a grating within its optical resonator (cf. Fig. 10b). The grating reduces the
linewidth of the resulting radiation’? enabling a resolution of < 0.3 cm! (hence the name
“narrowband”). The broadband OPO provides a spectral resolution of ~0.9 cm-1. Both
lasers are synchronized with each other and the mass spectrometers by a delay
generator (Stanford Research Systems, DG645). The wavelengths of the OPO outputs are
calibrated and monitored of by wave meters (Bristol Instruments: 821B-NIR and
TopticaPhotonics: HighFinesse IRII-WS7). Power detector heads (i.a. gentec-eo. UP-19K-
H5DO0) serve to record pulse energies during scanning. The beam profiles of the pump
lasers are continuously monitored by beam profiler cameras (WinCamD, DataRay Inc) to

avoid hot spots.
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2.3.2 X-Ray Synchrotron Radiation @ BESSY II (UE52-PGM Beamline)

Large scale synchrotron facilities provide very intense and coherent light in a wide
spectral range’3. Brilliant synchrotron X-Ray radiation’4 is very useful for various
analytical and spectroscopic applications’> 76, Electrons are accelerated to relativistic
energies and transferred into a storage ring. Dipole magnets bend the electron beam
path into a circular trajectory, due to radial acceleration of the electrons within these
dipoles. Concurrently the electrons emit characteristic synchrotron radiation, which is
monochromatized and used for subsequent experiments. Within the straight sections of
the storage ring additional instruments called “undulators” provide an additional
approach to generate synchrotron radiation. Undulators consist of several neighboring
permanent magnets with alternating polarity. The magnet field accelerates the electrons
and induces an oscillatory electron motion (cf. Fig. 11), which induces the emission of
synchrotron radiation. The (tunable) gap between the magnets within the undulator

determines the emitted photon energy”’.
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Figure 11: Arrangement of the permanent magnets within an APPLE 278 79
(advanced planar polarized light emitter) undulator?’. a) Horizontal photon
polarization. b) Circular photon polarization.
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The NanoClusterTrap (cf. chapter 2.2.3) is connected to the UE52-PGM undulator
beamline at the BESSY II synchrotron facility of the Helmholtz Zentrum in Berlin. An
APPLE278 79 (advanced planar polarized light emitter) undulator (cf. Fig. 11) provides
photons with variable polarization in the soft X-Ray spectral range (85 - 1600 eV). The
APPLE 2 undulator consists of four rows of permanent magnets of alternating
polarizations. Al rows can be shifted independently from each other. Depending on the
arrangement of these magnets the APPLE 2 undulator generates horizontal or circularly
(left or right handed) polarized X-Ray photons. A grating serves to provide
monochromatic light with photon fluxes of 1012 photons/s. New electrons are constantly
injected into the storage ring to compensate electron loss by collisions with the tube or
residual gas. In the “top up” operation the storage ring exhibits a constant current of

300 mA.

2.4 InfraRed (Multiple) Photon Dissociation (IR-(M)PD)

The vibrational fingerprint of a molecule provides vital information to understand its
structure and reactivity80. Electrospray lonization Mass Spectrometry (ESI-MS) allows to
transfer molecular ions into the gas phase (cf. chapter 2.1 and 2.2). Isolation of these
molecular ions enables their investigation without any solvent influences. However,
classical absorption spectroscopy methods reach their limits, since the ion density in the

gas phase is often too low (< 108 cm3) to observe a light attenuation due to absorption8l.

InfraRed-(Multiple) Photon Dissociation8? (IR-(M)PD) spectroscopy provides an “action
spectroscopy” type approach to record vibrational spectra of isolated molecular ions.
Absorption of a single or multiple IR photons results in a fragmentation (change of the
m/z ratio) of the isolated ion, which is detected by a mass spectrometer. IR photon
energies lie in a range of 10-50 k]J/mol (800 - 4000 cm1), which is sufficient to break
noncovalent bonds, e.g. hydrogen bonds83 or messenger tags8* 85. The cleavage of
stronger (covalent) bonds requires the absorption of multiple IR photons to pump
enough energy into the molecule8® 87, This makes the usage of coherent and intensive IR

laser light sources (cf. chapter 2.3) mandatory.
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Scheme 3: Representation of the non-coherent IR-MPD processes8s: A
resonant IR photon is absorbed by the isolated ion. The additional energy is
redistributed within the ion by internal vibrational redistribution8® (IVR).
This process repeats until the dissociation limit of the ion is exceeded and it
fragmentizes. The irradiation time is ~ 7 ns (a single IR laser pulse).

An isolated molecular ion absorbs one IR photon if the photon frequency is in resonance
with a molecular energy transition (cf. Scheme 3). In the non-coherent IR-MPD model
internal vibrational redistribution8® (IVR) rapidly results in dissipation of the additional
energy into molecular vibrational degrees of freedom. This effectively heats up the
isolated molecular ion. The original oscillation mode is thereby able to absorb additional
IR photons. This process repeats until the molecular dissociation threshold is exceeded
and it fragmentizes. The weakest bond of the ion breaks even if it has not been excited
directly by the IR laser?% 91, since the absorbed energy is stored in the entire molecular

ion. The IR-(M)PD fragmentation yield (Y (v)) is defined by eq. (6).

T )
Y1) + X 1P )

Y(V)=< (6)

where Il.fT: intensity of the fragment ions and Iip: intensity of the parent ions. An

experimental IR-(M)PD spectrum arises from a plot of the fragmentation efficiency as a

function of laser frequency (v).

IR-(M)PD spectra provide a multitude of information on the isolated ions, which are to
be compared with quantum chemical calculations to extract valuable structural
information. In practice, the IR-(M)PD spectra combine with calculated linear absorption

spectra of geometry optimized energy minimum structures. Note, that the IR-MPD band
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intensities may not linearly dependent on the laser intensity and the absorption
intensity of the oscillation mode due to the multi photon process. High dissociation
thresholds and/or inefficient IVR processes may prevent fragmentation within one laser
pulse. This may result in undetected vibrational bands?% 93, Utilizing two IR lasers in a
resonant 2-color (2c)-IR-MPD scheme enhances fragmentation efficiency of
TM complexes®. The wavelength of the additional laser (IRfy) is set to a fixed frequency
at resonant absorption, while the second laser scans the IR spectral region (IRscan: 800 -
4000 cm1). This scheme allows to investigate isomer populations?> %6 by systematically

varying the temporal delay between the two laser pulses.

Within this work, 1c/2c-IR-(M)PD measurements have been performed utilizing the
modified Bruker amaZonSL mass spectrometer and the FRITZ tandem mass

spectrometer (cf. chapters 2.2.1 and 2.2.3).

2.5 Collision Induced Dissociation (CID)

Molecular fragmentation induced by collisional activation (CID) has been noticed in the
form of diffuse peaks in the mass spectra®’ 28 since the early days of mass spectrometry.
With the advancement of mass spectrometers, CID has matured to a standard tandem-

MS method®? 190 for the characterization of organic molecules191 and TM complexes102,

In the case of a Paul trap (cf. Fig. 12), application of DC voltages (in addition to the
trapping potentials) accelerate the mass-selected precursor ions on their trajectory. This
increases the kinetic energy of the ions as well as the number of collisions of the ions
with the buffer gas (Helium). Inelastic collisions with the Helium atoms transfer the
additional kinetic energy into intramolecular degrees of freedom103. The transferred
energy accumulates in the inner degrees of freedom of the molecular ion until its
dissociation threshold is exceeded and it fragmentizes!%4. lonic fragments can be
detected by the mass spectrometer. The mass of the fragments and the fragmentation

pathways may yield information about the structure on the precursor ion.

| 30



Experimental and Computational Methods ‘

‘ Precursor lon

O Activated Precursor [on
O Activated Fragment lon

@ Fragment lon

e Buffer Gas

Figure 12: Schematic representation of the processes during the CID process
in a Paul trap. Precursor ions are activated by an acceleration voltage and
collide with the buffer gas. The precursor ion fragmentizes and forms neutral
and activated ionic fragments, which decelerate by collisional cooling.

An additional method to investigate the stability and fragmentation pathways of isolated
ions is to continuously increase the acceleration voltage while recording the relative
frequency of the precursor ions and the resulting fragment ions. A corresponding plot of
the acceleration voltage versus the relative intensity of fragment ion is referred to as a
CID appearance curve. The DC excitation amplitudes within the laboratory frame
(ELap in V) determine the internal energy scale of the mass spectrometer. Thus, relative

fragment ion abundances are calculated by eq. (7):

Sl Eiap) >
Zilifr(Elab) + Zilip(Elab)

It];Tt (Erap) = ( (7)

where Il.fT: intensity of the fragment ions and Iip: intensity of the parent ions.

The amount of energy transfer by inelastic collisions depends on both the mass of the
ion (m;,,) and the mass of the Helium atoms (my,). Therefore, the excitation amplitude

(EraB) is corrected by a center of mass transformation (cf. eq. (8)).

Mpye

Eeom = ( ) B (8)

Mye + Mion

Note, that the current application of the CID technique by RF excitation in presence of
multiple collisions results in a so called “slow multi collision heating” mode of

operation10,
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The CID curves are modeled and fitted by sigmoidal functions (cf. eq. (9)) using a least-

squares criterion.

Uit Eeom) = ( . ) (9)

1+ e(Eggm_Ecom) B

The E2Qy fit parameter is the excitation amplitude at which the sigmoid function is at
half maximum value, whereas B describes the rise of the sigmoid curve. Due to the
correlation of excitation amplitude and relative fragment intensities, it is feasible to
assume, that E23), values can be associated to the relative stability of the complex. This

provides an experimental access to activation energies106-108,

2.6 X-Ray Absorption and X-Ray Magnetic Circular Dichroism (XMCD)

Synchrotron facililities provide very intensive and coherent X-Ray synchrotron radiation
(cf. chapter 2.3.2) for various spectroscopic applications. The element selective X-ray
Magnetic Circular Dichroism10? (XMCD) spectroscopy allows to investigate magnetic

properties of isolated TM Complexes and Clusters110-112,

Resonant as well as non resonant X-Ray photon absorption may excite core shell
electrons of a given atom!13. In this case the atom is part of an investigated molecule.
Resonant absorption (cf. Fig. 13) excites the core electrons into empty valence states
(“valence holes”), while non resonant absorption leads to electron excitation into the
continuum with subsequent ionization of the molecule. Both cases lead to the presence
of empty core states (“core holes”). Electrons occupying higher energy states may fill up
this core holes by “dropping down“ into the energetically lower core states.
Concurrently, these electrons release the difference energy eigher by photons

(fluorescence) or auger electrons114,

.
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Figure 13: Resonant X-Ray absorption in an one electron picturells. A core
electron is excited from the core state |i) into empty valence shell |f).
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In the following discussion resonant absorption takes place exclussively by an one
electron process. In such a case, the time dependent pertubation of the molecule by the
X-Ray’s electromagnetic field leads to an immediate excitation from the initial |i) into
the final state |f) without crossing any intermediate states. “Fermi’s Golden Rule No. 2”
as derived by Dirac!1¢ describes the transition probability from [i) to |f) (Ti cf. eq. 10)

as well as the X-Ray absorption resonance intensity (/,..s, cf. Eq. 11)

21 —~ 12
Ty = = |(F|Ame| )| 6(zi — &) p () (10)
Lres = Al(flé ' f'li)IZ (11)
with H;,,, = interaction Hamiltonian!??, g,y =energy of the initial and final state,

p (sf): density of the final state per unit energy, A = probability factor115, é= unit photon

polarization operator and # = lenght operator.

X-ray Magnetic Circular Dichroism (XMCD) is described by a straight forward “two step”
model (cf. Fig. 14):

1.) The circular polrized X-Ray Photon is absorbed by an electron in a spin-orbit split
ground state |i) (e.g. 2p3/2 and 2pi,2 in the case of Lz3 edges). The angular
momentum of the photon is transferred partly to the spin of the core electron
leading to its spin polarization. The spin polarization is opposite for the two core
levels, since their spin orbit coupling is opposite (1 + s and | - s). The quantization
axis of the excited electrons is identical to that of the photon angular momentum
(parallel or antiparallel to the X-Ray propagation axis)

2.) The excited (spin polarized) core electrons transit into uneven populated “spin
up” and “spin down” valence holes (e.g. empty 3d orbitals) with different
transition probabilities. This results in different X-Ray absorption depending on
the helicity of the circular polarized photons (XMCD). The empty valence holes
thus act as a detector for the spin polarization of the core electrons. The
maximum dichroic effect can be detected if the spins of the valence shell are
alligned to the photon angular momentum (the X-Ray propagation direction).
Allignment of the spin is achived by an high magnetic field of a superconducting

solenoid.
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The angular momentum of the photon is not completely transferred to the core electron
spin. It is partly transferred into the electron’s angular momentum. This angular
momentum of the excited electron is also “detected” by the valence shell, if the valence
shell exhibits an angular momentum. The spin and orbital contributions to the
difference in X-Ray absorptions have been derived by Thole and Carra in the form of the
,sum rules“118 119, The sum rules have been confirmed experimentally by Chen et al120

for the L3 edges.

3d band

F

62.5 % 25 %
75 %

+h

\ / +h
N [Fd

2p1/2

Figure 14: Relative transition probabilities for spin up (7) and spin down (!)
electrons from the 2p3,2 (a) and the 2p1,2 (b) core states upon excitation
with circularly polarized photons (helicity q = +A (black) and q = -A (grey)).
The transition probability of spin up (1) and spin down electrons ({) switches
if the photon helicity is reversed!13.115,

In this work XMCD spectroscopy is on utilized isolated TM complexes via an “action
spectroscopy” approach. The NanoClusterTrap located at the BESSY II synchrotron
facility in Berlin (cf. chapter 2.2.3) offers an ion cloud of mass selected complexes. X-Ray
absorption of the trapped ions induces their fragmentation due to the excess energy.
The fragment ions can be detected by the mass spectrometric instumentation. Resonant
X-Ray absorption results in drastically increased fragmentation yields as the absorption
intensity increases. We gain X-ray absorption spectra by plotting the intensity of the
fragment ions as a function of the X-Ray photon energy. A GaAs-diode records the X-Ray
beam intensity from the undulator beamline (cf. chapter 2.3.2), which serves to
normalize the recorded spectra for photon flux. The spectra were recorded on the Fe

absorption edges with a spectral resolution of 500 meV at 711 eV and an increment size
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of 200 meV. For a single data point exhibiting a single photon energy the “single shot
mass spectra” time of flight instrument were added over 10 - 15 s with a frequency of
80 - 120 Hz. Several spectra for left and right handed circularly polarized light were
recorded in an alternating manner to generate XMCD spectra. 5 - 6 raw spectra were
added for both X-Ray polarizations for further analysis. Further details of the XMCD data

evaluation is available in the PhD thesis of Matthias Tombers115,

2.7 Density Functional Theory (DFT)

The interpretation of experimental data significantly benefits from comparisons with
quantum chemical calculations. A widely utilized approach to calculate molecular
properties is the Density Functional Theory121-123 (DFT).

In the 1920°s Thomas and Fermi formulated the basic idea of DFT: All information
required to calculate the energy E of a molecule (and other properties) is given by the
electron density p(#) of the moleculel2* 125, Hohenberg and W. Kohn proved the
correctness of this idea in the 1960’s via the 1st Hohenberg-Kohn-Theorem?26, The 2nd
Hohenberg-Kohn Theorem proved that the variational principle is applicable to compute
electron densities providing more accurate results. A significant simplification of the
energy E minimization by the variational principle was obtained by W. Kohn and L.

Sham!27, They described the energy E as a function of p(7) as in eq. (13).

1
B(p) = To(@) + [ dr piWegs ) + 50 + Bxc(p) (13)

To(p) is the kinetic energy of the system with the electron density p(#). The electron
density depends on the distance r of the electrons from the nucleus. ¢ () is the Coulomb

potential and Ex.(p) defines the exchange-correlation energy.

The electron density corresponds to a normalized wave function of a system with N
electrons. The Kohn-Sham wave function is a single Slater determinant constructed from
a set of orbitals that are the lowest energy solutions to the Schrodinger equation (14). ¢;
indicates orbital energies of corresponding Kohn-Sham orbitals i. The electron density of

the whole N electron system is defined in eq. 15.

2m

(‘h_zvz + Veff(7)> D,(r) = g®;(r) (14)

35 |



‘ Experimental and Computational Methods

p() =) 10NN (s)

To(p) and [ dr p(#)(Vesr () + %(p(?)) in eq. (13) are relatively easy to compute, since
they comprise only one electron or two-electron integrals. Ex-(p) consists of all

unknown factors and is not negligible. In fact, the approximation of Ex.(p) plays a

crucial role within DFT and is the main difference in relation to other methods.

The local spin density (LSD) approach!28 approximates Ex(p) according to eq. 16:
B @) = [ dr p@esc(p 1 @0 L () (16

SXC(p T@#),pl (7“’)) describes the exchange-correlation energy per particle in a
homogeneous electron gas. A distinction is made between the spin up (p T (¥)) and spin
down (p ! (#)) electron density. The LSD approach is applicable to systems with
constant electron densities, such as ideal metals. The more the electron density varies,
the less accurate is this approximation. Gradient-corrected functionals expand the spin

density according to their gradient.

Hybrid functionals!2? 130 are often used to compute atomic and molecular properties.
Their exchange terms (cf. eq. 17) consist of exchange terms from Hartree-Fock theory131
(EFF) and correlation terms originating from DFT (E2LT). ¢#F and cPfTare parametric
prefactors, which are estimated empirically by adjusting the calculated results to

experimental data (e.g. ionization potentials).
Excnypria = c"FEZF + cPFTEQET (17)
The methodical advancements throughout the years established DFT as a standard tool

for quantum chemical calculations. It is routinely used by scientists from various fields

of research.
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2.7.1 Geometry Optimization and Vibrational Frequencies

The Born-Oppenheimer approximation!3? serves to compute the electronic energy of
molecules with an arbitrary arrangement of N nuclei. The energy is a function of 3N-6
coordinates (for a molecule with three translational and three rotational degrees of
freedom) and thus forms a potential energy surface. So called stationary points along
this energy surface occur, if its first derivative with respect to 3N-6 spatial degrees of
freedom equals zero. Such stationary points indicate nuclei arrangements (geometries)
in energetic minima (minima structures) as well as geometries in energy saddle points
(transition state structures). The second derivatives of the potential energy surface
discriminate between energetic minima structures and transition state structures: If all
values of the second derivatives with respect to 3N-6 spatial degrees of freedom are
positive an energetic minimum structure is reached. Transition state structures are
indicated by exactly one negative second derivative among positive second derivatives
with respect to 3N-6 spatial degrees of freedom. The process of finding geometries
corresponding to the stationary points of the energy surface is called geometry
optimization. It is usually achieved by iterative methods for energy gradient

optimization.

Minima structures represent stable isomers of a molecule, which may also exist in
experimental environment. Computed molecular properties (e.g. linear absorption
spectra) can be compared to experimental data to confirm or exclude the existence of
such isomers. Transition state structures separate adjacent energetic minima along the
minimum potential energy surface path. Transition state structures are very useful to

characterize reaction mechanisms (e.g. isomerization processes).

Vibrational Frequencies

Geometry optimization of the molecular geometry of a molecule provides structures
located at stationary points of the potential energy surface. Such structures can be
analyzed with regards to their vibrational frequencies. Their second derivatives are
transformed to mass-weighted coordinates and 3N eigenvectors/eigenvalues are
determined. Rotational and translational motions of the molecule are sorted out and 3N-
6 vibrational modes emerge (or 3N-5 for linear molecules). Vibrational frequencies are

calculated by these vibrational modes. Minima structures exhibit no negative

37 |



‘ Experimental and Computational Methods

frequencies as their second derivatives are all positive per definition. Transition state
structures exhibit exactly one negative frequency (imaginary vibration) since it exhibits
exactly one negative second derivative. This imaginary vibration corresponds to a force

constant associated to the motion along the reaction coordinate.

In the present work all geometry optimizations and frequency calculations have been
performed using the Gaussian 09133 program package. The usage of basis set as well as
functionals is addressed individually in the corresponding chapters. The calculations
were gratefully performed on the computing clusters of the department of the

Theoretical Chemistry group of Prof. C. van Wiillen.

2.7.2 Magnetic Couplings: Broken Symmetry Approach

Unpaired electrons within TM complexes give rise to intrinsic magnetic phenomenal34
like a magnetization of the complexes in the presence of an external magnetic field. The
magnetic interaction between multiple paramagnetic metal centers within one complex
is wusually referred to as magnetic coupling. This magnetic coupling is
phenomenologically rationalized in terms of model spin Hamiltonians such as the

isotropic Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian3> in eq. 18.

HHDUV = - zjijgi §j (18)

i<j
where J;; are the magnetic coupling constants of metal centers i and j. They govern the

energy differences between the different spin states. §i and 3} are the total spin

operators for the metal centers i and j. Ferromagnetic coupling (spins allign parallel) is
represented by a positive ] value while a negative ] value indicates antiferromagnetic
coupling (spins allign antiparallel). The ferromagnetic case presents no problem for DFT
calculations, as a single Kohn-Sham determinant is readily constructed that describes
the whole oligonuclear system as good as the corresponding mononuclear species. In
contrast, the representation of antiferromagnetic couplings demand several
determinants which are not provided by basic DFT136-138 The Broken Symmetry
approach139-143 provides a solution to this problem. It permits to localize anti-parallel,
unpaired spins separately on the metal centers (e.g. A and B) of the system. A Broken
Symmetry state Y g is constructed from a single determinant wavefunction that reflects

the antiferromagnetic coupling, but is of the “wrong” spin symmetry (eq. 19).
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VYps = |P4(a)Pp(B)] (19)

Structures with one spin up electron on atom A and one spin down electron an atom B
would exhibit regions of positive (atom A) and negative (atom B) spin density. This is
qualitatively wrong, since proper singlet wavefunctions have zero spin density at each
point in space. The orbitals (®) in Yps are optimized by applying the variational
principle. While ®,(a) and ®z(f) are orthogonal by their spin parts, they are not

orthogonally restricted within their space parts.

In the case of multiple magnetic centers it is very difficult to find the eigenfunctions of

the HDvV Hamiltionan. An Ising model Hamiltonian144 14> (ﬁ,sing, eq. 20) helps to solve

this problem. The total spin operators S; are substituted by the associated z-component

A

SZ,i:
ﬁlsing = —2 Ejijgz,i SA'ZJ' (20)

The eigenvalues of the Ising Hamiltonian and the HDvV Hamiltonian are not identical.
However it is possible to extract coupling constants (Ji) from energy differences of
appropriate broken symmetry configurations by assuming that all interactions are
additivel46. 147 A linear system of equations based on the Ising operator serves to

calculate the coupling constants.

In the present work Broken Symmtery calculations have been performed using the
CANOSSA!8 program as implemented in a local, customized installation of the
TURBOMOLE 6.5 programm package!49-151, The CANOSSA program was provided by the
research group of Prof. C. van Wiillen. The usage of basis set as well as functionals is

addressed individually in the corresponding chapter.
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We present “non-classical” dinitrogen Fe(i) oxo acetate complexes
in vacuo utilizing Infrared Photodissociation (IR-PD) at cryo
temperatures. The IR-PD spectra reveal a blue shift of the N, stretching
vibration frequencies in the complexes. Density Functional Theory
(DFT) calculations confirm the experiments and indicate strengthened
N-N bonds due to pronounced ¢ bonding and a lack of n back
donation.

The discovery of transition metal dinitrogen complexes in 1965"
launched the ever growing research field of N, coordination
chemistry.>® One of the main goals is the conversion of N, to
ammonia under mild conditions’ by homogenous catalysis.®
The basic idea is to weaken N-N bonds upon coordination to
enable subsequent functionalization. Precursors to N, activation
manifest by elongated N-N distances and by red shifting of
stretching frequencies”® with respect to the vibration of the free
N, molecule. Such bond activation and vibrational red shifts have
been interpreted before, e.g. in terms of the Dewar-Chatt-Dun-
canson (DCD) model,” and the Blyholder surface coordination
(BSC)'® model. Theoretical as well as spectroscopic investigations
confirmed these interpretations.'' However, FT-IR studies on N,
coordinated to Lewis acid centers in zeolites’* and alumina'®
revealed blue shifted vibrational N, stretching frequencies (up to
24 em ). This indicates N-N bond strengthening rather than
weakening - much beyond these established models. A similar
effect has been observed in the case of isoelectronic carbon
monoxide: so called “non-classical” metal carbonyl complexes'*'?
exhibit blue shifted vibrational CO stretching frequencies (up to
138 em ').'® Gas phase studies of isolated non-classical metal
carbonyl clusters'”'® proved the intrinsic molecular origin of this
effect. The cause for the CO blue shift was a topic of debate'” and
is now understood in terms of an interplay between m back
donation and electrostatic effects.*” It is paramount to characterize
the geometrical and electronic structures of such complexes in

Fachbereich Chemie and Forschungszentrum OPTIMAS, Technische Universitt
Kaiserslautern, 67663 Kaiserslautern, Germany. E-mail: jlang@chemie.uni-kl.de
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order to acquire a fundamental insight into the prevailing
interactions leading to such non-classical behaviour.

The combination of Electrospray Ionization Mass Spectrometry”"
(ESI-MS) and infrared (IR) laser spectroscopy is suitable for the
characterization of isolated coordination complexes with defined
stoichiometry. Infrared (Multiple) Photon Dissociation (IR-(M)PD)
provides direct access to structural and vibrational information,
both under cryogenic conditions®*** and at room temperature.**
The experimental results and dedicated ab initio calculations are
combined in order to obtain detailed insight into the geometrical
structure and intrinsic properties of the isolated molecular ions.

In this work we investigate isolated dinitrogen complexes
[Fe;0(0Ac)6(Ny),]" (n = 1-3, OAc = CH;CO, , ¢f Scheme 1),
which exhibit a significant blue shift (17 em ™) of N, vibrations in
the complex with respect to the free N, molecule. We examine the
N, coordination in detail to rationalize the blue shift and N-N
bond strengthening. This is, to the best of our knowledge, the first
report on the “non-classical” behaviour of isolated N, complexes.

We utilize a customized Fourier Transform-Ion Cyclotron
Resonance (FT-ICR)-mass spectrometer (Apex Ultra, Bruker
Daltonics) equipped with an ESI ion source (Apollo 2, Bruker).

a) 7/ /J’\ i) cio;

L + " + N b
I | TS o Y
CID N, l
b [ AN ' N 4
e ™ o o . ‘wﬁ’l
I

Scheme 1 (a) Molecular structure of the precursor [FesO(OAc)s(H20)3)(ClO.)
salt. In solution the water molecules exchange with solvent molecules (L = e.g.
acetonitrile). (b) ESI-MS reveals the formation of [FesO(OAc)s(L)* (n =0, 1, 2, 3).
Collision induced dissociation (CID) of L yields the under-coordinated
[FesO(OAC)6]* complex, which binds 1-3 N, molecules at 26 K.

Chem. Commun.

47 |



Vibrational Blue Shift of Coordinated N2 in [Fe30(0OAc)6(N2)n]+:“Non Classical”

Dinitrogen Complexes

Communication

We coupled the ICR cell with a KTP/KTA optical parametric
oscillator/amplifier (OPO/A) IR laser system (LaserVision). Optimized
minimum energy structures and linear IR absorption spectra were
calculated at the B3LYP*® level of theory using cc-pVIZ basis
sets*® and Stuttgart RSC 1997°7 effective core potential basis sets
(Gaussian 09°%). We present calculations with 15 unpaired alpha
electrons yielding a spin multiplicity of 16 with other multi-
plicities (2-18) found to be significantly less stable (c¢f. Fig. S12,
ESIT). We scale the calculated frequencies with two different
scaling factors: one scaling factor (0.951) is specifically designed
to elucidate N, stretching bands in [Fe;O(OAc)q(N,),]". It scales
the calculated N, stretching frequencies such that a calculated
free N, stretching vibration frequency matches the experimental
value*® of 2330 em™'. This approach conveniently reveals any
effects of Fe-N, coordination on N, stretching frequencies.
A second unspecific scaling factor (0.986) is applied for all other
bands below 1800 em . It scales the calculated asymmetric
carboxylate stretching vibration frequencies of [Fe;0(OAc)s(N,),]"
to match our own experimental value of 1587 em ', Unscaled
spectra are provided in the ESIT (¢f. Fig. S4).

Upon spraying the sample solution and recording mass spectra
in the ICR-cell, we observe a series of isotopic peaks matching
convincingly with simulated isotopic patterns (¢f: Fig. S1, ESIT). We
assign those peaks to [Fe;0(OAc)s(L),]" (L = H,O, acetonitrile,
acetic acid; n = 0, 1, 2, 3). Elimination of L by Collision Induced
Dissociation (CID) and subsequent coordination of N, in the
hexapole at cryo temperatures (26 K) leads to the formation of
[Fe;0(0Ac)6(N>),]" (¢f: Scheme 1b and Fig. S2, ESIF). Note that
we observe np,,, = 3, thus “titrating” the three available Fe
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coordination sites. The calculated Gibbs energies at various
temperatures reveal N, binding energies of 11, 9, and 8 k] mol * for
the first, second, and third N, (26 K; BSSE corrected, ¢f Fig. S3,
ESIT). The N, binding Gibbs energies diminish with increasing
temperature, vanishing above 80 K.

We recorded IR-PD spectra of cryocooled [Fe;O(OAc)6(N,),]"
(n=1,2, 3, Fig. 1, black traces) and conducted DFT simulations
to obtain their linear IR absorption spectra (Fig. 1, green traces).
The DFT calculations reveal optimized minimum structures as
depicted in the insets of Fig. 1. We observe several bands between
1300 em ' and 1500 cm ™', coinciding with the predicted CH;
bending modes of the acetate ligands. While the calculated band
frequencies around 1423 cm ' and 1467 cm ' agree well with the
IR-PD spectrum, the calculated intensities differ significantly.
Switching the DFT functional from B3LYP to PBEO yields a much
better match of IR intensities but significant deviations of
calculated and observed vibrational frequencies (cf. Fig. S5, ESIT).
Neither of these empirical functionals predicts both entities
correctly. In the following we utilize the B3LYP results for further
discussion.

The amount of N, coordination (n = 1, 2, 3) has no significant
influence on the frequency and intensity of the CH; bending bands
(neither in the IR-PD experiments nor in the DFT calculations). This
finding likely originates from the spatial separation of the affected
methyl groups from the Fe-N, coordination sites.

We find a strong IR-PD band at 1587, 1590, and 1591 cm
in the cases of n = 1, 2, 3. We assign this band to carboxylic CO
stretching bands of the six coordinated acetate ligands. The
n = 1 CO stretching band is red shifted by ~3-4 cm ' with
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Fig. 1 Left: IR-PD spectra of [FesO(OAc)s(N2),1* (n = 1, 2, 3) at 26 K (black and blue curves) and calculated IR absorption spectra of optimized
[FesO(0AC)6(N2),)* (n = 1-3) (green curves) in the range of 1300-2400 cm . The blue IR-PD spectrum shows the CO stretching band (recorded with
highly attenuated laser power to avoid saturation effects). The calculations were performed at the B3LYP/cc-pVTZ (H,C,N,O) and Stuttgart 1997 ECP (Fe)
level of theory. The multiplicity is 16 and frequencies are scaled with 0.951 (0.986) above 2300 cm™* (below 2300 cmY). Calculated stick spectra were
convoluted with a Gaussian envelope of FWHM = 7 cm ™. Right: A zoom into the N, stretching vibration region. Calculated lines were convoluted with a
Gaussian envelope of FWHM = 3.5 cm™ Insets show associated geometry optimized structures.
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respect to the n = 2, 3 bands, and with respect to the corres-
ponding band of the free acetate anion®" at 1591 ¢cm '. The
DFT calculated asymmetric carboxylate stretching frequencies -
scaled to match the experiment at n = 1 - reproduce well the
reduced redshift of the experiments on n = 2, 3. The coordinated
carboxylate groups thus sense N, coordination through their
common Fe centers. We provide an illustrative visualization of
the calculated displacement vectors of these modes in Fig. S6 of
the ESL i Note that the n = 1 and 2 coordinations lift the sixfold
degeneracy of these asymmetric stretching bands of the six
coordinated acetate ligands. The recorded bands (slightly broadened
to FWHM x 7 cm ') may well contain the predicted splittings
of ~0.5 cm ' - yet unresolved (cf. Fig. S7, ESI).

We observe sharp bands (FWHM x 3.5 cm ') above 2300 cm ™ *
revealing the IR active N, stretching vibrations of [Fe;0(OAc)s(N,),]”
(¢f the displacement vector visualization of these modes in Fig. S8,
ESIY). Isotope labeling of the N, molecule confirms our assignment
of these IR-PD bands to the N, stretching frequencies. We observe a
red shift of the ""N-""N vibration band relative to the “N-"'N
vibration band (79 em™'; ¢f. Fig. $17, ESI{) and the same blue shift
with respect to the free N, in both isotopomers.

In all cases (n = 1, 2, 3) the solitary '*N, stretching bands of
the experimental IR-PD spectra shift to the blue (17-18 em )
with respect to the (IR inactive) stretching frequency of the free
YN, molecule (2330 cm ').*° These blue shifts indicate N-N
bond strengthening upon coordination. Our DFT calculations
predict this blue shift remarkably well (18-20 cm '). Multiple
coordinated N, molecules have almost identical stretching
frequencies. There seems to be no coupling between the N,
molecules adsorbing at distinct, equivalent Fe sites. In contrast
to the carboxylate asymmetric stretching bands the N, stretching
bands shift slightly to lower frequencies with increasing n (IR-PD
spectrum: 1 cm '; DFT: 1.5 cm'). However, in all three cases
(n = 1-3) the N, stretching band is blue shifted with respect to
the free N,.

The DFT calculations reveal subtle distortions of the triangular
Fe;0O-core upon coordination of N, (¢ Scheme 2 and Table S2,
ESI¥). Each N, molecule binds end on to the respective Fe atom. In
general, the coordination of N, enlarges Fe-Fe distances and
Fe-Oceneral bond lengths (by 0.03 A resp. 0.01 A) of those bonds
which involve the N, coordinating Fe-center. All the other Fe-Fe
distances and Fe-Oepra1 bond lengths shorten by approx. 0.03 A
or 0.01 A. Natural Population Analysis (NPA) of [Fe;0(OAc)s(N,),]’
(n =0, 1, 2, 3) reveals the dependence upon n of local charge
densities within the triangular Fe;O-core (¢f Scheme 2). The Fe
centers gain 0.058-0.064 e electron density per coordinating N,.
The non-coordinated N atoms donate 0.121-0.134 e electron
density in about equal parts to the coordinating N and Fe atoms.
Free, non-polar N, molecules thus polarize and oxidize significantly
upon Fe coordination, both magnitudes decreasing with n - as does
the blue shift of the N, stretching bands. Note that the N-N bond
length contracts slightly upon coordination (—0.002 A). The high
positive charge on the Fe centers (1.862-1.922 e) diminishes their
electron donating capability and thus inhibits the © back donation.
Such charge effects seem to increase the “non-classical” effect
in metal carbonyl complexes.’

This journal is © The Royal Society of Chemistry 2016

Communication

Fe
$1.925 o2
/\ 5 @‘4-0 o071
924\, 3 ~ A 1.867
‘/Fe Fe /
0977, 71N

+1.926 +1.925 \
2 i,
-0.071, -0.

N=N"L1852 1924 1 -0.071
+0.134 Né)q-'q Mr > 867"NSN
+1922 40121 +0.121
-0.074 Am‘g 0.074
NENH1865 —° +1.865 NS=N
+0.127 +0.127

Scheme 2 Calculated geometries and natural charge distributions of the
Fe;O-core and the coordinated N in [FesO(OAc)s(N2),* (n =0, 1, 2, 3).

Non covalent interaction (c¢f. Fig. 2 for n = 1 and Fig. S11 for
n =2, 3, ESIT) analysis reveals a rather strong attractive, but non
covalent interaction between the Fe atoms and the coordinated
N atoms at rather long Fe-N coordination distances of
2.451-2.501 A (n = 1-3). At such distances the 1 back donation
is doomed to weakness due to scant m orbital overlap. Instead,
it stands to reason that o-donation of the N, molecule constitutes
the driving force of attraction in the Fe-N, coordination in
[Fe;0(0OAc)s(N,),]". Besides the obvious attractive Fe-N interaction,
we identify repulsive interactions between the carboxylate O atoms
and the coordinated N atoms.

Simple considerations as e.g. by the DCD and BSC models do
not explain the observed blue shift of the N, stretching vibrations
upon coordination. To rationalize this effect in a fairly perspicuous
way we refer to the molecular orbital (MO) diagram of N, (cf.
Scheme S1, ESIT): all bonding MOs are populated. When ruling
out short range m back donation into empty anti-bonding MOs
(inhibited by the net positive charge of the coordinating complex),
there is a way to increase the formal N-N bond order (and thus
strengthen the N-N bond and increase the stretching frequency):
this is a depopulation of the antibonding 4c* orbital into
appropriate Fe centered acceptor orbitals. We have elucidated
the prevailing coordination and bonding by inspection of
computed molecular orbitals in [Fe;O(OAc)s(N,),]". Indeed, we
found that the 46* MO of the N, unit overlaps efficiently with
MOs located at the Fe centers and at the carboxylate oxygen
atoms of the [Fe;0(OAc)s])” subunit (¢f Fig. 3 for n = 1 and

Attraction Repulsion

Fig. 2 NCI plot of geometry optimized [FesO(OAc)s(N2)i]* (cf. Fig. S10 for
n =2, 3, ESI7). The NCI plot reveals attractive interaction between the Fe
center and the coordinated N atom (1) and repulsive interaction between
of the O atoms and the N atom (2).
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Fig. 3 Left: 46*/50 molecular orbitals of free N. Right: Selected molecular
orbitals of [FesO(OAC)s(N,)1]* involving the former 46*(N,) and 56(Ny)
orbitals. 46*(N,) electron density delocalizes into the whole complex, thus
strengthening the N-N bond.

Fig. S13 for n = 2, 3, ESI{). The electrons of the anti-bonding
46*(N,) orbital delocalize into a 46* MO of the whole complex,
whereby the 406*(N,) orbital polarizes towards the Fe center.
Note that the node plane of 46*(N,) (between the N atoms)
shifts somewhat towards the Fe center. The depletion of the
anti-bonding electron density along the N-N bond increases the
net bond order of N, and blue shifts the N, stretching vibration.
The bonding 55(N,) contributes to a 56 MO of the complex.
This is expected to result in N-N bond weakening counteracting
the effect of 46*(N,) delocalization. However, 56(N,) receives a
partial 46*(N,) character to form the 56 MO via hybridization.
The strengthening effect of 46%(N,) electron density delocaliza-
tion thus seems to be the critical factor for the “non-classical”
behavior of [Fe;0(0Ac)(N,),]". The involvement of the 46*(N,)
orbital in the M-N, bonding scheme as well as 46*/5¢ hybridization
has been suggested in the context of X-ray absorption studies
of N, adsorbed on metal surfaces.’> Inspection of all other
delocalized MOs in the [Fe;0(OAc)s(N,),]" complex reveals a
total lack of © back donation from the [Fe;0(OAc)s] unit to
empty 7*(N,) orbitals. Considering the high charge on the Fe
center and the long Fe-N, distance (see above) this seems
reasonable. The N, coordination and thus the “non-classical”
behavior of [Fe;0(OAc)s(N,),]" originate from ¢ bonding effects.

Our fundamental insight into the class of “non-classical”
N,-Fe complexes is remarkable in view of the industrial use of
bulk iron for N, activation and hydrogenation. It might help to
advance a general understanding of dinitrogen chemistry beyond
established coordination models.

This work was supported by the German Research Foundation
DFG within the Transregional Collaborative Research Center
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rAbstract: Cationization is a valuable tool to enable mass
spectrometric studies on neutral transition-metal complexes
(e.g., homogenous catalysts). However, knowledge of poten-
tial impacts on the molecular structure and catalytic reactivi-
ty induced by the cationization is indispensable to extract in-
formation about the neutral complex. In this study, we cati-
onize a bimetallic complex [AuZnCl;] with alkali metal ions
(M¥) and investigate the charged adducts [AuZnCl;M]* by
electrospray ionization mass spectrometry (ESI-MS). Infrared
multiple photon dissociation (IR-MPD) in combination with
density functional theory (DFT) calculations reveal a p® bind-
ing motif of all alkali ions to the three chlorido ligands. The
cationization induces a reorientation of the organic back-

bone. Collision-induced dissociation (CID) studies reveal
switches of fragmentation channels by the alkali ion and by
the CID amplitude. The Li" and Na™ adducts prefer the sole
loss of ZnCl,, whereas the K*, Rb*, and Cs* adducts prefera-
bly split off MCl,ZnCl. Calculated energetics along the frag-
mentation coordinate profiles allow us to interpret the ex-
perimental findings to a level of subtle details. The Zn**
cation wins the competition for the nitrogen coordination
sites against K, Rb ", and Cs* , but it loses against Li* and
Na® in a remarkable deviation from a naive hard and soft
acids and bases (HSAB) concept. The computations indicate
expulsion of MCl,ZnCl rather than of MCl and ZnCl,.

Introduction

The advent of homogenous catalysis for industrial applications
has led to a great interest in organometallic and coordination
chemistry."’ Novel complexes are introduced regularly as cata-
lysts for new reactions.” The elucidation of cooperative effects
between two or more metal centers stands out as a very
active field of research,”’ and bimetallic systems for organic
synthesis have dramatically gained interest throughout the
past decade. It is of paramount importance to characterize the
three-dimensional structure of such complexes in order to ac-
quire a fundamental insight into their functionality. It is equally
relevant to elucidate structural changes upon activation, which
often precedes catalytic activity.

Soft ionization techniques such as electrospray ionization
(ESI) enable mass spectrometric investigations on solvent-free
organometallic complexes in vacuo, and of their activation by
either photons or collisions. Tandem-MS-based methods® such
as infrared multiple photon dissociation (IR-MPD)”' and colli-

[a] J. Lang, M. Cayir, Dr. S. P. Walg, P. Di Martino-Fumo, Prof. Dr. W. R. Thiel,
Prof. Dr. G. Niedner-Schatteburg
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67663 Kaiserslautern (Germany)
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Chem. Eur. J. 2016, 22, 2345 - 2355 Wiley Online Library

2345

sion-induced dissociation® (CID) provide direct access to struc-
tural information, both under cryogenic conditions® and at
room temperature.”"'” Two color IR-MPD schemes are applied
to overcome internal vibrational redistribution (IVR) bottle-
necks" or to investigate isomer populations."? The experi-
mental results and dedicated ab initio calculations combine to
obtain detailed insight into the structure and intrinsic proper-
ties of likely binding motifs."®'*! Furthermore ESI-MS studies of
reaction mixtures are useful to intercept and investigate key in-
termediates of catalytic reaction pathways and thus gain infor-
mation on the reaction mechanism.""

Neutral complexes can be charged by several methods. One
approach is the exchange of a neutral ligand by a similar, al-
though charged ligand (charge tag)." This is a widely applied
and successful method, however, not without drawbacks. The
presence of the charge tag may influence the functionality of
the tagged complex in the course of a catalytic cycle."® Cat-
ionization by coordination of (alkal) metal ions is particularly
useful in the cases of organic molecules such as peptides"” or
fatty acids."® Alkali ion cationization has also been utilized for
mononuclear organometallic complexes."” There is a quite
widespread impact of alkali coordination—sometimes labeled
as the chaotropic effect®”—on the structure and reactivity of
biomolecules, macromolecules, and surfaces.”" To the best of
our knowledge, there are no reports on the effect of alkali cat-
ionization on bimetallic coordination complexes. It is of para-
mount importance to acquire insight into the structure and re-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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activity of such alkali adducts to advance the understanding of
bare complexes.

Here, we report alkali (M") cationized gold-zinc complexes
[AuZnCIsM]" (Scheme 1) and their fragmentation behavior

CI Cl H‘ P\

/Zn\ N Au
—N N= \CI
N Wi

Scheme 1. Precursor complex [AuZnCl,], where the square brackets indicate
a short hand notation for the otherwise lengthy PNN ligand N-(2-(diphenyl-
phosphino)ethyl)-4-(pyridin-2-yl)pyrimidin-2-amine (C;;H,,N,P).

(Scheme 2). The square brackets indicate a short hand notation
for the otherwise lengthy PNN ligand, N-(2-(diphenylphosphi-
no)ethyl)-4-(pyridin-2-yl)pyrimidin-2-amine. Such complexes are
of particular interest for investigating cooperative effects be-
tween gold and zinc metal centers.””

[AuZnCl3]
1
il
+ ] -HCl
[AUZNCIM]* | =" | (AUZNCIM]-H)*
2y i
-ZnCly -Mcl
[AuCl{M]* MCLZnCl [ auZnCll
3um 5
| "
N
4

Scheme 2, Formation and subsequent CID fragmentation of [AuZnCI;M] ™,
M=Li", Na', K, Rb", Cs". The relative intensities of each channel depend
strongly on CID amplitude and on the alkali ion. HCl elimination is weak in
all observed cases (Table 1 and Figure 3) and shall not be discussed further.
The indicated interpretation of the conceivable MZnCl; fragment in terms of
a MCl,ZnCl structure finds strong support from our DFT survey. Bold numer-
als indicate the calculated minimum structures of the respective species.

The combination of CID and IR-MPD studies with DFT calcu-
lations provides unprecedented insight into the structure and
fragmentation behavior of isolated [AuZnCI;M]". We highlight
the structural changes upon alkali ion coordination as well as
the changes in fragmentation behavior with variation of the
alkali ions. Reaction coordinate profiles help to elucidate the
dynamics of the fragmentation processes, as well as enthalpic
changes by the variations of the associated alkali ion.

Experimental and computational methods

We suspended 0.5 mg of [AuZnCly] (Scheme 1, for synthesis
see the Supporting Information) in 1 mL acetonitrile (opti-

Chem. Eur. J. 2016, 22, 2345 - 2355 www.chemeurj.org
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grade). The suspension was centrifuged and the supernatant
solution was used without further purification. LiCl (99% p.a.),
NaCl (99% p.a.), KCl (99% p.a.), RbCl (99.8%, Sigma-Aldrich),
and Csl (99.999%, ChemPur) were dissolved in 50:50
(% volume) acetonitrile/water (optigrade) solutions at a concen-
tration of 10 ? molL . These were added to the [AuZnCl,] so-
lution to generate the ionic alkali adducts. The resulting alkali
salt concentration in the sample solutions was 10~ molL™".

ESI-MS and CID measurements were performed by a Paul-
type quadrupole ion trap instrument (Bruker Esquire 3000plus).
The ion source was set to positive electrospray ionization
mode. The scan speed was 13000 m/zs ' in standard resolu-
tion scan mode (0.3 FWHM/m/z) and the scan range was 15-
1200 m/z. Mass spectra were accumulated for at least two mi-
nutes. MS" spectra were accumulated for at least twenty sec-
onds. Sample solutions were continuously infused into the ESI
chamber by a syringe pump at a flow rate of 2 pLmin~". Nitro-
gen was used as drying gas with a flow rate of 3.0 Lmin ' at
210°C. The solutions were sprayed at a nebulizer pressure of
280 mbar (4 psi) and the electrospray needle was held at
4.5 kV.

Collision-induced dissociation (CID) appearance curves were
recorded with varying excitation amplitudes (0.0V to 1.5V),
which determine the internal energy scale of the mass spec-
trometer (£, in V). Relative abundances were calculated ac-
cording to Equation (1):

o Ei l,in(Elab)
fioe: (Eian) = (Zl M(Ep) + > ’?(Elab)) v

where fi":intensity of the fragment ions and [’ =intensity of
the parent ions. Center of mass transferred fragmentation am-
plitudes (E.,) were calculated from internal amplitudes by
Equation (2):

Econ = (’”7) i 2)

where m,,, stands for the isotopically averaged mass of the
molecular ion. Note that the current application of the CID
technique by radio frequency (RF) excitation in the presence of
multiple collisions results in a so called “slow multi collision
heating” mode of operation.'*”

Fragmentation amplitude dependent CID spectra were mod-
eled and fitted by sigmoidal functions of the type:

1
I (Ecom) = (m) 3)

by using a least-squares criterion. The £2°_ fit parameter is
the amplitude at which the sigmoid function is at half the
maximum value, whereas B describes the rise of the sigmoid
curve. Owing to the correlation of the fragmentation ampli-
tude and appearance energy, it is feasible to assume that the
appearance curves can be associated with the relative stability
of the cationized alkali adducts."”**" The according plots are

available in the Supporting Information.
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Infrared multiple photon dissociation (IR-MPD) measure-
ments were performed by using a modified Paul-type quadru-
pole ion trap instrument (AmaZon SL, Bruker Daltonics). The
ion source was set to positive electrospray ionization mode.
The scan speed was 32500 m/zs ' (0.3 FWHM/m/z) with a scan
range of 70-1200 m/z. The sample solutions were continuously
infused into the ESI chamber by a syringe pump at a flow rate
of 2mLmin~'. Nitrogen was used as drying gas with a flow
rate of 3.0Lmin" at 210°C. The solutions were sprayed at
a nebulizer pressure of 280 mbar (4 psi) and the electrospray
needle was held at 4.5 kV.

A KTP/KTA (KTP =potassium titanyl phosphate; KTA = potas-
sium titanyl arsenate) optical parametric oscillator/amplifier
(OPO/A, LaserVision) system pumped by a pulsed 10 Hz injec-
tion seeded Nd®*:YAG laser (PL8000, Continuum) was used as
a source of tunable IR radiation (dn=0.9 cm™', dt=7 ns) for re-
cording vibrational spectra. The OPA idler wave (<10 mJ per
pulse) was used to record spectra within 2600-3900 cm™'. The
difference frequency (DF) between the OPA signal and idler
waves generated in a AgGaSe, crystal (<2 mJ per pulse) was
applied in the range 1200-2100 cm . After passing through
the vacuum chamber, the IR beam was directed onto a power
meter sensor. The idler beam was focused by a 50 cm CaF,
lens. The DF radiation was focused tighter, by a 90° off-axis
parabolic silver mirror with an effective focal length of 15 cm.
The IR spectra were recorded as ion chromatograms while con-
tinuously scanning the IR wavelength. An experimental IR-MPD
spectrum arises from the plot of the fragmentation efficiency
as a function of laser frequency (v). The IR-MPD yield Y(v) is
defined as:

_ Sl (v)
e = (E TOESY f?(v)) @

The IR frequency was calibrated by using a wave meter
(821B-NIR, Bristol instruments). Laser power curves were re-
corded in parallel to the IR-MPD spectra through digitizing the
analog output of the laser power meter by an ample ADC
input of the AmaZon SL mass spectrometer electronics. De-
spite the online IR power measurement, the recorded spectra
were not normalized because of the intrinsically nonlinear
power dependence of the IR-MPD fragmentation efficiencies.

Optimized minimum energy structures, transition state geo-
metries, binding energies, and linear IR absorption spectra
were calculated at the B3LYP?® level of theory by using cc-
pvDZ™ basis sets (C, H, Li, N, O, Na), and Stuttgart RSC 1997%"
effective core potential (Au, Cs, K, Rb, Zn) basis sets, respective-
ly, as implemented in the Gaussian 09 program package.”®
Standard convergence criteria were applied. Full geometry op-
timization of all nuclear coordinates yielded multiple locally
stable minimum structures. The lowest energy structure is as-
sumed to represent the most stable isomer. Standard Gibbs
energies of structures, AG’, and of fragmentation pathways,
AsG°, also known as free enthalpies, were calculated at 300 K.
Harmonic vibrational frequencies were scaled with 0.955
(0.975) above (below) 2000 cm ™' to match the most intense
experimental bands (e.g., Vy, at 3374 cm™" for [AuZnClLLi]").

Chem. Eur. J. 2016, 22, 23452355 www.chemeurj.org
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We checked for triplet and quintet states and found those to
be at least 100 kJmol~' less stable and thus of no relevance in
the present context—in remarkable contrast to the CID of
a Fe-Pd complex, which revealed a direct singlet to quintet
crossover.”

Infrared absorption spectra of powder samples were mea-
sured with an attenuated total reflection (ATR) spectrometer
(PerkinElmer Spectrum 100 FT-IR with a universal ATR sampling
accessory). Background spectra were subtracted from the
sample spectrum for background correction. The scan range
was 4000-450 cm™' and 10 scans were averaged for each spec-
trum.

Results and Discussion
Characterizing the precursor compound [AuZnCl;]

We characterized the molecular structure of the neutral precur-
sor complex [AuZnCl,] by ATR-IR spectroscopy of the synthe-
sized powder and by DFT simulations (Figure 1). The observed
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Figure 1. a) ATR-IR spectrum of [AuZnCl;] powder. b) Calculated linear ab-
sorption spectrum of 1 (inset) by DFT.

bands agree well with the linear absorption spectrum of the
optimized structure 1. However, the NH stretching vibration
band around 3300 cm~' is broad and weak in ATR but sharp
and medium in DFT. Note that standard DFT calculations do
not cover likely band broadening®™ through intra and/or inter
molecular hydrogen bonding. We are confident to assign the
neutral [AuZnCl;] complex the molecular structure of 1. Note
that in 1 the ZnCl, unit and the AuCl unit are in trans orienta-
tion. The neutral [AuZnCl;] complex thus acquires an open
structure that offers a large variety of possible coordination
sites for alkali ion charge tags. Further standard precursor char-
acterization is available in the Supporting Information.

Collision-induced dissociation (CID) of alkali ion adducts

Upon spraying the above-described sample solution, we ob-
served mass spectra of cationized alkali metal adducts of

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Overlaid stack of five cationic ESI-MS spectra of [AuZnCl,] in Li, Na,
K, Rb, or Cs salt acetonitrile solutions. In each case there is a sole dominating
adduct, [AuZnCl;M]™ (M =Li, Na, K, Rb, Cs). The mass labeling refers to the
most abundant isotope peak.

[AuZnCl,] (Figure 2). Evidence of [AuZnCl,M]™ (M=Li*, Na™,
K™, Rb*, Cs™) emerges through series of isotopic peaks cen-
tered around m/z=758.9, 774.9, 790.8, 836.8, and 884.8 (most
abundant peaks indicated) in close agreement to simulated
isotopic pattern (Figure SI-1 in the Supporting Information).

CID of isolated [AuZnClsM] ™" reveals four fragments in all the
cases of the alkali adducts (Scheme 2). Note that the same
fragments also appear without excitation. This indicates a de-
composition of the complex in solution, possibly by hydrolysis
by the small amounts of water present in the solution.

The relative fragment abundances vary depending on the
coordinating alkali ion (Figure 3, Table 1, and Figure SI-2 in the
Supporting Information). The variation of CID amplitudes re-
veals so-called breakdown curves of the [AuZnCl;M]* com-
plexes and appearance curves of the fragments (Figure 3). The
alkali effect is most apparent at low CID amplitudes (E.,<
0.004 a.u. (arbitrary units)). In the case of [AuZnCl;Lil ", loss of
ZnCl, dominates (shown by [AuCIL]" detection: 84%, E.,=
0.004 a.u.); concomitant elimination of ZnCl, and LiCl is secon-
dary ([Aul® detected: 4%). In the cases of [AuZnClK]",
[AuZnCl;Rb] ", and [AuZnCl;Cs]*, concomitant loss of ZnCl,
and MC| dominates ([Aul”: 74%, 87 %, 87 %, respectively). The
sole loss of ZnCl, is hardly observable (<1%). In the case of
[AuZnCl;Na] ", these competing fragments occur with compa-
rable probability: ZnCl,+ NaCl elimination ([Aul’: 29%) and
ZnCl, loss ([AuCINa]*: 50%). It has been shown long ago that
fragment pathways with low activation barriers tend to domi-
nate in the low CID amplitude regime.® We will show that
our above findings are well in line with such behavior (see
below).

The mere observation of a charged [Au]™ fragment leaves
open the question as to whether the concomitant neutral frag-
ment consists of two entities (e.g., ZnCl, and MCI) or of
a single one, a MZnCl; molecule. We will show that thermody-
namic stabilities, however, clearly favor the latter case (see
below) and these computations reveal a MCl,ZnCl motif with
threefold Zn coordination.

Chem. Eur. J. 2016, 22, 2345-2355 www.chemeurj.org
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Figure 3. CID appearance curves of fragments from [AuZnCl,M]™ (M=Li",
Na*, K", Rb™, Cs™). They reveal a significant change in relative intensities by
variation of M. Loss of ZnCl, ([AuCI,M] ", green) is the main fragmentation
channel for M=Li", and it is significant for M=Na . The large alkali ions
M=K", Rb*, and Cs" exhibit a switch of the most abundant fragment to-
wards [Au] * (red, elimination of MCI,ZnCl). The arrow indicates the excita-
tion amplitude that was utilized to extract numerical values of observed
fragment intensities as listed in Table 1.

In the case of high CID amplitudes, we expect fragment
pathways with higher activation barriers to gain abundance.®"
The pattern of fragments of [AuZnClLil" changes significantly
with higher CID amplitudes. The sole loss of ZnCl, decreases
and, in turn, the competing elimination of MClL.ZnCl rises; in
the case of [AuZnCl;Na]*, these two fragment channels even
switch at high CID amplitudes. In both complexes, the
MCI,ZnCl loss clearly proceeds through a higher activation bar-
rier than the ZnCl, loss. In contrast, the appearance of curved
patterns of fragments from [AuZnCl;K]", [AuZnClsRb]*, and
[AuZnCl,Cs]t is dominated by the MCI,ZnCl loss channel
([Au]" detected) at all levels of excitation. All other channels
are unlikely and reveal merely recordable intensities. This ob-
servation may be rationalized in principle either by an enthalp-
ic preference or by a loose transition state that entropically
favors a single fragment channel. Our enthalpic considerations
are outlined below.

Infrared-induced multiple photon dissociation (IR-MPD) and
DFT simulations of the alkali adducts

We have recorded IR-MPD spectra of the alkali complexes (Fig-
ure 4a), and we have conducted DFT simulations to obtain
their linear IR absorption spectra (Figure 4b). The DFT calcula-
tions reveal optimized minimum structures 2,, and 2, as de-
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picted in Figure 5 (see the Supporting Information for the less
stable isomers).

In the fingerprint region (below 1700 cm™'), the IR-MPD
spectra of all the investigated [AuZnCl;M] " species exhibit two
strong bands around 1580 cm ™' and 1600 cm ', coinciding
with the predicted -C=N- skeletal vibration modes of 2,,. Note
that the computed absolute IR intensities of the -C=N- skeletal
vibration modes do diminish (596kmmol ' to 487 kmmol ' in
Rb and Cs complexes) much like the experimental IR-MPD
bands do.

In the range of C—H stretching modes (2800-3150 cm ™), the
experiments reveal bands that are weak and coincide with the
predicted C—H stretching modes of 2,,. They are discernible ex-
perimentally only in the case of [AuZnClLi]", although the
computed IR intensities of all 2,, species are comparable.

In the range of the N—H stretching modes, the IR-MPD spec-
trum of [AuZnCl,Li]" reveals an intensive band at 3373 cm .
This band nicely coincides with computed NH stretching in 2,;
The respective IR-MPD spectra of [ZnAuCl;M] ", where M=Na,
K, Rb, Cs, also show bands around 3375 cm™'. We assign these
to the NH stretching modes of 2y, xancs (Figure 5). However, in
comparison to the Li" complex, all the alkali complexes reveal
drastically reduced fragmentation efficiencies of the NH
stretching mode around 3375 cm ', despite computed IR in-
tensities of comparable magnitudes.

In the IR-MPD spectrum of 2,; there is a second weak fea-
ture at 3319cm™' (Figure 4a), which we assign to the NH
stretching mode of the less stable isomer 2, (+9 kJmol™,
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- - Figure 5, calcd. spectrum in Figure 4b). No cor-
Table 1. Compilation of ESI-MS data for [AuZnCI,M]" (M=Li", Na*, K*, Rb", Cs') and of di IR-MPD . . ¢
the corresponding fragments after collision-induced dissociation (CID). The indicated mass responding _ eature arises In case 0
labels refer to the most abundant isotope peaks. the other alkali ions.
cned formul | abund Through the convincing agreement of the
Precursor Fragment Loss m/z  Assigned formula ;e.a undance IR-MPD and DFT spectra, the calculations ac-
E.,.=0.004 a.u. quire additional credibility. We, thus, feel able
to survey the calculated structures in some-
[AuZnCLLT" - - 758.9 [CpH, AUCLN,PZNLT  0.10 Y ; L
((AUZNCLLI—H)*  HCl 7230 [CaHyAUCHNPZLT  0.01 what more detail. The three chlorido ligands of
[AuZnCl,]* Licl 716.8 [CyH, AUCLN,PZN] " 0.01 the Au and Zn centers in 2,, coordinate to the
[AuCILT* ZnCl, 623.0 [CpsH, AUCKN,PLTT  0.84 alkali ion through a p* intramolecular bridge
[Au] " LiCLZRCl  581.0 [Cy;HyAUN,PT" 0.04 i o . o
igure 5). This i ite remarkable in view of
[AuZnCl,Na]~ - - 7749 [CyH, AuCLN,PZnNal ™ 0.1 (Figure 5) s is quite remarkab e_ ew o
([AuZnCl,Na]—H)* HCI 7390 [C,aH,AUCIN,PZnNa]® 0.00 the much more open and almost linear struc-
[AuZnCl,]* NaCl 716.8 [CysH,AUuCLN,PZn]"  0.10 ture of 1, the neutral [AuZnCl;] complex.
[AuCINa]* ZnCl, 639.0 [CyH,,AUCHN,PNa]*  0.50 Therefore, we assume a rearrangement of the
[Au]” NaCl,ZnCl 581.0 [C,;H,;;AuN,P]” 0.29 : s Tati
organic backbone upon alkali ion coordination
[AuZnClK]* - - 7908 [CaHyAUCEN,PZRK] S 0.1 ganic apon & coordi
([AUZNCLKI—H)~  HCI 755.0 [C,HyAUCLN,PZNK] ™ 0.00 to facilitate the W blndlng motif, It is well
[AuZnCl,)* Kl 716.8 [Cy3HyAUCLN,PZR]*  0.10 known that the Hofmeister series of alkali cat-
[AuCIK] ZnCl; 655.0 [CstzwAuC|1N4‘P|G‘ 0.05 ions affects the salting out of proteins. In the
[Au]” KCLZnCl  581.0 [CysHyAUN,P] 0.74 L
resent case, the very same alkali cations are
[AuZnCl,Rb]~ - - 836.8 [Cy3H, AUCLN,PZnRb] " 0.02 P Y ) )
(AUZnCI,RBIH* HCl 800.9 [CoHayAUCLN,PZNR]* 0.01 expected to cause systematic effects in the
[AuzZnCl,]* RbCl 716.8 [CyyH,AUCLN,PZN]®  0.09 structure and function of the affected com-
[AuC+|Rb]* Zncl, 700.9 [CBHpAuChN‘beT 0.01 plexes.®? Visual inspection of the displayed
[Au] RbCl,ZNCl 581.0 [CysHyrAUN,P] 0.87 L .
r res in Figure 5 reveals, at first sight, th
[AuZnCl,Cs] - - 884.8 [Cp;H, AUCLN,PZNCs] T 0.01 structu es_ gu_ES. evea s.at stsig t.t at
(AUZNCLRb]—H)* HCl 848.8 [CoHpAUCLN,PZRCS]® 0.05 the alkali coordination varies systematically,
[AuZnCl,]* CsCl 716.8 [CyHyAuCLN,PZn]"  0.07 namely by alkali cation size. Small Li* coordi-
[AuCIRb] * Zndl, 748.9 [Cy5H,AuChN,PCs]T  0.00 nates in the plane of the three chlorine atoms.
[Au] CsCLzZnCl 5810 (G, AUNLPY 087 We define a dihedral angle, a, between Cl', CP,

CP and M, which in the case of M=Li" is 28°
(Table 2). A weak hydrogen bond®® between
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the NH group of the organic backbone and CI' stabilizes 2
(d(NH-Cl)=2.607 &). The formation of a w-coordinated alkali
ion provides the most stable structure in this and all other
cases (2,; to 2, Figure 5). However, the alkali ions are pushed
further out of the plane spanned by the three chlorido ligands
with increasing ion radius (Table 2). The dihedral angle a(CI'-
CPP-CP-M) increases to a value of 67° for M=Cs". Weak hydro-
gen bonds (NH--Cl) are also observed in 2, to 2. The NH-CI
distances decrease slightly to 2.552 A for M=Cs", (Table 2).
The distance between Au and Zn enlarges with alkali ion size
(Table 2). The Au-Zn distance in 2,; (5.08 A) is shorter by 0.37 A
compared with 2, (5.45 A).

In contrast to all of the above-described 2,, structures with
preformed MCl; motifs, the geometry of 2, is comprised of
a LiCl, unit that m-coordinates directly to the diphenylphosh-
ane moiety.

DFT simulations of CID fragment species

Optimized fragment structures (Figure 6) of alkali adducts 2,
allow us to investigate the peculiar fragmentation behavior of
[AuZnCl;M]™ as observed in the CID experiments (Scheme 2
and Figure 3).

It shows that a more or less torsional reorganization by a N-
CH,-CH,-P backbone twist enables the fragmentation of 2,
through expulsion of either ZnCl, (yielding fragment 3,,) or of
MClL,ZnCl (yielding fragment 4). It is instructive to examine the
associated dihedral angle @(NCCP) in the 2,, parent and 3,, and
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Figure 4. IR-MPD spectra of [AuZnCl;M]" (M=Li",Na', K", Rb", Cs") (a)
and calculated IR absorption spectra of 2,, (solid lines) and 2,;;, (dashed line)
(b). The calculations were performed at the B3LYP/cc-pVDZ (H, C, Li, N, O)
and Stuttgart 1997 ECP (Au, Zn, K, Rb, Cs) levels of theory. Frequencies are
scaled with 0.955 (0.975) above (below) 2000 cm . Calculated lines were
broadened with Gaussian envelope curves (FWHM =7 cm™'). The calculated
intensities above 2800 cm™' were multiplied by a factor of 4. ¢) Enlarged sec-
tion of the IR absorption spectra in (a) and (b), which helps to elucidate the

broad features below 3360 cm .

Figure 5. Optimized structures of 2,, (M=Li*, Na*, K", Rb™, Cs*) and 2y,
by DFT calculations at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997

ECP (Au, Cs, Zn) levels of theory: Light gray: H; dark gray: C; dark blue: N;
orange: P; green: Cl; light blue Zn; yellow: Au; purple: Li, Na, K, Rb, or Cs.

4 fragments (Figure 7). Fragmentation implies a large twist of
@(2)—@(4) and a small twist of ¢(2)—¢(3,). The large twist ro-
tates the NH group in 4 by about 180° with respect to 2,, and
it thus enables Au-N,N coordination. Such reorganization of

Chem. Eur. J. 2016, 22, 2345 -2355 www.chemeurj.org
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Table 2. Structural data for [AuZnCl,M] " (M=Li", Na", K", Rb", Cs ") by
DFT calculations at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997
ECP (Au, Zn) levels of theory. The dihedral angle « indicates how far the
alkali ions (in local C,, coordination) are pushed out of the plane spanned
by the three coordinating chlorido ligands.

d(Zn-Au) [A] d(NH-CI') [A] « (CI'-CI>-CP-M) [*] Alkali ion radius [A]

2, 508 261 28 0.60
2, 5.13 259 45 0.95
2, 533 256 59 1.33
2, 539 255 63 1.48
2, 545 255 67 1.69

ionic fragments Fr*

neutral fragments Fr’

T

ZnCl,
3 LiCLZnCI
& Licl
3 NaCl,ZnCl NaCl
3;?4 ’
rf‘«% { e po o
3 4
KCl,ZnCl
- '\4 4 e : 5 RbCI
3, 5
RbCI,ZnCl
:{#”‘ CsCl
’@:{ ‘i ’

CsCl,ZnCl

Figure 6. Optimized CID fragment structures of 2, (M=Li", Na ", K", Rb",
Cs™) by DFT calculation at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart
1997 ECP (Au, Cs, Zn) levels of theory.

100
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804 |
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Figure 7. Calculated dihedral angles ¢(NCCP) of parent and CID fragment
structures. The arrows indicate experimentally observed fragmentation chan-
nels,

the backbone is not necessary for ZnCl, expulsion; a minor
twist suffices.

In the cases of M=K, Rb, and Cs, we observe almost exclu-
sive MCLZnCl expulsion. In these cases, the large twist ¢(2)—
@(4) is favored energetically (see below). In the cases of 2; and
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2., the ZnCl, expulsion presents an easy route of fragmenta-
tion without need for a large-scale backbone twist.

Enthalpic and entropic considerations

Computed thermochemical data of the optimized fragments
and parent structures (Figures 5 and 6) serve to give the Gibbs
energy/free enthalpy of fragmentation A, G for various
dissociation pathways:

AfragG3onK(2M N Fr—) — A[G(Fr+)300K + AfG(FrO)BOOK _ A'G(ZM)SOOK
(5a)

where A;G(Fr")**™ are the Gibbs energies/free enthalpies of
jonic fragments Fr*=3,, 4, 5, and A;G(Fr°)*®™ are the Gibbs
energies/free enthalpies of neutral fragments Fr® =ZnCl,,
MCLZnCl, and MCI utilized in appropriate pairings as in
Scheme 2. The Gibbs energy of consecutive MnCl+ ZnCl, ex-
pulsion computes according to:

AfragGmUK(zM - 4)con. :AfG(4)3mK + AfG(MCI)mDK+

5b
AG(ZNCL, )% — AG(2,,) % (3b)

These Gibbs energies, A;,,G*, of the competing fragmen-

tation pathways (Figure 8) serve to evaluate the influence of
the alkali ions on the branching ratios (Table 1 and Scheme 2).
We omit a discussion of the HCl elimination pathway in the fol-
lowing as it is minor in all cases.

The fragmentation of 2,, into 4 may occur through one of
three competing fragmentation pathways (Scheme 2): The
overall loss may proceed through expulsion of ZnCl, and of
MCI, through expulsion of MCl and of ZnCl,, or through expul-
sion of MCl,ZnCl.

In our computations, we took all three possibilities into ac-
count and found that the elimination of the MCLZnCl unit
(Figure 8, red) is energetically much more favorable than elimi-
nation of the separate ZnCl, and MCl species for all alkali ad-

250+

200

5
E —
2 150 ——————
o I
g o =
O, 100+ = s = —
g >
< e
o 2“—- 3, +ZnCl,
50 2,— 4+2ZnCl, +MC
2“4— 4+ MCi:ZnCI
2"4— 5+ MCI
0 T T T T T
le le zI( sz 26:

Figure 8. Calculated free binding Gibbs energies (300 K) of the main frag-
mentation pathways. DFT calculations were performed at the B3LYP/cc-
pVDZ (H, C, N, O, Li, Na) and Stuttgart 1997 ECP (Au, K, Rb, Cs, Zn) levels of
theory,
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ducts (Figure 8, orange). Likewise, the sole expulsion of MCl is
highly endoergic (+130-150 kJmol™', Figure 8, blue), whereas
the ZnCl, expulsion is favorable in all cases (less than
120 kJmol ', Figure 8, green). Note that three out of the four
fragmentation channels (orange, blue, green) reveal the same
and distinct alkali effect; Aq,,G** increases with alkali ion size.
Such an effect is absent in the case of MCL,ZnCl expulsion
(red). Consequently, we find a crossover of favorable ZnCl, ex-
pulsion (green) to favorable MCl,ZnCl expulsion (red) when
going from Na to K. This prediction by DFT of the most favor-
able fragmentation channels nicely agrees with the experimen-
tal fragmentation behavior of 2,,, [AuZnCI;M]", as verified by
CID (Figure 3a-e) and by IR-MPD (Figure 4a).

Reaction coordinates of alkali association and of ZnCl, and
MCI,ZnCl expulsion

It is worthwhile to inspect the reaction coordinates of the ob-
served fragmentation channels in more detail. This is all the
more interesting as the optimized minimum structure of
MCI,ZnCl (Figure 6) exhibits a planar geometry with two chlor-
ine atoms bridging the alkali and zinc metal centers. The third
chlorine atom binds solely to the zinc atom. However, in the
case of 2, two chlorine atoms serve as the bridging atoms be-
tween Zn’" and M " and the third chlorine atom binds to the
alkali ion, without coordination to Zn’". Thus, it seems neces-
sary that either one chlorido ligand migrates to Zn?" during
fragmentation or that the ZnCl, group migrates to the third
chlorido ligand. Furthermore, we note that the NH groups of 4
and 2,, point in opposite directions. It is conceivable that a tor-
sion of the NNC-NHC bond enables MCl,ZnClI elimination.

We calculated stationary points along the reaction coordi-
nates for alkali coordination, MCl,ZnCl elimination, and for
ZnCl, elimination (Figure 9; black, green, and red, respectively).
We find the same attachment mechanism for all alkali ions, M™
(Figure 9 for energetics and Figure 10 for structures). The for-
mation of 2,, occurs in two steps: M* coordinates to the chlor-
ido ligands of the ZnCl, group of 1, represented by the local
minimum 2,,. Subsequently, the aliphatic sidechain of the or-
ganic backbone twists (transition state TS2,/2,) to facilitate
the u* binding motif of the alkali ion in 2,. This enables the
third chlorido ligand to bind to the alkali ion, thereby gaining
significant stabilization. The stabilization Gibbs energy decreas-
es with alkali ion size, AG,(Li")=-396 kJmol™' and
AG,(Cs")=—189 kimol~". The activated complex 2,* decays
through the various fragmentation channels described above.
Here, we compare the MCl,ZnCl elimination (yielding 4) to the
loss of ZnCl, (yielding 3,,).

The ZnCl, elimination (Figure 9 for energetics and Figure 11
for structures) is straight forward and similar for all alkali ions:
M™ displaces the ZnCl, group and coordinates to the nitrogen
atoms owing to the excess of energy through excitation. Sub-
sequent ZnCl, elimination proceeds via the transition state
T52,/3, to form the product 3,,.

The MCLZnCl elimination (Figure 9 for energetics, and
Figure 12 for structures in the cases of M=Li" and Cs* and
Figures SI-12-14 in the Supporting Information) proceeds
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Figure 9. Calculated stationary points (minima and transition states) along
the reaction coordinates of alkali association (black) and subsequent elimina-
tion of MCl,ZnCl (red) or ZnCl, (green). Gibbs energies A.G** are relative to
1+M". Structures and enthalpies arise from DFT calculations at the B3LYP/
cc-pVDZ (H, C, N, Li, Na) and Stuttgart 1997 ECP (Au, Zn, K, Rb, Cs) levels of
theory. Note the systematic variation of Gibbs energies, in particular, at the
transition states TS2,/3, and TS2, /2",

\ TS2'12 ;

(-283)

11 v " o

Figure 10. Optimized structures of local minima and transition state along
the reaction coordinate of Li~ association to 1. Corresponding diagrams for
M=Na', K", Rb", and Cs" are provided in the Supporting Information.
Thermally corrected Gibbs energies A;G**™ (in brackets in kimol ') are rela-
tive to 1+ Li . The structures originate from DFT calculations at the B3LYP/
cc-pVDZ (H, C, N, Li, Na) and Stuttgart 1997 ECP (Au, Zn, K, Rb, Cs) levels of
theory.

through a much more involved multistep rearrangement of
the complex. Furthermore, we clearly observe an alkali size
effect on the fragmentation mechanism. Complexes 2,; and 2y,
isomerize prior to the actual MCLL,ZnCl (M=Li or Na) elimina-
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(312) & - N

3,+ZnCl,
(-336)

Figure 11. Optimized structures of local minima and transition state along
the reaction coordinate of ZnCl, elimination from 2;. Corresponding dia-
grams of M=Na", K", Rb", and Cs" are given in the Supporting Informa-
tion. Thermally corrected Gibbs energies A,G™ (in brackets in kimol ') are
relative to 1+-Li". Structures and Gibbs energies originate from DFT calcula-
tions at the B3LYP/cc-pVDZ (H, C, N, Li, Na) and Stuttgart 1997 ECP (Au, Zn,
K, Rb, Cs) levels of theory.

tion. M" displaces the ZnCl, group and coordinates to the ni-
trogen atoms. The Zn’' binds to the third chlorido ligand
(152,/2"),) followed by preformation of the MCl,ZnCl group,
which is represented by a local minimum on the potential
energy surface (2”y). This indicates that the formation of the
MCLLZnCl binding motif is achieved by the migration of the
ZnCl, unit in 2); and 2,,. Note that the NH groups of 2"; and
2"\ still point towards the chlorido ligands. Therefore, the
next step in the fragmentation mechanism is the torsion of the
NNC-NHC bond of 2”,. The torsion proceeds via the transition
state TS2",/2""y to form the local minimum 2"y. Note that
the MCI,ZnCl unit is attached to the complex during the tor-
sion by a NH--C| hydrogen bond. The alkali ion size effect man-
ifests itself at 2""y: in the case of 2™;, the Li atom binds to the
nitrogen atom of the pyrimidine ring. In the case of 2", the
Zn atom binds to that nitrogen atom. In both cases, the next
step is the dissociation of the MCl,.ZnCl unit, which yields the
final product 4.

In the cases of the large alkali ions M=K, Rb, and Cs, the cal-
culated fragmentation mechanism omits any 2", intermedi-
ates. Several concurrent torsions of 2,, suffice to arrive at the
local minimum 2", (M=K, Rb, and Cs): the pyrimidine ring
twists against the pyridine ring, which is enabled by the big
alkali ions binding all three chlorido ligands, forming a MCl;Zn
group and breaking the Cl-Au bond. The activated Au atom
binds to the vacant nitrogen coordination site of the pyridine
ring through a N-CH,-CH,-P torsion (T$2,,/2"'y (M=K, Rb, and
Cs)). In parallel, the transitional complex undergoes a 180° tor-
sion around its NNC-NHC bond. Without further activation, ex-
pulsion of a MCl;Zn unit follows, which likely isomerizes to the
more stable MCl,ZnCl unit. The remainder of the dissociated
complex is the final product 4.

Next, we inspected the energetics of the calculated reaction
coordinates of ZnCl, elimination and of CLZnCl elimination,
and checked for correspondence with the observations from
the CID experiments.

The large alkali ions (K, Rb, and Cs) manage to bind all three
chlorido ligands, which eases the torsions that are necessary
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Figure 12, Optimized structures of local minima and transition state along the reaction coordinate of MCI,ZnCl elimination from 2,,. Thermally corrected
Gibbs energies A;G** (in brackets in kJmol ') are relative to 1+M". Structures and Gibbs energies originate from DFT calculations at the B3LYP/cc-pVDZ (H,

C, N, Li, Na) and Stuttgart 1997 ECP (Au, Zn, K, Rb, Cs) levels of theory.

for the formation of product 4. The MCl,ZnCl elimination path
is energetically lower than of the ZnCl, elimination path. Con-
sequently, the CID experiments prove MCl,ZnCl elimination
([Au]™, 4) as the main fragmentation channel.

The small alkali ions (Li and Na) cannot manage to bind all
three chlorido ligands. This impedes the above-discussed se-
quence of torsions along a multistep reaction pathway to
enable product 4 by MCL,ZnCl elimination. The ZnCl, elimina-
tion proceeds through a single activation step to 3,, and it re-
quires as much activation energy as formation of 2”y. The 3,,+
ZnCl, product channel is clearly favored over the second part
of the MCI,ZnCl elimination path, from 2", to 4+ MCl,ZnCl.
Note that its transition states, TS2",/2"y, are rate determining
and less stable than the product state 3, +ZnCl,.

The CID experiments on [AuZnCl;M]™ compare well to the
calculated activation of 2,,. The experiments with small alkali
cations (M=Li or Na) showed that the MCl,ZnCl and ZnCl,
elimination routes compete. At low excitation magnitudes, CID
yields dominant ZnCl, elimination ([AuMCIl* product, 3,) and
only a small amount of MCLL,ZnCl elimination. The calculated
reaction profiles support this finding under the condition that
the CID excitation energy stays below the activation barrier of
TS2",,/2" . Larger levels of CID excitation may overcome the
calculated barrier, which in turn triggers the MCl,ZnCl elimina-
tion, yielding product [Au]™ (in calculations: 4).

Finally, two subtle details deserve attention. The CID of
[AuZnClK]* shows much less ZnCl, elimination than the M=
Li* or Na* complexes, and the M=Rb and Cs complexes do
not exhibit any ZnCl, elimination at all. These CID findings
nicely correspond to the calculated activation barriers TS2,,/3,,.
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In addition, the barrier for the competing MZnCl; elimination,
T52,/2", diminishes somewhat in 2g, and 2.

At very high CID excitation, 2; and 2, exhibit a further in-
crease of the [Au]™ yield (Figure 3a and b), corresponding to
4+ MClL,ZnCl. We interpret this as a two-step decay of initially
formed, hot [AuCl,M]™ (3,) into [Aul™ (4), which yields two
neutral fragments, ZnCl,+ MCI, instead of MCI,ZnCl. The calcu-
lated energetics (Figure 8, orange channel) are in line with this
additional high energy fragmentation path (Scheme 2, 2,—
3,—4).

Conclusion

We have cationized the neutral, bimetallic complex [AuZnCl;]
by simple addition of alkali chlorides to the solution. This al-
lowed for mass spectrometric studies of charged alkali metal
adducts [AuZnCI;M]* (M=Li", Na*, K", Rb", Cs"). By applying
IR-MPD spectroscopy in combination with DFT calculations, we
showed that alkali ion coordination has a profound effect on
the geometry of [AuZnCl;]. The aliphatic backbone of the
ligand rearranges to enable a p’ binding motif of the alkali ion
to all three chlorido ligands. Therefore, the distance between
Au and Zn is reduced with respect to the neutral compound.
This distance increases systematically with the alkali ion size.
Likewise, fragmentation channels of the alkali adducts vary.
The Li" and Na* adducts prefer loss of ZnCl,, whereas the K*,
Rb", and Cs* adducts preferably lose a MCl,ZnCl unit. Frag-
ment-specific CID appearance curves show a change in the fa-
vorable fragmentation pathway at high CID amplitudes.
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The calculated structures at stationary points along the reac-
tion pathways help to explain these observations. In the cases
of small alkali cations M" =Li" and Na", inspection of the re-
action path (Figure 12) reveals isomerization of 2,, prior to the
fragmentation: Zn and the alkali ion swap their coordination
sites such that a planar MCLZnCl units forms, yet is still at-
tached. A subsequent twist of the backbone follows to release
the MCl,ZnCl fragment. Ultimately, MCl,ZnCl elimination thus
proceeds across two reaction barriers, the second, higher barri-
er is only overcome at high CID amplitudes of excitation. In
the cases of the large alkali cations M™ =K*, Rb™, Cs™, the re-
action path proceeds through a single barrier, which is due to
the backbone twist. There is no intermetallic coordination
swapping and no (in case of M=K" only a little) concomitant
ZnCl, elimination. MCl,Zn expulsion occurs exclusively with
concurrent isomerization into MCl,ZnCl.

In summary, the present study reveals that the seeming
order of interaction strength with nitrogen coordination sites
of the given ligand is as follows: Li* >Na® >Zn*" >K" >Rb*
~Cs". This finding is novel with respect to the relative interac-
tion strength of the Zn’" coordination. It may relate to the
specific case of mixed coordination to nitrogen and chlorido li-
gands in parallel.

The outlook of the present study is clear: it remains to eluci-
date how alkali ion coordination affects the reactivity of
[AuZnCl,] in conceivable applications, such as, for example, as
homogenous hydroamination catalysis. In upcoming studies,
such reaction mixtures will be the focus of our investigations.
It is conceivable to identify cationized key intermediates of
prospective catalytic cycles. If done, an enhanced modelling
might become desirable. This could involve molecular dynam-
ics simulations and subsequent autocorrelation analysis,
aiming at verification of the solution-phase IR spectra.*¥
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Two-color infrared multiple photon dissociation (2c-IR-MPD)
spectroscopy with delayed pulses indicates a torsional isomerization
in a "ligand—metal-chelate” complex [AgL;L;]*. Ab initio calculations
reveal the torsional barrier as well as the change in vibrational
frequencies and IR intensities along the isomerization pathway. The
current approach bears prospects for further elucidation of competing
interactions within naked or microsolvated complexes in gas phase
coordination chemistry.

Metal ions stabilize through reversible solvation or persistent
coordination. In appropriate mixtures, ligand exchange drives
equilibria towards the formation of complexes with as many
strongly coordinating ligands as possible within steric and
electronic constraints.

Mass produced chelating agents like ethylenediaminetetra-
acetic acid (EDTA)' serve in the extraction of heavy metal ions
from waste waters and in alkaline earth metal ion scavenging for
water softening on a large scale.>® Environmental issues” call for
biodegradability (as e.g. fulfilled by Trilon M"®>*®) and for further
optimization of the chelation processes.” The finely tuned inter-
play between ligand-to-ligand and ligand-to-solvent interactions
(including hydrogen bonding) plays a crucial role in the rever-
sible stabilization of metal ions within such chelated com-
plexes.®” It is paramount to acquire insight into their structure
and vibrational dynamics in order to advance our understanding
of the dominating processes and the prevailing equilibria.

The combination of mass spectrometry with infrared (IR)
laser spectroscopy is suitable for the characterization of stoi-
chiometrically defined coordination complexes, and recent two-
color double resonance studies proved to be instrumental in
obtaining isomer sensitivity of various gas phase complexes and
clusters.'”™"* Experimental spectra recorded in such solvent-free

Fachbereich Chemie and Forschungszentrum OPTIMAS, Technische Universitdt
Kaiserslautern, 67663 Kaiserslautern, Germany

f Electronic supplementary information (ESI] available. See DOIL 10.1039/
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Johannes Lang, Maximilian Gaffga, Fabian Mengest and
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environments correspond to ab initio calculations of the isolated
species, thus yielding insight into the structure and dynamics
of likely binding motifs. We have recently applied a two-color
IR-MPD detection scheme to study an isolated di-nuclear silver
complex which spontaneously forms in solution by coordination
with nucleobase mimicking ligands.*

Here, we investigate a flexible arrangement of a single Ag(1)
center with two coordinating ligands, s-cyano-4-hydroxycinnamic
acid (HCCA = L,, monodentate ligand) and 2-(5-methyl-1H-
pyrazol-3-yl)pyridine'® (MPP = L,, bidentate chelate), one each.
The resulting [AgL,L,]" complex serves as a model for a ligand-
to-chelate hydrogen bonding within a “ligand-metal-chelate”
complex. A possible torsional isomerization (¢f Scheme 1) is
the subject of verification and characterization by this study.

A sample solution of AgNO;, HCCA and MPP' in aceto-
nitrile at a concentration of 1 x 107" M was used without
further purification and continuously infused into an electro-
spray ion trap instrument (Bruker amaZon SL, ¢f. Supplement
for further experimental details). We deduced the formation
of the self-assembled [AgL,L,]" complex from the signal of a
cation recorded at m/z = 455 and 457 (due to the '""Ag and '"Ag
isotopes). The isotopic pattern clearly proves a complexation of
a Ag(l) ion (¢f Fig. S1, middle inset, ESIf) by neutral L,
and L, ligands leading to a singly charged ligand-metal-chelate
complex. Collision induced dissociation inside the ion trap
exhibits the exclusive loss of the monodentate L, ligand (cf- Fig. S1,
top inset, ESIY).

We employed IR-MPD spectroscopy in the 1200-3800 cm™
range on the [AgL,L,]" complex (cf. top of Fig. 1) using a tunable
high power OPO/OPA IR laser (IRscan, LaserVision, ¢f SI. 2 and
SI. 3 for further experimental details, ESIT). The observed bands
can be assigned by comparison with DFT derived vibrational
spectra: OH stretching vibration of the phenolic OH group
(Vphon = 3639 em™ '), OH stretching vibration of the carboxyl
group (Veooy =3581 em™Y), free NH stretching vibration of the
L, chelate (3 = 3490 em™ ') and hydrogen bonded NH stretch-

ing vibration of the L, chelate (JR;2°*"® at around 3400 em %),
at around 2960 cm ™),

1

aliphatic CH stretching vibrations (74"

Phys. Chem. Chem. Phys., 2014, 16, 1741717421 | 17417

67 |



Two Color Delay Dependent IR Probing of Torsional Isomerization in a [AgL1L2]+

Complex

Communication

HO

isomer A

H 180°
N
@z;

isomerB 5

Scheme 1 Definition of the dihedral angle that describes the torsional
isomerization in the [AglLilz]" complex. Note, that isomer A stabilizes
through a NH-0O hydrogen bond and isomer B through a CH-O hydrogen
bond.

C—C vibrations (fc—c = 1600 cm ') as well as the carboxylic CO
stretching band in L, (§ooom at around 1780 cm ). A spurious
dip in the ¥ppon band at 3630 cm ™' is an artefact of known
fluctuations in the IRy, laser power. The simultaneous occur-
rence of a free and a hydrogen bonded NH stretching vibration
cannot result from a single isomer, since there is only one NH
group in the [AgL,L,]" complex. This indicates the coexistence
of at least two isomers in the gas phase. The Vooon band at
3581 cm ' is red shifted with respect to the calculation which is
explained by a higher anharmonicity of the carboxylic Vcoon
relative to the phenolic Fppop."*2°

Minimum energy structures, relative energies and linear IR
spectra were calculated at the B3LYP*™*'/cc-pVTZ?>® level of
theory as implemented in the Gaussian 09 program package.®
The Stuttgart-Dresden effective core potential basis set was
used to represent the Ag atom.?” Harmonic vibrational frequen-
cies were scaled by the factor 0.96 (1.0) for the stretching modes
above (below) 2000 cm ™' to match the most intense experi-
mental bands (e.g. Tpnon at 3639 cm™'). Calculated intensities
were multiplied by the photon energy (in em ') for normal-
ization. We found at least four energetically favored coordina-
tion motifs in [AgL,L,]" (¢f: Fig. 1, structures A-D). Structure A is
the energetically most favorable. Energies of structures B-D are
given relative to the energy of structure A. Within the structures
A and B, the silver ion is coordinated by the nitrile group of the
L, ligand and two nitrogen atoms of the L, chelate. Structure A
allows for the formation of a NH-O hydrogen bond (d(NH-O) =
3.011 A, d(NH-Q) = 2.035 A) between the NH group of L, and
the carboxyl group of L,. Structures A and B are rotational
conformers, where L, and L, twist against each other by about
180°. This rotation allows for the formation of a new CH-O
hydrogen bond (d(CH-0) = 4.058 A, d(CH-0) = 2.989 A) between
a pyridine CH in L; and the carboxyl group of L,. The computed
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bond distances are only slightly above typical values of similar
bands in the solid state.”® Nevertheless, the CH-O hydrogen
bonded structure B is less stable by 8 k] mol™" than the NH-O
hydrogen bonded structure A. In isomers C and D, the silver ion
is coordinated by the same two nitrogen atoms of L, as in A and
B, whereas - from the L; point of view - the terminal oxygen
atom of the carboxyl group serves as an electron donor in C and
D, instead of the nitrile group in isomers A and B. A mere
rotation by 180° transforms structure C (21 kJ mol ') into
structure D (33 k] mol '), which makes them mutual rotamers.

The experimental one-color IR-MPD spectrum can be
explained by a mixture of isomers A and B. There is no evidence
of isomers C and D, which would exhibit a red-shifted CO
stretching vibration due to the coordination of the Ag(1) ion to
the terminal carboxyl oxygen atom. The Vphon and ¥eoon bands,
corresponding to free OH and COOH stretching motions, result
from both isomers A and B. The hydrogen bonded NH stretch-
ing vibration """ exclusively results from isomer A, while
the NH stretching band vy is indicative of isomer B. The
predicted intensity of 55°"" is much higher than observed,
which is a known finding in hydrogen bonding that broadens
and smears out the affected vibrations. Observed bands in the
CO stretching region at around 1800 cm * correlate well with
those of isomers A and B. The recorded spectra do not reveal
the predicted strong bands (at around 1640-1650 cm ') of the
high energy isomers C and D. It is a pending task to record two-
color IR-MPD spectra in the fingerprint region below 2000 cm™
and to perform an in-detail interpretation. However, it is
already warranted at this stage that the current findings on
[AgL,L,]" conclude in the coexistence of isomers A and B most
likely in the absence of C and D.

We investigated by further DFT calculations the torsional
conversion of isomer A to B through parametrical variation
of an appropriate dihedral angle (between H'Ag’N°0?, cf.
Scheme 1), which can be thought of as the intersection angle
of the two planes spanned by H'Ag”N? and Ag”N’0" atoms. Our
calculations performed full structural relaxation at fixed dihe-
dral angles in steps of 10° with closer intervals of 4° around the
minima at 0° and 180° in order to extract pointwise values
of relative energies, vibrational frequencies and IR intensities
(¢f Fig. 2, from bottom to top).

Isomers A and B are well confirmed by the energetic minima
at 0” and 180° (¢f Fig. 2, bottom), and we find a higher (lower)
torsional stiffness in the OH (CH) hydrogen bonded more (less)
stable isomer A (B) with a torsional barrier of 12 kJ mol . The
majority of vibrational modes are decoupled from the torsional
isomerization and their frequencies persist without a signifi-
cant change in the geometries of isomers A and B and - most
notably - at all dihedral angles in between. However, there are
considerable red shifts of those vibrational bands that are
involved in hydrogen bonding, and concomitant variations of
their IR intensities. At a dihedral angle of 0°, isomer A is the
favorable structure and JEE°'™ is red shifted due to the
hydrogen bond and its IR intensity is strongly enhanced. At
180°, isomer B, the pyridinic CH group is involved in a CH-O
hydrogen bond. There are at least four IR active normal modes

This journal is © the Owner Societies 2014
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of the pyridine ring that involve this CH group. We chose to plot
the mode with the strongest change in IR intensities (¢f Fig. S2
for its definition and Fig. S3 for torsional plots of IR intensity
changes in other CH stretching modes, ESIF). Its frequency
shifts slightly to the red upon hydrogen bonding while its IR
intensity increases considerably. All findings of the parametric
torsional variation nicely confirm strong NH-O hydrogen bond-
ing in isomer A and weak CH-O hydrogen bonding in isomer B.

In order to investigate the predicted interconversion of
isomers A and B experimentally, we applied the two-color IR-
MPD technique to the [AgL,L,]" complex. An attenuated IR
laser (IRgy) is set resonant to Vphoy at 3639 cm™ ', and a high
power scanning IR laser (IRg.,) was used to measure delay
dependent IR-MPD spectra (¢f Fig. 3a). The time delay, At,
between the two laser pulses (6 ns each) is defined as:

At = t(IRﬁx) - t(IRscan) (1]

It depends on the time delay At between the IRy, and IRgy
pulses whether the hydrogen bound NH stretching band at around
3400 cm ™' is observable or not. Note, that the application of a
second laser pulse causes some increase of the baselines in the two-
color IR-MPD spectra as compared to the one-color spectrum.

When the IRy, pulse excites the [AgL,L,]" complex ahead of
the IR, pulse (At positive, red line spectrum in Fig. 3a) then there
is some increase in the IR-MPD fragmentation yield with respect
to the one-color spectrum (black curve) on all bands. In this case,
the IRgy pulse serves to enhance the absolute fragmentation yield.
It does not, however, alter the isomer population as recorded by
the one-color experiment. The two-color spectrum thus probes
“cold” (here: room temperature) complexes. In particular, the
hydrogen bonded NH vibration (7h;°""®) becomes strongly
enhanced and clearly observable.
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Fig. 3 (a) Details from the infrared spectra of stretching vibrations in the
[AgLiLs]" complex. The delay dependent two-color IR-MPD spectra with
selected time delay reveal heating effects and/or isomerization. (b) Frag-
mentation efficiency at the peak of the ¥y band (filled squares) and the

7libeund pand (empty squares) in dependence of the time delay At = t{IRg,)
— tIRzcan). A step-like switch amongst both vibrations around At = 0 ns is
clearly visible.

However, when the time delay reverses (At negative, blue curve
in Fig. 3a), such that the TRg, pulse excites first, the IR-MPD yield
of piEbound qiminishes and the intensity of Uy, the free NH
vibration, increases with respect to the two-color IR-MPD spec-
trum with positive At. A pointwise scan of At reveals a fast switch
amongst both vibrations (¢f: Fig. 3b). We interpret this finding as
follows: firstly, the IRg, laser heats the complexes and induces an
isomerization such that the population of isomer A (evidenced by
the hydrogen bonded #i3°""™ vibration) is diminished and the
population of isomer B (free vy vibration) is enhanced. The
possibility of some isomers at skewed dihedral angles, which are
void of any L, to L, bonding, is acknowledged; however, present
results do not find any evidence. Subsequently, the changed
isomer population is detected by the IR, laser. This interpreta-
tion matches the observation of a significant broadening and red
shifting of the three recorded stretching vibrations, as known to
occur from a rovibrational preheating of part of the [AgL,L,]"
ensemble by the IRg, pulse — prior to the scanning IRycan pulse.

Our study revealed that strong and weak hydrogen bonds*™*"
within a given complex may break and form by torsional
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rearrangements that take place perpendicular to the hydrogen
bond directions (here, through torsional twisting of the two
ligands against each other). It confirms that the forming and
breaking of hydrogen bonds is of a multidimensional character -
much beyond an intuitive pulling apart of a hydrogen bond
along its bond direction. It further elucidates how weak CH-O
hydrogen bonds may come into play to stabilize conformers
other than the global minimum structure. The importance of
torsional rearrangements becomes clear once more by the
gained picture, as was similarly unravelled in a previous study
on intraligand torsion in a Ru complex that precedes and
enables activation of the catalytic center in a somewhat surpris-
ing way.'® Our studies benefit from two-color IR pulse probing
as a valuable tool for such investigations (two-color IR-MPD).
Variable time delays between the two laser pulses allow us to
probe ion ensembles with variable internal energies. The pre-
heating effect of the additional IRg, pulse could be demon-
strated in terms of laser induced torsional isomerization as well
as a red shifting and broadening of the IR-MPD bands. The
torsional isomerization path was examined by concomitant
DFT calculations that served to elucidate the torsional barrier,
the relative stabilities of participating isomers, and the change
of vibrational frequencies and IR intensities in the course of
formation and breaking of strong and weak hydrogen bonds
amongst chelates and ligands in a semiflexible ligand-metal-
chelate complex.

The present study presents the work in progress. At tuning two-
color TR-MPD spectra of the 5P range (at around 3000 cm ™) and
in the fingerprint region (below 2000 cm™ ") as well as temperature
dependent measurements will help to provide more insight into
the details of population dynamics in the [AgL,L,]” model system.
Further complexes are to follow in order to learn more about the
competing interactions of strong coordination and weak auxiliary
bonds in multiple coordinated metal complexes.
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5.3 Delay Dependent IR-MPD Spectra in the Fingerprint Spectral

Region

We recorded delay dependent two color IR-MPD spectra in the fingerprint region below

2000 cm (cf. Fig S1) and performed an in detail interpretation of the three recorded CO

stretching vibration bands (&4 -bound glH-bound anq ) and the C=C stretching band
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Figure S1: a): Details from the infrared spectra of the [AgLiL2]* complex in
the fingerprint region. The delay dependent two color IR-MPD spectra with
selected time delay reveal heating effects and/or isomerization. b):
Fragmentation efficiency at the peak of the TEH-Pound hand (filled squares),
the BhH-bound hand (empty squares) and the ¥, band (filled circles) in
dependence of the time delay At=t(IRfx) - t(IRscan). A step like switch

amongst Beh—bound ang piH-bound around At=0ns is clearly visible. In

contrast ¥ is approximately constant.
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The C=C band is inherently strong (even in 1 color IR-MPD spectra) and exhibits almost
no two color effect and no delay dependency. This confirms that the C=C band originates

from both, isomer A and B, as predicted by DFT.

Two of the three observed CO bands around 1780 cm! significantly depend on the
temporal delay At between the IRscan and IRgix pulses (cf. Fig. S1a). We assign the band at
1740 cm! (pNE~Pound) o jsomer A since its fragmentation efficiency is high with a
positive delay (red curve) and low with negative delay At (blue curve). This finding is
consistent with IRy« laser induced isomerization of isomer A to isomer B as we discussed
above. Accordingly we assign the band at 1790 cm'! (#EH~boUndY o isomer B as its
intensity increases with negative delay At. A pointwise scan of At reveals a step like
~NH-bound

switch amongst 7, and pEH~Pound (cf. Fig. S1b) in analogy to the free and

hydrogen bonded NH stretching vibrations.

The third CO band at 1760 cm™! (¥,) exhibits a moderate two color effect but no delay
dependency (cf. Fig. S1b). This suggests that 7., is associated with as yet unknown
isomer, which is not affected by the laser induced torsional isomerization. However, the

structure of this isomer remains elusive.
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Figure S2: 1 and 2 color IR-MPD spectra of the [AgLiLz]* complex in the CH
stretching vibration spectral range reveal no bands. An increase of the IRix
laser power results in an increase of the baseline and more noise (orange
curve).
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We complete the delay dependent two color IR investigation of the [AgL1Lz]* complex by
probing the CH stretching vibration region (2800 - 3200 cm'}; cf. Fig S2). We were not
able to record more than one weak CH stretching band even with two color IR-MPD. This
may originates by the very weak IR intensities of the CH stretching bands. An increase of
the IRfx laser power results in an increase of the baseline. Therefore, we were not able to
extract any information on the isomerization of isomer A to isomer B based on CH

stretching bands.
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6.1 Preamble

The following chapter is prepared as a manuscript for publication. It is prepared for

submission in the near future. Supplementary information is available in chapter 10.4.

I conducted the Collision Induced Dissociation (CID) and InfraRed - Multiple Photon
Dissociation (IR-MPD) measurements, data evaluation and quantum chemical
calculations. I received experimental support by Joachim Hewer. A team consisting of
Joachim Hewer, Matthias Klein and myself, led by Tobias Lau at the Helmholtz Zentrum
Berlin (BESSY II) performed X-Ray Magnetic Circular Dichroism measurements. [ wrote

and revised this manuscript with the help of Gereon Niedner-Schatteburg.
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6.2 Abstract

We elucidate the intertwined variation of geometric structure and magnetic couplings in
trinuclear iron(Il) oxo acetate complexes [Fe30(0Ac)s(Py)a]* (n=0,1,2,3) when
isolated and trapped as gaseous ions. We apply Infra Red Multiple Photon dissociation
(IR-MPD) for vibrational characterization, X-ray Magnetic Circular Dichroism (XMCD)
for magnetic characterization, and Density Functional Theory (DFT) via a broken
symmetry approach for magnetostructural characterization. We find that the stepwise
coordination of axial pyridine ligands to [Fe3s0(0Ac)s]* modulate geometric symmetries
within the triangular Fe3O core and antiferromagnetic super exchange couplings of the
Felll (d5) centers. The total spin St in the spin ground states of [Fe3O(0OAc)s(Py)n]*
(n=0,1,2) raises from spin frustrated Str=1/2 (n=0) to 3/2 (n=1) and 5/2 (n=2) by
symmetry lowering (from Dsp to Czv) and lifting of degeneracy of coupling constants.
Coordination of a third pyridine ligand (n = 3) re-establishes high D3, symmetry and
yields St=1/2 in a spin frustrated ground state. We thus achieve a coordination

controlled switching of magnetic ground states.

6.3 Introduction

Magnetic properties of polynuclear transition metal complexes relate inextricably to
their geometrical structure. It is an active field of research to unravel and to describe
such magnetostructural correlations!->. They are crucial in the rational design of
molecular nanomagnets® and in the context of metalloenzymes’. Pairwise
distance-to-coupling correlations are omnipresent, e.g. through oxo bridges8. More
complex model systems of interest are the oxo-centered trinuclear transition metal
(MM)30 acetate complexes of the structural type [M30(0OAc)sL3]* (L = axial ligands)?-13
with M = Fe being archetypical. Three Fe ions coordinate around an 02  center in a flat
triangular arrangement (Fe3O core). Each of the Fe centers achieves a pseudooctahedral
geometry through equatorial coordination with four bridging acetate ligands and axial
coordination with an extra monodendate ligand. It prevails an antiferromagnetic
exchange coupling of the high spin Fe(lIll) ions!% 15> and there is no direct Fe - Fe
interaction (distances > 3 A). The electronic ground state is subject of a topological spin
frustration: The triangular geometry renders a pairwise antiferromagnetic couplings of

all three spins 16.17 18 impossible. Thus the electronics of [M30(0Ac)sL3]* complexes are
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extremely sensitive to geometric distortions of the M30 corel®, as e.g. crystal packing

and counter ion effects in bulk samples.

We have previously investigated [Fe3O(0Ac)s(N2)n]* complexes (n = 1,2,3) and we found
“non classical” blue shifts of Nz stretching vibrations20. In this study we investigate
magnetostructural relationships in isolated [Fe30(OAc)sPyn]* (n = 0,1,2,3, cf. Scheme 1).
The stepwise coordination of 1 - 3 axial pyridine ligands induces significant geometrical
distortions of the Fe30 core (a trans effect may contribute?1). Our gas phase approach
excludes bulk or crystal packing effects, and it allows for isolation of under-coordinated
molecular ions (e.g. [Fe30(0Ac)s]*), which would not be accessible in the condensed
phases.

[ H,0 1+ Py +
clo;

O\_’ a0 e
oM oo Y - O MON
\ﬁ ‘ Y acetonitrile / pyridine % ‘ Y

10/ 1 I
OE (@] ;—'O ’ 5

:I':e . F.e _ .
/ \_"’O O““I \ E S I M S Py/ \Oqo

Scheme 1: The precursor [Fe30(0Ac)s(H20)3]* (OAc = CH3CO?") exchanges in
a acetonitrile/pyridine solution ( 10/1) its three axial H20 ligands for three
stronger bound pyridine ligands. Through ESI/CID we also observe under
coordinated species with 0 - 2 pyridine ligands.

Electrospray ionization22-24 (ESI) enables mass spectrometric investigations of
[Fe3O(0OAc)sPyn]* complexes in vacuo, and their activation by either photons or
collisions. Tandem-MS based methods like Infra Red Multiple Photon dissociation2>-27
(IR-MPD) and Collision Induced Dissociation28-30 (CID) have helped to elucidate
molecular structures and vibrations. Both techniques were instrumental under
cryogenic conditions31-3¢ and at room temperature3’. 38, Two color IR-MPD schemes
were applied to overcome internal vibration redistribution (IVR) bottlenecks3? or to
investigate isomer populations#? 41, Experimental results and dedictated ab initio
calculations have been combined in order to obtain further insight into the structure and
intrinsic properties of likely binding motifs42-45, The element selective X-ray Magnetic
Circular Dichroism#¢ (XMCD) spectroscopy allows for the investigation magnetic

properties of samples such as surfaces*- 48, thin films*? 50, deposited nanoparticles>! or
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clusters®2. Spin and orbital contributions to the total magnetic moment of the
investigated compound can be deconstructed by sum rule analysis>3-55. Recently the
XMCD technique has been adopted for the investigation of isolated (cluster) ions in the
gas phase>6-60 revealing intrinsic magnetic properties of the investigated systems, i.e.

void of any alteration of a surface, and void of crystal packing effects.

We combine experimental CID, IR-MPD and XMCD investigations of isolated
[FesO(0Ac)s(Py)n]*.(n=0,1,2,3) with quantum chemical calculations by broken
symmetry Density Functional Theory (DFT), and we unravel the coordination induced

modulation of the prevailing magnetostructural correlations.

6.4 Experimental and Computational Methods

6.4.1 Collision Induced Dissociation (CID) and InfraRed - Multiple Photon
Dissociation (IR-MPD) Measurements

CID and IR-MPD measurements were performed using a modified Paul-type quadrupole
ion trap instrument (AmaZon SL, Bruker Daltonics). The ESI ion source (Apollo II) was
set to positive electrospray ionization mode. Scan speed was 32 500 m/z /s
(0.3 FWHM / m/z) with a scan range of 70 to 1200 m/z. Sample solutions of Iron(III)
oxo acetate perchlorate hydrate ([Fe3sO(OAc)s(H20)3(Cl04)]; OAc = CH3COz;
cf. Scheme 1) in a solvent mixture of acetonitrile/pyridine = 100/1 at concentrations of
1 x 105 mol/l were continuously infused into the ESI chamber by a syringe pump at a
flow rate of 2 pL. min-1. Nitrogen was used as drying gas with a flow rate of 3.0 L min'! at
210 °C. The solutions were sprayed at a nebulizer pressure of 280 mbar (4 psi) and the

electrospray needle was held at 4.5 kV.

CID-appearance and breakdown curves of [Fe3O(0Ac)s(Py)n]* (n =0,1,2; OAc = CH3CO?;
Py = pyridine) were recorded with varying excitation amplitudes (0.0 V to 1.5 V), which
determine the internal energy scale of the mass spectrometer (E;;;, in Volt). Relative
abundances were calculated according to:

ZilifT(Elab) >
Zilifr(Elab) + X 1P (Erp)

1 (Euap) = ( (1)

where Iifr= intensity of the fragment ions and I = intensity of the parent ions. Center of
mass transferred fragmentation amplitudes (E.,;,) were calculated from internal

amplitudes by:
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m
Ecom = ($) *Elap (2)

Mye + Mion

where m;,, stands for the isotopically averaged mass of the molecular ion. Note, that the
current application of the CID technique by RF excitation in presence of multiple
collisions results in a so called “slow multi collision heating” mode of operation®l. 62,
Fragmentation amplitude dependent CID spectra were modeled and fitted by sigmoid

functions of the type

1 Ecom). = ( - ) (3)

1+ e(Eggm_Ecom) B
using a least-squares criterion.

The E20,, fit parameter is the amplitude at which the sigmoid function is at half
maximum value, whereas B describes the rise of the sigmoid curve. Due to the
correlation of fragmentation amplitude and appearance energy, it is feasible to assume,
that the appearance curves can be associated to the relative stability of the

[FQSO (0AC)6(Py) n] + Comp]exes63-66_

A KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision) system
pumped by a pulsed 10 Hz injection seeded Nd3+:YAG laser (PL8000, Continuum) was
used as a source of tunable IR radiation (6n=0.9 cm'l, &t=7ns) for recording
vibrational spectra of [Fe30(0Ac)s(Py)n]* (n =0,1,2,3). The OPA idler wave (< 10 m] per
pulse) was used to record spectra within 2600-3900 cm-1. The difference frequency
(DF) between the OPA signal and idler waves generated in a AgGaSe: crystal (< 2 m] per
pulse) was applied in the range of 1200-2100 cm-1. After passing through the vacuum
chamber the IR beam was directed onto a power meter sensor. The idler beam was
focused by a 50 cm CaF: lens. The DF radiation was focused tighter, by a 90° off-axis
parabolic silver mirror with an effective focal length of 15 cm. The IR spectra were
recorded as ion mass chromatograms while continuously scanning the IR wavelength.
An experimental IR-MPD spectrum arises from a plot of the fragmentation efficiency as a

function of laser frequency (v). The IR-MPD yield Y (v) is defined as:

_ 1)
rm = (zilif o zilf(v)) (4)

The IR frequency was calibrated using a wave meter (821B-NIR, Bristol instruments).

Laser power curves were recorded in parallel to the IR-MPD spectra through digitizing
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the analog output of the laser power meter by an ample ADC input of the AmaZon SL
mass spectrometer electronics. Despite the online IR power measurement (laser pulse
energies are potted into the background of each IR-MPD spectrum) the recorded spectra
were not normalized due to the intrinsically nonlinear power dependence of IR-MPD

fragmentation efficiencies.

6.4.2 Computational Methods

Availible crystal structure data of [Fe30(OAc)s(Py)3](FeBra)1! served as a starting point
to calculate optimized minimum energy structures and linear IR absorption spectra of
free [FesO(OAc)s(Py)n]* (n=0,1,2,3) complexes. Standard Gibbs energies of structures,
AG®, and of binding energies, AAp;,,,G® were calculated at 300 K. We utilized Density
Functional Theory (DFT) using the B3LYP¢7. 68 functional and cc-pVTZ basis sets®® (C, H,
N, O) in combination with the Stuttgart RSC 199770 effective core potential (Fe) as
implemented in the Gaussian 09 program package’l. Standard convergence criteria were
applied. Full geometry optimization of all nuclear coordinates yields multiple locally
stable minimum structures. We performed unrestricted DFT calculations with 1-17
unpaired alpha electrons yielding multiplicities of 2 (dublet) - 18 (18tet). In all cases a
multiplicity of 16 was most stable (cf. Fig. S8) therby indicating three Fe high spin (d®)
centers. Harmonic vibrational frequencies of all calculated spectra are scaled with 0.98
and broadened with gaussian envelope curves (6 cm? FWHM). The Basis Set
Superposition Error (BSSE) of calculated binding energies was corrected using the

Counterpoise routine’2 73 of Gaussian 09.

We investigated the antiferromagnetic couplings between the three high spin d> Fe
centers in the optimized structures of [Fe3s0(OAc)s(Py)n]* (n = 0,1,2,3) with the help of a
broken symmetry approach’+ 75. This was enabled through Density Functional Theory
(DFT) with the B3LYP_Gaussian®?. 68 functional and cc-pVTZ basis sets®® (C, H, N, O) in
combination with the Stuttgart RSC 199770 effective core potential (Fe) and a CANOSSA
program’¢ as implemented in a local, customized installation of the TURBOMOLE 6.5
program package’’-79. The single point energies of the four possible broken symmetry
configurations (cf. Scheme 2) served to extract three magnetic coupling constants’® (Jj)

per complex.
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Scheme 2: Broken symmetry configurations of the triangular Fe30 core in
[FesO(0Ac)s(Py)n]* (n=0,1,2,3). Purple and turquoise arrows indicate alpha
(U) and beta (D) spins, respectively. J;j is the coupling constant between two
adjacent Fe-centers. The coordinating ligands are ommitted for clarity.

The magnetic coupling between the three spin center in [Fe30(0Ac)s(Py)n]* (n=0,1,2,3)
is governed by the isotropic Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian80:
Hypwy = _Z]ijgi S; (5)
i<j
where J; are the spin only coupling constants of Fe centers i and j. Ferromagnetic
coupling is represented by a positive ] value while a negative ] value indicates
antiferromagnetic coupling. In the case of high spin d> Fe ions in nearly octahedral
coordination orbital angular momenta are small, and we are entitled to neglect them in
the following. In the case of multiple magnetic centers (as in the present case) it is very
difficult to find the eigenfunctions of the HDvV Hamiltionan - even when neglecting
orbital momenta. To overcome this issue we make use of an Ising model Hamiltonian8®
82 jn which the total spin operators S; are substituted by the associated z-component S, ;:
Higing = —2 Z]ijgz,i Sz (6)
i<j
The eigenvalues of the Ising Hamiltonian and the HDvV Hamiltonian are not identical.
However it is possible to extract coupling constants (Ji) from energy differences of
appropriate broken symmetry configurations by assuming that all interactions are
additive83 84 Using the Ising operator on the four broken symmetry configurations

(cf. Scheme 2) yields the following eigenvalues:
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(UUU) = Ey — 2]13§ - 2]12§ - 2]23§ (7)
4 4 4
(DUU) = Ey + 2]13§ + 2]12§ - 2]23§
4 4 4
(UDU) = E, — 2]13E + 2]12§ + 2]23§
4 4 4
25 25 25

(UUD) = E, + 2]137 - 2]127 + 2]237

By solving this linear system of equations and by the known energies of the four broken
symmetry configurations we obtain the three coupling constants Ji2, J13 and J23 for

[Fe30(0Ac)s(Py)n]* (n=0,1,2,3) - together with an energy offset Eo - as:
1
Ey =7 (UUU + DUU + UDU + UUD) (8)
1
)12 = 55 (~UUU + DUU — UDU + UUD)

1
J13 =55 (~UUU = DUU + UDU + UUD)

1
J23 = 55 (~UUU + DUU + UDU ~ UUD)

6.4.3 X-Ray Magnetic Circular Dichroism (XMCD) Measurements

X-ray absorption (XAS) and XMCD measurements were performed using the
NanoClusterTrap operated at the UE52-PGM beamline at the BESSY II (Helmhotz
Zentrum Berlin) synchroton facility. This setup is a custom build mass spectrometer to
record Total Ion Yield (TIY) gas phase spectra of isolated ions8> 86, We combined the
NanoClusterTrap with a custom build ESI - ion source®? 88, kindly provided by the group
of Thomas Schlathoélter (University of Groningen, The Netherlands). Sample solutions of
Iron(III) oxo acetate perchlorate hydrate ([Fe3O(0Ac)s(H20)3(Cl04)]; OAc = CH3COz;
cf. Scheme 1) in a solvent mixture of acetonitrile/pyridine = 100/1 at concentrations of
1 x 10-* mol/] were continuously infused into the ESI chamber by a syringe pump at a

flow rate of 2 pL min-1.

A detailed experimental description has been published previously®8. In short, the ESI -
generated ions of interest ([Fe30(0Ac)s(Py)n]*) are mass selected in a quadrupole mass
filter (Extrel, 40-4000 m/z) and constantly injected into a (liquid helium cooled) linear

quadrupole ion trap where they are stored for cooling and irradiation with the X-Ray
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beam. The trap is operated between 2 and 4 MHz depending on the mass of the
investigated ions (in this case: 3.3 MHz). Evaporation of the liquid Helium (preasure of ~
8 x 107 mbar within the vacuum chamber) cools down the down the ion trap down to
cryo temperatures around 4 K. Collisional cooling of the trapped ions leads to
thermalized ions at slightely elevated temperatures of ~ 15 K% due to radio frequency
heating. The ion cooling is necessacy to reduce temperature induced orientation
randomization of the magnetic moments of the investigated species. The ion trap is
located inside the high field region of a superconducting solenoid (up to 5 T, in our case:
4.5T) to allign the magnetic moments of the investigated ions to the light pass of the
X-Ray beam. Irradiation of the ions for with circularly polarized X-Ray radiation from
the UE52-PGM beamline (10 -15s irradiation per set photon energy) leads to
fragmentation of the mass selected ions. Subsequently the ions as well as the associated
fragments are ejected from the ion trap into an in line reflectron time of flight mass
spectrometer (~100 Hz) to record the resulting mass spectra, specifically to record the
intensity of the X-Ray induced fragments. We gain X-ray absorption spectra by plotting
the intensity of the fragment ion as a function of the X-Ray photon energy. A GaAs-diode
records the X-Ray beam intensity from the undulator beamline which serves to
normalize the recorded spectra for photon flux. The spectra were recorded on the Fe
absorption edges with a spectral resolution of 500 meV at 711 eV (exit slit size of
250 pm) and an increment size of 200 meV. We recorded several spectra for left and
right handed circularly polarized light in an alternating manner, and we perform a
qualitative analysis. Quantitative elucidation by rule analysis>3->> would be hampered by
the large uncertainties which are known to occur through d> configurations®!. It would
not provide for further insight beyond what we obtain anyway - as to discuss in the

following.
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6.5 Results and Discussion
6.5.1 CID of [Fe30(0Ac)s(Py)u]* and Free Binding Energies of the Pyridine Ligands

Assignment of mass peaks to molecular species of interest: Upon spraying the above
described sample solution and recording mass spectra using the Paul type trap, we
observe a series of isotopic peaks at m/z =538, 617, 696 and 775 matching convincingly
with simulated isotopic patterns of [Fe3O(OAc)s(Py)s]* (n=0,1,2,3, cf Fig.1 and
Table S1 in the Supplentary Information). In solution the axial H20 ligands of the
precursor ion [Fe3O(0Ac)s(H20)3]* exchange with the stronger binding pyridine ligand11
(Py, CsHsN). However, the intensity of the n =3 mass peak is significantly lower than
that of n=2. This indicates that [FesO(OAc)e(Py)s]* loses one or more pyridine
molecules during the ESI and/or trapping process. The decreased resolution of the
isotope mass peaks of [Fe30(0OAc)s(Py)3]* at m/z=775 (cf. inset of Fig.1) hints at
fragmentation of [Fe30(OAc)s(Py)s3]* during isolation within the Paul trap or the
resonance ejection during mass analysis®2. We did not observe any attachment of H20 or

acetonitril.
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Figure 1: Cationic mass spectrum of a [Fe30(0Ac)s(H20)3]Cl04
acetonitrile/pyridine = 1/10 solution using the Paul type ion trap. Insets:
Experimental and simulated isotopic pattern of [Fe30(OAc)s(Py)n]* (n
=0,1,2,3; OAc = CH3CO27; Py = CsHsN). The mass labeling refers to the most
intensive peak.
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Fragmentation routes and CID curves: CID of isolated [Fe30(0OAc)s(Py)a]* (n=0,1,2,3)
reveal fragment mass peaks (cf. Fig. S1-S4) indicating a cleavage of neutral pyridine
ligands. This is the main fragmentation route. In addition there is some cleavage of

neutral acetate radicals (OAc*) - when no pyridine ligands are availible (cf. Scheme 3).

-Py -Py
[Fe;O(OACc)¢(Py)sl* >| [Fe;O(OACc)¢(Py),]* > [Fe;O(OACc)(Py),]*
-Py
-OAc* -OAc* X
«— <«— [Fe;0(OAc)]*
) |
- 2 OAc*

Scheme 3: CID fragmentation routes of [Fe30(OAc)e(Py)n]* (n=0,1,2,3). The

relative intensities of the fragments depend strongly on the CID amplitude.

The subsequent manner of pyridine elimination finds experimental evidence

by our CID appearance curves (cf. Fig. 2).
We elucidate the relative stability of [Fe3sO(OAc)s(Py)n]* (n =0,1,2,3) by recording so-
called CID breakdown curves of the complexes and CID appearance curves of the
associated fragments (cf. Fig. 2). In the case of [Fe30(0Ac)s(Py)3]* (cf. Fig. 2; n = 3; black
squares) single pyridine elimination is the primary fragmentation channel as recorded
by the fragment peak [Fe3O(OAc)s(Py)z]* (red squares). It prevails to an CID amplitude
of Ecom ~ 5a.u. Higher CID amplitudes reveal additional elimination of the second
pyridine ligand ([Fe30(0Ac)s(Py)1]*, green squares) which we attribute to secondary
fragmentation. The intensity of the double pyridine elimination increases with the CID
amplitude while the intensity of single pyridine elimination decreases underlining the
subsequent manner of the fragmentation process. We exclude a concurrent elimination
process of the first two pyridine ligands. CID amplitudes > 6 a.u reveal the rising of the
next secondary fragment: triple pyridine elimination as recorded fragment peak
[Fes0(0Ac)s]* (blue squares). Both secondary fragments gain intensity with CID
amplitudes with [Fe3O(OAc)s(Py)1]* exhibiting a maximum around Ecom =7.5a.u. We
observed no (secondary) elimination of acetate (OAc*) at all applied CID amplitudes. In
the case of [FesO(OAc)e]* (cf. Fig. 2; n=0; blue squares) there is no pyridine ligand
availible. Accordingly we observe single and double acetate (OAc*) eliminatation
([FesO(OAc)s]* and [Fe30(0Ac)4]*) as primary fragments. Both fragment channels gain
intensity beyond Ecom = 4.5 a.u. They reach a constant level at Ecom =4.5 a.u and remain

constant throughout the range of applied CID amplitudes.
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Figure 2: CID breakdown curves of [Fe3O(0Ac)s(Py)n]* (n=0,1,2,3) and

appearance curves of the associated fragments.
The fragmentation behavior of [Fe30(0OAc)s(Py)z]* (cf. Fig.2; n=2; red squares) is
similar to n =3 (cf. Fig. 2; n = 3; black squares). The primary fragmention channel in
n = 2 is single pyridine elimination as recorded by the fragment peak [Fe30(0Ac)s(Py)1]*
(green squares). It prevails to an CID amplitude of Ecom = 3.5 a.u. Higher CID amplitudes
reveal additional elimination of the second pyridine ligand (double pyridine
elimination) as a secondary fragment ([FezO(0Ac)s]*; blue squares). The intensity of the
double pyridine elimination increases with the CID amplitude while the intensity of

single pyridine elimination decreases. This indicates subsequent elimination of the
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pyridine ligands. We observed no additional secondary elimination of acetate (OAc*) at
all applied CID amplitudes. The case of n=1 (cf. Fig. 2; n = 1; blue squares) is straight
forward: Pyridine cleavage as recorded by the fragment peak [FesO(OAc)e¢]* , and it

prevails at all CID amplitudes. We detected no secondary fragments.

Correlation between E2O, CID values and calculated binding energies: In all cases
where a pyridine ligand is available (n = 1,2,3) a single pyridine elimination dominates
the sigmoid rise of the fragment appearance curves. This offers an unique opportunity to
investigate the binding energies of the pyridine ligands in [Fe30(0OAc)s(Py)a]* (n =1,2,3).
By fitting the experimental CID appearances curves (sum of all fragments) we extract
E29 values, which we compare to calculated pyridine free binding energies AAp;,qGY
(cf. Fig. 3 and formula (11)). Molecular fragmentation might bear an activation barrier
on top of the endothermicity of bond breaking®? °4. In such cases it would be more
appropriate to compare the relative energies of transition state structures to E50.,
values rather than simple binding energies*+ 66. 95, However, in the presented case we
investigate a direct bond cleavage void of any involved structural reorganizations. Such
cases are known to lack any activation barrier beyond plain endothermicity of the mere

bond breaking?® 97, and we are entitled to assume the same for our present case.

The first eliminated pyridine ligand from [Fe30(0Ac)s(Py)3]* (cf. Fig. 3 left; n = 3) has the
lowest free binding energy AAp;,4GY of 28KkJ/mol (19k]J/mol including BSSE
correction). Accordingly we measure the lowest E2%, value of 1.66au for
[Fe30(0Ac)s(Py)s]* (cf. Fig. 3 right; n=3). The binding energy of the second pyridine
molecule to (cf. Fig.3 left; n=2) increases to 55 kJ/mol (46 k]/mol including BSSE
correction) doubling the free binding energy of the first pyridine ligand. The associated
E20., value of [FesO(0Ac)s(Py)2]* increases to 2.44 a.u (cf. Fig. 3 right; n = 2). The last
pyridine ligand has the highest free binding energy of 82 k]J/mol (73 k]J/mol including
50

BSSE correction) and we observe highest EZ), value of 3.54 a.u. in the case of

[Fe3O(0Ac)s(Py)1]*.
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Figure 3: Left: Calculated binding energies AApingGY of
pyridine ligands in [Fe30(OAc)s(Py)n]* (n=1,2,3). Right:
Ecom®? values (multiplied by a factor of 1000) extracted from
CID appearance curves (cf. Fig. 2).

Both, the calculations as well as the experimental Ecom°° value indicate an obvious trend:
The free binding energy of pyridine ligands decreases with the number of pyridine
ligands coordinated to the [Fe3O(OAc)e]* subunit. This hints at significant influences on
the structural properties of the [Fe30(0OAc)s]* subunit by the coordination of each axial
pyridine ligand. We elucidate this influence in the following chapter, by investigating the
geometry of [Fe30(OAc)s(Py)n]* (n =0,1,2,3) via IR-MPD.
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6.5.2 IR-MPD and DFT Simulations of [Fe30(0Ac)s(Py)u]*

We have recorded IR-MPD spectra of [Fe3O0(0Ac)s(Py)n]* (n = 0,1,2,3) (cf. Fig. 4; red and
blue curves) and we have conducted DFT simulations to obtain their linear IR
absorption spectra (cf. Fig. 4, black curves). The DFT calculations reveal optimized

minimum structures as depicted in Fig. 4 (see Fig. S5-S7 for the less stable isomers).
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Figure 4: IR-PMD spectra of [Fe30(0Ac)s(Py)n]* (n=0,1,2,3) (colored curves) and
calculated IR absorption spectra of geometry optimized [Fe3O(OAc)s(Py)n]*
(n=0,1,2,3) (black curves) in the range of 1000 - 3300 cm-1. Red curves indicate
measurements at maximum photon flux while blue curves show spectra with
attenuated pulse energies (~ 50%). The calculations were performed at the
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Fe) level of theory. The
multiplicity is 16 and frequencies are scaled with 0.98. The associated geometry
optimized structures are shown next to the spectra (white = hydrogen, grey =
carbon, red = oxygen, blue = nitrogen and purple = iron).
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Assignment of recorded bands to vibrational modes: The IR-MPD spectra of n = 2 and
3 reveal bands around 2960, 3045 and 3098 cm1, which coincide with predicted CH
stretching vibration frequencies (v(CH)) of the six coordinated acetate ligands. However,
in the case of n =0 and 1 we observe no analogue CH stretching vibration bands. Note,
that the calculated IR absorption intensity of the CH stretching vibration bands is very
low in all cases (<50 km/mol) and increases somewhat with n. This is expected to
increase the IR-MPD yield as observed. In the fingerprint region below 2000 cm we
observe in the case of n =0 two bands: a broad band at 1445 cm! (FWHM =25 cm1)
coinciding with several CHz bending vibration frequencies (§(CHz)) and a weak band at
1574 cm! coinciding with the nearly degenerate carboxylic CO stretching vibration
frequencies (v(CO)) of the acetate ligands. The calculated intensities of those bands are

very high (> 1000 km/mol) making IR laser induced fragmention accessible.

Influence of pyridine coordination on the IR-MPD spectra: Axial pyridine ligands,
coordinated to [Fe30(0Ac)s]*, modulate the shape, frequency and intensity of the CHz
bending vibration bands and CO stretching vibration bands: The frequencies of §(CHs)
and v(CO) increase with the number of coordinated pyridine ligands n, both in
experiments and calculations (cf. Fig.5). The experimental CO stretching vibration
bands of n=1,2,3 are blue shifted by 12, 23 and 39 cm-, with respect to n=0. The
associated DFT calculated asymmetric carboxylate stretching frequencies - scaled to
match the experiment at n = 0 - reproduces this blueshift (11, 21 and 29 cm1). The
coordinated carboxylate groups thus sense pyridine coordination through their common
Fe centers. The n=1 and 2 coordinations lift the sixfold degeneracy of carboxylic CO
stretching vibration frequencies (v(CO)) of the six coordinated acetate ligands
(cf. Fig. S9). The calculations predict a splitting of ~4 cm-1 which may be contained
within the unresolved recorded IR-MPD bands. The CHz bending vibrations are
signifficcantly less affected by pyridine coordination. The experimental &(CH3)
frequencies of n =1,2,3 are blue shifted by 0, 1 and 9 cm1, with respect to n=0. The

calculated 6(CH3) frequencies reproduce the less pronounced blue shift (1, 3 and 7 cm1).

Through the convincing agreement of the IR-MPD and DFT spectra, the calculations
acquire additional credibility. We, thus, feel able to survey the geometries of the

calculated structures of [Fe30(0Ac)s(Py)n]* (n=0,1,2,3).

| 92



Magnetostructural Correlations in Isolated Trinuclear Iron(III) Oxo Acetate Complexes ‘

40 3
354
30 3

25 ]

20

15

blue shift AV / cm™

10 3

0 1 2 3

Figure 5: Vibrational shifts of the CH3 bending vibration frequency (6(CH3))
as well as the asymmetric carboxylic CO stretching vibration frequency
(v(CO)) in [Fe30(0Ac)s(Py)n]* (n=0,1,2,3). The calculations were performed
at the B3LYP/cc-pVTZ (H,C,N,0) and Stuttgart 1997 ECP (Fe) level of theory.
The multiplicity is 16 and frequencies are scaled with 0.98.

Geometry of [Fe30(0Ac)s(Py)n]* (n = 0,1,2,3): All three Fe atoms are coordinated in an
pseudooctahedral geometry by four oxygen atoms of the bridging acetate ligands and by
the central 0%  di-anion. The nitrogen atoms of the pyridine ligands coordinate in axial
position thereby closing the octahedral coordination sphere. In the lowest energy
structures the ring planes of the pyridine ligands orient perpendicular to the plane
spanned by the three Fe atoms. Parallel alignment would result in less stable isomers
(4 kJ/mol per pyridine torsion). The calculated linear absorption spectra of these high
energy isomers are nearly identical with the spectra of the lowest energy structure
(cf. Fig. S5-S7). Note, that in the crystal stucture of [Fe3O(OAc)s(Py)s3](FeBrs)!! the
pyridine rings are found parallel to the Fes plane. We do not exclude the existence of
those isomers in the gas phase. However, the orientation of the pyridine is of minor
interest as we focus on the distorsions of the triangular Fez0-core of the [Fe3O(OAc)e]*

subunit (cf. Scheme 4 and Table S2) upon pyridine coordination.

In general the coordination of a single pyridine enlarges Fe - Fe distances (drere) and
Fe - Ocentral bond lengths (dreo) (by ~0.1 A) of those bonds which involve the pyridine
coordinating Fe-center. All the other Fe - Fe distances and Fe - Ocentrat bond lengths
shorten by 0.1 A and 0.02 A respectively. This induces a symmetry lowering from a
equilateral Fe-Fe-Fe ([Fe30(0Ac)s]*) triangle nearly in D3n symmetry to a isosceles
triangle ([FesO(OAc)s(Py)1]* in Cz2v symmetry. The coordinated Fe center moves away

from the two uncoordinated ones which slightly approach each other. Coordination of a
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second and a third pyridine molecule distracts each affected Fe site slightly from the
other Fe centers. The isosceles triangular geometries (C2v symmetry in the cases of n =1
and 2) eventually relax upon n =3 (coordination of three pyridine molecules) to an
equilateral D3 geometry (as upon n = 0). However, all Fe - Fe distances and Fe - Ocentral
bond lengths are elongated with respect to the uncoordinated complex by 0.1 A. The
elongantion of Fe-Fe distances hampers the orbital overlap with the orbitals of the
bridging acetate and leads to the experimentally observed blueshift of v(CO). The
binding distance between the Fe center and the nitrogen atom of the pyridine ligand
(cf. Table S2) increases from 2.15 A (n=1) to 2.22 A (n=3) indicating a lower bond

strength, which we observed in the CID experiments.

Scheme 4: Symmetries, atom distances (Fe-Ocentral distances and mean Fe-0O

distances dg.g , averaged over two adjacent Fe atoms, all in A) and magnetic
coupling constants (J; in cm1) of the Fe3O-core in [Fe30(OAc)s(Py)n]*
(n=0,1,2,3). The calculations were performed at the B3LYP/cc-pVTZ
(H,C,N,0) and Stuttgart 1997 ECP (Fe) level of theory and the multiplicity is
16. The acetate ligands are omitted for clarity. Green (red) indicates a larger
(smaller) magnitude with respect to the (black) values of the n = 0 case.
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Simulation of antiferromagnetic couplings via the broken symmetry approach:
Simulations of antiferromagnetic coupling in [Fe3sO(0Ac)s(Py)n]* via broken symmetry
calculations in all possible configurations reveal an energetic stabilization of
17 - 32 kJ/mol (cf. Fig. 7) relative to the ferromagnetic case (16-tet). This result is in line
with the prevailing antiferromagnetic coupling in complexes of the structural type
[M30(0Ac)s(L)3]* (M = transition metal, L = ligand) as investigated in the condensed
phase?® 98 99, Our spin density isosurfaces reveal localized unpaired spin density on the
Fe centers with minor delocalization onto the donor atoms of the ligands (oxygen atoms
of acetate and nitrogen atoms of pyridine).

DUU uub
E N

Figure 6: Spin density iso surfaces (Iso=0.01) of [Fe3O(OAc)s(Py)n]*
(n=0,1,2,3) in the one ferromagnetic and the three broken symmetry
configurations. Purple and turquoise surfaces indicate alpha and beta spin,
respectively. The relative energies in paratheses is given in kJ/mol. The
calculations were performed at the B3LYP_Gaussian/cc-pVTZ (H,C,N,0) and
Stuttgart 1997 ECP (Fe) level of theory.
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The energetic gain depends on the number of coordinated pyridine ligands and on the
broken symmetry configuration. In the case of n =0 all configurations have a relative
energy of -32 KJ. This stabilization decreases in the case of n = 3 to -17 kJ/mol (cf. Fig. 7).
Note, that in these cases (n=0 and 3) the triangular Fe3O core exhibit a nearly
equilateral D3, geometry. The energies of the three antiferromagnetic broken symmetry
configurations are therefore bound to be identical. Accordingly the three coupling
constants are nearly identical for n=0 and 3 and decrease in magitude
(Ji2=J13=J23 =-53 cm! and -28 cm! for n =0 and 3; cf. Scheme 4). Neutron scattering
experiments on [Fe30(CD3C02)6(Py)3](NO3) powderl® determined two non identical
coupling constants (J1 =-26.8 cm'! and ]2 =-32.9 cm'1) which was attributed to small
geometry distortions induced by spin frustration effectsl. Our values of
J12=J13=]23 = 28 cm'! seem to resemble an average of the two powder values - void of any
minor spin frustrations. Coordination asymmetry induces much stronger effects, as we

will see in the following.

We observe a correlation of the magnetic coupling with the symmatry/geometry of the

triangular Fes-core: In order to demonstrate this magnetostructural correlation we

introduce the geometrical parameter dr.y, which we define as the average of two Fe-O

distances along the shortest superexchange pathway (through the central 0% atom)

between two adjacent metal centers (dp.o = [d(Fe()-Ocentral)+ (Fe()-Ocentral)]/2), as

suggested before3. Since the Fe-Fe distances are longer than 3 A we expect no direct
metal metal interaction8. Elongation of E within the Fe30 core leads to a significant
weakening of antiferromagnetic coupling while shortening of dy,, distances strengthens
the same. We observe both by stepwise coordination of pyridine ligands to the
Fe30 core: A single pyridine ligand (n=1) lowers the symmetry of the triagular
Fe30 core to an isosceles Czy geometry (cf. Scheme 4). In the case of n=1 the E
parameter of the coordinated Fe center elongates by ~0.035 A with respect to n =0
while the M parameter of the non coordinated Fe centers shortens by ~0.02 A.
Accordingly we identify two non identical coupling constants: J13=]23= -31 cm'! (the Fe-
Ocentra-Fe coupling weakened due to the enlarged E) and Ji2= -66 cm! (the
Fe-Ocentral-Fe coupling strengthened due to the shortened E). We take these changes

in geometries and coupling constants as clear indications of signficant spin frustration,
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the magnitude of which is much beyond the postulated effect by mere bulk phase

distortions.

In the case of n = 2 both dp,, parameters elongate by 0.02 A and 0.08 A. The Fe30 core
remains in low isoceles Czy symmetry. This results in two different coupling constants:

Ji2=J23=-42 cm and J13=-20 cm'l. In this particular case we observe the weakest
antiferromagnetic coupling (J13 =-20 cm-1) due to the large dg.o value. In the case of
n=3 all dp,, parameters elongate evenly by 0.05 A leading to an equilateral Dsy

symmetry. We extract three identical coupling constants (Ji2=]13=]J23 =28 cm-1). We

applied a fit function (eq. 10) that describes well the correlation between the magnetic

coupling constants (Jj) and the geometric parameter m (cf. Fig. 7). Such a fit function
has been used before to correlate experimentally determined coupling constants of oxo-
diiron complexes with the associated geometrical parameters as derived from crystal
structures3. The exponential form of the analytical expression represents the variation
of the overlap integral of two s type orbitals which determines the magnitude of the
coupling constant.

)= 4 exp(B - Trap) (10)

Our fit parameters A = 7.8:1011 cm'! and B =-12.4 A1 are well in line with the previous
treatment 3. We thus feel confident that our chosen level of theory describes both the

geometrical and magnetic properties of [Fe30(0Ac)s(Py)n]* (n = 0,1,2,3) properly.

70
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50 ~

40

-J/cm’
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Figure 7: Correlation between the calculated magnetic coupling constant ]
and the geometric parameter dr.o in [FesO(0OAc)s(Py)n]* (n=0,1,2,3). The
solid line ist a least squares fit with an exponential fit function (eq. 10).
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Spins states of [Fe30(0Ac)s(Py)n]*: We established that [Fe3O(0Ac)s(Py)n]* (n=0,1,2,3)
exhibits either an equilateral (n=0 and 3) Fe3O core geometry with three identical
coupling constants, or an isosceles (n=1 and 2) Fe30 core geometry with up to two
different coupling constants (e.g. J12 and J13 = J23). In the following we will discuss two
coupling constants | and J*, which may or may not be identical, J=]* in the equilateral
geometry and | # J* in the isosceles case. This simplified nomenclature allows to write
down a HDvV Hamiltonian as follows1°:

Hypwy = _4](§F81§Fe2 + §F31§Fe3) - 2]*(§F62§Fe3) (11)

By defining a total spin operator S; (eq. 12)) and a partial spin operator S, (eq. 13)) we

obtain a descriptive Hamiltonian (eq. 14):

St =S4+ Sper (12)
Sa = Spez + Spez (13)
ﬁHDvV = —2](52 - 53) —]*(53) (14)

We have omitted three additional, constant value, single-ion .S:E\e terms as they are not
relevant in the following discussion. This Hamiltonian yields 27 eigenstates. Depending
on the J/J* ratio, six of these are the ground states (cf. Fig. 8). The higher the ]J/J* ratio,
the higher the Sa value of the ground state. The total spin (St) of these ground states can
be 1/2, 3/2 and 5/2. Note, that small changes in the ]/J* ratio (e.g. induced by
subsequent pyridine coordination) suffice to change the ground spin state and therefore
the total spin St. We interpret this finding as a notably strong spin frustration in the
Fe30 core upon exchange interaction ratios J/J* close to unity. In summary, the ratio of
the coupling constants (] and J*) in [Fe30(0Ac)s(Py)n]* (n = 0,1,2,3) uniquely determines
spin ground states and their St and Sa values (cf. Fig. 8 and Table 1).

Table 1: Coupling constants of [Fe3O(0OAc)s(Py)n]* (n=0,1,2,3) and their
associated spin ground states by Hamiltonian in eq. 14.

n J / cm-1 J* / cm-1 J/1* St=8a+S1  Sa=S:+S3
0 53 53 1.0 1/2 2:3

1 -31 -66 0.5 3/2 1

2 -42 -20 2.1 5/2 5

3 -28 -28 1.0 1/2 2;3
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Figure 8: Eigenvalues of the HDvV Hamiltonian (14) for a triangular Fes-core
in units of J* in dependence of J/J* (only ground states indicated). The
vertical lines indicate J/J* ratios and spin states of [Fe3O(OAc)s(Py)n]*
(n =0,1,2,3). The spin states are labeled as (St,Sa).

The occurance of two non identical coupling constants by symmetry lowering in
[Fe30(0Ac)s(Py)n]* (n=0, 1, 2, 3) and the resulting change of spin state is consistent with
some previous investigation of asymmetric [Fe3O(TIEO);(02CPh)Cl3] complexes in the
condensed phase by Lippard et al101. 102, [n this case the symmetry is lowered by non
equivalent bridging ligands. This results in two non identical coupling constants
] =-8.0 cm! and J*=-55 cm'! with a St = 5/2 ground state (J/]* = 0.145). Note, that in
our case the symmetry of the Fe3O core is lowered by stepwise coordination of axial

pyridine ligands while all bridging ligands are equivalent.

We observe the symmetry lowering of [Fe3sO(OAc)s(Py)n]* (n=0,1,2,3) experimentally
by the vibrational blue shift of the asymmetric carboxylic CO stretching vibration
frequency in the IR-MPD spectra (cf. Fig 5, up to 39 cm1). In the following chapter we
strive to investigate the associated magnetic evolution of cryo cooled

[Fe30(0Ac)s(Py)n]* via XMCD experiments.
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6.5.3 X-Ray absorption and XMCD Spectra of Isolated Sample Ions

Mass spectra at NanoClusterTrap: We sprayed the above described sample solution by
the customized ESI source at the liquid helium cooled NanoClusterTrap, and we
recorded mass spectra by its reflectron time of flight (TOF) mass spectrometer. We
observe a series of isotopic peaks at m/z =523, 538, 588, 602 and 617 (cf. Fig. 9, upper
trace). We assign the mass peaks at m/z = 538 and 617 to [Fe30(0OAc)s(Py)n]* (n =0 and
1), in line with some species as observed by the Paul trap instrument (cf. Fig. 1) - the
n=2 and 3 of the Paul trap spectrum missing, however. This indicates stronger
fragmentation of [Fe30(0Ac)s(Py)s3]* by the customized ESI source at the
ClusterNanoTrap and/or in the course of trapping and detecting. Note, that the
additional peaks at the ClusterNanotrap (m/z= 523, 588, 602) likely originate from CH3
and CzHs losses. When isolating the [Fe30(OAc)s(Py)1]* species there is some
spontaneous, non-photonic fragmentation which yields further fragments at m/z = 538
and 558 (losses of 79 and 59 m/z) which we assign to pyridine and neutral acetate
(OAc*) loss. When isolating [Fe3O(OAc)s]* we observe spontaneous fragments at
m/z =479 and 494 (losses of 59 and 44 m/z) which we assign to a loss of an acetate
radical (OAc*) and to CO2 elimination, respectively. When irradiating X-rays at the Fe L3>
absorption edges of the isolated [Fe3O(OAc)s(Py)n]* (n=0 and 1) we obtain two
fragments at m/z = 47 (fragment 1, assigned to (C2H70*) and at m/z = 56 (fragment 2,

assigned to Fe*).

XAS spectra of [Fe30(0Ac)s(Py)n]*: We recorded fragment specific X-Ray absorption
spectra (XAS) of isolated [Fe30(0Ac)s(Py)n]* (n =0 and 1; cf. Fig. 10) utilizing negative
and positive circularly polarized photons at the Fe L3z absorption edges (2p1/2 = 3d and
2p32 > 3d transitions). Remarkably, the two fragment traces reveal significant
differences in the resulting XAS spectra: The spectra of fragment 2 (m/z = 81) exhibit a
douple peaks at 710.6/712.2 eV (L3 edge) with an intensity ratio of approx. 1/2. This
represents a prototypical spectrum of a Fe3*ion in octahedrical symmetry with an
appropriate ligand field splitting as simulated by Laan et al.193, This is consistent with
the molecular structure of [FesO(OAc)s(Py)n]*, which contains three Fe3* ions with
(distorted) octahedral symmetry. The XAS spectra of fragment 1 (m/z = 73) exhibit a
douple peak at 710.6/712.2 eV (L3 edge) with an intensity ratio of approx. 1/1 with an

additional shoulder on the low energy flank of the edge. Such spectra are expected to
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result in cases of Fe2*/Fe3* mixtures as investigated in minerals by Cressey et al.104. Thus
we assume that fragment 1 originates from contaminations containing Fe2* ions. The
cleavage of acetate radicals (which we observe as base fragmentation while isolating
[Fe30(OAc)s(Py)n]*) might lead to reduction Fe3+* centers which in turn might lead to the
observed signals for Fe?*/Fe3+ mixtures. In the following we only discuss the spectra of

relevance, which is those of fragment 2.
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Figure 9: Upper trace: Cationic mass spectrum of a [Fe30(0Ac)s(H20)3]Cl04
acetonitrile/pyridine =1/10 solution using the liquid helium cooled
NanoClusterTrap. Middle traces: mass spectra with a mass filter for
m/z =617 and 538. Lower Trace: Mass spectra showing X-Ray induced
fragments.
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Figure 10: Polarization dependent XAS spectra of [Fe30(OAc)e(Py)n]*

(n=0, 1) on the Fe L3> absorption edge monitoring the mass peak intensities

of fragment 1 (m/z = 47) and fragment 2 (m/z = 56).
XMCD Spectra of [Fe3O0(0Ac)s(Py)n]*: The difference of negative and positive
polarization in the XAS spectra reveals a dichroic effect that manifests in the XMCD
spectra which contain information on the magnetism of the complexes (cf. Fig. 11). The
high spin Fe3+* ions of [Fe30(0Ac)s(Py)n]* (n =0 and 1) provide for 5 unpaired electrons
each. According to Hunds rules this would lead to a spin magnetic moment per atom of
ms = 5 pp and an orbital magnetic moment per atom of my, = 0 pg. Such a magnetizations

would yield significant XMCD effects. However, the XMCD spectra reveal zero dichroiic
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effect in the case of [Fe3sO(OAc)e¢]* and a minor dichroic effect in the case of
[Fe30(OAc)s(Py)1]*). It is evident, that the overall low magnetization of the complexes
increases slightly from n = 0 to n = 1. We accord the overall low dichroic effects to a
prevailing antiferromagnetic coupling of the Fe atoms in [Fe30(0Ac)s(Py)n]*. The XMCD
technique determines the average magnetic moment of all Fe atoms within the complex.
Thus, antiferromagnetic coupling lowers the average magnetic moment per atom which

leads to decreased dichroic effects.
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Figure 11: XMCD spectra of [Fe3sO(OAc)s(Py)n]* (n=0, 1) on the Fe L32

absorption edge monitoring the mass peak intensities of fragment 2

(m/z =56).
The magnetization of the complexes is affected by the coordination of one pyridine
ligand as we observe a small magnetization for n =1 and no magnetization at all for
n =0. In the case of n =0 ([Fe3s0(0Ac)¢]*) the Fe3O core is in equilateral D3n symmetry
and all coupling constants are equal (J/J*=1) leading to a total spin of St = 1/2
(cf. Scheme 5 and Fig. 8) according to the model Hamiltonian (eq. 14). It is conceivable
that this low total spin does not allow for efficient alignment of the spin with the
magnetic field such that we observe no magnetization in the XMCD spectrum of
[Fe30(0Ac)s]*. The introduction of one pyridine ligand lowers the symmetry of the Fe3z0
core to an isosceles Cyy triangle with two non-equal coupling constants (J/J* = 0.5). This

leads to a total spin of St=3/2 in the case of [Fe30(0Ac)s(Py)1]*. The higher total spin
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may lead to a more efficient alignment of the spin with the magnetic field and thus
enabling the observation of a weak dichroic effect in the XMCD spectrum of
[Fe30(OAc)s(Py)1]*. We would expect to measure an even larger dichroic effect in the
case of n =2 which would lead to an even higher total spin (St) of 5/2 in the ground
state (J/J* = 2.1). In the case of n = 3 ([Fe30(0Ac)s(Py)3]*) the Fe30 core isomerizes back
to equilateral D3, symmetry with J/J* =1 leading to a low total spin of St=1/2. We
would expect a very low dichroic effect via XMCD. Unfortunately, we were not able to

detect [Fe30(0Ac)s(Py)u]* (n = 2,3) in the current setup of the NanoClusterTrap.

6.6 Conclusions

We investigated the stability, geometry and magnetism of isolated [Fe30(OAc)s(Py)n]*
(n=0,1,2,3) in the gas phase and observed remarkable trends upon stepwise
introduction of pyridine ligands. CID studies establish the elimination of a single
pyridine ligand as the primary fragmentation route. The Fe-Py bond strenghts decrease
with the number of coordinated pyridine ligands as indicated experimentally by CID

appearance curves (E20,,) as well as by calculated binding energies (AAp;nqG°).

Experimental IR-MPD spectra as well as calculated IR absorption spectra reveal
significant blue shifts of the asymmetric carboxylic CO stretching vibration frequency
upon coordination of pyriddine ligands (up to 39 cm-1). This provides a spectroscopic
evidence for distinct shortenings and elongations of Fe-Fe distances accompanied by
symmetry lowering of the triangular Fez0 core: An equilateral triangular Fe3O core in
D3n symmetry (in the case of n = 0) distorts to an isosceles structure with Czv symmetry
(in the case of n = 1 and 2). The coordination of the third pyridin ligand (n = 3) regains

the equilateral D3 symmetry of the Fe3O core.

The geometrical modulation correlates with the magnetic properties of
[FesO(0OAc)s(Py)n]*. Broken symmetry based calculations reveal antiferromagnetic
magnetic couplings which are crucialy affected by the geometric modulation. Equilateral
geometries lead to three identical coupling constants while the lower symmetry
isosceles geometries lead to two non identical coupling constants (] and J*). The

magnitude of the coupling constants offers a wide range (-22 cm?® to -71cm1)

depending critically on the average distance dy.o. We utilized ] /J* ratios in combination

with a model spin Hamiltonian (eq. 14) to determine the ground spin states of
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[FesO(0Ac)s(Py)n]*: In equilateral Fe3O cores with D3 symmetries (n =0 and 3) the J/J*
ratio is 1 leading to total spin (St) of 1/2 in the ground states. Lowering the symmetries
to Cavleads to J/J* = 0.5 (n=1) and J/J* = 2.1 (n=2) which results in total spins (St) of 3/2
(n=1) and 5/2 (n=2) in the ground states.

Our XMCD spectra reveal in general low magnetizations of [FesO(0Ac)s(Py)n]* (n=0,1)
which we attribute to a dominant antiferromagnetic coupling. While [Fe30(0Ac)e]*
exhibits no magnetization at all, [Fe3sO(OAc)s(Py)1]* exhibits an observable dichroic
effect. We contribute this finding to an increase of the total spin of the complex
(Stn=0=1/2 = Stn-1=3/2) induced by the symmetry lowering upon coordination of a
single pyridine ligand.
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7.1 Preamble

The following chapter is a manuscript for publication. It is prepared for submission in

the near future. Supplementary information is available in chapter 10.5.

Saeid Farsadpour of the group of Prof. Dr. W. R. Thiel synthesized the ligand
(2-pyrrolidino-pyrimidine-4-yl-triphenylphosphane) which served to synthesize the
mononuclear and binuclear precursor complexes of this study. Dagmar Hackenberger of
the Group of Prof. Dr. L. Goof3en performed the synthesis of the precursor complexes. |
conducted the measurements, data evaluations and quantum chemical calculations of

this study and wrote this manuscript.
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7.2 Abstract

This study elucidates the structures and fragmentation behaviors of mononuclear and
binuclear palladium complexes as isolated cations in the gas phase. Both, the Pd!! centers
in the mononuclear complexes and the two Pd! centers in the binuclear complexes
coordinate to a bidentate (2-pyrrolidino-pyrimidine-4-yl-triphenylphosphane) ligand.
We present InfraRed Multiple-Photon Dissociation (IR-MPD) spectra in combination
with quantum chemical calculations. They indicate intramolecular CH activation at the
pyrimidine ring in the mononuclear case (via Pd-P,C binding). The binuclear Pd
complexes exhibit Pd-P,N binding, which is modulated by a coordination of anions (Cl-
and OTf). The mononuclear complexes eliminate HCl and Pd® upon Collision Induced
Dissociation (CID) indicating a metal to ligand charge transfer upon activation. In the
binuclear case Pd-Pd bond breaking is the main fragmentation channel. The presented
results help to gain a fundamental insight into the Pd complexes void any packing or

solvent effects.

7.3 Introduction

Palladium complexes are widely employed as homogenous catalysts in C-C bond
formation!-> reactions, which importance for organic chemistry was acknowledged by a
Nobel Prize in 2010°. Additionally, the elucidation of cooperative effects between two or
more metal (e.g. Pd) centers is an active field of research’-1 as bimetallic systems for
organic synthesis have gained interest throughout recent yearsl 12, Optimizing the
ligands complexing the palladium center(s) is crucial for an effective catalysis. In most
catalytic reactions (e.g. Suzuki-Miyaura coupling’3) the usage of chelating P,N-ligands
seem to yield longer reaction times, harsher reaction condition and higher catalyst
loading in comparison to Pd - phosphine catalysts4-16. On the other hand, palladium
complexes with P,N ligands may undergo intramolecular CH activation which results in a
Pd-P,C binding motifl7. 18 Such catalysts exhibit very excellent catalytic properties.
Subtle electronic and steric effects control the preference of Pd-P,N vs. Pd-P,N binding in

such complexes.

In previous studies we investigated the synthesis and catalytic activities of
mononoclear!?-23 and binuclear?. 8 24-26 Pd complexes. We found that steric demand and

electronic effects due an amino group moiety of a [(2-aminopyrimidin-4-
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ylaryl]phosphine P,N-ligand enable intramolecular CH activation of the catalysts which
results in better catalytic reactivity on mononuclear Pd complexes2? as well as in Ru
complexes?8 29, [t is of paramount importance to characterize the three-dimensional
structure of such complexes void of any packing or solvent effects in order to acquire a
fundamental insight into their functionality. It is equally relevant to elucidate structural

changes upon activation, which often precedes catalytic activity.

Electrospray lonization30-32 (ESI) enables mass spectrometric investigations of solvent-
free charged complexes in vacuo. Tandem mass spectrometric (MS) based methods33
help to acquire a fundamental insight into their intrinsic functionality by collisional
and/or optical activation: Collision Induced Dissociation34-37 (CID) provides information
on the fragmentation routes while InfraRed Multiple Photon Dissociation (IR-MPD)38-41
and yields access to structural information, both under cryogenic conditions42-46 and at
room temperature#’. 48, Experimental results and dedicated quantum chemical
calculations combine to obtain detailed insight into the structure and intrinsic

properties of likely binding motifs.

In this study we investigate the binding motifs (e.g. Pd-P,N vs. Pd-P,N binding) and
fragmentation behavior of mononuclear and binuclear Pd complexes as isolated cations
in the gas phase. The precursor complexes [Pd!Cl;] and [Pd!-Pd!(CH3CN)z]?* (cf.
Scheme 1) are ligated by one and two (2-pyrrolidino-pyrimidine-4-yl-
triphenylphosphane) ligands respectively. We generate various charged species via ESI,

which will be in the focus of the present study.

%
» N
< v«
F’hP ! N
N SN ’ Q
N NH Pd‘ Pd'
A\ W
=
,p Il N P Ph
ph—P~Pd"-Cl %N
Ph’
cl NI
[Pd'Cl,] —

[Pd"Pd'(CH;CN),J?*

Scheme 1: Mononuclear?’” [Pd!Cl;] and binuclear® [Pd!-Pd!(CH3CN)z]?*
precursor palladium complexes. The square brackets indicate a short hand
notation for one or two 2-pyrrolidino-pyrimidine-4-yl-triphenylphosphane
ligands (C26H24N3P).
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The combination of CID and IR-MPD studies with DFT calculations provides
unprecedented insight into the structure and fragmentation behavior of these
homogeneous palladium catalysts. We highlight the structural changes upon

cationization, fragmentation and adduct formation with Cl- and triflat anions.

7.4 Experimental and Computational Methods

ESI-MS and CID measurements were performed by a Paul type quadrupole ion trap
instrument (Bruker Esquire 3000plus). The ion source (Apollo II) was set to positive
electrospray ionization mode. Scan speed was 13000 m/z / s in standard resolution scan
mode (0.3 FWHM / m/z) and the scan range was 15 to 1200 m/z. Mass spectra were
accumulated for at least two minutes. MS® spectra were accumulated for at least twenty
seconds. Sample solutions of [Pd!Cl;] (in acetonitrile/dichloromethane =1/1) and
[PA'Pd!(CH3CN)2]%* (in a acetonitrile) at concentrations of 1 x 105 mol/l were
continuously infused into the ESI chamber by a syringe pump at a flow rate of 2 pL min-1.
The Pd precursor complexes were prepared as described in the literature2?. 49. Nitrogen
was used as drying gas with a flow rate of 3.0 L min! at 210 °C. The solutions were
sprayed at a nebulizer pressure of 280 mbar (4 psi) and the electrospray needle was

held at 4.5 kV. The

Collision induced dissociation (CID) appearance curves were recorded with varying
excitation amplitudes (0.0 V to 1.5 V), which determine the internal energy scale of the

mass spectrometer (E; 5 in V). Relative abundances were calculated according to:

. ) Yl (Epap)
feor- (Fran) = <Zilifr(Elab) + Zilip (Elap) ?

where Il.fT: intensity of the fragment ions and Iip: intensity of the parent ions. Center of
mass transferred fragmentation amplitudes (Ecom) were calculated from internal

amplitudes by:

m
Ecom = ($) “Eiap (2)
Mye + Mion

where m;,, stands for the isotopically averaged mass of the molecular ion. Note, that the
current application of the CID technique by RF excitation in presence of multiple

collisions results in a so called “slow multi collision heating” mode of operation>% 51,
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Fragmentation amplitude dependent CID spectra were modelled and fitted by sigmoidal

functions of the type

1 (Ecom)-= ( ! ) (3)

1+ e (Eeom—Ecom) B

using a least-squares criterion. The E2Qy fit parameter is the amplitude at which the
sigmoid function is at half maximum value, whereas B describes the rise of the sigmoid
curve. Due to the correlation of fragmentation amplitude and appearance energy, it is
feasible to assume, that the appearance curves can be associated to the relative stability
of the isolated palladium complexes>2-55. The according plots are available in the

Supplementary Information (cf. Fig. S2 and S3).

InfraRed Multiple Photon Dissociation (IR-MPD) measurements were performed using a
modified Paul type quadrupole ion trap instrument (AmaZon SL, Bruker Daltonics). The
ion source was set to positive electrospray ionization mode. Scan speed was 32 500
m/z /s (0.3 FWHM / m/z) with a scan range of 70 to 1200 m/z. The sample solutions
were continuously infused into the ESI chamber by a syringe pump at a flow rate of 2 pL
min-1. Nitrogen was used as drying gas with a flow rate of 3.0 L min-1 at 210 °C. The
solutions were sprayed at a nebulizer pressure of 280 mbar (4 psi) and the electrospray

needle was held at 4.5 kV.

A KTP/KTA (KTP = potassium titanyl phosphate; KTA = potassium titanyl arsenate)
optical parametric oscillator/amplifier (OPO/A, LaserVision) system pumped by a
pulsed 10 Hz injection seeded Nd3+:YAG laser (PL8000, Continuum) was used as a
source of tunable IR radiation (6n = 0.9 cm-1, 8t = 7 ns) for recording vibrational spectra.
The OPA idler wave (< 10m] per pulse) was used to record spectra within
2600 - 3900 cml. The difference frequency (DF) between the OPA signal and idler
waves generated in a AgGaSe: crystal (<2 m] per pulse) was applied in the range of
1200 - 2100 cm-1. After passing through the vacuum chamber the IR beam was directed
onto a power meter sensor. The idler beam was focused by a 50 cm CaF; lens. The DF
radiation was focused tighter, by a 90° off-axis parabolic silver mirror with an effective
focal length of 15cm. The IR spectra were recorded as ion chromatograms while

continuously scanning the IR wavelength. An experimental IR-MPD spectrum arises
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from a plot of the fragmentation efficiency as a function of laser frequency (v). The IR-

MPD yield Y (v) is defined as:

i
Y(v) =( frZ 2 > ) (4)
YNili )+ X1 v)

The IR frequency was calibrated using a wave meter (821B-NIR, Bristol instruments).
Laser power curves were recorded in parallel to the IR-MPD spectra through digitizing
the analog output of the laser power meter by an ample ADC input of the AmaZon SL
mass spectrometer electronics. Despite the online IR power measurement the recorded
spectra were not normalized due to the intrinsically nonlinear power dependence of IR-

MPD fragmentation efficiencies.

Optimized minimum energy structures and linear IR absorption spectra were calculated
at the B3LYP56 57 ]level of theory using cc-pVDZ basis sets®8 (C, H, N, O, P), and Stuttgart
RSC 199759 effective core potential (Pd) basis sets, respectively, as implemented in the
Gaussian 09 program package®0. Standard convergence criteria were applied. Full
geometry optimization of all nuclear coordinates yields multiple locally stable minimum
structures. The lowest energy structure is assumed to represent the most stable isomer.
Harmonic vibrational frequencies were scaled with 0.965 to account for prevailing
inharmonicity. We discuss triplet states structures of the binuclear complex. The triplet
state structures of the mononuclear complexes are at least 200 k]J/mol less stable and

thus of no relevance in the present context.
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7.5 Results and Discussion

7.5.1 Electrospray Ionization Mass Spectrometry (ESI-MS) and Collision Induced
Dissociation (CID)

Assignment of recorded mass peaks to molecular species of interest: Upon spraying
the above described sample solutions and recording cationic mass spectra, we observe a
series of isotopic peaks at m/z=514 and 552 in the case of the [Pd!Cl;] solution
(cf. Fig. 1a) and m/z =516, 1067 and 1181 in the case of the [Pd!-Pd!(CH3CN)z]?+
solution (cf. Fig. 1b). The recorded isotopic patterns match convincingly with simulated
isotopic patterns of [Pd!Cly]*, [Pd!]*, [Pd!-Pd!]2+, [PA!-PdICl]* and [Pd!-Pd!OTf]* (cf. insets
in Fig. 1 and Table 1).
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Figure 1: a) Cationic mass spectrum of a [Pd!IClz] in
acetonitrile/dichloromethane = 1/1 solution. b) Cationic mass spectrum of a
[Pd!-Pd!(CH3CN)2]2* in acetonitrile solution. Insets: Experimental and
simulated isotopic pattern of [Pd!Cl]*, [Pd!]+, [Pd!-Pd!]?+, [Pd!-Pd!CI]* and
[PdI-PAIOTf]* The mass labelling refers to the most intensive peak of the
isotope distributions.
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The mononuclear precursor complex [Pd!ICIz] is neutral. Accordingly, we observe
cationic species via elimination of a chlorido ligand (yielding [Pd''Cl;]* at m/z = 552) and

Cl-+HClI elimination (yielding [Pd"]* at m/z = 514).

The binuclear precursor complex [Pd!-Pd!(CH3CN)z]2* is intrinsically doubly charged.
However, we do not observe the species with its two axial coordinating acetonitrile
ligands. Instead we detect the under-coordinated species [Pd!-Pd!]2*. Additionally we
detect mono cationic species [Pd!-Pd!Cl]* and [Pd!-Pd'OTf]* assuming a reaction of
[PdI-Pd!])2+ with ClI- and OTf contaminations in solution or during the electrospray
process.

Table 1: Compilation of ESI-MS data on the palladium complexes of interest and of the

corresponding fragments after collision induced dissociation (CID). The indicated mass
labels refer to the most abundant isotope peaks. We provide for CID mass spectra via the

supplement (cf. Fig. S1).

Species Fragment Loss m/z Assigned formula
[Pd"Cl4]* - - 552 (C26H24N3PPdCI)*
[Pdl]+ HCl 514 (C26H23N3PPd)*
(C26H23N3P)* HCI + Pd 408 (C26H23N3P)*
[Pd"]+ - - 514 (C26H23NsPPd)*
(C26H23N3P)* Pd 408 (C26H23N3P)*
[Pd-Pd']?+ - - 516 (Cs2HagNeP2Pd2)2*
(C38H34N3P2Pd)* C14H14N3Pd 700 (C38H34N3P2Pd)*
(C32H26N3P2Pd)* Cz20H22N3Pd 621 (C32H26N3P2Pd)*
(C20H16N3PPd)* C32H32N3PPd 435 (C20H16N3PPd)*
(C26H23N3P)* C26H25N3PPd; 408 (C26H23N3P)*
(C20H17N3P)* C32H31N3PPd; 332 (C20H17N3P)*
[Pd-Pd'CI]* - - 1067 (Cs2H4gNeP2Pd,Cl)*
(C46HazNeP2Pd,CI)* CsHe (Ph) 990 (C4sHa2NgP2Pd,Cl)*
(CsgH34N3P2Pd)* C14H14N3PdCl 700 (C3gH34N3P2Pd)*
[Pd"]+ C26H25N3PPdCI 514 (C26H23N3PPd)*
(C20H16N3PPd)* C32H32N3PPdCl 435 (C20H16N3PPd)*
[Pd-Pd'OTS]* - - 1181  (Cs2H4gNeP2Pd2CF3S03)*
[Pd!-Pd']* CF3S03H 1030 (Cs2Ha7NeP2Pd2)*
(CssH34N3P2Pd)* C14H14N3PdCF3SO3sH 700 (C3gH34N3P2Pd)*
[Pd"]+ C26H2sN3PPdCICF3SOsH 514 (C26H23N3PPd)*
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CID fragmentation routes and breakdown curves: Isolation of the detected palladium
complexes and subsequent fragmentation with increasing CID amplitudes reveals so-
called breakdown curves of the isolated complexes and appearance curves of the

associated fragments (cf. Table 1 and Fig. 2).

The mononuclear complex [Pd!Cl1]* exhibits two fragmentation channels: loss of HCI
and loss of HCI+Pd. Sole HCl loss (detected via the [Pd!]* fragment peak at m/z = 514) is
the predominant fragmentation channel emerging at a CID amplitude of 0.002 a.u. Note
that the same [Pd!]* peak also appears without excitation (cf. Fig. 1) in the mass
spectrum. This indicates a decomposition of [Pd!Cli]* in solution and/or the
electrospray process. Amplitudes of 0.006 a.u and higher lead to secondary
fragmentation of [Pd!]* (Pd° loss detected via the (Cz6H23N3P)* fragment peak at
m/z =408). Accordingly fragmenting isolated [Pd!]* directly reveals sole Pd? loss

emerging at a CID amplitude of 0.007 a.u. This implies a metal to ligand charge transfer.
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Figure 2: a,b) CID breakdown curves of [Pd!Cl1]* and [Pd"]* and appearance
curves of their associated fragments. ¢) Schematic fragmentation route of
[PAICl]*.
The binuclear palladium complexes [Pd!-Pd!]2+, [Pd!-Pd!CI]* and [Pd!-Pd!OTf]* exhibit
intricate and non-obvious fragmentation routes (cf. Fig. 3 and Scheme 2). We give an

assignment of all fragment peaks to molecular formulae (cf. Scheme 2) thereby gaining a
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broad understanding of the fragmentation routes. However, the exact nature of the

fragmentation process as well as molecular structures of the fragments remain elusive.

[Pd!-Pd!OTf]* and [Pd!-Pd!CI]* exhibit in total four fragmentation channels (cf. Fig. 3 a/b
and Scheme 2 a/b). The fragments (C3sH3sN3P2Pd)* and [Pd!"]* at m/z =700 and 514
dominate the CID mass spectra in both cases. (C3gsH34N3P2Pd)* indicates the cleavage of
Cl/OTf, Pd and a partial decomposition of one ligand. The [Pd!]* fragment indicates a
disproportion of the palladium centers (Pd!-Pd! to Pd!' and Pd?) upon CID activation. We
assign [Pd!]* to the loss of one neutral ligand, Pd? and HCI or HOTf respectively. A minor,
but exclusive fragmentation channel of [Pd!-Pd!OTf]* is the loss of neutral HOTf as
detected by the mono cationic binuclear [Pd!-Pd!]* complex at m/z =1030 (with one

ligand being deprotonated).
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Figure 3: CID breakdown curves of [Pd!-Pd!OTf]* (a), [Pd!-Pd!CI]* (b) and
[PdI-Pd!]2+ (c) as well as appearance curves of the associated fragments.
The doubly charged [Pd!-Pd!]?* reveals an intricate fragmentation behavior (cf. Fig. 3¢
and Scheme 2c) exhibiting only mono cationic fragment species. This indicates the
breaking of the Pd-Pd bond upon CID activation. In contrast to [Pd!-Pd!OTf]* and
[PdI-PdICI]* we are not able to detect [Pd!]* (m/z = 514) as fragment species, because
the isotopic pattern of [Pd!]* overlaps with [Pd!-Pd!]2* (m/z = 516). It fragments directly

after formation. Accordingly we observe a multitude fragment peaks at m/z = 332, 408
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and 435. We already identified the fragment at m/z= 408 ((C2sH23N3P)*) in the

fragmentation of isolated [Pd!]* (see above).

Scheme 2: Fragmentation routes of [Pd!-Pd!OTf]* (a), [Pd!-Pd!CI]* (b) and

[PdI-Pd"]2* (c).
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7.5.2 InfraRed Multiple Photon Dissociation (IRMPD) and Density Functional

Theory (DFT)

Spectral features and vibrational analysis of [Pd'Cl]* and [Pd"]+: We have recorded

IR-MPD spectra of the mononuclear palladium complexes and we have conducted DFT

simulations to obtain their linear IR absorption spectra. The IR-MPD spectrum of

[PAUCI]* (cf. Fig 4a, green curve) exhibits a multitude of bands in the investigated

spectral thus providing valuable information to compare with our DFT predictions. The

DFT calculations reveal optimized minimum structures P, N, N pgitcy+ and P, Cjpgiigy+ as

depicted in Fig. 4b and 4c. We assign the experimental band at 3437 cm to the NH

stretching vibration band (¥(NH)) of P,Cjp4uicy+ This band provides spectroscopic

evidence for a Pd-P,C binding motif via CH activation at the pyrimidine ring (forming a

NH group). This agrees with our previous findings on the precursor complex [Pd!CI;] in

the condensed phase?’.
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Figure 4: a) IR-MPD spectrum of [PdICli]* in the spectral range of

1150 - 3600 cm1 including the power curve of the IR laser. b,c) Calculated IR
absorption spectra of geometry optimized isomers of [Pd!'Cli]*. The insets
show associated geometry optimized structures. The calculations were

performed at the B3LYP/cc-pVDZ (H, C, Cl, N, 0) and Stuttgart 1997 ECP (Pd)

level of theory with a multiplicity of 1. The harmonic frequencies are scaled

with 0.965.
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P,N, N pqiicy+ exhibts a Pd-P,N binding motif and no NH stretching vibration band and is
41 kJ/mol more stable than P, Cp 1+ The Pd! center interacts with the nitrogen atom
of the pyrrolidino ring and thereby gains a stabilizing (distorted) square planar
coordination geometry. The IR-MPD spectrum of [Pd!CI]* in the fingerprint region
(below 1700 cm™1) reveals in total eleven bands. We assign the broad IR-MPD band
(FWHM = 38 cm) at 1624 cm! exclusively to P, Cjp4ii¢y+ since it coincides with the very
strong NH bending mode. We provide an illustrative visualization of the calculated
displacement vectors of this mode in Fig. S4a. Naturally P,N, N pgucy+ lacks such NH
modes. Instead we find that the experimental shoulder at 1546 cm-! coincides with a CH
bending mode exclusive to P,Npgicy+ (cf. Fig. S4b for displacement vectors). All other
IR-MPD bands can be assigned to of both isomers. Thus both isomers, P, N, Npgi1¢;+ and

P, Cpgicy+ contribute to the IR-MPD spectrum of [Pd'CI]*.

The IR-MPD spectrum of [PdU]* (cf. Fig 5a, blue curve) exhibits fewer bands in the
investigated spectral region than [Pd!CI]*. However, we can extract valuable structural
information by comparing with our DFT predictions. The DFT calculations reveal
optimized minimum structures P, N, C[Pd11]+ and P, C[Pd11]+ as depicted in Fig. 5b and 5c.
The IR-MPD spectrum of [Pd"]* exhibits no NH stretching vibration band indicating that
the NH group of [Pd!Cli]* deprotonates upon HCl elimination. However, isomer
P,Npgiicy+ of [Pd!Cl1]* exhibits no NH groups and thus demands at least one additional
deprotonation site for the HCI elimination. Isomers P, N,C[Pd11]+ and P, C[Pdn]+differ by
deprotonation site and the Pd binding motif. P,Cppgu+ is structurally analogous to
P,Cpgircy+» with a deprotonated NH group (HCI elimination). P,N, Cpgi+ is 33 kJ/mol
more stable than P, Cpainy+ and exhibits Pd-P,N,C coordination: Deprotonation of the
closest CHz group of the pyrrolidino ring to the Pd center is the most favorable
deprotonation site. The resulting nucleophilic carbanion coordinates to the Pd!! center,
which stabilizes the system. Deprotonation at the pyrimidine ring results in very
unstable structures (cf. Fig. S6).

The calculated absorption spectrum of P,Cppg+ matches the recorded IR-MPD
spectrum. The broad IR-MPD band (FWHM = 50 cm1) at 1567 cm! coincides with a very

strong CN stretching mode (displacement vectors cf. Fig. S5) and the weak bands at
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1460 and 1484 cm! coincide with -C=N- skeletal vibration modes. We assign the bands
at 2898, 2970 and 2995 cm! to CH stretching vibration modes of P, Cjp4iy+. In contrast,

the spectrum of P, N,C\pgiy+ provides less agreement with the experimental spectrum.
We therefore conclude, that the energetically higher isomer P,Cppqn+ prevails. The
activation barrier for deprotonation at the pyrrolidino ring might be to to high to form
P,N,Cpgn+ from P,N,Nppgicy+. Instead P,N,Npguc,+ would isomerize to form
P,Cipgucy+ which efficiently deprotonates the NH group to form P,Cpgu+ upon

activation.
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Figure 5: a) IR-MPD spectrum of [Pd!]* in the spectral range of
1150 - 3600 cm including the power curve of the IR laser. b,c) Calculated IR
absorption spectra of geometry optimized isomers of [Pd!']*. The insets show
associated geometry optimized structures. The calculations were performed
at the B3LYP/cc-pVDZ (H, C, CL, N, O) and Stuttgart 1997 ECP (Pd) level of
theory with a multiplicity of 1. The harmonic frequencies are scaled with
0.965.

Spectral features and vibrational analysis of [Pd!-Pd'|?+, [Pd!-Pd!CI]* and
[Pd!-Pd'OTf]*: The IR-MPD spectra of the binuclear palladium complexes (cf. Fig. 6)
exhibit remarkable sensitivity towards the coordination of Cl- and OTf to [Pd!-Pd!]?+.

Bare [Pd!-Pd!]?* exhibits three peaks in the fingerprint region. The main peaks at
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1560 and 1588 cm! overlap partially but are discernible. We observe and three sharp
bands in the CH stretching vibration region (2861, 2891 and 2887 cm-1). Coordination of
Cl- results in a splitting of the fingerprint bands. [Pd!-Pd!Cl]* exhibits two bands: One
band at 1552 cm-! (with an shoulder on the low energy flank) and a band at 1590 cm1.
In this case the bands are clearly separated in the IR-MPD spectrum. The CH stretching
vibration bands of [Pd!-Pd!Cl]* are redshifted in relation to [Pd!-Pd!]?*. We observe an
additional band at 3065 cm1. Coordination of OTf has the opposite effect: The bands in
the fingerprint region shift together. We observe one broad band (at 1569 cm-1), which
exhibits shoulders on both sides of the band (1532 and 1588 cm1). The CH stretching
vibration bands shift to higher frequencies in relation to [Pd!-Pd!Cl]*. Note, that we do
not observe any NH stretching vibration bands in all cases. This indicates prevalent

Pd-P,N; Pd-P,N binding.
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Figure 6: IR-MPD spectra of [Pd!-Pd!]?+, [Pd!-Pd!Cl]* and [Pd!-Pd'OTf]* in the
spectral range of 1150 - 3600 cm-!including the power curve of the IR laser.

We have conducted DFT simulations of [Pd!-Pd!]?*, [Pd!-Pd!Cl]* and [Pd!-Pd'OTf]* to
obtain their linear IR absorption spectra and compare them with the IR-MPD spectra.

The DFT calculations of [Pd!-Pd!]2+ reveal optimized minimum structures as depicted in

Fig. 7b-d.
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Figure 7: a) IR-MPD spectra of [Pd-Pd']?* in the spectral range of
1150 - 3600 cm including the power curve of the IR laser. b-c) Calculated IR
absorption spectra of geometry optimized isomers of [Pd!-Pd!]?*. The insets
show associated geometry optimized structures. The calculations were
performed at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Pd)
level of theory. The harmonic frequencies are scaled with 0.965.

We identify P,N =P, Nppyi_pgrpz+ (cf. Fig. 7b) as the most stable isomer. It exhibits a

Pd-P,N; Pd-P,N binding motif in a singlet electronic state. Its linear absorption spectrum
agrees with the IR-MPD spectrum reasonably well. We assign the IR-MPD bands of
[Pd!-Pd!]2+ to the C=N- skeletal vibration frequencies at 1524, 1543 and 1588 cm'l. A

triplet state isomer with Pd-P,N; Pd-P,N binding (P,N—P,N'[:;Z’,lf;d,]“, cf. Fig7c) is
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27 kJ/mol higher in energy. It provides a similar linear absorption spectrum as the
singlet structure and therefore we do not rule out that a triplet structure contributes to
the IR-MPD spectrum of [Pd!-Pd!]?*. However we can rule out Pd-P,C coordination.

P,C—-PN Pl (cf. Fig. 7d) exhibits Pd-P,C coordination at one palladium site. This

[Pd-
results in a destabilization of 37 kJ/mol. The linear absorption spectrum does not match
the IR-MPD spectrum. We observe no NH stretching vibration band (predicted at
3416 cm1) and no NH bending band (predicted at 1618 cm'1), which would be
characteristic in the fingerprint region (as we discussed for the mononuclear palladium

complexes).

The DFT calculations of [Pd!-Pd!Cl]* reveal optimized minimum structures as depicted in

Fig. 8b-e. The most stable isomer P,N-P,N I+ (cf. Fig.8b) resembles the

[Pd!-Pd'—Cl
structure of [Pd!-Pd!]?*, the Cl- anion coordinating to the free coordination site of one Pd

center. However, the linear absorption spectrum of P,N-P,N 1+ does not

[Pd!-Pd'CL
reproduce the splitting of the bands in the fingerprint region as observed in the IR-MPD
spectrum of [Pd!-Pd!CI]* (bands at 1552 and 1590 cm-1). Instead it exhibits three clearly
discernible bands at 1513, 1549 and 1581 cm-!.

In contrast, the linear absorption spectrum of the higher energy isomer

P,N,p%Cl-P i+ (57 KJ/mol, cf. Fig. 8c) exhibits two main peaks at 1528 (with a

[pd!-Pd!ct
shoulder at 1546 cm'l) and 1584 cm'! matching the experimental band splitting.

P,N,%Cl-P crt exhibits a p? chlorido ligand shared by the Pd centers. The

[pd'-pPd!
pyrimidyl-triphenylphosphine ligands reorganize to accommodate the steric demand:
One phenyl ring rotates away from the palladium centers thereby taking the pyrimidinyl

group with it. Thus one Pd-N bond breaks destabilizing the system. We exclude the

triplet

triplet state structure P, N-P,N (Pd!_pd!

cy+ 38 well as an Pd-P,C binding as represented by

isomer P,C-P,N I+ (cf. Fig. 8d and e). Both isomers are very unstable (93 and

[Pd!-Pd'cCL

73 kJ/mol) and do not match the IR-MPD spectrum of [Pd!-Pd!CI]*.
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Figure 8: a) IR-MPD spectra of [Pd!-Pd!Cl]* in the spectral range of 1150 -
3600 cm including the power curve of the IR laser. b-e) Calculated IR
absorption spectra of geometry optimized isomers of [Pd!-Pd!Cl]*. The insets
show associated geometry optimized structures. The calculations were
performed at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Pd)
level of theory. The harmonic frequencies are scaled with 0.965.
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Figure 9: a) IR-MPD spectra of [Pd!-Pd'OTf]* in the spectral range of
1150 - 3600 cm1including the power curve of the IR laser. b-e) Calculated IR
absorption spectra of geometry optimized isomers of [Pd!-Pd!OTf]*. The
insets show associated geometry optimized structures. The calculations were
performed at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Pd)
level of theory. The harmonic frequencies are scaled with 0.965.

The DFT calculations of [Pd!-Pd'OTf]* reveal optimized minimum structures as depicted

in Fig. 9b-e. The most stable isomer P, N-P,N

[Pd!-Pd!

orf]* (cf. Fig. 9b) is very similar to
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P,N-P,N ,.i_p dert the OTf anion coordinating to the free coordination site of one Pd

[Pd!

center in a monodentate fashion. In the case of isomer P,N-P,IIZOTf[sz_PdIOTf]+

(32 k]/mol) the OTf ligand binds bidentate to one Pd center. The linear absorption
spectra of both isomers do not satisfactory reproduce the broad band at 1569 cm! in the
IR-MPD spectrum of [Pd!-Pd!OTf]*. The OTf is able to bridge both Pd center as in isomer

P, 20Tf-P The pyrimidyl-triphenylphosphane ligands reorganize to

'[pd'-pd'oTf]*"
accommodate the steric demand of the bridging OTf: One phenylring ring rotates away
from the palladium centers thereby taking the pyrimidinyl group with it. Thus both Pd-N
bonds break, which destabilizes the system. However, the linear absorption spectrum of

P, 20Tf-P orf]* does nicely reproduce the IR-MPD spectrum. It exhibits a very

'[pd!-pd!

strong C=N- vibration band at 1568 cm! and a significantly weaker band at 1520 cm-1.

triplet

We exclude the triplet state structure P, N-P,N[P 41— pd!

oTfTt as well as an Pd-P,C binding

as represented by isomer P,C-P,N 1+ (cf. Fig. 9d and e). Both isomers are very

[pd!-pPd'oTf

unstable (75 and 66 kJ/mol) and do not match the IR-MPD spectrum of [Pd!-Pd'OTf]*.

7.6 Conclusions

We characterized the fragmentation pathways and binding motifs of five structurally
analogous mono and binuclear Pd complexes as isolated ions in the gas phase using

Electrospray lonization tandem mass spectrometry (ESI-MS).

Collision Induced Dissociation (CID) studies on [Pd!ICI]* and [Pd!]* indicate HCI
elimination as the first fragmentation step followed by the cleavage of neutral Pd°
atoms. The second step implies a metal to ligand charge transfer, which is yet to be
explored. The binuclear complexes [Pd!-Pd!]?+, [Pd!-Pd!CI]* and [Pd!-Pd!OTf]* exhibit a
multitude of intricate and non-obvious fragmentation routes involving the breaking of
the Pd-Pd bond. Additionally the palladium centers disproportionate (Pd!-Pd! to Pd! and
Pd9%) upon CID activation as evident by the CID fragment [Pd!]*.

InfraRed Multiple Photon Dissociation (IRMPD) spectra in combination with Density
Functional Theory (DFT) based calculations suggest that both, [Pd!Cl]* and [Pd']*
exhibit at least one isomer with a Pd-P,C bonding motif. However, Pd-P,N bonding is

predicted to be more stable in the gas phase in both cases. The under-coordinated Pd
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center in [PdICI]* and [Pd!]* stabilizes due to interaction with additional donor sites

such as the nitrogen atom of the pyrrolidino ring.

In the case of the binuclear complexes [Pd!-Pd!]2+, [Pd!-Pd!CI]* and [Pd!-Pd'OTf]* we
exclude a Pd-P,C binding motif. Additionally we observe a modulation of the IR-MPD
spectra by the anions Cl- and OTf. DFT calculations show, that both anions are able to
act as a bridging ligand between Pd-Pd, which results in an significant reorganization of

the complex.

7.7 Acknowledgement

This work was supported by the German research foundation DFG within the
transregional collaborative research center SFB/TRR 88 “Cooperative effects in homo

and heterometallic complexes” (3MET).

7.8 References

1. G. Brahmachari, RSC Advances, 2016, 6, 64676-64725.

2. V. Ritleng, C. Sirlin and M. Pfeffer, Chem. Rev., 2002, 102, 1731-1770.

3. J. Tang, D. Hackenberger and L. ]. Goossen, Angew. Chem. Int. Ed., 2016, 55, 11296-
11299.

4, E. M. Beccalli, G. Broggini, M. Martinelli and S. Sottocornola, Chem. Rev., 2007, 107,
5318-5365.

5. N. T.S. Phan, M. Van Der Sluys and C. W. Jones, Advanced Synthesis & Catalysis,
2006, 348, 609-679.

6. X.-F. Wu, P. Anbarasan, H. Neumann and M. Beller, Angew. Chem. Int. Ed., 2010, 49,
9047-9050.

7. A. Fromm, C. van Wiillen, D. Hackenberger and L. ]. Goof3en, J. Am. Chem. Soc.,
2014,136,10007-10023.

8. D. Hackenberger, B. Song, M. F. Griinberg, S. Farsadpour, F. Menges, H. Kelm, C.
Grof3, T. Wolff, G. Niedner-Schatteburg, W. R. Thiel and L. J. Goof3en,
ChemCatChem, 2015, 7, 3579-3588.

9. J. M. Serrano-Becerra, A. F. G. Maier, S. Gonzalez-Gallardo, E. Moos, C. Kaub, M.
Gaffga, G. Niedner-Schatteburg, P. W. Roesky, F. Breher and J. Paradies, Eur. J. Org.
Chem., 2014, 2014, 4515-4522.

10. Y. Schmitt, K. Chevalier, F. Rupp, M. Becherer, A. Grun, A. M. Rijs, F. Walz, F.
Breher, R. Diller, M. Gerhards and W. Klopper, PCCP, 2014, 16, 8332-8338.

11. P. Buchwalter, J. Rosé and P. Braunstein, Chem. Rev., 2014, DOI:
10.1021/cr500208k.

12. N. Tsukada, O. Tamura and Y. Inoue, Organometallics, 2002, 21, 2521-2528.

13. S.Jindabot, K. Teerachanan, P. Thongkam, S. Kiatisevi, T. Khamnaen, P.
Phiriyawirut, S. Charoenchaidet, T. Sooksimuang, P. Kongsaeree and P.
Sangtrirutnugul, . Organomet. Chem., 2014, 750, 35-40.

131 |



Structural Characterization of Mononuclear and Binuclear Palladium Complexes in
Isolation

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,

43.

P. Kocovsky, S. Vyskocil, I. Cisarova, J. Sejbal, I. TisSlerova, M. Smrcina, G. C. Lloyd-
Jones, S. C. Stephen, C. P. Butts, M. Murray and V. Langer, J. Am. Chem. Soc., 1999,
121,7714-7715.

J. Yin and S. L. Buchwald, J. Am. Chem. Soc., 2000, 122, 12051-12052.

J. W. Faller and N. Sarantopoulos, Organometallics, 2004, 23, 2008-2014.

U. Christmann, D. A. Pantazis, ]. Benet-Buchholz, . E. McGrady, F. Maseras and R.
Vilar, J. Am. Chem. Soc., 2006, 128, 6376-6390.

R. Pratap, D. Parrish, P. Gunda, D. Venkataraman and M. K. Lakshman, J. Am. Chem.
Soc., 2009, 131, 12240-12249.

S. Farsadpour, L. T. Ghoochany, S. Shylesh, G. Dorr, A. Seifert, S. Ernst and W. R.
Thiel, ChemCatChem, 2012, 4, 401-407.

F. Rajabi, J. Trampert, Y. Sun, M. Busch, S. Brase and W. R. Thiel, J. Organomet.
Chem., 2013, 744,101-107.

M. Cayir, L. T. Ghoochany, A. Walli, M. Busch, Y. Sun, F. Meyer, S. Brase and W. R.
Thiel, Eur. J. Inorg. Chem., 2014, 2014, 2618-2624.

C. Sarcher, S. Farsadpour, L. Taghizadeh Ghoochany, Y. Sun, W. R. Thiel and P. W.
Roesky, J. Organomet. Chem., 2014, 758, 29-35.

L. Wang, S. Shylesh, D. Dehe, T. Philippi, G. Dorr, A. Seifert, Z. Zhou, M. Hartmann,
R. N. Klupp Taylor, M. Jia, S. Ernst and W. R. Thiel, ChemCatChem, 2012, 4, 395-
400.

L.]. Goof3en, G. Deng and L. M. Levy, Science, 2006, 313, 662-664.

S. Baader, P. E. Podsiadly, D. ]. Cole-Hamilton and L. J. Goossen, Green Chemistry,
2014, 16, 4885-4890.

D. M. Ohlmann, N. Tschauder, J.-P. Stockis, K. Goof3en, M. Dierker and L. ]. Goof3en,
J. Am. Chem. Soc., 2012, 134, 13716-137209.

S. Farsadpour, L. T. Ghoochany, Y. Sun and W. R. Thiel, Eur. J. Inorg. Chem., 2011,
2011, 4603-4609.

C. Kerner, J. Lang, M. Gaffga, Y. Sun, G. Niedner-Schatteburg and W. R. Thiel,
ChemPlusChem, 2016, DOI: 10.1002 /cplu.201600526, n/a-n/a.

L. Taghizadeh Ghoochany, C. Kerner, S. Farsadpour, F. Menges, Y. Sun, G. Niedner-
Schatteburg and W. R. Thiel, Eur. J. Inorg. Chem., 2013, 2013, 4305-4317.

R. Colton, A. D'Agostino and J. C. Traeger, Mass Spectrom. Rev., 1995, 14, 79-106.
J. B. Fenn, Angew. Chem. Int. Ed., 2003, 42, 3871-3894.

M. Yamashita and J. B. Fenn, J. Phys. Chem., 1984, 88, 4451-4459.

E. de Hoffmann, J. Mass Spectrom., 1996, 31, 129-137.

K. M. Ervin and P. B. Armentrout, J. Chem. Phys., 1987, 86, 2659-2673.

R. G. Cooks, J. Mass Spectrom., 1995, 30, 1215-1221.

K. Levsen and H. Schwarz, Angew. Chem. Int. Ed., 1976, 15, 509-519.

A. K. Shukla and J. H. Futrell, J. Mass Spectrom., 2000, 35, 1069-1090.

N. C. Polfer and J. Oomens, Mass Spectrom. Rev., 2009, 28, 468-494.

J. Oomens, B. G. Sartakov, G. Meijer and G. von Helden, Int. J. Mass spectrom., 2006,
254, 1-19.

J. R. Eyler, Mass Spectrom. Rev., 2009, 28, 448-467.

J. Roithova, Chem. Soc. Rev., 2012, 41, 547-559.

J. Lang, ]. Mohrbach, S. Dillinger, ]. M. Hewer and G. Niedner-Schatteburg, Chem.
Commun., 2017, 53, 420-423.

C.]. Johnson, A. B. Wolk, |. A. Fournier, E. N. Sullivan, G. H. Weddle and M. A.
Johnson, J. Chem. Phys., 2014, 140, -.

| 132



Structural Characterization of Mononuclear and Binuclear Palladium Complexes in
Isolation

44,

45.

46.

47.
48.

49.
50.
51.
52.
53.
54.

55.

56.
57.
58.
59.
60.

J.Jasik, J. Zabka, J. Roithova and D. Gerlich, Int. J. Mass spectrom., 2013, 354-355,
204-210.

S. Dillinger, J. Mohrbach, J. Hewer, M. Gaffga and G. Niedner-Schatteburg, PCCP,
2015,17,10358-10362.

J. Seo, ]. Jang, S. Warnke, S. Gewinner, W. Schollkopf and G. von Helden, J. Am.
Chem. Soc., 2016, 138, 16315-16321.

J. D. Steill and J. Ooments, J. Phys. Chem. A, 2009, 113, 4941-4946.

A. Gunther, P. Nieto, G. Berden, ]. Oomens and O. Dopfer, PCCP, 2014, 16, 14161-
14171.

D. Hackenberger, Diploma Thesis, 2013.

J. Laskin and ]. H. Futrell, Mass Spectrom. Rev., 2005, 24, 135-167.

S. A. McLuckey and D. E. Goeringer, J. Mass Spectrom., 1997, 32, 461-474.

F. Menges, C. Riehn and G. Niedner-Schatteburg, Z. Phys. Chem., 2011, 225, 595.
E.-L. Zins, C. Pepe and D. Schroder, J. Mass Spectrom., 2010, 45, 1253-1260.

E.-L. Zins, C. Pepe, D. Rondeau, S. Rochut, N. Galland and J.-C. Tabet, J. Mass
Spectrom., 2009, 44, 12-17.

K. V. Barylyuk, K. Chingin, R. M. Balabin and R. Zenobi, . Am. Soc. Mass. Spectrom.,
2010, 21,172-177.

B. Miehlich, A. Savin, H. Stoll and H. Preuss, Chem. Phys. Lett., 1989, 157, 200-206.
A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

T. H. Dunning, J. Chem. Phys., 1989, 90, 1007-1023.

M. Dolg, H. Stoll, H. Preuss and R. M. Pitzer, J. Phys. Chem., 1993, 97, 5852-5859.
M. J. Frisch, et al.,, 2009.

133 |






8 Summary and Outlook

This thesis reports research studies on transition metal complexes as trapped ions in
isolation. Electrospray lonization (ESI) serves to transfer ions from solution into the gas
phase for mass spectrometric investigations. Subsequently, a variety of experimental
and theoretical methods provide fundamental insights into molecular properties of the

complexes.

InfraRed (Multiple) Photon Dissociation (IR-(M)PD) spectroscopy and computed linear
absorption spectra of structural isomers serve to elucidate molecular structures at cryo
temperatures as well as at room temperature. Collision Induced Dissociation (CID) of the
complexes and computed transition state structures serve to elucidate molecular
fragmentation pathways as well as relative stabilities of the complexes at room
temperature. X-Ray Magnetic Circular Dichroism (XMCD) spectra and modelling of
magnetic couplings between metal centers serve to elucidate molecular magnetism of

the complexes at cryo temperatures.

End-on coordinated dinitrogen molecules exhibit significant (“non-classical”) blue
shifts of N; stretching vibration frequencies in [Fe30(OAc)s(N2)n]* (OAc = acetate;
n=1,2,3). The N2 coordination to the respective Fe centers is dominated by an
interplay of the N2 o orbitals with iron acetate orbitals. Electron density delocalizes from
the anti-bonding 46*(N2) orbital into the coordinated iron acetate core increasing the
formal N2 bond order and thereby increasing the N2 stretching vibration frequency. This
insight into the class of “non-classical” N2 - Fe complexes is remarkable in view of the
industrial use of bulk iron for N activation and hydrogenation. It might help to advance
a general understanding of dinitrogen chemistry beyond established coordination
models. Future investigations utilizing a systematic variation of the metal centers in
[M30(0Ac)s(Nz2)n]* (e.g. Co'll, Cr'll, Rull etc.) might provide deeper insights into the (“non-
classical”) behavoir of Nz Furthermore, heterometallic [M:M*0(OAc)s(N2)n]*
(e.g. M=Felll, M*=Rull) complexes are of high interest in upcoming studies. Such

complexes might reveal cooperativity between the metal centers.

Cationization of the bimetallic complex [AuZnCl3] by coordination of alkali metal ions
(M*) results in a reorientation of its organic backbone. This enables a p3 binding motif of

the alkali ions to the three chlorido ligands. The organic backbone binds the Zn2+ cation
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by two nitrogen donor atoms and the Au* cation by a phosphorus donor atom. The
complexes switch their preferred CID fragmentation pathways by the alkali ion and by
the CID amplitude: The Li* and Na* adducts prefer to eliminate ZnClz, whereas the K,
Rb* and Cs* adducts most preferably split off MCl2ZnCl. Several intramolecular
rearrangements take place upon CID activation. Li* and Na* displace the Zn?* cation
and coordinate to the nitrogen coordination sites of the organic backbone. This
represents a remarkable deviation from a naive hard and soft acids and bases (HSAB)
concept. This particular effect may relate to the specific case of mixed coordination to
nitrogen and chlorido ligands in parallel. In contrast, the Zn2* cation wins the
competition for the nitrogen coordination sites against K*, Rb*, and Cs*. It remains to
elucidate how alkali ion coordination affects the reactivity of [AuZnCl3] in conceivable
applications, such as hydroamination catalysis. In future studies, reaction mixtures will
be the focus of further investigations. It is conceivable to identify cationized key

intermediates of prospective catalytic cycles.

Two color IR-MPD spectroscopy utilizing two delayed pulses on a “ligand-metal-chelate”
complex [AgLiL:]* reveals laser induced torsional isomerization. This indicates, that
variable time delays between the two laser pulses allow to probe ion ensembles with
variable internal energy. A calculated torsional isomerization pathway elucidates the
torsional barrier, the relative stabilities of participating isomers and the change of
vibrational frequencies and IR intensities in the course of the torsion. It reveals the
formation and breaking of strong and weak hydrogen bonds amongst chelate and
ligand. This study underlines that hydrogen bonds within the given complex may break
and form by torsional rearrangments that take place perpendicular to the hydrogen
bond directions. The hydrogen bonding is of multi dimensional character- much
beyond an intuitive pulling apart of a hydrogen bond along its bond direction. Upcoming
temperature dependent measurements might provide more insight into the population
dynamics in the [AgLiLz]* model system. The general concept of laser induced activation
of trapped complexes might prove useful, e.g. to overcome reaction barriers and propel

(catalytic) reactions in the gas phase.

Geometric structures and magnetic couplings intertwine in trinuclear iron(III) oxo
acetate complexes [Fe30(0Ac)s(Py)n]* (n=0,1,2,3, Py=pyridine). Stepwise

coordination of pyridine ligands to the [Fe3O(OAc)e¢]* unit induces interdependent
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modulation of relative stabilities, vibrational frequencies, geometries and magnetic
couplings: The Fe-Py bond strengths decrease with the number of coordinated pyridine
ligands. Concurrently, the asymmetric carboxylic CO stretching vibration frequencies
increase. This provides spectroscopic evidence for distinct shortenings and elongations
of Fe-Fe distances accompanied by symmetry lowering of the triangular Fe3O core:
An equilateral triangular Fe3O core in D3, symmetry (in the case of n = 0) distorts to an
isosceles structure with Czv symmetry (in the case of n =1 and 2). The coordination of
the third pyridin ligand (n = 3) regains the equilateral D3, symmetry. Broken symmetry
based calculations reveal antiferromagnetic coupling constants, which are crucialy
affected by the geometric modulation. Equilateral geometries result in three identical
coupling constants in the complex. In contrast, the lower symmetry isosceles geometries
lead to two different coupling constants (J and J*) in the complex. The J/J* ratios in
concunction with a model spin Hamiltonian determine the ground spin states of
[FesO(0Ac)s(Py)n]*: In equilateral Fe3O cores with D3 symmetries (n = 0 and 3) the J/J*
ratio is 1 leading to total spin of 1/2 in the ground states. Lowering the symmetries to
Czv leads to J/]*=0.5 (n=1) and J/J* = 2.1 (n = 2) resulting in total spins of 3/2 (n=1)
and 5/2 (n=2) in the ground states. XMCD spectra of [Fe30(OAc)s(Py)n]* (n=0,1)
reveal low magnetizations, which we attribute to a dominant antiferromagnetic
coupling. While [Fe30(0Ac)s]* exhibits no magnetization at all, [Fe30(0OAc)s(Py)1]*
exhibits an observable dichroic effect. This finding is consistent with an increase of the
total spin in the complexes. This study thus reveals a coordination controlled
switching of magnetic ground states. Dedicated calculations may deepen the
fundamental understanding of molecular magnetism in [Fe30(0Ac)s(Py)n]* by geometry
optimizations and frequency calculations via broken symmetry. The IR-(MPD)
investigations will most definitely benefit from temperature control by (helium) buffer
gas within the ion trap. Cooling the complexes will result in sharper bands. This might
reveal yet unresolved splittings to be compared with theory. Asymmetric iron(III) oxo
complexes exhibiting two different sets of bridging ligands exhibit intrinsically lowered
symmetries of the Fe3z0 core. Systematic variation of these bridging ligands may provide
stable complexes with different magnetic ground states. Such complexes will be of high

interest in future IR-(M)PD and XMCD investigations.
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Mononuclear Pd! catalysts with a bidentate (2-pyrrolidino-pyrimidine-4-yl-
triphenylphosphane) ligand exhibit intramolecular CH activation at the pyrimidine ring
via a Pd-P,C binding. Upon activation these catalysts eliminate HCl in the first
fragmentation step followed by the cleavage of neutral Pd® atoms. The second
fragmentation step implies a metal to ligand charge transfer. Binuclear Pd!-Pd! catalysts
with two coordinating bidentate (2-pyrrolidino-pyrimidine-4-yl-triphenylphosphane)
ligands show Pd-P,N bindings and no CH activation. The binding motif is modulated by
a coordination of additional Cl- and OTf (triflate) anions to the Pd!-Pd! core. Both anions
are able to act as bridging ligands between the Pd-Pd centers, which results in a
significant reorganization of the ligands. Upon activation of the complexes the Pd!-Pd!
centers disproportionate to Pd! and Pd?. In future studies mass spectrometric studies of
reaction mixtures may serve to identify key intermediates of prospective catalytic
cycles. The usage of two (temperature controlled) ion traps in tandem may provide

fundamental insight into elementary steps of such (catalytical) reactions.
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9 Zusammenfassung und Ausblick

Diese Arbeit beinhaltet Forschungsstudien iiber Ubergangsmetallkomplexe als
isolierte Ionen in der Gasphase. Elektrospray-lonisation (ESI) ermdéglicht es, Ionen aus
der Losung in die Gasphase zu iiberfilhren und somit fiir massenspektrometrische
Untersuchungen zuginglich zu machen. Eine Vielzahl von experimentellen und
theoretischen Methoden gibt grundlegende Einblicke in molekulare Eigenschaften der

Komplexe.

InfraRote (Multi) Photonen Dissoziationsspektroskopie (IR-(M)PD) und berechnete
lineare Absorptionsspektren von Strukturisomeren dienen zur Aufklarung molekularer
Strukturen bei Kryo-Temperaturen sowie bei Raumtemperatur. Stof3-Induzierte
Dissoziation (CID) der Komplexe und berechnete Ubergangszustandsstrukturen dienen
zur Aufklarung von molekularen Fragmentierungskanilen sowie relativen
Stabilititen der Komplexe bei Raumtemperatur. Zirkularer Magnetischer
Rontgendichroismus (XMCD) und die Modellierung magnetischer Kopplungen zwischen
Metallzentren dienen zur Aufklarung des molekularen Magnetismus der Komplexe bei

Kryo-Temperaturen.

End-on  koordinierte Distickstoffmolekiile in [Fe3O(OAc)s(N2)n]* Komplexen
(OAc = Acetat; n = 1, 2, 3) zeigen signifikante ("nicht klassische") Blauverschiebungen
der N»-Streckschwingungsfrequenzen. Die Koordination von N; an die jeweiligen Fe-
Zentren wird durch ein Zusammenspiel der N2 o Orbitale mit Eisenacetatorbitalen
dominiert. Die Elektronendichte des anti-bindenden 4¢*(N2z)-Orbitals wird in den
koordinierten Eisenacetatkern delokalisiert, wodurch die formale N;-Bindungsordnung
und die N2-Streckschwingungsfrequenz erhoht wird. Dieser Einblick in die Klasse der
"nicht-klassischen" N;-Fe-Komplexe ist angesichts der industriellen Verwendung von
Eisen fir die Nz-Aktivierung und Hydrierung bemerkenswert. Er konnte dazu beitragen,
das allgemeine Verstindnis der Distickstoffchemie, tiiber die etablierten
Koordinationsmodelle hinaus, voranzutreiben. Eine systematische Variation der
Metallzentren in [M30(OAc)s(N2)n]* (z.B. Co'l, Cr'l, Ru etc.) in zukiinftigen
Untersuchungen, konnte einen tieferen Einblick in das (nicht klassische) Verhalten von

N2 liefern. Weiterhin sind heterometallische Komplexe [M:M*0(0Ac)s(N2)n]*
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(z.B. M=Felll;, M*=Rulll) in anstehenden Studien von hohem Interesse. Solche Komplexe

konnten eine Kooperativitdt zwischen den Metallzentren zeigen.

Eine Kationisierung des dimetallischen Komplexes [AuZnCls] durch Koordination von
Alkalimetallionen (M+*) fiihrt zu einer Umorientierung seines organischen Grundgeriists.
Dies ermdoglicht ein p3 Bindungsmotiv der Alkaliionen zu drei Chloridliganden. Der
Ligand bindet das Zn2*-Kation durch zwei Stickstoffdonoratome und das Au* Kation
durch ein Phosphor-Donoratom. Die bevorzugten Fragmentierungskandle von
[AuZnClzM]* wechseln mit den Alkaliionen und mit der CID-Amplitude: Die Li*- und Na*
Addukte eliminieren bevorzugt ZnCl;, wahrend die K*, Rb*- und Cs* Addukte MCI2ZnCl
abspalten. Bei der CID-Aktivierung finden mehrere Umlagerungen im Komplex statt.
Li* und Na* verdrangen das Zn?* Kation und koordinieren und die Stickstoff
Koordinationsstellen des Liganden. Dies stellt eine bemerkenswerte Abweichung vom
Prinzip der harten und weichen Sdauren und Basen (HSAB) dar. Dieser Effekt kann durch
den spezifischen Fall der gemischten Koordination von Stickstoff- und Chloridionen
herrithren. Im Gegensatz dazu gewinnt das Zn2?* Kation den intramolekularen
Wettbewerb um die Stickstoff-Koordinationsstellen gegen K+, Rb* und Cs*. Es bleibt zu
klaren, wie die Koordination von Alkaliionen die Reaktivitit von [AuZnClz] in denkbaren
Anwendungen (beispielsweise homogene Hydroaminierungskatalyse) beeinflusst. In
zukiinftigen Studien werden Reaktionsmischungen im Mittelpunkt weiterer
Untersuchungen stehen. Es ist denkbar, kationisierte Schliisselintermediate in den

katalytischen Zyklen zu identifizieren.

Zwei farbige IR-MPD-Spektroskopie unter Verwendung von zwei verzogerten Pulsen an
einem "Ligand-Metall-Chelat"-Komplex [AgLilL2]* zeigt eine laserinduzierte
Torsionsisomerisierung. Dies zeigt, dass variable Zeitverzogerungen zwischen den
beiden Laserpulsen es erlauben, lonenensembles mit variablen internen Energien zu
untersuchen. Ein berechneter Torsionsisomerisierungsweg gibt Informationen tliber die
Torsionsbarriere, die relativen Stabilititen der teilnehmenden Isomere und die
Verdanderung der Schwingungsfrequenzen und IR-Intensitdten im Verlauf der Torsion.
Somit wird die Bildung und Brechung von starken wund schwachen
Wasserstoffbriicken zwischen Chelat und Ligand aufgezeigt. Diese Studie unterstreicht,
dass Wasserstoffbriicken innerhalb des gegebenen Komplexes durch Torsionen, die

senkrecht zu den Wasserstoffbindungsrichtungen stattfinden, brechen und sich bilden
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konnen. Dies bestatigt, dass das Bilden und Brechen von Wasserstoffbriicken einen
mehrdimensionalen Charakter aufweist. Dies geht weit {iber ein intuitives
Auseinanderziehen einer Wasserstoftbindung entlang seiner Bindungsrichtung hinaus.
Zukiinftige, temperaturabhidngige Messungen konnten einen Einblick in die
Populationsdynamik im [AgLiLz]+ Modellsystem liefern. Das allgemeine Konzept der
laserinduzierten Aktivierung von eingefangenen Komplexen kénnte sich als niitzlich
erweisen, z.B. um energetische Barrieren von Reaktionen in der Gasphase zu

tiberwinden und somit katalytische Zyklen voranzutreiben.

Geometrische Strukturen und magnetische Kopplungen in dreikernigen Eisen (III)-
oxoacetat-Komplexen [Fe3O(0Ac)s(Py)n]* (OAc = Acetat; n=0,1,2,3) sind untrennbar
miteinander verflochten. Eine schrittweise Koordination von Pyridinliganden an die
[FesO(0OAc)s]* Einheit induziert eine voneinander abhdnge Modulation von relativen
Stabilitdaten, Schwingungsfrequenzen, Geometrien und magnetischen Kopplungen. Die
Fe-Py-Bindung wird mit der Anzahl der koordinierten Pyridin-Liganden starker.
Gleichzeitig erh6hen sich die asymmetrischen Carboxyl-CO-
Streckschwingungsfrequenzen. Dies ist ein spektroskopischer Hinweis auf
Verdanderungen von Fe-Fe-Abstinden, die von einer Symmetriereniedrigung des
dreieckigen Fe30-Kerns begleitet sind: Ein gleichseitiger dreieckiger Fe30-Kern in D3p-
Symmetrie (im Fall von n = 0) verzerrt sich zu einer gleichschenkligen Struktur mit Cay-
Symmetrie (im Fall von n = 1 und 2). Durch die Koordination des dritten Pyridinliganden
(n=3) erlangt der Fe30-Kerns wieder eine gleichseitige D3zn-Symmetrie. Broken
Symmetry basierte Rechnungen liefern antiferromagnetische Kopplungenkonstanten,
die durch die geometrische Modulation entscheidend moduliert werden. Gleichseitige
Geometrien fithren zu drei identischen Kopplungskonstanten. Im Gegensatz dazu
ergeben erniedrigte Symmetrien der gleichschenkligen Fe30 Kerne zwei verschiedenen
Kopplungskonstanten (Jund]*). Die somit ermittelten ]/J*-Verhéltnisse in
[Fe30(0Ac)s(Py)n]* (n=0,1,2,3) bestimmen nach einem Modell-Spinhamilton-Operator
deren Grundzustandspinzustinde: In gleichseitigen Fe30-Kernen mit D3p-Symmetrien
(n=0 und 3) ist das J/J*-Verhdltnis 1, was zu einem Gesamtspin (St) von 1/2 in den
Grundzustanden fiihrt. Die Senkung der Symmetrie zu Czy fiihrt zu J/J*=0,5 (n = 1) und
J/1*=2,1 (n=2), was zu Gesamtspins (St) von 3/2 (n=1) und 5/2 (n=2) in den
Grundzustinden fiihrt. XMCD-Spektren [Fe30(0Ac)s(Py)n]* (n=0,1) zeigen im
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Allgemeinen  niedrige  Magnetisierungen, die wir einer dominierenden
antiferromagnetischen Kopplung zuschreiben. Wahrend [Fe30(0Ac)s]* tiberhaupt keine
Magnetisierung  aufweist, zeigt [Fe30(0Ac)s(Py)1]* einen beobachtbaren
dichroitischen Effekt. Dieser Befund ist mit einer Erh6hung des Gesamtspins in den
Komplexen konsistent. Die Studie offenbart somit eine koordinationsgesteuerte
Umschaltung von magnetischen Grundzustinden. Geometrieoptimierungen und
Frequenzberechnungen mit einem Broken Symmetry Ansatz konnten das grundlegende
Verstandnis des molekularen Magnetismus in [Fe3O(OAc)s(Py)n]* vertiefen. IR-(MPD)
Untersuchungen werden von einer Temperaturregelung durch (Helium-) Puffergas
innerhalb der Ionenfalle profitieren. Das Abkiihlen der Komplexe fiihrt zu scharferen
Banden, was bislang noch unaufgeloste Bandenspaltungen zeigen konnte.
Asymmetrische Eisen (III) -Oxokomplexe, die zwei verschiedene Arten von
Briickenliganden aufweisen, weisen intrinsisch erniedrigte Symmetrien der Fe3O Kerne
auf. Eine systematische Variation dieser Briickenliganden kann stabile Komplexe mit

unterschiedlichen magnetischen Grundzustdnden liefern.

Mononukleare Pd!-Katalysatoren mit einem zweizdhnigen (2-Pyrrolidino-pyrimidin-4-
yl-triphenylphosphan) Liganden weisen eine intramolekulare CH-Aktivierung am
Pyrimidinring mittels einer Pd-P,C-Bindung auf. Bei Aktivierung der Komplexe
eliminieren sie HCl im ersten Fragmentierungsschritt, gefolgt von der Abspaltung von
neutralen Pd®-Atomen. Der zweite Fragmentierungschritt deutet auf einen Metall-
Ligand-Ladungstransfer = hin.  Binukleare  Pd!-Pd!-Katalysatoren @ mit  zwei
koordinierenden  zweizdhnigen  (2-Pyrrolidino-pyrimidin-4-yl-triphenylphosphan)
Liganden zeigen keine CH-Aktivierung und weisen Pd-P,N-Bindungen auf. Das
Bindungsmotif wird die durch die Koordination von Cl- und OTf -(Triflat) Anionen zum
Pd!l-Pd!-Kern beeinflusst. Beide Anionen kénnen als Briickenliganden zwischen den Pd-
Pd-Zentren fungieren, was zu einer signifikanten Umlagerung der Liganden fiihrt. Bei
Aktivierung der Komplexe disproportionieren die Pd!-Pd!-Zentren zu Pd! und Pd°. In
zukilnftigen Studien konnten massenspektrometrische  Untersuchungen an
Reaktionsgemischen zur Identifizierung von Reaktionsintermediaten beitragen . Der
Einsatz von (temperaturgesteuerten) Tandem-lonenfallen koénnte grundlegende

Einblicke in elementare Schritte solcher (katalytischer) Reaktionen liefern.
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10.1.1 Mass Spectra
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Figure S1: Cationic mass spectrum of a [Fe30(0Ac)s(H20)3]Cl04 acetonitrile

solution a). Simulated isotopic pattern of [Fe3O(OAc)e¢(L)n]* (n=0,1,2,3; L=

H>0, acetonitrile and acetic acid) b). For peak assignment refer to table S1.
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Figure S2: Cationic mass spectrum of a [Fe30(0Ac)s(H20)3]Cl04 acetonitrile
solution after collision induced dissociation and subsequent N2 coordination
to [Fe30(OAc)s]* a). Simulated isotopic pattern of [Fe30(OAc)s(N2)n]*
(n=0,1,2,3) b). For peak assignment refer to table S1.
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Table S1: Compilation of ESI-MS data on [Fe30(0Ac)s(L)n]* (n=1,2,3;
0Ac=CH3C0z2). The indicated mass labels refer to the most abundant
isotope peaks.

Species m/z
[FesO(0OAc)s]* 538
[FesO(0Ac)s(H20)1]* 556
[Fe3sO(OAc)s(N2)1]* 566
[Fe30(OAc)s(H20)2]* 574
[Fe30(0Ac)s(CH3CN)1]* 579
[Fe30(0Ac)s(N2)2]* 594
[Fe30(0Ac)s(HOAC)1]* 598
[Fe30(0Ac)s(HOAC)1(H20)1]* 616
[Fe30(0Ac)s(N2)3]* 622

10.1.2 Calculated N2-Free Binding Energies

ADpinaGr =ArGT ([FesO(0Ac)s(N2)n]*) + ArGT(N2)- ArG™ ([Fes0(0AC)s(Nz2)n+1]*)

-20

AA,, G kJ/mol

raw BSSE cor.

—-——o—n=2
N —_—— ———— =
20 - :

————n=0

Figure S3: Temperature dependence of Nz-binding Gibbs energies
(AApinaGY ) of [Fe30(0Ac)s(Nz2)n]* (n=0,1,2,3). DFT calculations were
performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Fe)
level of theory.
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10.1.3 Details of the DFT Calculations
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Figure S4: Left: IR-PD spectra of [Fe30(0OAc)s(N2)n]* (n=1,2,3) at 26 K (black
and blue curves) and calculated IR absorption spectra of optimized
[Fe30(0Ac)s(N2)n]* (n=1-3) (green curves) in the range of 1300-2500 cm-.
The blue IR-PD spectrum shows the CO stretching band (recorded with
highly attenuated laser power to avoid saturation effects). The calculations
were performed at the B3LYP/cc pVTZ (H,C,N,0) and Stuttgart 1997 ECP (Fe)
level of theory. The multiplicity is 16 and frequencies are unscaled.
Calculated stick spectra were convoluted with a Gaussian envelope of
FWHM =7 cm'l. Right: A zoom into the Nz stretching vibration region.
Calculated lines were convoluted with a Gaussian envelope of
FWHM = 3.5 cm-L Insets show associated geometry optimized structures.
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IR-PD Yield
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Figure S5: IR-PD spectra of [Fes0(0OAc)s(N2)n]* (n=1,2,3) at 26 K (black
curves) and calculated IR absorption spectra of geometry optimized
[FesO(0Ac)s(N2)n]* (n=1,2,3) (green curves) in the range of 1300 - 2400 cm-1.
The calculations were performed at the PBEO /cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16 and frequencies
are scaled with 0.951 (0.946) above 2300 cm! (below 2300 cm-1). Calculated
stick spectra were convoluted with a Gaussian envelope of FWHM =7 cm1.
The calculated intensities above 2300 cm! were multiplied by a factor of 20
for clarity
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v,=158420cm" = 1587:06 cm’

_ -1
v, = 1589.85 cm v, = 1592.45 cm’’

Figure S6: Displacement vectors and vibrational frequencies of IR active
asymmetric carboxylate stretching vibrations in Fe30(0Ac)s(N2)n]* (n =0 - 3)
The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16 and frequencies
are scaled with 0.986.
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IR-PD Yield
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Figure S7: IR-PD spectra of [Fe3O(OAc)s(N2)n]* (n=1,2,3) at 26 K (black
curves) and calculated IR absorption spectra of geometry optimized
[FesO(0Ac)s(N2)n]* (n=1,2,3) (green sticks and curves, FWHM =7 cm!
assumed) in the range of the asymmetric carboxylate stretching vibration.
The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16 and frequencies
are scaled with 0.986.
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v =2349.46 cm”

v =2348.80 cm’

v =2348.34 cm’

Figure S8: Displacement vectors and vibrational frequencies of IR active N-N
stretching vibrations in Fe3O(OAc)s(Nz2)n]*. The calculations were performed
at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Fe) level of
theory. The multiplicity is 16 and frequencies are scaled with 0.951.
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Table S2: Structural data of [Fes0(0OAc)s(N2)n]* (n=0,1,2,3) by DFT at B3LYP/cc-pVTZ
(H, C, N, O) and Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16. Note that

the calculated N-N bond length of free N2 is 1.091 A.

[FQ‘BQ;O(OAC)G]+ [F630(0AC)6(N2)1]+ [Fl&30(0AC)6(N2)2]+ [Fe30(0Ac)(,(Nz)3]+
1.892 1.884 1.880 1.905
Fe'Ocentral
distance/AD 1.893 1.913 1.909 1.905
1.892 1.884 1.908 1.904
3.271 3.298 3.270 3.300
Fe-Fe distance
/A 3.271 3.238 3.269 3.301
3.269 3.303 3.329 3.296
_ 2476 2.501
Fe-N ?‘gtance - 2451 ' 2.497
2476 2.499
3.041
3.038
3.041 3.042
3.042 3.042
3046 3044 3040
NN-O distances/ 3.046 . 3:042
i - 3.049

3.046 3.043
3.041 3.039
3.043 3.039
3.046 3.042
3.046 3.039
1.089

1.089
1.089

N-N bong length/ i 1.089

1.089 1.089
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Figure S9: IR-PD spectra of [Fes0(0OAc)s(N2)n]* (n=1,2,3) at 26 K (black
curves) and calculated IR absorption spectra of geometry optimized
[Fes0(0Ac)s(N2)n]* (n=1,2,3)(green curves) in the range of
1300 - 2400 cm-1. The calculations were performed at the B3P86/cc-pVTZ (H,
G, N, O) and Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16 and
frequencies are scaled with 0.968 (0.949) above 2300cm (below
2300 cm1). Calculated stick spectra were convoluted with a Gaussian
envelope of FWHM = 7 cm-1. The calculated intensities above 2300 cm1 were
multiplied by a factor of 20 for clarity.
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IR-PD Yield
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Figure S10: IR-PD spectra of [Fe3O(OAc)s(Nz2)n]* (n=1,2,3) at 26 K (black
curves) and calculated IR absorption spectra of geometry optimized
[FesO(0Ac)s(N2)n]* (n=1,2,3) (green curves) in the range of 1300 - 2400 cm-1.
The calculations were performed at the TPSSh/cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16 and frequencies
are scaled with 0.989 (0.962) above 2300 cm! (below 2300 cm-1). Calculated
stick spectra were convoluted with a Gaussian envelope of FWHM =5 cm1.
The calculated intensities above 2300 cm! were multiplied by a factor of 20
for clarity.
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Interaction: L]

Attraction Repulsion

Figure S11: Geometry optimized structure and NCI plots of
[Fe30(0Ac)s(Nz)1-3]* by DFT calculations at the B3LYP/cc-pVTZ (H, C,
N O) and Stuttgart 1997 ECP (Fe) level of theory. The atom colors are
shown in grey scale for clarity.
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Figure S12: Relative energies and vibrational frequencies of
[Fe30(0Ac)s(Nz2)1]* as a function of the multiplicity. The geometry was
fully optimized for each multiplicity. The DFT calculations were
performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP
(Fe) level of theory.
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[Fe,O(OAc),(N,),]" [Fe;,O(OAc),(N,).]"  [Fe,O(OAc)(

free N,
o 3 |:> 55
-0.43456
-0.58413 -0.58214 -0.57978
4c0* 3 |:> 40*
-0.55422
-0.71564 -0.71332 -0.71082

Figure S13: Left: 40* and 50 molecular orbitals of isolated N». Right: Selected
molecular orbitals of [Fe30(0Ac)s(N2)u]* involving the former 40*(N2) and
50(N2) orbitals. The 40* and 56 MO'’s of the N2 unit overlap with orbitals of
the [Fe30(0Ac)e]* unit. The 40* electron density delocalizes into the whole
complex, which leads to a slight increase of the bond order of the N> unit.
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Figure S14: Calculated IR absorption spectra of geometry optimized
[Fe30(0Ac)s(N2)n]* (n=1,2,3) in the range of 300 - 700 cm1. The calculations
were performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP
(Fe) level of theory. The multiplicity is 16 and frequencies are scaled with
0.986. Calculated stick spectra were convoluted with a Gaussian envelope of

FWHM =5 cm-L
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10.1.4 Details of the IR-PD Spectra

Observed Masses

[Fe30(0Ac)s(N2)1]*:
565.9 (Parent)

537.9 (Fragment)
[Fe3sO(0Ac)s(N2)z]*:
593.9 (Parent)

565.9 (Fragment)
[Fe30(0Ac)s(N2)3]*:
621.9 (Parent)

565.9 (Fragment)

593.9 (Fragment)
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IR - Power Curve
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Figure S15: IR-MD spectra of [Fe30(OAc)s(N2)n]* (n=1,2,3) at 26 K
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10.1.5 XYZ Files of Geometry Optimized [Fe30(0Ac)6(N2)u]* (B3LYP, cc-pVTZ,

Stuttgart Dresden ECP)

[Fe3sO(0Ac)s]*

OOOOOOOOOOOOOE??IIIOOIIIOO.’I‘IIOOIIIOOIIIOOIIIOO

-7.53798
-8.72985
-8.91205
-8.51032
-9.60439
-4.32323
-3.59747
-2.64269
-4.16266
-3.39359
-5.63766
-6.12867
-5.85303
-7.21890
-5.75060
-2.42159
-0.97452
-0.37540
-0.73354
-0.72852
-7.48510
-8.68824
-9.45600
-9.09034
-8.44653
-4.26086
-3.52751
-2.46424
-3.63412
-3.88522
-4.86157
-6.15542
-4.81767
-5.27829
-6.61958
-7.50332
-4.15933
-5.04149
-5.46480
-5.44658
-3.00388
-2.97840
-7.47321
-6.55735
-4.99954
-4.08487

-17.72381
-17.80218
-16.84205
-18.52988
-18.14589
-19.42052
-20.47165
-20.66457
-21.39971
-20.12487
-13.94424
-12.53390
-12.12362
-12.54685
-11.91842
-15.63289
-15.24321
-16.14892
-14.80228
-14.56865
-17.24818
-17.09671
-16.56174
-18.07164
-16.51791
-18.92548
-19.77875
-19.75925
-19.35720
-20.80279
-16.48760
-18.80965
-16.15019
-17.14922
-16.90086
-18.49467
-18.20835
-19.79988
-14.62032
-14.39418
-15.91891
-15.68154
-18.21471
-16.39083
-19.49712
-17.67007

-2.90914
-2.00244
-1.52765
-1.21754
-2.54733
-3.05628
-2.27040
-2.76503
-2.26220
-1.26151
-4.83758
-4.70035
-3.73326
-4.76879
-5.51222
-4.95488
-4.89779
-5.01726
-3.93480
-5.71328
-7.53020
-8.41241
-7.84873
-8.67580
-9.29876
-7.67513
-8.66682
-8.42100
-9.66485
-8.63977
-3.43988
-5.34655
-6.69279
-5.15837
-2.61129
-3.91502
-2.72295
-4.03074
-3.77900
-6.00804
-3.86494
-6.09310
-6.70803
-7.63224
-6.81901
-7.73843
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[Fe30(0Ac)s(N2)1]*:

ZZOOOOOOOOOOOOO???II.'IlﬁﬁEIIOOEIIOOIIIOGIIIOOEIIOO

-7.54966
-8.74707
-8.92455
-8.53622
-9.62223
-4.30408
-3.55311
-2.59342
-4.09536
-3.35739
-5.64550
-6.13072
-5.84217
-7.22174
-5.76049
-2.43288
-0.98764
-0.38300
-0.74737
-0.74759
-7.49721
-8.70827
-9.44950
-9.14568
-8.45995
-4.25120
-3.48809
-2.47973
-3.39845
-3.95677
-4.87544
-6.18784
-4.83389
-5.30104
-6.62433
-7.52001
-4.15290
-5.02727
-5.47802
-5.45411
-3.01510
-2.98774
-7.48672
-6.56301
-4.99250
-4.09078
-7.32900
-7.83876

-17.72287
-17.77991
-16.81126
-18.49599
-18.12451
-19.41870
-20.45967
-20.62489
-21.40125
-20.11557
-13.95817
-12.54551
-12.13304
-12.55521
-11.93373
-15.64266
-15.24486
-16.14565
-14.80903
-14.56295
-17.23369
-17.05785
-16.48762
-18.02213
-16.49965
-18.93105
-19.78327
-19.92770
-19.27684
-20.75618
-16.50910
-18.87439
-16.17453
-17.19049
-16.90947
-18.50145
-18.20610
-19.80716
-14.63573
-14.40828
-15.92837
-15.69788
-18.20811
-16.38436
-19.51045
-17.67529
-21.03112
-21.98821

-2.90713
-2.00441
-1.54526
-1.20665
-2.54771
-3.05071
-2.27304
-2.76807
-2.27052
-1.26151
-4.83529
-4.69746
-3.73497
-4.75155
-5.51559
-4.96525
-4.90796
-5.03587
-3.94252
-5.71919
-7.53487
-8.40334
-7.83875
-8.64814
-9.30122
-7.68159
-8.65291
-8.25870
-9.61064
-8.76592
-3.46097
-5.35567
-6.68102
-5.16509
-2.60805
-3.90640
-2.71476
-4.01650
-3.77707
-6.00508
-3.87587
-6.10400
-6.72391
-7.64116
-6.83302
-7.74988
-5.59175
-5.69543
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[Fe30(0Ac)s(N2)2]*:

-7.54422 -17.71607 -2.92077
-8.73803 -17.77917 -2.01321
-8.91658 -16.81233 -1.55068
-8.52199 -18.49682 -1.21831
-9.61439 -18.12484 -2.55393
-4.30245 -19.40901 -3.06457
-3.55660 -20.45059 -2.28218
-2.59595 -20.62010 -2.77380
-4.10180 -21.39047 -2.27898
-3.36297 -20.10473 -1.27085
-5.65684 -13.95017 -4.83094
-6.16501 -12.54553 -4.68361
-5.87599 -12.13268 -3.72137
-7.25608 -12.57329 -4.72863
-5.81134 -11.92288 -5.50083
-2.41981 -15.64744 -4.96061
-0.96765 -15.27332 -4.89452
-0.37716 -16.18482 -5.01179
-0.72789 -14.83611 -3.92953
-0.70882 -14.59954 -5.70674
-7.51200 -17.23050 -7.53545
-8.73894 -17.04852 -8.38166
-9.47344 -16.48976 -7.79727
-9.17603 -18.01183 -8.63106
-8.50942 -16.47862 -9.27716
-4.24077 -18.94319 -7.68310
-3.46288 -19.80630 -8.63434
-2.46141 -19.94892 -8.22246
-3.35726 -19.31091 -9.59619
-3.93144 -20.77959 -8.74495
-4.87605 -16.50604 -3.49432
-6.17501 -18.84786 -5.37015
-4.81524 -16.13586 -6.74163
-5.28996 -17.16550 -5.20569
-6.62059 -16.90053 -2.62401
-7.51579 -18.49194 -3.92181
-4.14961 -18.19640 -2.73080
-5.02303 -19.79715 -4.03202
-5.47774 -14.62812 -3.77578
-5.45890 -14.38976 -6.00290
-3.01028 -15.92182 -3.87368
-2.96872 -15.69337 -6.10191
-7.49177 -18.20975 -6.73160
-6.57821 -16.38352 -7.65453
-4.99257 -19.51648 -6.84065
-4.08146 -17.68879 -7.76362
-4.20786 -14.81072 -8.74301
-7.32769 -21.02648 -5.59184
-3.94130 -14.22706 -9.62339
-7.83770 -21.98450 -5.68595

ZZZZOOOOOOOOOOOOO???IIIOOIIIOOIIIOOIIEOOIIIOOIIIOO
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[Fe30(0Ac)s(N2)3]*:

ZZZZZZOOOOOOOOOOOOO???I.'II.'IIOOEIIOOEEEOOIIEOOIII‘OOEEI‘OO

-7.55951
-8.76892
-8.94352
-8.57618
-9.64075
-4.29233
-3.53371
-2.58587
-4.08405
-3.31540
-5.66951
-6.20125
-5.95145
-7.28934
-5.82669
-2.40534
-0.94622
-0.37054
-0.67959
-0.69550
-7.50544
-8.72791
-9.47478
-9.15031
-8.49849
-4.23898
-3.46546
-2.46294
-3.36216
-3.93620
-4.85784
-6.16280
-4.81682
-5.27895
-6.63416
-7.52380
-4.13569
-5.02720
-5.48433
-5.45859
-2.98984
-2.96289
-7.48546
-6.57498
-4.98675
-4.08010
-4.30072
-4.21136
-7.32742
-4.05662
-3.94854
-7.83815

-17.71257
-17.76494
-16.79855
-18.49092
-18.09591
-19.41947
-20.46893
-20.64198
-21.40584
-20.13057
-13.94121
-12.54310
-12.12810
-12.58398
-11.91384
-15.64994
-15.29766
-16.21115
-14.89714
-14.59868
-17.22680
-17.05277
-16.50927
-18.01968
-16.47289
-18.93702
-19.80008
-19.94541
-19.30337
-20.77234
-16.48017
-18.82377
-16.13894
-17.14784
-16.90518
-18.49154
-18.21057
-19.80175
-14.60920
-14.38150
-15.91364
-15.68634
-18.20396
-16.37598
-19.51004
-17.68293
-15.60865
-14.81130
-21.02204
-15.22800
-14.23331
-21.97887

-2.92089
-2.03197
-1.56702
-1.23873
-2.58907
-3.06403
-2.30313
-2.81769
-2.29234
-1.29433
-4.83187
-4.69715
-3.72508
-4.78339
-5.50014
-4.96920
-4.91863
-5.08355
-3.94500
-5.71219
-7.52306
-8.37779
-7.79482
-8.63869
-9.26683
-7.66600
-8.62126
-8.21296
-9.58266
-8.73190
-3.42680
-5.35032
-6.70875
-5.16059
-2.61054
-3.91832
-2.72130
-4.02209
-3.77218
-6.00046
-3.87732
-6.10592
-6.71715
-7.63717
-6.82022
-7.74627
-1.15372
-8.73985
-5.59002
-0.16256
-9.62515
-5.69264
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10.1.6 Molecular Orbital Diagram of N>

N 60*
1 I I
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2p, er 20, 2p, 2p,
Tt
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Scheme S1: Simplified molecular orbital diagram of the N2 molecule. s-
p hybridization is included, but additional connection lines are omitted

e

for clarity.
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10.1.7 Experimental and Computational Methods

We utilized a customized Fourier Transform-lon Cyclotron Resonance (FT-ICR)-mass
spectrometer (Apex Ultra, Bruker Daltonics) equipped with a Electrospray lonization
(ESI) source (Apollo 2, Bruker). Sample solutions of Iron(III) oxo acetate perchlorate
hydrate ([Fe3O(0OAc)s(H20)3(Cl04)]), Sigma-Aldrich, cf. Scheme 1a) in acetonitrile at
concentrations of 1 x 10-> mol/l were used without further purification and continuously
infused into the ESI source by a syringe pump at a flow rate of 2 pL. min-1. The ion source
was set to positive electrospray ionization mode. Nitrogen was used as drying gas with a
flow rate of 6.0 L min-1 at 220°C. The solutions were sprayed at a nebulizer flow of 2.5 L

min-! and the spray shield was held at 3.6 kV.

The ESI generated ions are injected into a cryogenic hexapole ion trap passing different
ion lenses, a 90 degrees ion beam bender and a quadrupole mass filter. In Source
Collision Induced Dissociation (CID) of the ESI generated [Fe3O(OAc)s(L)n]* ions (L =
H20 and acetonitrile, n=1,2,3) enabled us to produce the under-coordinated species
[FesO(0Ac)s]*. The ion trap is cooled by a closed cycle Helium cryostat and held at 26 K
for the measurements. Buffer or reaction gas can be introduced both pulsed and
continuously. In this work we used two continuous gas inlets. The pressure is first
increased by N; gas from 1.7 x 107 mbar up to 3.0x 107 mbar and subsequently
increased with He gas up to 4.0 x 10-® mbar to accomplish N2 attachment as well as
efficient trapping and cooling of the ions. Storage of the ions for a variable time (0-10 s)
allows them to react with N to yield [Fe30(0Ac)s(Nz)n]*. The product ions are guided by
electrostatic lenses into the FT-ICR cell of the so-called “infinity” typel. This cell is
cooled at a temperature of about 10 K with a closed cycle Helium cryostat to prevent
heating of the clusters by black body radiation. The cell is used for isolation and
detection of the ions. It is coupled to a tunable IR laser (6n = 0.9 cm1, 6t = 7 ns) to record

InfraRed Photon Dissociation (IR-PD) spectra of isolated [Fe30(0OAc)s(N2)n]*.

The laser is a KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision)
system pumped by a pulsed 10 Hz injection seeded Nd3+:YAG laser (Continuum,
Powerlite DLS 8000). The OPA idler wave (< 10 m] per pulse) can be used to record
spectra within 2600-3900 cm!. In this work we used the difference frequency (DF)
between the OPA signal and idler waves generated in a AgGaSe; crystal (0.1 - 1.2 m] per
pulse). We recorded IR-PD spectra in the range of 1200 - 2400 cm-L. Each trapped and
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isolated package of ions is irradiated by 10 - 15 laser pulses to yield a sufficient amount
of fragment ions. The IR spectra were recorded as ion chromatograms while
continuously scanning the IR frequency. An experimental IR-PD spectrum arises from a
plot of the fragmentation efficiency as a function of laser frequency (v). The IR-MPD

yield Y (v) is defined as:

> w)
Y = 1
» (zl-I{ )+ z-ﬁ’m) .

The IR frequency was calibrated using a wave meter (821B-NIR, Bristol instruments),

and we recorded laser power curves (cf. Fig. S12 in the ESI).

Optimized minimum energy structures, Gibbs energies and linear IR absorption spectra
were calculated at the B3LYP?23 level of theory using cc-pVTZ basis sets* (C, H, N, 0), and
Stuttgart RSC 19975 effective core potential (Fe) basis sets, respectively, as implemented
in the Gaussian 09 program package®. Standard convergence criteria were applied. Basis
set superposition errors (BSSE) were corrected using the Counterpoise routine’s. We
present unrestricted DFT calculations with 15 unpaired alpha electrons yielding a spin
multiplicity of 16 with other multiplicies (2 - 18) found significantly less stable (c.f.
Fig. S9.). We scale calculated frequencies with two different scaling factors: One scaling
factor (0.951) is specifically designed to elucidate N; stretching bands in
[Fe3O(0Ac)s(N2)n]*. It scales calculated N2 stretching frequencies such that a calculated
free N2 stretching vibration frequency matches the experimental value®10 of 2330cm-1.
This approach conveniently reveals any effects of Fe-N2 coordination on N stretching
frequencies. A second unspecific scaling factor (0.986) is applied for all other bands. It
scales the calculated asymmetric carboxylate stretching vibration frequencies of
[FesO(0Ac)s(N2)1]* to match our own experimental value of 1587 cm-L. Unscaled spectra
are provided in the supplement (cf. Fig. S4). The usage of two different scaling factors for
high and low frequency vibrations is validated by many theoretical studies!1-13,

Especially frequencies calculated via DFT/B3LYP benefit from this method4.

A Natural Population Analysis (NPA) was performed with the NBO 5.9 program15. We
elucidate weak interactions such as hydrogen bonds or van der Waals-interactions in
geometry optimized structures using the non-covalent interaction (NCI) techniquel®.
This method and its application to intramolecular H-bonds has been described

previouslyl7-19. In short, the electron density p and its reduced gradient s(p) of a
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molecule are topologically analyzed in regions of small electron density and small

reduced gradient. Non-covalent interactions prevail in areas where s(p) is close to zero

(minima of electron density). Iso-surfaces of the reduced gradient s(p) in conjunction

with a RGB-color ranking scheme visualize non-covalent interactions. The RGB-color

indicates the sign of the second eigenvalue, A2, of the Hessian matrix. Red corresponds to

positive A, (repulsive areas, e.g. steric repulsion), blue to negative A; (areas of favorable

interactions, e.g. hydrogen bonds) and green to weak delocalized interactions (A2 is

approximately zero). We use Multiwfn?? in conjunction with Visual Molecular Dynamics

VMD?21 software to plot these iso-surfaces.
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10.1.8 15Nz Experiments

I[sotope labeling of the N2 molecule serves to validate our assignment of the observed
mass peaks to the N2 complexes (cf. Table S3) as well as the assignment of the recorded
IR-PD bands above 2200 cm to the N; stretching frequencies. Exchanging the 14N;
reaction gas with 15Nz enriched gas (99,999 %, Sigma-Aldrich) leads to expected shifts of
N2 associated mass peaks: +2 m/z per 14N; to 1°N; exchange (cf. Fig. S14 and Table S3).
Residual 14Nz gas in the hexapole leads prominent peaks of mixed 14N2/1°N; species.
Flushing the apparatus with >N enriched gas over a few hours suffices to observe
exclusive 15Nz complexes.
Table S3: Compilation of ESI-MS data on [Fe3O(0Ac)s(*N2)n]* (n=1,2,3;

X = 14, 15; OAc=CH3C02). The indicated mass labels refer to the most
abundant isotope peaks.

Species m/z
[Fe3O(OAc)s]* 538
[Fe30(0AC)s(14N2)1]* 566
[Fe30(0AC)6(15N2)1]* 568
[Fe30(OAc)s(1*N2)2]* 594
[Fe30(0ACc)s(*N2)1(15N2)1]* 596
[Fe30(0Ac)6(15N2)2]* 598
[FesO(0Ac)s(14N2)s]* 622

[Fe30(OAc)s(1*N2)2(15N2)1]* 624
[Fe30(0ACc)s(1*N2)2(15N2)2]* 626
[Fe30(OAc)s(1°N2)3]* 628

The IR-PD spectrum of [Fe3O(OAc)s(14N2)1(1°N2)1]* (cf. Fig. S16a) reveals two bands at
2268 cm and 2347 cm'l. The 15N; stretching frequency decreases by 79 cm'1 with
respect to the frequency of 14N,. Published Raman spectroscopy datal!l on free 14N;
(vo=2330 cm1) and >Nz (vo = 2252 cm-1) indicates a red shift of 78 cm-1. Note, that

mass scaling of the 1*N; vibration frequency to 1°N; yields a frequency of 2251 cm-1.

Our value of 2268 cm! for the 1°N; stretching frequency in [Fe30(0Ac)es(2*N2)1(*>N2)1]*
represents a blue shift of 16 cml with respect to 2252 cm (free 1°N; vibration

frequency by Raman spectroscopy) or a blue shift of 17 cm! in respect to 2251 cm!
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(free 15N; vibration frequency by mass scaling from 14Nz). The blue shift of 15N> in the
complex is nearly identical with respect to the blue shift of 1*N; frequency. Calculated
linear IR spectra of [Fe3s0(0Ac)s(14N2)1(*°N2)1]* (cf. Fig S16b) as well as
[Fe3O(0Ac)s (1°N2)2]* and [Fe3O(0Ac)e (14N2)2]* reveal a red shift of 79 cm1 with the

given scaling factor of 0.951.
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+ 596
10x10" [Fe,0(0Ac)]
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8.0x10°
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5 "N
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Figure S16: Cationic mass spectra of a [Fe30(0Ac)s(H20)3]Cl04
acetonitrile solution after collision induced dissociation and subsequent
14N, and/or 15N; coordination to [FesO(0OAc)e]* The upper spectrum
was measured directly after 15N, addition to the hexapole. The lower
spectrum was measured after 3h of flushing with 15N; gas. For peak
assignment refer to Table S3.
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Figure S17: a) IR-PD spectrum of [Fe30(0Ac)s(14N2)1(1°N2)1]* at 26 K. b)
Calculated IR absorption spectrum of geometry optimized of
[Fe30(0Ac)s(1*N2)1(15N2)1]* ¢) Calculated IR absorption spectrum of
geometry optimized of [Fe30(0OAc)s(1*Nz2)2]* (blue) and [FezO(0Ac)s(15N2)2]*
(red). The calculations were performed at the B3LYP/cc-pVTZ (H, C, N, O)
and Stuttgart 1997 ECP (Fe) level of theory. The multiplicity is 16 and
frequencies are scaled with 0.951. Calculated stick spectra were convoluted
with a Gaussian envelope of FWHM = 3.5 cm-1. We obtain two values for the
free 15N, vibration frequency: 2252 cm! by Raman spectroscopy!!! or
2251 cm by mass scaling of the 14N; frequency.

References:
I R.]., Butcher, W.]. Jones, J. Chem. Soc. Faraday Trans. 2,1974, 70, 560
I1 J. Bendtsen, J. Raman Spectrosc., 1974, 2 133
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10.2.1 Synthesis of [AuZnCl3]

N-(2-(Diphenylphosphinyl)ethyl)-4-(pyridin-2-yl)pyrimidin-2-amin (L1)

To a solution of 2.40 g (3.80 mmol) of 1-(2-(diphenylphosphinyl)ethyl)guanidine sulfate
in 20ml dry EtOH were added 0.50g (9.00 mmol) of NaOMe under nitrogen
atmosphere. The reaction mixture was stirred at 78 °C. After 30 minutes, 1.00 g
(6.00 mmol) of 3- (dimethylamino)-1-(pyridin-2-yl)prop-2-en-1-one were added to the
solution and refluxed for 24 hours. The mixture was cooled down to room temperature
and all volatiles were evaporated. The residue was extracted three times with 20 ml
dichloromethane and three times with 20 ml H20. The combined organic phases were
dried over Na;SO4. After evaporating the solvent, the product was obtained by washing

two times with 20 ml dry MeOH.
Yield: 1.10 g (2.80 mmol, 46 %, colorless solid).

Elemental Analysis: C23H21N4P (384.42 g/mol) + 0.4 H20.
Calculated : C: 70.54% H: 5.61% N: 14.31%
Found : C: 70.45% H: 5.51% N: 14.39%

1H NMR (400.1 MHz, CDCls, 20 °C): & 8.68 (ddd, 3/HH = 4.8 Hz, /HH = 1.6 Hz and 5/HH =
0.8 Hz, 1H, H1), 8.41 (d, 3/HH = 5.1 Hz, 1H, H8), 8.26 (d, 3/HH = 7.9 Hz, 1H, H4), 7.79 (td,
3JHH = 7.8 Hz and 4/HH = 1.8 Hz, 1H, H3), 7.57 (d, 3/HH = 5.1 Hz, 1H, H7), 7.79- 7.44 (m,
4H, HPh), 7.38-7.36 (m, 1H, H2), 7.35-7.31 (m, 6H, HPh), 5.41 (t, 3/HH = 5.8 Hz, 1H, H10),
3.72-3.65 (m, 2H, H11), 2.49-2.46 (m, 2H, H12) ppm.

13C NMR (100.6 MHz, CDCl3, 20 °C): 6 163.6 (s, €8), 162.3 (s, C9), 159.5 (s, C6), 154.9 (s,
C5), 149.4 (s, C1), 138.2 (d, 1JPC = 12.2 Hz, C13), 137.0 (s, C3), 133.0 (d, 2/PC = 18.8 Hz,
C14), 128.8 (s, C16), 128.7 (d, 3/JPC = 6.7 Hz, C15), 125.1 (s, C2), 121.6 (s, C4), 107.1 (s,
C7),38.8 (d, 2JPC = 22.7 Hz, C11), 28.9 (d, 1JPC = 13.2 Hz, C12) ppm.

31P NMR (161.98 MHz, CDCl3, 20 °C): 6 -21.26 (s) ppm.

IR v (cm1): 3245 (w), 3052 (w), 2148 (w), 1596 (m), 1578 (m), 1563 (s), 1535 (m),
1480 (w), 1455 (m), 1432 (m), 1415 (s), 1360 (s), 1325 (w), 1306 (w), 1291 (w), 1281
(w), 1253 (w), 1239 (w), 1204 (m), 1177 (w), 1157 (w), 1124 (m), 1092 (m), 1074 (m),
1043 (w), 1026 (w), 994 (m), 907 (w), 895 (w), 879 (w), 840 (m), 785 (s), 747 (s), 784
(s), 716 (m), 680 (s).
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Chloro(N-(2-(diphenylphosphinyl)ethyl)-4-(pyridin-2-yl)pyrimidin-2-
amine)gold(I) (L1)AuCl

156 mg (0.40 mmol) of L1 were added to a solution of 130 mg (0.40 mmol) of
Au(THT)CIl in 10 ml CH2CI2. After stirring for 1 hour at room temperature, the solution
was concentrated and product was precipitated by adding 5 ml of Et20. The product was

collected by filtration and dried in vacuo.

Yield: 222 mg (0.36 mmol, 89%, colorless solid).
Elemental Analysis: C23H21AuCIN4P (616.84 g/mol)

Calculated : C: 44.78% H: 3.43% N: 9.08%

Found : C: 44.22% H: 3.59% N: 10.70%

1H NMR (400.1 MHz, CDCl3, 20 °C): 6 8.68 (d, 3/HH = 4.0 Hz, 1H, H1), 8.39 (d, 3JHH = 5.0
Hz, 1H, H8), 8.32 (d, 3/HH = 7.4 Hz, 1H, H4), 7.90 (t, 3/HH = 7.5 Hz, 1H, H3), 7.71-7.66 (m,
4H, H14), 7.61 (d, 3/HH = 5.0 Hz, 1H, H7), 7.49-7.41 (m, 6H, H15 and H16), 7.41-7.39 (m,
1H, H2), 5.48 (t, 3JHH = 6.0 Hz, 1H, H10), 3.94-3.86 (m, 2H, H11), 2.97 -2.90 (m, 2H, H12)
ppm.
13C NMR (100.6 MHz, CDCl3, 20 °C): 6 163.9 (s, C6), 161.7 (s, C9), 159.3 (s, C8), 154.3 (s,
C5), 149.2 (s, C1), 137.4 (s, C3), 133.3 (d, 2/PC = 13.3 Hz, C14), 132.1 (d, 4/PC = 2.4 Hz,
C16), 129.4 (d, 3/PC = 11.7 Hz, C15), 129.2 (d, 1JPC = 61.0 Hz, C13), 125.3 (s, C2), 121.8
(s,C4),107.8 (s, C7),38.7 (d, 2JPC = 7.8 Hz, C13), 28.5 (d, 1JPC = 35.5 Hz, C12) ppm.
31P NMR (161.98 MHz, CDCl3, 20 °C): 6 24.39 (s) ppm.

IRv (cm-1): 3239 (w), 3051 (w), 2962 (w), 1551 (s), 1522 (m), 1479 (w), 1452 (w), 1434
(m), 1413 (m), 1354 (m), 1255 (w), 1180 (w), 1100 (m), 1074 (w), 1044 (w), 1026 (w),
995 (m), 785 (s), 641 (s), 680 (s).

C12Zn(L1)AuCl

To a solution 33.0 mg (0.24 mmol) of ZnClz in 5 ml of CH2Clz, a solution of 150 mg
(0.24 mmol) of gold complex (L1)AuCl in 5 ml of CH2Cl; were added dropwise under
nitrogen atmosphere. After stirring at room temperature for 24 hours, the solvent was

evaporated and the compound was washed with Et;0.

Yield: 140 mg (0.19 mmol, 77 %, colorless solid).
Elemental Analysis: C23H21AuClzsN4PZn (753.1 g/mol)
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Calculated : C: 36.68% H: 2.81% N: 7.44%
Found : C: 38.20% H: 3.04% N: 7.79%

1H NMR (400.1 MHz, CDCl3, 20 °C): § 8.76 (m, 1H, H1), 8.68 (br. s, 1H, H8), 8.26 (br. s, 1H,
H4), 8.14 (br. s, 1H, H3), 7.73-7.68 (m, 5H, H2 and H14), 7.53-7.46 (m, 7H, H7, H15 and
H16), 6.52 (s, 1H, H10), 3.90-3.85 (m, 2H, H11), 2.91 (td, 2/PH = 10.8 Hz and 3/HH = 7.8
Hz, 2H, H12) ppm.
13C NMR (100.6 MHz, CDCl3, 20 °C): & 160.6 (s, C8), 149.5 (s, C1), 133.4 (d, 2/JPC = 13.4
Hz, C14), 132.3 (d, 4/PC = 2.7 Hz, C16), 129.7 (s, C), 129.6 (d, 3/PC = 11.8 Hz, C15), 129.0
(s, C), 123.0 (s, C4), 107.0 (s, C7), 38.6 (d, 2/JPC = 10.0 Hz, C11), 28.5 (d, 1JPC = 36.4 Hz,
C12) ppm. Some of the carbon signals are missing due to line broadening and low
solubility of the complex.
31P NMR (161.98 MHz, CDCls, 20 °C): 6 23.53 (s) ppm.
IR v (cm-1): 3321 (w), 3054 (w), 2924 (w), 1570 (s), 1485 (m), 1464 (m), 1432 (s),
1357 (s), 1313 (w), 1266 (w), 1215 (m), 1186 (w), 1140 (w), 1103 (m), 1077 (w), 1051
(w), 997 (m), 887 (w), 830 (w), 779 (s), 741 (s), 689 (s), 663 (m).

10.2.2 Details on the ESI-MS and CID Measurements

[AuZnClI,LiJ* [AuZnCI,Na]" [AUZnCIK]' [AuZnCI,Rb] | [AuZnCLCs]" |a)
exp. 758.9 774.9 790.8 836.8 884.8

JLU\ J&MJUWL JML

L
JM LUJA i, Ll

755 760 765 770 775 780 785 790 795 800 835 840 845 880 885 890 895
m/z

intensity / a.u.

Figure S1: a) Experimental and b) simulated isotope pattern
of [AuZnCIlsM]* (M = Li, Na, K, Rb, Cs). The mass labeling
refers to the most abundant isotope peak.
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Figure S2: CID fragmentation mass spectra of isolated
[AuZnCIsM]* (M = Li, Na, K, Rb and Cs) ions, recorded at a
fixed fragmentation amplitude of 0.004 a.u. corresponding to
the internal energy scale of the mass spectrometer.
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Figure S3: CID-appearance curves of [AuZnClzM]* (sum of

all fragments, colored squares,) and sigmoidal fits (colored

lines)).
We obtained CID-appearance curves (all fragment signals monitored, cf Fig. S3). The fit
of these curves yields respective E23,, values which correlate with the relative stability
of [AuZnCIsM]*. The E23y values increase from the Li* adduct (0.00296 a.u.) to the K*

adduct (0.00341 a.u.). However the E22,, values of the Rb*- and Cs* adducts are lower

than the E23y, value of the Li* adduct.
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10.2.3 Monitored m/z Values of IRMPD Spectra and CID - Appearance Curves

[AuZnCl3Li]*:

Parent signals:

MP(0)=755.7
MP(1)=756.9

MP(2)=758

MP(3)=758.9

MP(4)=759.9 [AuZnClsLi]*
MP(5)=760.9

MP(6)=761.8

MP(7)=762.8

MP(8)=763.8

Fragment signals:

MF(0)=581.1
MF(1)=582.1
MF(2)=583.1
MF(3)=584.1

[Au]*

MF(4)=622.1
MF(5)=623.1
MF(6)=624
MF(7)=625
MF(8)=626
MF(9)=627

[AuCl; Li]*

MF(10)=714.9
MF(11)=716.8
MF(12)=717.9
MF(13)=718.9

[AuZnCl:]*

MF(18)=725.9  [AuZnCloLi]-
MF(19)=726.9 H
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[AuZnClsNa]*:

Parent signals:

MP(0)=772.9
MP(1)=773.9
MP(2)=774.9
MP(3)=775.8
MP(4)=776.8
MP(5)=777.8
MP(6)=778.8
MP(7)=779.8

[AuZnClzNa]*

Fragment signals:

MF(0)=581.1
MF(1)=582
MF(2)=583.1

MF(3)=639
MF(4)=640
MF(5)=641
MF(6)=642

[AuCliNa]*

MF(7)=714.9
MF(8)=715.8
MF(9)=716.8
MF(10)=717.8
MF(11)=718.8
MF(12)=719.8
MF(13)=720.8
MF(14)=721.8
MF(15)=722.8

[AuZnCl:]*

MF(16)=736.9
MF(17)=737.9
MF(18)=738.9
MF(19)=739.9
MF(20)=740.9
MF(21)=741.9
MF(22)=742.9

[AuZnCl2Na]-
H+
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[AuZnCl3K]*:

Parent signals:

MP(0)=788.9
MP(1)=789.9
MP(2)=790.8
MP(3)=791.8
MP(4)=792.8
MP(5)=793.8
MP(6)=794.8
MP(7)=795.8

[AuZnCI3K]*

Fragment signals:

MF(0)=581.1
MF(1)=582 [Au]*
MF(2)=583.1

MF(3)=654.9
MF(4)=655.9
MF(5)=656.9
MF(6)=657.9

[AuCLK]*

MF(7)=714.9

MF(8)=715.9

MF(9)=716.9

MF(10)=717.9 [AuZnCl2]*
MF(11)=718.8

MF(12)=719.8

MF(13)=720.8

MP(14)=752.9

MP(15)=753.9

MP(16)=754.9

MP(17)=755.9 [AuZnCl2K]-
MP(18)=756.9 H*
MP(19)=757.9

MP(20)=758.9

MP(21)=759.9
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[AuZnCl3Rb]*:
Parent signals:

MP(0)=834.8
MP(1)=835.8
MP(2)=836.8
MP(3)=837.8
MP(4)=838.8
MP(5)=839.7
MP(6)=840.7
MP(7)=841.7
MP(8)=842.7

[AuZnClsRb]*

Fragment signals:

MF(0)=581.1
MF(1)=582
MF(2)=583.1

[Au]*

MF(7)=700.9
MF(8)=701.9
MF(9)=702.9
MF(10)=703.9

[AuCl;Rb]*

MF(7)=714.9
MF(8)=715.9
MF(9)=716.9
MF(10)=717.9
MF(11)=718.8
MF(12)=719.8
MF(13)=720.8

[AuZnCl:]*

MP(14)=798.9
MP(15)=799.9
MP(16)=800.9
MP(17)=801.9
MP(18)=802.9
MP(19)=803.9
MP(20)=804.9
MP(21)=805.9

[AuZnCl,K]-
H+
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[AuZnCl3Cs]*:

Parent signals:

MP(0)=882.8
MP(1)=883.8
MP(2)=884.8
MP(3)=885.8
MP(4)=886.7
MP(5)=887.7
MP(6)=888.7
MP(7)=889.7

[AuZnCl3Cs]*

Fragment signals:

MF(0)=581.1
MF(1)=582
MF(2)=583.1

[Au]*

MF(20)=748.8
MF(8)=749.9
MF(9)=750.9
MF(10)=751.9

[AuCliCs]*

MF(7)=714.9
MF(8)=715.9
MF(9)=716.9
MF(10)=717.9
MF(11)=718.8
MF(12)=719.8
MF(13)=720.8

[AuZnClz]*

MF(14)=846.9
MF(15)=847.9
MF(16)=848.9
MF(17)=849.9

[AuZnCl:Cs]-H*
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10.2.4 IRMPD and Calculated IR Spectra of [AuZnCl3M]*

/L
7

0.6 - a)
0.5] [ZnAuClLi]’

uq:)' 0.4 —— [ZnAuClI Na]’

S 0.3 - [ZnAuCLK]"

S 5] —— [ZnAuCI,Rb]"
0.1-
0.0 S W
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Figure S4: a) IR-MPD spectra of [AuZnCIzM]* (M = Li, Na, K,
Rb, Cs). b) - f) Calculated IR absorption spectra at the
B3LYP/cc-pVDZ (H, C, Li, N, O) and Stuttgart 1997 ECP (Au,
Zn, K, Rb, Cs) level of theory. Frequencies are scaled with
0.955 (0.975) above (below) 2000 cml. The calculated
intensities above 2800 cm-! were multiplied by a factor of 4.
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— IRMPD spectrum” norm. laser power
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Figure S5: Black: IR-MPD spectra of [AuZnCI3sM]* (M = Lj, Na,
K, Rb, Cs). Red: Normalized laser power curve
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Table S1: Summary of IRMPD vibration frequencies and fragmentation efficiencies

Species v/cml Frag. eff. / % Spectral region
1579.6 62.5
fingerprint
1602.5 55.9
2954.9 2.6
[AuZnClsLi]* CH streching
3080.4 2.9
3319.5 6.1
NH/OH streching
3373.8 48.5
1583.4 49.7
fingerprint
[AuZnCl3Na]* 1599.9 37.8
3378.0 5.0 NH/OH streching
1578.8 43.4
fingerprint
[AuZnCI3K]* 1599.2 29.2
3378.0 3.0 NH/OH streching
1579.1 34.7
fingerprint
[AuZnCl3Rb]* 1599.5 28.0
3373.6 2.9 NH/OH streching
1583.4 49.7
fingerprint
[AuZnCl3Cs]* 1599.9 37.8
3372.0 2.0 NH/OH streching
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Figure S6: IRMPD spectrum of the [AuZnClzLi]* complex

(top) in comparison with the DFT calculations at the
B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Au,Zn)
level of theory. Frequencies are scaled with 0.955 (0.975)

above (below) 2000 cm-L.
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[AuZnClzNa]*:
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Figure S7: IRMPD spectrum of the [AuZnCl3Na]* complex
(top) in comparison with the DFT calculations at the
B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Au,Zn)
level of theory. Frequencies are scaled with 0.955 (0.975)
above (below) 2000 cm-1.
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Figure S8: IRMPD spectrum of the [AuZnCl3K]* complex

(top) in comparison
B3LYP/cc-pVDZ (H, C,

with the DFT calculations at the
N, O) and Stuttgart 1997 ECP (Au,Zn)

level of theory. Frequencies are scaled with 0.955 (0.975)
above (below) 2000 cm-1.
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[AuZnCI3Rb]*:
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Figure S9: IRMPD spectrum of the [AuZnCI3Rb]* complex
(top) in comparison with the DFT calculations at the
B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Au,Zn)
level of theory. Frequencies are scaled with 0.955 (0.975)
above (below) 2000 cm-1.
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[AuZnCl3Cs]*:
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Figure S10: IRMPD spectrum of the [AuZnCl3Cs]* complex
(top) in comparison with the DFT calculations at the
B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Au,Zn)
level of theory. Frequencies are scaled with 0.955 (0.975)
above (below) 2000 cm-1.

193 |



\ Supplementary Information

10.2.5 Reaction Coordinates of Alkali Association and of ZnCl; and MCl2ZnCl
Expulsion

M = Li*
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M =Cs*
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10.2.6 Temperature Dependence of Li* Association and
Subsequent ZnCl; Elimination
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Two color Delay Dependent IR Probing of Torsional
Isomerization in a [AgL1L2]* Complex
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10.3.1 Details on the Electrospray Ionization - Mass Spectra

ESI-MS was performed using a modified Paul-type quadrupole ion trap instrument

(AmaZon SL, Bruker Daltonics). The ion source was used in positive electrospray

ionization mode. Scan speed was 32 500 m/z per s (0.3 FWHM per m/z) with a scan

range of at least 100 to 500 m/z. The sample solutions were continuously infused into

the ESI chamber by a syringe pump at a flow rate of 2 mL min-1. Nitrogen was used as

drying gas with a flow rate of 3.0 L min! at 210 °C. The solutions were sprayed at a

nebulizer pressure of 280 mbar and the electrospray needle was held at 4.5 kV. The

instrument was controlled by Bruker Esquire Control 5.3 software and data analysis was

performed using Bruker Data Analysis 3.4 software.

3x10° 4

-189 (HCCA)
. 1 266/268 455/457
> HiC on
2.0x10° 9 8 2xi0°A " W e
2 ‘ 4 A HOCA \,//N ) ///h
2 /‘\\ A5 “AN"AE----N 7 ‘
4 @ 1x10° Ny | -
£ (L 2 ~ .\ 425/427 4851487
5 [Ag(MPP)]" [Ag(HCCA)MPP)]*
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] m/z ‘ |
M ;' "‘
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c II‘ ‘|‘|
(0] 4 | "
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—T J'l‘ T ‘}/ T “.{‘ T I‘t 4 T \x' -V-T_\-i'
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150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

m/z

Figure S1: Cationic ESI-MS of a solution of AgNO3, MPP and HCCA in
acetonitrile.
[Ag(HCCA)(MPP)]* complex in comparison to the mass spectrum. Inset
(top): CID fragmentation of [Ag(HCCA)(MPP)]*. Dissociation of the HCCA
ligand is the exclusive fragmentation channel. The mass labeling refers to the
two silver isotopes 107Ag and 109Ag.

Inset (middle): Simulated

isotopic distribution of the
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Table S1: Assignment of mass peaks in the experimental spectrum. The mass
labeling refers to the two silver isotopes 107Ag and 199Ag.

m/z assigned formula abbreviation
148/150 [Ag(CHsCN)]* -
266/268 [Ag(CoHoN3)]* [Ag(MPP)]*
296/298 [Ag(C10H7NO3)]* [Ag(HCCA)]*
425/427 [Ag(CoH9N3)2]* [Ag(MPP):]*
455/457 [(CoHoN3)Ag(C10H7NO3)]* [Ag(HCCA)(MPP)]*
485/487 [(C10H7NO3)Ag(C10H7NO3)]* [Ag(HCCA):]*

10.3.2 IR-MPD Spectra

An experimental IRMPD spectrum arises from a plot of the fragmentation efficiency as a

function of laser frequency. The fragmentation efficiency (frag. eff.) is defined as:

Zi Ifragment ion(i) )
Zi Iparent ion(i) + Zi Ifragment ion(i)

frag.eff.=<

With I, gment ion= intensity of the fragment ion and I,.¢cyr50-= intensity of the parent
ion.

The monitored parent ion (MP) masses are:

MP(0)=454.9 |
MP(1)=455.9
MP(2)=456.9 [~ [Ag(HCCA)(MPP)]*

MP(3)=457.9

MP(4)=459.1 _

The monitored fragment ion (MF) masses are:
MF(0)=265.9 |
MF(1)=266.9

— [Ag(MPP)]*
MF(2)=267.9

MF(3)=268.9
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10.3.3 Laser System

A KTP/KTA optical parametric oscillator/amplifier (OPO/A, LaserVision) system
pumped with a pulsed 10 Hz injection seeded Nd3+YAG laser (PL8000, Continuum) was
used as a source of tunable IR radiation (En=0.9 cm1, Bt = 7 ns) for recording the
vibrational spectra (IRscan). The OPA idler wave (< 10 m] per pulse) was used to record
spectra within 2600-3900 cm1.The difference frequency (DF) between the OPA signal
and idler waves generated in a AgGaSe; crystal (< 2 m] per pulse) was applied in the
range of 1200-2100 cm-L. After passing through the chamber the IR beam was directed
onto a power meter sensor. The idler beam was focused by a 50 cm CaF; lens. The DF
radiation was focused tighter, by a 90° off-axis parabolic silver mirror with an effective
focal length of 15 cm. Optionally, the two-color IR-MPD as facilitated using a second IR
OPO/A laser system (IRfix) set to a selected vibrational resonance frequency. Its idler
output was focused by a f = 75 cm CaFz lens being aligned counter-propagating with
respect to the scanning laser beam. Each trapped and isolated portion of ions was
irradiated by 2-4 laser pulses (or pulse pairs in two-laser experiments) to produce a
sufficient amount of fragment ions. The IR spectra were recorded as ion chromatograms
while continuously scanning the IR wavelength. The IR-MPD signal was evaluated as
Fx/(Fx + P;), where Fx and P; are the sums of the fragment and the parent ion signals,
respectively. The IR frequency was calibrated using a wave meter. Despite the online IR
power measurement the recorded spectra were not normalized. This is so because of the

intrinsically nonlinear power dependence of IR-MPD yields.
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10.3.4 Coordinates of [AgL1L:]* Isomers A-D

(B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Ag))

Isomer A:
43

7.68622
6.75584
6.99262
8.84398
9.01855
8.12371
9.90539
9.59748
7.50976
5.84769
6.02669
6.28355
4.78425
4.29094
4.30496
5.24229
5.24823
8.38037
11.63608
12.37467
10.47911
10.31989
9.51450
11.87978
10.94312
11.12907
9.78535
9.06358
13.03060
13.11355
8.28196
7.67343
7.71528
6.39731
5.86560
5.83510
8.29427
8.70285
3.05012
2.43898
2.46083
3.26280
498411

T zZOoOTTozorn oI IToTZ0oO00000

s¢}

TIT T IZTOZO000OOITOITOoOIZIOT OO OIO >

3.85189
2.84091
1.58129
3.58910
2.31766
1.33489
2.07063
4.34586
4.83139
3.02039
0.48705
-0.70341
0.45638
1.24777
-0.82868
-1.48066
-2.44147
-0.73189
-5.58292
-4.81622
-5.30899
-4.30306
-6.31553
-6.87950
-7.89508
-8.89563
-7.61015
-8.39861
-7.07638
-7.99233
-6.13379
-7.02650
-5.04205
-5.11285
-4.17197
-6.32974
-3.75338
-2.67940
-1.48100
-0.76711
-1.85763
-2.32045
-6.28543

3.68348
3.85432
3.30532
2.96412
2.44562
2.60677
1.87940
2.80462
410578
440938
3.46661
2.92734
4.13484
4.66939
3.96630
3.23578
2.91328
1.77718
-1.41371
-1.59756
-0.72756
-0.37239
-0.49034
-1.89281
-1.67245
-2.04143
-0.98428
-0.81699
-2.55421
-2.84526
0.20793
0.27664
0.81302
1.48361
2.03744
1.42300
0.87966
0.97581
4.43529
498194
3.59779
5.09921
1.88279
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Isomer B:

43

C 9.01373 1.17592 6.08202

C 7.94247 1.58731 5.30259

C 7.53793 0.78852 4.23629

C 9.65192 -0.01787 5.77865

C 9.18970 -0.75834 4.69832

N 8.16059 -0.36608 3.94703

H 9.65625 -1.69614 442364

H 10.48922 -0.37376 6.36070

H 9.34419 1.78121 6.91474

H 7.43063 2.51316 5.51889

C 6.40962 1.16238 3.37010

N 6.05883 0.37439 2.34938

C 5.56151 2.28473 3.42233

H 5.58327 3.09867 412374

C 4.67137 2.14012 2.37691

N 5.01032 0.98124 1.76482

H 4.57556 0.55948 0.96169

Ag 7.19517 -1.49657 2.00708

C 8.51130 -8.20297 -2.56885
H 8.77984 -9.11237 -3.09125
C 9.19718 -7.82222 -1.43622
H 10.00707 -8.44257 -1.07569
C 8.87179 -6.64352 -0.73311
C 7.46454 -7.40509 -3.04038
C 7.11942 -6.22793 -2.36028
H 6.30685 -5.62819 -2.74401
C 7.80908 -5.85738 -1.23151
H 7.52024 -4.94666 -0.73084
0 6.74962 -7.70753 -4.13744
H 7.05896 -8.52920 -4.53658
C 9.65204 -6.34257 0.42870

H 10.42655 -7.06756 0.64466

C 9.61268 -5.31080 1.32531

C 10.55448 -5.21285 2.47069

0 10.54378 -4.30619 3.26893

0 11.42298 -6.23954 2.52702

C 8.70482 -4.22775 1.28951

N 7.99738 -3.31902 1.32202

C 3.54278 2.99517 1.91484

H 3.70415 3.35028 0.89576

H 2.59703 2.45144 1.93609

H 3.44548 3.86344 2.56142

H 11.99200 -6.09335 3.29693
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Isomer C:

43

C 7.44235 2.15758 6.76086
C 6.58634 1.67650 5.78336
C 7.04152 0.70752 489110
C 8.73655 1.66094 6.82807
C 9.11872 0.69805 5.90683
N 8.30003 0.22942 496159
H 10.11830 0.28509 5.92473
H 9.43766 2.00656 7.57325
H 7.10331 2.90925 7.46015
H 5.57424 2.04517 5.70974
C 6.17453 0.16380 3.83744
N 6.65407 -0.76658 3.01344
C 4.83691 0.45432 3.50261
H 4.16901 1.15529 3.96951
C 4.53689 -0.35839 2.42456
N 5.66068 -1.06945 2.17215
H 5.84470 -1.77157 1.46440
Ag 8.81721 -1.40687 3.33083
C 7.48693 -6.29921 -2.62895
H 6.45558 -6.11934 -2.90535
C 8.06001 -5.58375 -1.60403
H 7.46045 -4.84899 -1.09144
C 9.40414 -5.80411 -1.22836
C 8.23392 -7.26482 -3.32102
C 9.56805 -7.50305 -2.97003
H 10.12796 -8.24983 -3.51364
C 10.13254 -6.78422 -1.94523
H 11.16375 -6.97107 -1.67599
0 7.72553 -7.99131 -4.32723
H 6.80466 -7.75920 -4.49601
C 10.09783 -5.12442 -0.18359
H 11.12398 -5.44456 -0.05865
C 9.71831 -4.14133 0.69893
C 10.66389 -3.62358 1.69244
0 10.42413 -2.75727 2.52959
0 11.87692 -4.17845 1.63545
C 8.42458 -3.55653 0.73063
N 7.37833 -3.07255 0.76507
C 3.28769 -0.51420 1.62756
H 2.52774 0.17592 1.98553
H 3.46171 -0.30608 0.57081
H 2.88860 -1.52658 1.70824
H 12.42430 -3.77470 2.32533
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Isomer D:

43

s¢]

T IZT T TOZO000OOITOIDOITOITOOOOOIO I ORI ZOITOZOD I T T Z00000

6.90806
6.21457
6.84524
8.21880
8.78544
8.11815
9.80338
8.79712
6.43027
5.19424
6.14709
6.77098
4.82599
4.07267
4.67682
5.86892
6.12331
9.03128
16.10796
16.11642
14.96669
14.09347
14.93531
17.26449
17.26066
18.16006
16.11664
16.11708
18.40441
18.31050
13.80901
13.98779
12.53842
11.55525
10.40057
12.00372
12.05455
11.61228
3.52077
2.67494
3.76554
3.20574
11.28389

2.38907
1.80635
0.84747
2.00259
1.04286
0.47858
0.70800
2.43034
3.13461
2.09140
0.20629
-0.69962
0.39754
1.05551
-0.44627
-1.07870
-1.76702
-1.10433
-1.71510
-1.00115
-1.89437
-1.31143
-2.82113
-2.45509
-3.38036
-3.94122
-3.55346
-4.26930
-2.32046
-1.66453
-3.08343
-3.83241
-2.56376
-3.01699
-2.60555
-3.95340
-1.56977
-0.76423
-0.70334
-0.08614
-0.46878
-1.74726
-4.18228

6.82609
5.77741
498718
7.06472
6.23980
5.22790
6.38263
7.87022
7.44650
5.57076
3.86423
3.11030
3.40646
3.79943
2.32600
2.19247
1.50428
3.85389
6.59916
7.41320
5.85302
6.09919
4.78721
6.31025
5.25975
5.05183
4.51980
3.70839
7.00504
7.70594
3.95140
3.19080
3.92805
2.94199
2.84775
2.10260
4.81901
5.51736
1.42228
1.71445
0.38503
1.46527
1.49642
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10.3.5 Tables of Experimental and Calculated Vibrational Frequencies

Table S2: Experimentally observed IR-MPD bands.

OH-stretching NH . co . C=C- skeletal
. . stretching  stretching . .
vibrations . - . - vibrations
) vibrations / vibrations / )
/ cm1 1 1 / cm1
cm cm
1785 (w),
[Ag(HCCA)MPP)]» 2039 (s0), - 3490 (m), yo0a 0 1583 (s1), 1522(w)

3581 (st) 3400 (w) 1743 (w)

Table S3: Calculated vibration frequencies of isomers A-D (theory level:
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Ag)). Frequencies above
2000 cm are scaled with 0.96. Below 2000 cm! no scaling factor was
applied.

A: AE(DFT) = 0 kJ/mol
¥/ cm1 3639 3606 3392 2948 1749 1584
assignment v(PhOH) v(COOH) v(NH) v(CH3) v(COOH) C=C
B: AE(DFT) = 8 kj/mol

U/ cm1 3641 3603 3518 2948 1770 1586

assignment v(PhOH) v(COOH) v(NH) v(CH3) v(COOH) C=C
C: AE(DFT) = 21 kJ/mol

v/ cm1 3640 3597 3389 2947 1684 1581

assignment v(PhOH) v(COOH) v(NH) v(CH3z) v(COOH) C=C
D: AE(DFT) = 33 kJ/mol

U/ cm1 3640 3602 3516 2946 1677 1589

assignment v(PhOH) v(COOH) v(NH) v(CH3) v(COOH) C=C
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10.3.6 CH Stretching Vibrations of the Pyridine Ring

In the range 3045-3090 cm-! four vibrational modes can be assigned to the aromatic CH
groups of the pyridine ring (MPP ligand Lo, cf. Fig S2). The frequency and intensity of

these 4 modes depends on the torsional isomerization of the complex (cf. Fig. S3).

@ ¢ =] *%® ’ & ¢
) j‘ R N J & ~

CH mode 1 CH mode 2 CH mode 3 CH mode 4

Figure S2: Definition of selected CH normal modes of the pyridine ring. Note:
Arrows represent the directions of motion, the arrow lengths are not
concurrent to the lengths of displacement vectors.
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Figure S3: Intensities (top) and frequencies (bottom) of four selected CH
normal modes of the pyridine ring in dependence of the dihedral angle (cf.
Fig. S-2 for definition of modes). All calculations at the B3LYP/cc-pVTZ (H, C,
N, 0) and Stuttgart 1997 ECP (Ag) level of theory, scaling factor 0.96 .
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10.4.1 Details on the ESI-MS and CID Measurements (Bruker AmaZon SL)
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Figure S1: Mass spectra of isolated [Fe30(OAc)s]* (top), its CID

fragmentation mass spectra of (middle) and simulated mass peaks (FWHM =

0.4).
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Figure S2: Mass spectra of isolated [Fe3O(OAc)s(Py)1]* (top), its CID
fragmentation mass spectra of (middle) and simulated mass peaks (FWHM =
0.4).
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Figure S3: Mass spectra of isolated [Fe3O(OAc)s(Py)2]* (top), its CID
fragmentation mass spectra of (middle) and simulated mass peaks (FWHM =
0.4).
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Figure S4: Mass spectra of isolated [Fe3O(OAc)s(Py)3]* (top), its CID

fragmentation mass spectra of (middle) and simulated mass peaks (FWHM =
0.4).
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Table S1: Compilation of ESI-MS data on [Fe3O(OAc)s(Py)n]* (n=1,2,3;
OAc = CH3COz2). The indicated mass labels refer to the most abundant isotope

peaks.

Species m/z

[FesO(0Ac)4]* 420

[Fe30(0Ac)s]* 479

[Fe3O(OAc)s]* 538

[FesO(0Ac)s(Py)1]* 617

[FesO(0Ac)s(Py)z]* 696

[FesO(0Ac)s(Py)s]* 775

10.4.2 IR-MPD and Calculated IR Spectra of [Fe30(0Ac)s(Py)n]* (n = 0,1,2,3)

Table S2: Structural data of geometry optimized minimum structures of
[Fe30(0Ac)s(Py)n]* (n=0,1,2,3) by DFT at B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart
1997 ECP (Fe) level of theory. The multiplicity is 16.

[FE30(0AC)6]+ [F630(OAC)(,(Py)1]+ [FE30(0AC)6(Py)z]+ [Fe30(OAc)6(Py)3]+

1.89 1.87 1.97 1.94
Fe'ocentral
distance/A 1.89 1.87 1.85 1.94
1.89 1.98 1.97 1.94
3.27 3.18 3.27 3.37
Fe-Fe distance

/A 3.27 3.37 3.27 3.37
3.27 3.37 3.45 3.37
218 2.22

Fe-Npy distance :
/A - 2.15 2.22
2.18 2.22

| 212



Supplementary Information ‘

/L

1.0 5 7/ —_

_ {sg

-O -— ~
5 084 [N=1 q y
> . 16D
E 06—- 1 %
2, 0.4 - 11w
0 ] L
0.2- a

P_ﬁ
1
o

0.0 -Tme"TmeTmT'"ﬂ//"meT""

1A: 0 kJ/mol
2000 4

N

o

o

o
|

|B: 4 kJ/mol

tensity / km/mol

n
)
o
o
o

I

1000 ~

int x 20 :@
1000 1200 1400 1600 1800 2000 3000 3200
photon energy / cm’”

Figure S5: IR-MPD spectra of the [Fe30(0Ac)s(Py)1]* complex (top) in
comparison with the DFT calculations at the B3LYP/cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. Frequencies are scaled with 0.98 and
the multiplicity is 16.
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Figure S6: IR-MPD spectra of the [Fe30(OAc)s(Py)z]* complex (top) in
comparison with the DFT calculations at the B3LYP/cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. Frequencies are scaled with 0.98 and
the multiplicity is 16.
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Figure S7: IR-MPD spectra of the [Fe30(OAc)¢(Py)3]* complex (top) in
comparison with the DFT calculations at the B3LYP/cc-pVTZ (H, C, N, O) and
Stuttgart 1997 ECP (Fe) level of theory. Frequencies are scaled with 0.98 and
the multiplicity is 16.
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Figure S8: Relative energies of [Fe3O(OAc)s(Py)n]* (n = 0,1,2,3) as a
function of the multiplicity. The geometry was fully optimized for each

multiplicity. The DFT calculations were performed at the
B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Fe) level of theory.

S. =112 S, =312 S, =502 S, =12
S, = 5/2 S, =1 S, = 10/2 S, = 5/2

Scheme S1: Spin ground states of [Fe30(0Ac)s(Py)n]* (n=0,1,2,3). The spin
orientation is visualized schematically via the direction of the arrows.
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Figure S9: IR-PMD spectra of [Fe30(0Ac)s(Py)n]* (n=0,1,2,3) (colored
curves) and calculated IR absorption spectra of geometry optimized
[Fe30(0Ac)s(Py)n]* (n=0,1,2,3) (black curves) in the range of
1540 - 1680 cm-L. Red curves indicate full power measurements while blue
curves show spectra with attenuated pulse energies. The calculations were
performed at the B3LYP/cc-pVTZ (H, C, N, O) and Stuttgart 1997 ECP (Fe)
level of theory. The multiplicity is 16 and frequencies are scaled with 0.98.
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10.4.3 Monitored m/z Values of IRMPD Spectra and CID - Appearance Curves

[Fe3sO(0Ac)s]*:
Parent Fragment 1 Fragment 2
[FesO0(0Ac)s]* [FesO(0Ac)s]+: [FesO(0ACc)4]*:
535.8 476.7 417.7
536.8 477.8 418.8
537.8 478.7 419.7
538.7 479.8 420.8
553.7
[Fe30(0Ac)s(Py)1]*:
Parent Fragment
[Fe30(0Ac)s(Py)1]* [Fez0(0Ac)e]*
614.8 535.8
615.8 536.8
616.8 537.8
617.7 538.7
618.9 553.7
[Fe30(0Ac)s(Py)2]*:
Parent Fragment 1 Fragment 2
[FE30(0AC)6(Py)2]+ [Fe30(0Ac)6(Py)1]+ [Fe30(0Ac)6]+
693.8 614.8 535.8
694.9 615.8 536.8
695.8 616.8 537.8
696.8 617.7 538.7
698.9 618.9 553.7
[Fe30(0Ac)s(Py)3]*:
Parent Fragment 1 Fragment 2 Fragment 3
[FesO(0Ac)s(Py)s]* [FesO0(0Ac)s(Py):z]* [FesO(0Ac)s(Py)1]* [FesO(OAc)q]*
772.9 693.8 614.8 535.8
7739 694.9 615.8 536.8
775 695.8 616.8 537.8
776 696.8 617.7 538.7
698.9 618.9 553.7
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10.4.4 Broken Symmetry Calculations with B3LYP_Gaussian and cc-pVTZ for all
Atoms

Scheme S2: Symmetries, atom distances (Fe-Ocentral distances and mean Fe-0

distances m , averaged over two adjacent Fe atoms, all in A) and magnetic
coupling constants (J; in cm1) of the Fe3O-core in [Fe30(OAc)s(Py)n]*
(n=0,1,2,3). The geometry optimizations were performed at the B3LYP/cc-
pVTZ (H,C,N,0) and Stuttgart 1997 ECP (Fe)level of theory and the
multiplicity is 16. The calculations of the coupling constants were performed
at the B3LYP_Gaussian/cc-pVTZ (H,C,N,O, Fe) level of theory The acetate
ligands are omitted for clarity. Green (red) indicates a larger (smaller)
magnitude with respect to the (black) values of the n = 0 case.
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Figure S10: Spin density iso surfaces (Iso = 0.01) of [Fe30(OAc)e(Py)n]*
(n=0,1,2,3) in the one ferromagnetic and the three broken symmetry
configurations. Purple and turquoise surfaces indicate alpha and beta spin,
respectively. The relative energies in parentheses is given in kJ/mol. The
calculations were performed at the B3LYP_Gaussian/cc-pVTZ (H,C,N,O, Fe)
level of theory.
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Figure S11: Correlation between the calculated magnetic coupling constant |

and the geometric parameter dg.o in [Fes0(0Ac)s(Py)n]* (n=0,1,2,3). The
solid line ist a least squares fit with an exponential fit function (eq. 10).
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10.5 Structural Characterization of Mononuclear and Binuclear
Palladium Complexes in Isolation
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10.5.1 Mass Spectra of CID Fragments and Sigmoid Fits of CID Appearance Curves
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Figure S1: CID fragmentation mass spectra of [Pd!CI]*, [Pd!]*, [Pd!-Pd!OT(]*,
[PdI-PdICI]*, and [Pd!-Pd!]2+ ions, recorded at a fixed fragmentation amplitude
of 0.012 a.u. corresponding to the internal energy scale of the mass
spectrometer. The vanished parent signals are indicated by rectangular
markers of associated color.
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Figure S2: CID - fragment appearance curves of [Pd!Cl]* (green squares) and
[Pd"]+ (blue squares). The colored lines indicate associated sigmoid fits
according to e.g. (3).
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Figure S3: CID - fragment appearance curves of [Pd!-Pd'OTf]* (red squares),
[PdI-PAICI]* (green squares) and [Pd!-Pd!]2+ (blue squares). The colored lines
indicate associated sigmoid fits according to e.g. (3).
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Table S1: EZSy, values extracted from the sigmoid fits of the CID appearance
curves of [PdICI]+, [Pd"]+, [Pd!-Pd'OTf]*, [Pd!-Pd!Cl]*, and [Pd!-Pd]2*
(cf. Fig. S2 and S3).

Complex E39, / au x 1000

[PduCI]* 3.82
[PdI]+ 8.66
[Pd-PA'OTS]* 2.60
[PdI-PdCI]* 3.42
[Pd-Pd1]2* 4.89

10.5.2 Displacement vectors of Vibrational Modes of Interest

Figure S4: a) Displacement vectors of a NH bending mode at 1624 cm-! in
isomer P,Cpgucy+ b) Displacement vectors of CH bending mode at

1546 cm! in isomer P, N, N pgiicyy+- The calculations were performed at the

B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Pd) level of theory.
Frequencies are scaled with 0.965.

Figure S5: Displacement vectors of a CN stretching mode at 1567 cm! in
isomer P, Cjpy+. The calculations were performed at the B3LYP/cc-pVDZ

(H, C, N, 0) and Stuttgart 1997 ECP (Pd) level of theory. Frequencies are
scaled with 0.965.
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10.5.3 Less Stable Isomers of [Pd"']*: Deprotonation at the Pyrimidin Ring

234 kJ/mol

195 kJ/mol
J

Figure S6: Isomers of [Pd!"]* exhibiting deprotonation at the pyrimidine ring.
The circles indicate the deprotonated carbon atom. The calculations were
performed at the B3LYP/cc-pVDZ (H, C, N, O) and Stuttgart 1997 ECP (Pd)
level of theory.
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The following chapter is a reprint of a publication in the “Journal of Molecular

Spectroscopy”.
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with computed geometry optimized minimum structures and associated linear
absorption spectra. J. Mohrbach and G. Niedner-Schatteburg prepared the manuscript
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Full Reference:

Vibrational fingerprints of a tetranuclear cobalt carbonyl cluster within an cryo tandem
ion trap

J. Mohrbach, J. Lang, S. Dillinger, M. H. Prosenc, P. Braunstein and G. Niedner-
Schatteburg, Journal of Molecular Spectroscopy, 2017, 332, 103-108.
http://dx.doi.org/10.1016/j.jms.2016.11.008

229 |


http://dx.doi.org/10.1016/j.jms.2016.11.008

\ Appendix I: Further Joint Publications

11.1.2 Reprint

Reprint Licence:

License Details

This Agreement between Johannes Lang ("You") and Elsevier ("Elsevier") consists of your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

printable details

License Number 4064170249921

License date Mar 08, 2017

Licensed Content Publisher Elsevier

Licensed Content Publication Joumal of Molecular Spectroscopy

Licensed Content Title Vibrational fingerprints of a tetranuclear cobalt carbonyl cluster within a cryo tandem ion trap

Licensed Content Author Jennifer Mohrbach,Johannes Lang,Sebastian Dillinger,Marc Prosenc Pierre Braunstein,Gereon Niedner-Schatteburg

Licensed Content Date February 2017

Licensed Content Volume 332

Licensed Content Issue n/a

Licensed Content Pages 6

Type of Use reuse in a thesis/dissertation

Portion full article

Format both print and electronic

Are you the author of this Elsevier Yes

article?

Will you be translating? No

Order reference number

Title of your thesis/dissertation Structure, reactivity and magnetism of isolated mononuclear and oligonuclear transition metal complexes elucidated by action
spectroscopy and theory in concert

Expected completion date Apr 2017

Estimated size (number of pages) 200

Elsevier VAT number GB 4946272 12

Requestor Location Johannes Lang

Raiffeisenstralie 3

Kaiserslautern, 67655

Germany

Attn: Johannes Lang
Publisher Tax ID GB 4946272 12
Total 0.00 USD

| 230



Appendix I: Further Joint Publications

Journal of Molecular Spectroscopy 332 (2017) 103-108

ELSEVIER

Contents lists available at ScienceDirect
Journal of Molecular Spectroscopy

journal homepage: www.elsevier.com/locate/jms

-,
MOLECULAR
SPECTROSCOPY

Vibrational fingerprints of a tetranuclear cobalt carbonyl cluster within a

cryo tandem ion trap

@ CrossMark

Jennifer Mohrbach ?, Johannes Lang®, Sebastian Dillinger *, Marc Prosenc *, Pierre Braunstein ",

Gereon Niedner-Schatteburg **

*Fachbereich Chemie and Forschungszentrum OPTIMAS, Technische Universitdt Kaiserslautern, 67663 Kaiserslautern, Germany
" Laboratoire de Chimie de Coordination, Institut de Chimie, UMR 7177 CNRS, Université de Strasbourg, 67081 Strasbourg, France

ARTICLE INFO ABSTRACT

Article history:

Received 1 October 2016

In revised form 5 November 2016
Accepted 21 November 2016
Available online 22 November 2016

We present well resolved (Av=3cm') Infrared Multiple Photon Dissociation (IR-MPD) spectra of
[Co4(CO) (dppa-H™)] (n=3-10, dppa = NH(PPh;),) in the carbonyl stretching range when isolating these
species at low temperatures (26 K and below). We utilize IR-MPD in conjunction with DFT calculations to
investigate the influence of CO ligands on structure and spin multiplicity of the Co,4 core. The recorded

spectra reveal multiple bands of CO stretching vibrations which shift by reduction of CO coverage. This

Keywords:

IR-MPD spectroscopy

Transition metal coordination complexes
DFT modelling

Cryo ion trapping

indicates a corresponding change of coordination motifs, and we find a conclusive interpretation of all
recorded IR features in the case of the saturated n = 10 compound, likely in a singlet state as in solution.
We tentatively postulate a singlet/triplet to quintet spin-flip upon removal of the first one or two CO
ligands (from n= 10 to n = 9, 8) as well as a conceivable isomerization at a particular CO coverage (n = 6).

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

High resolution mass spectrometry is currently known mostly
for its favourable application in analytics, often associated with
keywords like genomics, proteomics, metabolomics or petroleo-
mics [1-3]. Other than that, high resolution MS is convenient for
the spectroscopic investigation of small to medium sized species
(m/z < 5000 amu/e and/or up to 200 atoms) when these form indi-
vidual ions in vacuum. Direct absorption spectroscopy would fail at
the number densities of typical ion experiments which do not
provide for sufficient optical density. It is of help to invoke instead
more elaborate schemes of indirect detection of photonic
absorptions, such as so-called consequence or action spectroscopy
[4-6]. IR-MPD is one of these advanced techniques [7,8]. It bears
the intrinsic risk of power broadening, either by the use of free
electron lasers or of table top Optical Parametric Oscillator/
Amplifier (OPO/OPA) systems [9-13]. Contemporary I[R-action
spectroscopy achieves significant advances by so called tagging
or messenger techniques where weakly bound, largely inert spe-
cies (small rare gases and/or H,) serve to provide for a preferred
fragmentation channel, sometimes driven by single photon absorp-
tion [14-16]. Somewhat stronger bound messengers (Ar, Kr, Xe,

* Corresponding author.
E-mail address: gns@chemie.uni-kl.de (G. Niedner-Schatteburg).

http://dx.doi.org/10.1016/j.jms.2016.11.008
0022-2852/© 2016 Elsevier Inc. All rights reserved.

CO, N;) often preserve the structures of the hosting species, while
their influence onto spectral features allows for additional insights.

Notably, most of the current IR-MPD and messenger/tagging
spectroscopic studies take place through single pulse illumination
of mass selected ion packages “on the fly" prior to or within
Reflectron-Time-Of-Flight (ReTOF) mass spectrometer setups. Only
recently, experiments started to combine the advantages of ion
trapping and IR-MPD/tagging experiments.

Carbon monoxide is one of the most widely studied ligands in
surface and cluster science. Transition Metal (TM) carbonyls are
of major significance in organometallic and inorganic chemistry,
and they provide classic examples of metal-ligand bonding
[17-21]. TM cluster carbonyls act as versatile catalysts [18,22],
they serve as model systems for the study of chemisorption on
highly curved surfaces [23], and as precursors for the production
of nanoparticles [24].

The CO stretching vibration probes the metal-ligand bonding in
a sensitive way: its frequency indicates subtle details of the hosts
electronic structure, and it helps to elucidate its binding site and
the geometric binding arrangement [25-28]. Shifts in CO frequen-
cies are often used for the study of binding sites on TM surfaces,
and the CO molecule may be viewed as a classic probe molecule
in surface science [23,29]. Vibrational CO shifts are usually dis-
cussed in terms of the Dewar-Chatt-Duncanson model, that
explains coordinative complexation to single TM centers [30,31],
or in terms of the Blyholder model, when interpreting surface
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coordination [32]. Both models describe CO coordination in terms
of a donor-acceptor-synergism as follows: The carbonyls C-atom
donates electron density from the doubly occupied carbon lone
pair c-orbital along the M—C—0O axis into empty TM d orbitals;
the coordinating TM center(s) donate(s) back electron density from
its (their) occupied d-levels (or d-bands) into one of the antibond-
ing m* orbitals of the CO. Combined effects of ¢ donation and
back-bonding most often lead to a weakening of the CO bond
and consequently to a lowering or red-shifting of the carbonyl
stretch frequency. Most TM carbonyls follow this “classical” beha-
viour, although examples are known for “non-classical” metal car-
bonyl complexes, their main feature being a blueshift in CO stretch
which is now understood in terms of an interplay between mn-back
donation and electrostatic effects [33-41]. The study of in situ gen-
erated TM clusters helped to elucidate the influence of net charge
and oxidation state (+/0/—) onto the single molecule CO adsorption
in terms of a charge dilution model [42]. Thermochemical insights
- such as Co-CO binding enthalpies and more - arose from a
sophisticated combination of ionization and dissociation experi-
ments of atomic cobalt ion carbonyl complexes with ab initio calcu-
lations [43,44]. The IR-MPD studies of such complexes revealed an
induced spin quenching (triplet to singlet) upon an increase of CO
coordination (n = 4-5) [36].

The obvious progress in the elucidation of carbonyl complex
structure and bonding has brought with it several nomenclatures
for the description of the prevailing coordination motifs: Bonding/-
coordination of a single CO molecule via its C-terminus to a single
metal or TM center - irrespective of the metal coordination to its
neighbours if any - has been termed as: terminal, end on, on top,
atop, s1, 1, ', and m, - this listing not claiming completeness.
For reason of simplicity, we will exclusively utilize the term “ter-
minal” CO and the label CO¢ey, in the following, Bonding/coordina-
tion of a single CO molecule via its C-terminus to two metal or TM
centers has been addressed by: bridging, s2, L, pz, “in between”.
We will exclusively utilize the term p,-CO. The third likely coordi-
nation motif of CO involves three metal or TM centers in bonding/-
coordination. This motif has been labeled as: capping, on hollow,
s3, ps, and p3. We likely do not see this motif in our present study.
When appropriate we will discuss it in terms of p;-CO.

In our current ion trapping spectroscopic study, we investigate
the tetranuclear cobalt carbonyl complex [Co4(CO);qdppa] [45]
which is stabilized by the well-established diphosphine short-
bite bridging ligand Ll,-dppa (dppa = NH(PPh,).) [46]. IR spectra
of the complex (from KBr plates and in solution) reveal seven
bands in the 1930-2070 cm ' range and three bands in 1770-
1860 cm™' range, arising from terminal and p,-CO ligands. This
is consistent with a Cy molecular symmetry.

The complex (Scheme 1) finds application in the preparation of
TM phosphides, which is generally not easy and otherwise requires

Co(CO),
%
(OC),Cd=——\—=C0(CO)
NIZK
O (CO) O PPh,
Ph,p—NH

Scheme 1. Molecular structure of the neutral tetranuclear cluster [Co4(CO);odppa)
(dppa = NH(PPh.),). The complex consists of a Co, core, three 1,-CO and seven
terminal CO ligands. The dppa ligand bridges two basal cobalt atoms.

the direct combination of elements at high temperature, the reac-
tion of toxic phosphide with metal or metal hydride, or metal
organic chemical vapor deposition techniques. Instead, pure cobalt
phosphide nanoparticles can be obtained from [Co4(CO),qdppa] by
anchoring and thermal treatment [47]. The [Co4(CO),odppa] com-
plex moreover may serve as a model system for the stepwise
regioselective elimination of CO ligands from a metal cluster. The
dppa ligand in [Co4(CO),odppa] stabilizes the Co, core and orients
further cluster functionalization by selective CO substitution. A
second dppa ligand or a N-functionalized dppa ligand would bridge
that metal-metal bond which is opposite to that spanned by the
first dppa ligand [47]. The regioselective CO elimination would
allow e.g. for the specific anchoring of this metal complex within
a nanoporous membrane [48].

In this study, we strive for fundamental insight into the
stepwise CO elimination from anionic derivatives of the
[Co4(CO)0dppa] complex by Collision Induced Dissociation (CID)
and by IR-MPD investigations, in conjunction with Density Func-
tional Theory (DFT) to model the anions geometries, spin couplings
and force constants. The Co, core within these anions might be
viewed as a highly curved nano-sized metal surface. Upon adop-
tion of this analogy, it seems appropriate to view the stepwise
detachment of CO ligands from the complex as a change in CO sur-
face coverage.

2. Experimental and computational methods

We utilized a customized Fourier Transform lon Cyclotron Res-
onance (FT-ICR) mass spectrometer (Apex Ultra, Bruker Daltonics)
equipped with an Electrospray lonization (ESI) source (Apollo 2,
Bruker) and a home-built laser vaporization cluster ion source
[49,50] (Fig. 1).

The molecular precursor complex [Co4(CO);odppa] was synthe-
sized from [Co4(CO);>] and characterized by its IR (from KBr plates
and in solution) and 'H/?'P NMR spectra [45]. Sample solutions of
the [Co4(CO);0dppa] complex in acetonitrile at the concentration of
1 x 10~* mol/1 were used without further purification and contin-
uously infused into the ESI source by a syringe pump at a flow rate
of 2 uL min~". The ion source was set to negative electrospray ion-
ization mode. Nitrogen was used as drying gas with a flow rate of
3.0 Lmin ! at 200 °C. The solutions were electro-sprayed at a neb-
ulizer flow of 1.5 L min~! and the spray shield was held at 3.6 kV.
We obtained the deprotonated complex [Co(CO);o(dppa-H")]",
abbreviated [Co4(CO);0L] in the following. In the ESI source, the
ions may undergo Collision Induced Dissociation (CID) on demand.
The successive elimination of up to seven CO ligands is achieved by
stepwise increase of the skimmer voltage (at the first ion funnel)
from —25 to —95 V (in source CID). Further increase of the funnel
voltage did not enhance the elimination beyond seven CO ligands.
We mass selected individual members from the resulting series of
fragments [Co4(CO),L]” (n=3-9) and guided those into a 26 K
hexapole ion trap. The ion trap is cooled by a closed cycle helium
cryostat and held at 26 K for the measurements. Buffer (He) gas
was introduced continuously. The pressure is increased from
1.7 x 107 mbar up to 3.0 x 10 ®mbar to accomplish efficient
trapping and cooling of the ions. The cryo cooled ions are guided
by electrostatic lenses into the FT-ICR cell of the so-called “infinity”
type [51]. This cell is cooled to a temperature of about 10 K with a
closed cycle helium cryostat to prevent heating of the clusters by
black body radiation. The ICR cell is used for trapping, isolation
and detection of the ions. It is coupled to a tuneable pulsed IR laser
(AV=09cm™', At=7ns) to record IR-MPD spectra of isolated
[Co4(CO),L] (n=3-10) complexes. Fragmentation of the isolated
species (CO elimination) indicates the absorption by a resonant
vibrational frequency (Fig.2a). The laser power was attenuated
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Fig. 1. Schematic drawing of our dual source tandem cryo trap FT-ICR MS setup. lons are generated either in a Laser VAPorization (LVAP) source or in an Electro Spray
lonization (ESI) source. Either type of ions are injected into the first ion trap (cryo hexapole) via a switchable 90° ion bender and a quadrupole mass filter (QP). Buffer and
reaction gases are introduced either pulsed or continuously. The cryo cooled ions and their reaction products are guided into the cryo ICR-cell, where they are isolated,

irradiated by IR laser pulses and detected.

for n=6-10 in the range from 1850 cm~! to 2050 cm™! to prevent
excessive fragmentation. In the case of [Co,(CO),L]” (n=4-10) the
only observed fragmentation channel was the loss of CO. In the
case of [Co4(CO)sL]™ the only observed fragment (395 m/z) may
be assigned to [Co4(CO)3;NP;]~ due to the loss of all four phenyl
groups from the dppa ligand. Addition of N, gas in the cryo hexa-
pole results in N, adsorption to coordinatively unsaturated [Coa(-
CO),L]” (n=6, 8) complexes. These N, complexes are isolated in
the ICR cell and illuminated by infrared laser pulses. Here, the
photo induced loss of N, indicates a resonant excitation of the
complex (Fig. 2b). Note, that the modest mass difference between
CO and N, of about 0.01 amu can be accurately resolved with our
experimental setup.

The IR laser is a KTP/KTA optical parametric oscillator/amplifier
(OPQ/A, LaserVision) system pumped by a pulsed 10 Hz injection
seeded Nd*":YAG laser (Continuum, Powerlite DLS 8000). In this
work we used the difference frequency (DF) between the OPA
signal and idler waves generated in a AgGaSe; crystal (0.1-1.2 m]
per pulse). We recorded IR-MPD spectra in the range of
1500-2300 cm . Each trapped and isolated package of ions is irra-
diated by 15 laser pulses to yield a sufficient amount of fragment
ions. The IR spectra were recorded as mass chromatograms while
continuously scanning the IR frequency (typically <0.2 cm™'/s).
The IR-MPD signal was evaluated as Z;Fj/(Z;F; + ,P;), where F;
and P; indicate the fragment and the parent ion signals, respec-
tively. An experimental IR-MPD spectrum arises from a plot of
the fragmentation efficiency as a function of laser frequency.

Optimized minimum energy structures and linear IR absorption
spectra were calculated at the B3LYP [52,53] and PBEO [54] level of
theory using 6-31++G™* basis sets (C, H, N, O, P), and Stuttgart RSC
1997 |55] effective core potential (Co) basis sets, respectively, as
implemented in the Gaussian 09 program package [56]. Standard
convergence criteria were applied. Full geometry optimization of
all nuclear coordinates yields multiple local minimum structures.
The lowest energy structure is assumed to represent the most
stable isomer. We present singlet as well as quintet spin states.
We scaled the calculated harmonic vibrational frequencies by a
factor of 0.954 in order to match the calculated highest frequency
CO vibration band in [Co4(CO);0L] (unscaled at 2143 cm ') to our
experimental value of 2044 cm ',

3. Results and discussion
3.1. IR-MPD spectra

The IR-MPD spectra of the investigated [Co4(CO),L]” (n=3-10)
complexes (Fig. 3) exhibit several strong bands in the range 1880-
2050 cm !, which we assign to the stretching vibrational modes of
terminal CO ligands, and weaker bands around 1810 cm ™' which
we assign to the stretching vibration modes of p,-CO ligands.

There are multiple bands for the terminal CO ligands for all
n=3-10 investigated. All bands are significantly redshifted by
97-247 cm~ ' with respect to the free CO vibration at 2143 cm ™.
Judging by the band with highest frequency (indicated by the red
line in Fig. 2), all redshifts increase by ~90 cm~' upon decarbony-
lation (seven fold CO-elimination). The observed redshifts are
indicative for a reduction of force constants and weakening of
the CO bonds. The likely associated bond lengthening arises
through electron density transfer from the tetranuclear cobalt
core into antibonding 2m* CO acceptor orbitals. As seen before
[57] the extent of such electron density shift/charge transfer/
electronic transfer does depend on CO coverage. The stepwise
decrease of CO coverage reduces the total electron back donation
from the Co, core to the antibonding CO n* orbitals, or it enables
a higher donation per CO ligand. We assume a combination of both.
If so, these arguments fall in line with the observed redshifts
of COgerm Vvibrations which increase by decarbonylation/CO
elimination.

A conclusive interpretation of all observed COrm bands is not
possible at current stage of investigation. DFT modelling helps in
the case of n=10 (see subsequent section), and not beyond. Some
obvious findings deserve attention: The spectra of [Co4(CO),L]
(n=10,9, 8,7,5,4, 3)reveal 4, 4, 3, 2, 2, 2 and 2 distinct COm
bands. The level of distinct absorption motifs reduces in parallel
to a reduction of the CO coverage. The n = 6 case is unique: We find
up to 6 partially resolved COy., features. This indicates either a
highly specific Co-CO coordination per each CO, or it hints towards
an isomeric variation that does not occur in any of the other cases.
Isomeric variance may originate from Coy4 core isomers, from vari-
ation of CO coordination, or even from a coexistence of complexes
in different spin multiplets (singlet/triplet/quintet/...). Naked
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Fig. 2. Mass spectra illustrating the experimental methods. The ESI source delivers
[Co4(CO)ol] (899 m/z). Subsequent CID yields a series of under-coordinated
[Co4(CO),L]™ (n =3-9) complexes via successive decarbonylation. After isolation of
one of these, the ions of choice are trapped and cryo cooled within the RF hexapole
ion trap (a and b). Optional N, gas intake may result in the adsorption of one N,
molecule to distinct complexes, n =6, 8 only (blue spectra, b). Either type of ions
(with or without N; attached) are guided into a 10 K ICR cell, isolated, irradiated by
IR laser pulses, and analyzed for their fragments. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

cobalt clusters are known for their very high spin states [58,59],
and an adsorbate induced partial quenching is likely [60]. Further
elucidation of such effects remains to be carried out through DFT
modelling in the future.

The low energy part of the spectra reveals features typical of pi,-
CO coordination. Such fingerprints prevail at n=5-10 and vanish
at n =3, 4. Other than in the CO,m bands, there is no systematic
redshift variation as a function of coverage for the p,-CO bands.
The magnitude of the p,-CO redshift is large (~340 cm ') and in
line with numerous previous observations [61,26,19]. In remark-
able contrast to the up to six distinct COyerm bands, there are just
two distinct p-CO bands at 1790-1810 and 1810-1830 cm !,
respectively. These two bands likely correspond to two species,
u3 (<1810cm ') and b (>1810 cm ). The p3 species occurs only
at highest coverages n=8-10, and the p3 species occurs only at
high coverages n = 5-10. At this point the successful DFT modelling
of the n=10 case enables a convincing assignment of these two
species (see below).

Our investigation did not find evidence for any IR-MPD bands in
the range of 1500-1700 cm ™! (n=6-10), which allow us to rule
out p3-CO coordination in [Co4(CO),L] .

photon energy / cm™

Fig. 3. IR-MPD spectra of [Co4CO),L] (n=3-10) complexes at 26 K. The red line
serves to guide the eye, emphasizing the redshift of the terminal carbonyl! stretches
with decarbonylation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

An interpretation solely in terms of electrostatics and electron
density shifts falls short of all prevailing effects. Surely there are
coverage dependent steric effects which reflect surface “crowding”
by CO adsorbates, and which likely cause concomitant terminal -
Wz - M3 - rearrangements. In parallel, there will be a change in
the order of individual AgufaceH(11x-CO) values. Small coverages
may go Wlth AsurfaceH(CO[erm) > AsurfaceH(Pz‘co) ~ AsurfaceH( “3‘
CO) in preference of terminal CO; high coverages may go with Ag,-
faceH(JJ-z‘CO) ~ AsurfaceH( HS‘CO) > Asul'faceH(COterm) in preference of
H2,3-CO. Indeed, our spectra show that COerm prevails at all levels
of “coverage” while p1,-CO fingerprints diminish upon reduction of
CO coverage.

3.2. DFT modelling

We have conducted DFT modelling of the [Co4(CO);oL]” com-
plex, and we obtained its linear IR absorption spectra in singlet
and quintet (+6 kJ/mol) spin states. The calculation of force con-
stants in triplet state did not converge, irrespective of the chosen
exchange-correlation functional (B3LYP and PBEQ). Geometry opti-
mized calculations of the singlet and triplet state at the somewhat
more approximate BP86 level have identified a singlet ground state
and a high energy (+46 k]J/mol) triplet state. While we take this
finding with a grain of caution, it shall suffice to rule out triplet
contributions at the current stage of investigation.

In the following we compare two computed IR spectra (in
singlet and quintet state by PBEQ) to the experimental IR-MPD
spectrum in the CO stretching frequency range (Fig. 4). A B3LYP
singlet spectrum is virtually identical to that one by PBEOQ
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Fig. 4. IR-MPD spectrum of [Co4(CO),oL] at 26 K (a) and calculated IR absorption
spectra of geometry optimized singlet (b) and quintet (+6 kJ/mol) (¢) spin state. The
calculations were performed at the Stuttgart 1997 ECP (Co) and PBEQ/6-31++G"** (H,
C, N, O, P) level of theory. The frequencies are scaled with 0.954, and calculated lines
were broadened with Gaussians (FWHM =3 cm™'). The lowest triplet state
(+46 kJ/mol) is discussed in the text. For the vector characters of all 10 singlet
vibrations refer to Fig. 52 in the supplement.

(cf. Supplement Fig. S1). The DFT computations reveal seven COerm
bands and three p,-CO bands, some of which are almost degener-
ate. Upon folding in the experimental resolution of 3 cm !, the DFT
modelling predicts four observable CO, bands and three observ-
able 1,-CO bands in the case of a singlet spin state - in agreement
with the experimental IR-MPD findings. We provide an illustrative
visualization of the calculated displacement vectors of these modes
in Fig. S2 of the supplement. We assign the two p,-CO species
mentioned above to the one CO ligand that bridges the same cobalt
atoms as the dppa ligand (p3), and to the two CO ligands that
bridge one dppa bound Cobalt atom and the third basal Cobalt
atom (J.L'z’). We clearly rule out contributions from the calculated
quintet state, which would predict six COterm bands across a wider
range of frequencies in undisputable disagreement with the
experiment.

Unfortunately, our current attempts of further DFT modelling
(n<10) have not yet led to converging data and to verifiable
conclusions. We are tentatively assuming, that decarbonylation
will allow for higher spin states, partially co-existing.

4. Conclusions and outlook

It became possible to record well resolved IR spectra of
[Co4(CO)1oL]” (n=3-10) in the range of COterm and p-CO vibra-
tions when isolating these species at low temperatures (26 K and
below). We find several bands which shift upon reduction of CO

coverage, indicating a variation of coordination motifs. In conjunc-
tion with DFT modelling, we find a conclusive interpretation of all
recorded IR features in the case of the saturated n= 10 compound,
likely in a singlet state similar to solution. We currently fail to
achieve such conclusive interpretation in all other cases. We cur-
rently speculate about spin switching into higher multiplet states
(from singlet into triplet/quintet or even higher) upon stepwise
decarbonylation, and about a conceivable isomerization at a partic-
ular CO coverage (n=6). The CO coverage dependent redshift of
the highest COyerm is indicative of the charge dependent 2n*(CO)
back donation and of its concomitant bond weakening. In contrast,
the 1;-CO bands modulate in appearance and intensity upon
change of the CO coverage - without shifting significantly.

We are in the process of recording further spectra of Co, species
with a mixed N,-CO coverage, and we are enforcing further DFT
analysis by all means. Once achieved, the then calculated Agyrface-
H(CO) and AgyurraceH(N2) values will allow for an elucidation of
additional steric effects (“crowding”). We anticipate these effects
to modulate the electronics in the known acceptor-donor type
Co-CO and Co-N, bindings. Such steric effects most likely cause
COterm t0 115-CO to 13-CO rearrangements, and it will be fascinating
to compare such findings to the data of CO and N, adsorption on
flat surfaces.
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The synthesis of 2-substituted pyridine—pyrimidine ligands and
their complexation with arene ruthenium(ll) chloride moieties
is reported. Depending on the electronic and steric influences
of the ligand, the catalysts undergo CH activation by roll-over
cyclometalation. This process opens up the route to the cata-
lytic transfer hydrogenation of ketones with isopropanol as the
hydrogen source under base-free and mild conditions. Barriers
related to the roll-over cyclometalation process can be deter-

Introduction

In 1925, Meerwein and Schmidt, Pondorf, Verley, and Oppenha-
uer independently from each other discovered the transfer hy-
drogenation of ketones."! Later, catalytic versions of this trans-
formation could be established with late-transition-metal com-
plexes containing ruthenium, iridium, or rhodium as the cata-
lytically active sites.” Noyori etal. developed the first asym-
metric transfer hydrogenations with high stereoselectivities.
They also discussed the potentials of a base-free hydrogena-
tion process.”!

Despite these efforts, only a few base-free transfer hydroge-
nation reactions, catalyzed by iridium, iron, osmium, or rutheni-
um complexes, have been described to date.”” Some of them
require additives, such as silver salts, to activate the catalyst,
some are limited regarding the substrate scope, have long re-
action times, low reaction rates, or are highly sensitive towards
air and moisture.*“**" 7 Nevertheless, there are clear benefits
from working in the absence of a base: chiral compounds may
be prevented from undergoing racemization and corrosion can
be avoided.
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mined experimentally by collision-induced dissociation ESI
mass spectrometry. They are supported by DFT calculations
and allow the classification of the ligands according to their
electronic and steric properties, which is also in accordance
with critical bond parameters derived from X-ray structure
data. DFT calculations furthermore reveal that the formation of
a ruthenium(ll) hydrido species is plausible through B-hydride
elimination from isopropanol.

In 2013, we reported that ruthenium(ll) complexes with N,N'"-
chelating 2-(2-aminopyrimidin-4-yl)pyridine ligands could un-
dergo a self-activation process: cleavage of the ortho-CH bond
at the pyrimidine ring through a roll-over cyclometalation
mechanism™® resulted in the in situ formation of a ruthenium-
coordinated carbanion. This was the key step to develop novel
moisture- and air-stable catalysts that allowed the transfer hy-
drogenation of ketones,” and quite recently the reductive ami-
nation of aromatic aldehydes, to be performed under base-free
conditions."” However, this special feature has, to date, been
restricted to 2-(2-aminopyrimidin-4-yl)pyridine ligands with ter-
tiary amino groups attached to the pyrimidine ring. The posi-
tive effect of cyclometalation occurring at the (2-dialkylamino)-
pyrimidin-4-yl site on the performance of transition-metal cata-
lysts has also been observed for chelating ligands wherein
phosphines are combined with the (2-dialkylamino)pyrimidin-
4-yl moiety."" We could synthesize highly active catalysts for
the palladium-catalyzed Suzuki-Miyaura coupling reaction by
applying such ligands.

Herein, we present a detailed mechanistic study on catalysts
of the type [(n®-arene)Ru(X)(pympyr)]~ (pympyr = 2-(pyrimidin-
4-yl)pyridine-type ligand) for the transfer hydrogenation of aryl
ketones with isopropanol as the hydrogen source (Scheme 1).

To gain a deeper insight into structure/reactivity relation-
ships, variations of the electronic and steric impact of a series
of differently substituted 2-pyrimidin-4-yl-pyridine ligands, as

OH
o}

* A

N OH catalyst
R—1— R~

= =

Scheme 1. Transfer hydrogenation of aryl ketones with isopropanol as the
hydrogen source.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

239 |



\ Appendix I: Further Joint Publications

well as of the anionic coordinating ligand X and arene ligand,
were performed. The study is supported by mass spectrometry
and theoretical calculations.

Results and Discussion
Synthesis of ligands and ruthenium complexes

N,N'-Chelating 2-(pyrimidin-4-yl)pyridine ligands were synthe-
sized in a few steps starting with the condensation of 2-acetyl-
pyridine and  N,N-dimethylformamide dimethyl acetal
(Scheme 2), leading to 3-dimethylamino-1-pyridinylprop-2-en-
1-one (1),'? the central intermediate for all 2-(pyrimidin-4)yl-
pyridines (2) presented herein. The functionalized pyrimidine
moieties are subsequently generated by condensation of
1 with formamidinium acetate, which results in the formation
of 2-(pyrimidin-4-yl)pyridine (2a)."* Alternatively, an appropri-
ate guanidinium salt leads to 2-(2-aminopyrimidin-4-yl)pyri-
dines 2b-d.”’ Condensation with urea gives 2-(2-hydroxypyri-
midin-4-yl)pyridine (2e), which can then be converted into the
corresponding chloro derivative 2 f.

(0] \O (o]
Ns b HCN e NSy
\ AN \ |
= 0 Z
i 1
cl OH

2la b c d
R| H NH, NHMe NMe,

N\ 7/ N\

2a-d
Scheme 2. Synthesis of the pyrimidinyl-functionalized chelating ligands:
i) 80°C, 6 h, 679%; ii) formamidine acetate or guanidinium salt, Na, EtOH,

75°C, 16 h, up to 66 %; iii) urea, H,0/EtOH (18:3), 95 °C, concentrated HCl,
48 h, 85%; iv) POCl;, 105°C, 1 h, 90%.

Although the cyclization of 1 with formamidinium and gua-
nidinium salts, which leads to ligands 2 a-d, requires basic con-
ditions,” the condensation of 1 with urea, giving compound
2e, has to be performed in the presence of an acid. The yield
for this transformation is high, as it is for the subsequent intro-
duction of a chloro substituent by treating 2e with POCI,.

To complete the series of ligands, 2,2"-bipyridine (2g) and
[Dg]2,2"-bipyridine (2h)!"* were also applied for coordination to
ruthenium(ll), in addition to the N,N'-donors 2a-f described
above. By simply mixing [{(n*-cymene)RuCl,},], one of the li-
gands 2a-h, and a salt of a weakly coordinating anion X in
dichloromethane, the desired ionic ruthenium(ll) complexes of
the type [(nﬁ-cymene)(N,N’-Iigand)RuCI]X 3a-hX are formed
(Scheme 3). The counteranions X~ (BF,”, PF,~, BPh,~, BArF,”)
significantly influence the solubility of the cationic catalysts in
iPrOH, which is used as the solvent and hydrogen source for

ChemPlusChem 2017, 82, 212 -224 www.chempluschem.org
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R"
1+
1 1"
g @
R! E{U’CI‘_R{ gt * 2ah —1 . Rlu
D + MX <y~ L O X
c \__~ \N“*(
R? 2B 3aix

cymene complexes (R1 =Me, R" = 'Pr)

3 |aPFg bPFg cBF; dBF; dPFg dBPhs dBArF, eBF4; fBF4 gPFg
R| H NH; NHMe NMe, NMe; NMe; NMe; OH ClI H

E| N N N N N N N N N CH
X| PFg PFg BF4 BF4 PFg BPhs BArF4 BFs BFs PFg

3hPFg: d®-bipy, X = PFg

benzene complex (R' = R" = H)
3iBF4: R=NMej, E=N, X" =BF4

Scheme 3. Synthesis of the ruthenium complexes 3a-iX: i) CH,Cl,, RT, 24 h.

the transfer hydrogenation. This effect is described in more
detail below. Apart from ligands 2a-f, commercially available
2g was coordinated to the ruthenium(ll) center to give 3 gX.
To study isotope effects occurring during the roll-over mecha-
nism, compound 2h was synthesized and coordinated to
ruthenium to form 3 hX. To investigate the steric impact of the
n°-coordinating arene ring on the transfer hydrogenation, one
example of a ruthenium complex with a benzene ligand (3iX)
was included.

Molecular structures

All ruthenium(ll) complexes were characterized by means of
NMR spectroscopy and elemental analysis. Because the ruthe-
nium(ll) site is a center of chirality in the case of complexes
3a-fX, the resonances of the diastereotopic hydrogen and
carbon atoms of the n’-coordinating cymene ring appear dou-

Ru1
N1 N2 Ci2
N3
ci
3t 3

Figure 1. Molecular structures of the cations of 3a*, 3d*, 3f", and 3i* in
the solid state. The anions and cocrystallized solvent molecules are omitted
for clarity.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Characteristic bond lengths [A], angles [°], and dihedral angles
['] of 3aPF,® 3bBF," 3dBF,, 3 fBF,, and 3iBF,.

3aPF; 3bPF, 3dBF, 31BF, 3iBF,

Ru1—N1 2.090(3) 2.082(2) 2.081(2) 2.102(4) 2.073(12)
Rul-N2 2.080(3) 2.120(2) 2.54(2)  2.152(3) 2.159(12)
Ru1—Ar 1.689(2) 1.689(1)  1.690(1)  1.694(2) 1.672(7)
Ru1—Ch 2.398(1) 2.395(1)  2.405(1)  2.391(1) 2.418(4)
N1-Ru-N2 76.70(12) 76.55(7) 77.35(9) 76.73(14)  76.8(5)
N1-Ru1-Cht 86.91(9) 87.61(5) 82.13(7) 84.87(11) 83.5(3)
N2-Ru1-Ch 83.90(9) 85.50(5) 89.57(6) 85.73(10) 92.6(3)
N1-C5-C6-N2'Y  0.6(6) 0.7(3) 12.9(4) 5.6(6) 12.2(19)

[a] 3aPF; also crystallized with the inclusion of one equivalent of KCl, see
the Supporting Information. [b] Data for comparison from Ref, [9]. [c] Dis-
tance between Rul and the centroid of the n°-coordinated arene ligand.
[d] C5, C6: carbon atoms bridging the two heterocycles of the ligands.

bled. Some of the new ruthenium complexes could be ob-
tained as single crystals suitable for an X-ray structure analysis.
Figure 1 shows the molecular structures of the cations of
3aPF,, 3dBF,, 3 fBF,, and 3iBF, in the solid state. The data for
3bPF; which has already been published, is added to Table 1
for comparison with a compound containing a primary amino
group at the pyrimidine ring.

For a derivative containing a secondary amino group
(ArNH(nPr)) that is comparable to 3bBF,, a Ru1—N2 distance of
2108 A and a N1-C5-C6-N2 dihedral angle of 3.4° were
found.” The Ru—N distances for compound 3gPF,, which crys-
tallizes with two crystallographically independent molecules in
the unit cell, were reported to be in the range of 2.087-
2.101 A" this is in agreement with the Rul-N1 distances
found in our study. The dihedral angle N1-C5-C6-N2 of 3 gPFg
is close to 0°. Together with previously published solid-state
structures,”” the structural data of the new ruthenium(ll) com-
plexes clearly prove the pronounced influence of the substitu-
ent attached in the 2-position of the 2-(pyrimidin-4-y|)pyridine-
type ligand on the Ru1—N2 distance and, in particular, on the
dihedral angle N1-C5-C6-N2. While the distances between the
ruthenium(ll) site Ru1 and the pyridine nitrogen atom N1 differ
only slightly in all ruthenium complexes, there is clearly
a broad variation in the Ru1-N2 distances. Here steric and
electronic influences have to be considered. All heteroatomic
substituents weaken the Ru—N2 bond by withdrawing electron
density (—/ effect) from the o framework of the ligand. This
electronic effect is superimposed by the steric interaction be-
tween these substituents and the m-coordinating aromatic
ligand, and thus, leads to a gradation of the N1-C5-C6-N2 dihe-
dral angles in the sequence 3aPF;~3bPF;<3fBF,<3iBF,~
3dBF,. Even complex 3iBF, which contains a less sterically de-
manding m°®benzene ligand, still adopts a dihedral angle of
12.21°, which is similar to that in 3dBF,. Here the distance be-
tween the metal and the centroid of the arene ligand is ap-
proximately 1.672 A, and thus, slightly shorter than those of
the nf-cymene complexes (1.689-1.694 A). The Ru1—Cl1 bond
(2418 A) in 3iBF, is a bit longer than in the four other com-
plexes (2.391-2.405 A). At this point, it can be summarized that
the bond parameters, and thus, strengths of the Rul-ligand

ChemPlusChem 2017, 82, 212 - 224 www.chempluschem.org

bonds are directly influenced by the substitution motif at the
N,N'-coordinating ligand.

CID EIS-MS measurements

Further verification arose by means of collision-induced disso-
ciation (CID) EIS-MS measurements of isolated complexes. In
2013, we reported a first but limited study on the two [(n*-
cymene)(N,N-ligand)RuCl]" cations 3a™ (tertiary amino group)
and 3d* (primary amino group), as well as on an analogous
system containing a tertiary  (2-pyrrolidinylpyrimidinyl)
moiety.” It could clearly be shown that all three complexes un-
derwent fragmentation of HCl under CID EIS-MS conditions
and the proton originated from the ortho-CH moiety of the
pyrimidine ring. The latter fact was proved by selective deuter-
ation of this site.

However, the energies required for the fragmentation dif-
fered largely: it was much easier to detach HCl from the cat-
ions as long as a tertiary amino group was attached to the pyr-
imidine ring. Quantum chemical calculations performed on the
three cations mentioned above and on 3a* and 3g* con-
firmed these findings and demonstrated that the process fol-
lowed a roll-over cyclometalation process (Scheme 4).1¢!

The whole series of cations 3a-i™ was investigated in the
gas phase to evaluate in detail the steric and electronic im-
pacts of different substituents on fragmentation. Figure 2
shows the recorded CID curves. The E 5 value at 50% reflects
the energy required to release HCl. In the following, it can be
expressed in terms of an activation energy by calibration with

9

CID ESI-MS
HCI/DCI

%

(D)H

R et
o

Scheme 4. Roll-over cyclometalation under CID ESI-MS conditions.

rel. abundance

0.0 02 0.4 0.6 0.8 1.0 12 1.4 1.6 18 20
Ee/V

Figure 2. Measured data (dots) and sigmoidal fit (lines) of the CID ESI-MS
curves for the cations 3a*-3i".
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Table 2. Fitted E ,; values and relative reaction enthalpies for the split-
ting of HCl or DCI for cations 3a*-3i*.

Cation Eiss AAHy, AAHg,

[\l [kJmol~'] [kcalmol~']

3a* 1.16 264 63

3b* 0.68 157 37

3c* 0.70 160 38

3d* 063 144 35

3e* 0.63 149 36

3ff 0.68 159 38

3g* 117 268 64

3h* 1.21 276 66

3it 0.96 220 53

so-called thermometer ions (see the Supporting Informa-
tion)."” Table 2 summarizes the resulting energies.

According to the CID ESI-MS data, the cationic ruthenium(ll)
species can be divided into three groups: First, there are cat-
ions 3a™, 3g™ and 3h*, which do not have any substituents
in the 2-position of each six-membered heterocyclic ring. They
show by far higher barriers for the roll-over cyclometalation
than complexes 3b-3 f* and 3i*. Among the three high-barri-
er complexes, derivative 3a™ undergoes the roll-over cyclome-
talation somewhat easier than 3g* and 3h™. This can be ex-
plained by the presence of a second electronegative nitrogen
atom in the pyrimidine ring of 3a*, which weakens the Rul—
N2 bond. For species 3g* and 3h™, the expected primary iso-
tope effect is observed. This speaks, according to Olah,"® for
the fact that the highest transition state is of a o-complex
nature, which is in agreement with the results of quantum
chemical calculations on compounds 3a*, 3b*, 3d*, and
3h*, as recently published by us.”!

A second group of compounds (3b-3 f*) consists of ruthe-
nium(ll) complexes with pyrimidinylpyridine ligands containing
a substituent with a heteroatom in the 2-position of the pyri-
midine ring. They undergo the roll-over cyclometalation much
easier than the group of compounds discussed above. Elec-
tronic and steric reasons may help to rationalize this observa-
tion: the electronegative heteroatom will withdraw electron
density from the o skeleton of the ligand. It furthermore will,
together with its substituents, sterically interfere with the n’-
cymene ligand. Both effects weaken the strength of the Rul—
N2 bond, as documented by the solid-state structures dis-
cussed above, and thus, facilitate roll-over cyclometalation.
Within this group of compounds, further differences can be
determined: among the amino-functionalized derivatives, com-
pounds 3b* (NH,) and 3¢* (NHMe) require higher activation
energies than 3d* (NMe,). The variations in the bond lengths
Rul-N2 and torsion angles N1-C5-C6-N2 in the solid-state
structures of 3b* and 3d™ are in accordance with this obser-
vation. The activation energy of hydroxyl derivative 3e* is
almost identical to the value of 3d™. The stronger electron-
withdrawing effect of the OH group seems to compensate for
the bulkiness of the NMe, substituent. The electronically less
accepting chloro substituent in 3 f* then increases the barrier
up to the value found for 3b™.

ChemPlusChem 2017, 82, 212 - 224 www.chempluschem.org
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Finally, there is cation 3i™, which is the only compound con-
taining a n°-coordinating ligand other than the bulky cymene.
In comparison to 3d™, a pronounced increase in the activation
barrier was measured. This does, at a first glance, not attest to
the almost identical steric interference between the 2-(2-dime-
thylaminopyrimidin-4-yl)pyridine and arene ligands, as docu-
mented by the almost identical values of Ru1—-N2 and N1-C5-
C6-N2 found for 3i* and 3d™. However, it has to be kept in
mind that solid-state structures deliver a static picture of a mol-
ecule, with generally minimized intramolecular steric interac-
tions. In solution and in the gas phase, the cymene ligand will
rotate on top of the ruthenium(ll) site bringing its bulky iso-
propyl and methyl substituents closer to the NMe, group of
the pyrimidine ring.

In our recent study, we showed that only [(n’-arene)(2a)-
RuCl]* cations containing a tertiary amino group, such as 3b™,
were able to catalyze the base-free transfer hydrogenation of
ketones.” Even in the presence of a base (KOH), there are
large differences in the activities between compounds of the
type 3d* and 3b™. Similar results were found for the reduc-
tive amination of benzaldehyde with anilines: compound 3d™*
catalyzes this reaction with high activity without requiring
a base or any other additive."”

Catalytic transfer hydrogenation

With a whole series of essentially new ruthenium(ll) com-
pounds in our hands, we began a general survey on the struc-
ture/reactivity relationships in base-free transfer hydrogena-
tion. It should be noted at this point that a linear transfer of
the CID ESI-MS data (gas phase) into a quantitative reactivity
profile of the investigated class of compounds in solution is
not possible. However, the elucidation of trends concerning
the influence of the substitution pattern on the catalytic activi-
ty seems feasible. A series of parameters such as reaction tem-
perature, nature of the solvent and counteranion, and even
variations of the concentration may cause variations of the re-
activity.

We therefore first investigated the influence of the counter-
anion on the reactivity of our most reactive catalyst 3d* at
a quite high catalyst loading of 5 mol%. The conversion was
determined after a reaction time of 4 h at 82°C. Table 3 sum-
marizes the results obtained with acetophenone (AC) as the
model substrate. Entries 1-4 show the effects of the four coun-
teranions: complexes 3dBArF, and 3dBF, give the best re-
sults. However, there is no really dominant effect of the coun-
teranion on the catalytic activity, as that found for the nature
of the N,N'-donor ligand (see below). At these relatively high
catalyst concentrations, the observed variations in the activities
might be assigned to the solubility of the catalyst in iPrOH.

Attempts to form the catalyst in situ in the reaction mixture
of isopropanol and AC by simply adding [(n°-cymene)RuCl,],,
ligand 2d, and NaBPh, in the correct molecular ratio lead to
no catalytic conversion at all (Table 3, entry 5). The strongly co-
ordinating solvent prevents the formation of the catalyst. From
this finding, the conclusion can be drawn that the preformed
ruthenium catalyst will not completely lose its N,N'-donor
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Table 3. Screening of the base-free transfer hydrogenation of AC.”!
Entry AC Cat. Cat. V(iPrOH) Yield [%]
[mmol] [mol %] [mL] (t [h])
1 0.5 5.0 3dBArF, 25.0 88 (4)
2 0.5 5.0 3dBPh, 25.0 71 (4)
3 0.5 5.0 3dPF, 25.0 44 (4)
4 0.5 5.0 3dBF, 25.0 89 (4)
5! 0.5 5.0 3dBPh, 25.0 04
61 0.5 5.0 3dBPh, 25.0 56 (24)
7 1.0 0.5 3dBPh, 5.0 97 (24)
8 1.0 0.5 3iBF, 5.0 53 (24)
9 1.0 0.5 3eBF, 5.0 0(24)
10 1.0 0.5 3fBF, 5.0 10 (24)
1 1.0 05 3gPF, 5.0 0 (24)
12 1.0 0.5 3aPF, 5.0 0 (24)
13 1.0 0.5 3cPF, 5.0 0 (24)
14 1.0 0.5 3bPF, 5.0 0 (24)
15 0.5 0.5 3dBF, 5.0 76 (24)
16 1.5 0.5 3dBF, 50 90 (24)
17 1.4 0.5 3dBF, 53 100 (24)
[a] T=82"C, catalyst, AC, iPrOH, yields were determined by GC analysis
and are uncorrected. [b] 0.25 mol% of [(n*-cymene)RuCl,], 0.5 mol% of
ligand 2d, and 0.5 mol% NaBPh,. [c] T=60"C.

ligand during catalysis. Otherwise, no or only little product for-
mation should be observed.

According to CID ESI-MS measurements, the activation
energy for cation 3d* is the lowest of all compounds investi-
gated. It therefore seemed to be feasible to lower the reaction
temperature and try to get some conversion. Indeed, this is
the case: even at 60 °C, compound 3 dBPh, provides a reasona-
ble yield of product (56%) after 24 h (Table 3, entry 6). To com-
pare the catalytic activities of ruthenium(ll) complexes 3a-iX,
the catalyst loading was reduced to 0.5 mol%. Concurrently,
the solvent volume was decreased to 5 mL and the reaction
time was extended to 24 h (Table 3, entries 7-14). From the
whole series of 3a-iX, only compounds 3dBPh, and 3iBF,
showed reasonable activities. Poor activity was observed for
3 fBF,; no activity at all for the other ruthenium(ll) complexes.
There still might be a slight influence of the counteranion (see
discussion above), but the 2-(2-dimethylaminopyrimidin-4-yl)-
pyridine ligand with a tertiary amino group clearly boosts the
activity of the catalytically active metal site. It has to be men-
tioned that the compounds that are inactive under the base-
free conditions discussed herein become catalytically active as
soon as a base (KOH) is added to the reaction mixture. Howev-
er, they are still less active than derivatives with a tertiary
amino substituent.””

Solid-state structural data is not available for all ruthenium
complexes, but for the seven derivatives discussed in the solid-
state structure section above there is a clear trend that relates
structural data with catalytic activities: A longer Ru—N2 bond
and larger N1-C5-C6-N2 dihedral angle result in higher catalytic
activity. It seems that a dihedral angle of approximately 5-6°,
as found for the chloro-substituted derivative 3 fBF,, marks
a border between active and inactive compounds. Regarding
the results of the CID ESI-MS study, a more differentiated view
seems to be necessary. Cation 3d*, which shows the lowest
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activation barrier, gives the best results in catalytic transfer hy-
drogenation. However, derivative 3i*, with a n’-coordinated
benzene instead of a cymene ligand, still gives reasonable
yields, although the measured barrier is much higher than that
for 3d*; this finding must relate to the CID process itself.
Chloro compound 3 f* is still slightly active, although its acti-
vation barrier is comparable to those of inactive 3b* and 3¢™,
and hydroxyl derivative 3e™ is inactive, although its activation
barrier is as low as that found for 3d*. The fact that deriva-
tives 3b*, 3¢*, and 3e™ possessing polar NH or OH units are
catalytically inactive speaks for an additional influence of the
solvent. From the solid-state structures of compounds with pri-
mary (NH,) or secondary (NHR) amino groups on the pyrimi-
dine ring, it is known that there is no direct N—H--Cl hydrogen
bond. However, one molecule of isopropanol might bridge the
gap and provide an additional contribution to keep the ligand
in the N,N'-coordination mode (Scheme 5) by locking the N-C-

iPr

Scheme 5. lllustration of the interaction of one solvent molecule with the
amino moiety and chlorido ligand.

C-N dihedral angle against further twisting. This would nicely
explain the catalytic inactivity of those compounds with protic
R groups (3b*, 3¢*, 3e™).

To complete the investigations into transfer hydrogenations
with AC, the amount of substrate and the solvent volume
were optimized (Table 3, entries 15-17). The finally found opti-
mized conditions are described in Table 3, entry 17. They were
applied to the following elucidation of the substrate scope
(Table 4) with 3dBF, as the catalyst.

Generally, all substrates are converted into the correspond-
ing ketones under base-free conditions with good yields. There
are slight variations, mainly resulting from the steric impact of
the substitution pattern. The para-functionalized arylketones
with electron-withdrawing or -donating groups give high
yields after a reaction time of only 4 h, while the introduction
of a substituent in the ortho position results in lower conver-
sions. Alkylketones give even lower yields after 4 h. However,
regarding the performance after 24 h, there is not much differ-
ence between the substrates: yields of more than 80% are
found, which means that the catalyst stays intact for a long
time. For 2-hexanone, the yield of 91% after 24 h is close to
equilibrium.

Quantum chemical calculations

From a mechanistic paint of view, roll-over cyclometalation is
the only possible entrance into a base-free transfer hydrogena-
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Table 4. Substrate scope for the base-free transfer hydrogenation with
3dBF, as the catalyst.”
Entry Substrate Time [h] Yield [%]"
o)
1 O\)’k 4 56
24 81
Br
o]
5 4 84
24 96
Br
0
3 4 86
24 quant.
E
0
. @* » .
oM quant.
0
5 /@/M\ 4 84
24 98
FaC
(o)
6 4 82
24 quant.
[s]
4 74
4 @i‘\ 24 95
o
4 74
8
~o ,[j)k 24 95
(o]
4 56
S S & ;
o]
4 47
10 ij 24 84
9 4 55
n \/\A 24 91
[a] 1.42 mmol of ketone, 5.3 mL (69.2 mmol) of /PrOH, 0.5 mol% of
3dBF,, 82°C. [b] Yields determined by GC analysis and are corrected.

tion with this type of ruthenium(ll) complex. According to CID
ESI-MS data (see above) and DFT calculations,” it is especially
favorable for 2-(pyrimidin-4-yl)pyridine ligands with a tertiary
amino group in the 2-position of the pyrimidine ring because
it weakens the Ru1-N2 bond by steric and electronic factors.
The breaking of this bond is the first step in the roll-over cyclo-
metalation process, which finally leads to a 16 valence electron
(VE) cation in the gas phase. In solution, it is assumed that iso-
propanol will attack at the vacant coordination site and will
subsequently undergo the transfer of a hydride anion to form
a ruthenium hydrido species; the central intermediate in the
transfer hydrogenation cycle. To date, there have been no the-
oretical calculations available for a more detailed understand-
ing of this second part, the formation of the hydrido inter-
mediate. This is discussed in the following section.

Because compound 3iBF,, with a n’-coordinated benzene
instead of a cymene ligand, shows similar catalytic activities to
those of 3dBF,, it seemed feasible to perform DFT calculations
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on cation 3it. This allows us to avoid problems in locating
minima and transition states caused by the rotational flexibility
of the methyl, and especially isopropyl, group of the cymene
ligand. Figure 3 summarizes the calculations concerning roll-
over cyclometalation occurring at cation 3i™.

The calculated AAG values are close to the data obtained
for cation 3d™.”) Additionally, critical structural parameters ob-
tained for the calculated molecular structure of 3i* (denoted
in Figure 3 as A; for calculation details, see the Supporting In-
formation) are in very good agreement with respect to the
solid-state structure of 3iBF, (calcd: Ru1—N1 2.099, Ru1-N2
2.177, Ru1—CI1 2.402 A; N1-Ru1-N2 77.2, N1-Ru1-Cl1 81.3, N2-
Ru2-CI1 90.9, N1-C5-C6-N2 16.4°). Solely the distance Rul—Ar
(1.714 A) is slightly overestimated compared with the structure
of 3iBF,. For the last transition state, the AAG value is slightly
lower than the AAG value of the preceding intermediate. This
is because optimization is performed on the AE hypersurface,
at which the last transition state is, as expected, higher in
energy than the preceding intermediate. On the AG hypersur-
face, an increase in entropy becomes noticeable, as caused by
the weekly bound HCI molecule.

Starting from the 16 VE intermediate D, the interaction with
isopropanol can occur in two different ways: either the OH
group attacks the ruthenium center or the hydrogen atom of
the central carbon atom of the isopropanol molecule coordi-
nates to ruthenium. This leads to two different reaction se-
quences that both finally give the same hydrido ruthenium
species.

Attack of D by the isopropanol hydrogen atom (Figure 4)
can be considered as part of an outer-sphere mechanism,
wherein the isopropanol molecule does not coordinate to the
ruthenium(ll) site through the oxygen atom. The resulting in-
termediate E is endergonic by approximately 10.6 kcalmol ™,
but exothermic by approximately 1.3 kcalmol ' with respect to
16 VE intermediate D and free isopropanol. This indicates that
the stabilization of the 16 VE system by the Ru-H contact is
only weak.

The transition state connecting the 16 VE system D with this
first intermediate E could not be located. Subsequently, the
formation of the Ru—H unit is accompanied by the transfer of
a proton from the isopropanol OH group to the most basic
site (carbanion) of the ligand, which allows the energetically
unfavorable generation of charged species to be avoided.
However, transition state EF of the concerted hydride/proton
transfer is quite high in energy, which makes this route unfav-
orable. The reason for this high barrier can be elucidated from
the structure of EF: the formation of the Ru—H bond is nearly
accomplished, but the O—H bond is still far from being broken.
This means that the structure of the substrate resembles a pro-
tonated molecule of acetone with a high accumulation of posi-
tive charge on the carbonyl carbon atom. Roll-over cyclodeme-
talation then takes place via transition state FG, leading to cat-
ionic ruthenium(ll) hydrido complex G with a strongly bent
backbone of the N,N'-donor, similar to the structure found for
3i* (A). This ruthenium(ll) hydrido complex G is only slightly
endergonic (3.9 kcalmol™'), but rather endothermic (16.7 kcal
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kcal/mol

+HCI

Figure 3. Calculated pathway for the roll-over cyclometalation of 3i™ (AAG given).

kcal/mol

+ acetone

+ acetone

+ acetone

Figure 4. Calculated pathway for a concerted hydride/proton transfer leading to a ruthenium(ll) hydrido species (AAG given).

mol~") with respect to 3i* (A), which explains why it cannot
be observed in isopropanol.

By another conceivable route to the ruthenium(ll) hydrido
complex (G), the substrate isopropanol would attack the ruthe-
nium(ll) site by the oxygen atom. This sequence can be divided
into two sections: first, the formation of the ruthenium(ll) iso-
propanolato complex J (Figure 5); second, the formation of the
hydrido complex G (Figure 6). The formation of the isopropa-
nolato complex follows a roll-over cyclodemetalation mecha-
nism, and thus, resembles in its intermediates and transition
states the splitting of HCI from 3i™* (A) in the reverse direction.
The first (DH) and last (1J) transition states could not be locat-
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ed. It is quite remarkable that there is only a slight stabilization
of approximately 2.5 kcalmol™' between final product J and
the preceding o-complex |. Because the central barrier HI
(38.7 kcalmol '), which corresponds to the protonation of the
carbanion coordinated to ruthenium, is approximately 6.7 kcal
mol~! higher than that for the HCl splitting process (32.0 kcal
mol "), isopropanolato complex J should not be detectable in
the reaction mixture, as long as the barrier for subsequent hy-
dride transfer is low enough.

This hydride transfer (Figure 6) is in accordance with a [3-H
elimination from the isopropanolato ligand, and therefore, re-
quires partial de-coordination of the N,N’-donor. Otherwise, f3-
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Figure 5. Calculated pathway for the formation of a ruthenium(ll) isopropanolato complex (AAG given).

kcal/mol

+ acetone

+ acetone

+ acetone

Figure 6. Calculated pathway for the formation of a ruthenium(ll) hydrido from an isopropanolato complex (AAG given).

H elimination would proceed via an energetically disfavored 20
VE species. Alternatively, the arene ligand could undergo
a n°—"* shift, but the calculations do not give any indication
of such a process.

Starting from the second to last structure, I, shown in
Figure 5, an agostic 3-H interaction in intermediate K is ena-
bled through the de-coordination of the weakly o-bound
carbon atom of the pyrimidine ring. A seemingly isoenergetic
transition state (IK) could not be located. We assume that this
barrier is slightly above the -H bound intermediate K. Only
a tiny barrier of 0.4 kcalmol™' (KF) is required to release ace-
tone from this structure and to form ruthenium(ll) hydrido spe-
cies G via intermediate F and transition state FG, which is
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lower in energy than that of KF. The overall barrier for this pro-
cess is at approximately 35.0 kcalmol . It therefore is indeed
lower than the barrier for the formation of the ruthenium(ll)
isopropanolato complex discussed above.

From the results of the calculations, a series of conclusion
can be drawn. The crucial hydrido (G) and isopropanolato (J)
intermediates are higher in energy than the chlorido derivative
3i* (A), which is in agreement with the fact that these inter-
mediates cannot be observed in isopropanol. The formation of
hydrido intermediate G most likely does not follow an outer-
sphere mechanism, but instead a classical (3-H elimination
takes place. The barrier (KF) for §-H elimination, which requires
partial de-coordination of the N,N'-ligand, is at approximately
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35.0 kcalmol™', and therefore, much lower than the barrier
found for the outer-sphere hydrogen transfer (EF). However, it
is in the same range as that of barrier BC, which is required for
roll-over cyclometalation starting from 3i™. This is not surpris-
ing because the reverse 3-H elimination is simply a roll-over
cyclometalation starting from the N,N'-coordinated hydrido
complex G. This fact strongly supports the idea that the activa-
tion of 3it proceeds through a roll-over cyclometalation pro-
cess. The hydrido intermediate G is the starting point for the
transfer of hydrogen to the ketone, which returns to com-
pound H (G—F—K—l—H) as shown in Figures 6 and 5.

Conclusion

Weakening a critical ligand-to-metal bond by a combination of
electronic and steric factors results in roll-over cyclometalation
at some of the ionic ruthenium(ll) complexes of the type [(n*-
arene)(N,N'-ligand)RuCl]X (N,N'=N,N'-chelating 2-(pyrimidin-4-
yl)pyridine ligand). This crucial step allows the base-free trans-
fer hydrogenation of ketones under mild and base-free condi-
tions, as long as a tertiary amino group is attached to the 2-
position of the pyrimidinyl ring. Because we could determine
this effect for combinations of pyrimidines with two other
donor sites (pyridines and phosphanes), it more and more be-
comes clear that it is of general importance for this type of
donor site. It furthermore becomes clear that roll-over cyclo-
metalation could provide an electronic situation at a catalytical-
ly active site that is as beneficial for catalytic reactions as it is
for the photophysical properties of certain late-transition-metal
complexes. We are presently working out protocols for other
catalytic reactions under inclusion of the roll-over cyclometala-
tion process.

Experimental Section
General

Organic precursors were purchased form Sigma-Aldrich, Acros,
and TCl Chemicals and used without further purification. Com-
pounds 1, 2a," 2, 2d,% 2h,"" 3gPF,"¥ and bis[(n’-benze-
ne)ruthenium(ll)dichloride]“” were synthesized according to pub-
lished procedures. The ruthenium(ll) precursor [{(n’-cymene)RuCl,},]
was commercially available from Strem Chemicals. The solvents
CH,Cl, and Et,0 were purchased from Sigma Aldrich and dried
over molecular sieves in a Braun MB SPS solvent dryer. Alcohols
were dried by distillation over magnesium. Isopropanol was pur-
chased from Bernd Kraft GmbH. The starting materials for catalysis
were purified by standard purification methods. All reactions were
performed under an atmosphere of nitrogen by using standard
Schlenk techniques. The NMR spectra were obtained on Bruker
Avance 400 and 600 systems with CDCl,, CD,CN, or [D{]DMSO as
the solvents. For the assignment of the signals, see the structures
presented in the Supporting Information. Preparative chromato-
graphic purifications were performed with a Teledyne Isco Combi
Flash Rf200 system by using prepacked silica columns from Redi-
Sep. The IR spectra were recorded with a PerkinElmer FTIR Spec-
trum 100 device equipped with an ATR sample assembly. For data
refining, the PerkinElmer software Spectrum 6.3.5 was used. Ele-
mental analysis measurements were performed with a Hanau Ele-
mental Analyzer Vario Microcube.
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Synthesis

Compound 2c: Methylguanidinium chloride (1.97 g, 18.0 mmol)
and sodium (3.0 g) were dissolved in anhydrous ethanol (34 mL).
Compound 1 (3.17 g, 18.0 mmol) was added to the resulting sus-
pension, which was then heated to reflux for 16 h. After cooling to
RT, the solvent was removed under reduced pressure and the resi-
due was washed with cold water. The product was dried under
vacuum and the resulting brown oil was purified by column chro-
matography (CH,Cl,/MeOH) to give the product as a pale yellow
solid (13%). M.p. 108.0°C; IR (ATR,): #=3359 (w), 3062 (w), 2900
(w), 1579 (s), 1545 (s), 1393 (s), 778 cm ' (vs); 'H NMR (400.1 MHz,
CDCl;, 20°C): 6=8.65 (dd, *J(H,H)=0.68, 4.71 Hz, 1H; H1), 8.41 (d,
*J(H,H)=5.11 Hz, 1H; H8), 8.35 (d, *J(H,H)=7.96 Hz, 1H; H4), 7.76
(td, *J(HH)=1.75, 7.76 Hz, 1H; H3), 7.53 (d, *J(H,H)=5.10 Hz, 1H;
H7), 7.31 (ddd, *J(HH)=1.09, 4.79, 7.49 Hz, 1H; H2), 5.61 (brs, TH;
H10), 3.02ppm (d, *JHH)=504Hz, 3H; H11); C{'H}NMR
(100.6 MHz, CDCl,, 20°C): 6=163.7 (C6), 163.3 (C9), 159.3 (C8),
154.9 (C5), 149.5 (C1), 137.0 (C3), 125.1 (C2), 121.5 (C4), 106.9 (C7),
28.6 ppm (C11); elemental analysis calcd (%) for C,oH,N, (186.22):
C 64.50, N 30.09, H 5.41; found: C 64.54, N 29.99, H 5.44.

Compound 2e: Urea (5.11 g, 85.1 mmol) and 1 (6.00 g, 34.0 mmol)
were dissolved in a mixture of H,O/EtOH (18:3 mL). After the mix-
ture was heated to 95°C, concentrated HCl (18.2 mL) was added.
The reaction mixture was kept at 95°C for 48 h. After cooling to
RT, the solution was neutralized by the addition of a 2m solution
of Na,COs. The precipitate was filtered off, washed with Et,O, and
dried under vacuum. The product was isolated as a gray solid
(85%). M.p. 250.7°C; IR (ATR): #=3017 (w), 2696 (m), 1638 (vs),
1611 (vs), 1432 (s), 1423 (s), 781 cm ' (s); 'HNMR (400.1 MHz,
[DJDMSO, 20°C): 6 =12.03 (brs, 1H; H10), 8.74 (ddd, *J(H,H) =0.83,
1.62, 4.70 Hz, 1H; H1), 8.32 (d, *J(H,H)=6.42 Hz, 1H; H8), 8.10 (d,
*J(HH)=6.42 Hz, 1H; H4), 8.01 (td, *J(H,H)=1.76, 7.75 Hz, 1H; H3),
759 (ddd, *J(HH)=1.16, 4.75, 7.54Hz, 1H; H7), 7.31 ppm (d,
3HH) =6.43 Hz, 1H; H2); “C{'H}INMR (100.6 MHz, [DJ]DMSO,
20°C): 6=159.7 (C6), 156.8 (C9), 152.8 (C8), 149.6 (C5), 148.4 (C1),
137.6 (C3), 126.4 (C2), 121.8 (C4), 100.0 ppm (C7); elemental analy-
sis caled (%) for CgH,N5O (173.17): C 62.42, N 24.26, H 4.07; found:
C 62.43, N 23.81, H 4.11.

Compound 2 f: Compound 2 (4.00 g, 23.1 mmol) were added to
POCI; (40 mL). The mixture was heated to reflux for 1 h. Unreacted
POCI, was removed trap-by-trap and the residue was poured onto
ice (10.0 g). After neutralization by the addition of a saturated solu-
tion of Na,CO,, the precipitated solid was filtered off and dried
under vacuum. The product was isolated as a gray solid (90%).
M.p. 107.7°C; IR (ATR): #=3067 (w), 1565 (m), 1535 (s), 1423 (m),
1345 (s), 1181 (s), 763 cm™" (vs); 'HNMR (400.1 MHz, [D;]DMSO,
20°C): 6=8.92 (d, *J(HH)=5.13 Hz, 1H; H1), 879 (dd, *JHH)=
0.75, 4.70 Hz, TH; H8), 8.38 (t, *J(HH)=6.90 Hz, 2H; H3, H4), 8.05
(td, *J(H,H)=1.75, 7.77 Hz, 1H; H7), 7.64 ppm (ddd, *J(H,H)=1.10,
474, 7.56 Hz, 1H; H2); C{'H} NMR (100.6 MHz, [DJDMSO, 20°C):
d=165.4 (C6), 161.9 (C9), 160.4 (C8), 151.6 (C5), 150.0 (C1), 138.0
(C3), 126.8 (C2), 121.8 (C5), 116.2 ppm (C7). elemental analysis
caled (%) for CgHGCIN, (191.62): C 56.41, H 3.16, N 21.93; found: C
56.49, H 3.22, N 21.58.

General procedure for the synthesis of the ruthenium com-
plexes™: [(n°-Cymene)RuCl,],, the N,N'-chelating ligand, and a salt
providing the desired anion were added to a Schlenk tube. CH,Cl,
was added and the resulting suspension was stirred for 24 h at RT.
Then the reaction mixture was filtered, the amount of solvent was
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reduced, and the desired complex was crystallized by the diffusion
of Et,0.

Compound 3aPF,: The reaction of 2a (138 mg, 0.88 mmol), KPF,
(177 mg, 096 mmol), and [{(n°-cymene)RuCl,},] (245 mg,
040 mmol) in CH,Cl, (70 mL) gave the product as an orange
powder (30%). M.p. 188°C; IR (ATP): »=3069 (w), 2974 (w), 1597
(m), 1466 (m), 1155 (m), 827 (vs), 798 cm ™' (5); 'H NMR (600.1 MHz,
CD4CN, 20°Q): 6=9.92 (s, TH; H9), 9.40 (d, *J(HH)=5.41 Hz, 1H;
H1), 9.10 (d, *J(HH)=5.27 Hz, 1H; H8), 8.46 (d, *J(H,H)=7.98 Hz,
1H; H4), 827 (dd, *J(HH)=0.92, 528Hz, 1H; H7), 825 (td,
*J(HH)=132, 7.91 Hz, 1H; H3), 7.82 (m, 1H; H2), 6.00 (2xd, 2x
*JHH)=6.58, 6.58 Hz, 2x1H; H,,), 5.82 (2xd, 2x*J(HH)=6.79,
6.79 Hz, 2x1H; Hq,m), 2,69 (sept, TH; CH(CH,),), 2.20 (s, 3H; CH,),
1.06, 1.04 ppm (2xd, 2x>)(H,H)=7.14, 6.96 Hz, 2x3H; CH(CH,),);
BC{'"H}NMR (150.9 MHz, CD,CN, 20°C) 6=163.4 (C9), 162.2 (C6),
161.1 (C8), 157.0 (C1), 153.9 (C5), 141.2 (C3), 130.6 (C2), 126.7 (C4),
120.0 (C7), 107.3, 104.6, 873, 86.7, 857, 854 (6xC,,) 31.9
(CH(CH,),), 222, 222 (2xCH(CH,),), 189 ppm (CHJ); '"FNMR
(376.5 MHz, CD,CN, 20°C): 6=-729ppm (d, "JIPF)=706 Hz);
*IP{'H} NMR (150.9 MHz, CD,CN, 20°C): 6=12.9 ppm (hept); ele-
mental analysis calcd (%) for C,gHCIFsN;PRu (574.9): C 39.83, H
3.69, N 7.33; found: C 39.71, H 3.72, N 7.29.

Compound 3bPF,: The reaction of 2b (74.3 mg, 0.43 mmol), KPF,
(953mg, 0.52mmol), and  [{n*-cymene)RuCll] (132 mg,
0.22 mmol) in CH,Cl, (10 mL) gave the product as an orange
powder (63%). M.p. 222°C; IR (ATP): #=3438 (w), 3294 (w), 3095
(w), 1713 (w), 1557 (m), 823 (vs), 772 cm " (s); "H NMR (400.1 MHz,
CD,CN, 20°C): 6=9.28 (d, Y(HH)=561Hz, 1H; H1), 861 (d,
*J(HH)=4.82 Hz, 1H; H8), 8.28 (d, *J(HH)=7.69 Hz, 1H; H4), 8.18
(t, *J(H,H)=7.67 Hz, 1H; H3), 7.75 (t, *J(HH)=6.12 Hz, 1H; H2), 7.53
(d, 3J(HH)=4.89 Hz, 1H; H7), 6.51 (brs, 2H; H10), 6.05, 5.87 (2xd,
2%*J(HH)=6.04, 6.08 Hz, 1H; H,,.), 567 (m, 2H; H,,), 2.52 (sept,
1H; CH(CH,),), 2.23 (s, 3H; CH,), 1.01, 0.93 ppm (2xd, 2x3J(HH)=
6.89, 6.85 Hz, 2x3H; CH(CH,),); "C{'H} NMR (100.6 MHz, CD,CN,
20°C) 6 =165.9 (C9), 162.5 (C8), 162.3 (C6), 156.8 (C1), 155.0 (C5),
141.1 (C3), 130.0 (C2), 126.1 (C4), 110.0 (C7), 106.6, 106.2, 87.8, 86.6,
84.8, 845 (6xC,,), 31.7 (CH(CH;),), 222, 220 (2xCH(CH;),),
18.9 ppm (CH,); "°F NMR (376.5 MHz, CD,CN, 20°C): 6=—73.0 ppm
(d, "JIRF)=706 Hz); *'P{'H} NMR (162.0 MHz, CD;CN, 20°C): 6=
—146.7 ppm  (sept); elemental analysis caled (%) for
C,oH,CIF,N,PRu (587.9): C 38.82, H 3.77, N 9.53; found: C 38.77, H
3.93, N 9.23.

Compound 3¢BF,: The reaction of 2¢ (70.0 mg, 0.38 mmol), NaBF,
(69.0mg, 0.63mmol), and [{(n*cymene)RuCl,},] (96.3 mg,
0.16 mmol) in CH,Cl, (30 mL) gave the product as an orange
powder (69%). M.p. 199°C (decomp); IR (ATP): ¥=3394 (w), 3095
(w), 2974 (w), 1596 (m), 1574 (d), 1057 (vs), 1033 cm™' (vs); 'H NMR
(600.1 MHz, CD;CN, 20°C): 6=9.46 (d, *J(H,H)=529 Hz, 1H; H1),
8.64 (d, *J(HH)=4.77 Hz, 1H; H8), 8.41 (d, *J(HH)=7.96 Hz, 1H;
H4), 8.16 (d, *J(H,H)=7.70 Hz, 1H; H3), 7.75 (m, 1H; H7), 7.60 (d,
*J(HH)=4.83 Hz, 1H; H2), 6.50 (d, *J(H,H)=4.55 Hz, 1H; H10), 6.06,
5.94, 5.89, 5.87 (4xd, 4x*J(HH)=6.05, 6.02, 6.02, 6.08 Hz, 4x1H;
Hom)s 3.17 (d, *J(HH) =4.85 Hz, 3H; H11), 2.48 (sept, 1H; CH(CH,),),
222 (s, 3H; CH;), 0.97, 0.89 ppm (2xd, 2x*J(H,H)=6.90, 6.94 Hz,
2x3H; CH(CH,),); *C NMR (50.3 MHz, CD,CN, 20°C) 6 =164.5 (C9),
162.6 (C8), 161.9 (C6), 157.3 (C1), 155.1 (C5), 141.0 (C3), 130.0 (C2),
126.3 (C4), 109.0 (C7), 106.2, 106.0, 87.8, 86.9, 85.0, 84.6 (6xC,,,),
31.7 (C11), 30.1 (CH(CH,),), 22.4, 22.2 (2xCH(CH,),), 18.9 ppm (CH,);
FNMR (376.5MHz, CD,CN, 20°C): d=—1518ppm; "'BNMR
(128.4 MHz, CD,CN, 20°C): 6 =—1.18 ppm; elemental analysis calcd
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(%) for CooH,,BCIF,N,Ru (543.76): C 44.18, H 4.45, N 10.30; found: C
43.82, H 4.58, N 10.03.

Compound 3dBArF,: The reaction of 3d (64.1 mg, 0.32 mmol),
NaBArF, (399 mg, 0.45 mmol), and [{(n>p-cymene)RuCl,},] (91.9 mg,
0.15 mmol) in CH,Cl, (25 mL) gave the product as red crystals
(93%). M.p. 130°C; IR (ATR): ?=2962 (w), 1596 (m), 1555 (m), 1353
(s), 1272 (vs), 1111 (vs), 886 cm™' (s); 'H NMR (400.1 MHz, CDCl,,
20°C): 6=8.93 (d, *(HH)=5.23 Hz, 1H; H1), 846 (d, *JHH)=
4.56 Hz, 1H; H8), 7.90 (td, *J(HH)=7.88 Hz, “J(HH)=137 Hz, 1H;
H4), 7.82 (d, *J(HH)=7.59 Hz, TH; H3), 7.70 (brs, 8H; Hge), 7.55
(ddd, *J(HH)=5.68, 7.32 Hz, “J(HH) =136, 1H; H2), 7.51 (brs, 4H;
Heas) 713 (d, *J(H,H)=4.60 Hz, 1H; H7), 5.47 5.35 5.31 5.28 (4xd,
4x*J(HH)=6.14, 6.16, 6.40, 6.27 Hz, 1H; Heym)s 341 (brs, 6H; H10),
243 (hept, *J(HH)=6.93 Hz, 1H; CH(CH,),), 2.08 (s, 3H; CH.), 1.04,
089 ppm (2xd, 2x*JHH)=6.90, 696Hz, 3H; CH(CH,));
3C{'H} NMR (100.6 MHz, [D,]JDMSO, 20°C) d =168.3 (C9), 163.7 (C8),
161.1 (m, C,,.), 158.5 (C6), 156.1 (C1), 154.0 (C5), 140.1 (C3), 134.1
(5, Cipso)r 1285 (M, oo, 1284 (C2), 125.4 (C4), 124.0 (q, Yrc=
2724 Hz, CFy), 1174 (m, C,,,), 109.9 (C7), 103.7, 102.1, 854, 85.2,
84.2, 833 (6xC,), 31.7 (C10), 25.0 (CH(CH;),), 219 21.0 (2x
CH(CH,),), 17.7 ppm (CH;); "F NMR (376.5 MHz, CD;CN, 20°C): 6 =
—62.3 ppm; "B NMR (128.4 MHz, CD.CN, 20°C): 6 = —6.63 ppm; el-
emental analysis calcd (%) for Cs;H;BCIF,,N,Ru (1334.21): C 47.71,
H 2.87, N 4.20; found: C 47.74, H 3.17, N 4.00.

Compound 3eBF,: The reaction of 3e (218 mg, 1.26 mmol), NaBF,
(145mg, 132mmol), and [{(n*p-cymene)RuCl},] (367 mg,
0.6 mmol) in CH,Cl, (30 mL) gave the product as an orange
powder (87 %) from CH;CN and Et,0. M.p. 197°C; IR (ATR): #=3061
(m), 1671 (vs), 1612 (vs), 1600 (vs), 1225 (vs), 840 (vs), 776 cm™'
(vs); '"H NMR (400.1 MHz, CD,CN, 20°C): 6=10.92 (brs, TH; H10),
943 (d, *J(HH)=5.42Hz, 1H; H1), 836 (d, *J(HH)=8.13Hz, 1H;
H4), 821 (t, 2J(HH)=7.81 Hz, 1H; H3), 8.13 (d, *J(H,H)=6.56 Hz,
1H; H8), 7.81 (m, 1H; H2), 7.18 (d, *J(H,H)=6.72 Hz, 1H; H7), 6.14,
5.98 (2xd d, 2%°J(HH)=5.98, 6.01 Hz, 1H; H,,), 5.79 (m, J(HH)=
6.27 Hz, 2H; H,,,), 2.64 (hept, *J(H,H)=6.76 Hz, 1H; CH(CH,),), 2.20
(s, 3H; CHy), 1.01ppm (2xd, *J(HH)=6.76 Hz, 6H; CH(CH.),);
C{'H} NMR (100.6 MHz, CD,CN, 20°C) 6 =171.6 (C9), 157.2 (C1),
154.7 (C6), 154.1 (C5), 150.7 (C3), 140.9 (C4), 1309 (C2), 128.7 (C8),
106.5, 105.6, 101.9, 88.5, 86.5, 85.3, 84.1 (6><Ccym), 31.9 (CH(CH,),),
224, 223 (2xCH(CH,),), 193 ppm (CH)); "FNMR (376.5 MHz,
CDCN, 20°C): 6=—151.8 ppm; ""B NMR (138.4 MHz, CD,CN, 20°C):
d=-1.18 ppm; elemental analysis calcd (%) for C,oH,,BCIF,N;ORu
(530.72): C 43.00, H 3.99, N 7.92; found: C 42.76, H 4.09, N 7.87.

Compound 3 fBF,: The reaction of 2 f (241 mg, 1.26 mmol), NaBF,
(145mg, 132mmol), and [{(n*p-cymene)RuCl,},] (367 mg,
0.60 mmol) in CH,Cl, (30 mL) gave the product as a brown-orange
solid (45%). M.p. 200°C; IR (ATR): »=3049 (w), 2970 (w), 1587 (m),
1050 (vs), 1039 (vs), 795 (s), 760cm™' (s); 'HNMR (400.1 MHz,
CD4CN, 20°C): =9.33 (dd, *J(H,H)=5.56 Hz, “J(H,H)=0.65 Hz, 1H;
H1), 8.95 (d, *J(H,H)=5.16 Hz, 1H; H8), 8.45 (d, *J(H,H)=8.07 Hz,
1H; H4), 8.26 (m, 2H; H3, H7), 7.85 (m, 1H; H2), 6.16, 591, 5.81,
576 (4xd, 4x*J(HH)=6.14, 547, 625, 6.16 Hz, 1H; H,,), 2.61
(hept, *J(HH)=6.96 Hz, 1H; CH(CH,),), 2.26 (s, 3H; CHJ), 1.01,
094ppm (2xd, 2x*MHH)=6.93, 693Hz, 3H; CH(CH,),);
BC{'H} NMR (100.6 MHz, CD,CN, 20°C): =165.5 (C9), 165.3 (C6),
162.6 (C8), 157.1 (C1), 153.5 (C5), 141.4 (C3), 131.2 (C2), 127.6 (C4),
1185 (C7), 108.0, 1075 889, 87.0, 86.1, 83.0 (6xC,,) 31.9
(CH(CH,),), 22,5, 222 (2xCH(CH,),), 19.2 ppm (CHy); '"FNMR
(376.5 MHz, CD,CN, 20°C): 6=—151.8 ppm; "B NMR (138.4 MHz,
CD,CN, 20°C): d=-1.19 ppm; elemental analysis calcd (%) for
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CyoH20BCLFN;Ru (549.17): N 7.65, C 41.56, H 3.67,; found: N 7.54, C
4135, H 3.74.

Compound 3 hPF,: The reaction of 2h (74.2 mg, 0.45 mmol), KPF,
(828 mg, 045mmol), and [{(n*p-cymene)RuCl,},] (122 mg,
0.20 mmol) in CH,Cl, (20 mL) gave the product as a yellow powder
(13%). M.p. 219°C (decomp); IR (ATR): »=2971 (w), 2933 (w), 1581
(w), 1338 (m), 1236 (m), 878 (m), 827cm ' (vs); 'HNMR
(400.1 MHz, CD,CN, 20°C): 6=5.91, 571 (2xd, 2x*J(HH)=6.43,
6.42 Hz, 2H; H,,), 2.64 (hept, *J(H,H)=6.92 Hz, 1H; CH(CH,),), 2.19
(s, 3H; CHy), 1.02ppm (d, *JHH)=6.94Hz, 6H; CH(CH,),);
PC{"H} NMR (100.6 MHz, CD;CN, 20°C) d =156.1 (m, C1), 155.6 (C5),
1404 (m, C4), 128.1 (m, C3), 124.4 (m, C2), 106.0, 104.5, 87.4, 85.4
(Coym)r 31.8 (CH(CH,),), 22.1 (CH(CHs),), 18.9 ppm (CH,); '*F NMR
(376.5 MHz, CD,CN, 20°C): 0=-72.8 ppm (d, 'J(PF)=706.8 Hz);
3P{'H} NMR (162.0 MHz, CD,CN, 20°C): 6 =—144.6 ppm (hept); ele-
mental analysis calcd (%) for C,oH,,CIDgF¢N,PRu (579.83): C 41.42, H
3.88, N 4.83; found: C 41.37, H 4.08, N 4.68 %.

Compound 3iBF,: The reaction of NaBF, (64.7 mg, 0.32 mmol), 3d
(372mg, 034mmol), and [{(n’*-benzene)RuCl,},] (77.0 mg,
0.15mmol) in CH,Cl, (20 mL) gave the product as an orange
powder (32%). M.p. 242°C (decomp); IR (ATR): ¥=3093 (w), 3071
(w), 1593 (s), 1553 (s), 1048 (vs), 1034 (vs), 781 cm™' (s); 'H NMR
(400.1 MHz, CD5CN, 20°C): =9.24 (d, *J(H,H)=5.56 Hz, 1H; H1),
8.62 (d, *J(HH)=4.66 Hz, 1H; H8), 8.15 (m, 2H; H3, H4), 7.72 (td,
*J(HH)=7.98 Hz, *J(HH)=2.72, 1H; H2), 7.46 (d, *J(H,H)=4.67 Hz,
1H; H7), 5.84 (s, 6H; Hy..,), 3.55, 3.26 ppm (2xbrs, 6H; H10);
BC{'"H} NMR (100.6 MHz, CD,CN, 20°C) 6=170.0 (C6), 165.0 (C9),
159.4 (C8), 156.8 (C1), 155.8 (C5), 141.2 (C3), 129.2 (C2), 125.3 (C4),
110.8 (C7), 87.5 ppm (Cpenr), C10 resonances are too broad at RT;
FNMR (376.5 MHz, CD,CN, 20°C): d=-151.8 ppm; "BNMR
(128.4 MHz, CD,CN, 20°C): 0 =—1.18 ppm; elemental analysis calcd
(%) for C,;H,gCIF,N,Ru (501.68): C 40.70, H 3.62, N 11.17,; found: C
40.40, H 3.64, N 11.02.

Catalysis experiments

The catalysis experiments were conducted in headspace vials con-
taining a Teflon"-coated magnetic stirring bar, which were predried
in an oven at 60 °C and then dried under high vacuum (107> mbar)
at 82°C for 1 h. After cooling to RT under vacuum, the vial was
charged with all solid compounds, sealed with a Teflon"-coated
septum cap (VWR), and the atmosphere in the vial was evacuated
and reflushed with nitrogen three times within 30 min by means
of a syringe. Then isopropanol and other freshly distilled liquids
were added by means of a syringe. Tetradecane or hexadecane
(50 pL) were used as internal standards for GC analysis. The vials
were placed in an aluminum block kept at 82°C by means of
a heating plate equipped with a temperature sensor. At the end of
the reaction, samples were taken by means of a syringe and fil-
tered over a short column containing MgSO, and silica to remove
the catalyst. The column was finally washed with a small amount
of ethyl acetate. For GC analysis, a Perkin-Elmer Clarus 580 gas
chromatograph equipped with a flame-ionization detector (FID)
and a FS-OV-1701-CB-0.25 column (/=30 m, d,=0.25 mm; CS Chro-
matographie Service GmbH) was used (carrier gas: He, 60 psi; in-
jector T=250°C; split ratio: 7.1:1; T program: 80—250°C, T ramp:
5.67°Cmin").
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ESI-MS experiments

ESI-MS and CID measurements were performed by using a Paul-
type quadrupole ion trap instrument (Bruker Esquire 3000plus).
The ion source was set to positive and negative ESI modes. The
scan speed was 13000 m/zs ' in standard resolution scan mode
(0.3 full-width at half-maximum (FWHM)/m/z) and the scan range
was m/z 15-1200. Mass spectra were accumulated for at least
2 min. MS" spectra were accumulated for at least 20 s. Sample solu-
tions were continuously infused into the ESI chamber by a syringe
pump at a flow rate of 2 uLmin". Nitrogen was used as the drying
gas at a flow rate of 3.0Lmin~' at 220°C. The solutions were
sprayed at a nebulizer pressure of 280 mbar (4 psi) and the electro-
spray needle was held at 4.5 kV.

CID appearance curves were recorded with varying excitation am-
plitudes (0.0-1.0 V), which determined the internal energy scale of
the mass spectrometer (E 53 in V). Relative abundances were calcu-
lated according to Equation (1):

— 1 (E)
f(Bue) = (zi ) -, /?(E.ab)) ™

in which I =intensity of the fragment ions and /° =intensity of the
parent ions.

Fragmentation amplitude dependent CID spectra were modeled
and fitted by sigmoidal functions of the type shown in Equa-
tion (2)] by using a least-squares criterion.

1
fr =
lse(Eb) = (He(f—gw) “

The E}y, fit parameter is the amplitude at which the sigmoid func-
tion was at the half-maximum value, whereas B described the rise
of the sigmoidal curve.

Quantum chemical calculations

Quantum chemical calculations on the activation of 3i* and the
subsequent formation of the ruthenium(ll) hydrido intermediate
were performed with the Gaussian 03%" program by using the
B3LYP gradient-corrected exchange-correlation functional in com-
bination with the 6-31G* basis set for C, H, N, and Cl and the Stutt-
gart/Dresden ECP basis set for Ru.”? Full geometry optimizations
were performed in C, symmetry by using analytical gradient tech-
niques and the resulting structures were confirmed to be true
minima by diagonalization of the analytical hessian matrix. The
starting geometries for the calculations of 3i*t were taken from
the solid-state structure of compound 3 iBF4.

X-ray structural analyses

Crystal data and refinement parameters for compounds 3aPFg,
3dBF,, 3fBF, and 3iBF, are collected in Table 5. The structures
were solved by using direct methods (SHELXS for 3 aPF, SIR92"%"
for 3dBF,, 3 fBF,, and 3iBF,), completed by subsequent difference
Fourier syntheses, and refined by full-matrix least-squares proce-
dures.® Semiempirical absorption corrections from equivalents
(Multiscan) were performed for 3 aPF,, 3dBF,, and 3 fBF,; for 3iBF,
an analytical numerical absorption correction was applied.”*" All
non-hydrogen atoms were refined with anisotropic displacement
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Table 5. Details of crystallographic data, data collection, and refinement.

R indices (all data)

final R indices [/> 20(]”

0.0482, 0.1320
0.0482, 0.1320

0.0270, 0.0691
0.0280, 0.0696

0.0779, 0.1972
0.0888, 0.2059

3aPF, 3dBF, 3 fBF, 3iBF,
formula C,oH,,ClyF4KN;PRu C;HyBCIF,N,Ru C,qHBCL,F,N;Ru C,;H,4BCIF,N,Ru
M, 647.43 557.79 549.16 501.68
crystal size [mm] 0.45x0.18x0.14 0.22x0.14x0.10 0.303%0.277 x0.058 0.516x0.234x0.036
TIK 150(2) 150(2) 150(2) 150(2)
LAl 1.54184 1.54184 0.71073 1.54184
crystal system orthorhombic monoclinic maonoclinic maonoclinic
space group P2,2,2, P2,/n P2,/c P2./n
a[A] 15.1884(3) 9.4578(1) 14.6441(6) 6.6729(3)
b [A] 15.4509(3) 10.5033(1) 8.1867(3) 15.3566(7)
c Al 10.5274(1) 23.2740(3) 17.8669(7) 18.1079(10)
al] 90 90 90 90
B 90 98.255(1) 106.223(4) 99.724(5)
y [ 20 20 90 90
Vv [A%) 2470.51(7) 2288.04(4) 2056.71(14) 1828.91(16)
z 4 4 4 4
Peatca [gem 7] 1741 1619 1774 1.822
w [mm1] 9.794 7.058 1.069 8.750
6 range [’] 4.08-62.73 3.84-62.65 2.879-32.494 3.797-62.837
reflns collected 17300 16033 25570 19585
independent reflns 3945 (R, = 0.0394) 3649 (R,,=0.0229) 6919 (R,,, = 0.0808) 2937 (R;,,=0.0828)
no. data/restraints/parameters 3945/0/301 3649/0/294 6919/0/274 2937/0/255

0.0994, 0.2741
0.1006, 0.2746

GooF" 1.134 1.154 1215 1.262
Flack parameter 0.02(2) - - -
Apad win [BA ] 2431/-0.897 0.965/—0.575 3.350/—-2.369 2.540/-1.927

[l R1=Z| |F,| = |F.| |[/Z|F, |, wR2=[En(F—F)*/ZwF?]'", [b] GooF = [Ew(F—F2)/(n—p)]'?.

parameters. All hydrogen atoms were placed in calculated posi-
tions and refined by using a riding model.

CCDC 1498206 (3aPF,), 1498207 (3dBF,) 1498209 (3 fBF,), and
1498208 (3iBF,) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.
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Photon Dissociation Spectra (IR-MPD) as well as calculated linear absorption spectra. He
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ABSTRACT: Mass spectrometric, spectroscopic, and computational characterization of a novel \
bifunctional iron—palladium complex proves a change of coordination upon solvation. Lo
Collisional excitation reveals FeCl, and HCI elimination in a solvent-modulated competition.
Hereby, syn and anti isomers, identified by theoretical calculations, favor and disfavor FeCl,
elimination, respectively. The FeCl, elimination likely proceeds by chlorido and Cp ligand &% I +
exchange among the metallic centers in a concerted, ballet-like manner. A multitude of P o

stationary points were identified along the computed multistep reaction coordinates of the three ¢
conceivable spin states. The quintet state shows a static Jahn—Teller type relaxation by a tilt

94

5 o0
y

away of the Cp ligand at the iron center. The direct singlet—quintet spin crossover is an  Singlet / Quintet
unprecedented assumption, leaving behind the triplet state as a spectator without involvement.
The FeCl, elimination would decrease catalytic activity. It is kinetically hindered within a range of applicable temperatures in

conceivable technical applications.

1. INTRODUCTION

The ability of transition metal complexes to catalytically activate
different bonds (e.g, C—H or C—C) has made them
indispensable tools in modern synthesis.' ™ Due to a profound
mechanistic basis that had been established for homogeneous
transformations during the last decades, the selection of the
right element for a certain catalytic reaction became obvious. In
contrast, the selection of the right ligand system is a much less
knowledge-based process, because the details of the electronic
and steric cooperation of the ligand and the metal site are still
not completely understood. Therefore, it is an important issue
to develop novel ligand structures and to investigate their
interactions with catalytically active metal sites.

The nature of the donor site (electronic impact), the
substituents at the donor site (steric impact), and the structure
of the ligand backbone (chelating ligands, stereochemistry) are
the essential issues for ligand design. In this context,
organometallic complexes being part of the ligand system itself
have turned out to be versatile structural motifs to achieve
ligand properties that cannot be realized by purely organic
structures at all. Generally, 18 stable valence electron complexes
are used for this purpose because they are able to survive the
conditions of catalytic reactions. The most frequently found
organometallic structures in such systems are based on
ferrocene.” Ferrocene is a stable, quite inexpensive compound
for which a multitude of transformations have been established
since its discovery in 1951.°™° This allows the introduction of
multiple donor sites on each of the cyclopentadienide (Cp)
rings. On the other hand, ferrocenes allows switching the
activity of the catalytic site by oxidation of the iron(II) center to
iron(I1) (ferrocinium).””"" Substitution in the 1- and 1'-
position leads to chelating ligands with the ferrocene motif in

W ACS PUb|ICaTIOI’IS © 2015 American Chemical Society

the rear of the metal site, which on one hand results in special
bite angles due to the fixed Cp—Cp distance. 1,1'-
Bisdiphenylphosphinoferrocene, which is often used for C—
C—coup]in%_ reactions, is the paradigm for such a type of
ligand.*">™® In contrast, functionalization of the same Cp ring
in the 1- and 2-position with two different substituents results
in ferrocenes possessing planar chirality, which have many
applications in stereoselective catalysis.'””

Formal substitution of one of the ferrocene Cp anions by a
neutral six-membered arene ring results in [5°-CpFe(n*-
arene)]” complexes being isoelectronic to ferrocene but
carrying a positive charge. The first member of this family
had been discovered shortly after the invention of ferro-
cene.”®”” Although the Cp rings of ferrocene are electron-rich,
the arene motif in [>-CpFe(#’-arene)]” becomes electron
poor. This allows a further functionalization of the arene ring
by simple nucleophilic aromatic substitution reactions as long
as a chloro arene ring is coordinated to iron. [1*-CpFe(n’-
CeHCD)]* and ortho-, meta-, para-substituted [i>-CpFe(n°-
C4H,CL,)]" are accessible from ferrocene by AlCly-promoted
reactions with the corresponding chloro benzene derivative in
reasonable yields.”® Although many compounds have been
generated from these precursors by SyAr reactions,” " to the
best of our knowledge, no ligand with a [;°>-CpFe(-arene)]"
motif linked to a donor site has been described up to now.

We considered it necessary to strive for the synthesis of such
a compound, and we concluded to characterize it by classical
tools of molecular chemistry and by advanced techniques of
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physical chemistry alike. Such a combined approach allows for
elucidation of otherwise inaccessible molecular phenomena:
Spin state changes of the transition metal centers likely
modulates the product formation along reaction pathways (e.g,
of dissociation). Such effects are know as a multistate reactivity
scenario, which has been illustrated by numerous studies of
various compounds before.™

Here, we report the synthesis of the chelating ligand [
CpFe(n®-C¢H,NH(CH,),NH,)]* (1), its coordination to
PdCl, and a series of dynamic, spectroscopic and computa-
tional studies on the activation of the CpFe bond of this
compound. An important issue of this structure is the poorly-
donating, arene-bound nitrogen donor, making this compound
a novel type of a so-called hemilabile ligand, which easily opens
up a coordination site at a (catalytically active) metal center.
This special property is due to the delocalization of the free
electron pair at the nitrogen atom into the arene ring being
described by a second mesomeric structure including a
pentadienide ligand and an exocyclic iminium cation (Scheme
1). The charge distribution of this second mesomeric form
makes the generation of an imine donor by splitting of a proton
feasible.

Scheme 1. Charge Distribution in the Cation 1*
@ @ @

' ®
Fe H H Fe H H ) Fe H,
L e s N

Our dynamic and spectroscopic characterization arose
through infrared multiphoton dissociation (IR-MPD) spectros-
copy™*® or collision-induced dissociation (CID) experi-
ments” " of the mass-selected ions in order to elucidate the
interaction between ligand and metal center, both in
conjunction with high level density functional theory (DFT)
structure computations. The coupling of these methods
provides powerful tools to investigate chemical structures in
the gas phase and indirectly allows obtaining infrared spectra of
selected ions by fragmentation. In combination with theoretical
DFT calculations, it is perfectly suitable to characterize the
chemical structure of transition metal—ligand complexes in the
gas phase.”” ™"

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Synthesis of Compounds 1 and 2. We performed
the synthesis of (#°-N-(2-aminoethyl)aniline)(#°-
cyclopentadienide)iron(II) hexafluorophosphate (1) as follows:
0.30 g (0.34 mL, 5.0 mmol) of freshly distilled ethylenediamine
were added dropwise to a solution of 378 mg (1.0 mmol) (3"
chlorobenzene ) (i*-cyclopentadienide )iron(II) hexafluorophos-
phate™® dissolved in 20 mL of dichloromethane. The reaction
mixture was stirred for 30 min at room temp. Two milliliters of
a saturated aqueous solution of ammonium hexafluorophos-
phate was added, and the mixture was stirred for 5 min. The
organic phase was washed first with S mL of an aqueous
solution of K,CO; and then twice with 5 mL of water and
subsequently dried over MgSO,. Removing the solvent under
vacuum resulted in 360 mg (90%) of 1 as an orange-red solid.
For the further characterization of 1 see the Supporting
Information (Texts T1 and T2, and Scheme S1).

We performed the synthesis of [(#°-N-2-(aminoethyl)-
aniline)(#7°-cyclopentadienide) iron(II)]dichloridopalladium-
(I)hexafluorophosphate (2) as follows: A solution of 201 mg

(0.5 mmol) of 1 in 20 mL of dichloromethane was added
dropwise to a solution of 194 mg of di(benzonitrile)palladium-
(11) chloride (0.50 mmol) in 10 mL of dichloromethane. The
reaction mixture was stirred for 16 h at room temperature. The
precipitated solid was filtered off, washed with 2 mL of
dichloromethane, and dried under vacuum to yield 254 mg
(889%) of 2 as an ochre solid. For the further characterization of
2, see the Supporting Information (Text T2).

2.2. Experimental Methods. Electrospray ionization mass
spectra (ESI-MS) were recorded with two ion trap instruments
(Bruker Esquire 6000 for CID and Bruker amaZonSL for IR-
MPD measurements), The scan speed was 13000 m/z/s in
normal resolution scan mode (0.3 fwhm/m/z); the scan range
was at least 70 to 1500 m/z. The sample solutions of complex 2
in CH,CN (a), CH;CN:DMF 9:1 (b), and CH,CN:DMSO 9:1
(c) at concentrations of approximately 1 X 107" M were
continuously infused into the ESI chamber at a flow rate of 2
pL/min by a syringe pump. We use nitrogen as a drying gas at a
flow rate of 3.0 to 40 L/min at 220 °C up to 300 °C and
sprayed the solutions at a nebulizer pressure of 3 to 4 psi with
the electrospray needle held at 4.5 kV. We held constant the
transfer parameters to the Paul trap of the mass spectrometer,
and we used helium as the buffer gas with a partial pressure of
about 3 X 107> mbar inside the ion trap. BrukerEsquireControl
5.3 (Esquire) and BrukerTrapControl 7.0 (amaZonSL)
software controlled the instrument, and we carried out the
data analysis using the Data Analysis 4.0 software.

Collision-induced dissociation (CID) appearance curves
were recorded with varying excitation magnitude from 0.0 to
1.5. Note that the well-defined excitation amplitudes lead to a
priori unknown exitation energies of the stored ions. The
corresponding scaling factor varies by the very nature of the
stored ions, and it is subject of ongoing investigations.“7 In the
present case, we utilize a relative energy scale in the lab frame
(Ei) in arbitrary units. These excitation energies were
increased in a stepwise fashion until complete dissociation of
the ion of interest was observed. Normalized relative and total
fragmentation yields were calculated according to the following
equations:

fr g g el
L'(Eg,
Zi Iifr(El?lE) + Zl Iip(ElTé (1a)

fr rel fr rel
Iiol(EIab) = Z Ii,norm(Elab
i

I B =

L,norm’

(1b)

We calculated center of mass transformed relative excitation
energies (EiShy) by
Erel o _ Mye el
com My1e + Mion e (2)
where my,, indicates the isotopically averaged mass of the
molecular cation under investigation.

A KTP/KTA optical parametric oscillator/amplifier (OPO/
OPA, LaserVision) system pumped with a pulsed 10 Hz
injection seeded Nd*:YAG laser (PL8000, Continuum) was
used as a source of tunable IR radiation (67 = 0.9 cm™, 8t = 7
ns) for recording the vibrational spectra. Spectra within the
frequency range of 2600—3700 cm™' were recorded by
application of the OPA idler wave (<10 m] per pulse). Spectra
within the range of 1200-2100 cm™' were recorded by
difference frequency mixing (DFM) in a AgGaSe, crystal of the
OPA signal and idler waves (<2 mJ per pulse). The idler beam

DOI: 10.1021/acs.jpca.5b06952
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Scheme 2. Synthesis of Compounds 1 and 2
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was focused by a 50 cm CaF, lens. The DF radiation was
focused tighter, by a 90° off-axis parabolic silver mirror with an
effective focal length of 15 cm. The IR pulse energy was
recorded by a power meter sensor that obtained the applied
photon beam after exiting the ions inside the mass
spectrometer through a second window. From the recorded
fragment and parent ion intensities, we determine an IR-MPD
yield (Y) as

_I'fr
I+ (3)

The applied IR frequencies were calibrated by a wave meter
(Bristol Instruments: 821 Pulsed Laser Wavelength Meter) to a
theoretical accuracy of +0.02 cm™, which is beyond the
spectral bandwidth of the utilized IR photon beams by more
than an order of magnitude. Note that IR-MPD yields scale in
an intrinsically nonlinear way with the applied IR photon
flux.**** Therefore, we refrained from any normalization.

2.3. Theoretical Methods. We conducted electronic
structure calculations at the B3LYP"" ™" /cc-pVDZ' ™ level
of theory with the Stuttgart RSC 1997°*> effective core
potential representing the iron and palladium atoms as
implemented in the Gaussian 09 program package.“ We
searched for fully optimized molecular structures of the most
stable isomers as a function of multiplicities, for linear IR
absorption spectra, and for stable points and transition states
along the reaction path for the FeCl, elimination in the case of
3a. Standard convergence criteria were applied. Harmonic
vibrational frequencies were scaled by a linear lump sum scaling
factor of 0.97 as suggested elsewhere.””

3. RESULTS AND DISCUSSION

3.1. Characterization of Compounds 1, 2, and 3.
Reacting [(7°-Cp)Fe(y*-C¢HCI)]PF,, which was synthesized
according to a published procedure, with an excess of ethylene
diamine resulted in the formation of the cationic N,N'-ligand 1
in 90% yield (Scheme 2). The NMR spectra of compound 1
clearly prove the expected structure: besides the resonances of
the Cp ligand ("H NMR: 4.85; “C NMR: 76.7 ppm), there are
three resonances in the "H NMR (6.12, 5.99, 5.80 ppm) as well
as four in the *C NMR (127.7, 87.1, 81.8, 69.2 ppm) spectrum,
all of them shifted to higher field compared to the precursor
[(7°-Cp)Fe(i*-C4H Cl)JPF4 that can be assigned to the 7’
coordinating aniline derivative. More important, there are the
resonances of the ethylene linker ('H NMR: 3.19, 2.90; “*C
NMR: 47.0, 41.7 ppm) and the 'H NMR signals of the two
amine units, one at low field (NH: 5.29), the other in the high
field region (NH,: 192 ppm), according to the different
hybridization of the two amines.

In the FT-IR-ATR spectrum of the solid compound 1, there
are three well-separated absorptions at 3392 (NH), 3222
(asym. NH,), and 3120 cm™' (sym. NH,), respectively, that
can be assigned to the amino functions of the molecule. The

strongest peak in the ESI mass spectrum confirms the mass of
the cation [C3H;-FeN,]* (m/z = 256.8).

Compound 1 is well soluble in polar organic solvents,
allowing to apply it as an N,N'-chelating ligand to coordinate to
transition metal sites. As a model type substrate we used
dibenzonitrile palladium(II) dichloride that delivers a PdCl,
fragment by cleavage of the labile benzonitrile ligands (Scheme
2). The heterobimetallic compound 2 is thus formed in almost
90% vyields. Although the [CpFe(arene)]* moiety is not very
much influenced by the N,N’-donation, there are pronounced
changes in the NMR spectra of the ligand backbone: the 'H
NMR resonances assigned to this part of the molecule are
generally shifted to lower field. This effect is most pronounced
for the NHCH, protons and the NH, function. The
multitiplicity of the NH,CH, pattern (2: virtual quintet)
increases with respect to the precursor 1 (triplet) indicating a
decrease of fluxonality at that site of the molecule. The “C
NMR resonances of the ethylene chain are both observed at
approximately 44.5 ppm. These data clearly prove a stable
coordination of both nitrogen atoms of the ethylenediamine
chain to the palladium(II) center in acetonitrile solution.

This situation changes under the conditions of ESI mass
spectrometry: here the solvated cations [(i°-Cp)Fe(s’-
CH,NHCH,CH,NH,~PdCl,-L)]* (3a—3c; 3a: L = MeCN,
3b: L = HC(O)NMe,, 3c: Me,SO) are observed to a small
extent. We then assign structures as shown in Scheme 3 with
the terminal NH, group staying coordinated to the palladium-
(IT) site.

Scheme 3. Molecular Structure of the Iron Palladium
Complex 2 and of Observed Microsolvation Species 3a—3c
Together with Solvent Species X=CH,CN (a), DMF (b),
and DMSO (c¢)”

cl cl \
& =
N NS N N
&M N
2* 3act
3| a b c

L | MeCN HC(O)NMes Me,SO

“Note the change of palladium coordination sphere upon solvation:
The diamine Pd coordination changes from #” to n'.

3.2. Collision-Induced Dissociation (CID) Studies. We
have recorded fragmentation yields of mass-selected parent ions
2 and 3a—3c by gradually increasing the activation magnitude
up to complete depletion of the parent ions (Figure 1).

The thus-obtained energy-dependent fragmentation yields
(formerly known as breakdown curves) reveal varying
intensities of up to six fragment ions. The solvent-free complex
2 surprisingly expels FeCl, with large preference at any level of
excitation (green diamonds). Note that an elimination of the
cyclopentadienyl anion (Cp) moiety from Pd or the elimination
of CpH was not observed at all. It is well-known, and we have

DOI: 10.1021/acs jpca.5b06952
J. Phys. Chem. A 2015, 119, 12587-12598

257 |



‘ Appendix I: Further Joint Publications

The Journal of Physical Chemistry A

= CID total 2 = CID total 3a
104+ -HCI+H,0 asssesmsses 1044 -HCI/CH CN
4 Hal L * HCI-CHON+HO
- Lo
© 084+ -2HCI - .‘”’” Hetteane,, ° 0.84 -HCI -CH,CN -
*
E ¢ -FeCl, ot FEC|Z E +  -2HCI-CH,CN Fecl
- | e
051 o B 067+ -rec,-cHN oo
A eengsPhettegt
s < ® |- -Horecpa . L
= 0.44 ) = 0.4+ . "
[ " 5 iy >
.=. -.A‘A ol M“n
0.2 ¢ 0.2 "a o Hhasa, segeegse
& Lt ' .::W-v"m
» Ul e AAALAAAALL AL 3 S
0.0 ot g g W
0.000 0.002 0.004 0006 0008 0010 0.012 0.000 0.002 0.004 0006 0008 0.010 0.012
E_,, / arb. units E,, / arb. units
= CID total 3b = CID total 3c
104+ -Hcl L 104+ -HCp-FeCl,-DMSO
-HCI -DMF - 4 HCl e
ahay, B s,
0.84°* -2HCI-DMF L aas, 0.84  -CpH-HCI 1 aa
g * -Fecl,-DMF N “"‘& § * -2HCI-DMSO .‘u‘“ﬁu‘%
B o6dc -DMF : s, 86> -Pdci,-DMSO ,
c . 4, c
?..; 0.44 ' - E; 0.4 .'
1
0.2 X ‘-.M'N FeCl 0.2+ - cosrenspessteter®t?
ot e . o
y o : . ..»"""."l
- w
0‘0 _ T T T 1 0'0 - T l‘ T T T 1
0.000 0002 0.004 0.006 0008 0010 0.012 0.000 0.002 0.004 0006 0008 0.010 0.012

E on / @rb. units

E_ /[ arb. units

com

Figure 1. Normalized CID fragment yields of the complex 2 and of observed microsolvation species 3a—3c as a function of relative excitation energy
E_ .- Note the solvent-dependent change in intensity of the FeCl, elimination channel. A semilog plot of the same data is available as Figure S1 in

the Supporting Information,

Table 1. Observed Fragmentation Channels of Complexes 2 and 3a—3c”

complex
2 -FeCl,
3a -FeCl, -CH,CN
3b -HCl
3c -HCl

neutral loss

2HCl HCl + H,0 -HCI
-2HCI -CH,CN -HCI/CH,CN -HCI -CH,CN + H,0
-2HCI -DMF -FeCl, -DMF -HCI -DMF
2HCI -DMSO -CpH -HCl -PdCl, -DMSO

"They are listed in their relative order of appearance. Dominating channels are highlighted in bold.

-HCl -CH,CN
DMF
-HCp -FeCl, -DMSO

-HCI -FeCpCl

fragmentation yield

4.0
1.0 - I
= L 4.2
4 _____,__-—-—“—'_. L
|
a.4
0.8
—u&— HCl elimination
1 o 4.6 <
—u— FeCI2 elimination =
0.6 —m—d(Fe-Pd) Las E
E L x
e
0.4 rs0 s
I o
1 Ls2 @
N ><. »
0.0 4 . ->®
T T T T 5.8
2 3a 3b 3c

Figure 2. Maximum observed yields of the FeCl, (green) and of the HCI (black) fragmentation channels for the complex 2 and for the observed
microsolvation species 3a—3c. Note that the binding energy of the solvents CH;CN, DMF, DMSO to 2 in 3a, 3b, 3¢ increases from left to right.
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confirmed by swift DFT calculations, that the FeCl, formation
exceeds that of PdCl, by 319 kJ/mol. Therefore, an exoergic
FeCl, formation thus provides for a strong thermodynamic
driving force for this fragmentation (Table S1).

The situation changes as soon as strongly coordinating
solvents came into play. The CH;CN-coordinated complex 3a
behaves differently at low excitation energies (Figure 1). The
dominant fragmentation channel at low excitation energies is
the elimination of either HCl and/or CH;CN (blue triangles),
which gives rise to overlapping isotopic patterns that cannot be
separated unambiguously. Upon increasing the excitation
energy, another fragmentation channel becomes dominant,
which is the concerted elimination of FeCl, and CH;CN (green
diamonds). Note that once more the elimination of CpH is not
observed. The dominant fragmentation channel of the DMF-
and DMSO-coordinated complexes 3b and 3c is the
elimination of HCI. It rises at the expense of FeCl, elimination,
which diminishes in the case of 3b and vanishes in the case of
3c. Note that HCI elimination from 3b and 3c occurs without
loss of solvent (DMF and DMSO, respectively). HCI
elimination is weak in the cases of the complex 2 or of the
CH,CN-coordinated complex 3a. Some further fragmentation
channels are minor (Table 1).

Nevertheless it is highly unexpected to observe a likely loss of
FeCl, from complexes that comprise joint units of an 18 VE
FeCp(arene) fragment and a 16 VE (N),PdCl, moiety instead
of simply expelling HCI, CpH, or PdCl,. This is more so as the
Cp anion remains in the complexes upon FeCl, elimination.
Such an observation indicates the occurrence of an activated
concerted rearrangement prior to dissociation, which may be
followed conveniently these days through appropriate calcu-
lations (cf. section 3.4 in the following text).

HCI elimination and FeCl, elimination seem to compete.
The competition is confirmed by the visualization of the
maximum fragmentation yields in 2 and 3a—3c (Figure 2).
Coordination of a solvent molecule inhibits the FeCl,
elimination and favors HCI elimination. Obviously the donor
strength of the solvent allows tuning the fragmentation
channels: the better donating the solvent, the less pronounced
is the splitting of FeCl, and the more dominant becomes
splitting of HCL. The latter effect can easily be explained by the
transfer of electron density from the solvent molecule to the Pd
site, making the Pd—Cl bond to become weaker and thus the
chlorido ligand more basic, which allows the deprotonation of
one of the amine sites leaving an amido ligand coordinated to
Pd. The concomitant structural relaxation will be elucidated in
conjunction with the discussion of IR-MPD spectra (cf. section
3.3 in the following text). Here we inspect the obtained Fe—Pd
proximities and find close correlation with FeCl, yields (cf.
Figure 2). An increase in solvation energy seems to hinder
FeCl, elimination in favor of HCI elimination (cf. Table 2).
Note that the competing fragmentation channel (HCI
elimination) operates without the necessity of prior solvent
detachment. In effect, the very nature of the attached solvent

Table 2. Calculated Binding Energies of Attached Solvent
Molecules in Complexes 3a, 3b, and 3¢

complex solvent molecule binding energy/kJ/mol
3a CH,CN 143
3b DMF 168
3c DMSO 198

modulates the branching ratio of the competing FeCl, and HCI
eliminations.

In IR-MPD experiments (discussed in the following chapter),
the applied IR photonic excitation leads to fragment patterns
that are similar to those of CID expenments, as e.g. in prior
studies of other compounds by our group. % In the present case
of 3a, 3b, 3¢, an IR photonic excitation preferentially yield

ﬁment patterns that are similar to CIR patterns at about

Com = 0.0lau. If we would apply previous scaling factors as
obtained by prior work on so-called thermometer ions,™ we
would correlate this relative excitation energy Efny to an
absolute value of Eqpy & 80 kJ/mol. Cross check with the
known solvent binding energies (Table 2) reveals that such
value of fragmentation threshold would be to small by about a
factor of 2. Recent work rationalized system-size-dependent
correction factors for the ion number of degrees of freedom.*’
It is thus likely that similar correction would apply in our
present case as well. We refrain, however, from dwelling on this
issue further at the present stage.

3.3. IR-MPD Studies and Concomitant DFT Calcu-
lations. The IR-MPD spectrum of the complex 2 (Figure 3)

0.9 4 [(C,H,)Fe(C,H N, )PdCL]"
0.6 -
03
U-O-W—A,—v—w—‘,ﬁ
0.9 [{C,H,)Fe(C,H,N,)PdC],(CH CN)I’
0.6
0.3 -
ke
[T
> 0.0
a U I LA B A L ELALEL BLALELE ILALALE EU AL
g 0.8 9 [(CH,IFe(C,H,,N,)PACI,(C,H,NO)]" 3b
o
= 0.6
0.0 -
f 1
0.2 [(c,H,JFe(C,H N, PdC, (c H so 3c
0.6
03+
0.0 e e e

1200 1400 1600 1800 2600 2800 3000 3200 3400 3600

energy / cm™

Figure 3. IR-MPD spectra of the complex 2 and of the observed
microsolvation species 3a—3c. Note the solvent specific broadening
and enhancement of NH, vibrations due to NH—-Cl hydrogen
bonding (see text).

exhibits three bands in the region of 3380 to 3260 cm™' and
several weak bands between 3230 and 2920 cm™' In the
fingerprint range, there is a single strong absorption at 1540
em™". One would expect to see IR active C=C ring modes in
the fingerprint range around 1500 cm™, weak aliphatic and
aromatic CH stretching modes around 2920 and 3230 cm ™,
and NH and NH, strecthing vibrations around 3350 cm™.
These expectations are nicely matched by the recorded
observations.

DOI: 10.1021/acs.jpca.5b06952
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The IR-MPD spectrum of the CH;CN-coordinated complex
3a reveals a major spectral change from the complex 2. There is
a significant shift, enhancement, and broadening of NH
stretching bands around 3250 cm™'. There is also some
enhancement and broadening in the CH stretching region.
There is a sharp band at 1570 cm™ in 3a, which is blue-shifted
from 2 by 30 em ™.

The IR-MPD spectrum of the DMF-coordinated complex 3b
looks much like 3a; somewhat weaker intense in the stretching
region. There is an additional band at 1650 cm™, and weak
bands at 1440 and 1375 cm™' originate from the CO
chromophore in DMF.

The DMSO-coordinated complex 3¢ exhibits no recordable
signal from CH stretching modes. The NH streching modes are
weaker than for 3b. There is one broad centered at 3295 cm™
and one sharp band at 3350 cm™. The single band in the
fingerprint region coincident with the blueshifted bands of 3a
and 3b. Thus, all three solvent-coordinated complexes 3a—3c
share some kind of electronic rearrangement that leads to a
strong IR active band around 1565 cm™". It locates 30 cm™' to
the blue of a somewhat less strong band at 1540 cm™ in the
complex 2 which seems to resemble an arylic C=C stretching
mode. It remains open, whether the 3a—3c bands and the 2
band originate from the same type of vibration.

For further elucidation we computed energetics and
geometries of likely structures of complexes 2, 3a—3c by
DFT at given level of theory (cf. Theoretical Methods).
Alternate structures that would involve a direct Fe—Cl
coordination are less stable (by more than 120 kJ/mol) and
of no relevance. We apply a Newman projection for
classification and visualization of computed rotamers (see
insets to Figure 4).Other than e.g. in alkane stereochemistry,

45 - -
2, 3a, 3b, 3¢ § X
40 & ao| |
Fe o Pd Fe Pd
el nd = 1) | ~a
35 C2H-N?  NH =
M| [ et
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> / .\* /
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Figure 4. Computed relative energies of rotational conformers of the
complexes 2, 3a—3c by variation of the dihedral angle a(C'C*N3C*).

the present complexes consist of two subunits of C, and C;
symmetry each. We adopt a syn and anti nomenclature for the
0° and 120° rotamers of the dihedral angle a (between
C'C*N*C?) in the cases of all complexes 2, 3a—3c. For further
characterization, we varied this dihedral angle, and we
performed full structural relaxation at fixed dihedral angles in
steps of 15° in order to obtain optimized geometries and their
relative energies (Figure 4). All complexes reveal a total and a
local minimum at 0° (syn) and 120° (anti). Complex 2 shows

the highest rotational barrier, which might be due to the close
proximity of the Fe and Pd bearing sub units within the
complex. The solvent-molecule-attached complexes 3a—3c
exhibit smaller barriers, which might be due to the increased
distance between the subunits. The rotational barrier in
complex 3a is low (10 kJ/mol), while the barriers of the
complexes 3b and 3c are higher, 15 and 20 kJ/mol. We will
show in the following that the FeCl, elimination likely takes
place from the syn isomer (see section 3.4).

It seems conceivable that NH—Cl- or NH,—Cl-coordinated
PdCI structures of 3a, 3b, 3¢, might prevail, in principle. We
undertook a systematic survey for those (documented in
Figures $19—531 of the Supporting Information). It turned out
that none of these optimized geometries is more stable than the
previously assumed ground state structures PACl, '3a,,, '3b,
and 13(:“.“, their assignment being confirmed.

We did find some NH-CI—HN-coordinated singlet
structures only in anti conformation. These 13a,,, VD)
130, VD, and 3¢, MDY (Figures $19, $20, and $21)
are as low as only 14, 10, and 14 kJ/mol above lSaSY“, 13b§)m,
and '3c,,. This makes them likely precursors for HCI
elimination and maybe even for the double elimination. In
any case, they are well-separated from the syn PdCl, structures
by rotational barriers (cf. Figure 4) and by considerable
activation barriers from the anti PACl, species, as verified by
some preliminary calculations (roughly 40—80 kJ/mol in case
of 3a). Note, moreover, that the assumed NH-CI-HN-
coordinated PdCl 1338,,“(NH'C”, 1?,bs,,ﬂ(NH'C'), and 13csyn(NH'Cl)
structures do relax barrierless toward PdCl, '3a,,,, '3b,,, and
13Csy“ (cf. Figures $22 and S23, verified for the cases of DMSO
and DMF solvents). The relative population of syn to anti
isomers thus determines the relative FeCl, yield as compared to
the alternative HCI expulsion, which might occur from either
rotational conformer and most likely from the NH—CI-HN
anti conformer.

In 2, the high barrier slows down rotational isomerization.
Nevertheless, it is fast (ms) compared to the experimental time
scale (s). Equilibrium populations favor syn and diminish anti to
less than 2%. Thus, FeCl, elimination should diminish in favor
of HCI expulsion, as observed (cf. Figure 2).

Solvent attachment stabilizes anti in 3a and 3b, and it
destabilizes anti in 3c; the rotational barrier is reduced in all of
these cases. Anti population increases, and FeCl, elimination
diminishes (cf. Figure 2), because it is only possible after
solvent abstraction and rearrangement of the molecule (see
chapter 3.3). Therefore, FeCl, elimination for 3a—3c is
antiproportional to the solvent’s binding energies (cf. Table
2), and it correlates with the Fe—Pd proximity (see Figure 2).

The electronic structure calculations provide for structures
and linear IR absorption spectra of the likely, most stable
isomers of complex 2 and of the solvent-coordinated complexes
3a—3c. Comparison with IR-MPD spectra leads to further
insights.

In the case of the complex 2, the two rotational isomers 2,
and 2, differ by 10 kJ/mol in favor of confomer 2, (cf. insets
in Figure 4). In both isomers, the Pd cation coordinates square
planar to the NH and NH, functional groups and to the two
chlorido ligands. Both isomers reveal linear IR absorption
spectra that are well in line with the experimental IR-MPD
spectrum (Figure S). All recorded features are well-reproduced,
and the above presumed assignements are confirmed. Note that
there must not be a close corresponence in intensities. It is

1
syns syn!
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Figure 6. IR-MPD spectrum of the complex 3a in comparison to the DFT predicted IR absorption spectra of the two most stable isomers 3a,,, and
3a,,;- The scaled harmonic eigen modes of NH and NH, stretching vibrations fail to explain the experimental pattern.

well-known that IR-MPD intensities vary from those of
absorption spectra,’>*3™%¢

In the CH;CN-coordinated complex 3a, the two rotational
isomers 3a,,, and 3a,,, differ by S kJ/mol (cf. insets in Figure
6) in favor of the conformer 3a,,, which is much in line with
the findings on the complex 2. In both isomers, the Pd cation
has lost NH coordination in favor of CH;CN attachment. As
opposed to dichlorido syn arrangement in 2, the solvent
changes the ligand arrangement in 3a to trans configuration. In
both isomers, the Pd cation coordinates square planar to the
NH, functional group, the CH;CN solvent and to the two
chlorido ligands.

The linear IR absorption spectra of both isomers 3a,,, and
3a,,; reveal sharp features throughout. We assign the sharp IR-
MPD band at 3330 cm™ to the asymmetric NH, stretching
mode as predicted by the calculations of isomers 3a, and
3a,,; The computed spectra fail to predict the observed

broadening of the recorded bands between 3000 and 3300
cm™". This effect seems to originate from effects beyond the
predictions of linear IR absorptions in harmonic approximation.

Upon close inspection, it becomes obvious that the solvent
attachment to 2 causes subsequent structural changes beyond
the coordinative rearrangement of the Pd center in 3a, 3b, and
3c. An additional hydrogen bond forms between the secondary
amine NH and the proximate chlorido ligand (d(NH-CI): 2.26
A in isomer 3a, and 2.28 A in isomer 3a,,y, cf. Table 3). Due
to this NH—CI hydrogen bond, the calculated value of the NH
stretching mode red shifts to 3195 cm™ (in 3asy,,), this value
suffering from well-known anharmonic uncertainty inasmuch as
any according hydrogen bond. Moreover this band is expected
to broaden significantly as indeed observed at 3250 cm™'.
Adjacent CH stretching modes may couple and broaden
thereby explaining the observed humps around 3075 cm™. It is
gratifying to see that the predicted increase from 2 to 3a in IR

12593 DOI: 10.1021/acs.jpca.5b06952

J. Phys. Chem. A 2015, 119, 12587-12598

261 |



‘ Appendix I: Further Joint Publications

The Journal of Physical Chemistry A

Table 3. NH—CI Hydrogen Bond Lengths and
Corresponding NH Stretching Frequencies

complex isomer d(NH-CI)/A Uit cate/c ™ Unn e,‘.},_/cm_1

2 2,, - 3320 3308
™ - 3347

3a 3a,, 226 3195 3351
3apu 228 3195

3b 3b,, 225 3218 3350
3, 223 3220

3¢ 3¢, 232 3275 3290
3 221 3205

line strength of vy (80 to 600 km/mol) at 3195 cm™" seems
to reflect in the enhancement of integrated area of the 3250
cm™" hump in the IR-MPD spectrum. There is no forcing
evidence that a conceivable NH stretch bend-overtone Fermi
resonance contributes. Anharmonic calculations (by VPT2, cf.
Supporting Information) point to a frequency mismatch. In
passing, we note that the CID activation induced NH-CI-HN
anti conformers '3a,,, M 13p  (NHCD ang 13c (NHCD g4
not contribute to the recorded IR-MPD spectra (cf. Figures
$32-837).

The calculations reveal the very nature of the 1575 cm™ IR-
MPD band. It is of NH/NH, bending character with a possible
contribution of CN stretching by isomer 3a,,. For sure, it does
not contain contributions of arylic C=C ring breathing modes
which red shift to 1390 cm™' through coordination. The
remaining weak IR-MPD bands between 2900 and 3050 cm™
are well-predicted by various aliphatic and arylic C-H
stretching modes in both isomers 3a,,, and 3a,,.

In the DMF-coordinated complex 3b, the two rotational
isomers 3b,,, and 3b,,; differ by 7 kJ/mol (cf. insets in Figure
7) in favor of the syn conformer 3b,,, which is much in line
with the findings on the complex 2 and the CH,CN
coordinating complex 3a. All structural motifs in 3b correspond
to those of 3a as discussed above.

The calculated IR spectra of both isomers of 3b show the
typical NH and NH, stretching vibrations in close resemblance

to 3a. The experimental evidence for a NH—CI hydrogen bond
in 3b holds through observation of the broad hump around
3250 cm™' as before in 3a. However, the total IR-MPD
intensities diminish in 3b by a factor of 2 with respect to 3a. In
contrast the calculated IR intensities of the secondary amine
NH stretching mode vary little (about 600 km/mol in both
cases). We thus attribute the drop in IR-MPD intensity of the
NH stretching band in 3b to a suspected change in
fragmentation efliciency. Due to the carbonyl group of DMF,
there is a C=0 stretching vibration around 1625 cm™ for
both isomers 3by, and 3b,,;. The coordination of the carbonyl
group at the Pd cation leads to a red shift of about 120 cm™
with respect to free CO in similar structures. Other spectral
features in 3b resemble those of 3a.

In the DMSO-coordinated complex 3c the two rotational
isomers 3¢y, and 3c,,; differ by 13 kJ/mol (cf. insets in Figure
8) in favor of the syn conformer 3c,,, which agrees with the
findings on the complex 2 and the other complexes 3a and 3b.
All structural motifs in 3¢ correspond to those of 3a and 3b as
discussed above.

The calculations reveal a hydrogen bond between the NH
functional group and a chlorido ligand that is significantly
longer (+0.06 A, cf. Table 3) in case of the syn isomer 3c,,, and
thereby weaker, than the corresponding hydrogen bonds in the
syn isomers 3a,,, and 3b,,. In accord with this finding, both the
calculated IR absorption spectrum of isomer 3c,, and the
measured IR-MPD spectrum reveal a NH stretching band that
is by about SO cm™" less red-shifted than the corresponding
bands of complexes 3a and 3b. It seems as if the less stable
isomer 3c,,,, which would reveal itself through a short NH—CI
hydrogen bond and a concomitant vibrational band more to the
red, is not manifest by the experimental IR-MPD spectrum. In
summary, we assign the recorded band at 3345 cm™ in 3c to
the asymmetric NH, stretching vibration, and the split band
with the two maxima at 3305 and 3280 cm™' to the symmetric
NH, and the NH stretching vibrations.

3.4. Multistate Profiles along the Reaction Coordinate
of FeCl, Elimination in the CH;CN Complex 3a. The FeCl,
elimination deserves further attention. It is far from obvious
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Figure 7. IR-MPD spectrum of the complex 3b in comparison to the DFT predicted IR absorption spectra of the two most stable isomers 3b,,, and
3b,,;. The scaled harmonic eigen modes of NH and NH, stretching vibrations fail to explain the experimental pattern.
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Figure 9. Normalized energetics of stationary points along the reaction coordinate of the FeCl, elimination within singlet (blue), triplet (green), and
quintet (red) spin states, indicated values in kJ/mol. Depicted structures of stationary points refer to those of the lowest spin state which change
along the reaction coordinate from singlet to quintet. For purpose of clarity, aliphatic and aromatic H atoms were omitted, except in CH;CN. Note
that the structures of the calculated stationary points vary in some dihedral angles by multiplicity (cf. Figures $3—S85 in Supporting Information),
whereas in any case, the primary and secondary structural motifs persist.

how the Cp anion detaches from its coordination site, setting
free the Fe center for release by (or after) acceptance of two
chlorido ligands off their prior Pd host.

We chose to exemplify this complex multistep dissociation/
fragmentation dynamic of the counterintuitive FeCl, elimi-
nation process by calculating the energy profiles of the 3a,,
complex along the reaction coordinate(s), taking conceivably
contributing spin state multiplicities explicitly into account
(Figure 9).

We found it necessary to take into account the high and low
spin states of the open shell Fe(II) cation. This leads to quintet
(high spin) and singlet (low spin) multiplicities, and to a
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conceivable intermediate triplet state. We neglect unlikely high
spin states of the Pd(II) cation where a 4d® configuration in
square planar coordination stabilizes a singlet state by ligand
field splitting. We scale the obtained total energies to the syn
isomer 13asyﬂ where the index “1” indicates its singlet ground
state. We found the eventual FeCl, elimination to proceed
through a chain of four consecutive rearrangements, and we
identified stationary points (minima and transitions states)
along this reaction coordinate (cf. Figure 9). We chose a
designation of the found minima by “A”, “B”, “C”, “D”, and “E”
in order to achieve an unambiguous designation and for reasons
of simplicity. By “TS A/B” we denote the transition states in

DOI: 10.1021/acs.jpca.5b06952
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between of minima A and B etc. Note that A in singlet (blue),
triplet (red) or quintet (green) spin states equals 13a,y,,, 333:3'“,
or? 3ay,,, and accordingly for the other minima (cf. blue, red, or
green curves in Figure 9). We provide graphs of the minimum
and transition state structures of the lowest spin state along the
FeCl, elimination path (singlet in the beginning and quintet to
the end).

Note that structures of any stationary point vary by the spin
state. Namely, in 'A and 3A, the Cp and aryl ligands at the Fe
center are opposite to each in an almost perfect sandwich
arrangement (Cp-Fe-aryl angle of 178° and 177° for 'A and 3A,
respectively). The computed quintet state *A exhibits a tilted-
sandwich structure (Cp—Fe—aryl angle of 171°, cf. Figure S5 in
Supporting Information).

We rationalize this significant change in geometry via
inspection of the orbital energies in a ferrocene like Cp—Fe—
aryl structure 4, which is void of the diamine—Pd—Cl, group
(cd calculated MO energies in Figure S6 in Supporting
Information). The Fe d orbitals split via the distorted octaedric
ligand field of the Cp and aryl ligands. We find in ascending
order two (almost) degenerate e,’ orbitals, a sole a,’, and two
almost degenerate e,” orbitals. This equates to nondegenerate
singlet and triplet ground states, (e,’)*(a;’)? and
(e,)*(ay")'(a,")! in similar geometries '4 and >4, respectively.
A quintet state in a linear Cp—Fe—aryl geometry would imply
an orbital occupations (e,’)*(a;")'(a;")"(b,")" that enforce,
however, a symmetry reduction through Jahn—Teller dis-
tortion, and effectively lifts the orbital degeneracy into a
(a,")*(by ) (a;) (2,")" (b,")" configuration. Indeed 4 is tilted
to 172° — much as observed in the tilted-sandwich structure of
SA. Thereby, we have found a rationalization of seemingly
unusual ordering in computed stabilities: E,"*('A) <
Eo™(°A) < E."™(°A), explained through the sandwich
relaxation/tilt in the quintet state.

With this insight, we are ready to progress further along the
reaction coordinate, as depicted in Figure 9. The triplet state
remains high along all of this reaction coordinate, and it does
not couple to the singlet or quintet states. We thus need not to
discuss it further. Endothermic elimination of the acetonitrile
ligand from 'A to 'B and from A to B proceed almost
barrierless via transition states 'TS A/B and 5TS A/B. There is
some relaxation in dihedral angles with little energy gain, and
the Pd center acquires a vacant coordination site. This vacancy
receives electron density from the adjacent electron-rich Cp
ligand in 'B (Figure 9), while the Cp ligand tilts away from Pd
in 5B (Figure S5). The latter quintet case leaves space for a
favorable approach to Fe of the two chorido ligands from Pd,
while the former singlet case runs into a Pd—C bond in 'C that
needs to reopen before chlorido migration enables through 'TS
C/D at high enthalpic expenses (+ 116 to +317 kJ/mol). The
SB may run via a low barrier STS B/C transition state into a *C
structure that reveals close Fe—Pd proximity (3C: d(Fe—Pd) =
2.86 A, d(Pd—C) = 2.38 A; 5TS B/C: d(Fe—Pd) = 3.26 A,
d(Pd—C) = 2.47 A), other than 'C ("C: d(Fe—Pd) = 3.30 A,
d(Pd—C) = 2.40 A; 'TS B/C: d(Fe—Pd) = 3.35 A, d(Pd—C) =
2.49 A). Thereby, 5C becomes most favorable since the ligand
field splitting in the high spin Fe, as induced by the chloride
ligands, is smaller than the splitting of the cyclopentadienyl
anion.’’ Thereby, the singlet and quintet diabatic potential
surfaces cross on the way from TS B/C to C. The assumption
of an adiabatic progression along the reaction path would thus
imply a direct singlet—quintet spin crossover—seemingly
without a direct involvement of the higher triplet state. The

concomitant spin flips of two electrons (likely d electrons at
Fe) need to occur in concert—an unprecedented assumption,
to the best of our knowledge.

Assuming further progression of reaction on the low lying
singlet surface the remainder of the multistep FeCl, is obvious.
The close Fe—Pd proximity in the presence of a tilt away Cp
ligand allows for easy exchange/switch of the two chlorido
ligands from Pd to Fe (°C via °TS C/D to *D) in concert with
opposite Cp exchange from Fe to Pd—conveniently migrating
above the Fe(Cl,)Pd plane without steric hindrance. Moderate
reorganization via TS D/E allows for exothermic FeCl,
expulsion toward °E which comprises SFeCl, and a singlet Pd
fragment cation—in accord with the IR-MPD MS detection.

4, SUMMARY AND CONCLUSION

We have presented a novel bifunctional iron—palladium
catalyst. Mass spectrometric characterization revealed ready
solvent attachment. Computed structures show a coordination
change of the Pd atom in favor of solvent attachment. Upon
collisional excitation these solvent-attached complexes (3a, 3b,
3c) may lose the attached solvent, may lose HCl, may lose both
in concert, or may lose—most notably—FeCI2 and solvent in
concert. A solvent-modulated Fe—Pd proximity coincides, and
seems to favor, FeCl, elimination. Qur IR-MPD studies reveal
competing HCI/FeCl, elimination with branching ratios much
alike the CID ones. The solvent-modulated formation of NH—
Cl hydrogen bonds help to verify computed structures and
isomers. The identified syn and anti isomers favor and disfavor
FeCl, elimination, respectively.

The DFT calculations reveal a multitude of stationary points
along the multistep reaction coordinates of the three
conceivable spin states. The quintet state shows a static
Jahn—Teller type relaxation by a tilt away of the Cp ligand at
the iron center. Thereby, the quintet stabilizes below the triplet
state, and amidst the rearrangements toward FeCl, elimination,
this quintet state steeply drops below the initially most stable
singlet state—namely, by further enhancing the Cp ligand tilt at
the iron center. The remainder of rearrangements likely
proceed by the quintet state, allowing for chlorido and Cp
ligand exchange among the metallic centers in opposite
directions in a concerted, ballet-like manner. The assumption
of an adiabatic progression along the reaction path would thus
imply a direct singlet—quintet spin crossover—seemingly
without a direct involvement of the higher triplet state. The
concomitant spin flips of two electrons (likely d electrons at
Fe) would need to occur in concert. Unless alternate—yet
currently unkown—structures prevail, such an unprecedented
assumption would ask for further elucidation and verification by
sound high level quantum chemical modeling of structrues and
dynamics, taking into account a likely multi reference character
of transition state structures. Such treatment is much beyond
the scope of the current study.

The elucidated coordination change upon solvent attachment
at the Pd center nicely reveals a likely structure with
conceivable catalytic activity. Electron rich hydrocarbon
molecules may easily swap for the solvent and proceed toward
further steps of activation.

The exoergic elimination of FeCl, would result in a
deactivation of the catalytic activity of the complex. It is
kinetically hindered by a barrier of 132 kJ/mol which limits the
range of applicable temperatures in conceivable technical
applications.

DOI: 10.1021/acs jpca.5b06952
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Introduction

Nickel(n) complexes have been established for a long time as
catalysts for a series of catalytic transformations such as
Kumada-' and Negishi-type® cross-coupling or olefin polymer-
ization reactions.’ The broad catalytic applications in combi-
nation with the rich variety of catalytically active nickel(n)
systems led us to focus on the coordination chemistry of
[(2-aminopyrimidin-4-yl)aryl]phosphanes with this metal. In
the last few years we have investigated chelating ligands con-
taining 2-aminopyrimidin-4-yl fragments bound to either a
second N-donor or a phosphine moiety. In the case of tertiary
amino groups being located at the 2-position of the pyrimidine
ring, such ligands easily undergo a so-called roll-over metalla-
tion’ leading to C-H activation in the 5-position of the
pyrimidine ring.’ The resulting metal complexes which are co-
ordinated by a carbanion show good activities in transfer
hydrogenation (Ru) and Suzuki-Miyaura coupling reactions
(Pd). This inspired us to extend the investigation of this class
of ligand to other late transition metals.

Herein we report on an unusual P-C bond cleavage
performed in the ligand backbone of a nickel(n) complex
leading to a stable, diamagnetic, five-coordinate nickel(n)
complex. Interestingly this P,C-cleavage occurs at the P,N-
ligand [(2-aminopyrimidin-4-yl)aryl]phosphane (1) containing
a primary amine (Scheme 1), which is the most unreactive
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gives a five-coordinate nickel complex wherein the nickel(n) site is coordinated by a tridentate P,N,P-
ligand and a bidentate N,C-ligand. The carbanion of the latter is the result of the P,.C-bond cleaving
process. The diamagnetic nickel(l) complex was characterized by means of elemental analysis, NMR
spectroscopy, cyclic voltammetry and X-ray structure analysis.
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Scheme 1 Synthesis of the nickel(i) complex 2.

member in the series of primary, secondary and tertiary
[(2-aminopyrimidin-4-yl)arylJphosphanes we had investigated
so far,

P,C-cleaving reactions have frequently been described in the
literature. There are even some bacteria being able to perform
this reaction in the case of alkyl phosphorous species.® The
cleavage of aryl and alkyl phosphorous bonds can be per-
formed at clusters” or mono- to trinuclear metal complexes®
leading to bridging phosphido ligands. These conversions are
mainly following oxidative addition processes at the metal site.
According to these findings Hartwig, Bergman and Andersen
suggested that the P,C-cleavage occurring at a ruthenium(u)
complex also includes an oxidative addition step.” The most
prominent example for a reductive P,C-cleavage is the reaction
of PPh; with lithium to provide Ph,PLi and PhLi,'® which is
also reported for other phosphines with different reducing
reagents."' To the best of our knowledge, there is one example,
wherein an electrophile (H') attacks a non-coordinating phos-
phorous atom in the periphery of a transition metal complex
(here: Zr), resulting in a P,C-bond cleavage.'> On the other
hand, the attack of a nucleophile to a metal-coordinated phos-
phorous atom or a phosphorous site possessing good leaving
group properties can also lead to P,C-bond cleavage and gene-
rate a carbanion, which is further stabilized by coordination to
the metal site or by protonation.'*
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Results and discussion

Ligand 1 is accessible in a few steps starting from diphenyl(tri-
methylsilyl)phosphane and 1-(2-fluorophenyl)-3-N,N-dimethyl-
aminoprop-2-en-1-one."* Reacting Ni(Cl0,),(H,0), with 1 in a
1:3 ratio in methanol gives the red-colored, five-coordinate
nickel(nn) complex 2 in high yields (Scheme 1).

Single crystals of 2 suitable for an X-ray structure determi-
nation were grown from a concentrated solution in methanol.
The nickel(n) complex 2 crystallizes in the triclinic space group
P1 with two molecules of methanol in the asymmetric unit.
One methanol molecule is distorted over two positions, the
perchlorate counter anion is distorted as well. Fig. 1 shows the
molecular structure of the cation. Characteristic bond para-
meters are listed in the caption.

The determination of the molecular structure of the nickel(u)
complex 2 proves that a PPh, moiety has been split from
one of the [(2-aminopyrimidin-4-yl)aryl]phosphanes and has
been attached to the NH, group of the second ligand. The
nickel(u) ion is now coordinated in a distorted square-pyrami-
dal manner by two phosphorous atoms, two nitrogen atoms
and one carbon atom. Pentacoordinate nickel complexes are
not uncommon. However, they are mainly observed in a trigo-
nal-bipyramidal geometry with nitrogen and sulphur donors."®
Since the angle P1-Ni1-P2 is close to 140° and the angles P1-
Ni1-N4 and P2-Ni1-N4 are larger than 100°, the compound
adopts a geometry, which is in between a square-pyramidal

Fig. 1 Molecular structure of the cation of compound 2 in the solid
state; carbon bound hydrogen atoms, the perchlorate anion and both
co-crystallizing methanol molecules are omitted for clarity. Characteristic
bond lengths [Al, bond angles [°], and hydrogen bond parameters:
Ni1-P1 2.1968(9), Nil-P2 2.1367(9), Nil-N1 1.978(3), Nil-N4 2.135(3),
Ni1-C44 1.903(3), P1-Nil-P2 149.25(4), P1-Nil-N1 89.12(8), P1-Nil-
N4 106.20(7), P1-Ni1-C44 90.58(9), P2-Nil-N1 86.71(8), P2—Nil-N4
104.42(7), P2-Ni1l-C44 90.53(10), N1-Ni1-N4 102.94(10), N1-Ni1-C44
174.06(12), N4—-Ni1l-C44 82.84(12); hydrogen bonds (O1 from perchlor-
ate): N3-H3N 0.86(3), H3N---N2 2.07(3), N3..-N2 2.929(5), N3—-H3N.--N2
179(4), N6—HG6A 0.87(3), H6A---O1 2.58(4), N6---O1 3.129(5), N6—H6A.---O1
122(3), N6—H6A 0.87(3), H6A---N1 2.51(3), N6---N1 3.150(4), N6—HB6A---N1
131(3), N6-H6B 0.87(3), H6B---N5 2.14(3), N6---N5 3.013(4), N6—-H6B---N5
179(5).
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and a trigonal-bipyramidal coordination mode. This coordi-
nation mode is caused by the bending in the six-membered
ring (N1-C-C-C-P1-Ni1) which prevents the donor atoms of
the tridentate P,N,P-ligand from being located in one plane
with the nickel(n) site. The Ni-P bond lengths differ only
slightly. In contrast, there is a big difference in the Ni-N bond
lengths: Ni-N1 (1.978 A) is about 15 pm shorter than Ni1-N4
(2.135 A), although the nitrogen atom N1 is located in the
trans-position to the carbanion site C44, exhibiting a strong
trans-influence. This observation is frequently made for rigid
tridentate ligands: due to steric restrictions, the M-L distance
to the inner donor site is generally found to be considerably
shortened compared to the outer ones.'® The reason why C44
is found in the trans-position to N1 is probably an intramole-
cular hydrogen bond that exists between H6A and N1 (2.51 A).
As expected, the Ni-C44 (1.903 A) bond is the shortest of all
M-L bonds, thus approx. 23 pm shorter than the Ni-N4 bond,
reflecting the anionic nature of this carbon atom and the
resulting very strong Ni-C bond. The ligand backbone of com-
pound 2 contains several sites that can act as proton donors or
acceptors in intermolecular hydrogen bonds, resulting in
the formation of a zig-zag chain (see the ESIt) generated by
linkages between H3N and N2 as well as H6B and N5. The
perchlorate anion interacts via a hydrogen bond with H6A. The
Ni-C-bond is neither hydrolysed by the protic amino group of
the molecule nor by the protic solvent methanol as a result of
the almost perfect shielding by the two diphenylphosphino
moieties. These are located in the trans-positions of the dis-
torted square pyramidal coordination environment (see the
ESIT).

The *'"P{'"H} NMR spectrum of 2 shows two sharp reso-
nances for the phosphorous atoms P1 (13.9 ppm) and P2
(47.2 ppm) with a */pp coupling of 231.6 Hz. The large coupling
is consistent with two different phosphorous sites being
located in the frans-position to each other. Since there is no
structurally related nickel(n) complex in the literature, we took
diamagnetic, four-coordinate complexes as makeshifts to
assign the *'P resonance of compound 2. The *'P resonance
of trans-(PPh;),Ni(Ph)Cl is reported to appear at approx.
21 ppm."” Kirchner et al. investigated a square-planar nickel()
pincer complex with two trans-orientated arylamino(diphenyl)-
phosphine units and found a *'P resonance at 77.8 ppm.'®
These values allow to assign the resonance at 13.9 ppm to the
triaryl-substituted phosphorous atom and the resonance at
47.2 to the diphenylphosphine site carrying one amino group.
The general shift of the *'P resonances of 2 (18 VE system) to
lower field compared to the model systems (16 VE systems) is
due to the increased electron density. Hey-Hawkins et al
found the homoleptic nickel(0) complex Ni(Ph,P-NHPh), with
a *'P signal at 16.6 ppm.’® Due to the completely asymmetric
structure of 2, resulting in four different phenyl groups, and
the multiple P,H-couplings, the complete interpretation of the
"H NMR spectrum is difficult. Nevertheless by means of a
H,H-COSY experiment, the two sets of AB spin systems (8.54/
7.12 ppm, *Juy = 5.05 Hz; 8.19/7.33 ppm, *Juy = 5.38 Hz) being
affiliated to the two pyrimidine rings can easily be identified.
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Since the resonance at 8.54 ppm shows a second coupling of
1.20 Hz (either to the NH-group or the N-P phosphorous
atom), it can be assigned to the pyrimidine proton next to the
ring nitrogen atom in the tridentate P,N,P-ligand. Furthermore
there are the signals of two ABCD spin systems (7.84/7.65/7.58/
7.50 and 7.62/6.75/6.35/6.26 ppm) standing for the two ortho-
substituted phenylene rings. The latter one is considerably
deshielded and can therefore be assigned to the bidentate
ligand with the Ni-C bond. Examination of the course of the
generation of 2 by *'P NMR spectroscopy failed due to the for-
mation of insoluble (HL'CIO, ). However, no intermediate
could be detected even at the beginning of the reaction either
due to a very rapid transformation of this intermediate into 2
or due to a paramagnetic nature of the intermediate.

ESI-MS measurements further confirm the molecular com-
position of the cation of 2 (m/z = 767 amu with respect to **Ni,
see the ESIT). In the infrared spectrum of 2, one would expect
to generally find the bands of three N-H stretching vibrations,
one for the NH-PPh, unit and the symmetric and the asym-
metric vibration of the NH, group. In fact, there are two
bands, one at 3437 and a slightly stronger band at 3354 cm™"'.
We assign the latter one to the overlapped bands of the
N-H stretching vibration'® and the symmetric NH, stretching
vibration.*

Cyclic voltammetry was carried out to get an insight into
the redox behaviour of compound 2. The nickel(i) complex is
irreversibly oxidized at a peak potential of 0.77 V in acetonitrile
solution with respect to the SCE (for a graphic see the ESIY).
No reduction could be observed up to a potential of —1.50
V. Electron rich square planar PCP-type pincer complexes of
nickel(n) show similar oxidation potentials depending on the
nature of the C-donor site,”" while e.g. for less electron rich
complexes such as (PPh;),Ni(NCS), no oxidation was found,
but irreversible reduction processes.”* This shows the electron-
rich nature of the five-coordinate nickel(i) complex 2.

We suggest an intramolecular mechanism for the P,C-bond
cleavage and the P,N-bond formation. The nucleophilic charac-
ter of the amino group of aminopyrimidines is not very
strong. In the nucleophilic solvent methanol the formation of
methoxy(diphenyl)phosphine as the main product should
occur in an intermolecular reaction. We propose, that in the
first step, the formation of the dicationic nickel(1) complex A
takes place (Scheme 2, top). In A the two P,N-donors are co-
ordinated in a square planar mode. This compound might
undergo loose interaction with the perchlorate anions (not
drawn). Provided that the PN bond formation takes place in
an intramolecular way, the two nitrogen resp. and the two
phosphorous sites have to be oriented trans to each other, a
situation which would also prevent steric hindrance of the two
diphenylphosphino units.

We know from a X-ray structure analysis of the palladium(i)
complex (1)PdCl,,” wherein the palladium centre is cis-co-
ordinated by the phosphorous and the nitrogen atom, that the
six-membered ring including P, Pd, and N is severely bent.
Due to the bending of the P,N units, compound A might exist
in two isomeric forms (Scheme 2, top), wherein the bridging

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Generation of the nickel(i) complex 2 by P,C-bond cleavage
and subsequent P,N-bond formation.

phenylene units either point in opposite directions (C; sym-
metry) or in the same direction (C, symmetry). According to
preliminary quantum chemical calculations on the mechan-
ism, the C, symmetric isomer is about 9 kcal mol™" lower in
energy than the C; symmetric one. After Ni-P cleavage has
occurred in the first step of the mechanism, the detached
phosphorous atom has to move towards the NH, group of the
second ligand. This is, in our opinion, strongly favoured for
the C, symmetric isomer (Scheme 2, bottom), since the nickel
site can only in this case undergo an interaction with the brid-
ging phenylene unit, that will lead to an electrophilic attack at
the phosphorous substituted carbon atom (B). This allows a
neighboring amino group to perform a nucleophilic attack at
the phosphorous atom which cleaves the P,C-bond and forms
the P,N-bond (C). Finally a third equivalent of ligand 1, which
is necessary to obtain high yields of the product, takes over the
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proton from the nitrogen atom and the aminophosphine coor-
dinates to the nickel centre resulting in the formation of com-
pound (2).

This kind of P,C-bond cleavage reaction is up to now
limited to nickel(u) and ligand 1. We have carried out the same
reaction with manganese(u), iron(u), cobalt(n), copper(u) and
zine(n) perchlorates which do not show any reaction with the
ligand. The same was observed for other triphenylphosphine
functionalized tertiary aminopyrimidines and pyrazoles,
which we frequently use in our group. In none of these cases,
P,C-bond cleavage could be found. Instead, expected coordi-
nation compounds with intact ligand structures have been
observed. The behaviour of these ligands might be explained
by steric and electronic considerations: pyrazoles are poor
nucleophiles since the N-o orbital is occupied for the N-H
bond, while the N-r orbital is conjugated in the 6-electron ring
structure. For [(2-aminopyrimidin-4-yl)aryl |phosphanes carry-
ing a tertiary amino group -NR,, steric hindrance of the
groups R will prevent the attack of the phosphorous atom at
the amino group.

Experimental
General remarks

All reaction steps were carried out under an argon atmosphere
using Schlenk techniques. Nickel(n) perchlorate hexahydrate
was purchased from Sigma Aldrich and used without further
purification. Ligand 1 was synthesized according to a pub-
lished procedure.” All solvents were degassed according to
standard techniques before use. 'H, *C and *'P NMR spectra
were recorded on a Bruker Spectrospin Avance 400 device,
ESI mass spectra were recorded on a Bruker Esquire 6000
equipment.

Synthesis of the nickel(n) complex 2

Nickel(n) perchlorate hexahydrate (373 mg, 1.02 mmol) was
dissolved in methanol (20 ml) and 1 (1.11 g; 3.11 mmol) was
added to the green solution. The resulting green suspension
was stirred for 48 h at room temperature whereby its colour
changed to red. The solvent was removed in vacuum and
dichloromethane (20 ml) was added, leading to a red solution
and a white precipitate, which was filtered off. After evapor-
ation of the solvent from the filtrate, the remaining reddish-
brown solid was stirred with toluene (15 ml) at room tempera-
ture for 16 h to dissolve residues of the free ligand 1, then fil-
tered off and dried under vacuum. To obtain crystals suitable
for an X-ray structure analysis, the compound was recrystal-
lized from a minimum amount of methanol. Yield: 778 mg
(896 pmol; 88%) of a reddish-brown solid. Elemental analysis
for C,;H;;CINGNIO,P, (867.91): caled C 60.89%, H 4.06%,
N 9.68%; found C 61.19%, H 4.24%, N 9.48%.

Cyclic voltammetry

Electrochemical experiments were performed at room tempera-
ture in 0.2 M solution of NBu,ClO, in acetonitrile using a
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Table 1 Crystallegraphic data, data collection and refinement

2

Empirical formula
Formula weight
Crystal size [mm]

C46H43CINGNIOGP,
931.96
0.16 % 0.10 % 0.06

T [K] 150(2)

A[A] 1.54184
Crystal system Triclinic
Space group Pi

alA] 11.6115(7)

b [A] 13.4918(9)
c[A] 14.9171(10)
a[] 87.203(5)
e 75.689(6)
rl°] 70.567(6)
VA7 2134.0(2)

z 2

Pealed. [g cm™] 1.450
u[mm™) 2.417
g-range [°] 3.48-62.85
Refl. coll. 14 868
Indep. refl. 6800 [Ryy, = 0.0275]
Data/restr./param. 6800/122/612

Final R indices [I > 20(1)]* 0.0525, 0.1340
R indices (all data) 0.0610, 0.1419
GooF” 1.027

Aprmaxmin (€ A™) 1.307/—1.224
“Ry = ;IIFnI - \FcH/EIFnI @R, = [Yo(F,” = FZ)TE0F,"]"?. " GooF =
Zw( o —F) I

potentiostat/galvanostat 273 A of Princeton Applied Research,
a platinum foil as the working electrode, a platinum net as the
counter electrode and a saturated calomel electrode as the
reference electrode. The scan rate was 100 mV s~ '. The ferro-
cene/ferrocenium redox couple served as the internal reference
(+0.42 V vs. SCE).

X-ray structure analysis of 2

Crystal data and refinement parameters for compound 2 are
collected in Table 1. The structure was solved using a direct
method (SIR92>%), completed by subsequent difference Fourier
syntheses, and refined by full-matrix least-squares pro-
cedures.”® A semi-empirical absorption correction from equi-
valents (Multiscan) was carried out.>® The molecule was found
co-crystallized with two equivalents of methanol, one of which
being disordered. The hydrogen atoms bound to the nitrogen
atoms N3 and N6 were located in the difference Fourier syn-
thesis and were refined semi-freely with the help of a distance
restraint, while constraining their U-values to 1.2 times the
Uleq) values of the corresponding nitrogen atoms. All the other
hydrogen atoms were placed in calculated positions and
refined using a riding model. CCDC-1014112 contains the sup-
plementary crystallographic data for this paper.

Conclusions
The reaction of [(2-aminopyrimidin-4-yl)aryl|phosphane with

nickel(u)perchlorate hexahydrate leads to a novel five-coordi-
nate nickel(n) complex in high yield wherein the nickel(n) site
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is coordinated by a tridentate P,N,P-ligand and a bidentate,
carbanionic N,C-ligand. Both ligand systems are formed from
the bidentate[(2-aminopyrimidin-4-yl)aryl|phosphane which
undergoes a P,C-bond cleavage. The pyridinyl amino group
acts as a nucleophile and takes over a PPh, unit in an intramo-
lecular process from the neighbouring ligand moiety.
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Abstract: We present a proof of concept that ultrafast
dynamics combined with photochemical stability information
of molecular photocatalysts can be acquired by electrospray
ionization mass spectrometry combined with time-resolved
femtosecond laser spectroscopy in an ion trap. This pump-
probe “fragmentation action spectroscopy” gives straightfor-
ward access to information that usually requires high purity
compounds and great experimental efforts. Results of gas-
phase studies on the electronic dynamics of two supramolec-
ular photocatalysts compare well to previous findings in
solution and give further evidence for a directed electron
transfer, a key process for photocatalytic hydrogen generation.

To develop more efficient molecular photocatalysts, insight
into their intrinsic photophysical properties is of utmost
importance. Gathering information on the lifetimes and
localization of the excited states involved in electron transfer
processes usually requires high purity compounds for studies
in solution such as in resonance Raman and transient
absorption (TA) spectroscopy. Since the chemical stability
of the photocatalyst is crucial for overall performance,
corresponding studies with methods like dynamic light
scattering (DLS), transmission electron microscopy (TEM),
and X-ray absorption spectroscopy need to be performed.-!
These investigations are vital; however, they are also time-
consuming and require larger amounts of samples and
therefore encumber the urgently needed fast and efficient
research for sustainable energy sources."” Herein, we show by
comparing new gas-phase studies on Ru-Pt [(‘bbpy),Ru-
(tpphz)Pt(C1),J"".  ('bbpy = 4.4'-di-tert-butyl-2.2"-bipyridin,
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tpphz = tetrapyrido[3,2-a:2'3"-¢:3",2"-h:2"" 3""-j|Jphenazine)
and Ru-Pd ([('bbpy),Ru(tpphz)Pd(Cl),]** (Figure 1) to solu-
tion-phase results that pump-probe fragmentation action
spectroscopy is a powerful tool for unraveling a multitude
of relevant properties in one step.

05/08ps
MLCT 42/50ps
__‘ IMLCT e 320/ 310 ps
A P ILCTy
oy, LMCT
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= \M/
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Figure 1. Schematic structure of Ru-M (M =Pt, Pd) and time constants
of excited-state dynamics from previous solution experiments of Ru-
Pt/Ru-Pd." 7.

Zewail et al. were the first to apply time-resolved photo-
fragmentation (PF) spectroscopy to small, jet-cooled mole-
cules for the study of bond-breaking on a picosecond (ps)"*!
and femtosecond (fs)! time-scale. Recently, Zavras et al.,
further emphasized the combination of mass spectrometry
(MS) with gas-phase photochemistry for the elucidation of
reaction processes.!” Inspired by this, we were ecager to
broaden this approach and used electrospray ionization (ESI)
ion trap MS combined with UV laser photo-induced disso-
ciation, which allows the study of ultrafast electronic dynam-
ics by pump-probe PE!"* Herein, we show that pump-probe
fragmentation action spectroscopy is an extremely powerful
tool for unraveling a multitude of relevant properties in one
step, by comparing the gas-phase studies with solution-phase
results that have been gathered over the last decade.” !

Spectroscopic investigations of the excitation and charge-
transfer processes in solution were performed by fs TA
spectroscopy.”!"! Photoactivation proceeds in three steps:
1) Charge localization on the phenanthroline (phen) sphere,
2) ILCT (intra-ligand charge transfer) to form a phenazine-
centered (phz) state, and 3) electron transfer to the catalytic

Wiley Online Library
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center (LMCT; ligand-to-metal charge transfer). Time con-
stants for these processes are nearly identical for Ru-Pd and
Ru-Pt (Figure 1).'! However, the photocatalytic perfor-
mance of Ru-Pd [turnover number (TON)~234] is much
higher than that of Ru-Pt (TON=10).""!'"! Moreover, it
became apparent that the low photostability of Ru-Pd leads
to formation of Pd colloids, which may act as catalytically
active species in solution, whereas Ru-Pt did not decom-
pose.“”'“]

In the ESI-MS experiments, the main mass peaks are m/
z 600.0 for Ru-Pd and m/z 644.0 for Ru-Pt, which correspond
to the doubly charged complexes, verified by spacing and
isotopic intensity distribution (Supporting Information, Fig-
ure S1). Upon collision-induced dissociation (CID), the
formal loss of MCl, was found to be the major fragmentation
channel (80% for Ru-Pd and 60% for Ru-Pt, Supporting
Information, Figure S2 and Table S1). PF experiments (range
240-480 nm) were carried out to study the intrinsic response
of the complex ions under irradiation. Their PF behavior is
similar to results obtained by CID (Table S1), however, Ru-
Pd exhibits a higher PF yield compared to Ru-Pt (under
identical ESI conditions; Supporting Information, Figure S3),
which is in line with the lower photostability of Ru-Pd under
catalytic conditions.'™"" This is also supported by DFT
calculations yielding a Gibbs free energy (at RT) of
181 kJmol ' for Ru-Pd and 250 kJmol ' for Ru-Pt for the
respective  RuMClL,—Ru+ MCl, fragmentation channel,
assuming singlet configuration of the parent compounds and
fragments. The gas-phase PF spectra compare relatively well
with the absorption spectra recorded in solution (Figure 2).

However, three differences are obvious: First, at approx-
imately 310 nm a strong absorption band is visible in the PF
spectra for both compounds, while only a weak shoulder is
present in the solution spectra at 320-330 nm. The band at
approximately 310 nm can be assigned to a phen/tpphz-
centered m—m* transition,™¥ as recent TD-DFT calculations
resulted in an assignment of the 328 nm shoulder in acetoni-
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——Ru-PtPF
S
£
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g |
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Figure 2. Gas-phase UV/Vis photofragmentation spectra (red) and
normalized absorption spectra in acetonitrile solution (c=1x10"°m)

(black) of a) Ru-Pt and b) Ru-Pd. Pump wavelength (440 nm) for time-
resolved experiments marked by arrows.
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trile to an overlap of three transitions of 7w, < dpgsN e
J-l:*lpphz(_dl“clr'}"‘l’n(_'ls and T[*lpphzPdea‘Pt’nCIsntpphz character.[””
Excitation of the bridging tpphz ligand may lead to a high
PF yield in the gas phase, as it is positioned closer and is thus
probably better coupled to the PdCL,/PtCl, formal leaving
group. Second, we notice a weak and structureless charge
transfer (CT) band region (> 400 nm) for both complexes in
the gas phase. Weak CT bands were also observed for other
Ru" complexes and explained in terms of collisional quench-
ing of long-lived photoexcited or highly vibrationally excited
ions by helium buffer gas in the ion trap.”! Furthermore, the
photon energy at 440 nm corresponds to circa 272 kImol ',
which complies with the calculated dissociation thresholds
(RuMCl,—Ru+ MCl,). Thus, at longer wavelength either
only ions from the high-energy tail of the Boltzmann
distribution contain enough energy for dissociation or two
photons have to be absorbed prior to dissociation. This is
supported by the laser power dependence of the PF signal
(Supporting Information, Figure S4). Lastly, we do not
observe the narrow additional features in the PF spectrum
of Ru-Pd, which are present in the liquid-phase spectrum
(350400 nm). Based on TD-DFT calculations, this absorp-
tion band in the Ru-Pd spectrum was attributed to a transition
of mixed 7T* p, —Typpn/ T ppne —dpa/ T¥ e 1Ny character.
A similar transition was calculated for Ru-Pt, however, with
a bathochromic shift to 407 nm (from Ru-Pd to Ru-Pt) and
a parallel decrease in intensity, explaining the less structured
solution absorption spectrum for Ru-Pt'” Due to the
relatively low intensity of this band in solution, the broad
spectral bandwidth of our fs pulses (ca. 8-10 nm FWHM in
a range of 350-400nm) and the non-linear nature of the
performed action spectroscopy, we do not consider the slight
differences in the gas-phase CT bands of Ru-Pd and Ru-Pt
significant for a further interpretation.

Excited-state dynamics and pump-probe anisotropy were
measured for both complexes by recording time-resolved PF
transients generated by two-color photoexcitation (details
given in Supporting Information).

The transient signal of Ru-Pt (Figure 3) decays within
approximately 15 ps to a near constant level that is main-
tained for more than 800 ps (max. delay). The signal was fitted
to a triexponential decay of 7, =0.6 0.1 ps, 1,=6.5+1.3 ps,
and 7, 2 800 ps. The time constants 7; and 7, compare well to
the values obtained by TA in acetonitrile (0.5 ps, 4.2 ps, and
320 ps)."" The value for 1, attributable to a LMCT from the
tpphz bridge to the Pt center, is much higher than the one
reported in solution. For Ru-Pd, TA measurements showed
a strong dependence of the LMCT time constant on solvent
polarity,”) which increases from 320 ps (MeCN) to 740 ps
(CH,Cl,). Hence, we assume that the driving force for
generating a strongly charge-separated state will be even
smaller in the gas phase, resulting in a longer lifetime.

Transient anisotropy (theoretical considerations in the
Supporting Information, p. 20 ff.) was determined by record-
ing the transients of Ru-Pt at parallel (/(r)) and perpendic-
ular (/,(¢)) relative polarization of pump and probe laser
pulses (Figure 4a).

I)(t) exhibits a strong increase and subsequently decays
within circa 15 ps, while for 7,(r) the increase is smaller and

Angew. Chem, Int, Ed. 2017, 56, 1-6
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Figure 3. Normalized transient total fragment ion intensity of Ru-Pt

recorded at the magic angle; 4,,,,, =440 nm (1 pJ) and
Ageabe = 1200 nm (60 pJ). Decomposition of fit plotted.

after a short (1-2 ps) decay the transient rises to coincide with
I(t) after circa 15 ps (Figure 4a). This polarization depend-
ence points towards molecular alignment by photoexcitation
followed by rotational dephasing.!"**! From the experimental
transients the anisotropy function r(r) was calculated [Fig-
ure 4b, Eq. (S1)]. The initial anisotropy r(r=0)=r,=031+
0.04 has a value smaller than expected for a parallel
orientation of the transition dipole moment (TM) for the
pump (S;<Sy, Myum,) and probe (S,<S,, fy.n.) electronic
transitions [0.4 for (1+1') and 0.57 for (1 +2') excitation].
From the experimental value of r;, we obtain an angle of 22.8°
and 33.5° between the pump and probe TMs for a (1 + 1') and
(1+2') photon process, respectively. If the latter process
would apply to our results, its value of 33.5° could be
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Figure 4. a) Normalized transient total fragment ion intensity of Ru-Pt
at parallel (cyan) and perpendicular (dark blue) relative polarization of
pump and probe pulses; 4., =440 nm (1 pJ) and 4. =1200 nm
(60 pJ). b) Anisotropy function r(t) calculated from data of Figure 4a.
Simulations: T=310 K, transition dipole moments parallel to x-, y-, or
z-axis; rotational constants from DFT calculation (Table S3).
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interpreted as the angle between the TM for the primary
'MLCT excitation (Ru" to 'bbpy ligand) and the TM for the
excited state absorption of the quickly formed *MLCT,,,
state. Based on this analysis of our data on Ru-Pt, we infer
that, even if we assume an initial excitation and charge
distribution over both 'bbpy ligands, the charge ends up
eventually on the tpphz bridging ligand.

Moreover, from r(r) (Figure 4b) we obtain an anisotropy
decay time (dephasing time of the rotational coherence) of
circa 15 ps. The time for reaching the minimum anisotropy
value (Ty.pna) can be estimated from the molecular moments
of inertia and the temperature 7 of the ensemble [Eq. (S22),
Supporting Information]. It was found to be 7y, = 15.1 ps
(rotation around y-axis; Supporting Information, Figure S11),
Tyephas = 15.4 ps (z-axis), and Ty, =7.3 ps (x-axis), which
agrees with the experimental data upon assumption of an x-
axis alignment. We calculated time-resolved orientational
correlation functions of the TMs (see Supporting Informa-
tion, p. 19 ff) assuming that the TMs are oriented along one of
the molecular axes.""! The simulation based on an orientation
of the TM along the x-axis is in good agreement with our data
(Figure 4b). Since Ru-Pt (and Ru-Pd) represents a near
prolate top (I, <I,=1I.; Supporting Information, Table S3),
the rotational dynamics of the x-axis aligned TM is deter-
mined by rotational motion along the perpendicular y- and z-
axes. Thus, the assigned x-axis (tpphz-axis) orientation of the
TM supports the estimation of 7., above and confirms the
pump-induced ultrafast charge localization on the tpphz
bridge.

For Ru-Pd quite similar ultrafast electronic and rotational
dynamics were found (a thorough discussion of the transient
PF and anisotropy data is given in the Supporting Informa-
tion, p. 9 f.). The obtained time constants are 7, = 0.9 + 0.4 ps,
7,=6.9=+2.1 ps, and 753 800 ps with 7, and 7, closely match-
ing reported solution results but r; having a much higher
value. Analysis of the respective anisotropy function also
suggests the fast formation of a tpphz-centered excited state.

In analogy to results published by Wichtler et al.,l'”l we
started transient photofragmentation measurements on both
systems (Ru-Pt and Ru-Pd) at a longer pump wavelength
(480 nm). This should involve an additional transition onto
the phen unit of the tpphz bridge.!"”! Our preliminary results
confirm the previously reported acceleration of the sub-ps
dynamics, when exciting at longer wavelengths.!"”l Further-
more, the initial anisotropy determined from polarization-
dependent measurements amounts to r(r=0)=r,=040+
0.04, giving a more parallel orientation of the pump and
probe TMs and thus a more directed CT onto the bridging
ligand. This is in accord with previous studies on the
excitation-wavelength-dependent catalytic activity of Ru-
Pd, which exhibited higher photon-to-hydrogen conversion
efficiency for photons of longer wavelength, correlated with
relative resonant Raman band intensities of the tpphz
bridging ligand.!""! These preliminary results are presented
in the Supporting Information (cf. p. 7 . and p. 11 £.).

We studied the photo-induced fragmentation of two
hydrogen-generating supramolecular photocatalysts (Ru-Pt
and Ru-Pd) in an ion trap, leading to the first gas-phase UV/
Vis spectra that serve as references for future ab initio

www.angewandte.org
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Figure 5. Summary of ultrafast electronic dynamics and rotational
motion of Ru-M (M =Pt, Pd) by transient photofragmentation in the
gas phase. Orientation of the transition dipole moments for the pump
(blue, dashed) and probe (red, solid) absorption process marked by
arrows. Only the most abundant neutral loss (MCL,) after photo-
fragmentation and collision-induced dissociation (CID) is given.

calculations. We observed an intrinsically lower photostability
of Ru-Pd, which is in agreement with previous studies.'™!!)
Furthermore, we recorded the intrinsic photodynamics of the
two compounds, as summarized in Figure 5.

In analogy to the processes taking place in solution, the
probe pulse leads to a "MLCT excitation based on the 'bbpy
ligands, followed by ultrafast intersystem crossing on a sub-
100 fs timescale to form a *MLCT state delocalized over the
Ru" ligand sphere."? The latter process is not observed in this
study owing to the limited time resolution (of ca. 100 fs). This
triplet state converts to a phen-based 3MLCTphcrl within 1 ps
followed by an ILCT process leading in less than 7 ps to a phz-
based state (ILCT,,,) that, by a slow LMCT (> 800 ps),
populates a state located on the catalytic metal center M.
Time constants are similar to those obtained in solution, apart
from 5, which is shorter in solution probably owing to a better
stabilization of the charge-separated state. Gas-phase tran-
sient anisotropy and the PF behavior of the compounds
strongly support energy transfer to the catalytic metal center
initiated by a fast and directed electron transfer on the tpphz
bridge.

We conclude that ion trap PF experiments allow for
valuable insights into the intrinsic spectroscopic and dynamic
properties and stability of Ru'-based photocatalysts. The
method provides information on a molecular level with
unparalleled detail and efficiency that can be a stepping stone
to facilitate the fast optimization of supramolecular photo-
catalysts by theory-derived rational design.

Acknowledgements

D.I. and C.R. thank the DFG (SFB/TRR 88 “3MET"; project
C4), the Stiftung Rheinland-Pfalz fiir Innovation (Project

965) and the Landesgraduiertenférderung Rheinland-Pfalz
for funding. M.F.G. thanks the DFG-Cluster of Excellence
“Munich-Centre for Advanced Photonics” for support. Dr. Y.
Nosenko is acknowledged for technical support.

Conflict of interest
The authors declare no contflict of interest.
Keywords: electronic dynamics - femtochemistry -

gas-phase laser spectroscopy - supramolecular chemistry -
transient anisotropy

[1] P. Lei, M. Hedlund, R. Lomoth, H. Rensmo, O. Johansson, L.
Hammarstrom, J. Am. Chem. Soc. 2008, 130, 26-27.

[2] P. Du, J. Schneider, F. Li, W. Zhao, U. Patel, F. N. Castellano, R.
Eisenberg, J. Am. Chem. Soc. 2008, 130, 5056-5058.

[3] N. Armaroli, V. Balzani, Angew. Chem. Int. Ed. 2007, 46, 52 -66;
Angew. Chem. 2007, 119, 52-67.

[4] J. L. Knee, L. R. Khundkar, A. H. Zewail, J. Chem. Phys. 1985,
83, 1996 -1998.

[5] N.E Scherer, J. L. Knee, D. D. Smith, A. H. Zewail, J. Phys.
Chem. 1985, 89, 5141 -5143.

[6] A. Zavras, G. N. Khairallah, M. Krsti¢, M. Girod, S. Daly, R
Antoine, P. Maitre, R. J. Mulder, S.-A. Alexander, V. Bonagi¢-
Koutecky, P. Dugourd, R. A. J. O'Hair, Nat. Commun. 2016, 7,
11746.

[7] D. Imanbaew, Y. Nosenko, C. Kerner, K. Chevalier, F. Rupp, C.
Riehn, W. R. Thiel, R. Diller, Chem. Phys. 2014, 442, 53-61.

[8] D. Nolting, T. Schultz, I. V. Hertel, R. Weinkauf, Phys. Chem.
Chem. Phys. 2006, 8, 5247 —5254.

[9] S. Tschierlei, M. Presselt, C. Kuhnt, A. Yartsev, T. Pascher, V.
Sundstrém, M. Karnahl, M. Schwalbe, B. Schifer, S. Rau, M.
Schmitt, B. Dietzek, J. Popp, Chem. Eur. J. 2009, 15, 7678 - 7688.

[10] M. G. Pfeffer, B. Schiifer, G. Smolentsev, J. Uhlig, E. Nazarenko,
J. Guthmuller, C. Kuhnt, M. Wichtler, B. Dietzek, V. Sundstrom,
S. Rau, Angew. Chem. Int. Ed. 2015, 54, 5044-5048; Angew.
Chem. 2015, 127, 5132-5136.

[11] S. Rau, B. Schiifer, D. Gleich, E. Anders, M. Rudolph, M.
Friedrich, H. Garls, W. Henry, J. G. Vos, Angew. Chem. Int. Ed.
2006, 45, 6215-6218; Angew. Chem. 2006, 118, 6361 -6364.

[12] M. Wichtler, J. Guthmuller, S. Kupfer, M. Maiuri, D. Brida, J.
Popp, S. Rau, G. Cerullo, B. Dietzek, Chem. Eur. J. 2015, 21,
7668 -7674.

[13] M. Karnahl, S. Tschierlei, C. Kuhnt, B. Dietzek, M. Schmitt, J.
Popp, M. Schwalbe, S. Krieck, H. Gorls, F. W. Heinemann, S.
Rau, Dalton Trans. 2010, 39, 2359 -2370.

[14] D.Imanbaew, M. F. Gelin, C. Riehn, Struct. Dyn. 2016, 3, 043211.

[15] D. A. Horke, A. S. Chatterley, J. N. Bull, J. R. R. Verlet, J. Phys.
Chem. Lett. 2015, 6, 189194,

[16] A.P. Blokhin, M. F. Gelin, E. V. Khoroshilov, L. V. Kryukov,
A. V. Sharkov, Opt. Spectrosc. 2003, 95, 346-352.

[17] S. Tschierlei, M. Karnahl, M. Presselt, B. Dietzek, J. Guthmuller,
L. Gonzdlez, M. Schmitt, S. Rau, J. Popp, Angew. Chem. Int. Ed.
2010, 49, 3981 -3984; Angew. Chem. 2010, 122, 4073 -4076.

Manuscript received: December 19, 2016
Revised: January 23, 2017
Final Article published: Il HE. HEEN

www.angewandte.org

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem, Int. Ed. 2017, 56,1-6

| 280



Appendix I: Further Joint Publications

11.6 Exploring the Gas Phase Activation and Reactivity of a Ru
Transfer Hydrogenation Catalyst by Experiment and Theory in
Concert

Fabian S. Menges?, Johannes LangP, Yevgeniy. Nosenkob, Christian Kerner®,
Maximillian Gaffgab, Leila Taghizadeh Ghoochany?,
Werner R. Thiel?, Christoph Riehnb, and Gereon Niedner-Schatteburgb

a) Department of Chemistry,
Yale University,
New Haven, CT 06525, USA

b) Fachbereich Chemie and Forschungszentrum OPTIMAS,
Technische Universitat Kaiserslautern,
67663 Kaiserslautern, Germany

11.6.1 Preamble

The following chapter is a manuscript, which is accepted for publication in the Journal of

Physical Chemistry A.

F.S. Menges conducted the main part of measurements, calculations and data
evaluations. He was supported by Y. Nosenko (IR-MPD measurements), M. Gaffga and
myself (CID measurements). C. Kerner and L. Taghizadeh Ghoochany from the research
group of Prof. Dr. W. R. Thiel synthesized the investigated ruthenium complexes. F. S.
Menges prepared a first draft of this manuscript, which was presented in his PhD thesis.
[ revised this manuscript. Herein, we were supported by G. Niedner-Schatteburg and C.

Riehn.

Full Reference:

Exploring the gas phase activation and reactivity of a Ru transfer hydrogenation catalyst
by experiment and theory in concert

F. S. Menges, J. Lang, Y. Nosenko, C. Kerner, M. Gaffga, L. Taghizadeh Ghoochany, W. R.
Thiel, C. Riehn, and G. Niedner-Schatteburg, Journal of Physical Chemistry A, 2017,
published online.

http://dx.doi.org/10.1021 /acs.jpca.7b02459

281 |


http://dx.doi.org/10.1021/acs.jpca.7b02459




Appendix I: Further Joint Publications

11.6.2 Manuscript

Exploring the gas phase activation and reactivity of a Ru transfer hydrogenation
catalyst by experiment and theory in concert

Fabian S. Menges2*, Johannes Langp, Yevgeniy NosenkoP, Christian Kernerb, Maximilian Gaffgab, Leila
Taghizadeh Ghoochany®, Werner R. Thiel?, Christoph RiehnP, and Gereon Niedner-Schatteburgb

a Department of Chemistry, Yale University, New Haven, CT 06525, USA
bFachbereich Chemie and Forschungszentrum OPTIMAS,

Technische Universitat Kaiserslautern, 67663 Kaiserslautern, Germany

*F. S. Menges, Tel: +1 203 432 2150, Email: fabian.menges@yale.edu

Keywords: Transfer Hydrogenation, Ruthenium Catalysis, Base-free Activation, Mass Spectrometry,
InfraRed Multiple-Photon Dissociation, Density Functional Theory, Gas Phase Reactions, Isotope Labeling,
Collision Induced Dissociation

Abstract

This study elucidates structures, activation barriers and the gas phase reactivity of cationic ruthenium
transfer hydrogenation catalysts of the structural type [(n¢-cym)RuX(pympyr)]*. In these complexes, the
central ruthenium(+II) ion is coordinated to a nmé-bound p-cymene (n-cym), a bidentate 2-R-4-(2-
pyridinyl)pyrimidine ligand (pympyr) with R = NHz or N(CH3)2, and an anion X = I, Br;, Cl, or CF3S03". We
present InfraRed Multiple-Photon Dissociation (IR-MPD) spectra of precursors (before HCl loss) and of
activated complexes (after HCl loss) which elucidates a C-H activation as the key step in the activation
mechanism. A resonant 2-color IR-MPD scheme serves to record several otherwise ‘dark’ bands and
enhances the validity of spectral assignments. We show that Collision Induced Dissociation (CID) derived
activation energies of the [(n®-cym)RuX(pympyr)]* (R = N(CH3)2) complexes depend crucially on the anion
X. The obtained activation energies for the HX loss correlate well with quantum chemical activation
barriers and are in line with the HSAB concept. We further elucidate the reaction of the activated
complexes with D, under single collision conditions. Quantum mechanical simulations substantiate that
the resulting species represent analogues for hydrido intermediates formed after abstraction of H* and H-
from isopropanol as postulated for the catalytic cycle of transfer hydrogenation by us before.

Introduction

Ruthenium based catalysts are widely used for transfer hydrogenation reactions?, wherein isopropanol or
formiates serve as the hydrogen source. In case of isopropanol being used as the substrate, acetone is
formed as the only by-product. In a series of review articles all different aspects of transition metal
catalyzed transfer hydrogenation have been illuminated.? For one group of catalysts, the coordination of
the alcohol and the ketone to the metal center is suggested (so-called ‘inner-sphere’ mechanism).3
Alternatively, there are systems, where a coordination of the substrates is not necessary at all (so-called
“outer-sphere mechanism”).*
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However, for both mechanisms the presence of a base is generally requested for the activation of the
catalyst.5 There are only a few examples to be found in the literature in which catalytic activity for the
transfer hydrogenation was observed even in the absence of a base.® In these cases, the formation of an
internal basic site is the key step in the catalyst activation process. We recently reported that cationic
ruthenium complexes of the type [(n®-cym)RuCl(pympyr)]* (cym = p-cymene) bearing a 2-amino-4-(2-
pyridinyl)pyrimidine ligand (pympyr) are active catalysts for the transfer hydrogenation without an
external base as well.7 Interestingly, the catalytic activity of these complexes strongly depends on the
amino substituent in the 2-position of the pyrimidine ring: compounds with a primary (-NHz) or
secondary (-NHR) amino group acquire activity by addition of a base, while systems with a tertiary amino
group (-NRy) are active on their own.

These findings encouraged us to strive for a deeper insight into the catalyst activation process. By means
of electrospray ionization (ESI) - Collision Induced Dissociation (CID) mass spectrometry (MS) and
Density Functional Theory (DFT) calculations in combination with deuterium labelling experiments, we
were able to determine that such complexes undergo a so-called roll-over cyclometallation by splitting of
the Ru-Npyrimigine bond paired with a subsequent loss of HX, leading to a carbanion bound ruthenium
intermediate (Scheme 1). The activation process starts with a C-H activation step®, which can be
understood in terms of an electrophilic aromatic substitution wherein the ruthenium(II) center acts as the
electrophile?, and the resulting carbanion can subsequently act as an internal base to deprotonate an
alcohol such as e.g. isopropanol. The activation barrier for Ru-Npyrimigine bond cleavage and subsequent loss
of HX in case of a -NH; substituent is approx. 45 k] mol-! higher than the barrier in the case of a -NR;
substituent, which explains the differences in catalytic activities mentioned above.” Recent studies on
catalytically active transition metal complexes bearing aminopyrimidine ligands in combinations with
donor sites other than pyridine showed that the cyclometallation of such ligands seems to be a general
approach to enhance the catalysts activity. 10

I+ @ / T 1+
- HCl _Ru +1ProH @ /&
/Ru\\cI —_—— N —_— Ru—
——

o
Z N N R Q\é\\ /"\‘/\N R
= g N=_N = N
~_N ~ ~_N
R

Scheme 1: Activation of the [(n¢-cym)RuCl(pympyr)]* catalyst by HCI cleavage and addition
of isopropanol as hydrogen donor.

In the present manuscript we combine multiple gas phase related methods in order to characterize the
structure of these complexes, their activation barriers and reaction behavior. We utilize InfraRed Multiple
Photon Dissociation (IR-MPD) spectroscopy for the structural characterization of two main representative
catalysts (primary -NH; vs. tertiary -N(CH3)2 amine substituent) in their non-activated and activated form.
We study the influence of the ruthenium bound anion onto the activation barrier for HX loss using ESI-CID
MS measurements on a set of anion exchanged [(n¢-cym)RuX(dma-pympyr)]* complexes (né-cym = p-
cymene, dma-pympyr = 2-dimethylamino-4-(2-pyridinyl)pyrimidine and X = I, Br, CI, or CF3SO3).
Furthermore, we test two activated complexes for their reactivity towards isopropanol and deuterium
under single collision conditions. DFT calculations allow for the assignment of vibrational bands, the
estimation of activation barriers and the comprehension of the observed uptake of D».

It was shown in the literature that IR-MPD is capable to elucidate the gas phase structure of metal
complexes and their reaction products 1! and a comparison of activation by CID and IR-MPD has been
conducted before.l?2 Recently, we could show that the photo-activation of such complexes by 450 nm
excitation in an ion trap is possible as well, but not operable in acetonitrile solution.!3> We have achieved
increased IR-MPD fragmentation efficiency by the use of a resonant 2-color IR-MPD scheme!* which
allows for the recording of otherwise (in 1-color IR-MPD) ‘dark’ vibrational bands, originating from high
activation barriers for fragment loss (splitting of covalent bonds) and / or insufficient internal vibrational
redistribution (IVR) of excitation energy.15
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Prior DFT studies managed to elucidate the activation processes of alcohols and other dihydrogen sources
at metal-centered hydrogenation catalysts.1¢ Such DFT derived relative stabilities and activation barriers
have certain inaccuracies notwithstanding their value in reconstructing reaction mechanisms. We have
conducted CID studies on a series of [(n®-cym)RuCI(L)]* complexes (n°-cym = p-cymene, L = bipyridine or
2-R-4-(2-pyridinyl)pyrimidine with R = H, NH,, NHMe or N(CH3);) before.l” It is general knowledge that
apparent CID thresholds and actual activation enthalpies are subject of kinetic shifts8, which are often
negligible, but sometimes reach considerable values.182 In the present case, we evaluate relative CID
energies within one class of compounds that vary by substituents of similar size, assuming a by and large
constant kinetic shift. We applied a center-of-mass correction (COM) to the derived Ei4g values in order to
compare the activation energies of ions of different masses!® and the phenomenological Ecom values are
then correlated to DFT derived activation barriers.

Finally, we carried out gas phase reactions of two activated ruthenium(II) complexes with D,. We suppose
that the addition of D; leads to the same deuterido ruthenium complex that would form by D+ and D-
transfer from DOCD(CH3); to the activated complex in solution!?, which is hindered in the gas phase at
room temperature.

Methods
Sample preparation

Ruthenium complexes of the type [(n¢-cym)RuCl(pympyr)]Xc] (Xc = BPhs, BF4, Cl or PF¢) were prepared as
described in the literature.” 17 For the exchange of the chlorido ligand against bromide and iodide, stock
solutions of these complexes in acetonitrile were stirred for 72 h at room temperature with a ten-fold
excess of the corresponding sodium salt. To exchange the chlorido ligand against the trifluoromethane
sulfonate anion (triflate), equimolar amounts of silver triflate were used under the same conditions.

While the binding motifs of the pympyr ligands in 1* and 2+ (for the numbering see Scheme 2) are known
from crystal structures (cf. Scheme S1 and Table S1), the binding motifs and structures in their activated
forms were only inferred from results of CID experiments of isotopic labeled species and concomitant DFT
calculations and H-NMR spectroscopy.” The activated forms of the catalysts were prepared by CID (see
below) and subsequently isolated in the ion trap of the mass spectrometer.

ESI-MS and CID

Electrospray ionization mass spectrometry (ESI-MS) in positive ion mode was performed with two
different ion trap instruments (Bruker Esquire 6000 for CID and amaZonSL for IR-MPD). The scan speed
was 13000 m/z / s in the normal resolution scan mode (0.3 FWHM / m/z). The scan range was set to at
least 70 to 400 m/z. Sample solutions in acetonitrile at concentrations of approximately 1 x 10-4 M were
continuously infused into the ESI chamber at a flow rate of 2 puL/min using a syringe pump. We used
nitrogen as drying gas at a flow rate of 3.0 to 4.0 L/min at temperatures of 220 °C up to 300 °C and
sprayed the solutions at a nebulizer pressure of 3 to 4 psi with the electrospray needle held at 4.5 kV. We
held the transfer parameters to the Paul trap of the mass spectrometer constant and used Helium as a
buffer gas with an estimated partial pressure of about ~10-3 mbar inside the ion trap.
BrukerEsquireControl 5.3 (Esquire) and BrukerTrapControl 7.0 (amaZonSL) software controlled the
instrument and we performed data analysis using Bruker Data Analysis 4.0 software.

We measured CID appearance curves of the activation by a stepwise variation of the fragmentation
amplitude in the Paul trap of the mass spectrometer while keeping all other parameters constant. The
helium pressure in the Paul trap plays a crucial role for the reproducibility of the results. Even slight
changes between measurements can lead to significant shifts. Therefore, all measurements were repeated
multiple times and we selected the ones with the most comparable pressure conditions instead of
averaging over multiple measurements. The internal energy scale of the instrument (Eip) was then
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transferred to a center of mass related collisional energy scale (Ecom) in order to account for different
efficiencies of collisional energy transfer between helium and ions of different mass to charge ratios.1?

IR-MPD

IR-MPD measurements of catalyst precursors 1* and 2+ and their activated forms [1(-HCI)]* and [2(-
HCI)]* (for numbering see Scheme 2) were performed with a modified ion trap mass spectrometer
(amazon SL, Bruker Daltonics). Two KTP/KTA optical parametric oscillator/amplifier (OPO/A,
LaserVision) systems, each pumped with a Q-switched (10 Hz) injection-seeded Nd3+:YAG laser (PL8000,
Continuum), provided for tunable IR radiation (6v = 0.9 cm'1and 6v = 0.3 cm1, 6t = 7 ns) in order to record
vibrational spectra via a multi-photon dissociation scheme. We used the OPA idler wave (<10 m]/pulse) of
one system in order to record spectra (pump laser) within 2800 - 3600 cm™! or the signal/idler difference
frequency wave (<2 m]/pulse) for the 1200 - 1900 cm! spectral range. On choice, the idler wave of the
second IR OPO/A served as probe laser, set to a selected and fixed vibrational resonance frequency. The
probe laser beam was aligned counter-propagating with respect to the pump laser beam. Probe pulses
were typically delayed by 40 ns with respect to the scanning pump pulses (delay generator DG645, SRS).
Each trapped and mass isolated ion package was irradiated by 2-4 laser pulses (or pulse pairs in case of
two-laser experiments) in order to produce sufficient fragment ions. IR spectra were recorded using
Bruker chromatogram software for extracting the intensity of parent and fragment ions (three point
averaging directly by BrukerTrapControl software). The resulting IR-MPD signal was evaluated
corresponding to formula 1 (cf. Supporting Information). Origin® Plot Software served to apply a five
point adjacent averaging for smoothing. The IR frequency was calibrated by a wave meter (821B-NIR,
Bristol instruments) and the laser power curve was recorded in parallel to the IR-MPD spectra.

We utilized our recently developed 2-color IR-MPD technique in order to enhance the fragmentation
efficiency, especially in the spectral region below 1900 cm! in which the OPO/As provide only low energy
laser pulses.14

Theoretical methods

All DFT calculations were performed at the B3LYP 20 level of theory using the 6-311G* (C, H, N, O, F, §, Cl,
Br, I) and Stuttgart RSC 1997 ECP (Ru) 2! basis sets and the Gaussian09 package.?2

Dependent on the desired local minimum or transition state structure tight or vtight grids were used for
convergence of the geometry optimization, in the latter case combined with an ultrafine integration as
described in the Gaussian09 manual. In order to find the transition states, the calcfc keyword was used,
partially combined with modredundant coordinates to freeze dihedral angles of dangling methyl groups to
prevent the localization of non HX loss related transition states. Harmonic frequency calculations were
carried out for each optimized geometry in a local minimum or transition state. Local minimum
geometries were checked for no imaginary frequencies, transition states for one or two of them that
correlate to the HX loss. Thermal energies, enthalpies and free enthalpies were calculated at 298.15 K (RT
conditions).

We applied two different scaling factors (> 2500 cm-1: 0.949 and < 2500 cm-: 0.976) to the DFT predicted
IR absorption spectra. These scaling factors were derived by a comparison of experimental to DFT
predicted IR spectra (position of the NH; stretches in 1* for bands above 2500 cm! and the six strongest
bands of 1* and 2+ below 2500 cm1) since the published scaling factor of 0.966 for the B3LYP/6-311G*
level of theory is insufficient for general application.23

Gas phase reactions

Gas phase reactions of the activated cationic ruthenium complexes with isopropanol and deuterium,
respectively, were performed under single collision conditions at a pressure of 5 x 10-? mbar in a FT-ICR-
MS instrument (Bruker Apex III ) equipped with a 7.0-T magnet and an electrospray ion source (APOLLO
I). The collision cell integrated in the ion transfer path to the FT-ICR MS was used in order to generate the
activated species [1(-HCI)]* and [2(-HCI)]* from precursor molecules 1* and 2*. The partial pressure of
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the reaction gas was set to a constant value and instruments surfaces (in the high vacuum part) were
passivated for one hour ahead of data recording. Sample solutions in acetonitrile at concentrations of
approximately 1 x 10-4 M were continuously infused into the ESI chamber at a flow rate of 3 pL/min using
a syringe pump. Nitrogen was used as drying gas with flow rate of 10.0 L/min at approximately 300 °C.
The solutions were sprayed at a nebulizer pressure of 25 psi and the electrospray needle was typically
held at 4.0 kV. Transfer parameters to the Penning trap of the mass spectrometer were held constant. D,
was chosen instead of H, in order to be able to separate the reaction products more clearly from the
isotopic distribution of the educts.

Results and Discussion

We investigated in detail structure/activity relationships of a series of cationic ruthenium catalysts of the
type [(mé-cym)RuX(pympyr)]* (né-cym = né-bound p-cymene, pympyr = 2-R-4-(2-pyridinyl)pyrimidine
with R = NH3, or N(CH3); and X = I, Br, Cl, or CF3S03) by variation of both, X and R. Scheme 2 shows the
molecular structures of compounds 1+*-5* and Table 1 summarizes all relevant formula and masses of the
precursor (parent) species and of the fragments after HX elimination.

‘ 1* 2(cl)*  2(0TH)*  2(Br)*  2()* 3t 4* 5+

I+
@ E N N N N N CH N N

R| NH, N(CHy), N(CH;), N(CHs), N(CH), H H NHCH,

x| c CFRSO;  Br | a a «

Scheme 2: Molecular structures of compounds 1*-5* and 2(X)*. Angles are defined as
follows: « is the sum of angles around the tertiary nitrogen atom of substituent R, x is the
dihedral angle between cis aligned atoms Npym-C-C-Npyr, ¢1 and ¢z are dihedral angles
between cis aligned atoms Npy-C-Ng-H (1*), Npy-C-Ng-Cr (2+) respectively, of the pyrimidine
ring and substituent R.

Table 1: Composition and masses of the precursors 1*-5* and 2(X)* and CID ionic fragment masses. Only
fragment masses of the most abundant losses are listed. Masses are due to the most abundant
isotopomers (for experimental and simulated mass spectra cf. Fig. S1).

m/z m/z
catalyst ligand? sum formula parent fragment

mass mass
1+ R = NHz [Ru(C10H14) (CoHsN3(NH2))Cl]* 443.06 407.08
2+=2(Cl)* R=N(CHs): [Ru(C10H14)(CoHsN3(N(CH3)2))Cl]* 471.09 435.11
2(CF3S03)* R =N(CHz3)2 [Ru(C10H14)(CoHeN3(N(CHs)2))(SOsCF3)]+ 557.04 435.11
2(Br)* R = N(CHs)2 [Ru(C10H14)(CoHsN3(N(CH3)2))Br]* 489.01 435.11
2(1)+ R = N(CHs)2 [Ru(C10H14) (CoHsN3(N(CHs)2))I]* 534.99 435.11
3+ bipyridine [Ru(C10H14)(C10HsN2)Cl]* 427.05 389.06b
4+ pyridinylpyrimidine [Ru(Ci0H14)(CoH7N3)Cl]* 428.05 390.05b
5+ R = NHCH3 [Ru(C10H14)(CoHsN3(NH(CH3))CI]* 457.07 421.100

a only the R substituent is indicated for the pympyr ligands

baccording to [17]
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Both, the ligands and the anion bound to the ruthenium center have a crucial effect on the activation
barrier. The latter effect is studied based on complex 2+ by exchanging the chloride anion with triflate
(CF3S0s37), bromide and iodide.

IR-MPD spectra and DFT predictions

We measured 1-color IR-MPD spectra of the cationic complexes 1* and 2+ (Fig. 1a, 3a, resp.) and of their
activated forms [1(-HCI)]* and [2(-HCI)]* (Fig. 1c, 3c, resp.) as two representative catalysts of this study
and in order to elucidate their gas phase structures. The main IR induced fragment channels are the
neutral loss of HCI for 1* and 2* and the neutral loss of H; for [1(-HCI)]* and [2(-HCI)]*. The activated
complexes were prepared by CID, yielding pure [2(-HCI)]* as deduced from its isotopic pattern. However,
CID of 1* yields up to 40% contribution of the dehydrogenated product [1-(HCI-H2)]* in addition to
[1(-HCI)]* (Fig. S1). These two species are inseparable (by MS) in the ion trap due to the broad isotopic
pattern of Ru. Thus the IR-MPD spectra of [1(-HCI)]* are slightly superimposed with spectra of the species
[1(-HCI-H2)]*.

Spectral features and vibrational assignment of 1+ and [1(-HCI)]+: The 1-color and 2-color IR-MPD
spectra of complex 1+ (Fig. 1a, black and red curves, resp.) exhibit clearly distinguishable peaks in the
stretching vibration region above 1700 cm-1. We observe a CH stretching vibration band at 2977 cm! as
well as a symmetric (3345 cm!) and an antisymmetric (3484 cm) NH; stretching vibration band. The
NH2 stretching vibrations of [1(-HCI)]* (Fig. 1c) shift to higher frequencies with respect to those of 1+
Moreover, the NH, bands of [1(-HCI)]* split up into doublets at 3430/3445 cm-! and 3540/3570 cm'!
(further details see Fig. S3). The origin of the splitting could be due to contributions of (a) multiple
isomeric structures of [1(-HCI)]*, from (b) additional contributions to the IR-MPD spectra by secondary
fragment species (as e.g. [1(-HCI-Hz)]*), or from (c) amino group inversion tunneling. In order to decide
which of these factors causes the splitting, we have to address all of these possible contributions in more
detail first.

The 1-color IR-MPD spectra in the fingerprint region below 1700 cm-! reveal merely one band in the case
of 1+ and two bands in the case of [1( HCI)]*, while our DFT calculations indicate a multitude of bands in
this spectral region in both cases. We took this discrepancy as a motivation to utilize our signal enhancing
2-color IR-MPD approach. Indeed, we obtained several additional bands for 1+ and [1(-HCI)]*, and we
thereby get ready to compare to our DFT predictions.

The case of 1* is straightforward: We utilized available X-ray crystallographic data’ to optimize the
associated isolated cation and to obtain a predicted IR absorption spectrum by DFT (cf. Fig. 1b). This does
indeed match closely the recorded 2-color IR-MPD spectrum thereby providing for a structural
confirmation. Note the band at 1601 cm1, which corresponds to a pyrimidine ring deformation coupled to
C5H bending. The IR-MPD spectra of [1(-HCI)]* lack this ‘marker band’. As no crystal structure of
activated complex [1(-HCI)]* is available we investigate by DFT three distinct binding motifs represented
by the three isomers Iso1, [soz, and Isos. They differ by deprotonation site and by pympyr ring torsion or
by its coordination to the Ru center after HCl elimination of 1+ (cf. insets to Fig. 1 (d) through (f)). Iso:
displays a torsion of the pyrimidine ring together with a deprotonation of the C5H proton to form a Ru-C
bond. In the case of Iso, the deprotonation takes place at the pyridine ring, which also performs the
torsion to form a Ru-C bond. In the case of Iso3 the cymene ligand is deprotonated and no torsion of the
pympyr unit takes place.

Isomer assignment of [1(-HCI)]*: We assign the recorded IR-MPD spectrum of [1(-HCI)]* to the DFT
predicted torsional isomers Iso1 and sort out Iso; and Isoz - the ‘marker band’ at 1601 cm! serving to
decide. This ‘marker band’ would correspond to a pyrimidine ring deformation coupled to C5H bending
(labeled as C5H + pm-ring in Fig. 1b) - which is located at the site that has deprotonated to yield Iso:. Thus
we have identified a spectroscopic finger print that identifies the very deprotonation site of HCl
elimination, and we have confirmed the roll over isomerization explicitly by spectroscopic means. Note,
that the torsion of the aminopyrimidine unit (Scheme 1) was suggested previously?, leading to a structure
where the relevant hydrogen atom is missing. In contrast, a rotation of the pyridine ring (Fig. 1le, Isoz)
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would make this mode significantly IR active - but is not observed, however. Additionally, considering the
high relative energy of Iso, (+33 kJ/mol) in relation to Isoj, it is reasonable to rule out contributions of

Isoa.
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Figure 1: 1-(black) and 2-color (red) IR-MPD spectra of 1* (a) and [1(-HCI)]* (c). DFT
predicted IR absorption spectra of 1* (b) and of three possible isomers of [1(-HCI)]*+ (d-f) at
the B3LYP/6-311G*/ECP level of theory, frequency scaled by 0.949 (> 2500 cm) and 0.976
(< 2500 cm), respectively. See Table S2 for numerical values of band peak positions and
assignment of bands. The arrows indicate spectral positions of the probe laser in the 2-color

experiments.

Discussion of Isos of [1(-HCI)]*: An extended theoretical search for alternative activation pathways led to
the discovery of a third isomer (Isos, Fig. 1 f). The activation pathway for this last isomer would
incorporate the loss of the methane proton of the isopropyl-group together with the chloride anion. This
would lead to a [1(-HCI)]* isomer containing a deprotonated p-cymene, that can be considered as a 6@-
electron pentadienide ligand bearing an exocyclic methylene site, and a non-rotated pympyr ligand for
which we obtained a surprisingly low energy by DFT calculations (- 6 k]/mol in relation to Iso1). Much as
in Isoz, we would expect a strong ‘marker band’ at ca. 1600 cm-! - other than observed. Moreover, both
Iso; and Isoz would provide for an intensity ratio of NH stretching modes I(V;VHZ)/I(VCILVHZ) < 1 whereas
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the experimental IR-MPD spectrum and the DFT predictions of Iso; reveal I(V;VHZ)/I(V,IXHZ) > 1.Based on
these two independent pieces of spectral evidence we rule out contributions of structures Iso; and Isos
and confirm instead the presence of Iso1 of [1(-HCI)]*. This clear cut spectral assignment of Iso; is the
more of relevance as Isos is predicted to be more stable than Iso1 as calculated by DFT, at least within the
uncertainty of the method. The nature of the transition state for formation of [so3 is yet unclear and HCl
loss from the isopropyl group could be hindered due to multiple rotamers of the p-cymole ligand.

Structural changes upon activation of 1*: From the DFT calculations we find a pyramidal amino group in
complex 1* with the sum of angles between the atoms connected to the amino nitrogen atom being o =
346°, which is significantly smaller than 360° assigned to a planar structure (see Scheme 2 for definition
of angles). The corresponding dihedral angles of the cis oriented Nyy-C-Nr-H atoms are ¢; =-11°and ¢z =
32 - they orient out of the pympyr plane. We conclude in a partial conjugation of the residue’s nitrogen
lone pair with the pympyr ring’s m-system, and a significant sp3-hybrid character. In remarkable contrast,
the activated complex [1(-HCI)]* (Iso1, Fig. 1d), provides for a = 360° and ¢ = ¢2 = 0°, which indicates a
planar structure with strong m-conjugation of a pure nitrogen p orbital perpendicular to three sp? hybrids
in plane. These orbital rearrangements are accompanied by a shortening of the C-Namino bond, from 135.6
to 134.1 pm. This strong conjugation of the lone pair of the nitrogen to the aromatic pyrimidine ring
induces the observed blue shift of the NH; stretching modes in activated complex [1(-HCI)]*. Other than
naively expected, there is little interaction of the amine residue with the proximate chloride in 1*. More
importantly, the anticipated roll-over torsional intra ligand isomerization upon activation of 1* to
[1(-HCD)]* is indeed a full 180° torsion within the pympyr ligand: the dihedral angle x changes from y =
2.84° to 178.91°. We conclude in a full conjugation of the pympyr m-system in both, 1+ and [1(-HCI)]*.

Origin of NH; band broadening and splitting in the IR-MPD spectra of [1(-HCI)]* : We note an increase
of the band width (~16 cm1) of the two §(NH,) bands at 1544 and 1621 cm! of the activated complex
[1(-HCD)]* (Fig. 1c) with respect to the bandwidth (~ 7 cm) of those at 1158 and 1627 cm-! of the
complex 1* (Fig. 1a). The third §(NH,) band at 1467/1471 cm is blended by other peaks and
inconclusive. Even more prominent is an undisputable splitting of the v,(NH,) of Av ~ 30 cm! and of the
vs(NH,) of Av ~ 15 cm in [1(-HCI)]* which does neither show in any DFT simulation nor in the spectra of
1+. This activation induced broadening of the amino group bending vibrations together with the splitting
of the amino group stretching vibrations originates from, in principle, any of these three causes: (a)
multiple isomeric structures of [1(-HC1)]*, from (b) additional contributions to the IR-MPD spectra by
secondary fragment species (as e.g. [1(-HCI-Hz)]+), or from (c) amino group inversion tunneling:

(a) Multiple isomeric structures of [1(-HCI)]*: The four vibrational bands of [1(-HCI)]* below 1700 cm'!
are assigned to the modes localized on the pympyr ligand Iso; (Fig. 1d) which excludes Iso, and Isoz as
discussed before. The orientation of the p-cymene ring could also not be responsible for the broadening
since only those isomers were computationally found as energetic minima which have the isopropyl-
methyl axis of the p-cymene ring aligned approximately perpendicular to the plane of the pympyr ligand.
Finally, for this p-cymene orientation only a few isoenergetic isopropyl rotamers of [1(-HCI)]* were
converged with practically identical calculated vibrational spectra as given in Fig. 1d.

(b) Additional contributions by secondary fragment species: One could tentatively assume that the
observed splittings are artefacts of spectral contamination by secondary fragment species as e.g. [1(-HCI-
H;)]*. However, the IR-MPD signal recorded for the isotopomeric channels related to [1(-HCI-H4)]* (main
fragment of [1(-HCI-H2)]*) and [1(-HCI-H2)]* (main fragment of [1(-HCI)]*) shows no change of the
intensity ratio of the doublets’ components within the experimental accuracy (Fig. 2a). The stepwise
dehydrogenation of [1(-HCI)]* also barely affects the corresponding IR-MPD spectra and peaks do not
shift, the main features stemming from the pympyr ligand. In order to assign the origin of H; loss, we
calculated various isomers of [1(-HCI-H2)]* (Fig. 2c-f). The origin of H> loss barely effects the positions of
the peaks in the linear absorption spectra but changes the relative intensities of bands. Even though the
intensity distribution in Iso; and Isoz match the experimental spectra better than in Isos, the comparison
of IR-MPD spectra to linear absorption spectra can be misleading due to the non-linear nature of the IR-
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MPD process. Additionally, these two isomers can be ruled out due to their high relative energy. The same
is true for Isos which additionally shows the experimentally not observed marker band at 1601 cm-™.

(c) Finally, we consider the inversion tunneling as the origin of the observed band splittings and their
broadening. While the amino group inversion is sterically hindered in 1+ by the p-cymene and Cl ligands, it
is free from hindrance in the activated complex. For aniline there have been reported state specific
tunneling splitting values on a similar order of magnitude (20-40 cm-1).2¢ However, this conclusion seems
to contradict the theoretically found planar amino group structure of Iso; of [1(-HCI)]* at the energy
minimum as calculated at the B3LYP/6-311G* level of theory. We note, nonetheless, that the applied
method could describe the inversion potential incorrectly. Finally, given the low barriers to inversion
tunneling the vibrational wave function likely averages pyramidal geometries to a seemingly planar one. A
multi-dimensional inharmonic analysis of such effects would be beyond the scope of this study.
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Figure 2: Analysis of fragmentation channels in the 2-color IR-MPD spectrum of [1(-HCI)]*
(a): 2-Hz loss (green), 1-H; loss (blue) and combined loss (red). DFT predicted IR absorption
spectra of [1(-HCI)]* (b) and of four possible isomers of [1(-HCI-H2)]* (c-f) at the B3LYP/6-
311G*/ECP level of theory, frequency scaled by 0.949 (> 2500 cm1) and 0.976 (< 2500 cm1),
respectively. The arrow indicates the spectral position of the probe laser in the 2-color
experiments.
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Spectral features and vibrational assignment of 2+ and [2(-HCI)]*: The 1- and 2-color IR-MPD spectra
of 2+ complexes (Fig. 3a) lack any stretching bands beyond 3100 cm due to the lack of OH and NH
chromophores (R = NMe;). The highest observed band frequency at 2981 cm! originates from several
overlapping asymmetric CH stretching modes of the methyl groups of the p-cymene ring and some
asymmetric CH stretching modes of the methyl groups of the dimethylamino group (cf. Fig. 3b). The new
band at 2946 cm! - absent in the spectrum of 1* - originates from an asymmetric CH stretching mode of
the dimethylamino residue in 2+ The fingerprint region of complex 2+ exhibits two very strong bands
(1554 cm and 1599 cm'1), two weak bands (1420 and 1484 cm-1) and one very weak band (1363 cm1).
In [2(-HCI)]* only two of the fingerprint bands of 2+ remain active, those at 1422 cm! and 1555 cm. Our
DFT calculations of 2+ and [2(-HCI)]* nicely reproduce all the gross features of these bands, and we
provide for individual assignments of all of these bands in the displayed spectra (Fig. 3a-e), and we refrain
from re-iterating these details.
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Figure 3: 1- (black) and 2-color (red) IR-MPD spectra of 2* (a) and [2(-HCI)]* (c). The red
line arises from the pump laser while the probe laser is fixed at 2970 cm-! (red arrow). DFT
predicted IR absorption spectra of 2+ (b) and of three possible isomers of [2(-HCI)]* (d-f) at
the B3LYP/6-311G*/ECP level of theory, frequency scaled by 0.949 (> 2500 cm'!) and 0.976
(< 2500 cm™1), respectively.

It is most noteworthy to point out that the 1555 cm! band in [2(-HCI)]* is significantly broader than the
corresponding, partially resolved bands in 2*. This observation might be explained by a coupling of the
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two pyrimidine ring deformations v,(N-C-N) and v4(pym-ring) with the low frequency hindered methyl
rotation vi(CHsz). The IR-MPD spectrum of [2(-HCI)]* revealed a smaller IR-MPD yield than that of 2+. In
particular, no CH stretching motions were observed. When applying our 2-color IR-MPD probe scheme by
providing a second IR pulse at 2970 cm1, we obtained a some small enhancement of IR-MPD yield with
respect to the pure 1-color IR-MPD spectra (cf. e.g. in the case of 2+ in Fig. 3a), and we did not obtain any
extra bands. We thus conclude that the recorded spectra of 2+ (Fig. 3a) and of [2(-HCI)]* (Fig. 3c) reveal
all IR active features.

The agreement of the recorded IR-MPD spectrum of [2(-HCI)]* with the calculated spectrum of isomer
Iso1 (Fig. 3d) allows for an assignment of [2(-HCI)]* to this isomer. The alternative structures of the
activated complex (Fig. 3e,f) are less stable and would provide for additional vibrational bands beyond
those observed. Contributions of Iso; and Isoz are unlikely. Moreover, the exclusive loss of DCl upon
activation of deuterated compound (at the C5 position of the pyrimidine ring)7 had ruled out Iso, and Iso3
as well (cf. isotopic patterns Fig. S3). This receives independent confirmation by the present IR spectra.

HX elimination from 2(X)* (X = SO3CF3, Cl, Br or I) by CID experiments and DFT
calculations

Collision Induced Dissociation (CID) studies and the free enthalpies of activation: In our former
publications on differently substituted Ru catalyst, we explored the influence of the substituent R on the
activation barriers for HCl loss.” 17 In the present study, we recorded CID curves for HX loss (X = SO3CF3,
Cl, Br, and I) from 2(X)* (Fig. 4), and we conducted DFT calculations on activation barriers for molecules
1+ - 5* as well as for the variation of the anionic ligands in 2(X)* (Fig. 5) in a uniform matter. With this
approach, we aim to check for correlation of the CID barriers for activation (HX loss) to DFT derived
relative energies of transition states structures. The experimental CID appearance curves of 2(X)* (X =
SO3CF3, Cl, Br or I) fall close to each other (Fig. 4). All of them are well fitted by a sigmoidal functionéc.
Three out of four reveal CID curves with identical slopes and slight shifts in appearance energies. One out
of four, the CID curve of 2(Cl)*, possesses a steeper slope than the other three curves. We attribute this to
a loose interaction of Cl- with the C(5)H proton within the critical transition state as will be discussed
later.
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Figure 4: CID appearance curves for the loss of HX (X = SOsCF3, Cl, Br or I) from 2(X)*.
Sigmoidal fits of the data are indicated by solid lines.

DFT modeling of the HX elimination: We calculated four local minima (4, B, € and D) and three
transitions states (TS A/B, B/C and C/D) for each complex 1+ - 5+ (cf. upper inset in Fig. 5) in line with our
previous study of 2+7 We extract the 300 K free enthalpies AG! of the third transition states (TS C/D)
which are rate determining with the HX leaving group yet formed and weakly bound to the activated
molecule (lower scheme in Fig. 5). Finally, we compare these AG* values to the CID appearance energies
E.om (cf. Fig. 5).
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CID appearance energies E_,,, and calculated barrier heights AG': The experimental Ec,m values for the
activation of 1*+-5+, and 2(X)* correlate quite well to the DFT derived free enthalpies of TS C/D for the
exclusive loss of HX (cf. Fig. 5).25 4+, 2(Br)* and 2(CF3S03)* show some deviations from the otherwise
linear correlation. This deviation mostly originates from the indeterminacy of TS C/D on a flat potential
energy surface for the HCI loss. Otherwise, the activation energies correlate well with the size of the
substituent R: The larger the substituent, the lower is the activation energy. This originates from changes
in charge density of the aromatic system by variation of R, as well as from torsional strain within the -
conjugated pyridine-pyrimidine system, which increases with the size of R. The latter effect is explicitly
strong within the complexes 2(X)* (as indicated by the dihedral angle x(Npym-C-C-Npyr) > 15°) while this is
less pronounced for ions 1+ and 4+ (}(Npym-C-C-Npyr) between 0 and 4°). The following order of activation
energies was found for the 2(X)* species from experiment and theory, respectively:

Ecom Z(CF3SO3)+ < Ecom 2(C1)+ < Ecom 2(1)+ < Ecom Z(BI')*‘
AG' 2(CF3S03)* < AG' 2(C1)* < AG' 2(I)* ~ AG' 2(Br)*
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Figure 5: Experimental E.,m values for the activation of 1+-5* and 2(X)* (X = SO3CF3, Br or I)
and DFT derived free reaction enthalpies AG* of the third transition state (TS C/D) for the loss
of HX (for assignments confirm Scheme 2 and Table 1). A linear fit of the data is shown by a
solid line, note that this fit does not cross the origin of axis (not shown). The inset shows a
generic coordinate for the loss of HCI in the roll-over mechanism. The structure indicates the
conformation in TS C/D. Values for 3*-5+ taken from [17].

HSAB principle and beyond: One might be tempted to interpret the CID findings in terms of the concept
of hard and soft acids and bases (HSAB) which classifies iodide as “soft base”, followed by bromide, while
chloride and CF3SO;3 are “hard bases”.8° The ruthenium(II) cation has been seen as a “borderline acid”
somewhere in between of “soft” and “hard”.8! The experimental center of mass transferred E.,m values for
the loss of HCl is less than those of HBr and HI, while the relative order of HBr loss and HI loss is reversed
in experiments, and the free enthalpies of activation are about equal. Both findings suggesting further
causes beyond the mere HASB principle, such as e.g. steric and/or entropic factors.

In this context, we additionally refer to the gas phase acidities (GA) of the acid molecules HX for the
reaction HX = H* + X~ (Aaca G(XH) in kcal/mol: HCl: 328.1+0.1, HBr: 318.3+0.1, HI: 309.3+0.1, CF3SOsH:
292.7+0.5).82 The larger the value for A,ciq G(XH), the more the equilibrium is shifted to the left side of the
equation and proton transfer is less favorable. The relative order of these gas phase acidities is also not in
line with our experimental findings and we therefore take a more detailed look at the nature of the
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transition states for HX loss.3% 66 The second transition state, TS B/C, is the crucial step for the anion-
proton interaction (cf. Fig. S4b). In the case of 2(CF3S03)*, an energetically favorable six-membered TS
B/C can be found while the 2(X)* ions (X = Cl, Br or I) exhibit four-membered, sterically hindered ones (cf.
Fig. S4b). In the TS B/C structure of 2(Cl)*, the chloride is weakly interacting with the C(5)H proton,
whereas 2(Br)* shows a strong anion-proton interaction due to the larger size of the bromide. 2(I)*
exhibits the strongest changes in its transition state structure with respect to the other two halides since
its size allows for the most favorable interaction with the C(5)H proton. In conclusion, the bidentate
interaction of CF3S03- with 2+ overcompensates its lower proton uptake affinity and crucially reduces the
dissociation energy of CF3SO3H with respect to the halide ions. Differences in the anion size in
combination with their gas phase acidities lead to partially different transition state structures which
might explain the change in the trend of HX loss form 2(Br)+* and 2(I)*.

Gas phase reactions of activated catalysts

Check for gas phase reactions of the catalysts with isopropanol: The key step in transfer hydrogenation
reactions of the [(n%-cym)Ru(L)]* complexes is the abstraction of H, from isopropanol and the pathway for
this reaction was recently calculated by Kerner et al.l? We have tested for isopropanol adducts of
[1(-HCD)]* and [2(-HC1)]*, and of their conceivable products, e.g. by acetone loss. Therefore, we activated
a fraction of the precursor molecules 1* and 2+ in the linear ion trap of the FT-ICR-MS and stored the
molecules for up to 90 s within the FT-ICR cell while undergoing collisions with isopropanol (p =5 x 10
mbar, T = 298 K). The species ([1(-HCI)]* and [2(-HCI)]*) showed no reaction with isopropanol under the
given, single collision reaction conditions. Such vanishingly small rate constants are in line with the
calculated activation barrier for the isopropanol addition (BEG ~ 80 k]J/mol) which would involve a
reverse roll-over isomerization. Additionally, the probability for reactive uptake might be low due to steric
hindrance of the channel for reactive uptake within isopropanol/cation collisions.

Check for gas phase reactions of the catalysts with deuterium: We tested the gas phase reaction of [1(-
HCI)]* and [2(-HC1)]* with deuterium, Dy, in order to characterize the product of the hydrogen transfer
reaction. We recorded parent and product intensities throughout reaction delays of up to 240 s (cf. Fig. 6
and S5). The mass spectra reveal a verifiable shift (+4m/z) in the isotopic distribution of the activated
complexes [1(-HCI)]* and [2(-HCI)]* by D addition. Note that the non-activated complexes 1* and 2+ do
not undergo any observable reaction within the chosen reaction window that corresponds to several
hundred single collisions with the prospective partner of adsorption and/or reaction. The positive
observation of reaction products of the activated complexes [1(-HCI)]* and [2(-HCI)]* with D, let us
assume that the activation barrier for D, uptake is smaller than that for uptake of isopropanol. Mere
physisorption of D, seems unlikely when considering that the observed association of D, to [1(-HCI)]* and
[2(-HCI)]* takes place under thermal conditions (at 300 K). Instead, we conclude in dissociative D
attachment to the Ru center, which might be regarded as a Ru insertion into D,. The observation that [1(-
HCI)]* reacts by addition of D, is further consistent with its derived structure (see 3.1) as roll-over type
isomer (Iso1). Moreover, 1+ is not catalytically active in solution,35 but its activated form [1(-HCI)]* reacts
readily in the gas phase as demonstrated here. We refrained from conducting further kinetic analysis of
the D, uptake which would suffer from considerable uncertainties by the partially overlapping isotopic
distributions of reactants and products.
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Figure 6: Section of the FT-ICR mass spectra of complexes 1* and [1(-HCI)]* at At = 0 s (top)
and after 240 s reaction time (bottom) with D,. The isotope pattern at 443.1 m/z (most
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DFT modelling of the D; uptake: We have conducted a systematic DFT based modeling of the D, reaction
path with activated catalysts [1(-HCI)]* and [2(-HCI)]*, starting from their structures as confirmed by IR-
MPD spectroscopy, and DFT based modeling of the HCI loss (cf. Ref.35 and Fig. 7). The obtained reaction
coordinate of D; addition shows four local minima (4, B, C, and D), and three transition states: an early one
(TS A/B) while D, approaches the complexes, a second one (TS B/C) slightly lower in free enthalpy
corresponding to the activation of the D-D bond and a late one (TS C/D) slightly higher in free enthalpy
than the first one (ca. 10 kJ/mol) and corresponding to the reverse rollover isomerization of the
pyrimidine ring. The relative free enthalpic barriers for TS A/B and TS C/D for D, attachment are
approximately equal for both complexes with a small influence originating from the side group (-NH: in
[1(-HCI)]* vs. -N(CH3)z in [2(-HCI)]*). The third transition state TS C/D of the reverse rollover is the likely
rate determining step on the way to the final products D, which are [1(-HCI+D2)]* and [2(-HCI+D2)]*.
Their free enthalpies differ by 43 kJ/mol such that we find a conformation of our previous interpretation
of the CID experiments: The torsional strain within the pympyr ligand is modulated by the size of the
residue R in [1(-HCl+D2)]* and [2(-HCl+D:)]*. Note, that the nature of the observed reaction products
[1(-HC1+D2)]* and [2(-HC1+D2)]* is hardly in doubt. The complex cannot trap in minimum € which would
react further to D or back to 4 across the given barriers within the timescale of our experiment.

Conclusions and outlook

IR-MPD: We have structurally characterized the archetypal complexes 1+, 2+, [1(-HCI)]*, and [2(-HCI)]*
out of a series of [(m®-cym)RuCl(pympyr)]* catalysts by 1- and 2-color IR-MPD spectroscopy. The residues
(NHz vs. N(CHs)2) induce structural differences amongst 1* and 2+ by affecting the prevailing torsional
strain within the pympyr ligand. The residues modulate the degree of conjugation of the lone-pair of the
amine group to the pyridinyl ring, as well as the conjugation of the aromatic rings in the pympyr ligand.
The steric requirements of the dimethylamino group lead to a loss of conjugation and therefore a lower
activation barrier. Note that the torsional strain vanishes upon HCI elimination and concomitant pympyr
intra-ligand roll-over.

Our use of a double resonance scheme allowed for the recording of otherwise ‘dark’ vibrational IR-MPD
bands and we thereby enhanced the validity of our spectral assignments. Thus, the proposed ‘roll-over’
activation mechanism of [(n®-cym)RuCl(pympyr)]* catalysts receives independent confirmation by our
spectroscopic data on the isolated species.

CID: The variation of the anion X (X= Cl, Br, I) bound to the ruthenium center in 2(X)* modulates its
activation barrier partly in line with the HSAB concept and fully according to their gas phase acidities.
2(Br)* and 2(I)* exhibit higher activation barriers than 2(Cl)*. We observed the lowest activation barrier
in the case of complex 2(S03CF3)*. The CF3S03" anion is an exception in the trend with respect to its higher
gas phase acidity but overcompensates this due to an energetically favored six-membered transition state.
The activation barriers by CID and DFT correlate well.

Reactivity: We did not observe any gas phase reactions between the catalysts and isopropanol (neither
the precursors nor the activated complexes). However, there are gas phase reactions of the activated
complexes [1(-HCI)]* and [2(-HCI)]* with D,. DFT modelling of their reaction pathways suggests a
heterolytic cleavage of the D, molecule and the formation of a ruthenium hydrido complex via three
consecutive transition states.

Outlook: Future spectroscopic IR-MPD characterization might unravel further details of the product
conformation D in [1(-HCI+D2)]* and [2(-HCI+D3)]*. It might also help to obtain absolute rate constants
in order to evaluate against a quantitative kinetic modelling on the basis of the computed structures and
reaction path enthalpies.
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11.7 The Dinickelocene [Cp Ni-NiCp™”']
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Ketteler Str. 99, 63075 Offenbach, Germany.

11.7.1 Preamble

The following chapter is formatted as a manuscript for publication. It is prepared for

submission as soon as pending crystallographic analytics have been finalized.

The crystal structure of [Cp”’Ni-NiCp™”] as presented in this study has yet to be
confirmed and distinguished beyond reasonable doubt from its dihydride version
[Cp””’Ni(u-H)]2. One crystal structure modification of [Cp”’Ni(pu-H)]2 has been identified.
We cannot rule out, that it exhibits a second modification in analogy to [Cp””Ni(p-Br)]2,
which does indeed exhibit two modifications. It is a challenging task to differentiate
between [Cp”’Ni-NiCp””] and a possible second modification of [Cp”“Ni(p-H)]2 in the
crystallographic data. [Cp”“Ni-NiCp””] crystals without any contribution of
[Cp””Ni(u-H)]2 are currently in preparation to solve this issue (as of Mai 2017).

I. Schadlich and F. Zimmer from the research group of Prof. Dr. H. Sitzmann synthesized
the investigated complexes. Y. Sun, and B. Oelkers from the research group provided the
crystallographic data. H. Kelm contributed with NMR measurements. C. Mehlich from the
research group of Christoph van Wiillen conducted the DFT modelling. I contributed
with Electrospray lonization mass spectrometry (ESI-MS) and Collision Induced
Dissociation (CID) experiments. I. Schadlich and H. Sitzmann wrote this manuscript and

were supported by C. van Wiillen and myself.
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Abstract

More than a decade after the discovery of decamethyldizincocene the reduction of
alkylcyclopentadienylnickel(II) bromides with trisodium heptaantimonide yielded reaction mixtures,
from which hexa(tert-butyl)dinickelocene could be crystallized. In the paramagnetic dimer with a Ni-Ni
distance of 2.2944(3) A, quantum chemical calculations suggest that this is a Ni-Ni single bond. The
paramagnetic dihydride [Cp”“Ni(u-H)]; with a 2.2707(5) A Ni-Ni distance is the main product in pentane
solution and even more prominent, if the reaction is carried out in tetrahydrofuran. An intermediate
capable of abstracting hydrogen from pentane could be the nickel(I) half sandwich fragment [Cp”Ni] or
its bromide adduct [Cp”'NiBr]-.

One Sentence Summary

Reduction of [Cp”’Ni(u-Br)], with NazSby produced [Cp”’'Ni(u-H)]2 and the first dinickelocene [Cp”Ni]:
via intermediates capable of attacking the pentane solvent.

Main Text

Although mercury(I) ions had long been known to form strong Hg-Hg bonds (1) and the first molecular
species with a direct metal-metal bond between two group 12 metal atoms was the
cadmium(I)tris(pyrazolyl)borate derivative [HB(3,5-Me;pz)3Cd-Cd(3,5-Mezpz)3:BH] (2), it was a zinc(I)
compound that became the first dimetallocene: The discovery of the decamethyldizincocene [Cp*Zn-
ZnCp*] (1,3) stimulated theoretical work on dimetallocenes of zinc (4-9), cadmium (6,8,9), mercury (8,9),
copper (4,5), nickel (4,5) and alkaline earth metals (5,6,10). Reactions with (11) or without Zn-Zn bond
cleavage (12) have been carried out with decamethyldizincocene (13) and its catalytic properties have
been used for intra- and intermolecular hydroamination (14). Calculations have also been carried out on
dimetallocenes of scandium and titanium (15), vanadium and chromium (16), osmium, rhenium, tungsten,
and tantalum (17) as well as thorium, protactinium, uranium, neptunium, and plutonium (18).

Apart from treatment as an object of theoretical calculations, dinickelocene has been postulated as an
intermediate in reactions of nickelocene with organolithium compounds affording the tri- and
tetranuclear nickel clusters [(CpNi)3;CMe] and [(CpNi)4(H)2] (19). The latter can be viewed as an addition
product of the parent dinickelocene [CpNi], with its dihydride [(CpNi)(p-H)]2. In electron ionization (ESI)
mass spectra of tris(cyclopentadienylnickel)alkylidyne complexes the molecular ion of dinickelocene
[(CpNi)z] * has been observed with a relative intensity of 50% (19) and mass spectra of the
cyclopentadiene complex [CpNi(p-CsHe)NiCp] (20) showed the m/z=246 signal for [(CpNi).]* with 98%
relative intensity (21). The cyclopentadienylnickel(II) cation [CpNi]* could be reduced to the neutral
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[CpNi] fragment in the gas phase by collision with xenon atoms and reionized in a second collision step
with oxygen molecules (22). The octahedral cyclopentadienylnickel hexamer [CpNi]s was isolated from
the reduction of nickelocene with one equivalent of sodium naphthalenide (23) and the heterobimetallic
dimetallocene [CpNi-ZnCp] has been postulated as an intermediate of [CpeZn4Niz] cluster formation in the
reaction of dicyclopentadienylzinc [Cp,Zn] with bis(cyclooctadiene)nickel(0) (24). The cocondensation of
di(tert-butyl)cyclopentadiene with nickel atoms produced the trinuclear dihydride [(Cp“'Ni)s(u3-H)2] and
tri(tert-butyl)cyclopentadiene afforded the mononuclear cyclopentadienyl(cyclopentenyl)nickel
derivative [Cp”"'Ni(n3-CsH4'Bu3)] under similar conditions (25). However, a dinickelocene could so far not
be characterized as a stable compound.

This work was started by Frank Zimmer in 2002 during reactions of the 1,2,4-tri(tert-
butyl)cyclopentadienylnickel(II) bromide dimer [Cp”Ni(u-Br)]. (1) in tetrahydrofuran with trisodium
heptaantimonide, Na3Sb7, which yielded a yellow-brown powder of the dihydride [Cp”'Ni(p-H)]2 (2) in
58% yield after solvent removal, pentane extraction and storage at -78 °C (26). The dihydride 2 is
moderately sensitive towards air and moisture, melts with decomposition at 154 °C and shows the broad
1H NMR signals within a wide spectral window typical for paramagnetic alkylcyclopentadienylnickel(II)
complexes (27). Single crystals of 2 suitable for X-ray diffraction could be obtained from pentane at -20 °C
(26). A very reactive nickel complex 3 was obtained by reduction of 1 in pentane and could only be
isolated as oily or tarry mixtures with significant amounts of the dihydride [Cp”'Ni(u-H)]2 (2) and varying
amounts of 1,3,5-tri(tert-butyl)cyclopentadiene (26). This complex 3 gave the dihydride 2 with
tetrahydrofuran and the known (28) binuclear carbonyl complex [Cp”’Ni(u-CO)]. (4) with carbon
monoxide (26). Regarding 3 as the 1,1%,2,2°,4,4"-hexa(tert-butyl)dinickelocene [Cp”“Ni-NiCp”] and
finding ourselves unable to get a hold on it, another attempt more than ten years later went better and
revealed intriguing processes in the reaction solutions. The reactions within this tri(tert-
butyl)cyclopentadienylnickel = system are more  straightforward than those of the
tetraisopropylcyclopentadienylnickel analogues and will be discussed in this manuscript.

On a search for a more selective reduction process, other reducing agents such as alkali metals,
sodium amalgam, or potassium graphite performed less promising than NazSby for the nickel
analogue 1, which parallels previous experience with the reduction of the iron analogue of 1
(29). Attempted reduction with magnesium, aluminum, or zinc led to the isolation of unreacted
dibromide 1, which crystallized in a previously unknown monoclinic modification (see
supporting information).

Figure 1: Crystal structure and rotational conformation of the dinickel dihydride 2.
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Distances/A and angles/°: Ni1-Ni2 2.2707(5), Ni1-H1 1.47(4), Ni1-H2 1.58(3), Ni2-H1 1.53(3), Ni2-H2
1.51(3), Ni1-C1 2.139(3), Ni1-C2 2.111(3), Ni1-C3 2.104(3), Ni1-C4 2.114(3), Ni1-C5 2.120(3), Ni2-C6
2.115(3), Ni2-C7 2.133(3), Ni2-C8 2.094(3), Ni2-C9 2.126(3), Ni2-C10 2.115(3), Nil-Cpeent 1.738, Ni2-
CPeent 1.737, H-Ni1-H 78.609(4), H-Ni2-H 78.737(4), Ni-H1-Ni 98.499(5), Ni-H2-Ni 94.432(5).

The reduction of the dimeric bromide 1 with 4.24 equivalents of trisodium heptaantimonide in pentane at
ambient temperature for one week including 43 h of ultrasound treatment yielded a brown-black tar after
solvent evaporation. The crude product mixture in our hands always contained major amounts of the
dihydride 2 and either small amounts of the unreacted bromide starting material or - if the reaction was
carried out with more reducing agent — with significant amounts of 1,3,5-tri(tert-butyl)cyclopentadiene
(HCp"™). Solutions containing even minor amounts of the dibromide 1 frequently gave very nice crystals
of this bromo-bridged dimer, which crystallizes readily. Cooling of a pentane solution of material prepared
with an excess of reducing agent and therefore free from 1, but containing HCp“”’, afforded a crop of green
crystals of the dinickelocene 3 in a brown oil at 3 °C. Oily tetraisopropylcyclopentadiene, another C17Hzo
isomer like HCp””, has previously been recognized as a well-suited solvent for the growth of single
crystals (30). The crystals of 3 were suitable for an X-ray crystal structure determination (fig. 2) and could
also be used for small scale experiments.

o ® o
P é ‘)‘
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S
‘ @

Figure 2: Crystal structure of the dinickelocene 3.

Although the dinickelocene 3 has no crystallographic symmetry, the two NiCp”” moieties display almost
identical angles and distances and combine with very small deviations from linearity along a centroid-Ni-
Ni-centroid axis in a fully eclipsed conformation (fig. 2) spanning a pentagonal prismatic Cio ensemble
around the dinickel dumbbell. The Ni-Ni bond length of 2.2944(3) R is about 1% longer than the
2.2707(5) & Ni-Ni distance in the dihydride 2. The ring planes deviate by 1.13° from parallel orientation.
With 1.75 A Ni-centroid distances these planes are about 5.8 A apart from each other and the Cp””’ ligands
show no signs of steric strain: The tert.-butyl groups are bent out of the ring planes by only 2.78°
(average), the maximum bending is below 3.6°. A Cp””” complex with steric strain is [Cp””'Cp”"ZrCl;] with
an average bending of the five tert.-butyl substituents of 14.7° with individual bending angles between
9.3° and 22.6° (31). The right part of fig. 2 illustrates, how within the (‘Bu). rectangle in the upper part of
the picture every methyl group extending towards an alkyl neighbor is tucked in between two methyl
groups. The third tert-butyl group of each ring avoids strain by rotating one methyl group outward and
presenting itself as flat as possible towards the opposing alkyl group on the same prism edge. This kind of
arrangement with two methyl groups extending to both sides close to the ring plane is possible because
these two alkyl groups have two hydrogen neighbors each.
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The characterization of the hexa(tert-butyl)dinickelocene 3 has to take into account the possibility of
unobserved hydride ligands close to the metal atoms. The diagnostic value of 1TH NMR spectra for the
characterization of paramagnetic complexes is limited. 3 exhibits the three signals of the Cp”” ligand at
16.8 (two 'Bu groups in 1,2 position), 22.2 ppm (one tBu group in 4 position), and 141.3 ppm for the Cp"”
ring CH groups. Additional signals for 3 have been searched, but not found within a large spectral window
in the spectra of many samples containing 3. In the case of the dihydride 2 there are also only the three
signals of the Cp””* ligand: 11.2 ppm (two tBu), 14.7 ppm (one 'Bu), and 153.4 ppm for the ring protons. All
of the paramagnetic Cp”"'Ni complexes observed so far show the ring proton signal at high field and the
tBu signals can be unambiguously assigned because of their high intensity. In a communication on the very
similar tetraisopropylcyclopentadienylnickel hydride [*CpNi(p-H)]2 (32) four isopropyl methyl signals
have been mentioned. This nickel hydride dimer was found by magnetic susceptibility measurements to
occupy a triplet ground state. In our hands this same tetraisopropylcyclopentadienylnickel hydride dimer
shows the alkyl signals as reported (32), and the ring proton signal at 154.4 ppm. Hydride signals of
transition metal complexes with a paramagnetic ground state apparently have not yet been observed
because of extremely short relaxation times (33). Nickel hydride has been observed in H NMR spectra,
however, in a trinickel complex with four hydride bridges possessing a singlet ground state and a triplet
excited state 17.6 k]/mol higher in energy, which is just low enough for about 0.08% thermal population

at 300 K (34).
Na;Sb,
——N|' ..... Br 'NI——— Pentane _Pentane
- NaBr -Sb
Pentane
——Ni—Ni———O
‘ 2
// }

Pentane

77
Tetrahydrofuran Na,Sb,

Nl'“"C "NI——

Scheme 1. Formation of the dihydride 2 and the dinickelocene 3 during trisodium
heptaantimonide reduction of the dibromide 1 in pentane. A more detailed hypothesis on the
course of the observed transformations is outlined in the text.

The reactions of 3 with tetrahydrofuran in the presence of NaszSb; or carbon monoxide support its
dinickelocene identity. The latter reaction is also given by the dihydride 2, which is also converted to the
carbonyl dimer [Cp”’Ni(u-CO)]. in a carbon monoxide atmosphere. The strongest argument from
chemical reactions for the identity of the dinickelocene 3 is therefore derived from its transformation to
the dihydride 2 with tetrahydrofuran and NasSb-.
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Experimental support for the postulated hydrogen abstraction from tetrahydrofuran could be extracted
from electrospray ionization mass spectra of hexa(tert.-butyl)dinickelocene 3 in tetrahydrofuran solution:
Cations detected at m/z 652.1 were isolated in an ion trap and fragmented via collision induced
dissociation. We observed the signals of the dinickelocene 3 (main peak at m/z 582.2) and of the
dihydride 2 (main peak at m/z 584.1) as fragment peaks with high intensity (see supporting information).
We interpret the mass peak at m/z 652.1 as a dihydrofuran adduct of the dinickelocene 3, which prefers
two fragmentation channels: The loss of a mass of 70 u corresponds to the elimination of dihydrofuran
(main isotopomer 12C41H¢160, m = 70 u) yielding the dinickelocene 3. The other fragmentation channel
proceeds with loss of 68 u and is tentatively assigned to furan elimination (m = 68 u) with formation of the
dihydride 2.

The dinickelocene 3 does not react with pentane, however. Since reactions of the dibromide 1 with Na3Sb7
under argon give the dihydride 2 as the main product in pentane solution, there must be a very reactive
intermediate. Our hypothesis assumes formation of a mononuclear intermediate, which may be [Cp"Ni],
possibly stabilized by weak interaction with pentane or by bromide coordination as
cyclopentadienyl(bromo) nickelate(I) [Cp”“'NiBr]-. This nickel(I) intermediate probably attacks pentane in
an oxidative addition reaction to become a nickel(Ill) complex such as [Cp”’Ni(H)CsH11], which could
undergo 3 hydride elimination to form the nickel(Ill) dihydride [Cp"Ni(H)-] and pentene. Such a Ni(III)
half sandwich dihydride could combine with the bromonickelate(I) [Cp”’NiBr]- with bromide liberation
or directly with a [Cp””'Ni] fragment to the dihydride 2.

The experimental findings for the tert-butyl-substituted dinickelocene 3 are in marked contrast to
theoretical predictions by Xie et al. (4) for the unsubstituted dinickelocene parent CpNi=NiCp (34). Based
on their calculations, they describe the dinickelocene as a closed-shell diamagnetic compound with a 206
pm Ni=Ni triple bond, and more severely, they find a structure with the Ni=Ni bond perpendicular to the
Cp-Cp axis substantially lower (more than 200 k]J/mol) in energy than the coaxial Dsn structure. In
contrast, our dinickelocene 3 is coaxial, certainly paramagnetic (because of the broad and strongly shifted
1H NMR signals), and has a much longer Ni-Ni bond (229 pm). Therefore we performed density functional
calculations on hexa(tert-butyl)dinickelocene 3.

E

Ni-Ni 3d
Ni-Ni 3d_

11d] —H— Ni-Ni 4s,

7¢" i

Tl

4e 4! H=H= St NiNi3d3d,

Ni-Ni3d |

Ni-Ni 3d.

T

J

Figure 3: left: Qualitative MO diagram of the highest occupied orbitals in the parent D5h
dinickelocene 3u. To the left the symmetry of the MOs is given, to the right their composition
and Ni-Ni bonding character. Right: Plot of the Ni-Ni bonding s orbital (from the CASSCF
calculation)
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TZVP basis sets (35) were used together with the PBEQ exchange-correlation functional (36,37), and the
calculations were carried out with the TURBOMOLE package (38,39). We optimized the geometry for a
closed-shell singlet, for a triplet with two unpaired electrons and for a quintet with four unpaired
electrons. In neither case a collapse to a structure with a Ni-Ni bond perpendicular to the Cp-Cp axis was
observed. For the singlet and the quintet, the two cyclopentadienyl ligands show parallel displacement
such, that the Ni-Ni bond forms obtuse angles with both Ni-Cpcen: vectors (see supporting information).
For the triplet, this tilt is even more pronounced such that the Ni; unit shows interaction with C-H bonds
of the tert-butyl substituents. The optimized triplet structure is only 30 k]J/mol below the quintet but the
singlet is much higher in energy (115 kJ/mol above the quintet). The calculated Ni-Ni distances are 212
pm for the singlet and 240 pm both for the triplet and the quintet. This deviates from the crystal structure
of 3, where there is no parallel displacement of the Cp rings and the Ni-Ni distance is 229 pm. The energy
difference associated with this geometry shift is small, however: we repeated the geometry optimization
for the triplet and the quintet under the constraint that the positions of the Ni and Cp ring atoms match
those of the crystal structure. Then, the quintet is lowest (26 k]/mol below the triplet), and only 34 k]/mol
above the fully optimized quintet structure. So both the deviation from a perfectly coaxial structure and
the difference in Ni-Ni bond length involve only small energy differences which could be overcome by
crystal packing effects. We note in passing that pentane solutions of 3 display a weak absorption band at
2745 cm! in the IR spectra, which is not found in IR spectra of solid 3 (KBr pellet). Since other
interpretations for an IR signal in this spectral region (apart from covalent bonds of hydrogen to elements
not present in this study) are not common, this signal could be explained by a tilted structure in solution,
where an agostic interaction could weaken a C-H bond of a tert-butyl group.

To clarify the discrepancy to the theoretical prediction from ref. (4) for the parent dinickelocene 3¢, we
performed a CASSCF calculation (using the MOLPRO (40) program) on this compound, with the cc-pVTZ
basis set (41,42) and an active space with 18 electrons (the Ni valence electrons) in 12 orbitals (the 3d and
4s orbitals of two nickel atoms). We obtained a singlet, a triplet and a quintet very close in energy and well
separated from other excited states. All three low-lying states have four singly occupied orbitals, which
are two pairs of formally Ni-Ni m-bonding and Ni-Ni m-antibonding orbitals composed of the d., and dx,
atomic orbitals. There is a doubly occupied Ni-Ni o-bonding orbital with dominant 4s character. There is
thus only a Ni-Ni single bond. In the electronic structure described in ref. (4), the Ni-Ni m-bonding orbital
pair is doubly occupied and the Ni-Ni m-antibonding orbital pair is empty, thus leading to a Ni=Ni triple
bond. Experimental observations and our calculations suggest, that the Ni-Ni  bond is not strong enough
to overcompensate the increase in electron repulsion caused by covalent bonding, because in a covalent
bond there is a probability to find the shared electrons on one side of the bond. This penalty is much
larger for the compact Ni 3d orbitals than for the diffuse Ni 4s orbital. Filling both the bonding and
antibonding 3dm orbitals with unpaired electrons, the two pairs of unpaired electrons on both Ni atoms
stay apart from each other and form local (effective) S = 1 spins interacting with each other through the
super-exchange mechanism and result in three close-lying S = 0,1,2 states. Since the CASSCF calculations
lack dynamical electron correlation, it cannot be decided which of the three states is the ground state of
3y, but all these cases feature four unpaired electrons and a single Ni-Ni bond. On the left side of fig. 3 a
qualitative MO energy diagram of Ds, 3" is shown. The MOs with Ni 3d character are Ni-Ni nonbonding
and the energetic order mainly depends on their Ni-Cp bonding properties: for example, the 3d- and 3dq*
orbitals are Ni-Cp antibonding while the 3ds/3ds+ orbitals are Ni-Cp nonbonding. The Ni 4s orbitals are
pushed to quite high energy by the interaction with Cp, but the 11a’ orbital formed therefrom comes down
in energy because of its Ni-Ni bonding character. A plot of this Ni-Ni bonding orbital is shown in Fig. 3
(right part).

We then performed density functional calculations on the unsubstituted Dsy dinickelocene 3v, essentially
repeating the calculations of ref. (4). It turned out that the authors obviously have not considered the
possibility of a quintet ground state: for a closed-shell diamagnetic singlet we also arrived at a structure
with a short Ni=Ni triple bond, but a quintet with singly occupied 7e1' and 7e1" orbital pairs is more than
250 kJ/mol below the singlet. If the Ni, unit is allowed to rotate out of a coaxial position towards an
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alignment perpendicular to the Cp-Cp axis, the structure collapses to a perpendicular structure for the
singlet (the energy lowers by 315 kJ/mol), while the Ni, unit tilts only slightly for the quintet with an
energy lowering of 26 k]J/mol. At the end the 'perpendicular’ singlet is slightly below the marginally tilted
quintet (by 32 kJ/mol), but such a structure is disfavored for Cp ligands with bulky substituents such as
the dinickelocene 3.

To verify that the substituted dinickelocene 3 also carries two pairs of unpaired electrons on each nickel
atom, we finally performed a broken symmetry calculation with two spin-up electrons localized on one Ni
atom and two spin-down electrons localized on the other. The calculation not only yielded a self-
consistent solution for such a configuration, it also displayed virtually the same energy as the high-spin
quintet. The quintet and triplet states are so close that no one can be ruled out as the true ground state
based on DFT calculations. Since both states gave virtually the same bond length in the DFT calculation on
3, the assignment of the Ni-Ni bond as a single bond remains valid for both cases.
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Gas-phase reactivity of Cp* Group IX metal complexes bearing
aromatic N,N’-chelating ligands
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Dedicated to Prof. Dr. Dieter Fenske on the occasion of his 75" birthday

A set of cationic group IX metal complexes of the type [(1°-Cp*)M(CI)(N,N’)]* bearing N,N"-coordinating ligands structurally
related t02,2’-biypyridine were synthesized and characterized by means of elemental analysis, spectroscopy and single
crystal x-ray diffraction. These complexes can undergo two different modes of CH activation in the gas-phase, which were
examined by CID ESI-MS spectrometry and by DFT calculations. On one hand, a roll-over cyclometallation can occur at one
of the aromatic rings of the N,N'-coordinated ligands. On the other hand, a deprotonation of one of the Cp* methyl groups
can take place, leading to complexes in the oxidation state +| with a tetramethylfulvene ligand coordinated. In both cases,

the chlorido ligand acts as

Introduction

Already in 1963 Kleiman and Dubeck synthesized the first tran-
sition metal compound possessing an ortho-metallated phenyl
ring by reacting dicyclopentadienyl nickel(ll) with an excess of
diazobenzene.! Although they postulated the diazo group to
coordinate as a m-type ligand, which is not correct, this com-
pound became the starting point of a completely new and
fascinating class of metal complexes. Cope and Siekman were
the ones who in 1965 addressed the correct N-donation of the
ortho-metallated diazobenzene in closely related palladium
resp. platinum compounds.2 Trofimenko launched the now-
adays generally employed wording “cyclometallation” for the
cleavage of a CH bond (CH activation, deprotonation) by a
metal in close proximity to a donor site leading to a chelating
coordination.?

From the early 1970ies on, this field in organometallic
chemistry was summarized in a whole bunch of review
articles.” During the last ten years numerous applications of
cyclometallated compounds in catalysis,s medicine ¢ and
especially in photochemistry/photophysics 7 appeared. In a
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an internal base in the ESI-MS CID experiment.

review from 1990 by Ryabov, the mechanisms leading to
cyclometallated complexes were explained in detail 2 Among a
series of different possibilities for a metal to attack a CH-bond,
the electrophilic substitution of an arene-bound hydrogen
atom is most frequently found for late transition metal centres
in the oxidation states +lI (groups Xlll and X) and +lIl (groups IX
and Xl). Due to the relevance of these metals in catalytic
reactions, the cyclometallation process became matter of
theoretical ° as well as of kinetic *° investigations.

A variation of the classical cyclometallation of aromatic com-
pounds is the so-called roll-over cyclometallation. Here, a chel-
ating ligand like 2,2’-bipyridine first coordinates the metal
centre by its two donor sites, which is the kinetically favoured
mode of coordination. However, cleavage of one of the M-
donor bonds allows a rotation of one ligand site (roll-over),
bringing a carbon atom close to the metal centre, which can
result in a CH-activation (deprotonation). In this context a
series of N,N'-coordinating ligands e including 2,2'-bipyridines
2 have been investigated in the past. For substituted 2,2'-
bipyridines, electronic and steric effects have been worked
out.” In addition a variety of metal centres such as platinum,14
iridium,15 and rhodium *® have been studied concerning their
behaviour in roll-over cyclometallations.

We recently found, that chelating ligands containing a 2-(2-am-
inopyrimidin-4-yl) moiety undergo roll-over cyclometallation at
this ring. The activation barrier of the cyclometallation process
strongly depends on the substitution pattern in the 2-position
of the pyrimidinyl ring. Tertiary amino groups lower this
barrier, a feature that has turned out to enhance the activity of
such complexes in catalysis. Compared to compounds with
“classical” N-donating 2-(2-aminopyrimidin-4-yl) ligands,
palladium complexes bearing metallated chelating 2-(2-
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aminopyrimidin-4-yl) ligands show largely enhanced activities
in the Suzuki-Miyaura coupling.17 Ruthenium complexes with a
tertiary 2-(2-aminopyrimidin-4-yl)pyridine) ligand undergo
reversible roll-over cyclometallation and allow a base free
transfer hydrogenation of ketones and an adduct free
reductive amination of benzaldehydes. The latter reaction
proceeds via in-situ formed imines.® A reversible
cyclometallation was found for ruthenium complexes by
Constable et al. already in 1996 but was not taken into
account to be of importance for catalysis. This seems to be
changing during the last years.gi'zo

To the best of our knowledge, there is no study on the trends
of the barriers related to the roll-over cyclometallation
occurring in one group of transition metals with the same set
of ligands. This approach allows to elucidate the intrinsic role
of the metal site in this process and to display the changes in
reactivity from the first to the third row of this group. We have
carried this out for the Group IX elements cobalt, rhodium and
iridium, since for all these elements appropriate precursor
compounds of the type [(r]'r’-CsMes,)MCIZ]2 (CsMes: 1,2,3,4,5-
pentamethylcyclopentadienide) had been reported in the
literature.”

Results and Discussion
Synthesis of the Group IX metal complexes

To elucidate the influence of the ligand on the energetics of
the roll-over cyclometallation, five different N,N’-donor ligands
were included in this study (Scheme 1): 2,2’-bipyridine (1a), 2-
(pyrimidin-4-yl)pyridine (1b), 2-(2-aminopyrimidin-4-
yl)pyridine (1c), 2-(2-methylaminopyrimidin-4-yl)pyridine (1d)
and 2-(2-dimethylaminopyrimidin-4-yl)pyridine (1e).

Journal Name

P e, T
M'Y / CH,CI,
12 M<CI>M LA 2
Cl -MClI Ne¢
cl C)\&/
1e 2a-e, 3a-e, 4a-d
M= Ir a-e, 3a-e, 4a
CH,Cl,
24/ab c [ 23]
_1 E|CHN N N E N
X | H H NH, NHMe || X [NMe;,
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NMe,

Scheme 2 Syntheses of the Group IX metal complexes.

X>_N N 1|abcd e
- - E‘CHNNNN

E
N\ 7 N7 x|H n NH, NHMe NMe,

Scheme 1 Ligands applied in this study.

With this selection, a general set-up for variations of electronic
and steric factors is given. The introduction of heteroatoms
reduces the electron density at the donating nitrogen atom of
the pyrimidine ring and thus weakens the M-N bond electro-
nically, while the presence of an amino group will facilitate the
electrophilic attack of the metal site at the pyrimidine ring.
Finally, the steric impact of the amino group is gradually in-
creased by the presence of methyl groups. The ligands shown
in Scheme 1 are either commercially available or accessible via
a few steps from versatile starting materials.

The corresponding Group IX metal derivatives were obtained
by simply stirring the dimeric precursor complexes [(n’-
CsMes)MCl], (M = Co, Rh, Ir) in the presence of the
appropriate ligand and NaBF, resp. KPFg in dichloromethane
solution (Scheme 2).

2| J. Name., 2012, 00, 1-3

In contrast to all other combinations of metal precursors and
ligands, the reaction of the tertiary amino derivative 1e with
[(n>-CsMes)IrCl,],  exclusively gives the cyclometallated
complex 5. The cyclometallation here occurs independently
from the absence or presence of a weakly coordinating anion
(BF, resp. PFg).

Structural elucidation and spectroscopy

The molecular structures of the products could unambiguously
be proved spectroscopically and by solid-state structure ana-
lysis. Figure 1 presents the structures of seven cations from
this series. Table 1 summarizes the relevant structural
parameters.

This journal is © The Royal Society of Chemistry 20xx

| 316



Appendix I: Further Joint Publications

Journal Name

Fig. 1 Molecular structures of compounds 2¢*, 2d*, 3a*, 3c’, 4b’, 4c’, and 5 in the
solid state.

Table 1 Selected bond distances (A) and dihedral angles (°) for compounds 2c, 2d, 3a,
3c, 4b, 4c, and 5.

M1-N1 M1-N2 M1-Cl1 M1-Cp**  N1-C-C-N2
2 1.954(2) 1.968(2) 2.251(1) 0.6(3)
2d*  1.9548(13)  1.9541(13)  2.2515(5) 2.1(2)
3" 2.108(4) - 2.3956(2) 0.0(6)
3¢ 2.094(2) 2.107(2) 2.3766(6) 1.2(2)
ab*  2.083(3) 2.099(3) 2.394(1) 2.6(4)
ac 2.083(2) 2.099(2) 2.4008(7) 2.7(3)
M1-N1 M1-C7 M1-Cl1 M1-Cp**  N1-C-C-C7
5 2.117(8) 2.053(10) 2.403(2) 0.8(12)

? M1-Cp*: distance between the metal site and the centroid of the Cp* ring.

The metal-to-ligand distances reflect the positions of the metal
sites in Group IX: while the Col-L distances are by about 0.13-
0.15 A shorter than the corresponding distances found for the
rhodium and iridium complexes, there is as expected no large
difference between the two heavier metals. Generally, the M1-
N2 distances are slightly longer than the M1-N1 distances,

This journal is © The Royal Society of Chemistry 20xx
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independent from the substitution pattern of the pyrimidine
ring. This indicates slightly weaker donor potentials of the
pyrimidine compared to the pyridine sites. Due to steric
interference with the Cp* ligand, the pyrimidine rings are
found to be distorted when an amino group is attached to this
ring. However, this does not cause a clear elongation of the
M1-N2 bond, which was found for ruthenium(ll) complexes of
the type [(n®-cymene)Ru(la-e)]" bearing the same ligands.'®
We assign this finding to the higher Lewis-acidity of the Group
IX metal ions M(+1ll) compared to Ru(+Il). Nevertheless, there
must be a destabilization of the M-N2 bond according to steric
parameters, since reacting the sterically most demanding
ligand 1le with [(T]S—Cp*)er|z]2 does not give compound 4e.
Instead, a spontaneous roll-over cyclometallation leads to
compound 5. The Ir1-C7 bond in 5 is clearly shorter than the
Ir1-N1 bond speaking for a strong interaction between the
metal site and the carbanion. Since there was no base added
to promote this reaction, one of the pyrimidine nitrogen atoms
is found protonated. The proton undergoes a hydrogen bond
to a chloride anion. According to spectroscopic data and
elemental analyses N,N-coordination of ligand 1e to a [(r|5-
Cp*)MCI]" fragment is possible for cobalt and rhodium. This
means on one hand, that the formation of the stable Ir-C7
bond is the driving force for the generation of 5 and on the
other hand, that there is probably a dynamic behavior
concerning the M1-N2 bond for rhodium and cobalt too. While
the rhodium complex 3e is stable in solution for long times,
the analogous cobalt complex 2e decomposed during the
recrystallization, which gave a few crystals of the cobalt(ll)
complex CoCl,(1e) (see Supporting Information).

In addition to single crystal X-ray structure analysis, the cyclo-
metallated structure of 5 is clearly assigned by its NMR spec-
trum: Instead of two doublets that are observed for the arom-
atic protons of the pyrimidine ring in the 'H NMR spectra of 1-
3e, only one singlet appears at 8.44 ppm. The 3C NMR reson-
ance of the carbanionic carbon atom C8 is detected at 149.0
ppm. The resonances of all other hydrogen and carbon sites of
5 do not differ very much compared to those of compounds
4a-d. However, there are differences that are related to the
metals: The coordination to cobalt(lll) makes the 'H NMR
resonances of the aromatic protons next to coordinating
nitrogen atoms shift by about 0.5 ppm more to lower field
than coordination to rhodium(lll) or iridium(ll). In contrast, the
3C NMR resonances of the “inner” carbon atoms of the Cp*
ligands are found at approx. 96-98 ppm for the cobalt(lll) and
rhodium(lll) complexes, while the according signals for the
iridium(lll) compounds are found at about 90 ppm. This can be
interpreted as an effect of a more covalent M-Cp* bonding
being present in the iridium(Ill) derivatives.

CID ESI mass spectrometry

We chose CID ESI mass spectrometry to elucidate the
activation barrier for the roll-over cyclometallation of the
complex cations 2a-e’, 3a-e" and 4a-d*. The recorded
fragmentation energies for the splitting of HCI (Scheme 3) can
be calibrated by using so-called thermometer ions to obtain
real energies.22
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Scheme 3 Proposed fragmentation and roll-over cyclometallation.

The cyclometallation of the pyrimidinyl ring was proposed due
to the structural discussion above and our experiences with
isostructural ruthenium(ll) complexes. Figure 2 shows the CID
curves of the rhodium(lll) cations 3a-e* .
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Fig. 2 CID curves for the rhodium cations 2a-e".

COM

The sequence of fragmentation energies follows the same
series as observed for the ruthenium complexes: 3a* = 3b" >>
3¢ = 3d” > 3e’, and can be explained by a combination of
steric and electronic influences. Cations 3c’, 3d* and 3e’
bearing an amino group at the pyrimidine ring undergo the
cyclometallation much easier than 3a* and 3b*, which is in
agreement with the mechanism of an electrophilic aromatic
substitution. Among the amino functionalized cations 3c*-e”,
3e* bears the most bulky amino group, which further weakens
the Rh-N2 bond sterically. The steric demand of the NH, and
the NHMe group is almost identical, since the methyl group in
3d" can turn to the periphery of the complex as shown in the
solid state structure of the according cobalt complex 2d*
(Figure 1).

The low barrier measured for compound 3e" agrees with the
spontaneous roll-over cyclometallation occurring by reacting
ligand 1e with [(n°-Cp*)IrCl,],, which makes it impossible to
isolate 4e’. Nevertheless, roll-over cyclometallation could be
observed by means of CID ESI-MS for the N,N’-coordinated
iridium(111) complexes 4a-d” (Figure 3). These compounds show
a behaviour similar to the rhodium(lll) derivatives, but the
energy gap between 4a* and 4b" on one side and 4c” = 4d" is
much less pronounced than for the analogous rhodium(lll)
complexes, which speaks for a general preference of
iridium(l11) to undergo binding to a carbon site.

4| J. Name., 2012, 00, 1-3
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Fig. 3 CID curves for the iridium cations 4a-d".

The situation changes completely by switching from rho-
dium/iridium to cobalt. Figure 4 shows the CID ESI-MS curves
recorded for the cobalt(lll) cations 2a-e*. The according frag-
mentation energies now follow the order 2¢* = 2d* > 2e* > 2a*
= 2b*, but there are no such large differences as for the
rhodium complexes. In contrast to the rhodium complexes, the
ordering of the cobalt complexes does not speak for an
electrophilic aromatic substitution at the pyrimidine ring.

rel. abundance

Econ/ 10°au.

Fig. 4 CID curves for the cobalt cations 2a-e*.

Although the HCI splitting is the major CID ESI-MS fragment-
ation pathway for 2c-e”, the steric pressure induced by the
amino groups leads to the loss of Cp*, providing a second
fragmentation channel at high fragmentation amplitudes. 2e*
furthermore shows splitting of a methyl group probably
coming from the N,N-dimethylamino substituent.

DFT calculations

To elucidate the nature of the differences in the HCI splitting
between the cobalt(lll) complexes on one side and the rho-
dium(lll) resp. iridium(lll) complexes on the other side, DFT
calculations were carried out. For this, the cyclometallation of
the pyrimidine ring and of the pyridine ring was taken into

This journal is © The Royal Society of Chemistry 20xx
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account as well as a deprotonation of one of the Cp* methyl
groups (Scheme 3) to obtain an overview on all possible sites
for C-H bond cleavage. The deprotonation of a methyl group at
the Cp* ligand accompanied by a loss of the chloride ligand is
finally nothing but a reductive elimination of HCI leading to a
cationic tetramethylfulvene complex and leaving the metal in
the oxidation state +I.

cyclometallation at the pyrimidine site

e s
‘+IH -HCI |+\||
- M
=N~ \IEI;I—{X =N~
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Scheme 4 Possible cyclometallation processes at compounds 2a-¢, 3a-e’, and
da-e .
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Fig. 5 Calculated ener%ies for the splitting of HCI from different positions in the
complexes 2a-e” (cobalt), 3a-e” (rhodium) and 4a-e” (iridium).

The calculated energies that are requested for the splitting of
HCl from the three different positions in compounds 2a-e’, 3a-
e’, and 4a-e’ are presented in Figure 5. The energy of the
highest transition states for these processes are close to these
values (see the Supporting Information).

This journal is © The Royal Society of Chemistry 20xx

From the results presented in Figure 5 some trends can be
worked out. Obviously, cyclometallation preferentially occurs
at the pyrimidine site (blue lines) and not at the pyridine site
(red lines) as long as there is an amino substituent at the
pyrimidine ring. The introduction of the amino group at the
pyrimidine ring makes this site to be attacked easier, which is
in agreement with an electrophilic aromatic substitution
mechanism for the cyclometallation. However, the presence of
an amino group at the pyrimidine ring also leads to a
pronounced increase of the energy that is required for the
activation of the pyridine ring. This can be explained by steric
considerations: In the resulting 16 VE M(lll) complexes, the
N,C-ligand is ideally oriented almost perpendicular to the Cp*
plane. In case the pyrimidine ring undergoes cyclometallation,
the amino group points away from the Cp* ligand, in case the
pyridine ring is cyclometallated, it directs towards the Cp*
ligand. It then strongly interferes with the Cp* ligand, leading
to a severe distortion of the ideal geometry. Figure 6 shows
exemplarily the calculated structures for compounds 2a* and
2e’ after HCI elimination from the pyrimidine, the pyridine and
the Cp* site The strongest weakening of the M-N2 bonds
calculates as expected for the NMe, substituted complexes,
which means that the presence of a tertiary amino group
makes the HCI splitting energies decrease even more
compared to those calculated for a primary or secondary
amino group. This might be due to weak N-H--Cl hydrogen
bonds in compounds 2-4c,d” that stabilize these complexes
against M-N-bond splitting. The X-ray structure analyses of the
cations 2-4c’ and 2d°, allow to evaluate this situation: The
H4A---Cl1 distances increase from cobalt via rhodium to iridium
(H4A---Cl1: 2¢”, 2.56(4); 2d’, 2.59(2); 3¢, 2.63(3); 4c’, 2.88(3)
A) as do the N4--Cl1 distances (N4--Cl1: 2¢*, 3.323(4); 2d",
3.3305(2); 3c¢’, 3.413(2); 4c’, 3.524(3), which speaks for a
decrease in hydrogen bond strength. However, there is a more
pronounced difference between rhodium and iridium than
between cobalt and rhodium although the Rh1-Cl1 and Ir-CI1
distances are almost identical and the distance Col-Cl1 is
much shorter (see table 1). Therefore the hydrogen bonds give
a hint, that the electronic situation at rhodium is not the same
as at iridium, which is also reflected by the calculated

J. Name., 2013, 00, 1-3 | 5
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activation energies as shown
measurements (Figures 2 and 3).

in Figure 5 and the CID

Concerning the influence of the metal, cyclometallation at one
of the N-donors becomes easier by proceeding from cobalt via
rhodium to iridium, which explains, why 4e’ could not be
isolated, but instead the cyclometallated compound 5 was
obtained. This trend follows the stabilities of the formed
metal-carbon bonds.

from pyridine from Cp*

gt
3T

” from pyrimidine

from pyridine from Cp*

Fig. 6 Calculated structures resulting after the splitting of HCI from 2a* (top) and
2e (bottom).

Even more interesting is the behaviour of the three different
metals towards the deprotonation at one of the Cp* methyl
groups with the chlorido ligand acting as the base. Similar
reactions have been reported in the literature for all three
metals. In 1994 Maitlis et al. published the deprotonation of
[Cp*RhCp]" by KO'Bu,?® one year later Astruc et al. succeeded
in deprotonating [Cp*CoCp]” with KN(SiMe)Z)Z.Z‘l Tatsumi et al.
could prove the stoichiometric deprotonation of [Cp*CoCp*]”
with the same external base,” a process that was postulated
by Astruc to occur in-situ. Bergman et al. could deprotonate
Cp*Ir complexes bearing phosphines by applying amido ligands
as an internal base”® Macchioni et al. postulated the
formation of rhodium(l) fulvene complexes as intermediates of
the deuteration of Cp* rhodium(lll) complexes in agueous
solution and elucidated the according reaction sequence by
means of DFT calculations.”” While the deprotonation of Cp*
complexes of group IX metal(lll) complexes can be considered
as a reductive elimination, Heinekey et al. found that the
cleaving of a hydride from one of the Cp* methyl groups of
(Cp*)Ir(Me),(NHC) (NHC = dimethylimidazolylidene) gives an
iridium(lll) cation with the fulvene ligand acting as a 6e-donor.
This is structurally characterized by a strong bending of the
exocyclic double bond towards the metal site. 28

In the case of cobalt, splitting of HCI with the proton coming
from the Cp* ligand is much easier than cyclometallation of
the pyridine as well as of the pyrimidine ring discussed above.
The presence of the amino group at the pyrimidine ring again
leads to a strong increase of the energy requested for this way
of splitting HCl, since the resulting 16VE cobalt(l) tetramethyl-

6 | J. Name., 2012, 00, 1-3

fulvene complex requires a (distorted) square-pyramidal
coordination geometry. The amino group therefore will
interfere sterically with the tetramethylfulvene ligand the
same way as discussed above for the Cp* ligand (see Figure 6).
For rhodium, the energy gap between the cyclometallation at
the pyrimidine ring and the deprotonation of the Cp* ligand
becomes smaller, for the iridium complexes, cyclometallation
was calculated to be the energetically favourable channel of
reactivity. The metal influence can be correlated to the relative
stabilities of the oxidation states +l and +lII.

Deuteration experiments

To finally support the theoretical results experimentally, the
deuterated ligand 1b-D was coordinated to the precursors
[(ns'—Csl\/Ief,)MCIZ]Z (M = Co, Rh, Ir). We chose this ligand,
because the calculated energies for the splitting of the proton
from the pyridine ring resp. from the pyrimidine ring are
almost the same. Therefore deuteration of one of these sites
would allow to differ between the two possible
cyclometallation sites. 1b-D was synthesized according to a
procedure published earlier,™ starting from
trideuteromethylpyridinyl ketone.”® Reacting this precursor
with  dimethylformamide diemethylacetale gave the
corresponding aminopropenone 6 (Scheme 5). Probably,
dimethylformamide dimethylacetale is acidic enough to ex-
change its proton with CH;0D liberated during the reaction,
since we found approx. 75% of deuteration in the o- and 25%
of deuteration in the B-position.
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1a-D
Scheme 5 Synthesis of the deuterated ligand 1b-D.
Ring closure with formamidinium acetate 30 results in the
formation of 1b-D having the same deuterium pattern as
observed for compound 6. The ESI-MS spectra of the cationic
complexes [2b-D]", [3b-D]" and [4b-D]* are given in the
Supporting Information. CID ESI-MS experiments were carried
out with [2b-D]", [3b-D]* and [4b-D]’. Hereby the different
isotopomers of each of these compounds were selected in the
Pauli trap and were subjected to fragmentation reactions
which were followed by mass spectrometry. For [2b-D]* and
[EIb-D]+ solely HCI splitting was observed, proving that there is
no cyclometallation at the pyrimidine ring occurring in the gas
phase. The proton liberated with the chloride anion can either
come from the cyclopentadienyl ligand or the pyridine site of
the N,N’-chelating ligand. The latter process seems quite
unfavourable regarding the Ilarge differences in energy
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between the cyclometallation reactions and the deprotonation
of the cyclopentadienyl ligand. For the iridium complex, HCI
splitting as well as DCI splitting was observed, with a larger
amount of HCl splitting than predetermined by the amount of
deuteration in the ortho-position of the pyrimidine ring. This is
in complete agreement with the fact that the calculated
energies for all three possible processes of HCl splitting from
[4b]" are almost identical.

Experimental
General information

Organic precursors were purchased form Sigma-Aldrich, Acros
and TCl Chemicals and used without further purification. 2-
(Pyrimidin-4-yl)pyridine (1b),30 2-(2-aminopyrimidin-4-

yl)pyridine (11'.),18a 2-(2-methylaminopyrimidin-4-yl)pyridine
(1d)/31 2-(2-dimethylaminopyrimidin-4-yl)pyridine (1e),1sa
bis[(n°>-1,2,3,4,5-

pentamethylcyclopentac!ienyl)cobaIt(II)dichIorit:le],21 bis[(ns-

1,2,3,4,5-pentamethylcyclopentadienyl)rhodium(ll)dichlor-
ide],21 and bis[(n5-1,2,3,4,5-pentamethylcyclopentadienyI)iri-
dium(Il)dichloride] 1 were synthesized according to published
procedures. Solvents solvents were purchased from Sigma
Aldrich and dried over molecular sieves in a Braun MB SPS
solvent dryer. All reactions were carried out under an
atmosphere of nitrogen using standard Schlenk-techniques.
The NMR spectra were obtained on Bruker Avance 400 and
600 systems. For the assignment of the peaks, see the
structures presented in the Supporting Information. The IR
spectra were recorded with a Perkin Elmer FT-IR Spectrum 100
device equipped with an ATR sample assembly. For data
refining the Perkin Elmer software Spectrum 6.3.5 was used.
Elemental analysis measurements were performed with a
Hanau Elemental Analyzer Vario Micro cube.

General procedure for the syntheses of the cobalt(lll) complexes
2a-e, the rhodium(lll) complexes 3a-e and the iridium(lll) comple-
xes 4a-d and 5.

[(nS-Cp*)Mclz]z, the N,N'-chelating ligand and a salt providing
the appropriate anion (the salt was left for compound 5; molar
ratios given below) were filled into a Schlenk-tube. CH,Cl, or
thf was added and the resulting suspension was stirred at
room temperature for 48 h (Rh, Ir) resp. 72 h (Co). The
reaction mixture was filtered, the solvent was removed under
vacuum. The raw product was recrystallized by slow diffusion
of Et,0 in an acetonitrile or CH,Cl, solution.

2,2'-Bipyridine(chIorido)(n5-1,2,3,4,5-pentamethylcyclopentadi-
enyl)cobalt(ll1) hexafluorophosphate (2a)

40.0 mg (0.07 mmol) of [(nS-Cp*)CoCIZ]z, 23.6 mg (0.15 mmol)
of 1a, 27.8 mg (0.15 mmol) of KPFg, 12 mL of CH,Cl,. Recrystal-
lized from CH3;CN/Et,0. Dark violet crystals, yield: 31%. Anal.
caled. for CyoH,3CICOFgN,P (530.77): C 45.26, H 4.37, N 5.28,
found: C 45,56, H 4.23, N 5.55%. "H NMR (400.1 MHz, CD;CN):
$9.42 (d, Y = 5.5 Hz, 2H, H1), 8.30 (d, *Jyy = 7.9 Hz, 2H, H4),
8.22 (t, *Juy = 7.8 Hz, 2H, H3), 7.87 (t, *Juy = 6.4 Hz, 2H, H2),
1.23 (s, 15H, CsMes). *C NMR (100.6 MHz, CD5CN): 3 156.6
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(C5), 155.0 (C1), 141.0 (C3), 129.0 (C2), 124.1 (C4),
96.4(CsMes), 9.5 (CsMes). °F NMR (376.5 MHz, CD;CN): 5 -72.9
(d, Ypr = 706 Hz). *'P NMR (162.0 MHz, CD5CN): & -144.7 (hept,
YJoe = 706 Hz). IR (ATR, cm™): 3090w, 2924w, 1607m, 1566w,
828s.

ChIorido(n5—1,2,3,4,5—pentamethylcyclopentadienyl)(z—pyrimidin—
4-ylpyridine)cobalt(lll) hexafluorophosphate (2b)

250 mg (0.47 mmol) of [(n°-Cp*)CoCl,];, 149 mg (0.94 mmol)
of 1b, 174 mg (0.94 mmol) of KPFg, 30 mL of thf. Recrystallized
from CH,Cl,/Et,0. Violet crystals, yield: 46%. Anal. calcd. for
CioH»:CICOFgN;P (531.75): C 42.92, H 4.17, N 7.90, found: C
42.62, H 4.29, N 7.72%. "H NMR (400.1 MHz, CD;CN): & 10.13
(s, 1H, H9), 9.47 (d, *Jy = 5.37, 1H, H1), 9.35 (d, >/ = 4.13 Hz,
1H, H8), 8.39 (d, >/ = 8.0 Hz, 1H, H7), 8.26 (m, 2H, H3, H4),
7.98 (t, 3y = 6.24 Hz, 1H, H2), 1.28 (s, 15H, CsMes). *C NMR
(100.6 MHz, CD,CN): & 163.0 (C9), 162.2 (C1), 160.8 (C6), 155.6
(C8), 154.8 (C5), 141.4 (C3), 131.0 (C2), 126.2 (C4), 120.5 (C7),
97.0 (CsMes), 9.8 (CsMes). °F NMR (376.5 MHz, CD;CN):
8 -72.9 (d, Yp = 706 Hz) ppm.’’P NMR (162.0 MHz, CD5CN):
§ -144.6 (hept, Ypr = 706 Hz) ppm. IR (ATR, cm?): 3076w,
2923w, 1593m, 1545w, 831s.

(2—(2—Aminopyrimidin—4—y|)pyridine)(chlorido}(n5—1,2,3,4,5—pen—
tamethylcyclopentadienyl)cobalt(lll) hexafluorophosphate (2c)

40.0 mg (0.07 mmol) of [(nS-Cp"‘)CoCIZ]z, 23.6 mg (0.15 mmol)
of 1c, 26.0 mg (0.15 mmol) of KPFg, 12 mL of CH,Cl,. Recrystal-
lized from CH3CN/EL,0. Violet crystals, yield: 36%. Anal. calcd.
for CqH23CICOFGN,P (546.77): C 41.74, H 4.24, N 10.25, found: C
41.91, H 4.34, N 10.59%. 'H NMR (400.1 MHz, CD5CN): & 9.41
(d, *Jus = 5.3 Hz, 1H, H1), 8.85 (d, *Jy = 3.9 Hz, 1H, H8), 8.26
(m, 2H, H3, H4), 7.88 (m, 1H, H2), 7.63 (d, *Juy = 4.5 Hz, 1H,
H7), 7.03, 6.83 (2xbr, 2H, H10), 1.13 (s, 15H, CsMes). °C NMR
(100.6 MHz, CD;CN): & 167.2 (C9), 162.9 (C6), 162.9 (C8), 156.9
(C5), 156.8 (C1), 141.7 (C3), 129.9 (C2), 125.9 (C4), 111.3 (C7),
96.7 (d, CsMes), 9.7 (CsMes). *°F NMR (376.5 MHz, CD5CN): & —
72.9 (d, “Jpe = 706 Hz). >’P NMR (162.0 MHz, CD5CN): & —144.6
(hept, Yor = 706 Hz). IR (ATR, cm'): 3383w, 3291w, 3079w,
2969w, 1586m, 1556w, 829s.

ChIorido(Z-(Z-methyIaminopyrimidin-4-yl)pvridine)(ns-
1,2,3,4,5-pentamethylcyclopentadienyl)cobalt(lll) hexafluoro-
phosphate (2d)

40.0 mg (0.07 mmol) of [(nS-Cp*)COCIZ]z, 28.1 mg (0.15 mmol)
of 1d, 26.0 mg (0.15 mmol) of KPFg, 12 mL of CH,Cl,. Recrystal-
lized from CH,Cl,/Et,0. Dark green crystals, yield: 42%. Anal.
caled. for C,oH,sCICOFgN,P (546.77): C 42.84, H 4.49, N 9.99,
found: C 42.87, H 4.42, N 10.05%. 'H NMR (400.1 MHz,
CD;CN): 8 9.34 (d, *Jyy = 4.9 Hz, 1H, H1), 8.71 (d, Y = 4.3 Hz,
1H, H8), 8.23 (m, 2H, H3, H4), 7.89 (t, *Juy = 4.6 Hz, 1H, H2),
7.49 (d, *Jyy = 4.3 Hz, 1H, H7), 7.36 (br, 1H, H10), 3.24 (s, 3H,
H11), 1.15 (s, 15H, CsMes). °C NMR (100.6 MHz, CDsCN): &
165.5 (C9), 162.6 (C6), 162.4 (C8), 156.7 (C5), 156.1 (C1), 141.5
(C3), 129.5 (C2), 125.4 (C4), 109.4 (C7), 96.3 (d, CsMes), 29.4
(C11), 9.9 (CsMes). °F NMR (376.5 MHz, CD5CN): & —73.0 (d,
Ypoe = 710 Hz). >'P NMR (162.0 MHz, CD;CN): 8 —144.5 (hept,
Yor = 710 Hz). IR (ATR, cm™): 3343w, 3086w, 2973w, 1600m,
1539w, 828s.
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Chlorido(2-(2-dimethylaminopyrimidin-4-yl)pyridi ne)(r|5-
1,2,3,4,5-pentamethylcyclopentadienyl)cobalt(lll) hexafluoro-
phosphate (2e)

53.0 mg (0.10 mmol) of [(n°-Cp*)CoCl,],, 40.0 mg (0.20 mmol)
of 1e, 36.8 mg (0.20 mmol) of KPFg, 12 mL of CH,Cl,. Recrystal-
lized from CH,CI,/Et,0. Dark green crystals, yield: 42%. Anal.
caled. for CpiH,;CICOFGN,P (546.77): C 43.88, H 4.73, N 9.75,
found: C 43.98, H 4.94, N 9.66 %. "H NMR (400.1 MHz, CD;CN):
59.30 (d, *Juy = 5.5 Hz, 1H, H1), 8.61 (d, *J = 4.2 Hz, 1H, H8),
8.21 (dt, 1H, >/ = 7.9 Hz, H3), 8.11 (d, 1H, 1H, *Jy = 7.86 Hz,
H4), 7.90 (t, 2/ = 6.0 Hz, 1H, H2), 7.55 (d, *Jyyy = 4.4 Hz, 1H,
H7), 3.59 (s, 3H, H10), 3.44 (s, 3H, H10), 1.00 (s, 15H, CsMes).
3C NMR (100.6 MHz, CDsCN): & 167.8 (C9), 164.2 (C6), 159.6
(C8), 156.8 (C5), 155.2 (C1), 141.3 (C3), 129.5 (C2), 124.4 (C4),
110.0 (C7), 95.2 (CsMes), 42.7 (C10), 40.2 (C10), 9.6 (CsMes).
F NMR (376.5 MHz, CD3CN): & —73.2 (d, Ypr = 710 Hz). *'P
NMR (162.0 MHz, CD;CN): & —144.6 (hept, "Jpr = 710 Hz). IR
(ATR, cmfl): 3069w, 2965w, 1600m, 1546m, 827s.

2,2'-Bipyridine(chIorido)(1]5-1,2,3,4,5-pentamethylcyr.lopentadi-
enyl)rhodium(lll) hexafluorophosphate (3a)

49.4 mg (0.08 mmol) of [(nS-Cp*)RhCIZ]z, 25.0 mg (0.16 mmol)
of 1a, 29.4 mg (0.16 mmol) of KPFg, 10 mL of CH,Cl,. Recrystal-
lized from CH3CN/Et,0. Red-orange crystals, yield: 20%. Anal.
caled. for CygHa3CIFgN,PRh (574.74): C 41.80, H 4.03, N 4.87,
found: C 41.27, H 4.01, N 4.78%. "H NMR (400.1 MHz, CD5CN):
5 8.88 (d, *Jun = 5.4 Hz, 2H, H1), 8.38 (d, *Juu = 8.1 Hz, 2H, H4),
8.22 (m, 2H, H3), 7.80 (m, 2H, H2), 1.66 (s, 15H, CsMes). >C
NMR (100.6 MHz, CD;CN): 8 155.3 (C1), 152.9 (C5), 141.3 (C3),
129.3 (C2), 124.7 (C4), 98.3 (d, “Jegn = 8.1 Hz, CMes), 9.1
(CsMes). °F NMR (376.5 MHz, CD3CN): 3 —72.9 (d, YJpr = 706
Hz). *'P NMR (162.0 MHz, CD;CN): § —144.7 (hept, 'Jpr = 706
Hz). IR (ATR, cm™): 3084w, 1605m, 1468m, 1438m, 1026m,
826s, 773s.

ChIorido(115-1,2,3,4,5—pentamethy|cyclopentadienyl)(z-pyrimidin-
4-ylpyridine)rhodium(lll) hexafluorophosphate (3b)

49.4 mg (0.08 mmol) of [(nS-Cp*)RhCIZ]Z, 25.1 mg (0.16 mmol)
of 1b, 29.4 mg (0.16 mmol) of KPFs, 10 mL of CH,Cl,. Orange
crystals, yield: 89%. Anal. calcd. for C,9H4,CIFgN3PRh (575.73): C
39.64, H 3.85, N 7.30, found: C 39.41, H 3.77, N 7.10%. "H NMR
(400.1 MHz, CD5CN): & 9.47 (s, 1H, H9), 9.17 (d, *Juy = 5.3 Hz,
1H, H8), 8.95 (d, Y,y = 5.4 Hz, 1H, H1), 8.51 (d, >/ = 7.9 Hz,
1H, H4), 8.35 (dd, “Jun = 1.2, *Ju =5.4 Hz, 1H, H7), 8.30 (td,
*JHH = 1.5, *J,y =7.90 Hz, 1H, H3), 7.93 (ddd, “Juy = 1.3, Iy =
5.5, *Juw = 7.5 Hz, 1H, H2), 1.71 (s, 15H, CsMes). >C NMR
(100.6 MHz, CD,CN): & 161.7 (C6), 161.7 (C9), 160.4 (C8), 153.5
(C1), 153.3 (C5), 141.6 (C3), 131.3 (C2), 126.5 (C4), 120.2 (C7),
98.8 (d, Yeny = 8.3 Hz, CsMes), 9.3 (CsMes). *°F NMR (376.5
MHz, CD3CN): & —72.9 (d, “Jpr = 706 Hz) ppm.*'P NMR (162.0
MHz, CDsCN): & —144.6 (hept, Jpor = 706 Hz) ppm. IR (ATR,
em™): 2925w, 1592m, 1462m, 1025m, 825vs, 797s, 753s.

(2-(2-Aminopyrimidin-4-v|)pyridine)(chIorido)(n5-1,2,3,4,5-
pentamethylcyclopentadienyl)rhodium(iil) hexafluorophosphate
(3¢)

8 | J. Name., 2012, 00, 1-3

49.4 mg (0.08 mmol) of [(nS-Cp*)Rhclz]z, 27.6 mg (0.16 mmol)
of 1c, 29.4 mg (0.16 mmol) of KPFg, 10 mL of CH,Cl;. Red-
orange crystals, yield: 90%. Anal. calcd. for CygH;3CIFgN4PRA
(590.74): C 38.63, H 3.92, N 9.48, found: C 38.68, H 3.92, N
9.44%. "H NMR (400.1 MHz, CD5CN): & 8.90 (d, *Juy = 5.4 Hz,
1H, H1), 8.66 (d, >y = 4.9 Hz, 1H, H8), 8.34 (d, >/, = 7.8 Hz,
1H, H4), 8.24 (td, “Juu = 1.5, *Juy = 7.87 Hz, 1H, H3), 7.85 (m,
1H, H2), 7.59 (d, )y, = 4.2 Hz, 1H, H7), 6.43 (br, 2H, H10), 1.56
(s, 15H, CsMes). *C NMR (100.6 MHz, CD;CN): & 164.3 (C9),
163.3 (C8), 161.6 (C6), 155.0 (C5), 153.8 (C1), 141.1 (C3), 130.5
(€2), 126.2 (C4), 110.3 (C7), 98.5 (d, “Jcpn = 8.3 Hz, CsMes), 9.2
(CsMes). °F NMR (376.5 MHz, CD;CN): & =72.9 (d, “Jpr = 706
Hz). *'P NMR (162.0 MHz, CD;CN): & —144.6 (hept, "Jpz = 706
Hz). IR (ATR, cm'l): 3392w, 3299m, 3160m, 1639m, 1556m,
828vs, 796s.

Chlorido(z-(l-methylaminopyrimidin-4-yl)pyridine)(n5-
1,2,3,4,5-pentamethylcyclopentadienyl)rhodium(lil) hexafluoro-
phosphate (3d)

49.4 mg (0.08 mmol) of [(n’-Cp*)RhCl,],, 29.8 mg (0.16 mmol)
of 1d, 29.4 mg (0.16 mmol) of KPFs, 10 mL of CH,Cl,. Orange
crystals, yield: 82%. Anal. calcd. for C;oH;5CIFgN,PRh (604.77): C
39.72, H 4.17, N 9.26, found: C 40.06, H 4.23, N 9.41. "H NMR
(400.1 MHz, CDsCN): & 8.90 (d, *fuy = 5.4 Hz, 1H, H1), 8.72 (d,
*Jun = 4.9 Hz, 1H, H8), 8.34 (d, * = 7.9 Hz, 1H, H4), 8.24 (td,
= 1.5, 2 = 7.87 Hz, 1H, H3), 7.85 (m, 1H, H2), 7.53 (d, /4
= 4.9 Hz, 1H, H7), 6.44 (br, 1H, H10), 3.13 (d, *Juu = 5.0 Hz, 3H,
H11), 1.53 (s, 15H, CsMes). *C NMR (100.6 MHz, CDsCN): &
163.2 (C9), 162.9 (C8), 161.8 (C6), 155.1 (C5), 153.8 (C1), 141.6
(C3), 130.5 (C2), 126.3 (C4), 109.3 (C7), 98.6 (d, “Jemn = 8.2 Hz,
CsMes), 29.5 (C11), 9.2 (CsMes). “F NMR (376.5 MHz, CD3CN):
§-72.9 (d, Ypr = 706 Hz). >’P NMR (162.0 MHz, CD;CN): & —
144.6 (hept, Jpe = 706 Hz). IR (ATR, cm™): 3354w, 3083w,
1597s, 1579s, 832vs, 791s, 775s.

Chlorido(2-(2-di methylaminopyrimidin-4-y|)pyridine)(115-
1,2,3,4,5-pentamethylcyclopentadienyl)rhodium(lil) tetrafluoro-
borate (3e)

49.4 mg (0.08 mmol) of [(nS—Cp*)RhCIZ]z, 35.8 mg (0.18 mmol)
of 1e, 24.2 mg (0.22 mmol) of NaBF,, 10 mL of CH,Cl,. Orange
crystals, yield: 98%. Anal. calcd. for C;;H;,;BCIF;N4Rh (560.63): C
44.99, H 4.85, N 9.99, found: C 45.18, H 4.89, N 9.95. '"H NMR
(400.1 MHz, CD5CN): & 8.76 (d, *Juy = 5.4 Hz, 1H, H1), 8.59 (d,
*Jun = 4.6 Hz, 1H, H8), 8.19 (m, 2H, H3, H4), 7.81 (td, *Jy, = 2.5,
*Ju = 6.0 Hz, 1H, H2), 7.43 (d, *Juy = 4.6 Hz, 1H, H7), 3.34 (s,
3H, H10), 3.30 (s, 3H, H10), 1.53 (s, 15H, CsMes). °C NMR
(100.6 MHz, CD5CN): & 165.7 (C9), 163.8 (C6), 160.3 (C8), 155.4
(C5), 153.9 (C1), 141.7 (C3), 129.9 (C2), 125.3 (C4), 109.9 (C7),
97.8 (d, Yern = 8.3 Hz, CsMes), 42.1 (C10), 39.6 (C10), 8.7
(CsMes). >F NMR (376.5 MHz, CDsCN): & —151.6. *'B NMR
(128.4 MHz, CD;CN): & —1.2 ppm. IR (ATR, cm™): 2966w,
2929w, 1557m, 1475m, 1363m, 1044vs, 769s.

2,2'—Bipyridine(chIorido)(qs-1,2,3,4,5-pentamethylcyclopentadi-
enyl)iridium(Il) tetrafluoroborate (4a)

55.8 mg (0.07 mmol) of [(nS-Cp*)IrCIZ]Z, 21.9 mg (0.14 mmol)
of 1a, 24.2 mg (0.14 mmol) of NaBF,;, 10 mL of CH,Cl,. Yellow
crystals, yield: 79%. Anal. calcd. for C,gH23BCIF4IrN; (605.89): C
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39.65, H 3.83, N 4.62, found: C 39.70, H 3.80, N 4.55%. 'H NMR
(400.1 MHz, CD3CN): & 8.88 (dd, “Jiyy = 0.6, Sy = 5.6 Hz, 2H,
H1), 8.45 (d, *Jun = 8.1 Hz, 2H, H4), 8.21 (td, “Jyy = 1.4, *Jyy =
8.0 Hz, 2H, H3), 7.78 (m, 2H, H2), 1.65 (s, 15H, CsMes). °C
NMR (100.6 MHz, CD;CN): & 156.3 (C5), 152.7 (C1), 141.2 (C3),
129.8 (C2), 125.0 (C4), 90.5 (CsMes), 8.8 (C:Mes). F NMR
(376.5 MHz, CD;CN): 8 —151.7. ''B NMR (128.4 MHz, CD;CN): &
-1.2. IR (ATR, cm™): 2917w, 1606m, 1446m, 1094m, 1049vs,
772s, 727m.

ChIorido(r|5-1,2,3,4,5-pentamethylcyclopentadienyl)(2-pyrimidin-
4-ylpyridine)iridium(ll1) tetrafluoroborate (4b)

47.8 mg (0.06 mmol) of [(nS—Cp*)IrCIZ]z, 22.0 mg (0.14 mmol)
of 1b, 15.9 mg (0.15 mmol) of NaBF,, 10 mL of CH,Cl,. Yellow
crystals, yield: 95%. Anal. calcd. for Cy9H,,BCIF,IrN;3 (606.88): C
37.60, H 3.65, N 6.92, found: C 37.65, H 3.56, N 6.84. "H NMR
(400.1 MHz, CD3CN): & 9.45 (s, 1H, H9), 9.13 (d, *Juy = 5.3 Hg,
1H, H8), 8.95 (dd, “Jyu = 0.7, *Juy =5.6 Hz, 1H, H1), 8.59 (d, >/,
= 7.7 Hz, 1H H4), 8.43 (dd, “Juy = 1.2, *Juy =5.3 Hz, 1H, H7), 8.29
(td, “ = 1.4, 1y =7.9 Hz, 1H, H3), 7.91 (ddd, *Jpy = 1.4, *huy =
5.6, *Juy =7.6 Hz, 1H, H2), 1.70 (s, 15H, C;Me.). **C NMR (100.6
MHz, CDsCN): & 163.0 (C6), 161.5 (C9), 160.1 (C8), 154.4 (C5),
153.3 (C1), 141.6 (C3), 131.9 (C2), 126.9 (C4), 120.2 (C7), 91.1
(CsMes), 9.0 (CsMes). °F NMR (376.5 MHz, CD;CN): § —151.8
ppm. "B NMR (128.4 MHz, CD;CN): 5-1.2. IR (ATR, cm™):
3107w, 2917m, 1599m, 1459m, 1392m, 1032vs, 756m.

(2—(2—Aminopyrimidin—4—yl)pyridine)(chIorido)(1]5—1,2,3,4,5—pen—
tamethylcyclopentadienyl)iridium(lll) tetrafluoroborate (4c)

63.0 mg (0.08 mmol) of [(ns-Cp*)IrCIZ]Z, 29.0 mg (0.17 mmol)
of 1¢, 21.0 mg (0.19 mmol) of NaBF,, 10 mL of CH,Cl,. Yellow
crystals, yield: 92%. Anal. calcd. for C;5H;3BCIF,IrN, (621.90.) C
36.70, H 3.73,N 9.01, found: C 37.03, H 3.91, N 9.54%. "H NMR
(400.1 MHz, CD5CN): & 8.88 (dd, “Jiy = 0.7, *Juy = 5.6 Hz, 1H,
H1), 8.61 (d, “Jyy = 4.9 Hz, 1H, H8), 8.37 (d, *Juy = 7.8 Hz, 1H,
H4), 8.22 (td, “Ju = 1.5, Jyy = 7.9 Hz, 1H, H3), 7.84 (m, 1H, H2),
7.59 (d, Yy = 4.9 Hz, 1H, H7), 6.60 (br, 2H, H10), 1.57 (s, 15H,
CsMes). *C NMR (100.6 MHz, CD;CN): 8 163.4 (C9), 163.2 (C8),
162.0 (C6), 155.8 (C5), 153.4 (C1), 141.5 (C3), 131.0 (C2), 126.3
(C4), 109.9 (C7), 90.6 (CsMes), 9.0 (CsMes). °F NMR (376.5
MHz, CD;CN): & —151.7 ppm. "B NMR (128.4 MHz, CD;CN):
8 -1.2 ppm. IR (ATR, cmfi): 3412w, 3289w, 3098w, 1636m,
1556m, 1027vs, 771s.

ChIorido(2—(2—methylaminopyrimidin—4—y|)pyridine)(115—
1,2,3,4,5-pentamethylcyclopentadienyl)iridium(lll) tetrafluoro-
borate (4d)

85.3 mg (0.11 mmol) of [(n°-Cp*)IrCl,],, 39.3 mg (0.21 mmol)
of 1d, 28.4 mg (0.26 mmol) of NaBF,, 10 mL of CH,Cl,. Orange
crystals, yield: 92%. Anal. calcd. for CygH;5BCIF4IrN, (635.92): C
37.78, H 3.96, N 8.81, found: C 38.13, H 4.09,N 9.04%. 'H NMR
(400.1 MHz, CD,CN): & 8.88 (d, *J,y = 5.6 Hz, 1H, H1), 8.66 (d,
*Jun =4.9 Hz, 1H, H8), 8.38 (d, *Juy = 8.1 Hz, 1H, H4), 8.22 (td,
“Jan = 1.4, Juy = 7.9 Hz, 1H, H3), 7.84 (m, 1H, H2), 7.54 (d, >/
= 4.9 Hz, 1H, H7), 6.28 (s, 1H, H10), 3.14 (d, *Jyy = 5.0 Hz, 3H,
H11), 1.55 (s, 15H, CsMes). *C NMR (100.6 MHz, CDsCN): &
162.8 (C8), 162.3 (C9), 162.1 (C6), 156.0 (C5), 153.1 (C1), 141.6
(C3), 131.1 (C2), 126.4 (C4), 108.9 (C7), 90.7 (CsMes), 29.9
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(C11), 8.9 (CsMes). *°F NMR (376.5 MHz, CD5CN): & —151.6. 'B
NMR (128.4 MHz, CD;CN): & —1.2. IR (ATR, cm™): 3379m,
3106w, 3064w, 1579s, 1046vs, 808s, 780s.

Chlorido(2-N,N-dimethylamino-4-(pyridin-2-yl-kN)pyrimidine-
KCS)(nS—1,2,3,4,5—pentamethylcyclopentadienyl)iridium(lll} hydro-
chloride (5)

55.8 mg (0.07 mmol) of [(n°-Cp*)IrClyl5, 28.0 mg (0.14 mmol)
of 1e, 10 mL of CH,Cl,. Red crystals, yield: 64%. Anal. calcd. for
Cy1H,yClLIrN, (598.60): C 42.14, H 4.55, N 9.36%, found: C
41.94, H 4.59, N 9.06%. "H NMR (600.1 MHz, CD,Cl,): & 15.35
(br, 1H, H11), 8.78 (d, *Juy = 5.0 Hz, 1H, H1), 8.44 (s, 1H, H8),
8.35 (dd, “Jyy = 0.7, Sy = 7.8 Hz, 1H, H4), 7.97 (td, Yy = 1.4,
®Juw = 7.7 Hz, 1H, H3), 7.56 (ddd, “Juy = 1.5, *Jyy = 5.6, Sy = 7.3
Hz, 1H, H2), 3.45 (s, 6H, H10), 1.72 (s, 15H, CsMes). >C NMR
(150.9 MHz, CD,Cl,): & 178.9 (C7), 160.3 (C5), 153.0 (C9), 152.9
(C1), 149.0 (C8), 138.9 (C3), 131.7 (C6), 129.3 (C2), 125.0 (C4),
89.7 (CsMes), 38.9 (C10), 9.5 (CsMes). IR (ATR, cm™): 2866w,
2508br, 1617m, 1585m, 8665, 839s, 764vs,

DFT calculations

Quantum chemical calculations on the the HCI splitting from
the cations 2-4a-e* with the program Gaussian09 2 using the
B3LYP gradient corrected exchange-correlation functional B in
combination with the 6-311+G* basis set for C, H, N, cl.** For
rhodium and iridium, the according Def2-TZVP ECP basis sets
were a;:uplied,35 for cobalt Ahlrichs TZV basis set was used.*®
Full geometry optimizations were carried out in C; symmetry
using analytical gradient techniques and the
structures confirmed to be minima by
diagonalization of the analytical Hessian Matrix. The starting
geometries for the calculations were taken from solid-state

resulting

were true

structures. Not all transition states could be located. In some
cases scans along the internal reaction coordinate were carried
out to find the transition state. For more details see the
Supporting Information.

X-ray structure analyses

Crystal data and refinement parameters for compounds 2¢, 2d,
3a, 3¢, 4b, 4c and 5 are collected in Table 1. The structures 2c,
2d, 3a, 4b, 4c and 5 were solved using direct methods,z‘7 while
3c was solved using SUPERFLIP programm,38 completed by
subsequent difference Fourier syntheses, and refined by full-
matrix least-squares procedures.39 For compounds 2d and 5,
semi-empirical absorption corrections from equivalents
(Multiscan) were carried out, while analytical numeric absorp-
tion corrections were applied on complexes 2c, 3a, 3c, 4b and
4c.° All non-hydrogen atoms were refined with anisotropic
displacement parameters. In 2c and 4c hydrogen atoms which
are bound to nitrogen atoms were located in the difference
Fourier synthesis, and were refined semi-freely with the help
of a distance restraint, while constraining their U values to 1.2
times the Ufeg) values of the corresponding nitrogen atoms. In
2d and 3c hydrogen atoms bound to nitrogen atoms were also
located in the difference Fourier synthesis, but were then refi-

ned freely. In the structure of compound 3a the hydrogen
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atoms H11A and H11B, which are bound to C11, were located
in the difference Fourier synthesis, and were refined semi-
freely with the help of a distance restraint, while constraining
their U values to 1.5 times the Ufeg) values of C11. All the
other hydrogen atoms were placed in calculated positions and
refined by using a riding model. In the structure of complex 5,
because of the existence of severely disordered and/or
partially occupied CH,Cl,/H,O, SQUEEZE process integrated in
PLATON was used.*! Detailed information has been posted in
the final CIF file. CCDC 1541493 - 1541499 contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data

www.ccdc.cam.ac.uk/data_request/cif.

Centre via

Mass spectrometry

ESI-MS and CID measurements were performed by a Paul-type
guadrupole ion trap instrument (Bruker Esquire 3000plus). The
ion source was set to positive and negative electrospray ioniz-
ation mode. Scan speed was 13000 m/z /s in standard resol-
ution scan mode (0.3 FWHM / m/z) and the scan range was 15
to 1200 m/z. Mass spectra were accumulated for at least two
minutes. MS" spectra were accumulated for at least twenty
seconds. Sample solutions were continuously infused into the
ESI chamber by a syringe pump at a flow rate of 2 pL min™.
Nitrogen was used as drying gas with a flow rate of 3.0L min™
at 220 °C. The solutions were sprayed at a nebulizer pressure
of 280 mbar (4 psi) and the electrospray needle was held at
4.5 kV.

Collision induced dissociation (CID) appearance curves were
recorded with varying excitation amplitudes (0.0V to 1.0V),
which determine the internal energy scale of the mass spectro-
meter (Epap in V). Relative abundances were calculated accor-
ding to:

I{:[- (Eap) = (

Ll (Eran) ) W

i I{T(Elab) + lef(Elah)
where I{r= intensity of the fragment ions and I‘?: intensity of
the parent ions.
Fragmentation

amplitude dependent CID spectra were

modeled and fitted by sigmoidal functions of the type

Ul (Epap). = (;)
putHlab A L (B, —Eran) B

using a least-squares criterion. The E;o, fit parameter is the

(2)

amplitude at which the sigmoid function is at half maximum
value, whereas B describes the rise of the sigmoid curve.main
paragraph text follows directly on here.

Conclusions

Cationic complexes of the type [(nS-Cp*)M(CI)(N,N‘)]‘ (M = Co,
Rh, Ir) undergo cleavage of HCl under CIDS conditions in the
gas-phase. Although being part of a series of isostructural com-
pounds, they show large differences in activation energies and
even more important in the reaction channels. Not only the

10 | J. Name., 2012, 00, 1-3

N,N'-coordinating ligands have a strong impact on the site, the
proton is coming from. In addition there is a pronounced
influence of the metal centre that could be elucidated by a
combination of spectroscopic and theoretical tools.

While iridium prefers to go into a cyclometallation of the N,N'-
coordinating ligand, cobalt exclusively undergoes splitting of a
CH-bond at a Cp* methyl group, even for aminopyrimidinylpyr-
idine ligands, which are strongly activated for an electrophilic
aromatic substitution (cyclometallation). The reactivity of rho-
dium
complexes. This series can be explained by the differences in
stabilities of M-C bonds and of the oxidation states +I and +lIl
for the Group IX elements.

is found somewhere in between the two other
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12 Appendix II: Modification of the Laser Induced Liquid
Bead Ion Desorption (LILBID) Apparatus

Laser Induced Liquid Bead Ion Desorptionl-® (LILBID) is a very gentle method to
transfer large molecular ions from solution into the gas phase. A micro droplet dispenser
is used to generate free-flying micro droplets of an analyte solution (10 Hz duty cycle).
Aliphatic alcohols or water are used as solvents. The droplets are transferred into high
vacuum and subsequently irradiated by intensive infrared (IR) laser radiation. The
frequency of the laser radiation is tuned to an absorption band of the solvent. A custom
optical parametric oscillator’” (OPO) unit converts the fundamental radiation of a
Nd:YAG laser (1064 nm) into MID IR radiation. The solvent absorbs the radiation, which
causes a temperature increase and the formation of a supercritical state. In the
subsequent explosion, the dissolved ions are released from the droplet into the gas
phase. The ions can guided into a mass spectrometer for further investigations. The
LILBID technology was developed in the research group of Prof. Dr. Brutschy in
Frankfurt and is rebuilt, modified and tested in the research group of Prof. Dr.
G. Niedner-Schatteburg. A part of my doctoral studies was associated with this project.
The following chapter provides some material illustrating the current state of

development of the LILBID apparatus.

Overview of the LILBID apparatus:

diode laser
450 nm

droplet

> *  explosion
optical fibers

DPSS 1 a
ST A e desorption

hot Itipli o
photomultiplier ’_\ ‘ chamber " beam

W

droplet dispenser
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Figure 1: Schematic representation of the experimental setup of the current
LILBID apparatus in Kaiserslautern.
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Figure 2: Schematic representation of the vacuum system of the current
LILBID apparatus in Kaiserslautern.
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Figure 3: Overview over the instruments contributing to the current LILBID
apparatus in Kaiserslautern.
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Apparatus

Detection of the micro droplets in the low pressure region

A custom build X/Y aim unit (cf. Fig. 4a) serves to detect and align the micro droplets in
the low pressure region to the entrance of to the high vacuum region of the LILBID
apparatus. Two of diodes with associated detectors form a crosshair. Dips of the

constant light signal indicate the presence of the mircodoplets (cf. Fig. 4).

v x-signal

................................... -
droplet laser crosshair skimmer
JESRE RIS

1“' y-signal
HP-pulse

Lanaasaaes 2

Figure 4: a) A photograph of the X/Y unit. b) 3D model of the interior of the
X/Y unit. c¢) Dip signals of the X/Y unit indicate the presence of the micro
droplets in the vicinity to the entrance to the high vacuum region of the
LILBID apparatus.
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Appendix II: Modification of the Laser Induced Liquid Bead Ion Desorption (LILBID)
Apparatus

Detection of the micro droplets in the high vacuum region

The entrance of the high vacuum chamber is illuminated by green light of solid state
DPSS Laser (100mW), which is guided into the chamber by optical fibres (CeramOptec,
Nylon 600/660 N; cf. Fig. 5a). Arriving droplets scatter the light. An additional optical
fiber guides the scattered light to a photomultiplier (cf. Fig. 5b). A signal of the photo
multiplier (Hamamatsu R7400U, cf. Fig. 5c) indicates the presence of a microdroplet in

the high vacuum region of the apparatus.

C) laser crosshair

bhoto multiplier

signal
droplet &
........................ .>‘l
At=~10 ms
L )
desorption laser
HP-pulse

Figure 5: a) Optical fibers illuminate the entrance of the high vacuum
chamber. b) A photomultiplier (Hamamatsu R7400U) serves to detect light
scattered by arriving micro droplets. ¢) The photomultiplier signal indicates
the presence of a microdroplet in the vacuum chamber.
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Apparatus

Visualization of micro droplets within the high vacuum chamber

The micro droplets are visualized on a screen by a combination of a telescope and a high

speed CMOS camera (PhotonFocus, MV-D2048x1088, cf. Fig. 6).

Mirror

Figure 6: Photograph of the experimental setup to visualize micro droplets
on a screen.

Short pulses of blue light serve to illuminate the droplets for visualization on a screen.
Optical fibers (cf. Fig. 7a) guide blue light of a pulsed diode laser (mpc - Laser Power
Supplies DLM 40450 with a VFM 5-25 driver; cf. Fig. 7b) into the high vacuum chamber.
The resulting images (cf. Fig. 7c and d) crucially depend on the pulse length of the

illumination light.

Figure 7: Optical fibers (a) guide blue light pulses of a pulsed diode laser (b)
into the high vacuum chamber. In combination with a telescope and a camera
we gain enlarged images of the droplet.
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