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Chapter 1

General Introduction

Transition metal complexes have long been
employed as mediators in numerous chemical
processes comprising homogeneous catalysis. This
chapter is devoted to make a general overview to
the main issue of the present thesis: the transition
metal catalyzed CO, fixation. In light of this, the first
part of the chapter focuses on the review of some
basic concepts of catalysis and the methods used to
quantify the activity and efficiency of the catalytic
reactions. Then, a brief description of the uses of CO,
as renewable carbon feedstock to afford important
chemicals like polycarbonates and cyclic carbonates

will be presented. This section also includes an

outline of the mechanistic aspects of the latter \ ”ﬁ TR
reactions and the main structural features of the
catalysts used in the same. The next section contains
the basic principles of ion mobility mass
spectrometry (IM-MS) as a powerful technique used
to provide structural information of transition metal
complexes used in homogeneous catalysis. The final
part will detail the main objectives and the outline of

this thesis.
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General Introduction

1.1 Catalysis: basic concepts and quantification of the activity
Catalysis plays a key role in the production of most industrially important chemicals like
liquid fuels and bulk and fine chemicals.™ The term catalysis was first coined by Berzelius
in 1836 when he had noticed changes in substances when they were brought in contact
with small amounts of certain species called “ferments”.”? Although Berzelius had the
merit to recognize a common feature in such processes, the nature of the phenomenon
was not properly understood for the next 60 years. It was Ostwald who established the
kinetic nature of catalysis, and the definition he proposed in 1895 is the basis for the
current concept of catalysis: “a catalyst is a substance that changes the rate of a chemical
reaction without itself appearing into the products”. Indeed, a similar concept has been
adopted by the International Union of Pure Chemistry (IUPAC), which defines catalysis as
“the action of a substance (i.e., catalyst) that increases the rate of a reaction without
modifying the overall standard Gibbs energy change in the reaction”. According to this, a
catalyst increases the rate of the reaction without influencing on the thermodynamic
equilibrium of reactants and products.

It can be seen in Scheme 1.1 that the overall reaction Gibbs free energy (AG) in a

catalyzed reaction does not change, but the free energy of activation (AG") indeed does it.

Gibbs Energy

AG*(with catalyst)

)
AG

Reaction Coordinate

Scheme 1.1 Schematic representation of a generic reaction profile for a catalyzed (curve in
red) and uncatalyzed (curve in black) chemical reaction.

For a chemical reaction to be experimentally observed, the thermodynamic and the
kinetic changes should not be too unfavorable. The thermodynamic changes are measured

in terms of the change in Gibbs free energy (AG), while the kinetic requirement is

3
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measured by the free energy of activation (AG%). A thermodynamically favorable reaction
(AG < 0) may not take place because AG' may be too high. On the other hand, a
thermodynamically unfavorable reaction (AG > 0) may occur if AG" is too low. The
relationship between AG and AG is normally presented in a diagram as that depicted in
Scheme 1.1, where free energies of the reactants, products, intermediates, and transition
states are plotted against the reaction coordinate.

The combination of the steps involved in a catalytic reaction is commonly called a
catalytic cycle. An example of this is shown in Scheme 1.2, in which the initial step involves
binding of one or more reactants by the catalyst, and the final step is the release of the
product and regeneration of the catalyst. In such Scheme is observed that the starting
point of the catalytic reaction is also the ending point of the same, this is precisely what

gives the name of cycle.

product C reactant A
// catalyst N

catalyst/A

catalyst/C net: A + B gives C
K catalyst/AB /reactant B

Scheme 1.2 Generic catalytic cycle for catalytic conversion of reactants A and B into
product C.

A widely method used to measure the activity of the species involved in a catalytic cycle
(catalytic species) is by calculating the reaction rate constant k, which in turn can be
derived from the Arrhenius® and van’t Hoff formulations. The relationship between
equilibrium constant K and free energy change in the standard state (AG,) on the one
hand, and rate constant k and energy of activation (AE) on the other, are given by the

van’t Hoff (1.1) and Arrhenius (1.2) equations, respectively.

AG, = —RTInK (1.1)

k = Ae AE/RT (1.2)
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For calculating the free energy of activation (AG¥) of a given reaction, the enthalpy
(AH¥) and entropy (AS¥) of activation of the same reaction are calculated first. This is done
by plotting In(k/T) against 1/T, where the slope and the intercept give the measures of
AH¥ and AS?, respectively. This diagram is called an Eyring[4] plot, and the resulting
expression for the rate constant k is known as Eyring equation:

k= @%6_%6% (1.3)

On the other hand, a plot of In k against 1/T is, of course, the Arrhenius plot and is
used for measuring activation energy (AE).

During the catalytic cycle the catalyst may be present in several intermediate forms. An
active catalyst will pass a number of times through this cycle of states; in this sense the
catalyst remains unaltered. The number of times that a catalyst goes through this cycle is
the turnover number (TON), which is a measure of the efficiency of a catalytic process, and

can be calculated as the total number of moles of product per mole of catalyst:

moles of product

TON = (1.4)

moles of catalyst
Other common quantity used for measuring the efficiency of a catalytic reaction is the

turnover frequency (TOF) that is the turnover number in a certain period of time:

TON
time

TOF = (1.5)

The calculation of TOFs from a theoretically obtained energy profile was not a
straightforward process until few years ago when Kozuch and Shaik introduced the so-
called energetic span model.” The formulation of this model is based on Eyring’s transition
state theory (developed simultaneously by Eyring and Polanyi in 1935)[4'6] and corresponds
to a steady-state regime. The authors established that in many catalytic cycles only one
transition state and one intermediate determine the TOF, corresponding to the TOF-
determining transition state (TDTS) and the TOF-determining intermediate (TDI),
respectively. These key states can be located by evaluating the degree of TOF control
(X7or); this last term belongs to the family of structure-reactivity coefficients used in

classical physical organic chemistry to describe the influence of various factors

5
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(substituents, solvents, equilibrium constants, etc.) on rates.”! The energy difference
between TDTS and TDI, together with the reaction driving force (AG,.), define the energetic
span (6E) of the cycle. Whenever the TDTS appears after the TDI, 6Eis the energy
difference between these two states; when the opposite is true, the addition of AG,. to this
difference is needed. Having 8E, the TOF is expressed simply in the Arrhenius-Eyring
fashion, wherein &E serves as the apparent activation energy of the cycle. The energetic
span model will be used in Chapter 5 in order to evaluate TOFs of the reaction studied and

compare them with those from the experiments.

1.2 Carbon dioxide fixation

1.2.1 Environmental perspective

Two major energy-related problems confront the world in the next 50 years. First,
increased worldwide competition for gradually depleting fossil fuel reserves (these
currently represent 80-85% of the world’s energy sources) will lead to higher costs, both
monetarily and politically. Second, the ever-increasing levels of atmospheric CO, as a result
of anthropogenic emissions, with a current level of 399 ppm (Figure 1.1), precisely from
those carbon-based fossil fuels is considered to be the major contributor to climate change
that may cause extreme events (high or low temperature, heavy rain, and dryness) that are
out of human control.

Some technologies have been introduced in order to reduce the CO, emissions.
Among these, a method that has received major consideration involves carbon dioxide
capture and storage (CCS), which is seen as one of the most important single reduction
measures worldwide contributing with 8.2 Gt." In addition, sequestration in geologic
formations is viewed by some as a long-term solution."™ However, these technologies
involve significant energy and economic costs, as well as their utilization adds value to the

waste carbon dioxide, thereby offsetting the cost of capture and storage.



UNIVERSITAT ROVIRA I VIRGILI
THEORETICAL STUDIES ON TRANSITION METAL CATALYZED CARBON DIOXIDE FIXATION

Fernando Simén Castro Gdémez .
General Introduction

405

z 400 T 5 g 1

3 ” f‘. '-f/'/.'!\://\

= Py P N

f 395[ g i ¥ ]

o S g AT f bt

" 7 SN

E . .;&//«P 4 _

® 390 /u«»/\ﬁ 3 7 :
385 <
2010 2011 2012 2013 2014 2015

YEAR

Figure 1.1 The steady increase in CO, concentrations in the atmosphere in recent years.
The dashed red line and solid black line indicate the monthly mean values and the average
seasonal cycle, respectively. Adapted from http://www.esrl.noaa.gov/gmd/ccgg/trends/

Providing a future energy supply that is secure and CO,-neutral will require switching to
nonfossil energy sources such as wind, solar, nuclear, and geothermal energy and
developing balanced cost-effective methods for transforming the energy produced by

these new sources into forms that can be stored, transported, and used upon demand.

1.2.2 Carbon dioxide as chemical feedstock

The use of CO, as a renewable carbon feedstock is of both academic and industrial
relevance."" Several chemical processes have been successfully developed where CO, is
used as a reagent, as summarized in Figure 1.2.%9 Nevertheless, only in a limited number
of cases, those reactions classify as truly sustainable from the point view of energy use and
carbon recycling. A widely accepted idea is that CO, is so thermodynamically and kinetically
stable that it is rarely used to its fullest potential. However, due to the electron deficiency
of the carbonyl carbons, CO, has a strong affinity toward nucleophiles and electron-
donating reagents. In other words, CO, is an “anhydrous carbonic acid”, which rapidly

reacts with basic compounds.
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Figure 1.2 Transformations of carbon dioxide. The emphasized reactions correspond to the
chemical fixation of CO, into epoxides providing either cyclic carbonates or polycarbonates.

Catalysis can be used to effective lower the barriers associated with the kinetic stability,
as well as reacting CO, with relatively high free energy substrates like hydrogen, amines or
epoxides.[u] Among these options, the atom-efficient fixation of CO, to epoxides can lead
to the formation of two relevant products: polycarbonates and cyclic carbonates. The

mechanistic study of these reactions (highlighted in Figure 1.2) is the main focus of the

present thesis.
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1.2.3 Mechanistic aspects of the catalyzed CO, fixation

Many families of homogeneous and heterogeneous catalysts involving transition metal
complexes have been investigated for the reaction of CO, with epoxides.[B] However, only
the first type of catalysts will be considered in the present document.

Usually, the catalytic systems employed to mediate this reaction involve a Lewis acid
species and a nucleophile, i.e. a binary catalyst system. Scheme 1.3 indicates that the Lewis
acidic metal center (1) has the role of activating the epoxide (2) towards subsequent
nucleophilic attack by a suitable initiator (X), undergoing ring-opening. The alkoxide
intermediate formed (3) reacts with the CO, molecule to form a carbonate (4). The latter
species can either undergo ring-closing reaction (5) leading to the formation of the cyclic
carbonate, or react further through the alternating insertion of epoxide and CO,

monomers (6 and 7), yielding a polycarbonate (propagation reaction).

X
Oy
R CQ@
oL
0
(0] : Ring-closing step
Cyclic carbonate O O M
x® (5)
R
X X
j\ Q j\ (Cl):©
R R™ OO
R’ E b CO |
M =—— (M M
(1) (2) Ring-opening step (3) Insertion of CO, (4)
X
Xl 0 1.9 A
.C.
o R o o o R 0“0 R
/A s C02 j\ o j\
R R0 0° R™N0°
— | CO, :
Polycarbonate . { i
Propagation step M M

) (6)
Scheme 1.3 Catalytic mechanism for chemical fixation of CO, into epoxides leading to
formation of polycarbonates and cyclic carbonates.

Two different types of homogeneous catalysts are used in the present thesis: metal-

)[14] and metal-derived amine

derived salen complexes (or metallosalen complexes

triphenolate complexes.[ls]
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Salen ligands (N,N’-bis(salicylidene)ethylenediamine), shown in Scheme 1.4, can be
synthesized by dehydration condensation reaction of readily available diamine and
(substituted) salicylaldehyde precursors. The formation of metallosalen complexes is
achieved by simply mixing the above ligand with a metal ion after its conversion to the
corresponding phenoxide ion derivative or under basic conditions. Chiral salen complexes
combine typical advantages such as ease of variation in steric and electronic features. In
contrast, non-chiral complexes have receive less attention since their application potential
in homogeneous catalyst has been considered limited.

R R
S 2H,0 R. R MX
HoN N -<h2 - n
+ o+ ? */_<*
-0 0= N Ne
oo o

OH HO

o

* = stereogenic center R = bulky and/or chiral substituent

Scheme 1.4 General synthesis of metallosalen complexes.

In general, the important structural features of salen complexes are the existence of an
ethylene unit therein located adjacent to a metal ion and that of the large space between
the 3- and 3'- positions (Scheme 1.4). These features allow the reaction field around the
metal ion, to be tailored to fit with specific reactions through the introduction of suitable
substituents at the ethylene and the 3- and 3'-positions. Another important feature of
salen complexes is the structural-flexibility that is provided by the existence of the
ethylene unit. Most of the salen complexes have an octahedral structure, and in many
cases the salen ligand coordinates tetravalently with the central ion on the same plane
(trans-isomer). Namely, four of the coordinating atoms (N, N, O, O) of the ligand occupy
equatorial positions and the other ligands (X, Y) bind at the apical positions (Scheme 1.4).

Although salen ligands coordinate tetravalently on a single plane, this does not mean
that the ligands adopt planar structures. A five-ring chelate constituted from ethylene
diamine and a central ion can adopt a half-chair conformation, an envelope conformation

or a slightly distorted form of one of these.

10
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Phenyl-bridged (at the R, position in Scheme 1.4) salen ligands are known as salphens
or salophens. These complexes present a rigid geometry around the metal center that can
be used to manipulate properties such as the Lewis acid character of the metal and
therefore can be effectively applied to increase the reactivity of the resulting complex.

On the other hand, one method to synthesize amino triphenolate ligands is via

el s depicted in

Mannich reaction with 2,4-dialkylphenol and hexamethylenetetraamine,
Scheme 1.5. Several examples of amine triphenolate complexes can be found in literature
for early transition metals (dO, d’) and main group elements (dlo), also late transition metal
complexes have been described but they are still rare. For most of these complexes
detailed crystallographic and in solution studies are available. This large amount of data
arises from the high stability of amine triphenolate complexes, for which the chelate effect
coming from the polydentate TPA ligand is a direct responsible. In these complexes, TPA

usually binds the metal as a tetradentate ligand: the three anionic oxygen atoms occupying

equatorial positions and the tertiary amine occupying one of the axial positions.

R prremmeemneenees s \

r HO : R :

R R K ol N g
N R ML, ! A0 :

OH N\//N — N ! O’l\ln\o !

I\\N) R E . N E

R OH OH iR R
R| R I\ _____________________________

Scheme 1.5 General synthesis of amine triphenolate complexes.

In the vast majority of examples mononuclear complexes displaying a 1 : 1 ligand—metal
ratio are obtained. The trigonal bipyramidal (TBP) and octahedral (OCT) geometries
predominate whereas tetra-coordinate complexes with trigonal monopyramidal (TMP)

geometry are unusual (Scheme 1.6).

penta-coordinate hexa-coordinate tetra-coordinate
trigonal bipyramidal octahedral trigonal monobipyramidal

Scheme 1.6 Common geometries in amine triphenolate complexes.
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1.3 lon mobility mass spectrometry (IM-MS)

1.3.1 Basic concepts

Mass spectrometry (MS) is a key tool for molecular characterization, and the allied
technique of ion mobility (IMS) is enhancing many areas of chemical analysis. Strong
synergy arises between these two techniques because of their ability to determine
complementary information about gas-phase ions. The mobility of a gas-phase ion is a
measure of its velocity when traverses a drift tube filled with a neutral buffer gas, typically
helium, in the presence of a weak electric field (E). In combination with MS, IMS offers
separation on the basis of the drift time (t;) and mass-to-charge ratio (m/z).

The process of drifting ions through a buffer gas, under the influence of E, can be
visualized as a forward acceleration due to the electric field and the retarding effect due to
the collisions with the buffer gas until equilibrium is reached. In classical IMS the energy
supplied by E is lower than the thermal energy provided by the collisions with the buffer
gas molecules. Consequently, a steady state is reached where the drift velocity (V)

remains constant, and is proportional to E according with the expression:

V, =KE (1.6)

This proportionality constant is called ion mobility constant (K) and is related to the

(1,1)

ion’s collision cross section CCS (;,5°) by the Mason-Schamp equation:[”]

(3 (2n)1/2(1+1)1/2 1 wn
16N \kpT m M lev? '

where q is the charge on the ion, N is the number density of the buffer gas, m and M
are the masses of the ion and buffer gas, respectively, T is the gas temperature, kg is the
Boltzmann constant, and QS,‘;) is the orientationally averaged cross section (see Section
2.8 of Chapter 2 for further information on this latter). Equation 1.7 indicates that the
mobility of an ion depends, besides its nature, on a number of instrumental factors such as
pressure, temperature and number density of the buffer gas. If such factors are carefully
controlled and kept constant, determining the ion collision cross section is possible by

measuring its drift time t; (in ms). Thus, considering t; and the drift tube length (I)

equation 1.6 can be expressed as:

12
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K=— (1.8)

Once obtained K experimentally, Qg},’;) can be calculated using equation 1.7. K value is

usually corrected to standard conditions of temperature (T in Kelvin) and pressure (P in
Torr). The reduced mobility constant (K,) is then calculated by:
273 P

KO = Km (19)

lon mobility-mass spectrometry (IM-MS) can thus act as a tool to separate complex
mixtures, to resolve ions that may be indistinguishable by mass spectrometry alone, or to
determine structural information (for instance rotationally averaged CCSs), complementary
to more traditional structural approaches.

Even though IM-MS was first described in 1962,[18] it has only recently become
relatively ordinary, mainly owing to commercialization of the necessary instrumentation.
Figure 1.3 shows that in the past 10 or so years there have seen an explosion in research
using IM-MS, as demonstrated by a rapid increase in the annual number of peer-reviewed

publications.ml

300

250

: SelexION

200

150

100

Number of peer-reviewed papers

50

Figure 1.3 Number of peer-reviewed papers published annually (to end of 2013) combining
ion mobility and mass spectrometry (IM-MS). Adapted from ref 19

One of the benefits offered by IM-MS is that the outcome from experimental

measurements can be compared with that obtained via electronic-structure calculations in

13
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order to ascertain structural information of ions. For this purpose CSSs are obtained using
both methodologies and then confronted. Alternatively, IM-MS can be employed as a rapid
means to analyze a model chemical reaction mixture, offering the potential for real-time
reaction monitoring, and thus elucidation of possible reaction mechanisms.”?” This two

features of IM-MS are indeed, demonstrated on Chapter 3.

1.3.2 IM-MS instrumentation

An IM-MS instrument must perform five basic processes: sample introduction, compound
ionization, ion mobility separation, mass separation and ion detection.” Schematic
representation of a typical IMS drift tube configuration is depicted in Figure 1.4. lons are
generated in an ionization region that may be external to the drift region, as for example in
electrospray, or close coupled to the instrument like the ®Ni sources. As above described,
a combination of gas flow and electrical fields are used to move the ions towards the drift
region, where they encounter an ion shutter or gate which pulses the ions into the drift
tube. Once entering the drift tube, the ions are subjected to a uniform weak electric field,
which accelerates them towards a detector situated at the end of the drift tube. A drift gas
is present in the drift region at a constant pressure, which may be between 1 Torr and
atmospheric pressure, depending on the IMS configuration. An ion passing through the
buffer gas experiences a number of collisions that impede its progress towards the
detector. Larger ions with greater collision cross sections experience more collisions than
smaller ions and therefore take longer to traverse the drift tube. The separation of ions of
differing shape and size therefore becomes possible.

lonization region Drift region

A

2l Lam

To data
acquisition

>

Inlet IMS Cell

Electric

field Electric field
lonization Shutter Aperture | _Faraday
Source grid grid plate

Figure 1.4 Schematic diagram of an ion mobility spectrometer.
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The choice of the method for introducing the sample in IMS basically depends on the
chemical nature of the sample, analysis requirements and type of ionization used. The
most common ionization source is based on ionizing radiation, which is usually produced
by ®Ni. The disintegration of this element emits £ particles which ionize the drift gas and
form thermalized electrons. The ionized buffer reacts with trace impurities of water and,
through a series of ion—molecule reactions, reactant ion species such as H*(H,0),, are
formed. If sample molecules (M) have a greater proton affinity than that of the reactant

ions, the dominant process of product ion generation is through proton transfer:

M+ H*(H,0), » [M + H]*(H,0),_, + xH,0 (1.10)

Besides detection of [M + H]* species, some other compounds such as dimers
([2M + HJ*), clusters containing neutral molecules ([M + H]*.L,), and negative ions
(IM — H]") can be often detected. Doping materials like ammonia, nitrogen monoxide and
acetone are sometimes added to the drift gas for ionization selectivity. IMS has also been
combined with variety of ionization sources such as, photoionization (Pl)ml, corona
discharge ionization (CDI)[B] and secondary electrospray ionization (SESI)[24] for vapor
samples, electrospray ionization (ESI)[ZS] for liquid samples and matrix assisted laser
desorption ionization (MALDI)[ZGI for solid samples.

Once generated the ions, these are gated into the drift region by applying a potential to
the shutter grid, at the end of the ionization source, for a certain period of time (50-300
us), after this, the polarity of the shutter grid is changed in about 30 ms to prevent the
entry of more ions during their motion through the drift region (discontinuous ion
introduction). In this region, the ions are transported to the detector by applying electrical
voltages (around 1-500 V-cm™) generated by a series of field defining electrodes (circular
metal drift rings, Figure 1.4), and the ion mobility spectrum can be obtained easily by
chromatographic techniques or mass spectrometry.

The way ions motion is induced by the electric field defines the type of ion mobility
separation method used with mass spectrometry, as shown in Figure 1.5. Primarily, four
types of IMS techniques are used in IM-MS: drift-time ion mobility spectrometry
(DTIMS),[m aspiration ion mobility spectrometry (AIMS),[ZS] field-asymmetric ion mobility

[29]

spectrometry (FAIMS),”™ and travelling-wave ion mobility spectrometry (Twims).B%
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TLL

— Electric field strength
» + Path of ion

Figure 1.5 Schematic representation of the ion motion induced by the electric field for
defining the different types of ion mobility separation methods used in IM-MS. Adapted
from ref 21b

|<—

DTIMS is the oldest and conceptually simplest form of ion mobility, which is based on
the traditional IMS diagram depicted in Figure 1.4. This method provides the highest IMS
resolving power, and it is the only IM-MS method that can directly measure CCS. The
common disadvantage of DTIMS is that, in order to achieve separation, a narrow pulse of
ions must be periodically introduced into the drift region, creating a duty cycle which
decreases the sensitivity of the instrument.® Both DTIMS and AIMS operate at
atmospheric pressure and low voltages.

Unlike DTIMS, in AIMS the ions are continuously gated into the drift tube by directing
the flow of buffer gas perpendicular to the direction of the electric field. The ions are
introduced with the buffer gas into the electric field such that they are directed
orthogonally to the gas flow and onto a series of segmented electrodes. lon mobility is
measured as a function of the distance they travel through the buffer gas before impinging
on an electrode. Both positive and negative ions can be measured simultaneously since
they travel in opposite directions and are collected on the two sets of opposing segmented
electrodes.

The basic principle of operation of FAIMS (also known as differential IMS, DMS) is that
ions are introduced to a region with cylindrical electrodes and a stream of gas acts as a
transport medium. An asymmetric waveform is passed across the electrodes, which
consists of a high potential electric field for a short time followed by a low potential

electric field for a longer time; this typically fixed dispersion voltage (DV) waveform is
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superimposed with a variable compensation voltage (CV) to maintain a stable trajectory for
the analyte ion. This process will effectively select ions and act as an ion filter.

TWIMS is a novel method whereby ions are separated according to their mobility in a
series of voltage pulses in a traveling wave (T-wave) mobility cell utilizing radio-frequency
(RF) ion guides. The resolving power is relatively low; however, CCS can be derived by
calibration with known standards. In TWIMS a transient DC voltage pulse is applied in
order to create an electromotive force via a series of sequentially opposite polarity RF-only
rings to create a traveling wave which propels ions through the device, as shown in Figure
1.6. lons with high IM slip behind the wave less often (or spend more time surfing) than

ions of low IM thus enabling separation based on relative IM.

Ring
Electrade

L

RF (-}
Figure 1.6 lllustration of a stacked ring ion guide used in traveling wave ion mobility
spectrometry (TWIMS). Adapted from ref 21b

RF {+)

There are a variety of mass spectrometers that can be used with each of the previous
IMS methods. Among these the most common are the Time-of-flight (used with DTIMS),B?

[33]
)’

quadrupole (used with DTIMS ion-trap (used with AIMS),B¥ Fourier transform ion-

cyclotron (used with FAIMS),BS] or tandem mass spectrometers (used with TWIMS).[%]

1.4 Aims and outline

Computational chemistry is certainly a fundamental tool for the study of reaction
mechanisms comprising homogeneous catalysis.[37] Several theoretical studies involving

different families of transition metal complexes have been conducted towards the
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catalyzed fixation of CO,, as described in the introduction of Chapters 4 and 6. In this

context, special attention has been paid to evaluation of the mechanisms describing the

formation of useful cyclic carbonate and polycarbonates from CO, and epoxides. This latter

issue is indeed the main focus of the present thesis.

The synergy between the existing computational methodologies (described in Chapter

2) and the outcome from experiments (in close collaboration with specialized researching

groups) provides a better understanding of the chemical nature of the reactions and other

processes. In light of this, the development of this thesis aims to:

e Provide structural information on a series of transition metal complexes used in

homogeneous catalysis by means of ion mobility mass spectrometry (IM-MS).

e Determine collision cross sections (via IM-MS) for different metal-containing

catalytic compounds, and explore its correlation with experimental results.

e Examine computationally the mechanistic steps (ring-opening, CO, insertion and

ring-closing) for the catalytic formation of cyclic carbonates from CO, and epoxides

based on Zn(salen) complexes.

e Establish a comparison between the catalytic activity presented by two different

Zn(salen) complexes containing N,O,-donor and N4-donor ligands.

e Understand the reaction mechanism operating for

tris(phenolate)}]/NBu,l catalyzed CO, fixation into epoxides to yield either cyclic

carbonates or polycarbonates.

e Get insights towards quantification of the catalytic activity for the [Al{amino-

tris(phenolate)}]/NBu,l catalyzed CO, fixation by determining theoretically turnover

frequencies (TOFs) and comparing with experimental results.

Connected to these objectives, Chapter 2 includes a brief description of the approaches

supplied by computational chemistry for studying reactions in homogeneous catalysis, such

as the wave function-based methods, density functional theory (DFT), methods for
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including solvent effects and dispersion forces in DFT, standard state modifications to
thermodynamic properties, and methods used for determining collision cross sections
(CCSs) in IM-MS.

In Chapter 3, IM-MS is used to explore structural features of a group of three salen
ligands and their complexes with Cu and Zn, as well as Pd-containing intermediates within
the catalytic Stille reaction. CCSs for all the systems studied were determined theoretically
and compared with CCSs obtained through IM-MS experiments, reaching excellent
agreement between both methodologies.

Chapter 4 describes in detail the reaction mechanism for the catalytic formation of
cyclic carbonates from CO, and a series of epoxides based on two different types of
Zn(salen) complexes (with N,O,-donor and N4-donor ligands), in conjunction with NBu,X
(X = Br, 1), allowing for identification of the critical steps of the reaction and
characterization of the different species (transition states and intermediates) involved in
the chemical process.

Chapter 5 includes a monometallic mechanism for the [Al{amino-tris(phenolate)}]/
NBu,l catalyzed addition of CO, to epoxides (propylene oxide and also 1,2-epoxyhexane)
yielding cyclic carbonate products. Unlike the Zn(salen) catalytic reaction (described in
Chapter 4), for the aluminium-mediated reaction, quantitative evaluation of the activity
displayed by the catalyst system was determined through theoretical calculation of the
TOFs. Estimation of both solvent and entropic effects was included in order to determine
its influence in the TOFs measurements. Results are fully in line with the experimental
outcome.

Chapter 6 reports a detailed mechanistic study on the alternating copolymerization of
CO, and cyclohexene oxide. Three potential mechanisms (one monometallic and two
bimetallic) are envisaged for polycarbonates formation, depending on the number of active
Al-complexes employing for this purpose. The rate-determining steps were identified for
the mechanisms studied, being the CO, insertion in the initiation reaction crucial for the
two bimetallic mechanisms; whereas for the monometallic reaction, the epoxide ring-
opening was found to be rate-determining. According to the barriers found for both
bimetallic mechanisms, the alternating copolymerization is favored over the formation of

the cyclic carbonate.
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Theoretical Background

Computational chemistry is a constantly evolving
area that comprises the modeling and simulation
of chemical and biological systems to provide
detailed insights into their behavior at both
microscopic and macroscopic level. Molecular
geometries and a number of physical/chemical
properties of a given system are calculated by
using formalisms of quantum and classical
mechanics, as

incorporated in computer

programs. Thus, the Schrédinger equation
becomes the cornerstone for most of the
available computational chemistry software.

Furthermore,  the  results  obtained  via
computational calculations can be compared with
those observed in the experiments to help better
understanding of the chemical problem, and solve
it in a complementary way. In this thesis, we will
focus on the application of methods of
computational chemistry for studying reactions in

homogeneous catalysis.

T.(o)=

-u-- -an) ¥ ﬁ'h ;E:-
T o T i
{fa‘l" wa'f LhJ' a_%'\{h

=/ 2m o N (AYE £w % W/ 2owe
v~:-uv. Ei:-;;; w\a .2 i
=jh A ), Pl ) =P s
Y, 0¥ (e o) o)
&“""Jv‘.ffﬂ!hk'“hh-ime'wn.‘-
EYGIEE™ o (3 Wl 334V () ¥(x)=
E¥(x), Wz (3" ¥0) A J+EV N ¥ () =0
YR e L ¢ Ferelf L)V (. ¢)
$(7, LrEfr, )= (T-.szt.g]’ w{au;,.,u_‘ﬂ}
- eUELIR, Wik ver fod'e,(mitaihel” exp{Th
() G-l - €U, m'} Y7, 0 Fef 42
Yirtee)= Jmdx, i’“‘ &t. "‘Jn, (m.‘an e
(g.:?l[l..l'h}{-\'\.’ﬂ{(_t exten, WE) - EVIE WG s,th
Y50 Y7 et)od o Vo Rlr b < U2 X,
(. %,) 355 3a, (‘!(r Q \jlf\f “.l 2y -t
papd gk.*{‘!fr}nt m‘ X f.&u.‘,‘m
iz \: n: v kR
e, L2, T.lm'l—l?ia. I... (:P Ilf?uaal (ah, IEDhn ala
.nma 'Ih 2eh fm= Gl€), 06"
(F tre)= exp

R S e ety
O™, Yir e e) Y7 0 € 3ot Wi k)e r:u‘a
a;ﬁ""\] i( t!![r t'l-\'{?.d l{i’
Jﬂﬂl]! LY !{;}l:h-

ek, [
e R

[\"[PHI

ih(a/at)Y=HY




UNIVERSITAT ROVIRA I VIRGILI
THEORETICAL STUDIES ON TRANSITION METAL CATALYZED CARBON DIOXIDE FIXATION
Fernando Simén Castro Gdémez



UNIVERSITAT ROVIRA I VIRGILI
THEORETICAL STUDIES ON TRANSITION METAL CATALYZED CARBON DIOXIDE FIXATION

Fernando Simén Castro Goémez .
Theoretical Background

2.1 Introduction

In the late seventies appeared a new science that was oriented towards computer-
aided molecular design: computational chemistry. This branch of chemistry (also called
molecular modeling; the two terms mean about the same thing) is a set of techniques used
to assist in solving chemical problems on a computer.m It was driven by the big
pharmaceutical companies in the world interested in medicinal chemistry and also because
the rapid development of computation. Thereafter the phrase "Chemistry is an
experimental science" lost some validity. Nowadays the theoretical prediction of structures
and properties of molecules and solids rivals even advantageously with experimental
determinations.” Computational chemistry uses methods of theoretical chemistry, which
are incorporated into efficient computer programs, to calculate properties such as
structure (i.e., the expected positions of the constituent atoms), absolute and relative
(interaction) energies, electronic charge distributions, dipoles and higher multipole
moments, vibrational frequencies or other spectroscopic quantities, substrate-enzyme
interactions, collision cross sections between particles, and chemical reactivity (with wide
application in homogeneous and heterogeneous catalysis, photochemistry, biochemistry,
and other fields).

In regards to homogeneous catalysis, this is an area of chemistry where molecular
modeling plays a key role. Catalytic cycles are usually multistep complicated processes that
involve the formation and evolution of intermediate species often difficult, if not possible,
to characterize experimentally. Thus, computational chemistry can be the only way to
access to a detailed knowledge of the reaction mechanism that can be a fundamental piece
of information in the optimization and design of new processes and catalysts.B]

The development of new computational methods (such as local correlation methods,
dispersion-corrected methods, combined quantum mechanics/molecular mechanics
(QM/MM), Ab initio molecular dynamics methods (AIMD) and more) and the increase in
computer power have opened up new opportunities for guiding the design of more
efficient catalysts using computational approaches.m However, the study of homogeneous
catalytic systems pose many challenges for computational quantum chemists. Many times
a first-principle’s quantum mechanical calculation (i.e., wave function-based methods)

involves a straightforward model that only ambiguously resembles the true system. If large
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ligand systems are involved they are most frequently neglected in high level calculations
with the hope that they do not substantially influence the nature of the reaction
mechanism." Nevertheless, the surrounding ligand system or the solvent medium can
often play a critical role in such reaction mechanisms. One reasonable alternative to these
wave function-based methods is the density functional theory (DFT), which allows the
implementation of more sophisticated computational models for studying large systems.
Both approaches are described below, focusing mainly on the DFT methods that are the
basis for the realization of this thesis. Some other important topics like the use of
dispersion-based methods, inclusion of solvent effects, as well as the evaluation of
thermodynamic properties, collision cross sections and other chemical properties will be

also reviewed in this chapter.

2.2 Ab initio wave function-based methods

Ab initio wave function-based methods rest on solving the time-independent Schrédinger

equation:[G]

HY(§)=EY¥(§) (2.1)

where H is the full time-independent Hamiltonian operator, E is the total energy of
the quantum system under study, W is the wave function defined by § which contains
the nuclear and electronic coordinates of the system. The typical form of the Hamiltonian
operator takes into account five contributions to the total energy of the system: the kinetic
energies of the electrons and nuclei, the attraction of the electrons to the nuclei, and the
interelectronic and internuclear repulsions. Since the mathematical complexity of the
terms concerning this operator prevents the exact resolution of the wave function, it is
necessary resorting to the use of approximations. One of the most important
approximations applied to the Schrodinger equation is the Born-Oppenheimer
approximation.m The latter says that due to the big difference in mass between electrons
and nuclei, the electron’s motion is much more faster and it is assumed that the nuclei are
stationary. In this way, the kinetic energy term of the nuclei can be omitted, and the
repulsion potential between nuclei can be considered as a parameter. The Hamiltonian is

simplified thereby and the time-independent Schrédinger equation gets reduced to an
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electronic problem. The Born-Oppenheimer approximation is one of the cornerstones of
computational chemistry because it makes the concept of molecular shape (geometry)
meaningful, makes possible the concept of Potential Energy Surface (PES), and simplifies
the application of the Schrédinger equation to molecules by allowing us to focus on the
electronic energy and add in the nuclear repulsion energy later.!

Even after simplification by using the Born-Oppenheimer approximation, the exact
resolution of the electronic time-independent Schrédinger equation only is applicable for
one-electron systems. However, for many-electron systems (as for instance, molecules
involved in chemical reactivity) such electronic interactions obviously become larger, and

therefore it is indispensable the use of more approximations, as described below.

2.2.1 Hartree-Fock method
Probably the most representative and simplest Ab initio approximation used for solving the
electronic time-independent Schroédinger equation is the Hartree-Fock (HF) method,®

which represents the many-electron wave function through a single Slater determinant:

Z:(x) Z,'(xl) (%)
‘P(xl,xz,...,xN)=ﬁ ;([(.xz) lj(zxz) Ifoz) (2.2)
Zi(xxv) )(j(xN) ZN(xN)

The Slater determinant solution is given by all possible electron permutations along the
spin-orbitals ¥, . Each permutation is a product (called Hartree product) of the one-
electron functions ¥, . The normalized summation of all possible permutations generates
an antisymmetrized wave function that ensures fulfill of Pauli Exclusion Principle. Each
spin-orbital is composed for the product of one spatial function ¢, (spatial orbital) and one

spin function (@ or f which are orthonormal):lg]

X = Q‘(f/)a(s)
2(x,) = x,(7;,8) = or (2.3)
2l =o,(7)B(s)
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Through the variation of the spin-orbitals and keeping the orthonormality between
them, it is possible to find the Slater determinant having the lowest energy. Due to HF is
based on the variational principle the expectation value is always higher than the exact

energy. The HF equations have the general form:

fi}(j(xi) = ‘("j//(j(xi) (2.4)

where & is the energy of the j-th spin-orbital 7, and f; is the Fock operator for the i-th

electron, which is defined as:

fi=h+>J,)-K,(x) (2.5)

This operator includes the one-electron Hamiltonian operator };i, and the Coulomb jj.
and Exchange 1%, operators. The h:. operator describes the kinetic energy for the i-th
electron, and the attraction between the electrons and nuclei. On the other hand, jj.

defines the repulsive force between electrons through a classical interaction, while Iej
takes into account the effect of Pauli Exclusion Principle on the energy, which is a purely

quantum effect produced by exchanging two electrons with the same spin. Since both jj

and Kj depend on the set of spin-orbitals X,, it is necessary using an iterative procedure,

known as Self-Consistent Field (SCF), in order to solve the equations.

It could be demonstrated that the optimal HF function has to verify the equation:
FC=SCE (2.6)

where F'is the Fock matrix, Cis the matrix containing the column vectors ¢, Sthe
overlap matrix of y,and E the eigenvalues matrix whose diagonalization leads to the
energy.

Hartree-Fock formalisms takes into account Pauli formalism but each electron feels
only the average Coulomb repulsion of all the other electrons. Although sufficient for a
qualitative description of structures, it is not considered sufficient for quantitative

description of molecular systems and is therefore a branching point in the HF method.
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Simplifications can be done to the HF equations leading to the semiempirical methods. In
contrast, the HF approximation can be corrected by explicitly accounting for electron
correlation by density functional theory (DFT), many-body perturbation theory (MBPT),

configuration interaction (Cl), and other Post-Hartree-Fock methods.

2.2.2 Basis functions

[10] [11]

In 1951, Clemens Roothaan™ and George Hall" proposed to expand the spatial part

@, of the spin-orbitals as a linear combination of basis functions:

N
Ai :ani¢i (2.7)
i=1

where the set of N-functions ¢, are called basis functions set, and have associated the
coefficientc,, . Thus, resolution of the HF equations 2.4 corresponds to determine the

coefficients c,, of the Roothaan equation 2.7, which are calculated by the SCF method.

The exact representation of the molecular orbitals @, implies the use a complete set of
basis functions y,. This requires an infinite number of basis functions (N-> ) and the

resolution of the HF equations 2.4 using this infinite basis functions set is known as
Hartree-Fock limit. However, in practice, reaching the HF limit is impossible and therefore
it is necessary to truncate the expansion to a finite number of basis functions.

The most commonly used basis functions fall in two categories: Slater-type Orbitals
(STO)“Z] and Gaussian-type Orbitals (GTO).[B] The STO functions are known to accurately
describe the behavior of electrons around the nucleus, but evaluation of their integrals are
more demanding to compute than GTOs. In an attempt to make calculation of integrals
easier, GTO functions were introduced. Hence, instead of using individual GTO functions,
linear combination of GTOs (called primitives) are employed in order to mimic the STO
functions.

The smallest possible basis set is called the minimal basis set. A double-¢ (or higher
order) basis set will use two (or more) basis functions per atomic orbital. Based on the fact
that bonds are formed by valence orbitals, a variant of the double-§ is by doubling those

orbitals to generate the double-§ split valence basis. This latter intends to increase
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accuracy, keeping as low as possible the computational cost. In addition, basis sets can be
enhanced by polarization and diffuse functions.™*! Polarization functions add a basis
function of higher molecular momentum, thus for example, if the valence electrons are p,
one d function will be added to let the p orbital polarized, f orbitals will polarize the d ones,
and so on. This can be important when using methods that take into account electronic
correlation. Meanwhile, diffuse functions can be added to describe more accurately the
behavior of the electrons far from the nucleus. Diffuse functions are particularly important
when dealing with anions and radicals.

In the case of the heavy elements of the periodic table (mainly transition metals), these
have few valence electrons compared to the number of internal electrons (or core
electrons). Since the core electrons are less important in chemical reactivity, they can be
represented through reasonably accurate analytical functions known as effective core
potentials (ECPs) or pseudopotentials,“el whereas the valence electrons can be treated
explicitly. In general, ECPs give good results at lower computational cost with respect to
calculations involving all the electrons, and also allow incorporating relativistic effects for
heavier elements. On example of effective core potentials is the LANL2DZ™”

pseudopotential, which was employed in this thesis.

2.3 Density functional theory

Density Functional Theory (DFT) is an alternative formulation to the Hartree-Fock (HF)
approximation used to evaluate the energy and other properties of a polyelectronic
system. The basis of this theory rests on two fundamental mathematical theorems

published by Pierre Hohenberg and Walter Kohn 18 in 1964.

2.3.1 The Hohenberg-Kohn theorems

The first theorem states that the ground-state electronic energy and other properties of an
atom or molecule are determined by its electron density function p(7). In other words,
there is a one-to-one correspondence between the electron density of a system and any
ground-state property. Unlike for the wave function-based methods, the electron density
only depends on three coordinates, independently of number of electrons; whereas a

wave function for an N-electron system contains 3N coordinates, three for each electron
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(four if spin is included). Thus, while the complexity of a wave function increases with the
number of electrons, the electron density has the same number of variables,
independently of the system size.

In the Hohenberg and Kohn formulations, the electronic ground-state energy Ej is

expressed as:

Ey = Elpol = [ po(*) Vne ()T + Flpo ()] (2.8)

where V,,.(7) is the potential energy due to the nucleus-electron interaction, and
Flpo(#)] is the universal functional of the electron density. The theorem is “merely” an
existence theorem: it says that a functional F[p,(#)] exists, but does not tell us how to find
it; this omission is the main problem with DFT. Considering the three coordinates in which
the electron density depends on, this functional can be expressed as a sum of various

terms:

Flp(®] = Tslp] +J[p(M] + Ene[p(D] + Exc[p(M)] (2.9)

In this expression, T;[p(¥)] is the kinetic energy of the non-interacting electrons,
Jlp(#)] is the classical electron-electron repulsion, Ey.[p(#)] is the nucleus-electron
interaction and Eyxc[p(#)] is the exchange-correlation energy. This latter functional
contains terms of the kinetic correlation energy, exchange energy (consequence of Pauli
Exclusion Principle) and the Coulomb correlation energy. From equation 2.9, it is only
known the mathematical expression for the term J[p(#)], while the remaining terms are
unknown. This is one of the weaknesses of the DFT methodology, and indeed all
theoretical efforts have been conducted in order to find a proper description for those
terms, especially for the exchange-correlation energy.

It is worth noting that the above theorem only establishes a relationship between the
electron density and any ground-state property of the system, but it is unhelpful in
providing any indication of how to predict the density of such system. Hohenberg and Kohn
demonstrated in a second theorem that the density obeys a variational principle. Through
this theorem, they state that any trial electron density function p, will give an energy
higher than (or equal to, if it were exactly the true electron density function) the true

ground-state energy:
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Eolp(M)] < [ pe(#) Voe ()7 + Ts[p(D)] + JIp()] + Exclp(P)] + Ene[p(®)]  (2.10)

This trial density p, must satisfy two conditions: 1) fpt(F) d7? = n, where n is the
number of electrons in the molecule (this is analogous to the wave function normalization
condition), and 2) p,(#) = 0 for all # (the number of electrons per unit volume can’t be
negative).

Although energy calculation is possible without using the wave function, the main
problem with the DFT methodology lies in that the kinetic energy and the exchange

correlation energy terms that define F[p(#)] are difficult to calculate.

2.3.2 The Kohn-Sham method

In 1965 Kohn and Sham!”’ developed an electronic state calculation method (known as the
Kohn-Sham method) derived from the Hohenberg-Kohn theorems. The Kohn-Sham (KS)
method is a variational approach using the electron-electron interaction potential of the
density functional to give the lowest energy and the corresponding molecular orbitals and
orbital energies. In this way, Kohn and Sham consider a fictitious system of non-interacting
N-electrons that experiment the same potential energy v,(r;), which makes the electron
probability density of the ground state of the reference system p.(r) be equal to the

electron probability density of the exact electronic ground state of the system studied

po(r):

ps(r) = po(r) (2.11)

Furthermore, the system of non-interacting N-electrons can be described as the

summation of one-electron Hamiltonians:

N N
H, = Z}“[—%vf +, (rl.)} = ;him (2.12)

where hfS is the one-electron Kohn-Sham Hamiltonian. The exact wave function for
this system is represented through a single Slater determinant, and the spin-orbitals ga{“

are given by the eigenvalue equation:
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hSfS = [ (2.13)

here, gof(s represents the KS spin-orbitals and ¢; is the KS orbital energy. Analogous to
the Hartree-Fock method, the Kohn-Sham equation 2.13 is solved through an iterative
procedure (SCF). Due to the operator hf(s depends on the electron density a trial electron
density function is used as initial guess. The spatial part of the KS spin-orbitals can be
expanded as a linear combination of basis functions, and thus, solving the KS equations
involves finding the coefficients of such lineal combination.

Because we are dealing with a non-interacting N-electron system, the exact kinetic

energy is given by:

N

= ‘%,Z@’f“ [V2]ef) (2.14)

=1

It is noteworthy that the kinetic energy of the reference system of non-interacting N-
electrons is different than the real kinetic energy. Based on this, Kohn and Sham rewrote

the functional F[p(#)]:

Flp(®)] = Tslp(M] + J[p(H] + Exc[p(P)] (2.15)

where Ey.[p(#)] is the so-called exchange-correlation energy, which is defined as:

Exc = (Tlp(®)] = Ts[p(D + Enelp ()] (2.16)

In equation 2.16, the terms in parenthesis indicate the correlation kinetic energy,
whereas the term Ey.[p(#)] contains the non-classical electrostatic contributions. The
success of the DFT methodology is to find functionals for the exchange-correlation energy
Exc because the exact form of such functionals is unknown. Some methods have been
developed in order to find approximations to the exchange-correlation functional and are
briefly described in next sections. These approximations conform the rungs of the so-called

DFT Jacob’s ladder, drawn by Perdew!*”!

and which connects the “Hartree world” (where
there is no exchange or correlation energy) with the “Heaven of Chemical Accuracy”

(where the error in bonding energies are less than 1 kcal-mol'l).
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2.3.3 The local density approximation (LDA)
The simplest approximation to Ex-[p(#)] is to assume that the density can be treated

locally as a uniform electron gas (Jellium);lzo]

the exchange-correlation energy at each
point in the system is the same as that of the uniform electron gas of a same density p.
This approximation was originally introduced by Kohn and Sham and holds for a slowly
varying density. Using this approximation the exchange-correlation energy for a density p

is given by:

Exlp] = [ p(Mexc (p)dr (2.17)

where &4.(p) is the exchange-correlation energy per particle of a uniform electron gas
of density p. The LDA exchange part x(p) is represented by the known exchange energy

of one electron in a uniform electron gas at one particular density:

_3(3 v 13
ax(p)——z(;) (p() (2.18)

Thus, the LDA exchange energy becomes:

3 4/3
EPp) =—%@ (Lo dr (2.19)

However, there is no analytical expression for the correlation part £-(p) and therefore
a variety of LDA functionals were derived from very accurate Monte-Carlo simulations for a
homogeneous electron gas.m] Such functionals were obtained using different analytic
expressions for the correlation part as Vosko-Wilk-Nusair (VWN),[ZZ] Perdew-Zunger
(PZ81),[23] Cole-Perdew (CP),[Z‘” Perdew-Wang (PW92),[25] etc.

The spin-polarized version of LDA is termed as Local-Spin Density Approximation
(LSDA). This approach allows difference between the spatial parts of p% and p# for atoms

and molecules with unpaired electrons:

EXPA[p%, pF] = [ exc (0% pF)p(r)d3r (2.20)
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2.3.4 The generalized gradient approximation (GGA)

Since both methods LDA and LSDA approximate the energy of the true density by the
energy of a local constant density, it fails in situations where the density undergoes rapid
changes, such as in molecules. An improvement to this can be made by considering the
gradient of the electron density; thus arises, the so-called Generalized Gradient

Approximation (GGA). Mathematically this can be written as:

ESE4[p] = [ p(Mexc [p(r), Vp(r)]dr (2.21)

GGA can also be extended to spin-polarised systems:

ESEA[p%, pP1 = [ exc (0% 0P, Vp®, VpP)p(r)d®r (2.22)

One of the earliest and most popular GGA exchange functionals ES64 was proposed by
A. D. Becke (B or B88) as a correction to the LSDA exchange energy.”® Other ESGA
functionals were introduced by Perdew and Wang in 1986 (PW86 or PWx86)[Z7] and 1991
(PWx91).”® Examples of GGA correlation functionals ES%4 are the LYP (Lee, Yang and

Parr)ml and the P86 (Perdew 1986)[301 functionals.

2.3.5 The meta generalized gradient approximation (m-GGA)

The meta-GGA is essentially an extension of the GGA by including the second derivative of
the density (Laplacian, V?) to the exchange-correlation energy. In these functionals, the
non-interacting kinetic energy density g is used as input to the functional as well as the

electron density and its gradient. The spin-independent form of this functional is thus:

Exe¢“Apl = [ p(Mexc [p(), Vp(), V2 (1), T5(r)]dr (2.23)

One of the earliest attempts to include kinetic energy functionals was by Becke and
Roussel (BR).[31] Some other examples of meta-GGA functionals are the TPSS (Tao-Perdew-
Staroverov-Scuseria),Bz] PKzZB (Perdew-Kurth-Zupan-BIaha),BS] VSXC (Voorhis-Scuseria)[34]

and the B96 (Becke)BS] functionals.
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2.3.6 The hybrid generalized gradient approximation (H-GGA)

An additional step in the accuracy of finding approximations to the exchange-correlation
potential is reached by combination of GGA methods with a percentage of exchange as
described by the HF theory. Such functional are called Hybrid-GGA (or H-GGA). This
percentage of exchange that has to be included is essentially empirical. An example of H-
GGA functionals is the well-known B3LYP functional (from combination of the B88 and LYP
functionals), which contains three parameters (a=0.20, b=0.72 and c=0.81) that have been
taken without modification from Becke's original fitting of the analogous B3PW91
functional to a set of atomization energies, ionization potentials, proton affinities, and total

atomic energies. The exchange-correlation energy of the B3LYP functional is given by:

EZ3LYP — (1 — q)ELSPA 4 aEHF + bAEE®® + (1 — ¢)ELSPA 4 cEM'P (2.24)

The B3LYP functional is so far one of the most used functionals in DFT calculations
because of its robustness for describing many chemical properties.

A new class of functional called meta-hybrid GGA are nowadays in development. Those
functionals use the first derivative of p and its second derivative, or the kinetic energy
density, and HF exchange. They are the highest-level functionals in routine use. An

example is the MO06 suite of functionals, which are briefly described in next section.

2.4 Methods used for including dispersion into DFT calculations

Many successes have been achieved through the use of DFT methods in chemical
reactivity. Although today DFT is the most widely used theoretical approach to molecular
structure, this method consistently includes exchange-correlation effects, in an
approximate way, for short intermolecular distances. However, there are still difficulties
for describing medium-range, and long-range (non-covalent) interactions such as the van
der Waals interactions, weak hydrogen bonds and m-1t stacking interactions.

Below are described two well-established methods for including dispersion corrections

into DFT calculations: these are the proposals by Donald Truhlar and Stefan Grimme.
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2.4.1 Parameterized dispersion correction by Truhlar: Minnesota functionals

One of the most common ways nowadays to include dispersion effects in DFT functionals is
by introducing certain empirical parameters that are adjusted to take into account such
dispersion forces. That kind of functionals (the M06 family) were mainly developed by the
group of Donald Truhlar at the University of Minnesota, thus they are known as the
Minnesota functionals. The MO06 suite of functionals are a set of four meta-hybrid GGA DFT
functionals that are constructed with empirical fitting of their parameters, but constraining
to the uniform electron gas. The family includes the functionals MOG,BG] M06-L,[37] MO06-
2XP% and M06-HF,[38] with a different amount of exact exchange on each one. M06-L is
fully local without HF exchange (thus it cannot be considered hybrid), M06 has 27% of HF
exchange, M06-2X 54% and M06-HF 100%.

The exchange-correlation energy for the M06 functional can be written as:

EQ :%Eﬁf +(1—%)Eff°(’ +EYN (2.25)

The M06 and M06-2X functionals were used in some parts of this thesis. The utilities
and advantages of MO06 are for main group thermochemistry and non-covalent
interactions, transition metal thermochemistry and organometallics. It is usually the most
versatile of the 06 functionals and because of this large applicability, it can be slightly
worse than M06-2X for specific properties that require high percentage of HF exchange,

such as thermochemistry and kinetics.

2.4.2 Empirical dispersion correction by Grimme

[39]

In this methodology developed by Stefan Grimme, ™ the dispersion corrected total energy

is calculated as:

Eppr-p = Exs—prr + Eaisp (2.26)

where Exs_prr is the usual energy obtained with any KS functional above described

and Eg;,, is an empirical dispersion correction given by:
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i

N-1 N

Eup=—5. > %fdmp (R,) (2.27)

i=1 j=i+1 LY
Here, N is the number of atoms in the system, Céj denotes the dispersion coefficient
for atom pair ij, s¢ is a global scaling factor (which only depends on the functional used)
and R;; is the interatomic distance. The term f;,, is a damping function that decays at
small R fast enough to zero such that the dispersion corrections between atoms well below
typical van der Waals distances are negligible and thus, “normal” bonds are not

significantly affected by the correction. The damping function f,,, is given by:

1
amy (B = (2.28)

In this expression, Ry is the sum of atomic van der Waals radii.

Some variants to the original formulation were also introduced by Grimme et al.’9

In the DFT-D21% variant, dispersion coefficients, (,‘6”, obtained from the geometric mean

of tabulated elemental values, are summed over interatomic distances, R;;, modulated by

jl
a damping function, fum, , that gradually activates the dispersion correction (at a rate
characterized by ag) over a distance characterized by the sum of the two atomic vdW radii,
Ry, while an overall scaling term, s¢, is optimized to be unique to each Ey. functional.

Empirical dispersion correction for DFT-D2 Egép takes the explicit form:

R

Lj>E T

N i
EdDisfl = _S6 Z _6(,fdmp (Rz/) (229)
ij

and the new damping function is given by:

1

Sy (R) = oo @ (2.30)

Grimme recently presented a refined method, DFT-D3," % which incorporates an
additional R=8 term in the dispersion series and adjusts the Cﬁij combination formula and
damping function. The individual atomic Cé are interpolated from several reference values
based upon coordination numbers extracted from the molecular structure, rather than

assigned solely by atomic identity as in DFT-D2, and thereby incorporate some awareness
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of the chemical environment into an otherwise largely heuristic correction. The DFT-D3
dispersion has the following form, where s,, 6 and sg are the usual non-unity parameters

fitted for individual functionals:
D3ZERO = Cij
EDRO = N g Y R—';lﬁ,mp (R,) (2.32)
n=6,8 i,j>i 2N

1
146(R, / (s,,nRY )™

Samp(R) = (2.32)
Even more recently, a modified damping scheme for DFT-D3 using the rational damping
form of Becke and Johnson was introduced.*® The parameters fit for individual

functionals are now s, Sg, @1, -

N Cij
EDB N n (2.33)
o n:ZG,S i,/z>i Rz’; + (fdmp )"

ij
8

8

f;imp = a‘l
Some functionals including Grimme’s empirical dispersion were used in this thesis,
like B97D (includes the —D2 variant), ®B97XD (includes the —D3ZERO variant) and B97D3

(includes the —D3BJ variant).

2.5 Potential energy surface (PES)

The Potential Energy Surface (PES) can be thought of as a conceptual tool for aiding the
analysis of molecular structure and chemical reactivity. As already indicated in section 2.2,
the PES concept arises from the Born-Oppenheimer approximation, and basically describes
the potential energy hypersurface defined by a collection of atoms in terms of certain
parameters, normally the positions of the atoms.

PES are important because they help us in visualizing and understanding the
relationship between potential energy and molecular geometry, and in understanding how
computational chemistry programs locate and characterize structures of interest. Among

the main tasks of computational chemistry are to determine the structure and energy of
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molecules and of the transition states involved in chemical reactions: our “structures of
interest” are molecules and the transition states linking them.

A PES contains several points along the reaction coordinate, but from a chemical point
of view, the most significant are the so-called stationary points that essentially correspond
to local energy minima or local minima and first-order saddle points. Mathematically, a
minimum is a minimum in all directions, but a saddle point is a maximum along the
reaction coordinate and a minimum in all other directions. Chemically, the saddle points
stand for transition state structures that are connected by two local minima (called
intermediates), and which have important meaning in chemical reactivity. The
characterization of stationary points either as local minima or transition states is
conducted computationally through calculation of the Hessian matrix, which is the square
matrix of second-order partial derivatives of the energy with respect to the nuclear
position (also called force constant matrix). If all eigenvalues resulting of the
diagonalization of the Hessian matrix are positive, the structure corresponds to a
minimum, whereas if one (and only one) of those eigenvalues is negative, the structure

corresponds to a transition state.

2.6 Thermodynamic properties
2.6.1 Ensemble properties and basic statistical thermodynamics
Thermodynamic data are crucial in the understanding and design of chemical processes.
Next to the experimental evaluation of such data, computational methods are valuable and
sometimes indispensable tools in obtaining some of the fundamental variables of
thermodynamics such as zero-point energy, enthalpy, entropy, Gibbs free energy, and
others. While electronic-structure calculations are usually performed on single molecules,
experimental data are obtained with macroscopic quantities of matter that are made up of
unimaginably large number of molecules. Therefore, connection between the microscopic
and macroscopic regimes is required.[”’lsl This bridge is provided by the statistical
thermodynamics.

Statistical thermodynamics involves a series of formulations for calculating the
thermodynamic properties of such ensembles of molecules. Its key feature is the partition

function O, which is obtained according to the well-known canonical ensemble, in which
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the constants are the total number of particles N, the volume V, and the temperature T.

This partition function is written as:

O(N,V,T) = e it (2.35)

where i runs over all possible energy states of the system having energy E; and Ky is
the Boltzmann’s constant.
Once the partition function is known, thermodynamic functions such as the internal

energy U and Helmholtz free energy A may be calculated according to:

U=k TZ(GILQJ
? or ),

A=—k,TInQ

(2.36)

Macroscopic observables, such as pressure P or heat capacity at constant volume Cy,

may be calculated as derivatives of thermodynamic functions:

p:_(a_Aj ZkBT[aanj
or ), o ),

2
CV:(_an :2kBT[aanj AP LY
or ), or ), o),

(2.37)

Other thermodynamic functions like the enthalpy H, the entropy S and Gibbs free

energy G, may be constructed from above relations:

H:U+PV:kBT2(aanJ +kBTV(aanj
or ), o ),

U-4 dlnQ
S=—"=k.T +k, 1 2.38
T 5 ( oT JV a0 (2.38)

G=H—TS=kBTV[aan
ov

j —k,InQ

In order to obtain the partition function Q, it is assumed that the ensemble behaves

like an ideal gas, so molecules do not interact with one another. Consequently, the many-

body problem is reduced from finding the ensemble partition function Q to finding the
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molecular partition function q,. The total partition function q,, is defined as a product of
the individual contributions of the electronic, translational, rotational and vibrational

terms:

dm = Geiec 9trans 9rot Quip (2.39)

The electronic partition function g, is usually the simplest to compute. To evaluate
the remaining partition functions, some additional approximations are made. Thus for
example, for calculating qrqns it is assumed that the molecule acts as a particle in a three-
dimensional cubic box, the rigid rotor is taken to solving q,,¢, and the harmonic oscillator

to find qy,;p-

2.6.2 Standard state modifications
Ideal gas assumption is considered in order to obtain the different molecular partition
functions. Hence, all the equations used in electronic-structure calculations are applicable
to a hypothetical ideal gas at concentrations equivalent to standard state, where pressure
P =1 atm. Because of this choice, we may replace VV by RT /P and specify a standard state
pressure instead, corresponding to a standard-state molar volume of 24.5 L at 298.15 K.
Thus, a concentration of 1/24.5 M can be derived from the well-known expression:
% - R—PT (2.40)
This logarithmic concentration is used to calculate the translational entropy

contribution S;,4,ns by means of the partition function:

(2.41)

_(2amRT " RT
qmms h2 P

In real chemical processes where an ensemble of molecules are interacting each other
or with the solvent medium, the ideal gas-phase translational entropy significantly
overestimates the condensed-phase translational entropy, as a result of the restriction of

[41]

motion of molecules in solution. In addition, we do not have solutions whose

concentration is 1/24.5 M, and therefore it is necessary to obtain results applicable at the
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concentration of the system under study. At this point it should be highlighted that
accurate prediction of the translational entropy contribution S, to the total entropy in
solution is still challenging in electronic-structure calculations, and so far no standard
approach is available. However, many authors have proposed some methods for dealing
with this issue, as discussed below.

The most simple of these approximations is maybe the one introduced by Morokuma
and coworkers."*? They suggest neglecting directly the translational entropy term in the
calculation of the total entropy in solution.

Alternatively, Martin and coworkers®! proposed to determine the pressure P = %RT

(from equation 2.40) applicable at the concentration of the solvent used from its
experimental density. Thus, for example the liquid water, with a density p = 997.02 kg-m”,
requires a pressure of 1354 atm to correct the aqueous solution concentration. The actual
concentration (1354 atm/RT) is incorporated then to the calculation of the translational
partition function in equation 2.41. By applying this approximation for the solvent 1,2-
epoxyhexane (p = 831.0 kg-cm™) we obtained a pressure of 203 atm, which is used for
adjusting the solvent concentration of the gas-phase entropy in the reactions studied in
Chapter 5.

The third approximation employed in this thesis (Chapter 5) is the method of Wertz*!

and Ziegler,[45] which is broken up into three steps. In the first step based on this method,

the ideal-gas solute is compressed from standard conditions (having a molar volume V,

m,gas

of 24450 mL:-mol™) to the standard volume of the solvent (V.iq )- Then the compressed

lig
solute gas is transferred to the solvent, forming a hypothetical solution that has the
intermolecular interactions of a dilute solution. In this step the solute loses the same
fraction of its entropy as would be lost by the solvent in going from gas (at its liquid-phase
density) to liquid. This fraction a can be calculated by use of equation 2.42, in which the

numerator represents the change in entropy in the process of transfer. In the third step,

the solute is expanded to the concentration of the desired solution (i.e., 1.0 mol-L?, and
thus having molar volume of V) = 1000 mL-mol™).
The solute entropy change for the first and third steps, which are strictly changes in

molar volume, is given by AS = Rln(Vm’f/Vm,i ) , where V. is the final solute molar volume
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and V_. is the initial solute value. The entropy fraction a lost in the second step can be

m,i

determined from the absolute entropies of the solvent in its gas (S;, ) and liquid (Sg, )

phases (see Table 2.1), as shown in equation 2.42:

o= Sl‘i)q - (Sgoas + R ln I/m,liq /Vm,gas ) (242)
Se T RINV, 4o /Vmgas

gas

Substituting the appropriate parameters for 1,2-epoxyhexane[46]

(see Table 2.1) in
equation 2.42, we have o =—0.19. The sum of the entropy changes involved in each of the
three steps then gives the total solvation entropy. Using the data reported in Table 2.1 we
are able to calculate the entropy (cal-mol™K™) of solvation for a given species of the

reaction in 1,2-epoxyhexane AS, at a temperature of 298.15 K:

ASgo) = (~10.56 cal-mol™-K™) — 0.19(S s — 10.56 cal-mol™K™)

+ (4.20 cal-mol™K™) (2.43)

Table 2.1 Experimental data” for the solvent 1,2-epoxyhexane used in equations

2.42 and 2.43.
a a o b o b °
M p Sliq Sgas R ln Vm,liq /Vm.gas R ln I/m /I/m,liq
(g'mol™)  (kcal-mol™) (J-mol™K") (kcal-mol™)  (cal-mol™K?) (cal-mol™K™)
100.16 0.831 196.27 287.40 -10.56 4.20

“ These values were taken from the thermochemistry data for propylene oxide. ® These values were
considered for 1,2-epoxyhexane.

2.7 Evaluation of solvent effects

In general, most of chemical reactions are carried out in the presence of a solvent, which
sometimes plays a vital role as for example, in stabilizing species in the reaction, acting as
reactant, etc. Hence, in order to study chemical reactions is very important an appropriate
description of the solvent effects. There are two conventional ways to include solvent
effects in electronic-structures calculations: one is by considering the individual solvent
molecules explicitly and another where the solvent is treated as a continuous medium. The
former implies a high computational cost since it involves dealing with a high number of

molecules, which increases the number of degrees of freedom. In addition, some extra
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errors could be added to the calculations as for instance, either the way that the molecules
are placed around the reactant species or the number of molecules that should be
considered.

The second alternative (implicit treatment of molecules) is most commonly used, and is
called continuum methods. Among such methods, the Self-Consistent Reaction Field
(SCRF)W] method is perhaps the most widely used. In this method, the solvent is
considered as a uniform polarizable medium with a dielectric constant € (also known as
relative permittivity, €;), where the solute is placed in a suitable shaped cavity inside a
dielectric medium. The latter acts back on the solute, and thus, producing an electrostatic
stabilization. The method is iteratively repeated until the mutual polarization between the
solute and solvent reach the self-consistency.

The solvation free energy AGq,,; in the SCRF method is calculated as a sum of different

energy contributions:

AGgyy = AGegy + AGgisp + AGrep + AGy (2.44)

where AG,,, is the cavitation energy, i.e., the energy needed to create the cavity for
the solute (it is a destabilizing term and therefore is always positive), AGy;s, is the
dispersion energy between solute and solvent that contributes positively to the solvation
(it is stabilizing term), AG,.,, is associated to the repulsive interactions between solute and
solvent (it is also a destabilizing term). Finally, the term AG,; is a stabilizing term, which
correspond to the electrostatic interactions due to the instantaneous polarization caused
by the charge distribution of the solute molecules in the solvent, and vice versa.
There are several SCRF methods for calculating solvation energies. However, only the

Polarizable Continuum Model (PCM)“®

and the Conductor-like Screening Model
(COSMO)[49] were used in this thesis. In the first model (PCM), the cavity is constructed as
an assembly of atom-centered overlapping spheres with radius approximately 1.2 times
larger than the van der Waals radius. Alternatively, the COSMO model is a variant of the
continuum solvation models, which uses a much simpler boundary condition of vanishing

electrostatic potential for a scaled conductor (e—~) in the calculation of the polarization

charges of a molecule in a continuum.
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In all PCM methods, the radii of the spheres used to create the cavity can be further
defined in different ways, but only the UFF radii was considered in this thesis. UFF uses the
united atom topological model applied on atomic radii of the UFF force field for heavy
atoms and describes the hydrogen atoms as individual spheres (explicit hydrogens).

In the course of this thesis, all geometries studied were fully optimized in gas phase.
Solvent effects are incorporated in the results by adding a PCM single-point on the final
gas-phase geometry obtained after optimization. The Gibbs free energy in solvent AG;,,

can be obtained by using the following scheme:
AGgy = AGgas + (AEgas — AEy) (2.45)

2.8 Methods used in ion mobility mass spectrometry (IM-MS)

The algorithms used in this thesis to theoretically calculate collision cross sections (CCS) are

based in three main methods: the Trajectory Method (TM),lSO] the Projection

[51] [52]

Approximation (PA),”" and the Exact Hard-Spheres Scattering (EHSS).

The most accurate (and therefore, computationally expensive) of those methods is the
Trajectory Method TM, which models the ion as a collection of atoms, each one
represented by a 12-6-4 potential (Lennard-Jones + ion-induced dipole). TM seeks the cross

section ngg that is related to the scattering angle y, which is the angle between the
trajectory before and after a collision between the ion and a buffer gas atom (usually
helium). Qg,;) is obtained by integrating the momentum transfer cross section over the
relative velocities g and the impact parameter b for all possible ion orientations defined by

the three angles 8, ¢, and y:

QLD — o T '“ 37 —ug?/(2KgT) o5
Qave =8 J- dHJ- d¢sm<],’> dy m) fodge Bl g

f db 2b(1 —cosx (6,¢,7,8 b))  (2.46)
0

where p is the reduced mass. Since the scattering angle x(0, ¢,y, g b) depends on the
pairwise potential between the ion and the buffer gas molecules, the accuracy of

computed cross-section values is determined by the quality of the interaction potential
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model. The potential term employed in this method is based on the two body 12-6-4

potential model:

o =1 (2 -(2)]-

a zen? | [~ x ’ = y ’ = 7 :
i i i

HQ) +(25) QF)] e

here, the first term (short-range van der Waals interactions) is a sum of the Lennard-
Jones (12-6) potential between a gas buffer atom and individual atom i in the molecular
ion. The Lennard-Jones parameters, ¢; (depth of the potential) and g; (finite distance at
which the inter-particle potential is zero) are usually obtained by fitting measured
mobilities as a function of temperature. The second term represents the long-range ion-
induced dipole interactions, in which « is the polarizability of the buffer gas atom, n is the
number of atoms in the ion, and 1;, x;, y; and z; are coordinates that define the relative
positions of the atoms with respect to the buffer gas atom. The effective potential is
further obtained by summing over the individual atomic contributions and trajectories are
run in this potential to obtain the scattering angle. Thus, the orientationally averaged
collision integral Qg,‘;) is determined by averaging over all possible collision geometries.

A common, computationally efficient, approximation for equation 2.46 is to assume

that both the individual atoms in the molecular ion and the buffer atom are hard spheres.

Thus, the orientationally averaged hard-sphere collision integral Qg,‘;) is approximated by:

w1 1 2m T 2m
05 =53 fo de fo d¢ sin ¢ fo dy mhin (248)

where by, is the minimum impact parameter for a collision geometry defined 9, ¢,
and y that avoids a hard sphere contact with any atom of the ion. This model is known as
the hard sphere projection approximation (PA). Besides ignore the long-range interactions
between the ion and the buffer gas atom, this approach also ignore all the details of the
scattering process and effectively replaces the collision integral with the collision integral
of a sphere of the same average projection as that of the polyatomic ion. It has been

shown that for any finite, locally convex surface, the exact orientationally averaged hard
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sphere collision integral Qf\fg is equal to the orientationally averaged projection, P
(Q’;;fg = fdb 2b(1 —cosy) = mb2,;,), and therefore, the hard sphere projection
approximation is exact. However, for bodies with partially concave surfaces this equality
does not hold (Q # P), and multiple scattering and shadowing can occur. Thus, a rigorous
hard sphere scattering model was developed which accurately accounts for the details of

the scattering process. This is accomplished by solving equation 2.48 numerically:

1 271 T 271 9]
QS,‘;)=W.L defodqbsmqbfo dyfo db2b(1 —cosx (6,$,v,8b))  (248)

where y is the aforementioned scattering angle. This model is called the Exact Hard
Sphere Scattering (EHSS) and considers the ions as a collection of overlapping hard spheres
with radii equal to hard-sphere collision distances. The orientationally-averaged
momentum transfer cross section is calculated by determining the scattering angles
between the incoming buffer gas atom trajectory and the departing buffer gas atom
trajectory.

As stated above, TM should give the most reliable estimation. Furthermore, the PA
model generally gives numbers that are smaller than TM, while EHSS generally gives values
that are greater than those obtained by TM. The deviations increase with increasing size of
the ion. This is because the PA ignores multiple scattering (where the ion and buffer gas
have more than one encounter) and EHSS tends to overestimate the effects of multiple

scattering.
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Chapter 3

Structural Studies of Metal-containing Inorganic
Compounds by lon Mobility Mass Spectrometry

A set of three salen ligands, together with their
complexes with Cu and Zn, as well as Pd-
containing intermediates within the catalytic
Stille reaction, have been investigated using ion
mobility mass spectrometry (IM-MS). Collision
cross sections (CCS) for all the studied systems
were obtained theoretically via the projection
approximation (PA), the exact hard-spheres
scattering (EHSS), and the trajectory method
(TM) from either X-ray or DFT-optimized
structures.  Some  parameters  involving

trajectories calculation were evaluated in order

to gain insights into the accuracy of the
methods.  Excellent  correlation  between
theoretical CCS and IM-MS experiments was

reached for all the systems.

Parts of this chapter are published and another has been submitted: V. E. Wright, F. Castro-Gémez, E.
Jurneczko, J. C. Reynolds, A. Poulton, S. D. R. Christie, P. Barran, C. Bo and C. Creaser, Int. J. lon Mobil.
Spec. 2013, 16, 61-67; V. E. Wright, F. Castro-Gomez, E. Jurneczko, J. C. Reynolds, A. Poulton, P.
Barran, S. D. R. Christie, C. Bo and C. Creaser, submitted.
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3.1 Introduction

lon mobility spectrometry (IMS) is an electrophoretic-like technique that allows ionized
molecules to be separated by measuring the time (drift time) taken for an ion to traverse a
drift tube under the influence of an electric field in the presence of a buffer gas (usually
helium or nitrogen).m The mobility of an ion in the gas phase is determined by the collision
cross section (CCS), which is a function of the size and shape of the ionized molecule and
may be correlated directly with its molecular structure.” IMS has found wide application in
the detection of illegal or dangerous substances, most noticeably for chemical warfare
agents and for explosives and narcotics at border crossings and airports.m Combined with
mass spectrometry (IM-MS), the technique offers separation on the basis of the CCS and
mass-to-charge (m/z) ratio, i.e., the coupling of the two strategies allows a two-
dimensional separation based on size and mass.”” The basic principles of IM-MS are
described in Section 1.3 of Chapter 1.

Among the IMS techniques employed in IM-MS, three are widely used nowadays: drift-
time ion mobility spectrometry (DTIMS),[la] travelling-wave ion mobility spectrometry
(TWIMS)[5] and field-asymmetric ion mobility spectrometry (FAIMS).[G] Experimental results
reported in this thesis have been carried out in collaboration with a research group at
Loughborough University in UK (Victoria Wright, Dr. Colin Creaser, and Dr. Steve Christie),
using DTIMS and TWIMS.

In a TWIMS drift tube the relationship between drift time and mobility is nonlinear and
therefore standards with known CCS, that have been previously determined using a linear
DTIMS drift cell, are needed to calibrate the system. A graph is plotted of known CCS
modified to account for reduced mass and charge, against effective drift time and from this
the CCS of the analytes can be determined. Calibrants have included peptides,m
tetraalkylammonium halides (TAAHs), and pharmaceutical compounds[8] with structures
that are usually different to that of the analyte ion under investigation. There are several
reports on the application of this method to the study of metabolites,®’ proteins and
peptides.[m]

The study of metal-containing ions by IM-MS including both DTIMS and TWIMS is a
well-documented area. The CCS of biological molecules binding small metals such as the

[11]

alkali metals™ ™ as well as transition metals,m] have been widely studied. The CCS of
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cationized polystyrene with Li*, Na*, Cu” and Ag" were also reported.™ In contrast, little
work has been carried out on small nonbiological metal-ligand complexes containing
transition metals. Ruthenium anticancer complexes have been studied and their CCS
determined using TWIMS-MS."*" |n this chapter we report the structural analysis of salen
ligands and their complexes of copper and zinc using IM-MS. Metal derived salen
(metallosalen) complexes are versatile compounds.[M] that have proven to be effective

catalysts for many chemical conversions including asymmetric epoxidations,[lsl epoxide”sl

17
and oxetanes!

! ring-opening reactions and stereo-selective ponmerizations.“gl Indeed,
one of the main goals on this thesis is the study of such reactions mediated by
metallosalen complexes and other metal-containing inorganic compounds.

IM-MS also plays a vital role on mechanistic studies, wherein catalytic intermediates
are important in reaction understanding, design and process control.™”! Electrospray
ionization mass spectrometry (ESI-MS) has been widely used in reaction monitoring, due to
its ability to detect a range of ionized and neutral species in solution, and to provide
information on reaction kinetics.”” ESI is a soft ionization technique which provides
information on the composition of reaction solutions in which solution phase structure is
conserved in the gas phase.[lg’m The combination of ESI with ion mobility spectrometry
(IMS) and mass spectrometry (ESI-IM-MS) has recently shown to have the potential to
significantly enhance selectivity and data quality in reaction monitoring.m] The Stille cross-
coupling reaction is one of the most general and selective Palladium-catalyzed processes
that has been studied using ESI-MS.”* In such systems, Pd-containing species have been
reported as by-products or in equilibrium with other species in the catalytic cycle.

Experimentally-derived CCS may be compared with CCS calculated from structures
obtained via DFT calculations or from X-ray structures, using a mobility calculator such as
MOBCAL.%* The open source program MOBCAL is used to theoretically determine the CCS
based on three algorithms: the projection approximation (PA),[ZS] the exact hard-spheres

%) and the trajectory method (TM).[27] Each of these methods depends

scattering (EHSS),
on the ion’s interaction with the IM buffer gas, and their basic principles are briefly
described in Section 2.8 of Chapter 2.

Herein CCS derived from DTIMS and TWIMS experiments for salen ligands and their

corresponding complexes are compared to theoretical CCS obtained from X-ray and DFT
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structures. It is also reported the study of the Stille reaction by ESI-IM-MS, using free and
tagged iodobenzene as the reactant, and shown the first observation of a Pd-containing
catalytic intermediate within the catalytic cycle. We demonstrate that the incorporation of
IMS analysis into mass spectrometric reaction monitoring provides a powerful new

approach for simultaneous structural studies of low level catalytic reaction intermediates.

3.2 Motivation

lon mobility mass spectrometry (IM-MS) in conjunction with molecular modeling and
electronic structure calculations has become a powerful tool used to explore the three-
dimensional shape of polyatomic ions. This is possible since CCSs generated theoretically
can be compared with the experimentally determined CCSs to identify the conformations
present in the IM-MS experiments.

In addition to the ability of providing information about ion conformations, IM-MS has
shown great potential use in reaction monitoring, as alternative method to current infrared
spectroscopy (IR), near infrared spectroscopy (NIR), nuclear magnetic resonance (NMR),
and liquid chromatography (LC). Each of these techniques comes with limitations for the
simultaneous monitoring of trace levels of catalytic intermediates in complex reaction
mixtures. IM-MS would afford rapid information about the reaction that would not be
possible with either instrument alone.

Considering the aforementioned advantages of IM-MS, and due the fact that only few
studies have been carried out on inorganic transition metal complexes, we found of great
interest to study structural features of salen ligand complexes of copper and zinc using IM-
MS. Metallosalen complexes are versatile and they have proven to be very attractive
compounds for a range of catalytic applications.

We also found fascinating the idea of using IM-MS in real-time Stille reaction
monitoring in order to “catch catalytic intermediates on-the-fly”. In close collaboration
with the group at Loughborough University in UK we focused on the study of reaction
mechanisms by combining synthetic chemistry with IM-MS and DFT calculations.
Comparison of theoretical outcome with IM-MS experiments could allow exploring a novel
approach to the structural analysis of reaction intermediates and thus helping to the

elucidation of reaction mechanisms.
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3.3 Objectives

The aim of this chapter is to provide structural information and identification of metal-
containing inorganic compounds by means of IM-MS. Our main objective is exploring the
correlation between experimental measured CCSs and theoretical calculated CCSs.

Initially we focus our study on the evaluation of three salen ligands and their complexes
with cooper and zinc. We will generate optimized structures and atomic charges for all the
complexes through DFT calculations. Then we will compute the CCSs using the MOBCAL
program. In this stage, the accuracy of algorithms used for computing mobilities will be
determined by evaluating some parameters of the program.

Additionally we will study Pd-containing catalytic intermediates of the Stille reaction
and demonstrate proof of principle that IM-MS can afford simultaneous structural
information on intermediates present in a reaction mixture. Herein we will calculate CCS

for different isomers of key intermediates in the proposed Stille catalytic cycle.

3.4 Computational details

All structures in this study have been determined using DFT with the Gaussian 09
package.ml For salen ligands and metallosalen complexes, the B3LYP” functional was
used, together with the standard 6-31G(d,p) basis set to describe the H, C, N and O atoms.
Besides B3LYP, the B97D™” functional was also used for the intermediates of the Stille
reaction. In this case, the standard 6-311G(d,p) basis set was employed to describe the H,
C, N and P atoms. The relativistic effective core pseudo potential LANL2DZ B was used, in
conjunction with its associated basis set for Zn, Cu, Pd, P and | atoms, depending on the
system studied. Full geometry optimizations were performed without constrains. The
nature of the stationary points encountered was characterized by harmonic vibrational
frequencies analysis.

The open source program MOBCAL* was used to calculate the CCSs via the projection
approximation (PA), the exact hard-spheres scattering (EHSS), and the trajectory method
(TM). Molecular structures were taken either from X-ray crystallographic data (for neutral
salen ligands and metallosalen complexes) or DFT-optimized structures (for protonated
salen ligands, metallosalen complexes and intermediates of the Stille reaction). Helium

parameters were assumed when carrying out MOBCAL calculations. For H, C, N, and O
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atoms, the default Lennard-Jones (12-6) parametersm] were considered as well as recently

B2 and from Campuzano and coworkers.® Since

developed sets from Siu and coworkers
the He interactions with Cu, Zn, Pd, P and | are not defined within the original MOBCAL
code, we incorporated them by using the Lennard-Jones parameters for the silicon-He
interaction (€=1.35 meV, p=3.5 A). Two important parameters involving the number of TM
and EHSS trajectories (inum and imp, respectively) used for calculating CCS were initially
modified in order to evaluate the accuracy of both methods and its influence on computing
times. For all the atoms charge-induced dipole interactions were included from Mulliken
atomic charges computed at the DFT level.

The MOBCAL code was compiled and optimized using the PGI Portland Group Compiler

and some Shell scripts were built for submitting several jobs.

3.5 Results

3.5.1 Salen ligands and metallosalen complexes
The focus of the first part of the present study is on protonated compounds for neutral
species of the Schiff base ligands (L1-L3) and their corresponding metal complexes (L1M-

L3M) with Cu(ll) and Zn(Il), shown in Figure 3.1.

OH Hob C§:0H HO OH HO
L1 L2 13
M ) == zn(ll), Cu(ll)

N N
_N\M/N_ _N\M/N_ - \M/ -
AN
O/ \O O/ \O o o
L1M L2Mm L3M

Figure 3.1 Neutral species of the salen ligands (above) and metallosalen complexes
(bellow).
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Since these compounds form singly charged ions of the type (L + H)" or (LM + H)" in the
IM-MS experiments, we first determined the most stable protonation sites for each set of
molecules. In case of the ligands, the additional proton could be placed on either the N or
the O atoms depicted in Figure 3.2. The formation of a metal hydride was also considered

for the metal complexes in addition to the N and O sites.

Hc, / \ He / N\
—N N— —N N=—
N 7/
/H VRN
O_ Ho o/ o
\
H H
Salen ligand Metallosalen complex

Figure 3.2 Possible protonated sites for salen ligands and metallosalen complexes.

Table 3.1 collects the relative energies calculated at the B3LYP/6-31G(d,p) level for the
protonated molecules described above. As expected for metallosalen complexes, the most
stable structures were by far those protonated on the most basic oxygen site. The
formation of a metal hydride resulted in very unstable structures in all the cases.
Protonation of nitrogen on salen ligands was shown to be favored; that is due to the

unsaturated nitrogen atoms in the imines are known for being good proton acceptors.

Table 3.1 Relative energies (in kcal-mol™) for salen
ligands and metallosalen complexes.

Protonation sites

Compound YT N-H oOH
Ligand 1 - 0.0 10.2
Ligand 2 - 0.0 unstable
Ligand 3 - 0.0 10.3
L1Cu 77.9 20.2 0.0
L2Cu 79.4 24.9 0.0
L3Cu 74.4 154 0.0
L1Zn unstable 7.8 0.0
L2Zn 70.0 10.5 0.0
L3Zn unstable 5.6 0.0

Once identified the most stable protonated structures for both sets of compounds,

their CCSs are determined using the MOBCAL program.
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First, we probed the accuracy of the methods employed for obtaining CCSs by
evaluating some relevant parameters involved in the calculation of the TM and EHSS
trajectories. It is worth noting that the methods used to calculate mobilities are based on
classical Monte Carlo simulations. In order to consider a greater number of trajectories, the
parameter (imp) that defines the number of points in Monte Carlo integrations of impact
parameter and orientation in TM, was varied from its default value of 25 to 1250 as well as
2500. Similarly, the number of Monte Carlo trajectories employed by the EHSS method,
which is defined by inum, was incremented by factors of 10 and 20 times from the default
value of 250000. The L1Zn and L2Cu protonated systems were selected in order to evaluate

both parameters, as summarized in Table 3.2.

Table 3.2 Collision cross sections (in AZ) calculated for the L1Zn and L2Cu protonated
systems using the default and adjusted Inum and Imp trajectory parameters.

L1Zn Protonated L2Cu Protonated
Parameters
PA EHSS ™ PA EHSS ™
Default® 122.13 129.21 119.44+5.5 118.19 123.08 114.95+5.9
im 1250 122.18 129.05 121.62+4.0 118.26 123.16 115.91+4.0
P 2500 122.19 129.06 121.26+3.8 118.28 123.16 116.94+4.3
inum 2500000 122.13 129.21 119.27+1.1 118.19 123.08 114.65+1.1

5000000 122.13 129.21 11892 +0.4 118.19 123.08 11437+0.4
%imp=25; inum=250000

In general, minor changes can be observed in the CCSs calculated with the modified
parameters compared to those obtained with the default ones. However, since much more
trajectories were examined during determination of mobilities, a considerable
improvement in the accuracy of TM was achieved. In addition, computation times
consistently increases between 10—20 minutes. Due to these results and the fact that the
standard deviation associated to the computed values using the default parameters falls in
the same order of magnitude as the uncertainty of the experimental measurements (~5
A?), the default values for imp and inum were used for calculating CCSs for the remaining
systems.

The X-ray structures of the ligands and their metal complexes were obtained from the
Cambridge Structural Database (CSD), and input into MOBCAL in order to obtain

theoretical CCSs. Mulliken charges were included from single point calculations on the
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X-ray coordinates. Table 3.3 collects both experimental and theoretical results for this step.
There was generally good agreement between the PA and TM approximations. However,
the EHSS method overestimates the CCS, which is consistent with previously reported
data.l’*"! Experimental CCSs determined by TWIMS using the peptide standards show
better correlation with both the PA and TM derived from the X-ray data, than with the data
calibrated using the TAAH, with the exception of the free ligands L2 and L3. It should be
noted that the CCS values derived from the X-ray data decrease in the order L2 > L1 > L3,
which differs from the order observed experimentally (L1 > L2 > L3). This may be due to
protonation in the gas-phase restricting out of plane rotation of the phenol rings, which
does not occur in the solid state. The DTIMS experimental data is poorly correlated with
both the PA and TM derived CCS from the X-ray structures, showing consistently smaller
CCS radius. These observations suggest that CCSs derived from X-ray coordinates should be
used with caution in structural studies of small ligands and metal-ligand complexes

measured by IM-MS.

Table 3.3 Experimental CCS from DTIMS and TWIMS and theoretical CCS (in A%
calculated from X-ray and DFT-optimized structures for salen ligands and metallosalen
complexes.

Experimental CCS® X-ray CCS DFT CCS

Compound  TwWIMS TWIMS
(TAAHs) (Peptides) DTIMS PA EHSS TM PA EHSS TM

Ligand 1 120 113 109 115 123 116 120 128 117
Ligand 2 113 108 105 117 124 116 117 123 115
Ligand 3 103 97 94 110 115 106 106 112 105
L1Cu 122 115 109 116 122 114 121 128 118
L2Cu 116 110 104 113 117 110 118 123 115
L3Cu 103 98 94 105 108 101 107 112 105
L1Zn 123 117 110 118 124 118 122 129 119
L2Zn 119 112 106 113 117 114 119 124 115
L3Zn 105 100 97 103 107 101 108 113 106

® DTIMS data measured in helium, TWIMS data measured in nitrogen and extrapolated to helium.

As already shown in Table 3.3, CCSs from the DFT-optimized structures show

reasonable agreement with those derived from the X-ray data. Both DFT and X-ray results
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correlate better with the experimental data using the TAAH standards than the peptide
standards and DTIMS data. This suggests that MOBCAL overestimates the CCS for these
small ions.

At this point of the study, two new sets of Lennard-Jones (12-6) parameters were
introduced by Siu and coworkers®? and also by Campuzano and coworkers,® thus, we
decided to use them in our investigation. Theoretical CCSs calculated using the new LJ-
parameters (e and p) are shown in Table 3.4. There is good agreement between the PA and
TM approximations for both sets of data. The TM and PA CCS data obtained using the Siu
U-parameters on the X-ray structures are within 5 A” of the DTIMS experimental data,
which is at the upper end of the range for measurement uncertainty. The Campuzano TM
optimized data set indicates a slight overestimation of the CCS with the calculated CCS

displaying increased correlation with the peptide standard data.

Table 3.4 Theoretical CCS calculated from X-ray and DFT-optimized structures using
MOBCAL with the LJ-parameters sets by Siu and Campuzano.

X-ray CCS DFT CCS

Compound Siu Cazz":;u- Siu Cj;nnr;u-

PA EHSS TM ™ PA EHSS TM ™
Ligand 1 104 112 107 110 110 113 109 114
Ligand 2 107 112 107 112 107 111 106 113
Ligand 3 99 100 97 102 97 99 97 102
L1Cu 107 112 104 111 112 114 110 116
L2Cu 104 110 101 108 109 112 106 113
L3Cu 96 98 92 99 99 100 97 103
L1Zn 109 113 108 114 113 114 111 116
L2Zn 104 110 107 112 110 113 106 113
L3Zn 95 99 92 99 100 100 98 103

Figure 3.3 shows a comparison of the experimental data (shown in Table 3.3) and the X-
ray and DFT-based data using the Siu parameters (collected in Table 3.4), for the L1Cu
complex. A comparison of the experimental CCS data against the DFT-based CCS data
calculated using the new LJ-parameters displays excellent agreement between the DTIMS

and the PA and TM data using the Siu parameters within on average ~3 A%, This illustrates

63



UNIVERSITAT ROVIRA I VIRGILI
THEORETICAL STUDIES ON TRANSITION METAL CATALYZED CARBON DIOXIDE FIXATION

Fernando Simén Castro Goémez
Chapter 3

the need for refinement of the methods used to calculate CCS and highlights the sensitivity
of this approach. The peptide data also correlates well with the Siu PA parameter data
allowing for the slight (3%) overestimate for the TWIMS data using the peptide standards.
There is poorer correlation between the DTIMS and TWIMS experimental measurements
and the TM results using the Campuzano parameters. The presented data demonstrates
that the PA and TM calculations with the optimized parameters for the DFT-based
structures show better correlation with the experimental data for the ligands and
complexes studied and that TWIMS CCS measurements using peptide standards may be
correlated with calculated data for structural studies of low molecular weight metal

complexes.

125
120+

1154

110

105 4

100 I

95 ‘ . . . ‘ .

TAAH Peptides Drift tube X-ray PA X-ray TM DFTPA DFTTM

Figure 3.3 Comparison between the experimental data from DTIMS and TWIMS and the
theoretical data from X-ray and DFT-optimized structures using the Siu parameters for
L1Cu.

CCS A2

3.5.2 Catalytic intermediates of the Stille reaction

The Stille cross-coupling reaction is one of the most general, selective, and versatile
palladium-catalyzed reactions used to generate carbon-carbon bonds.**! This reaction
involves the Pd-catalyzed coupling of organic electrophiles such as unsaturated halides,
sulfonates, or triflates with functionalized organostannanes. The well-known mechanism

for the Stille reaction is based on three main steps, oxidative addition, transmetalation,
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and reductive elimination (Scheme 3.1), besides a cis-to-trans isomerization preceding the
transmetalation step in the case of organic halides as electrophiles.mc] Although it is
nowadays one of the most extensively used catalytic systems in organic synthesis, Pd-
containing intermediates implicated in the reaction have been isolated and characterized
only outside the real catalytic cycle. Herein we focus in the detection and characterization
of catalytic intermediates of the Stille reaction by IM-MS. Many of these intermediates are
neutral species with low proton affinities and, therefore, are not suitable for ESI-IM-MS
detection. For that reason charge bearing groups need to be attached to those species to
allow them to be detected by ESI-MS. 204! Hence, iodobenzene was tagged with
1-methylimidazole by reaction with 1,4-iodobenzylbromide to give 2, (Figure 3.4),
resulting in a permanent charge, which was incorporated into subsequent intermediates
and products. Also, the intermediate 3,,; shown in Figure 3.4 was generated by reaction of
2.,¢ With the palladium catalyst and is the first reported palladium-containing intermediate
within the proposed Stille catalytic cycle. The tag was incorporated in the para position to

minimize the effect on the reaction.

PdCl,
Z 2PPh3

|
Pd(PPh3)2
2
reductive elimination
oxidative addition

© PhsP// ; Ph3P

+ PhsP—Pd p
PhaPs, . Ph3P |

X / PPhs F’haP

Pd-
Phyp” \

6
BusSn— X

_SnBu3 transmetalation
; PPh;

'U—E\““‘“
o |

=

w

BusSnl Q
PPh,
4

Scheme 3.1 The Stille reaction catalytic cycle used in this study.

We selected the Pd-containing intermediate 3, and the un-tagged intermediate 3b
(Scheme 3.1) for further study. Optimized structures of these species were obtained via

DFT calculations with the hybrid B3LYP and the B97D functionals.
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Figure 3.4 Methyl imidazole tagged intermediates of the Stille reaction.

tag

The relative position of the phosphine groups with respect to the metal center defines
isomers cis and trans for species 3b (Figure 3.5). The optimized structures of both isomers
present a T-shape conformation. According to their relative energies, the trans isomer is
slightly more stable than the cis isomer. At the B97D level, the trans isomer is favored by
only 1.0 kcal-mol™, whereas the energy difference increases to 6.0 kcal-mol™ at the B3LYP

level.

cis trans
Figure 3.5 Optimized structures of intermediate 3b isomers at B97D/6-311G(d,p) level.
Hydrogen atoms omitted for clarity.

The two first entries of Table 3.4 and Table 3.5 show the comparison between the
experimental and the theoretical CCS values calculated for the cis and trans isomers of
species 3b with the default set of Lennard-Jones (6-12) parameters and the LJ-parameters
optimized by Siu and coworkers and by Campuzano and coworkers. Unlike for the default
and Campuzano LJ-parameter sets, CCSs obtained using the Siu LI-parameters show better
agreement with the experiment. For this reason, further analysis on CCS was performed

based only on the Siu set.
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Table 3.4 Experimental CCS as well as theoretical CCS for intermediates 3b
and 3., calculated with the default LI-parameters in MOBCAL.

Theoretical CCS (SD = 0.7%)

Exp. CCS Intermediate B3LYP B97D
PA  EHSS TM PA  EHSS TM
3b trans 181 206 198 179 203 195
178+2 cis 178 203 193 172 195 186
trans-1 206 235 213 203 232 221
30 trans-2 205 235 225 200 229 207
2043 (i1 204 234 210 200 227 217
cis-2 203 232 225 199 227 205

®The program was configured for calculating CCS with the default number of Monte
Carlo trajectories: imp=1250; inum=2500000

Table 3.5 Theoretical CCS for intermediates 3b and 3y, calculated with Ll-parameter sets
by Siu and Campuzano using MOBCAL.*

Theoretical CCS (SD = 0.7%)

. B3LYP B97D
Intermediate - -
Siu Campuzano Siu Campuzano

PA° EHSS TM ™ PA EHSS TM ™

3b trans 169 185 183 190 167 183 182 189

cis 166 181 180 187 161 174 174 181

trans-1 194 212 210 218 191 209 207 214

3ae trans-2 194 212 211 218 189 206 205 211

cis-1 193 210 208 216 188 204 203 210

cis-2 192 209 207 214 188 203 202 208

® The program was configured for calculating CCS with the default number of Monte Carlo
trajectories: imp=1250; inum=2500000

In the case of intermediate 3b, the TM method correlates well with the experimental
measurements, followed closely by EHSS; whereas the PA consistently underestimates the
CCS values. B97D values are systematically lower than those obtained with B3LYP because
all metal-ligand bond lengths are slightly shorter. It is worth noting that small changes in
the geometry of the metal complexes may significantly affect the calculated CCS, by as
much as 4 A%, which is close to the uncertainty of the experimental measurement.

Although the trans isomer is the most energetically stable structure, comparison of the
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theoretical CCS values for cis and trans isomers indicates that it is not possible to
distinguish between the two configurations based on the resulting CCS. The standard
deviation in the computed values falls in the same order of magnitude as the uncertainty
associated with the experimental measurements. Nonetheless, the difference in computed
CCS values between the two isomers provides a larger value for the trans isomer than for

the cis isomer.

4.1
cis-2

4.3 2.3
trans-1 trans-2
Figure 3.6 Optimized structures and relative energies (kcal-mol™) of the different isomers
of intermediate 3,,; at B97D/6-311G(d,p) level. Hydrogen atoms omitted for clarity.

Species 3y, also presents cis and trans configurations, but taking into account the
relative orientation of the 1-methylimidazole moiety, we considered the four structures
depicted in Figure 3.6. DFT-optimized geometries correspond to square-planar complexes

for all the isomers, with intermediate cis-1 being the most stable structure according to
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their relative energies. Collision cross sections obtained with both DFT methods show the
PA to give systematically lower values than the EHSS and TM. The B3LYP method results in
systematically larger CCS values than the BP97D method. However, the computed CCS
values for the four isomers fall in a very narrow range, 4 A? on average, which is close to
the uncertainty in the experimental data.

The DFT method used has a more pronounced effect on CCS than the integration
method EHSS or TM. This is because, in these particular systems, B97D reproduces the -
stacking interactions between the phenyl rings in the structures better than B3LYP, thus
small differences in the geometries are obtained. The agreement between the measured
and computed TM values for the B97D method is excellent, although isomeric separation

could not be achieved at the resolution of the TWIMS drift tube.
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3.6 Conclusions

A detailed structural study for a set of three salen ligands, together with their complexes
with Cu and Zn, and also Pd-containing intermediates of the catalytic Stille reaction was
accomplished by ion mobility mass spectrometry (IM-MS).

No significant changes were observed on the absolute values of CCS obtained with the
modified trajectories parameters for the selected protonated systems. However, a better
accuracy for the Trajectory Method (TM) was achieved.

The accuracy of both the experimental setup and the computational methodology
reached the same level and the agreement between the measured and computed values
was excellent.

Even better agreement between experimental and theoretical CCS was obtained using
the Siu and coworkers Lennard-Jones parameter sets for all the compounds under study.

We report the first observation of a catalytic intermediate within the Stille cycle and
demonstrate proof of principle that IM-MS can provide simultaneous structural
information on intermediates present in a reaction mixture, including low level catalytic
species that cannot be studied by other techniques.

Due to the similarity of the size and shape of the different isomers, isomeric resolution
could not be achieved for catalytic intermediates of the Stille reaction. However, where
more bulky and sophisticated phosphine and phosphite ligands are commonly used, we

envision new opportunities to improve the selectivity of this technique.
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Chapter 4

Catalytic Formation of Cyclic Carbonates from CO, and
Epoxides by Zn(salphen) Complexes

The reaction mechanism for the Zn(salphen)/NBu,sX
(X = Br, 1) mediated addition of CO, to a series of
epoxides, affording cyclic carbonate products has
been investigated in detail using DFT. The ring-
opening step of the process was examined and the
preference for opening at the methylene (Cg or
methine carbon (C,) was established. Furthermore, O
calculations were performed to clarify the reasons
for the lethargic behavior of internal epoxides in the
presence of the binary catalyst. Also the CO,
insertion and the ring-closing steps have been
explored for six differently substituted epoxides and
these proved to be significantly more challenging
compared with the ring-opening step. The reaction
profile obtained for the N,O,-donor Zn(salphen)
complex was compared with the relative barriers
calculated using a Zn(salen) catalyst containing N,-

donor Schiff base ligands.

The work described in this chapter has been published: F. Castro-Gémez, G. Salassa, A. W. Kleij, C. Bo,
Chem. Eur. J. 2013, 19, 6289. Results of the last part of the chapter, involving the Zn-N,(salen), are
unpublished: F. Castro-Gémez, Lorraine Christ, C. Bo, in preparation.
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4.1 Introduction

The growing concerns about climate change and the need to find suitable alternatives for
our depleting fossil fuel based feedstocks have resulted in extensive research to find new
renewable carbon sources. Carbon dioxide (CO,) may indeed be considered an abundant
and renewable carbon source. In light of this, it has become a popular building block from
a sustainability point of view™ and can thus be seen as an interesting starting point for the
synthesis of various organic molecules.”” One reaction that utilizes CO, as a carbon source
and which is currently attracting a great deal of interest is the atom-efficient addition of
CO, to epoxides, resulting in useful cyclic carbonate products (Scheme 4.1).[3] The
conventional industrial way of organic carbonate formation uses phosgene as a (toxic)

. 4
reagent and results in hazardous waste streams.™

Therefore, new and greener
methodologies able to mediate this transformation have become increasingly interesting.
Cyclic carbonates are employed as polar aprotic solvents and electrolytes in rechargeable
batteries, intermediates for organic polycarbonate synthesis, and in the production of

pharmaceuticals and fine chemicals.™!

0]

o) co, L

R4 R, Cat, Nu >_<

R, R,
Scheme 4.1 The addition reaction of CO, with epoxides generating five-membered cyclic
carbonates using a Lewis acidic metal catalyst (Cat) and a co-catalyst (Nu; nucleophile).

The addition reaction of CO, with epoxides has been widely studied and can be

catalyzed by a variety of catalyst types such as quaternary amonium salts,® alkali metal

] [9] [10]

halides,”’ ionic quuids,[8 functional polymers™ and transition metal complexes.
However, there are still disadvantages to overcome upon using these catalyst systems such
as low catalyst reactivity/stability, use of high pressures and/or temperatures, high catalyst
loadings required for efficient turnover, toxicity issues, cost effectiveness and availability of
the catalyst system, or a combination of these features. Hence, it is crucial to know how
the performance of any given catalyst can be improved, and mechanistic understanding
provides a means to unravel the obstacles associated with the observation of low reactivity

and/or selectivity.
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To date, a limited series of theoretical studies on the mechanism for the catalytic

addition of CO, to epoxides have been reported involving either heterobimetallic Ru-Mn

[11]

complexes, " ionic quuids,m] N-heterocylic carbenes,lB] polyoxometalates,[”] polyphenolic

12 or carboxylate-tagged biopolymers.“sl Zhang and coworkers™ thoroughly

compounds
elucidated the mechanism of conversion of ethylene oxide with CO, catalyzed by
guaternary ammonium salts. In these studies, they obtained structural and energetic
information concerning each step of the catalytic cycle and also evaluated the effect of the

(8 studied in

N-alkyl chain length and the type of anion. Furthermore, Han and coworkers
detail the KI catalyzed addition of CO, to propylene oxide, and also investigated the

(co)catalytic role of glycerol and propylene glycol.

(a) (b)
Zn o o
o Me iPr
- 1 2
: : tBu Me~ Me
5 =N~ N= 5 3 4
' /Zn\ '
(@) (@) - O &
tBu B g Ph
e v ! 5 6

Scheme 4.2 (a) Schematic drawing of the Zn(salphen) catalyst; (b) substrates 1-6 used in
this investigation.

Kleij and coworkers recently reported on the use of Zn(salphen) complexes (Scheme
4.2a) in conjunction with NBu,l as efficient binary catalysts for the formation of cyclic
carbonates under mild reaction conditions (pCO, = 2-10 bar; T = 25—45°C).[19] From these
previous studies it has become clear that terminal epoxides are conveniently converted
into their carbonates in high yield, whereas the same binary catalyst system proved to be
rather ineffective for the conversion of internal and more sterically congested substrates.
At a later stage, Kleij and coworkers found that more efficient catalysis of these latter
substrates can be achieved when working under solvent-free, supercritical CO,

conditions,[zol giving highly improved conversion levels in much shorter time frames. As
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reported extensively in literature, there are a variety of well-defined binary catalytic

1 and halide salts which provide efficient CO,/epoxide

systems based on metallosalens
addition catalysts under mild reaction conditions. Thus, the metallosalen family of catalysts
could be regarded as privileged systems in the context of (cyclic) organic carbonate
formation.

Furthermore, neutral and cationic chromium(ll) salen-based complexes with N, Schiff
base ligands have been reported to be very active catalysts for the coupling of CO, and
epoxides in CH,Cl, solutions and supercritical CO, conditions.”” Some tetradentate Ngy-
donor salen ligands have been earlier synthesized in high purity and were able to
coordinate easily to a wide variety of metals (such as Cu, Co and Ni),lza] but there is no
application of these complexes as catalysts for CO, transformations.

Herein, a detailed DFT study on the mechanism for the formation of cyclic carbonates
from CO, with a series of epoxides (Scheme 4.2b, compounds 1-6) catalyzed by the binary
system Zn(salphen)/NBu,X (X = Br, I) is reported. We have calculated the full energy profiles
for various substrates and particularly focused on those aspects that help to explain the
lower reactivities found for the more challenging substrates, providing new insights that
are potentially useful for the development of more powerful catalyst systems. Moreover,
the mechanistic profile involving N,O,-donor Zn(salphen) catalysts has been compared
with the catalytic pathway obtained for a Zn(salen) complex containing N,-donor Schiff

base ligands, as mediator of the CO, addition reaction.

4.2 Motivation

Although various mechanistic proposals involving the catalyzed CO, addition had been put
forward when we started this research, and in some cases even verified by experimental

data,[“]

there was surprisingly limited information available regarding the major obstacles
associated with the use of relatively more challenging substrates including those based on
sterically congested oxiranes and internal epoxides. This in combination with previous

[19.20] using Zn(salphen)s as catalyst systems, prompted us to

findings by Kleij and coworkers
investigate these challenging conversions in more detail using computational methods.
We also became interested in the study of the reaction catalyzed by the Zn(salen)

complexes based on Ns-donor Schiff base ligands, developed by Dr. Lorraine Christ from

79



UNIVERSITAT ROVIRA I VIRGILI
THEORETICAL STUDIES ON TRANSITION METAL CATALYZED CARBON DIOXIDE FIXATION

Fernando Simén Castro Gdémez
Chapter 4

Université de Lyonl. Christ and coworkers employed those complexes for catalyzing the
addition of CO, to epoxides affording excellent cyclic carbonates yields, but lower turnover

frequencies (TOFs).

4.3 Objectives

Our main goal in this chapter is to investigate computationally the catalytic formation of
cyclic carbonates from CO, and epoxides using Zn(salphen) complexes. We firstly address
our efforts to understand every single step of the reaction mechanism by characterizing
and computing relative free energies for all the intermediates and transition states in the
catalytic process.

Once the energy profile for the coupling of CO, and propylene oxide is established, our
objective is to evaluate the reaction mechanism including more sterically congested
oxiranes and internal epoxides, and identify the factors controlling the catalytic process
(steric or electronic).

Finally, a comparison regarding the activity of two different Zn(salen) catalysts including

either “N,0,-donor” or “N,-donor” Schiff base ligands will be established.

4.4 Computational details

All calculations were carried out by using the Amsterdam Density Functional (ADF
v2010.01) package.lzs] DFT-based methods were employed at the generalized-gradient-
approximation (GGA) level, with the Becke exchange[zel and the Perdew correlation™”
functional (BP86). A triple-§ plus polarization Slater basis set was used on all atoms.
Relativistic corrections were introduced by scalar-relativistic zero-order regular
approximation (ZORA).IZS]

Full geometry optimizations were performed without constraints, and the nature of the
stationary points in the potential energy hypersurface, were characterized either as
minima or transition states by means of harmonic vibrational frequencies analysis. In order
to match with the experimental conditions reported previously,[lgl standard corrections to
Gibbs free energy were evaluated at 298 K and pressure of 1 bar. Additional corrections to

adjust the experimental pressure (10 bar) were considered according to the expression of

an ideal gas G,(p) = Gy, + RT ln%.lzg] Solvent effects for dichloromethane (DCM) were
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introduced through single point calculations on the gas-phase optimized structures by
using the conductor-like screening model cosmo.B?

Calculations involving the hybrid B3LYP and MO6 functionals were performed by using
the Gaussian 09 package.m] The standard 6-311G(d,p) basis set was used to describe the H,
C, N, and O atoms. The relativistic effective core pseudopotential LANL2DZ was used,
together with its associated basis set, for Zn and | atoms. The zero-point, thermal, and
entropy corrections were evaluated to compute enthalpies and Gibbs free energies
(T=298,15 K, p=1 atm). Solvent effects for DCM have been introduced through single point

calculations using the Polarizable Continuum Model (PCM).

4.5 Results

4.5.1 The uncatalyzed CO, addition reaction

The uncatalyzed addition of CO, to propylene oxide 1 can be achieved through a single
step, leading to the formation of propylene carbonate (PC). The reaction in the absence of
catalyst proceeds via nucleophilic attack either from an oxygen atom of CO, on the a
carbon (most substituted carbon) or the 3 carbon (least substituted carbon) atom of 1. The
two calculated reaction pathways are shown in Figure 4.1, together with the optimized
structures of the two transition states (TS).

The unique imaginary vibrational frequencies of TS-oand TS-f correspond to the
simultaneous breaking of the C,—0 or C3—0 bond of the epoxide and the simultaneous
formation of two new C-0 bonds which originate from the insertion of CO,.

High energy barriers of 48.6 (a. pathway) and 53.7 kcal-mol™ (B pathway) are involved
to form the cyclic carbonate product. The o pathway is favored by 5.1 kcal-mol™ compared
to B pathway. Previous DFT calculations reported by Zhang and coworkers*? (at the
B3PW91/6-311G(d) level) showed somewhat higher energy barriers of 53.4 kcal-mol™ for
a pathway and 58.1 kcal-mol™ for the B pathway. Similar to the work from Zhang, Han and
coworkers™® reported energy barriers of 55.3 and 61.4 kcal-mol™ (at the B3LYP/6-
311++G(d,p)//B3LYP/6-31+G(d) level) for the o and B pathways, respectively.
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Figure 4.1 Potential energy profile for the uncatalyzed addition of CO, with propylene
oxide 1 to give propylene carbonate (PC). IC stands for initial complex formation. Note that
potential energy is here used to make a possible comparison with the literature data.

4.5.2 The Zn(salphen) catalyzed CO, addition reaction
Similar to the uncatalyzed reaction, the addition reaction of CO, to propylene oxide 1
catalyzed by the Zn(salphen) complex of Scheme 2 can involve two possible reaction
pathways. The relative free energy profile of the o and B pathways are depicted in Figure
4.2, where the sum of energies of the isolated reactants (1 + CO,) and Zn(salphen) were set
to zero. The initial step is the coordination of the epoxide to the Zn(salphen) complex
forming an initial complex (IC) followed by a concerted ring—opening and CO, insertion
step. For both pathways the only transition state relates to the simultaneous
stretching/breaking of the C,—O or Cz—0 bond of the epoxide, and the bending of the CO,
molecule leading to the formation of two new C—0 bonds.

Once the coordinated cyclic carbonate is formed (FC) it is released from the Zn(salphen)
complex allowing for further epoxide turnover. The calculated barriers for the exothermic
reaction show that the o pathway is favored by 15.2 kcal-mol® compared to the

B pathway. The relative potential energy barrier for the Zn(salphen) catalyzed addition
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(Figure 4.2, energy values in brackets) is reduced by 19.9 kcal-mol™ compared to the
uncatalyzed reaction (i.e., 48.6 — 28.7 kcal-mol™) likely as a result of the formation of a
Zn(salphen)/epoxide complex polarizing the C—0 bond of the substrate and thus playing an

important role in its activation.

A ) 665 o wmel

Relative Free Energy (kcal mol™)

| ! : M
0.0 IC P QU pathway ! FC ° + cat
§— athway
. P pathway 5.0
cat = Zn(salphen) [-14.0]

Figure 4.2 Free-energy profile for the Zn(salphen) catalyzed addition of CO, to propylene
oxide 1; the relative potential energy values are reported in brackets. IC stands for initial
complex formation; FC stands for the final complex having the carbonate product
coordinated.

4.5.3 The Zn(salphen)/NBu,l catalyzed CO, addition reaction

In the previous discussion, the investigation of the uncatalyzed and the Zn(salphen)
catalyzed mechanisms highlight that the ring-opening step is initiated by CO, leading to the
direct formation of the cyclic carbonate. The high energy barriers found for this ring-
opening process suggest that these reactions can thus only occur under harsh reaction
conditions, i.e. high temperatures and/or pressures. As reported extensively in the

[21

literature, ! generally a binary catalytic system is needed in order to obtain good
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conversions/yields under mild reaction conditions. The binary catalytic system usually
combine a Lewis acid and a suitable nucleophile (most often a halide) that make the ring-
opening procedure less energetically demanding and the subsequent CO, insertion easier.
It should be noted that the nucleophiles themselves are able to catalyze the CO, addition
to epoxides.[Ga'ls'”’lg] The most relevant computational result to the present study is the Kl

catalyzed ring—opening of propylene oxide reported by Han[®

showing gas phase barriers
in the range 36.3-37.6 kcal-mol™ depending on the reaction pathway. Maseras, Kleij and
coworkers found a fairly similar barrier (38.9 kcal-mol™) when using NBu,! as catalyst.Bg]
Thus, halide nucleophiles are able to significantly lower the transition state related to
ring—opening of the epoxide (cf., values reported for the uncatalyzed reaction in Figure
4.1).

Zn(salphen) complexes have recently been shown to efficiently catalyze the addition
reaction under mild reaction conditions, using quaternary ammonium halide salts as
nucleophiles.[19'20] Next we evaluated computationally the effect of combining both the
Zn(salphen) as well as halide nucleophile (NBusX; X = Br, I) in the DFT analysis. Upon
evaluation of this binary system the potential for two different catalytic pathways (a or 3
attack on the epoxide) was identified similar to the uncatalyzed and Zn(salphen) catalyzed
addition reaction (Figures 4.1 and 4.2). DFT calculations were performed in the first
instance on the simplest substrate, propylene oxide 1.

It should be noted that for the envisioned mechanisms we have only considered
pentacoordinated rather than hexacoordinated reaction intermediates. Hexacoordinated
species have been frequently observed and proposed for other metallosalen catalysts
comprising of AI,BZ] Mn,[33] Co,[34] and CrP metal jons, and in some of these cases
(preliminary) mechanistic work has revealed that bimetallic pathways lead to more
efficient catalytic processes. However, in the case of Zn(salphen)s, hexacoordination is an

. . . 36
extremely rare phenomenon and is only observed in condensed solid phases.[ !

[37] [38]

Furthermore, Kleij and coworkers and others have clearly demonstrated that
pentacoordination in Zn(salphen)s is highly favored both in the solid state as well as in
solution phases.[37b’39] Therefore, the consideration of pentacoordination in the Zn(salphen)

case seems to give a reasonable starting point in the mechanisms discussed below.
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Figure 4.3 Free-energy profile for the addition of CO, to propylene oxide 1 catalyzed by
Zn(salphen)/NBu,l considering the o and P pathway. IC stands for initial complex
formation; FC stands for the final complex having the carbonate product coordinated.
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The resulting energy profiles of the a and 3 pathways are shown in Figure 4.3 with
schematic representations of the involved intermediates and transitions states; in both
cases the first step involves the coordination of 1 (IC) to the Zn(salphen) which, as
mentioned before, polarizes the C—O epoxide bond thereby facilitating the ring-opening
step.

It should be noted that the higher free energy for IC compared with the separate
components is mainly due to an entropic cost for bringing together the Zn(salphen) and
the epoxide (-10.0 kcal-mol™). The C—O bond polarization is supported by charge analysis
of the carbon atoms of the epoxide revealing that both C, and C3 become more electron-

deficient (Table 4.1) compared with a non-coordinated epoxide.

Table 4.1 Calculated Mulliken populations for free and epoxides 1-6
coordinating to Zn(salphen).

Substrate® Epoxide” Epoxide-Zn(salphen)
1C, 0.47 0.52
o1
L\Me 1C, 0.50 0.53
2C, 0.52 0.57
o 2
N py 2Cy 0.50 0.53
3C, 0.55 0.60
o 3
oy 3¢, 0.49 0.53
4C, 0.48 0.46
o 4
M Me 4c, 0.48 0.51
5 5C, 0.44 0.48
0
AN 5Cp 0.49 0.54
6 Cy, 0.40 0.43
O 6
Npn 6Cp 0.49 0.53

® The a and B designations relate to their respective carbon atoms. ® Mulliken
population in electronic charge.

After initial coordination of the epoxide to the Zn(salphen) complex (cf., IC), the ring-

opening step occurs via nucleophilic attack of the iodide. The first transition state (TS1) is
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characterized by the breaking of C,3—O bond and the simultaneous formation of a Cyp—|
bond as confirmed by the unique imaginary frequency for the attack at C, and for
Cp (Figure 4.4).

In the case of B pathway, the epoxide ring-opening is energetically more favorable by
almost 2.0 kcal-mol™ compared with the a pathway. In the subsequent step, a molecule of
CO, reacts with the negatively charged oxygen atom (insertion) of the intermediate Int-1
leading to the formation of linear carbonate Int-2. The second transition state TS2 involves
the formation of new C—0 and Zn—O bonds that involve the CO, molecule as shown in the
relative imaginary frequencies at 58.3i cm™ for the o pathway and 51.7i cm™ for the B
route (Figure 4.4). In the pathway related to the P attack, this step is rate—determining
with a free energy value of 34.4 kcal-mol™, in the o pathway this step has a free energy of
30.9 kcal-mol™ and is thus more facile. The reason for this difference between the two
pathways has mainly a steric origin; the position of the methyl group in the 3 pathway is
closer to the O—atom of the epoxide making the insertion of CO, more difficult (see Figure
4.4).

The linear carbonate intermediate Int-2 undergoes an intramolecular ring—closing with
the concomitant release of the iodide nucleophile and formation of the FC. In this latter
step the carbon atom bound to the iodide binds to the nearest oxygen atom forming a new
C-0O bond; at the same time, the iodide bond elongates until it breaks (Figure 4.4). The
ring—closing step is found to be the rate—determining step in the a pathway with free
energy of 35.4 kcal-mol™. Similar to the CO, insertion step, the methyl group on the C,
makes the ring—closing step more difficult in the a pathway, whereas in the 3 pathway the
intermediate linear carbonate is in a more suitable conformation for the ring—closing
event.

Once formed, the cyclic carbonate is released from the Zn(salphen) complex allowing
further epoxide turnover. The overall reaction is exergonic with a release of 5.0 kcal-mol™.
The synergistic effect of the binary Zn(salphen)/NBuyl catalyst system makes the synthesis

of the cyclic carbonate much more accessible.
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TS1-a

Zn-0= 2.04;,C1-0 =1.85; Zn-0= 2.05;C1-0=1.45;
C2-0=144;C2-1=15 C2-0=1.79;C2-1=295
-300.7i cm™! -307.8i cm™’
TS2-a TS2-8

Zn-01= 2.76;Zn- 03 = 2.09; Zn-01= 2.85;Zn- 03 = 2.07;
C-01=1.22,C-02=123; C-01=1.22,C-02=122;
C-03=143 C-03=145
-58.3i cm™! -51.7i cm™!
TS3-a

Zn-01= 2.07; C-02 = 2.05; Zn-01= 2.05;C-02=2.11;
C-1=2096 C-1=262
-239.4j cm™’ -247 .3i cm™!

Figure 4.4 Optimized structures for the transition states TS1-TS3 for both the a and
pathway together with the most relevant calculated distances (in A) and value of the
negative (imaginary) vibrational frequencies using propylene oxide 1 as substrate.
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In particular, the high Lewis acidity of the Zn(salphen) complex”ol

strongly reduces the
energy barrier for the ring-opening step through a polarization of the epoxide carbon
atoms (48.6 kcal-mol™ for the uncatalyzed reaction to 7.0 kcal-mol™ for the binary catalyst;
both energy values refer to potential energy), allowing the nucleophile to attack more
easily.

As shown in the energetic profiles in Figure 4.3 there are some important differences
between the a and [ pathway using propylene oxide 1 as substrate. First, in the ring-
opening step, in contrast with the uncatalyzed reaction, the attack at the B carbon is
favored. Second, the rate-determining steps of the o and B pathways are at different
points during the catalytic cycle; the ring-closing step in the o pathway and the CO,
insertion step in the § pathway. This is a consequence of the different position in which the

methyl substituent is located during the two possible pathways.

4.5.4 Ring-closing mechanism

As already shown in Figure 4.3, the ring-closing step involves the formation of a new C-0
bond in both pathways, but when considering the linear intermediate Int-2 there are two
possible routes leading to the cyclic carbonate product through either O—atom of the
carbonate (Figures 4.5a and 4.6a, 01 and 02).

In order to establish which ring-closing mechanism is preferred, the energy profiles for
both possible intramolecular nucleophilic pathways were calculated. It can be seen in
Figures 4.5 and 4.6 that when ring-closing occurs via the non-coordinating O-atom 02
(RC1) only one step is required evolving through TS3 giving the final intermediate FC. When
the nucleophilic attack is made by O1 (i.e., through pathway RC2), a multi-step mechanism
would be operative going first through TS3” that after skeletal rearrangement affords Int-3
followed by ring-closing in TS4 giving FC". The distinction between complexes FC and FC’ is
a consequence of which O—atom (01 or 02) takes part in the ring closing step.

The comparison between the two pathways indicates that RC1 is favored over RC2 as a
result of the fewer steps required and also the lower energy requirement for TS3 regarding
TS4 (35.4 kcal-mol™ for RC1 compared to 37.9 kcal-mol™ for RC2 in case of the o pathway;

and 31.5 kcal-mol™ for RC1 compared to 32.7 kcal-mol™ for RC2 in case of the B pathway).
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Figure 4.5 (a) Two possible ring-closing pathways (RC1 and RC2) for the intermediate Int-2
involving different O—atoms of the carbonate fragment (01 and 02) in the formation of
propylene carbonate. (b) Free energy profile for the ring-closing step in the a pathway for
the conversion of propylene oxide 1 catalyzed by the binary Zn(salphen)/NBu,l catalyst.
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Figure 4.6 (a) Two possible ring-closing pathways (RC1 and RC2) for the intermediate Int-1
involving different O—atoms of the carbonate fragment (O1 and 02) in the formation of
propylene carbonate. (b) Free energy profile for the ring-closing step in the 3 pathway for
the conversion of propylene oxide 1 catalyzed by the binary Zn(salphen)/NBu,l catalyst.
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4.5.5 The Zn(salphen)/NBu,Br catalyzed CO, addition reaction

Kleij and coworkers*

previously observed that NBuyl proved to be a better cocatalyst
than NBug4Br giving higher conversion levels when using 1,2-epoxyhexane as substrate.
Therefore, the effect of using bromide as the nucleophile instead of iodide was evaluated
for both the o and P pathway during the addition of CO, to propylene oxide 1. The first two
entries of Table 4.2 show that the o pathway is less energetically demanding compared to
B pathway and the rate-determining step in the latter is, as calculated for the same
pathway using iodide as nucleophile (Figure 4.3), the CO, insertion step (36.5 kcal-mol™). In
the ring-opening step, bromide favors the nucleophilic attack at the B carbon by 2.6
kcal-mol™ compared with the o-carbon. When comparing both nucleophiles in the B
pathway, the use of bromide (19.6 kcal-mol™) thus lowers the barrier for the ring-opening
(TS1) of propylene oxide compared to iodide (22.4 kcal-mol™) but higher barriers are found
for the other two steps, i.e. TS2 and TS3. Thus, these results are in line with the
experimental data obtained for the binary catalyst Zn(salphen)/NBu,X (X = Br, |) showing
generally somewhat higher activity when iodide is used as nucleophile, and in particular in
the conversion of terminal epoxides through the  pathway that shows less dependency on

the steric requirements of the catalyst.[lg’w]

4.5.6 Effect of epoxide substituent
So far focus has been on the addition of CO, using propylene oxide 1 as substrate. In order
to study the influence of the steric bulk/substitution pattern in the epoxide, further
substrates 2-6 (Scheme 4.2, page 78) were considered. When the steric bulk of the C,
substituent is increased (methyl — isopropyl — tert-butyl), the barriers related to the
transition states TS1-TS3 significantly increase and thus reveal that conversion of more
sterically encumbered substrates is more difficult in line with previous experimental
findings using Zn(salphen)s as catalysts.[lg’m]

Furthermore, for the ring-opening of the epoxides 1-3 a clear increase in the difference
in energy for TS1 can be noted when comparing the o and 3 pathway in the series 1—>2—3

(Figure 4.7), and overall the  pathway becomes more favourable. Similar to the calculated

mechanism of 1 (Figure 4.3) we observe that with epoxides 2 and 3 the rate-limiting step
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does not change and remains the CO, insertion for the 3 pathway and the ring-closing step

for the a pathway.

Table 4.2 Calculated free-energy values for the three transition states in the addition of
CO, to epoxides 1-6 at 25°C.’

Substrate” Nucleophile TS1’ 152" bl
P [kcal-mol™] [kcal-mol™] [kcal-mol™]
1la Br 222 335 33.9
o 1 1B Br 19.6 36.5 32.0
L\Me 1la | 24.3 30.9 35.4
1B | 224 34.4 315
20 | 26.9 31.2 33.7
o 2
e 2B | 23.1 38.4 34.5
30 | 31.0 41.1 41.2
o 3
Ng, 3B | 25.8 44.4 36.3
) 4
4 | 29.5 38.5 40.0
Me Me
5 50 | 20.0 35.1 322
0
AN 58 | 235 371 35.7
60 | 26.0 36.0 36.3
O 6
o, 6B | 27.5 42.9 40.0

® Transition states: TS1 refers to the ring-opening of the epoxide, TS2 to the CO, insertion step and
TS3 to the energetically most favored ring-closing pathway. ® The o and [ designations relate to their
respective pathways. © The energies indicate a system in which the CO, pressure is 10 bar as
previously used.*?!

As an example of an internal epoxide, the reaction mechanism of trans-2,3-
epoxybutane 4 has also been calculated as, experimentally, 4 has been shown to be a

significantly less reactive substrate!*

and as a result it was necessary to employ much
harsher reaction conditions (i.e., higher temperatures and pressures) for successful
conversion compared with terminal epoxides.[m] As reported in Table 4.2, all the transition
states of 4 have a relatively high energy compared with propylene oxide 1, and thus the

presence of two methyl substituents creates significant steric hindrance in the epoxide to
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raise the energy barriers for all three steps. These barriers could be overcome by using
supercritical CO, (conditions used: 80°C, pCO, = 80 bar) as reaction medium'® allowing for

good conversion of 4 using Zn(salphen)/NBu,Br as a binary catalyst.

32+
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Figure 4.7 Free-energy differences between o pathway and B pathway in the ring-opening
step for epoxides 1, 2 and 3.

From the computational data presented thus far, it seems reasonable to assume that
for epoxide substrates 1-4 steric effects are dominant and electronic effects play a less
important role. Whereas most terminal epoxides are easily converted into their respective
cyclic carbonates, in general substrates 5 and 6 (Scheme 4.2, page 78) are slightly more
sluggish and show lower conversion levels with various catalyst systems. Therefore, also
the conversion of these substrates with the binary Zn(salphen)/NBu,l catalyst was
investigated in detail using DFT calculations (Table 4.2). In the case of 2-vinyloxirane 5
(Scheme 4.2, page 78), the presence of the vinyl functionality makes the ring-opening step
more favorable on C, unlike the clear preference for Cg observed with epoxides 1-3. This is
a result of a larger stabilization of TS1 through delocalization of the charge in the linear
alkoxide through the vinyl fragment; this is likely also the case in Int-1 making the
coordinated alkoxide less nucleophilic. In line with the lower reactivity is the higher barrier
found for the CO, insertion step (TS2, 35.1 kcal-mol™) compared to 30.9 kcal-mol™ using 1

as substrate. Figure 4.8a shows the difference in the first transition states TS1 for both
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pathways using epoxide 5. In the a pathway the four carbon atoms are lying in the same
plane allowing m-conjugation and consequently higher stabilization of the system. In
contrast with the trend seen for substrates 1-3, for 5 the a pathway is more favorable

compared with the B pathway and the CO, insertion step is rate-limiting.

a) 5
TS1-a

Zn-0= 2.07;C1-0=175; Zn-0= 2.06;C1-0 = 1.45;
C2-0=1.44;C2-1=3.19 C2-0=1.77;C2-1=2.97
-245.9i cm™’ -321.8i cm™’
TS1-a TS1-B
’k

Zn-0= 2.09;C1-0=173; Zn-0= 2.06; C1-0 =1.46;
C2-0=145;C2-1=3.28 C2-0=1.77;C2-1=2.95
-253.6i cm™’ -314.1icm-"

Figure 4.8 Optimized structures of TS1 in o and B pathways for epoxides (a) 5 and (b) 6
together with the most relevant calculated bond distances (in A), and value of the negative
(imaginary) vibrational frequencies.

For styrene oxide 6 (Figure 4.8b) the presence of the phenyl substituent also favors the
o pathway, and in particular the transition state TS2 related to the CO, insertion step is
markedly lower (36.0 kcal-mol™) compared to the B pathway (42.6 kcal-mol™®) but again
higher than observed with propylene oxide 1 (33.5 kcal-mol™). In the first transition state

TS1 similar to 5 a planar conformation allows the aromatic ring to stabilize the charge in
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the coordinated alkoxide. In the transition state describing the ring-closing step TS3-6a.
again the inductive effect of the phenyl group is responsible for stabilization of the charge
resulting from the release of iodide. Experimental data with the binary Zn(salphen)/NBu,l

19 are fully in line with these computational findings for substrates 5 and 6

catalyst system
and have shown that these latter epoxides have lower conversion levels compared to other
terminal epoxides such as propylene oxide 1. For 6 both TS2 (CO, insertion) and TS3 (ring-
closing step) have similar (rate-determining) barriers of around 36.0 kcal-mol™. The
preference for ring-opening at C, in both 5 as well as 6 (i.e., the methine carbon) follows

the observations from Darensbourg, Lu and coworkers who studied the Co"-salen

41 or styrene

catalyzed formation of polycarbonates based on CO, and epichlorohydrin
carbonate;*? in these cases a higher preference for the a pathway in these epoxides with
electron-withdrawing groups was noted compared to propylene oxide 1.

The DFT analysis suggest that for catalyst improvement, and specifically for those
substrates that are sterically more demanding such as internal epoxides, metallosalen
systems having a planar coordination environment cannot be effective mediators under
mild reaction conditions. In order to create more space to facilitate both the sterically
demanding CO, insertion and ring-closing steps (which have shown to be more challenging
than the ring-opening of the epoxide, see Table 4.1) other ligand geometries (Figure 4.8)

should be considered such as metal complexes comprising of a trigonal bipyrimidal (TBP)

coordination environment.

R
€2 ]
—jznp oo )—
(@) | (0] D —— ‘/
L N2
tBu tBu

"N202" L = pyr, THF, epoxide "03"

Figure 4.9 Schematic representation and comparison of the coordination geometry in the
plane of the metal centres in Zn(salphen) complexes and Fe-based amino triphenolates.

Recent work from Kleij and coworkers concentrating on Fe"—based amino triphenolate

[3¢,43]

complexes with these NOj-chelating ligands in combination with an external ligand
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such as pyridine, THF or an epoxide (Figure 4.9) provide a TBP coordination arrangement;
these complexes have indeed proven to be more effective catalyst systems with lower
metal loadings (0.1-0.5 mol% Fe versus 2.5 mol% Zn) and able to convert internal epoxides
and oxetanes. Further chapters will address studies involving these kinds of complexes as
potential and powerful catalytic systems for the formation of cyclic carbonates and also for

the synthesis of polycarbonates.

4.5.7 Evaluation of the reaction with different DFT functionals

In order gain insights into the accuracy of the computational methodology used in this
study, we computed free-energy profiles for the catalyzed CO, addition reaction by using
the hybrid functional B3LYP and also a functional including somewhat dispersion such as
MO06. Table 4.3 collects the relative free energies obtained for all transition states and
intermediates involved in the catalytic addition of CO, to propylene oxide 1 calculated at
the B3LYP and MO6 levels.

Only the 3 pathway was considered for calculating the reaction energy profile with the
B3LYP functional, as shown in the first entry of Table 4.3. The estimated free energies
resulted in slightly lower barriers (between 1.0 and 3.0 kcal-mol™) compared with those
achieved with BP86 (Figure 4.3). However, similar mechanistic steps as described for the
BP86 profile were obtained using B3LYP. In general, the CO, insertion step (TS2) was found
to be rate-determining, with activation barrier of 33.1 kcal-mol™. The overall reaction (AG,)

resulted a bit exothermic by 3.0 kcal-mol™.

Table 4.3 Free-energy values (kcal-mol™) calculated for transition states and intermediates
in the addition of CO, to epoxide 1 at the M06 and B3LYP levels.

Functional  Pathway IC TS1 Int-1 TS2 Int-2 TS3 FC AG,

B3LYP 1B 4.7 216 174 331 220 294 3.7 -2.0
la -2.1 16.8 5.5 11.7 7.8 24.6 1.0 -1.4
MO06 18 -2.1 14.9 4.0 14.7 5.6 22.4 0.8 -14

Similarly, the o and [ pathways for propylene oxide 1 catalyzed by the
Zn(salphen)/NBu,l binary system were computed using the M06 functional. The relative

energies of the different TS shown in Table 4.3 proved to lower and markedly different
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(comparing TS1 with TS2/TS3), though the TS1 (i.e., ring-opening step) showed to be
relatively more demanding.

Unlike for the mechanism calculated at both BP86 and B3LYP levels (Figure 4.3), for the
MO06 profile the initial coordination of the Zn(salphen) catalyst and the epoxide 1 (IC) is
slightly exothermic by 2.1 kcal-mol™. Closer inspection of the TS1 conformation shows that
the M06 method favors the iodide attacking the coordinated epoxide from the side where
the tBu groups of the Zn(salphen) are located (o pathway), as depicted in Figure 4.10. In
the B pathway this observation is less pronounced. Thus, the use of M06 favors the steric
bulk of the Zn(salphen), the coordinated epoxide and the incoming (large) iodide
nucleophile to reside in the same area of space.

The use of dispersion favors the CO, insertion step (TS2), with bigger effect in the a
pathway by 3.0 kcal-mol™ compared with the B pathway. The high free-energy barriers
required to overcome TS3 in both pathways (24.6 and 22.4 kcal-mol™ for the a and B
pathways, respectively) indicates that the ring-closing step is rate-determining. The overall

reaction is slightly exergonic with a release of 1.4 kcal-mol™.

TS1-a

Zn-0=2.03;C1-0=1.41,; Zn-0=2.02;C1-0=1.42;
C2-0=1.80;C2-1=3.00 C2-0=1.76;C2-1=2.89
-427.4i cmt -465.8i cm't

Figure 4.10 Optimized structures of TS1 in a and [ pathways for epoxide 1 together with
the most relevant calculated bond distances (in A), and value of the negative (imaginary)
vibrational frequencies, calculated with the M06 functional.

4.5.8 The Zn-N,(salen)/NBu,l catalyzed CO, addition reaction
We also investigated the mechanism for the addition of CO, to propylene oxide 1 catalyzed
by the binary system composed of a Zn(salen) complex containing N,-donor Schiff base

ligands (Scheme 4.3), in conjunction with NBu,l. Experimentally, this catalyst system has
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been found to be very active for the CO, addition reaction in dichloromethane solutions

under mild conditions (pCO,=10 bar; T=100°C; 18h), affording epoxide conversions in a

range of 82-97 and yields up to 96%, and low turnover frequencies (TOFs).[44]

R R
—=N_-. N=
“Zn’ a) R,R = -CH,-CH,-
NN b)R=H
[ |
H H

Scheme 4.3 Schematic representation of the Zn(salen) complexes containing N4-donor
Schiff base ligands.

In Figure 4.11 are illustrated the o and 3 pathways for the reaction mediated by the Zn-
Na(salen) complex a (from Scheme 4.3) calculated with the BP86 and MO06 functionals, as
well as the B pathway obtained using B3LYP. In general, the reaction follows the same
mechanistic steps as that achieved with the Zn(salphen)/iodide catalyst system (i.e., ring-
opening step, CO, insertion and ring-closing step). It is noteworthy that unlike for the latter
system, with the Zn-N,(salen) complex higher relative barriers were found for all the
pathways; thus for example, Figure 4.11 shows the comparison with free energies (in
parenthesis) calculated at the BP86 level for the B pathway of the Zn(salphen) catalyzed
reaction. However, the o/ preference for the epoxide ring-opening and the rate-
determining steps are maintained as further described.

The initial coordination of the epoxide to the Zn-N,(salen) complex (IC) is endergonic in
all the cases, which indicates that the salen complex containing Ns-donor Schiff base
ligands is a less Lewis acid mediator than the Zn-salphen complex. Therefore, the
subsequent barriers involved in the reaction mechanism are much more uphill.

Because the [ carbon is more nucleophilic than the o one (see Table 4.1, page 86), the
jodide attack occurs favorably on this carbon (TS1-B in Figure 4.12), as previously stated.
Once formed the intermediate Int-1 the following step (insertion of CO,) affords the linear
carbonate Int-2 through the transition state TS2 depicted in Figure 4.12. The last step is the
concerted ring-closing reaction via the carbonyl oxygen of the carbonate through TS3

(Figure 4.12) giving the final intermediate FC. This latter process is rate-determining for the
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o pathway at the BP86 level (40.9 kcal-mol™) and also for the o and B MO06 pathways by
28.5 and 26.1 kcal-mol'l, respectively. Moreover, TS2 corresponds to the rate-determining
step of the B pathways calculated with BP86 and B3LYP functionals, with barriers of 41.8

and 37.2 kcal-mol™, correspondingly.
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Figure 4.11 Free-energy profiles for the addition of CO, to propylene oxide 1 catalyzed by
Zn-Ny(salen)/NBuyl considering the o and 3 pathways at the BP86 (in solid line) and MO6 (in
dashed line) DFT levels. Free-energy values (at the BP86 level) for the reaction mediated by
the Zn(salphen) complex are in parenthesis (in gray) for comparison with the Zn-N,(salen).
The B pathway calculated at the B3LYP level appears in blue color. IC stands for initial
complex formation; FC stands for the final complex having the carbonate product
coordinated.
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Zn-0=2.12; CB—O=1.83; Zn-01=2.74;Zn - 03 =2.33;
CG-O=1.44;C6-|=2.89 C-03=152;C-01=1.25
-303.4i cm™? -79.2i cm™1

Zn-01=2.13;C-02=2.13;
C-02=2.60
-229.7i cm™?

Figure 4.12 Optimized structures for the transition states TS1-TS3 for the 3 pathway at the
BP86 level, together with the most relevant calculated distances (in A) and value of the
negative (imaginary) vibrational frequencies using propylene oxide 1 as substrate.

The above results suggest that the catalytic system comprising the Zn-Ng(salen)
complex a is less active than the Zn(salphen) containing the “N,0,” Schiff base ligands, for
the formation of cyclic carbonates from CO, and propylene oxide. However, some caution
may be needed when comparison between the outcome from different experiments (in
which, different catalysts, substrates, and experimental conditions are used) is made. Our
computed DFT activation energies are in line with the experimental results, at least in a
qualitatively correct manner. Moreover, in some cases we can even reach quantitative

agreement, as discussed below (Chapter 5).
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4.6 Conclusions

The mechanism for the addition of CO, to epoxides catalyzed by the binary
Zn(salphen)/NBu,X (X = Br, 1) catalyst system has been investigated and elucidated in detail
by DFT methods.

Computational studies clearly explain the reasons why the addition of CO, to the
benchmark substrate propylene oxide 1 proceeds in a much easier way in presence of
Zn(salphen)/NBuyl compared to the uncatalyzed or Zn(salphen) catalyzed route.

For substrates 1-3 ring-opening at the unsubstituted carbon atom (B pathway) is
favored and this preference becomes more pronounced upon increasing the steric bulk at
C,. In general the B pathway is favored and the rate-limiting step for these substrates is the
CO, insertion step in the coordinated linear alkoxide complex. In contrast to 1-3, for
substrates 5 and 6 the o pathway is favored with the CO, insertion step also being rate-
determining.

For alkyl-substituted terminal epoxides 1—4 the reaction is predominantly controlled by
steric factors, whereas for the vinyloxirane 5 and styrene oxide 6 electronic factors are
more dominant.

The current results also explain why internal epoxides such as trans-2,3-epoxybutane 4
are more sluggish as all the involved calculated transition states (TS1-TS3) are significantly
higher compared to those computed for propylene oxide 1.

We believe that this comprehensive study based on the addition of CO, to various
epoxides gives useful insights in the limitations of a very important family of catalysts
(metallosalens) and provides a deeper understanding of this well-known CO, fixation
reaction.

The catalyzed reaction involving the Zn-Ny(salen) complex resulted in higher relative
free energies than those obtained for the Zn(salphen)/NBuyl catalyzed route. This indicates
that the Zn(salen) complex containing N,-donor Schiff base ligands is a less active catalyst
system for mediating the addition of CO, to epoxides.

Based on recent promising findings with other types of binary catalyst systems (amino
trisphenolate complexes) having different coordination environments around the active
metal center, the development of more active/selective catalysts for organic carbonate

synthesis from epoxides and carbon dioxide should be feasible.
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A Highly Active Aluminium Catalyst for the Formation
of Cyclic Carbonates from CO, and Epoxides

A detailed reaction mechanism for the catalytic
formation of cyclic carbonates from CO, and
epoxides, based on the [Al{amino-
tris(phenolate)}]/NBu,l binary system, has been
investigated by using density functional theory (DFT)
methods. A monometallic mechanism was envisaged
and the main steps of the reaction have been
described in detail. The energetic span model (6E)
was used to theoretically determine the turnover
frequencies (TOFs) of the catalytic cycles and thus
evaluating the efficiency of the aluminium complex
for mediating the CO, addition reaction. In addition
to evaluate solvent effects, we also investigated the
influence of the entropy changes in solution and the

effect of parameterized and empirical dispersion

corrections on the thermodynamics of the reaction.
The resulting TOFs were found to be fully in line with

the experimental results.

The study described in this chapter has been published: C. J. Whiteoak, N. Kielland, V. Laserna, F.
Castro-Gomez, E. Martin, E. Escudero-Adan, C. Bo, A. W. Kleij, Chem. Eur. J. 2014, 20, 2264.
A manuscript including entropic corrections in solution and evaluation of TOFs is in preparation:
F. Castro-Gomez, W.M.C. Sameera, G. Nyman, A. W. Kleij, C. Bo, in preparation.
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5.1 Introduction

As mentioned earlier in chapter 4, the fixation of CO, into epoxides to afford either
organic polycarbonates or cyclic carbonates is a well-documented area of research. A
widely number of different catalytic solutions have been proposed in order to mediate the
reaction. Nonetheless, only in a limited amount of cases these catalytic efforts have
resulted in systems with (very) high activity expressed in high turnover frequencies (TOFs)
and high turnover numbers (TONs).

Kleij and coworkers recently reported on the pronounced activity and versality of an Al"
complex containing amino-tris(phenolate) ligand scaffolds (Scheme 5.1a), in conjunction
with NBuyl as powerful binary catalysts for the addition of CO, to epoxides with initial
activities among the highest reported so far in this area.™ From these previous studies

using the [Al{amino-tris(phenolate)}]/NBusl binary system the authors demonstrated

unprecedented activity (initial TOFs up to 36000 h'l) and substrate scope.

(b)

1 &

Me

! 1

g 0

nBu
: 2

Scheme 5.1 (a) Schematic drawing of the Al{amino-tris(phenolate)} catalyst; (b) substrates
1-2 used in this investigation.

Herein, it is reported the results of a computational study investigating the mechanism
for the formation of cyclic carbonates from CO, and epoxides 1 and 2 (Scheme 5.1b)
mediated by the [Al{amino-tris(phenolate)}]/NBu,l binary system. We explore the catalytic
cycle using density functional theory (DFT) methods and evaluate the influence of solvent,
entropy changes in condensed phase, and the inclusion of dispersion-corrected
functionals. In addition, the catalytic cycle is examined with the energetic span model (8E)
developed by Kozuch and Shaik."” This approach explains and predicts the efficiency of a

catalyst in terms of its TOF on the basis of the transition state theory and fundamental rate
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laws. For predicting TOFs the model takes the relative free energies of intermediates and
transition states derived from the theoretically obtained energy profile. Extensive

Bl and

literature on the application of the energetic span model to heterogeneous
homogeneous[4] catalysis has been reported at different level of depth. However, only few
studies on the application of this approach for CO, addition reactions are currently
available. Leitner and coworkers®™ utilized the energetic span model to investigate the
direct carboxylation of unactivated arene C—H bonds with CO, based on ruthenium(ll)
pincer complexes as catalysts of the reaction. Through catalyst screening and modification
of some parameters, TOFs in the range of 105-107 h™ were predicted for the best systems.
On the other hand, Ajitha and Suresh™® identified the smallest SE among six different
pathways for the NHC-mediated CO, transformation reaction of epoxides affording cyclic
carbonates.

In light of this, our study focuses on the quantitative analysis of the activity of the
Al{amino-tris(phenolate)} catalyst as mediator of the formation of organic carbonates from
CO, and epoxides. In order to reproduce experimental TOFs we take into account some
critical factors like the solvation model employed for the calculations, changes of entropies
in solution and the use of dispersion-corrected DFT methods, analyzing in detail how the
previous parameters could affect the catalytic cycle and their direct relationship with the

TOFs obtained with the energetic span model.

5.2 Motivation

Previous studies by Kleij and coworkers™ on the catalytic formation of cyclic carbonates

" complex containing amino-tris(phenolate)

from CO, and epoxides mediated by an Al
ligand scaffolds, in conjunction with NBuyl, demonstrated that this binary system presents
extraordinary activity, expressed in high turnover frequencies (initial TOFs up to 36000 h™).

Encouraged by these experimental results we turn our attention to the exploration of
the mechanism operating for the aluminium catalyzed reaction, based on our previous
findings for the Zn(salphen) catalyst.

Having experimental results on neat (solvent free) conditions, we also found fascinating

the idea of being able to reproduce experimental TOFs of the reaction through theoretical
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approaches such as the energetic span model by Kozuch and Shaik.” Thus, in this chapter

we will focus on a more quantitative evaluation of the performance of the catalytic cycle.

5.3 Objectives

One of the goals of this chapter is to theoretically explore the reaction mechanism for the
addition of CO, into epoxides affording cyclic carbonates, based on [Al{amino-
tris(phenolate)}]/NBu,l binary system. We first focus on understanding the main steps of
the reaction by identifying all the intermediates and transition state species, as well as the
rate-determining barriers for the profile.

Secondly, we will evaluate the influence of using empirical dispersion on the accuracy
of the thermodynamics of the CO, addition reaction.

Furthermore, free-energy profiles for the aluminium catalyzed reaction will be
generated by applying standard state corrections to the entropy in solution.

For all the studied profiles, we will evaluate the efficiency of the reaction by calculating

the theoretical TOFs.

5.4 Computational details

All calculations in this study were performed by using the Gaussian 09 package.m The
hybrid B3LYP functional,” and also the M06-2X""' and ®B97XD™” dispersion-corrected
functionals were employed. The standard 6-311G(d,p) basis set was used to describe the H,
C, N and O atoms. The relativistic effective core pseudo potential LANL2DZ™ was used,
together with its associated basis set, for Al, Cl and | atoms. Full geometry optimizations
were performed without constrains. The nature of the stationary points encountered was
characterized either as minima or transition states by means of harmonic vibrational
frequencies analysis. Gibbs free energies were calculated at standard conditions
(T=298.15 K, p=1 atm). In order to introduce solvent effects, single point calculations were
performed on the gas-phase optimized structures by using the polarizable continuum
model (PCM). Methyl ethyl ketone (MEK) was used as solvent model only for the first part
of the results presented herein. Moreover, the dielectric constant (€) of the polarizable
medium was set to the value reported for the simplest epoxide, ethylene oxide

(8:12.42),[12] as the reaction takes place in epoxide rich phase. The 1-hexanol solvent was
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used for this purpose (¢=12.51), as implemented in Gaussian. Since no standard approach
at quantum mechanics level is available for accurate evaluation of entropy in solution, we
adopted the following approaches: by neglecting the translational-entropy terms in the
calculation of the entropy in solution,™ the approach proposed by Martin and

[14]

coworkers,” ™ and the method described by wertz™ and Cooper and Ziegler.us] The TOF

values were calculated at 363.15 K (90°C) with the expressions of the energetic span model

(6E), as implemented in the user-friendly AUTOF program.lz' vl

5.5 Results

5.5.1 The Al-catalyst/NBu,l catalyzed addition of CO, to propylene oxide

Considering a similar type of monometallic mechanism as described for the Zn(salphen)
complex in previous chapter, we have further focused on some of the features of the
operative mechanism when using the Al{amino-tris(phenolate)} complex as catalyst of the
addition of CO, to propylene oxide 1 in MEK solution. The free-energy profile calculated for
the B pathway (i.e., nucleophilic attack on the least substituted epoxide carbon) of the

catalyzed reaction is shown in Figure 5.1.

P
:

Relative Free Energy (kcal mol™")

TS1
?) Me}\/”,l *
Me o’ Int-1
+CO, Ic [
+cat Me, iL °
+iodide >

(@)

®

9.9

o
o

6.7 9.7

Figure 5.1 Free-energy profile for cyclic carbonate formation from CO, and propylene oxide
1 catalyzed by [Al{amino-tris(phenolate)}]/NBu.l, calculated at the B3LYP level. MEK was
used as solvent of the reaction at 25°C. IC stands for initial complex formation; FC stands
for the final complex having the carbonate product coordinated.
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The reaction starts with the coordination of the propylene oxide 1 with the aluminium
catalyst, forming an initial complex IC. This complex is energetically more stable than the
isolated reactants by 9.9 kcal-mol'l, demonstrating that it is a powerful Lewis acid mediator
that activates the epoxide for subsequent nucleophilic attack by the halide. The iodide
mediates the ring-opening of the coordinated epoxide by nucleophilic attack on the f3
carbon of the substrate. This process involves the breaking of the Cz—O bond and the
simultaneous formation of a Cg—I bond, through TS1 (Figure 5.2), affording the metal-
alkoxide intermediate Int-1 with a total barrier of 11.7 kcal-mol™.

The next step is the insertion of the CO, molecule into the metal-oxygen bond of
intermediate Int-1, leading to the formation of linear carbonate Int-2 via the transition
state TS2 shown in Figure 5.2. This process involves two possible pathways, namely, the
path-a and path-b depicted in Figure 5.1. Thus, two hexa-coordinated transition state
structures (TS2) could be obtained depending on the relative orientation (cf., axial or
equatorial coordination position of O1 in Figure 5.2) of the incoming CO, molecule with
respect the metal centre, as shown in Figure 5.2. TS2-b would be the most favorable route
due to the lower barrier required to afford Int2-b (with an energy difference of 8.9
kcal-mol™ compared to the pathway towards Int2-a). However, since axial-to-equatorial
interconversion between intermediates Int2-b and Int2-a should be fairly easy, it is
proposed that these species can undergo isomerization. Figure 5.3 shows that
isomerization reaction proceeds via TS-isom and is characterized by decreasing of the
angle 04-Al-01 from 163° (Int2-b) to 96° (Int2-a), involving a relative barrier of 16.1 kcal
mol™. Once the isomerization process takes place, the reaction should follow the path-a.

Along the reaction coordinate, the subsequent ring-closing occurs via the non-
coordinating O-atom (02) of the carbonate fragment (Figure 5.2) by means of concerted
transition state TS3, giving the final complex FC. Similarly, transition states TS3-a and TS3-b
also could afford intermediates FC-a and FC-b, respectively. Thus, path-a still continues
being the most likely pathway because of the higher stability of TS3-a over TS3-b by 14.1
kcal-mol™. In addition, the isomerization reaction requires less energy than overcome TS3-

b and obtain FC-b (by 13.3 kcal-mol™).
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/
Al-01=2.10;AI-03=1.94 Al-01=233:Al-03=1.87
C-01=120;C-02=1.16 C-01=121,C-02=1.18
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Figure 5.2 Optimized structures of the transition states TS1-TS3 for the Al-complex/NBu,l
catalyzed reaction, together with the most relevant calculated distances (in A) and the
values of the negative (imaginary) vibrational frequencies.
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Figure 5.3 (a) Optimized structures of the intermediates Int2-b and Int2-a and transition
state TS-isom involved in the isomerization, together with the most relevant calculated
distances (in A) and the values of the negative (imaginary) vibrational frequency; (b) Free-
energy barrier for the isomerization process.

Path-a has an activation energy of 34.2 kcal-mol™ (calculated from the most stable
intermediate, IC), with the CO, insertion being rate-limiting; whereas for path-b, a higher
activation energy was obtained (39.3 kcal‘mol™), with the ring-closing step (TS3)
corresponding to the rate-limiting step. Once the coordinated cyclic carbonate is formed, it
is released from FC allowing for further epoxide turnover. The overall reaction is exergonic
with a release of 2.4 kcal-mol™.

Both pathways were examined by using the energetic span model (8E). Computed free-

energy spans for path-aand path-b resulted fairly high by 34.2 and 39.3 kcal-mol™,
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respectively. IC was found to be the TOF-determining intermediate (TDI) for both profiles,
while TS2-a and TS3-b correspond to the TOF-determining TS (TDTS) of the alternative
pathways. Calculating the turnover frequency (TOF) leads to values of 6.6 x 10° h™ for
path-a and 5.8 x 10 h* for path-b. The combination of both pathways (considering the
most stable intermediates and transition state species, as well as the isomerization
process) resulted in a smaller energetic span of 26.0 kcal-mol™ and a TOF value of 3.3 h™.
IC corresponds to the TDI and TS-isom to the TDTS. TOFs calculated so far either for the
individually or combined profiles are much lower than that obtained experimentally
(depending on reactants and catalyst system concentrations, 9.6 x 10> h™' is the lowest
value measured in the optimization studies of the activity of Al-catalyst, and 2.6 x 10° h't
the highest value obtained in the stability studies using the Al-catalyst). As expected, a
significant improvement in the TOF value was observed when considering the combined
pathways.

It should be noted that the catalyzed CO, addition reaction was carried out
experimentally under neat conditions (i.e., the reaction took place in epoxide rich phase),
employing 1,2-epoxyhexane 2 as reactant (see Scheme 5.1b, page 109). Thus, further
calculations were performed in order to study the mechanism at such conditions. These

results are discussed in next section.

5.5.2 The Al-catalyst/NBu,l catalyzed addition of CO, to 1,2-epoxyhexane

A free-energy profile for the combined path-a and path-b was obtained for the aluminium
catalyzed formation of cyclic carbonates from CO, and 1,2-epoxyhexane 2 acting as
substrate and solvent model. As shown in Figure 5.4, the resulting relative barriers show
the same trend as the profile established for the reaction involving propylene oxide 1 and
MEK (see Figure 5.1). As usual, the reaction starts with exothermic coordination of the
epoxide (by 8.9 kcal-mol™) forming the initial complex IC. Then the epoxide ring-opening is
mediated by iodide attack on the less substituted carbon of the substrate 2, affording the
metal-alkoxide intermediate Int-1, and comprising a total barrier of 10.6 kcal-mol™. This is

the least energetically demanding step of the catalytic reaction.
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Figure 5.4 Free-energy profile for cyclic carbonate formation from CO, and 1,2-
epoxyhexane 2 catalyzed by [Al{amino-tris(phenolate)}]/NBu,l, calculated at the B3LYP
level. 1-hexanol was used as solvent of the reaction at 25°C. IC stands for initial complex
formation; FC-a stands for the final complex having the carbonate product coordinated.

Next, the incoming CO, is inserted into Int-1, leading to formation of the
hexacoordinated intermediate Int2-b. This process is achieved via TS2-b and requires a
relative energy of 16.1 kcal-mol™; whereas the isomerization between Int2-b and Int2-a
involves a similar barrier of 16.2 kcal-mol ™. It is worth noting that the insertion of CO, and
the isomerization reaction have closer activation energies (25.0 and 25.1 kcal-mol™,
respectively), therefore, combination of both steps is considered rate-determining. The
overall reaction is slightly exergonic, with a release of AG,=-2.0 kcal-mol™.

The resulting catalytic profile was examined with the energetic span model (6E). The
computed free-energy span was found to be 25.1 kcal-mol™, which is indeed the activation
energy of the isomerization. The initial complex (IC) corresponds the TOF-determining
intermediate (TDI) of the reaction. Nevertheless, the exact position of the TOF-determining
TS (TDTS) is not easy to determine owing to the small energy difference existing between
TS2-b (16.1 kcal-mol™) and TS-isom (16.2 kcal-mol™). Thus, a similar degree of TOF control
of 0.38 and 0.43 was observed for TS2 and TS-isom, respectively. The calculation of TOF
affords a value of 7.12 h'l, which is 3.82 h* larger than the value obtained with the
substrate 1 and MEK (3.3 h™"), but still lies out of the experimental results (9.6 x 10° - 2.6 x
10" hY).

Since there is a close relationship between the calculated TOF and the obtained free
energies, the above results encouraged us to take into account additional factors that have
markedly influence on the free-energy barriers, such as the use of DFT methods including

dispersion forces and/or the evaluation of entropic effects in solution.
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5.5.3 Evaluation of dispersion corrections on the Al-catalyzed reaction

In the previous discussion, we have described the mechanism for the catalyzed CO,
addition reaction without considering any kind of dispersion interactions for computing the
free-energy profiles. The use of state-of-art DFT methods including these kind of
interactions is currently indispensable in order to reach the so-called chemical accuracy.“gl
Indeed, the inclusion of dispersion has a markedly influence in the accuracy of the
theoretical reaction thermodynamics.

In light of this, two different functionals (M06-2X and ®B97XD) were used for
calculating the pathways of the Al-catalyzed reaction involving 1,2-epoxyhexane 2, as
shown in Figure 5.5. It should be noted that the use of dispersion significantly reduces the
value of the relative free energies calculated with both dispersion-corrected DFT methods

compared to those obtained at the B3LYP level (see Figure 5.4).

TS-isom

-20.5
222

Relative Free Energy (kcal mol™")

Figure 5.5 Free-energy profile for cyclic carbonate formation from CO, and 1,2-
epoxyhexane 2 catalyzed by [Al{amino-tris(phenolate)}]/NBuyl, calculated at the ®B97XD
level (in blue) and M06-2X level (in red). 1-hexanol was used as solvent of the reaction at
25°C. IC stands for initial complex formation; FC-a stands for the intermediate complex
having the carbonate product coordinated.

Unlike for the B3LYP pathway (see Figure 5.4), employing dispersion-corrected
functionals the initial complexes IC are more exothermic by almost 9.0 kcal-mol™ (1Ca3yp=
—8.9 kcal-mol™). Afterwards, the absolute barrier for the ring-opening step was found to be
21.3 kcal-mol™ using ®B97XD, and 22.4 kcal-mol™* with M06-2X. These values are slightly
higher than the corresponding step for the B3LYP profile by 2.3 kcal-mol™ and 3.8

-1 .
kcal-mol™, respectively.
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On the other hand, using dispersion, the insertion of CO, into the intermediate Int-1 is
favored by 10.3 kcal-mol ™ for the M06-2X pathway; whereas with the ®wB97XD, this energy
difference is of 6.6 kcal-mol™ (total barrier TS2g3yp= 22.5 kcaI-moI'l). Isomerization
between intermediates Int2-b and Int2-a involves a total energy of 10.7 kcal-mol™ at the
©®B97XD level and 12.7 kcal-mol™ with M06-2X, which in turn, are higher in energy than
that obtained with B3LYP by 7.3 kcal-mol™ and 9.3 kcal-mol‘l, respectively (TS-isomgsyp=
3.4 kcal-mol™).

The ring-closing reaction is rate-determining for both catalytic profiles. Thus, an
activation barrier of 23.7 kcal-mol™ (calculated from IC) was found using the ®B97XD
functional, while for the M06-2X profile, this energy is of 22.4 kcal-mol™ (calculated from
Int-1). The overall reaction for both profiles is more exergonic (AG,= —6.6 kcal-mol™ for
©®B97XD, and AG,= —8.3 kcal-mol™ for M06-2X) than the driving force obtained at the B3LYP
level (AG,= —2.0 kcal-mol™).

In regards to the application of the energetic span model, slightly smaller 6 were
achieved using the dispersion-corrected functionals by 23.7 kcal-mol™* with ®B97XD and
22.4 kcal-mol™ with M06-2X. These values also correspond to the activation barrier of each
profile. Furthermore, TS3 was identified as the TDTS in both cases, whereas IC corresponds
to the TDI for the ®B97XD catalytic cycle and Int-1 for the MO06-2X one. TOF values of
1.17 x 10> and 6.95 x 10> h™ were calculated for the ®B97XD and MO06-2X profiles,
respectively. Thus, a remarkable increment of two orders of magnitude is observed
regarding the value calculated for the B3LYP pathway (TOF=7.12 h™"). These data are in the
same order of magnitude to the lowest TOF value measured in the experiments (9.6 x 10°
h™), especially with the M06-2X pathway. The above results confirm that the use of

dispersion is crucial to simulate catalytic systems more accurately, as stated.

5.5.4 Standard state corrections to the entropy in solution for the Al-catalyzed reaction

Solutions and solute-solvent interactions play an important role in homogeneous
catalysis.m] As discussed in Section 2.6.2 of Chapter 2, one issue that has received much
attention is the loss of translational entropy associated with the formation of a
supramolecular complex when two molecules in solution interact. Thus, an overestimation

of the translational entropy contributions in solution can be presented. Some approaches
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for including entropy corrections have been reviewed in the same Chapter (Section 2.6.2).
The most simple of these methods is by counting only the vibrational and rotational terms
in the calculation of the total entropy in solution, i.e., just neglecting the translational
entropy terms from the calculation of the gas-phase total entropy.m] The other two
approaches employed herein are based on the fact that the equations used for calculating
the thermodynamics of the reactions are applicable to a hypothetical ideal gas at
concentrations (1/24.5 M) equivalent to standard state P=1 atm and T=298.15 K. However,
in real experiments we do not have solutions whose concentration is 1/24.5 M, and
therefore it is necessary to obtain results applicable at the concentration of the system
studied. In light of this, Martin™ and Wertz™ and Ziegler[w] introduced some empirical
methods in order to successfully correct such overestimation to the entropy in solution.

Taking into account the above methodologies, we introduced the entropy corrections
to all the free energy values obtained for the Al-catalyst/NBu,l catalyzed addition of CO,
into 1,2-epoxyhexane, using the different B3LYP, ®B97XD and M06-2X functionals. Results
are shown in Figure 5.6.

Entropic corrections by considering only the vibrational and rotational contributions to
the total entropy in solution lead to underestimation of the relative free energies (Figure
5.6). For the B3LYP profile (dashed black line), the barrier for the epoxide ring-opening
(TS1) is lower than the formation of the initial complex (IC). The combination of the CO,
insertion and isomerization reactions is rate-determining, with activation barrier
(calculated from Int-1) of 11.5 kcal-mol™. In order to apply the energetic span model &, all
the barriers involved in a catalytic profile have to be above the reactants and products.
This condition is not satisfied by the B3LYP pathway and hence, a TOF value for this profile

was unable to evaluate.
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Figure 5.6 Free-energy profiles for cyclic carbonate formation from CO, and 1,2-
epoxyhexane 2 catalyzed by [Al{amino-tris(phenolate)}]/NBuql, calculated at different
levels. The solid black line represents the pathway without considering any kind of
corrections for entropy in solution, whereas the dashed black line stands for the pathway
including only the vibrational and rotational terms in the calculation of the total entropy in
solution. The pathways considering entropy corrections by Martin, and Wertz/Ziegler
appear in red and blue, respectively.
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In contrast, for the ®B97XD and M06-2X pathways, the application of the energetic
span leads to high span energies of 26.0 and 30.9 kcal-mol'l, respectively (Table 5.1).
Consequently, a decrease in the TOF values can be observed for both profiles (2.33 h*
with ®B97XD and 3.2 x 10° h™ with MO06-2X, according to Table 5.1) compared with
the value obtained without using any kind of entropic corrections (1.17 x 10°and 6.95
x 10” for ®B97XD and M06-2X, respectively). TOF-determining species were unable to
determine for both profiles. These results suggest that some caution may be needed

by neglecting the translational contributions for the calculation of total entropies in

solution.

Table 5.1 TOFs, energetic spans, and TOF-determining species for the Al-catalyzed
formation of cyclic carbonate from CO, and 1,2-epoxyhexane. S,+S, stands for the
entropic corrections by neglecting the translational contributions; M, for Martin
corrections; and W/Z, for Wertz and Ziegler corrections.

Entropic OF TOF

correftions (kcal-mol™) (h™) 7Dl DTS
B3LYP_none 25.1 7.12 IC TS2-b/TS-isom
B3LYP_S,+S, - - - -
B3LYP_M 19.4 1.6 x 10* Int-1 TS2-b/TS-isom
B3LYP_W/Z 19.1 2.2x10° Int-1 TS-isom
®B97XD_none 23.7 1.17 x 107 IC TS3-a
®B97XD_S,+S, 26.0 2.33 - -
©®B97XD_M 19.3 5.3x10" Int-1 TS3-a
®B97XD_W/Z 13.8 1.2x10°  Int-1/FC-a TS3-a
MO06-2X_none 22.4 6.95 x 10 Int-1 TS3-a
MO06-2X_S,+S, 30.9 3.2x10° - -
M06-2X_M 19.2 5.3 x 10 Int-1 TS3-a
M06-2X_W/Z 10.2 1.2x10° FC-a TS3-a

Exp. TOF = 9.6 x 10° h™ (lowest value measured in the optimization studies of the activity of
Al-catalyst) and 2.6 x 10* h* (highest value obtained in the stability studies using the Al-
catalyst) depending on reactants and catalyst system concentrations.

Now let us turn our attention to the application the approach by Martin and coworkers.
According to our findings, a correction of approximately 3.16 kcal-mol™ applies to per
component change for the reaction at 298.15 K and 1 atm, i.e., from m- to n- components,
the reaction has an additional correction of (n — m) x 3.16 kcal-mol™. The Al-catalyzed
addition of CO, into 1,2-epoxyhexane involves multicomponent change to form the

corresponding cyclic carbonate product; the overall reaction is from four components (Al-
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catalyst + I' + CO, + 1,2-epoxyhexane) to three components (Al-catalyst + I + cyclic
carbonate). In the formation of the initial complex (IC), there is a change from four to three
components, therefore entropy overestimation of —3.16 kcal-mol™ ((3 — 4) x 3.16) must be
taken into account. In the case of the epoxide ring-opening (TS1) and the formation of the
coordinated cyclic carbonate (FC), this correction is of —6.32 kcal-mol™ ((2 — 4) x 3.16);
whereas for the CO, insertion (TS2-b), isomerization (TS-isom) and ring-closing (TS3-a)
reactions, a correction factor of —9.48 kcal-mol™ ((1 — 4) x 3.16) is needed.

According to Table 5.1, an energy span of 19.4 kcal-mol™ was found by applying the
energetic span model on the B3LYP profile, affording a TOF of 1.6 x 10" h™". This latter is in
the same order of magnitude to the highest experimental value, as shown in Table 5.1. The
TOF-determining intermediate (TDI) corresponds to Int-1. Although, TS2-b and TS-isom,
having identical relative free energy (6.7 kcal-mol™), were found to be the TDTS with
degrees of TOF control of 0.41. The TOFs calculated for the ®B97XD and M06-2X pathways
using the Martin corrections have the same value of 5.3 x 10* h™%. In both cases, Int-1 and
TS3-a species are the TDI and TDTS, respectively. It should be emphasized that the
resulting TOF lies in the same order of magnitude as the optimal value in the experiments.

In regards to the use of entropic corrections by Wertz and Ziegler, we could not
establish an exact factor for correcting the entropy overestimation. This may be because
the current approach considers many more experimental data (namely, the density of
solvent and the gas-phase/liquid entropies, see Section 2.6.2 of Chapter 2) than that used
by the Martin method (it involves only the density of solvent) for generating standard state
corrections. However, according to the free-energy values obtained with the Wertz and
Ziegler method (see blue profiles in Figure 5.6), such additional correction factor should be
in range between 3.3 and 3.9 kcal-mol™. Thus, for instance, with the B3LYP profile the rate-
determining step (TS-isom, with activation barrier of 19.1 kcal-mol™) comprises a
correction of —9.8 kcal-mol™ which is approximately calculated from (1 —4) x 3.26. The
same methodology could be applied for the remaining steps of the different pathways.
Interestingly, the use of this method (cf. W/Z in Table 5.1) in order to correct the B3LYP
free energies, leads to TOF of 2.2 x 10* that is fully in agreement with the highest value
obtained in the stability studies using the Al-catalyst. Both TDTS and TDI are accurately

defined and correspond to TS-isom and Int-1, respectively.
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The lowest energetic spans were found for the ®B97XD (13.8 kcal-mol™) and MO06-2X
(10.2 kcal-mol™) profiles, leading to a high TOF of 1.2 x 10° h™. This exceeds the highest
value obtained experimentally by one order of magnitude. Because of the equal degree of
control of 0.46 obtained for Int-1 and FC with the ®B97XD pathway, the exact position of
the TDI cannot be determined; whereas TS3-a, corresponds to the TDTS. For the M06-2X
profile, the TDTS and TDI are given by the TS3-a and FC-a species, respectively.

Bearing the results of this section in mind, we could conclude that the correction of the
entropic contributions in solution plays an important role towards quantitative evaluation
of the activity shown by the Al-catalyst for cyclic carbonate formation from CO, and

epoxides.
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5.6 Conclusions

The mechanism for the catalytic formation of cyclic carbonate products from CO, and
epoxides based on the binary [Al{amino-tris(phenolate)}]/NBuyl catalyst system has been
investigated and elucidated in detail by DFT methods.

Four main steps were described for the Al-catalyzed CO, addition reaction, namely, the
epoxide ring-opening, the insertion of CO,, the isomerization reaction and the ring-closing
process.

The reaction could follow two possible routes (path-a and path-b) depending on the
coordination (axial or equatorial) of one oxygen atom from the incoming CO, to the Lewis
acidic center of the complex. A markedly preference for path-a is envisaged once
overcome the axial-to-equatorial interconversion of the hexacoordinated linear carbonate
intermediate (isomerization reaction).

The combination of isomerization and the ring-closing reactions have been found to be
rate-determining for the reaction involving either the propylene oxide or 1,2-epoxyhexane
substrates at the B3LYP level. Small TOFs are calculated for both profiles.

The use of dispersion through the M06-2X and ®B97XD methods significantly reduced
the values of the relative free energies in comparison to those obtained at the B3LYP level.
The ring-closing reaction is rate-determining for both catalytic profiles.

Compared with the B3LYP pathway, a remarkable increment of two orders of
magnitude was observed for the M06-2X and ®B97XD profiles, which is in agreement with
the experimental TOF measured in the optimization studies of the activity of Al-catalyst.

Entropic corrections by neglecting the translational contributions to the total entropy in
solution lead to underestimation of the relative free energies. High span energies were
found using such corrections. Consequently, lower TOF are predicted with this method.

TOFs lying in the same order of magnitude as the optimal experiments were predicted
for all the profiles obtained with the different DFT methods by using the Martin approach.

The use of entropic corrections by the Wertz and Ziegler methodology leads to TOFs
exceeding the highest value obtained experimentally by one order of magnitude. However,

exceptional matching was found for the B3LYP profile.
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Chapter 6

Aluminum Catalyzed Copolymerization of CO, and
Cyclohexene Oxide

A detailed study on the mechanism for the
alternating copolymerization of cyclohexene oxide
(CHO) and CO, mediated by [Alfamino-
tris(phenolate)}]/NBu,l binary system has been
investigated using density functional theory (DFT)
methods. Three potential mechanisms (one
monometallic and two bimetallic) were considered
for the first cycle of propagation of the CHO/CO, kS
copolymerization, depending on the number of
active Al-complexes involved in the reaction. For
both bimetallic mechanisms, the isomerization of the
linear carbonate intermediate in the initiation
process was found to be rate-determining; whereas
for the monometallic reaction, the epoxide ring-

opening of the propagation was identified as the

rate-determining  step. Gibbs free energies
calculated for the bimetallic reaction indicate that
the alternating copolymerization was favored over

the cyclic carbonate formation.

A manuscript including the results presented in this chapter is in preparation: F. Castro-Gémez, J.
Gonzalez-Fabra, A. W. Kleij, C. Bo, in preparation.
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6.1 Introduction

The development of catalytic strategies enabling the use carbon dioxide (CO,) as
renewable and abundant C; source is of both academic and industrial relevance, yet
remains as a challenging area.t So far, there are only a limited number of efficient
catalytic transformations that can overcome the low kinetic and high thermodynamic
stability of the CO, molecule in order to generate valuable chemical products.[zl Among of
these transformations, the addition reaction of CO, into epoxides (Scheme 6.1) can lead to
the formation of economically valuable polymers with useful properties.m Aliphatic
polycarbonates are considered a promising set of biodegradable polymers used as
potential alternative for conventional engineering polymers; for preparing polyurethanes;
and as elastomers for packaging material and coatings.m

o) CO, .

i : o]
> 5 0//<
/A 1. Lewis acid catalyst ! OJJ\O i or )\/0
l : R

R

2. nucleophilic cocatalyst

this study
Scheme 6.1 The addition reaction of CO, to epoxides yielding poly- and cyclic-carbonates.

4¢3 and homogeneousle] catalyst systems have been

Many families of heterogeneous
used for the copolymerization of CO, and epoxides. The former are sluggish, present lower
activity and/or selectivity, and operate under high CO, pressures; whereas the latter show
better reactivity, with excellent activities and selectivities. Coates and coworkers®”
reported on the excellent activity of various Zn-based diketiminate complexes (&
diiminate) as substantial catalyst systems for mediating this reaction. A mononuclear
mechanism for copolymerizing CO, and cyclohexene oxide (CHO) using Zn-S-diiminate
catalysts was established via DFT calculations by Morokuma and coworkers; in that study
the epoxide insertion was found to be the rate-determining step.m Because of the Lewis
acidity of Zn, some of these systems also catalyze the homopolymerization between
epoxides, resulting in polyether impurities. However, earlier Zn-based catalysts have
resulted in systems that provide polyether-free polycarbonate at low CO, pressures.[Sb'S] A

combined experimental and computational investigation on the mechanism of CO,/CHO
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copolymerization using a dizing catalyst was published by Williams and coworkers.” The
authors determined the initiation and propagation reactions and identified the rate-
determining step (i.e., the nucleophilic attack of the zinc-carbonate group on the epoxide);
a close agreement between the calculated and experimental free energies was obtained.
Alternatively, porphyrins and salen complexes of aluminum, cobalt and chromium have
also shown to efficiently catalyze the copolymerization reaction, either in the presence of a
cocatalyst as nucleophile[w] or bearing quaternary onium cation arms in the structure

11 . " .
M1 A concise computational review on the

backbone allowing for bifunctionality.
mechanism of polycarbonate formation from epoxides and CO, based on above catalysts
has been recently published by Darensbourg and coworkers."™ In these studies emphasis
was placed on the thermodynamics of polymer formation, and the kinetics of polymer
growth and degradation. Despite some of the aforementioned catalysts have resulted in
reasonably active systems for catalyzing the copolymerization, still need further
improvements in both control of the selectivity, and in achieving high catalytic activity.
Recently, a new family of environmentally friendly catalysts based on aluminum(lll) and
iron(lll) amino triphenolate complexes were reported to display remarkable activity and
switchable selectivity in the conversion of a series of epoxides and oxetanes to cyclic

™3 and polycarbonates.[”] Although very promising results were obtained with

carbonates
several substrates, the reaction of cyclohexene oxide with CO, lead to moderate
conversions and generated a complex mixture of cyclic carbonates and polymeric species
containing both carbonate and ether linkages. Cyclohexene oxide is an internal epoxide
with substantial hindrance around the epoxide ring, which makes it a very challenging
substrate for reaction with CO,. Furthermore, the structure of cyclic cyclohexane
carbonate contains a six-membered ring linked to a five-membered ring, and hence, is
geometrically strained. This ring strain is probably the major factor which leads to the
favorable production of copolymer instead of cyclic carbonate.™

Herein, we present a detailed computational study on the mechanism for the
copolymerization between CO, and CHO catalyzed by the [Al{amino-tris(phenolate)}]/NBuyl
binary system. Our study focuses on the description of the mechanistic steps involved in

the copolymerization process, as well as the possible routes that can be followed by the

catalytic reaction.
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6.2 Motivation

In the preceding chapter we have established the (high) activity of the [Al{amino-
tris(phenolate)}]/NBu,! binary system as mediator for the formation of cyclic carbonate
products from CO, and epoxides. Motivated by this outcome, we now turned our attention
to the investigation of the mechanism operating for the copolymerization of CO, and
epoxides. Since the cyclohexene oxide is the most successful substrate which leads to the
favorable production of copolymer rather than cyclic carbonate, this epoxide was selected
for performing our calculations.

To date, only few computational studies have been conducted towards mechanistic
understanding of the CHO/CO, copolymerization.[9'16] In those investigations, Zn-based
complexes were employed as catalysts for the reaction, but nothing has been reported
using aluminum complexes (at least, computationally).

Because of the above reasons, we become interested on explaining computationally
the reaction mechanism for the alternating copolymerization of CO, and cyclohexene oxide

mediated by the Al{amino-tris(phenolate)} catalyst.

6.3 Objectives

The main goal of the present study is to explore the reaction mechanism for the
aluminium-catalyzed copolymerization of CO, and cyclohexene oxide through DFT
calculations.

We will focus our attention on the thermodynamic description of the mechanistic steps
for both the initiation process and the first cycle of propagation of the CHO/CO, alternating
copolymerization. For this purpose, we will generate Gibbs free-energy profiles by
calculation of all the intermediates and transition states involved in the reaction.

The last objective is to gain insights towards the favorability of achieving either the
copolymer product or the thermodynamically stable cyclic carbonate from the Al-catalyzed

addition of CO, to cyclohexene oxide.

6.4 Computational details

All calculations in this study were carried out using the Gaussian 09 package.m] It was

|,[18]

employed the B97D3 functiona which includes empirical dispersion by Grimme. The
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standard 6-311G(d,p) basis set was used to describe the H, C, N and O atoms. The
relativistic effective core pseudo potential LANL2DZ was used, together with its associated
basis set, for Al, Cl and | atoms. Full geometry optimizations were performed without
constrains. The nature of the stationary points encountered was characterized either as
minima or transition states by means of harmonic vibrational frequencies analysis. Gibbs
free energies were calculated at standard conditions (T=298.15 K, p=1 atm). In order to
introduce solvent effects, single point calculations were performed on the gas-phase
optimized structures by using the polarizable continuum model (PCM). The dielectric
constant (g) of the polarizable medium was set to the value reported for the simplest
epoxide, ethylene oxide (8212.42),[19] as the reaction takes place in the cyclohexene oxide
rich phase. The 1-hexanol solvent was used for this purpose (¢=12.51), as implemented in

Gaussian.

6.5 Results

6.5.1 Understanding the mechanism of the copolymerization reaction

The type of copolymerization reaction studied herein begins with the coordination of an
epoxide with a Lewis acid mediator. The epoxide substrate is activated by the Lewis acidic
metal center and undergoes nucleophilic attack by a suitable initiator ligand (ring-opening
step). Furthermore, a molecule of CO, reacts with the alkoxide intermediate formed in the

previous step, leading to formation of a linear carbonate (Scheme 6.2).

R X X
. S :
'R JI? X~ R (l)@ o RlO’C\(l) ;
| 2 .
5 N (M) —— (M M M)
| !

Scheme 6.2 The initiation step for the general CO,/epoxide copolymerization reaction

Once the carbonate is formed, this serves as nucleophile for subsequent epoxide ring-
opening reactions (copolymerization). Alternatively, two main side reactions can operate in

the copolymerization of CO, and epoxides (Scheme 6.3), namely, the backbiting reaction
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which yields to the thermodynamically stable cyclic carbonate, or consecutive insertion of

epoxides allowing the formation of ether bonds in the copolymer (homopolymerization).

copolymerization

R CO, E i R E
:O; catalyst ' (O ©) :
S n.
homopolymerization backbiting
R O

o ol
m R

Scheme 6.3 Possible side reactions in the CO,/epoxide copolymerization process.

Kleij and coworkers reported on the high activity presented by various iron(lll) amino
triphenolate complexes as mediators of the copolymerization between cyclohexene oxide
(CHO) and COZ.[B] Recently, the Al{amino-tris(phenolate)} catalyst shown in Figure 6.1a has

also demonstrated high power towards catalytic CHO/CO, copolymerization.

CHO

Figure 6.1 (a) Schematic drawing of the Al{amino-tris(phenolate)} catalyst used in this
study; (b) cyclohexene oxide substrate.

In order to decrease the computational cost associated with the spin states of iron, in
this thesis we focus on the investigation of the mechanism operating only for the
copolymerization of CO, and CHO, based on the binary system catalyst composed of the

[Al{amino-tris(phenolate)}] complex (Figure 6.1a), together with NBuyl as cocatalyst.
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We are currently conducting studies on the mechanism for the aluminum-catalyzed
copolymerization of CO, and limonene oxide. Results on that investigation are not included

in this thesis.

6.5.2 Initiation of the copolymerization reaction

The Figure 6.2 shows the free-energy profile obtained for the initiation process, as well as
the barrier involved in the formation of the cyclic carbonate product. The starting point of
the initiation reaction is the collective formed by four species: Al-complex + iodide + CHO +

CO,. Their total free energy is set to 0.0 kcal-mol™.

A

QF 1&)

0 ‘
g N 9)co !

{ o}
</ \> f ®
Q © TS-isom
; TS3

Relative Free Energy (kcal mol")

Figure 6.2 Free-energy profile for the initiation process of the CHO/CO, copolymerization
catalyzed by the Al-complex/iodide binary system. The backbiting reaction for cyclic
carbonate formation appears in dashed line.

As indicated above, the aluminum complex has the role of activating the CHO (by
forming the initial complex, IC) towards nucleophilic attack by the halide anion affording

the metal-alkoxide intermediate Int-1.
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C2-0=147,C1-1=3.24

-241.9icm-1
TS2 TS-isom

Al-01=220;AI-03=1.89
C-01=122,C-02=1.18
C-03=1.86

-169.9icm-!

Al-01=1.99;0(01-Al-03)=133°
Al-02=218;Al-03=1.85

-38.6icm

TS3

Al-01=189;,C-02=203
C-1=3.06

-165.6i cm-!

Figure 6.3 Optimized structures of the transition states TS1-TS3 for the initiation process
of the CHO/CO, copolymerization catalyzed by the Al-complex/iodide binary system,
together with the most relevant calculated distances (in A) and the values of the negative

(imaginary) vibrational frequencies.
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The epoxide ring-opening occurs via the concerted transition state TS1 and implicates a
barrier of 7.7 kcal-mol™. Then, the incoming CO, molecule is inserted into the metal-oxygen
bond of the Int-1, trough TS2, affording the linear carbonate Int-2. This step involves a
free-energy barrier of 21.1 kcal-mol™. The intermediate Int-2 suffers isomerization towards
Int-2’ trough the transition state TS-isom. This process is the rate-determining step of the
initiation reaction, with an activation barrier of 29.6 kcal-mol™ (calculated from Int-1).
TS-isom results from the decrease of the angle a(O1-Al-03) shown in Figure 6.3.

At this point, two possible routes can be followed by the reaction: 1) backbiting of the
linear carbonate Int-2’, giving the undesired cyclic carbonate formation or 2) consecutive
insertion of the CHO and CO, monomers allowing for alternating copolymerization.

The backbiting reaction goes through the concerted transition state TS3 (see dashed
barrier in Figure 6.2), which is characterized by intramolecular ring-closing with
concomitant release of the iodide nucleophile. This route has activation energy of 27.1
kcal-mol™, and leads to the formation of an intermediate complex having the trans-

cyclohexene carbonate product coordinated to the Al-complex (FC).

Q2
o)c-0 |
o

e @ ® @

Scheme 6.4 Possible routes for the propagation reaction of the copolymerization between
CO, and cyclohexene oxide CHO, mediated by the Al-complex/iodide binary system.

In regards to the alternating copolymerization, three pathways could be possible once
formed the intermediate Int-2’ (Scheme 6.4).First, a monometallic mechanism is envisaged

by means of the consecutive addition of a CHO monomer into the Al-center coordinative
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vacancy, and the subsequent epoxide ring-opening due to nucleophilic attack of the
oxygen bonded to the aluminum center (i.e., O[1] in Scheme 6.4).

The second and third copolymerization pathways involve bimetallic mechanisms. In
these cases, either the oxygen bonded to the aluminum center or the carbonyl oxygen
(O[1] and O[2], respectively) of the intermediate Int-2’ shown in the Scheme 6.4, serve as
nucleophile for opening the epoxide ring, and thus starting the first propagation cycle of

the copolymerization reaction.

6.5.3 Propagation of the copolymerization reaction
In previous discussion we have described the mechanism for the initiation process of the
CHO/CO; copolymerization, and held that once reached Int-2’ the propagation might follow

three different pathways. These latter are described in detail in further sections.

6.5.3.1 Monometallic mechanism

In Figure 6.4 is shown the free-energy profile including the first cycle of propagation for the
copolymerization involving only one active aluminum center. The optimized structures of
the transition states for this process are depicted in Figure 6.5.

The starting point of the monometallic propagation is the addition of a second CHO
monomer into the aluminum center coordinative vacancy of Int-2’ to form the adduct IC-p.
The formation of this species implies a low barrier of 1.4 kcal-mol'l, and is less
energetically-demanding than the barrier for the backbiting reaction (TS3) by
9.6 kcal-mol ™.

After formation of IC-p, the epoxide ring-opening occurs through nucleophilic attack of
the carbonate oxygen O1 of the transition state TS1-p (Figure 6.5). As shown in Figure 6.5,
the carbonate attack takes place from the bottom of the coordinated epoxide towards the
carbon C and then an unstable twist-boat conformation can be observed for the
cyclohexane substituent in the opened ring (TS1-p). This step yields the highest point on
the free-energy profile (28.5 kcal-mol™). The epoxide ring-opening is rate-determining,
involving a very high activation barrier of 46.8 kcal-mol™, calculated from the most stable

intermediate of the initiation process (Int-1, in Figure 6.2, page 136).
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TS1-p TS1-p’ TS2-p TS-isom-p
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Figure 6.4 Free-energy profile for the first cycle of propagation of the monometallic
copolymerization between CO, and CHO mediated by the Al-complex/iodide binary
system. The barriers for the isomerization and backbiting reactions of the initiation process
appear in gray dashed line.

Furthermore, the intermediate Intl-p can isomerize via TS1-p’ affording a more stable
species (Int-1’). The subsequent insertion of a second CO, monomer on the Al-03 bond of
Int-1’ (TS2-p) leads to the formation of the poly(cyclohexene carbonate) Int2-p, which
comprises a relative free energy of 13.7 kcal-mol™. Also, isomerization of this intermediate
could be possible affording the product Int2-p’. As expected, this last isomer is
thermodynamically less stable than the coordinated trans-cyclohexene carbonate (FC) by
23.2 kcal-mol™. It is worth noting that the poly(cyclohexene carbonate) formed in the
monometallic copolymerization contains two different cyclohexane-substituent
conformations (see TS-isom-p in Figure 6.5): one is the stable chair (that comes from the
iodide attack in the initiation reaction) and another, the twist-boat (that comes from the
attack of the carbonate oxygen O1 in the propagation). The above could explain the high
energy found for the copolymer Int2-p’.

Since the proposed monometallic profile comprises high free-energy barriers for the
propagation reaction (Figure 6.4), we should conclude that this mechanism might not

operate for CHO/CO, alternating copolymerization.
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Figure 6.5 Optimized structures of the transition states TS1-p—TS-isom-p for the first cycle
of propagation of the monometallic CHO/CO, copolymerization mediated by the Al-
complex/iodide binary system. It is also shown the most relevant calculated distances (in
A), isomerization angle, and the values of the negative (imaginary) vibrational frequencies.
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This result led us to the consideration of a second mechanism in which two active

aluminum centers are capable of catalyzing the reaction.

6.5.3.2 Bimetallic mechanism based on the nucleophilic attack by the oxygen Al-O
The free-energy profile for the propagation reaction involving the bimetallic

copolymerization of CO, and cyclohexene oxide is shown in Figure 6.6.

TS1-p TS2-p TS-isom-p
t t
t
TS-isom @ Q GQ Q Q
11.3 ? g0 0o o)F~0 Qo
j ©)c-0 | 0.4 c-0 | O 4
: TS3 0 =z @

Relative Free Energy (kcal mol'1)

Figure 6.6 Free-energy profile for the first cycle of propagation of the bimetallic
copolymerization between CO, and CHO mediated by the Al-complex/iodide binary
system, and considering the nucleophilic attack by the oxygen bonded to the aluminum
center (O[1]). The barriers for the isomerization and backbiting reactions of the initiation
process appear in gray dashed line.

First, formation of a very stable adduct between the intermediate Int-2’ and the
complex having a CHO monomer coordinated to the Al-complex (IC-p), is observed. Natural
bond orbital (NBO) population analysis on this complex affords small difference in the
value of the charge assigned to the oxygen atoms of the carbonate Int-2’. Then, the oxygen
bonded to the aluminium center (O[1]) exhibits a charge of -0.87; whereas the carbonyl
oxygen (0[2]) shows a value of -0.69. This charge delocalization makes that the subsequent

nucleophilic attack on the epoxide could occur by any of these two carbons.
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In the mechanism described in this Section, the epoxide ring-opening is undertaken by
nucleophilic attack of the oxygen bonded to the aluminum center in the intermediate int-2’
(O[1)).

There is a substantial difference in energy between IC-p and the transition state TS3,
with the former having relative energy of —23.8 kcal-mol™, while the latter has a relative
barrier of 8.8 kcal-mol. The above indicates that the propagation of the CHO/CO,
alternating copolymerization could be preferred over the formation of the coordinated
trans-cyclohexene carbonate (FC) by 32.6 kcal-mol ™.

The epoxide ring-opening is conducted by the transition state TS1-p, which involves a
total barrier of 21.4 kcal-mol™ (with relative energy of -2.4 kcal-mol'l). This structure is
more stable than the transition state for the ring-closing reaction (TS3), which confirms the
earlier trend towards the CHO/CO, alternating copolymerization, instead of cyclic
carbonate formation. Unlike for the monometallic mechanism, in the bimetallic reaction,
the nucleophilic attack takes place from the top of the coordinated epoxide towards the
carbon C (see TS1-p in Figure 6.7), and then the stable chair conformation is observed for
the cyclohexane substituent of the opened ring.

Once exceeded the barrier for TS1-p, the intermediate Intl-p is generated, in which
both aluminum catalysts are still coordinated. The interaction between the oxygen of the
alkoxide and the aluminium center in the complex (see Al1-O1 for TS1-p in Figure 6.7) is
stronger than that observed for the oxygen of the coordinated carbonate Int-2’ (see Al2-02
for TS1-p in Figure 6.7). Hence, it is proposed that Intl-p can evolve to the intermediate
Int1l-p’ by releasing the Al-complex from the carbonate and allowing for new coordination
with a third CHO monomer, thus generating the stable complex IC (having a relative energy
of —16.5 kcal-mol ™, according to Figure 6.2).

After formation of the alkoxide intermediate Intl-p’, the next step is the insertion of a
second CO, monomer, via TS2-p, forming the poly(cyclohexene carbonate) Int2-p. The CO,
insertion has an energy requirement of 16.5 kcal-mol™. Then, Int2-p isomerizes to Int2-p’
trough a relative barrier of 2.1 kcal-mol™ (TS-isom-p). The poly(cyclohexene carbonate)
Int2-p’ is more stable than the precedent isomer (Int2-p) by 6.5 kcal-mol™, and in turn, less

stable than the coordinated trans-cyclohexene carbonate (FC) by 3.5 kcal-mol™.
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Figure 6.7 Optimized structures of the transition states TS1-p—TS-isom-p for the first cycle
of propagation of the bimetallic CHO/CO, copolymerization mediated by the Al-
complex/iodide binary system, and considering the nucleophilic attack by the oxygen
bonded to the aluminum center. It is also shown the most relevant calculated distances (in
), isomerization angle, and the values of the negative (imaginary) vibrational frequencies.

The above results, together the fact that all the relative barriers involved in the
CHO/CO, alternating copolymerization are lower than that requires for the formation of

the cyclic carbonate product, suggest that the former reaction could be the favored
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pathway. Nevertheless, since slightly difference in the charge values for the carbonate
oxygen of the adduct IC-p was found with the NBO population analysis, we now turned our
attention to the study of a third mechanism involving the carbonyl oxygen attack for the

propagation reaction.

6.5.3.3 Bimetallic mechanism based on the nucleophilic attack by the oxygen C=0
Figure 6.8 illustrates the free-energy profile for the propagation reaction comprising
bimetallic copolymerization of CO, and cyclohexene oxide taking into account the

nucleophilic attack of the carbonyl oxygen (O[2]) in the intermediate int-2’.

TS1-p
TS-isom t TS2-p TS-isom-p
11.3 @ t ¥
S TS3 o} o Q ) Q
g ! o)c-0 | e 0 \ 0
/88% Q% $0  o-¢ oL~ o-c
g \ 0. 4 o O

L YR YRy
00 ilnt-2,'/ |

TS-isom-p

Relative Free Energy (kcal mol™")

Figure 6.8 Free-energy profile the first cycle of propagation of the bimetallic
copolymerization between CO, and CHO mediated by the Al-complex/iodide binary
system, considering the nucleophilic attack by the carbonyl oxygen (O[2]). The barriers for
the isomerization and the backbiting reactions of the initiation appear in gray dashed line.

Similar as for the bimetallic mechanism involving the oxygen bonded to the aluminum
center (O[1]), the catalytic profile based on the carbonyl oxygen (O[2]) attack starts with

the formation of the very stable adduct IC-p. Then, the epoxide ring-opening is mediated
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by the transition state TS1-p illustrated in Figure 6.9. This step requires a slightly lower
barrier (19.4 kcal-mol™) compared to the same step for the previous mechanism (21.4

kcal-mol™).

TS1-p

All —01=189;A2-02=187
C-01=189;,C-02=233

-214.3iecm™

TS2-p TS-isom-p

Al-01=223Al-03=1.88

C-01=122,C-02=1.18 Al —01=1.87; (01 —Al -02) = 127°
C-03=1.87 Al-02=1.84,A-03=275
-174.7icm™ -41.5icm™!

Figure 6.9 Optimized structures of the transition states TS1-p—TS-isom-p for the first cycle
of propagation of the bimetallic CHO/CO, copolymerization mediated by the Al-
complex/iodide binary system, and considering the nucleophilic attack by the carbonyl
oxygen. It is also shown the most relevant calculated distances (in A), isomerization angle,
and the values of the negative (imaginary) vibrational frequencies.

The resulting alkoxide Intl-p is more stable than the corresponding intermediate
derived from the attack of the oxygen O[1] by 5.0 (—12.4, —7.4) kcal-mol", respectively.

Also, it is suggested that the species Intl-p can lead to Intl-p’ by releasing the carbonate
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from the Al-complex, and subsequent coordination of the latter with a new CHO monomer.
Hence, two species will be generated in this step: the alkoxide intermediate Intl-p’ and the
complex formed between the CHO monomer with the released Al-complex (IC).

The addition of a second CO, occurs trough TS2-p, with a barrier of 11.2 kcal-mol™. The
generated poly(cyclohexene carbonate) Int2-p’ could isomerize to form the less stable
species Int2-p. The energy difference between the isomer Int2-p’ and the coordinated
trans-cyclohexene carbonate (FC) is found to be very small by only 0.5 kcal-mol™, favoring
the formation of the cyclic carbonate. It should be emphasized that isomer Int2-p is
thermodynamically more stable than FC by 4.2 kcal-mol™, thus confirming the powerful
activity of Al-complex/iodide binary system for mediating the CHO/CO, alternating
copolymerization.

These results also demonstrate a clear trend towards alternating copolymerization of

CHO and CO,, which is reflected in the value of the relative barriers calculated.
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6.6 Conclusions

The mechanism for the copolymerization of CO, and cyclohexene oxide (CHO) mediated by
the binary [Al{amino-tris(phenolate)}]/NBu,l catalyst system has been investigated and
elucidated in detail by using DFT methods.

Two possible routes were described in the initiation process once formed the linear
carbonate Int-2’, namely, the backbiting reaction giving the undesired cyclic carbonate
formation, and the consecutive insertion of the CHO and CO, monomers allowing for
alternating CHO/CO, copolymerization (propagation).

A monometallic mechanism was firstly investigated for the propagation reaction of the
CHO/CO, copolymerization, in which a CHO monomer is inserted into the aluminum
coordinative vacancy of the intermediate Int-2’, with subsequent epoxide ring-opening by
the carbonate oxygen (Al-O) and addition of a new CO, molecule, generating the
poly(cyclohexene carbonate). The second step (epoxide ring-opening) was found to be the
rate-determining step of the monometallic propagation.

Two bimetallic mechanisms were also considered for the propagation, wherein either
the oxygen bonded to the aluminum center or the carbonyl oxygen (O[1] and O[2],
respectively) in the linear carbonate Int-2’ act as nucleophile for the ring-opening of a CHO
coordinated to the Al-complex (IC), followed by the addition of a CO, monomer, and thus
leading to the formation of the poly(cyclohexene carbonate).

Calculations reveal that the isomerization of the linear carbonate Int-2 to form Int-2’ is
the rate-determining step of the initiation reaction, and also for the bimetallic propagation.

In general, the free-energy barriers for the bimetallic propagation were found to be
smaller than those obtained for the initiation reaction. The opposite effect was observed
with the monometallic mechanism; thus suggesting that the alternating copolymerization
take place through a bimetallic mechanism, which is the most favored pathway over the
cyclic carbonate formation.

In all the cases, the obtained poly(cyclohexene carbonate) isomers Int-2p’ resulted in
species thermodynamically less stable than the coordinated trans-cyclohexene carbonate
(FC), as expected. Interestingly, the isomer Int2-p of the bimetallic mechanism considering

the carbonyl oxygen attack yields to a lower relative free-energy compared to FC.
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General Conclusions

The detailed conclusions for the theoretical studies conducted on this thesis have been
included at the end of the corresponding chapter. Therefore, only the main conclusions
drawn from these studies will be summarized in this chapter.

Regarding the application of the theoretical methods comprising IM-MS, we have been
able to acquire insights towards structural information of the transition metal complexes
studied by means of their collision cross sections (CCSs). The accuracy of those methods
reached the same level as that for the experiments, which is supported by the excellent
agreement between experimental and calculated CCSs. Unfortunately, isomeric resolution
could not be achieved because of the similarity on size and shape of the different isomers
used. Though, some improvement is envisioned by employing more bulky and
sophisticated ligands.

On the other hand, the reaction mechanism for the fixation of CO, into epoxides
catalyzed by Zn(salen)-derived complexes and NBu,X (X=Br, I) has been described in detail
using DFT methods. The ring-opening step was found to be most favorable at the
unsubstituted carbon atom (B) of the simplest epoxides. For alkyl-substituted terminal
epoxides, the reaction is controlled by steric factors; whereas for vinyl- and phenyl-
substituted substrates, electronic factors were dominant. Our findings suggest that for the
formation of cyclic carbonates from CO, and propylene oxide, the catalytic system
involving the Zn-N,(salen) complex is less active than the Zn(salphen) containing the “N,0,”
Schiff base ligands. The computed DFT activation energies are qualitatively in line with the
experimental results.

Alternatively, the mechanism for the catalytic formation of cyclic carbonates from CO,
fixation to epoxides, based on the binary [Al{amino-tris(phenolate)}]/NBu,l catalyst system,

has been computationally elucidated. Unlike for the Zn(salphen) complex, in the case of
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the aluminium catalyst, a hexacoordinated transition state is observed for the CO,
insertion step, which leads to two likely pathways and helps to decrease the energy
requirement of this step. In addition to evaluate solvent effects, we also have studied the
influence of the entropy changes in solution using hybrid and dispersion-corrected
functionals. The latter was considered in order to assess the activity of the catalytic system
through calculation of turnover frequencies (TOFs), resulting in a considerable increment
of the TOF values compared to those calculated without using such corrections. The
calculated TOFs lie in the same order of magnitude as the experimental outcome.

Finally, three different mechanisms have been reported herein for the alternating
copolymerization of CO, and cyclohexene oxide based on the binary [Al{amino-
tris(phenolate)}]/NBu,l catalyst system. Remarkable results were obtained employing two
active Al-complexes (bimetallic mechanism). In the case of the monometallic mechanism,
the epoxide ring-opening for the propagation reaction was found to be rate-determining;
whereas for the bimetallic mechanisms, the CO, insertion was crucial for the initiation
reaction. According to the barriers calculated for the bimetallic mechanisms, the
alternating copolymerization should be the favorable pathway over the formation of the
five-membered cyclic carbonate product.

Overall, the combination of the computational methodologies used in this thesis and
the outcome from the experiments has provided new insights towards catalytic reactions
involving CO, fixation. Moreover, excellent agreement between both areas was achieved

herein.
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