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Lay summary

The work described in this thesis concerns the synthesis and characterisation of
metal complexes to explore chemistry related to energy and the environment.
Complexes that contain four zinc(II) ions have been prepared and used to turn
carbon dioxide and epoxide substrates into polycarbonate materials. Complexes
containing one or two ions of copper(II), iron(II), nickel(II) and palladium(II)
have been made and tested for their ability to turn carbon dioxide into useful
products such as methanol or oxalic acid using electrical current. Turning carbon
dioxide into value-added products is desirable as it is a cheap and abundant source
of carbon. Furthermore, it is an important area of research as diverting carbon
dioxide from entering the atmosphere makes advances towards closing the carbon
cycle and reducing our negative impact on the Earth’s environment. Other work
in this thesis shows that complexes of copper(II) interact with a simple iron(III)
salt, FeCl;, and carry out the oxygenation of hydrocarbon compounds; turning
C-H bonds into C-O bonds is a fundamental chemical transformation, and doing
so under mild conditions using cheap metals such as copper and iron is desirable
from an industrial perspective. Finally, complexes of uranium (in the form of
uranyl, UO,?") have been synthesised. The reduction chemistry of uranium is
explored, and the supporting ligand is shown to carry out a new uranium reduction
mechanism. This latter study holds relevance to the treatment of nuclear waste

and the environmental remediation of uranium.
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Abstract

The modern world faces a number of challenges related to energy and the envi-
ronment. Atmospheric levels of carbon dioxide have now surpassed the 400 ppm
mark due to the burning of fossil fuels, yet despite its abundance and potential
use as a C; feedstock for value-added products, there are both thermodynamic
and kinetic barriers associated with the strong carbon-oxygen bonds that preclude
its widespread deployment in industry. Nuclear energy is an alternative power
source that reduces carbon emissions by billions of tonnes each year, but there
are widespread concerns regarding the treatment of the radioactive waste that
it accrues (of which the main component is uranyl, [UO,|*"). Most of the work
presented in this thesis concerns the synthesis of transition-metal complexes, with
the aim of directing catalytic reactivity to convert CO, to useful products. Part of
this thesis also concerns the synthesis of uranyl complexes and the study of uranyl
reduction chemistry, which is relevant to uranyl remediation and nuclear waste
treatment at a fundamental level. Making use of Earth-abundant metals to carry
out hydrocarbon oxidation catalysis is a further focus of this work, as the efficient
production of oxygenated compounds under mild conditions is of importance to
the fine-chemical industry.

Chapter 1 reviews important complexes reported in the literature that suc-
cessfully convert CO, to useful products through molecular, homogenous electro-
catalysis and ring-opening copolymerisation catalysis. Reactions that exemplify a
two-electron reduction of uranyl (i.e. uranium(VI) to uranium(IV)) are reviewed,
along with uranyl complexes that undergo ligand-centred redox to give ligand-
based radicals. The state of the literature on hydrocarbon oxidation catalysis
is reviewed in the introduction. The development of multinuclear, macrocyclic
complexes and the reactivity of dinuclear Pacman complexes are also presented.

Chapter 2 reports the synthesis and characterisation of a new set of Schiff-
base macrocycles and acyclic dipyrrin ligands. A number of attempted synthetic
routes towards incorporating a dipyrrin coordination compartment in a macrocyclic
setting are discussed. Differences in electronic structures between dipyrromethanes

and dipyrromethenes are also examined by theoretical and experimental methods.
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Chapter 3 introduces the coordination chemistry of these new macrocycles
with zinc(II), where the isolation of dinuclear and tetranuclear complexes is
demonstrated using different zinc(II) precursors. Tetranuclear zinc-alkyl complexes
presented here are shown to be resistant to insertion chemistry with small molecules,
but readily form zinc-oxo, -hydroxyl and -alkoxide clusters upon protonolysis with
water and alcohols. These molecular clusters display reactivity towards CO,: a
zinc-hydroxyl complex precipitates ZnCO; at high temperature; and zinc-alkoxide
complexes have been used to catalyse the copolymerisation reaction between CO,
and cyclohexene oxide to form polycarbonates.

Chapter 4 describes the synthesis of late-transition-metal complexes of macro-
cyclic ligands and dipyrrins, and explores the relationship between macrocycle
geometry and electronic structure. Their reactivities towards CO, are assessed
here, using cyclic voltammetry to assess the electro-catalytic activity of a number
of the complexes.

Chapter 5 reports the oxidation chemistry of hydrocarbon substrates catalysed
by copper(Il) complexes. High-temperature catalysis occurs with bimetallic
copper(IT) complexes, and this chapter describes how added FeCl; acts as a co-
catalyst, leading to greater catalyst stability and allowing the catalytic reaction
to occur at room temperature. A range of analytical methods have been used to
deduce the catalytically active species, and chemical kinetic measurements have
been used to deduce a possible reaction mechanism.

Chapter 6 reports the synthesis of a uranyl(VI) dipyrrin complex and details
characterisation of its electronic structure by theoretical and experimental methods.
Theoretical modelling has indicated that the observed two-electron reduction of
uranium(VI) to uranium(IV) is facilitated by the dipyrrin ligand, representing a

novel uranyl reduction mechanism.
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Chapter 1

Introduction

1.1 Towards closing the carbon cycle

For millions of years, the concentration of carbon dioxide in the environment
has been moderated by a closed carbon cycle. This is evident from analysis
of ice cores drilled in Lake Vostok, Antartica, which contain air that has been
trapped for hundreds of thousands of years. They indicate that the historic peak
CO, concentration in the atmosphere was below 300 ppm (Figure (a)). 12
However, since the Industrial Revolution, anthropogenic activity has disrupted the
carbon cycle, and has caused a growing rise in atmospheric CO,, levels through the
burning of fossil fuels; once a long-term carbon sink. In 2013 alone, CO,, emissions
amounted to 32.2 Gt (4.52 t per capita).® Ongoing atmospheric measurements are
taken at Mauna Loa, Hawaii, and show that CO, levels have now surpassed the
400 ppm mark (Figure (a)).* These growing levels of atmospheric CO, are
exacerbated by deforestation, which is taking place on a massive scale, further re-
ducing the Earth’s natural capability to remove CO, from the atmosphere. Whilst
there are widespread concerns over the effects of increased levels of atmospheric
CO, and other greenhouse gases on modern global warming and climate change,
these effects remain a widely disputed topic.” However, further data from Vostok
show that there is a distinct and direct correlation between CO, concentration
and temperature, spanning a 200 ky period, and covering multiple and abrupt
glaciation cycles on Earth: historic temperatures are inferred from the the *H and
80 content in ice.®

The oceans are a natural carbon sink, dissolving between a quarter and a third
of all atmospheric CO, emissions, although it is projected that in the long-term,
around 90 % of emissions will be taken up by the ocean.” In the ocean, CO, forms
carbonic acid (H,CO;) and bicarbonate (HCO, ™ ).® There is a distinct correlation

between rising levels of atmospheric CO, and increasing levels of dissolved CO,, in
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the ocean,” and this is accompanied by a decrease in the pH (Figure (b); data
recorded at ESTO(f] station, NW Africa).2% Many oceanic lifeforms, such as
shellfish and coral, are highly dependent on alkaline pH levels, as they make use
of carbonate ions (CO,*") to form their calcareous skeletons. The combustion of

fossil fuels therefore ultimately results in shell dissolution, decreased metabolism

. . . . 1 2 | 1 3
and increased mortality rates in these lifeforms.*<
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Figure 1.1: Trends in atmospheric and oceanic CO,. (a) Modern atmospheric CO, concentration
determined by direct measurements from Mauna Loa, Hawaii, and comparison with historical
record determined indirectly from ice-core analysis in Lake Vostok, Antartica.!' (b) Trends in
partial pressure of CO, in the Atlantic Ocean and its correlation with local pH, measured from
the NW coast of Africa.t

Carbon dioxide is a thermodynamic sink from the burning of fossil fuels (AGY =
—394 kJ mol~!)™ and therefore there is an appreciable energetic barrier to making
use of CO, as a synthon. Nevertheless, CO, is used as a C, feedstock for some large-
scale synthetic processes, mainly in the production of urea (an important fertiliser),
salicylic acid and cyclic carbonates.™™ Whilst there is not enough economic demand
for CO,-derived products to reverse the vast quantities of CO, that have been
released into the atmosphere, the development of processes that make use of
CO, as a C; feedstock to form value-added products is appealing, as it is cheap
and non-toxic. In this regard, the catalytic synthesis of poly-carbonate materials
from CO, is an attractive approach,"®"® as these materials are highly useful in
a range of applications (including, but not limited to: electronics, construction,
data storage and vehicle components)® and their widespread synthesis would also
divert a portion of CO, from the atmosphere.®) Another promising application is
the electrocatalytic reduction of CO, to other useful C; or C, compounds.*! As

this latter approach is capable of producing liquid fuels from CO,, it is more closely

"European station for time series in the ocean at the Canary Islands.
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related to tackling modern energy problems.?? The electrochemical conversion of
CO, to liquid fuels also provides a method of storing energy from intermittent
renewable sources (such as tidal, solar and wind) in chemical bonds.?#24 In the
future, CO, may play a much more pivotal role in the global economy, as both a
carbon and energy source, as conventional, fossil-fuel based carbon and energy

sources are depleted.?

1.1.1 The ROCOP reaction — turning CO, into polymers

A promising method to use carbon dioxide is in the ring-opening copolymerisation
(ROCOP) reaction between CO,, and epoxides. Carrying out this process with a
metal complex facilitates an alternating copolymerisation, giving rise to aliphatic
poly-carbonate materials. The main steps in the ROCOP propagation mechanism
involve: insertion of CO, into a metal-alkoxide or -phenoxide bond, yielding the
carbonate functionality (Scheme , k1); and ring-opening of the epoxide substrate,
regenerating the metal-alkoxide species (Scheme k). Competing side-reactions
include further ring-opening of the epoxide from the metal-alkoxide complex,
resulting in poly-ether linkages in the product (Scheme , k3). Depolymerisation
can also occur by “back-biting” reactions, where the metal-alkoxide reacts with
the nearby carbonate group to form cyclic carbonate (Scheme , T e

CO,
:
Ether enchainment
0 0

ks
Zn{*o o )0 -— Z”J(O O)k)O Zn<\OJ\O o)
n

0 n

@ \g/
O Ring-opening
kq
Back-biting @

o)
o/u\o
Zn-OR —+ G

Scheme 1.1: General catalytic cycle of the zinc-catalysed ROCOP reaction between cyclohexene
oxide and CO,, showing propagation of the poly-carbonate, formation of ether-linkages in the
polymer, and cyclic carbonate side-products.

A range of complexes of Earth-abundant metals have shown activity in this

catalytic reaction, including those of magnesium(II),*" chromium (IIT),==

iron(I11),#4 cobalt(IT) /(III),** =% nickel(II),*™= copper(IT),** zinc(IT),4"42 and

aluminium (T1T).4#44 The ROCOP reaction primarily makes use of cyclohexene ox-
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ide (CHO)%? and propylene oxide (PO),%% as the epoxide substrate. 2247 Whilst
a range of different metal complexes have shown promising performances in
CO,/epoxide copolymerisations, there is particular interest in the development
of catalysts which are based on zinc. This is due to its relatively low cost, high
abundance and redox-stability. Furthermore, the development of zinc catalysts is
quite attractive in terms of catalyst characterisation, as the complexes tend to be
diamagnetic and therefore can be characterised using NMR spectroscopy. The
use of zinc as the active site in these catalytic reactions has a strong precedent;
indeed the very first reports of this process were made in 1969, using mixtures of
diethyl zinc and water to generate zinc catalysts in situ.*0

Since these early studies, significant advances have been made, greatly improv-
ing the poly-carbonate selectivity and catalyst activity. Studies involving a series
of zinc f-diketiminate (BDI) complexes have demonstrated that fine-tuning of
the supporting ligand system can give rise to superior catalyst performance. For
example, changing the proton substituent on the BDI backbone to a cyano group
improves the turnover frequency (TOF) and molecular weight of the polymer by
an order of magnitude each. Further improvement is observed after making small
steric alterations to the phenyl substituents in the ligand sphere.*® Subsequent
mechanistic investigations have also revealed that the best BDI catalysts likely
form dimeric structures (Figure[1.2] I), and as such, dinuclear mechanisms have
been proposed for the catalysis.*® Other groups have also provided strong kinetic
and mechanistic evidence to support that more than one metal centre is involved
in the ROCOP reaction,**®% and catalyst design is now driven towards preparing
well-defined dinuclear complexes (Figure [1.2)).16

A number of other reports have focussed on preparing high-nuclearity zinc
complexes,® although the catalytic performances of these in the copolymerisation
process are generally inferior to other bimetallic examples, and have generally
been explored to a much lesser extent. In one specific example, tetra- and hexa-
nuclear zinc(IT) phenoxide complexes were found to be poor catalysts in terms of

1.5% Poor solubility in cyclohexene oxide, poor thermal

both activity and contro
stability and sterically-hindered metal sites were contributing factors in this case,
highlighting the importance of careful ligand-design in the development of ROCOP
catalysts.

In general, macrocyclic complexes are attractive candidates for catalysis due
to their well-defined, pre-organised geometries and coordination environments.
Bimetallic zinc complexes of macrocyclic diphenolate ligands show promising

activity in low pressure copolymerisation of CHO and CO, (Figure[1.2] II).5556 A
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Figure 1.2: Literature examples of bimetallic complexes for the catalytic ROCOP reaction.

similar macrocyclic ligand has also been used to support a hetero-bimetallic com-
plex of magnesium and zinc, which displays improved activity over either related
homo-bimetallic complex.” Rigid macrocyclic complexes have often displayed
poor catalytic activity. For example, the bimetallic BDI complex III in Figure
is a good ROCOP catalyst, attaining TOF of 312 h™!, forming poly-carbonate in
94 % selectivity. In contrast, the related complex that features a second bridging
aryl group between BDI units is inactive.”” It has been highlighted that bimetallic
complexes that offer some degree of flexibility in the linker groups are important in
attaining high activity, such as with the bimetallic Schiff-base cobalt(III) complex
(Figure , V) .55 On the other hand, other macrocyclic complexes that also
feature flexible linkers are completely inactive towards catalysing the ROCOP
reaction (Figure [1.2] TV).%? These studies highlight how subtle and poorly un-
derstood the relationship between catalyst structure and activity remains in the
field.

In Chapter 3 of this work, the synthesis of bimetallic and tetrametallic zinc(II)
complexes will be discussed, as will the use of these high-nuclearity complexes in
the ROCOP reaction between CO, and epoxides.

1.1.2 Electro-catalytic reduction of CO,

The ROCOP reaction makes use of the tendency for CO, to undergo nucleophilic
attack at carbon, and participate in insertion chemistry without any changes in

formal oxidation state (which is +4 in CO,). A second viable way of making use
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of CO, as a C, feedstock is in electrochemical, or electro-catalytic, reduction of
CO, to useful carbon products, which are in lower oxidation states.

Carbon dioxide can be reduced at an electrode to form the radical anion, at
—1.90 V wersus the normal hydrogen electrode (NHE), or —2.54 V wversus ferrocene.
The first reduction of CO, occurs at such strong negative potential because it is
accompanied by a conformation change, from a linear conformation in the neutral
molecule, to a bent conformation in the radical anion. Thermodynamically, the
electrochemical reduction of CO, can be made more preferable if it is accompanied
by the addition of protons. Because of this, proton-coupled electron-transfer
processes involving many electrons occur at much more positive potential, with
the formation of methane from CO, occurring at only —0.24 V versus NHE
(Scheme . However, as more electrons and protons are required for the

reduction to occur, the reaction becomes more disfavoured kinetically.*

COy+e — CO, (—1.90 V vs. NHE or —2.54 V ws. Fc)
CO,+2H" +2¢° —— CO+H,0 (—0.53 V vs. NHE or —1.17 V ws. Fc)
CO,+2H" +2e —— HCO,H (—0.61 V vs. NHE or —1.25 V ws. Fc)
CO,+4H" +4e° —— HCHO+H,0 (—0.48V vs. NHE or —1.12 V vs. Fc)
COy+6H" +6e° —— CH;OH+H,0 (—0.38V vs. NHE or —1.02 V vs. Fc)
CO,+8H"+8e —— CH,+2H,0  (-0.24 V vs. NHE or —0.88 V vs. Fc)

Scheme 1.2: Stoichiometries, potentials and products of the electrochemical reduction of CO,.
The potentials are reported at pH 7, 1 M for all solutes, 1 atm CO,, 25 °C.%3

With these thermodynamic and kinetic challenges in mind, there are two
potential strategies to prepare liquid fuels from CO, that involve at least one
electro-catalytic step. The first is to reduce CO, to CO, which is kinetically the
most straightforward electrochemical reaction. Carbon monoxide obtained from
this reaction could then be fed into a Fischer-Tropsch reactor to produce liquid
fuel. The second strategy would be to directly form a liquid fuel, such as methanol,
using the electro-catalyst, which is kinetically much more difficult and requires
intricate catalyst design.

A molecular complex that can mediate electron-transfer from the electrode
to the CO, substrate, bind intermediate products and collect further electron
and proton equivalents, and then release the final product, is considered an
electro-catalyst. Such a catalyst should therefore be designed with reversible,
metal-based redox activity in mind, such that turnover can be achieved without
degradation of the complex. The redox potential of the complex should also be
fine-tuned so that it operates at a similar potential for the reaction that it is
designed to catalyse. Work by Savéant involves the use of porphyrin complexes of

iron(IIT) that can be electrochemically reduced to iron(0) and carry out highly
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efficient electro-catalysis.®*®? High activities with this class of complexes (as
in Scheme , VI) have been realised using nearby phenol groups that act as
proton relays between the bulk solution and the bound CO,, substrate, and also
stabilise the intermediate Fe-CO, ™ species through hydrogen-bonding.®** Use
of such proton relays has also been shown to improve selectivity for formate
over proton-reduction in [Fe,N(CO),,]  systems.™ Additionally, it was reported
that the CF; meso-substituents on the porphyrin ligand improve the activity

dramatically.©®

—| 4+ — — —l 2+
/ \
/]\ %\N \ N\ /(N%\
— o ’d,,N—\ I—N.
N— 0u3:> <://N(—/‘Cu—N/ \ NN TR TN
N — O O

VIII IX
Bouwman Maverick

Figure 1.3: Literature examples of CO, electroreduction catalysts, highlighting examples that
make use of ligand design to improve catalytic performance, through the introduction of internal
proton relays or by control of the inter-metallic spacing.

Carbon monoxide dehydrogenase enzymes carry out catalytic reduction of
CO, to CO. The active site of Carboxydothermus hydrogenoformans consists of
a NiFe,S, cluster, and CO, is bound and reduced by the cooperative action of
nickel(0) and iron(II), forming a nickel(II)/iron(II) species after the two-electron
transfer to CO,.™ Similar cooperative action between molybdenum(IV) and

copper (1) is observed in the Oligotropha carbozidovorans enzyme, which also makes

Page 23



Chapter 1. Introduction

use of a non-innocent sulphido ligand to bind CO, at the carbon atom.™

Many examples of synthetic, molecular electro-catalysts are designed with
careful consideration of the distance between multiple metal centres. For example,
the bimetallic palladium(II) complex in Scheme (VII) features tri-phosphine
coordination compartments that are bridged by a methylene group. This complex
reacts rapidly with CO, to form CO through a bimetallic, cooperative mechanism
involving palladium(I), but the formation of inert dimers limits the turnover
number (TON) to only 10.™ Following a subtle change in the ligand scaffold —
changing the methylene bridge to a meta-aryl bridge — improves the total TON,
but reduces the rate of reaction, as the increased separation between palladium
centres prevents cooperativity from taking place.™

Molecular electro-catalysts of Earth-abundant metals such as copper and iron
are attractive targets, as they are far less expensive than those of palladium.
In one such example, a bimetallic amino-pyridine copper complex reduces CO,
to oxalate (C,0,% ) in an intermolecular cooperative mechanism; the initial
copper (IT) complex is first reduced to copper(I), which reduces CO, and binds the
resulting radical anion. On approach of a second equivalent of the (Cu'-CO, "),
complex, a tetranuclear copper-oxalate complex is formed (Scheme , VIII).
Oxalate (or oxalic acid in its protonated form) is a useful C, product from CO,
and forms through radical coupling of two CO, radical anions. In this example,
Li,C,0, could be liberated from the tetranuclear complex on addition of lithium
perchlorate. Unfortunately, only six turnovers were achieved by the complex in a
seven hour period, albeit at low over-potential.’™

Intramolecular, cooperative reactivity was observed with a bimetallic copper(II)
metallocyclic complex. Whilst the internuclear separation between metal centres
is quite large in the oxidised form of the complex (6.843(2) A for the nitro complex;
7.615(2) A for the chlorido complex), the inherent flexibility in the helicate allows
the metal centres to move closer together after reduction to copper(I) (using
ascorbate) and subsequent reaction with CO,, such that in the resulting oxalate
complex (XI), the internuclear separation is 5.4213(7) A. This copper(II) complex
did not act as an electro-catalyst, but oxalic acid could be liberated from the
oxalate complex on addition of HCI, thereby closing a potential catalytic cycle.™

Chapter 4 of this work investigates the design and synthesis of bimetallic
complexes of iron(II), nickel(II), palladium(II) and copper(II), and their attempted

use as CO, electro-reduction catalysts.
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1.2 Oxygenation of hydrocarbon substrates

The oxygenation of hydrocarbon compounds accounts for less than 5 % of all
industrial chemical processes.™® Whilst oxidants such as O, and H,O, offer
“ereen” alternatives to traditional, toxic chromium and manganese reagents, safety
concerns over the formation of explosive mixtures limit their widespread de-
ployment in industry. Nonetheless, these oxidants are used in some large-scale
preparations.® Global production of propylene oxide from propylene amounted to
7.5 Mt y~! in 2010,%% and this process traditionally uses HOCI as a reagent; BASF
and Dow Chemical now produce propylene oxide using H,0,,*¥ but this improved
method only accounts for 300 kt y~=1.%2 As a further example, the anthraquinone
oxidation process produces H,0, on a scale of 2.2 Mt y=! (as of 2010)%#%% and
makes use of O, as the oxidant. Hydrogen peroxide has also been suggested as
a more environmentally benign oxidant in the production of adipic acid, which

1 as a nylon-6,6 precursor.®® The traditional

is produced on a scale of 2.2 Mt y~
method for adipic acid production uses HNO; to carry out oxidative cleavage of
“KA 0il”, a mixture of cyclohexanol and cyclohexanone, and the oxidant is thought
to contribute to 8 % of global N,O pollution (400 kt y~');*" in contrast, H,O,
produces only water as a side-product.

In comparison with other industrial sectors, pharmaceutical processes produce
up to two orders of magnitude more waste per mass of product.®® Therefore,
catalytic systems that can functionalise complex hydrocarbon substrates selectively,
under mild reaction conditions, using environmentally benign oxidants are highly

897102 Dye to their low toxicity and high natural abundance, the use

sought after.
of salts or molecular complexes of copper and iron are advantageous over those of
highly toxic chromium oxidants, or expensive precious-metal catalysts of platinum
or palladium.

Nature exploits both copper and iron enzymes to carry out oxygenation re-
actions of hydrocarbon substrates.t’3% The iron centre in cytochrome P450
compound I (Figure , X) and peroxidase enzymes forms a reactive, high-
oxidation-state iron oxo species (Fe'¥ =0, “ferryl heme”) from its reaction with O,
or water, which subsequently facilitates both hydrogen-atom abstraction (HAA)
and hydroxylation of hydrocarbon substrates.**” ' In the “oxygen rebound”
mechanism, the organic radical of the substrate that is formed following HAA is
associated with the Fe"™-OH intermediate as a “cage-radical”.™2 Furthermore, the
iron(II) non-heme enzyme Taurine diozygenase makes use of dioxygen to hydroxy-

late hydrocarbon substrates, also proceeding through a Fe!'V=0 intermediate that
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carries out HAA 43

Alternatively, the bimetallic copper(I) active site in the tyrosinase enzyme
reacts with O, to form a side-on bound Cu'-(py:n*-0,)-Cu" motif? that oxidises
catechol to ortho-quinone (Figure XTI).M Methane mono-oxygenase (MMO)
is thought to contain a similar bimetallic active-site, containing iron in the soluble
form (sMMO)™M® and copper in the particulate form (pMMO)." ¥ The metal-
oxygen species in MMO is reactive enough to oxygenate the strong C-H bonds of
methane (Hpiss = 439 kJ mol 1) 82 Following this motivation, much research
has been driven towards preparing oxygenation catalysts based on copper and
iron."2” Synthetic analogues have been targeted that incorporate: reactive iron-oxo
and -peroxo porphyrins (XIT);22H26 non-heme Fe'V=0 (ferryl)20831 or FeV—0
(perferryl, XIIT)**# functionalities; and the MOM™**#13% or MO,M butterfly motifs
(XIV). D35 58

2+

Hi3259 HiSBS

\ y
Vol
& 7

XII XIII X1V
Nocera Britovsek Nam

Figure 1.4: Literature examples of copper and iron complexes for catalytic hydrocarbon oxy-
genation.

Simple transition metal salts of copper have been used in non-biomimetic

approaches to oxygenation catalysis, mainly using hydrogen peroxide (H,0,) or
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tert-butyl hydroperoxide (tBuOOH, TBHP) to carry out at least the HAA step in
free-radical reactions. The reaction between CuBr and TBHP forms mixtures of
tBuO - (alkoxyl) and tBuOO - (peroxyl) radicals that carry out HAA.*™¥? CuCl,,
CuCl and copper metal have all been shown to catalyse both HAA and oxygena-
tion of m-activated benzylic substrates using TBHP.M%4! Furthermore, copper
acetate has catalysed oxidation of aromatic C-H bonds using O, as an oxidant."'#
The related Kharasch-Sosnovsky reaction of tert-butyl peroxybenzoate leads to
etherification of hydrocarbon substrates and is typically catalysed by copper(I)
salts. 144148 Coordination complexes of copper(I) have also been implemented in
Kharasch-Sosnovsky reactions with other dialkyl-peroxides (for example, dicumyl
peroxide), where both alkoxyl radicals (from the oxidant) and organic radicals
(from the substrate) have been suggested as reactive intermediates.™" Simple iron
salts (most commonly FeCl,) and complexes of iron have also been used for the cat-
alytic oxygenation reactions of hydrocarbon substrates with high bond-dissociation
energies (BDEs), including cyclohexane. 145160 The bulk of iron-catalysed oxygena-
tion reactions with H,O, or TBHP are described by Fenton mechanisms,*62
where the role of iron is to generate reactive hydroxyl,*%? tert-butoxyl*®* and
tert-butyl peroxylt® free radicals from the hydroperoxide.

Mixtures of metal compounds can also act as tandem catalystst®®198 for oxy-
genation reactions. Combinations of iron(II) and chromium(III) diketonates carry
out the tandem oxygenation and epoxidation catalysis of cyclohexene. 1o Addi-
tionally, copper acetate and FeCl; mixtures act as catalysts for a complex series of
C-C and C-O bond forming reactions, although these reactions require high load-

ings. 1™

A mixture of Fe,SO, and CuCl, catalyses oxidation and isomerisation of
alkene-containing organo-peroxides, yielding ketone products, with the postulated
mechanisms showing the two metal centres participating in tandem.™ In terms of
cooperative catalysis, mixtures of copper and iron (in the forms of salts, complexes
and nanoparticles) have been used to successfully promote cross-coupling reac-
tions, ™™ including those that form new C-C bonds,* ™™ C-O bonds, ™% C-S
bonds, ™ and also N-arylation.’®¥183 In contrast, there is surprisingly little use
of mixed-metal systems in cooperative catalysis for the direct functionalisation
of a hydrocarbon bond. In one example, amination of an allylic C-H bond was
achieved by a palladium acetate catalyst, but only when a chromium(III) catalyst
was also present to aminate the palladium-allyl intermediate.15%

In Chapter 4, the use of copper(II) /iron(III) mixtures for hydrocarbon oxidation

catalysis will be discussed.
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1.3 Nuclear waste and uranyl chemistry

Whilst CO, might play an important role in future clean-energy production,
for many countries, nuclear power is the present-day, high-power alternative to
the combustion of fossil fuels. Nuclear power accounts for around 20 % of UK
electricity, displacing approximately 14 Mt of CO, from entering the atmosphere
(equivalent to around 9 % of UK carbon emissions in 2004).2%% However, the build-
up of nuclear waste, and accidental contamination of the environment following
reactor accidents, means that public opinion is often against nuclear power, and
as such, research into the better treatment of nuclear waste is important.

Nuclear fuel rods consist of pellets made from UQO,, where uranium is in the
+4 oxidation state. After irradiation in a nuclear power plant, spent nuclear
fuel still contains 95 % UO,, with short-lived fission products (e.g. *°Sr, *'1,
137Cs), and long-lived trans-uranic elements (e.g. 2BNp, #Pu, 241Am) making
up the remaining 5 %.1%% Whilst spent fuel can be processed to separate out
many of the isotopes, much of it must eventually be vitrified in borosilicate glass
and buried. The 2010 UK nuclear waste inventory accounts for 189 kt of total
nuclear waste, which includes 110 kt of intermediate-level waste (ILW) and 3.3
kt of high-level waste (HLW); all ILW and HLW will be stored in long-term
depositories, taking up a volume of 95,920 m? 15" Long-term radioactivity coming
from nuclear waste in geological depositories will be due to the actinides, which
have incredibly long lifetimes; the half-life of ***Pu is 24,100 years and that of
Z3TNp is 2 million years.™ Environmental contamination due to leaching of nuclear
waste from the permanent storage sites, such as Sellafield in the UK, is a major
public concern, especially as liquid effluent has deliberately been discharged to
the Irish Sea, and accidental atmospheric contamination has also been discharged
over the surrounding area due to fires."®¥ More widespread contamination has
taken place due to nuclear reactor accidents, such as that at Chernobyl in 1986,
or at Fukushima in 2011.

Under aerobic, aqueous conditions, uranium adopts its highest oxidation state
of +6 in the form of the uranyl dication, UO,*", and is highly soluble and mobile
in water.?% Unlike its transition metal bis-oxo congeners, such as MoO,"", which
adopt bent geometries,**" the O-U-O bonds in uranyl are linear. This is primarily
due to the participation of the oxygen 2p atomic orbitals forming ¢ and 7 bonding
interactions with the uranium 5f and 6d atomic orbitals,*! and is also due in
part to the inverse trans-influence, where the strong binding of one oxo ligand

to uranium encourages strong binding of the second oxo ligand “trans” to it.12
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Combined with the U-O triple-bond character, these characteristics mean that
uranyl possesses extremely strong bonds (604 kJ mol™')*¥ and is traditionally
considered chemically inert, with most chemical changes taking place in the
equatorial plane.

The plutonium uranium redox extraction (PUREX) process is capable of sepa-
rating uranium(VI) and plutonium(IV) ions from the other fission products present
in nuclear waste. PUREX is a solvent extraction method where uranium(VI)
and plutonium(IV) ions are drawn from the aqueous nitric acid phase into the
organic phase by tributyl phosphate (TBP), and its success is dependent on subtle
differences in affinities between the extractant and the actinyl ions, as well as the
oxidation states of the actinides.™® Oxidation state control is also a key concept
in bio-remediation of uranium-contaminated soils. Bacteria such as Geobacter
sulferreducens carry out the two-electron, biotic reduction of uranyl, from the +6
oxidation state to the +4 oxidation state. In the +4 oxidation state, uranium
salts are far less water-soluble, and are therefore immobilised from the aqueous
environment, 19449

In order to better develop uranium extraction and remediation technologies,
deeper understanding of actinyl redox chemistry and uranyl reduction mechanisms
are required. To this end, much research has focussed on synthesising molecular
uranyl complexes to study reduction chemistry. The U(VI)/U(V) reduction poten-
tial varies significantly based on the coordination environment, but usually occurs
around —1.5 V versus ferrocene,*® and due to the accessibility of the +5 oxidation
state, the one-electron reduction of uranyl has been studied extensively.12¢206' On
the other hand, multiple-electron reduction processes at uranium are rare, and
so the two-electron reduction, which is most relevant to uranium remediation by
immobilisation, has not been achieved or studied to as great an extent.

The two-electron reduction of uranyl(VI) by CoCp, has been promoted by
the addition of a silyl-triflate reagent, where the formation of strong Si-O bonds
and strong binding of triflate to uranium drives both the oxo-abstraction and the
two-electron reduction (XV, Figure .207 A uranyl(VI) p-ketoiminate complex
undergoes reductive silylation on addition of excess Me;Sil, yielding the oxo-
silylated iodo uranium(V) complex XVI; addition of bipyridine to the uranium(V)
complex results in further reduction of uranium on elimination of I,."%% A similar
uranyl(VI) S-ketoiminate complex is reduced by CoCpj, and further reduction to
the uranium(IV) complex is encouraged following coordination of a boron Lewis
acid to the uranyl oxo groups (XVII).“%® Making use of the more reducing +3

oxidation state on uranium, comproportionation of uranium(III) and uranyl(VI)
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triflates has led to the formation of multinuclear uranium(IV) polyoxo clusters
(XVIIT).”™ Finally, two-electron reduction of uranyl is thought to occur on
photolysis of a phosphine oxide complex in the presence of alcohols, forming

uranium(IV) alkoxide complexes; although this claim is disputed.*%<1
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Figure 1.5: Top: complexes that have been used to carry out two-electron reduction of uranyl,
and some resulting uranium(IV) products from other two-electron reduction reactions. Bottom:
uranyl complexes of radical-containing ligands.

In Chapter 6, the use of a new redox-active dipyrrin ligand in uranyl reduction
chemistry will be discussed, ultimately resulting in a two-electron reduction of
uranyl through a novel, ligand-mediated electron-transfer mechanism. Redox-
active ligands in metal complexes can provide alternative pathways in redox
chemistry that are not available to metal complexes of more traditional, “innocent”
ancillary ligands.*12"218 While these features have been studied extensively in com-
plexes of the transition metals, the use of redox-active ligands in actinide chemistry
is less developed. Low oxidation-state uranium complexes, i.e. uranium(III) and
uranium(IV), of classical redox-active ligands such as pyridine di-imines (PDI),
bipyridines, amidophenolates, and a-di-imines dominate and display reactivity in
which ligand-centred redox processes are implicit.?1722% [ contrast, compounds
of higher oxidation state uranium e.g. uranyl(VI)/(V) with redox-active ligands
are rare. Considering the significant advances that have been made in the field
of uranyl reduction, outlined above and discussed in further detail in the next
section, this is surprising. Uranyl(VI) complexes of expanded porphyrins and
analogous m-conjugated macrocycles are known but their impact in reduction

chemistry has not been studied.**#**8 The uranyl(VI) complex of an a-di-imine
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diphenolate undergoes single-electron reduction leading to the uranyl(VI) ligand-
centred radical anion and not the expected uranyl(V) complex (XIX, Figure
[1.5).22% Uranyl complexes of maleonitrile-containing Schiff-base complexes exhibit
ligand-centred oxidation (XX).2? Oxidation of a U™ Cp*(PDI) complex forms a
uranyl(VI) complex of a PDI-ligand-centred radical anion which subsequently can
undergo stoichiometric, stepwise reductive-silylation by Me;Sil in which electrons
arising from Cp* (through elimination of [Cp*|,) and the PDI ligand radical-anion
are involved (XXT).40

1.4 Ligand design inspired by nature

1.4.1 Binucleating pyrrolic macrocycles

As discussed in the previous sections, nature makes use of the porphyrin ligand
in the active sites of metalloenzymes to carry out transformations of covalent
bonds. In all three catalytic processes introduced above — the ROCOP reaction,
electrochemical CO, reduction, and oxidation catalysis — there are many exam-
ples of bimetallic complexes, or dimers, successfully facilitating these reactions.
Cooperative, bimetallic action is also observed in other chemical transformations,

such as N, fixation,**!' reductive coupling of CO,**

2331234

and O, reduction for fuel-cell
catalysis. Drawing inspiration from natural ligands, and with the aim of
promoting cooperative, bimetallic reactivity, cofacial diporphyrin complexes were
developed (XXII Figure .235 Complexes of this type are formed of two por-
phyrin coordination compartments, binding reactive metal ions, and are connected
by “spacer” groups. These spacer groups are important as they influence both the
relative separation and orientation between coordination pockets, and therefore
the separation between the two metal centres, which in turn influences reactivity.
Complexes that feature a single, often more rigid, spacer group connecting the
two porphyrin units are referred to as Pacman diporphyrin complexes, such as
compound XII in Figure [1.4]121230

Despite the successes of cofacial and Pacman diporphyrin complexes, carrying
out O, reduction with cobalt(IT),%##23% N, binding with ruthenium(IT),*** and
photo-catalytic oxidation of hydrocarbons,*2! their syntheses involve multiple
steps and purification by column chromatography, and are therefore low-yielding.
In contrast, polypyrrolic Schiff-base macrocycles (XXV and XXVI) are more
straightforwardly prepared in 3 to 5 steps (70 % overall yield), and require no
column chromatography in their purification.”*® Upon metallation, macrocycles of

this type fold into well-defined Pacman geometries and resemble their porphyrin
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analogues, providing similar N -coordination compartments. The relative orien-
tation between compartments (the “bite angle”) and internuclear separation can

similarly be influenced by alteration of the spacer group.?4

XXII XXIIT XXIV
Collman Bowman-James Sessler

XXV XXVI
Love Love

Figure 1.6: Literature examples of dinuclear macrocyclic complexes. Top: a cofacial diporphyrin
complex and some macrocyclic dipyrrin complexes. Bottom: dipyrromethane Pacman complexes.

Pacman complexes have been used to explore a range of chemistry, which
includes anion-recognition, inorganic cluster synthesis, O, reduction catalysis,
CS, reduction and uranyl reduction, as summarised in Figure [1.7] Bimetallic
zinc complexes of the anthracenyl-bridged Pacman macrocycle have displayed
selective binding of chloride anions between the two metal centres preferentially
over other halides.** Similar anion-recognition chemistry has been displayed by
the metal-free version of the asymmetric dipyrrin macrocycle XXIV (Figure
_242

The macrocyclic clefts offered by these complexes are reminiscent of supramolec-
ular flasks, in which unfavourable catalytic and stoichiometric reactions have been
shown to take place due to the increased effective concentration and lowered
entropy inside the host structure.”**?4% Furthermore, these macrocyclic clefts
have been shown to support the building up of inorganic zinc-hydroxide and -oxo

247

clusters (discussed in Chapter 3),“** as well as magnesium hydroxide cubane clus-

ters;*¥ the latter of these is relevant to modelling the active site of photosystem
11449 and artificial photosynthesis.

Bimetallic cobalt(II) Pacman complexes have catalysed the reduction of O,
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Figure 1.7: Previously discovered forms of reactivity of Pacman complexes: anion-recognition,
fuel-cell catalysis, small molecule activation and uranyl reduction.

to water, electro-catalytically and also using ferrocene as an electron source in
chemical catalysis.??""223 In this case, the influence of subtle changes in the ligand
framework on reactivity is apparent. In the case of the anthracenyl-bridged
macrocycle, the O, reduction intermediate is an aqua-hydroxy ion, which binds to
both cobalt(III) centres (see Figure .253 In contrast, the macrocycle containing
the ortho-phenylene spacer group reduces O, through a peroxo intermediate.?"

Recently, the coordination of two strongly reducing uranium(III) ions by the
anthracenyl-bridged Pacman ligand“*? has resulted in the multi-electron reduction
of CS, and S, resulting in trithiocarbonate (CS;*"), carbon disulfido (CS,?"),
sulfido (S?7) and persulfido (S,* ) complexes. The multi-electron oxidation of the
UMU™ parent complex to form the UVUV—CS327 complex on reaction with CS, is
unusual for uranium chemistry; the product from this reaction is shown in Figure
[[.7255

In the field of uranyl reduction chemistry, Pacman ligands have been used exten-
sively to study the single-electron reduction of uranium(VI), yielding uranium(V)
complexes. 1?20 Sych complexes have been isolated through: radical reactions
involving cleavage of the N-Si bond, leading to oxo-silylated products;+*200
lithiation, using LiH, LiNR, and LiCR; reagents;™ and catalytic reduction by
DIBAL or Tebbe’s reagent.“>” Unlike transition metal Pacman compounds, which
selectively form bimetallic complexes, the uranyl analogues contain a vacant coor-
dination pocket that allows further functionalisation. This second coordination

258 and lanthanides, " to

pocket has been used to introduce transition metals
study cation-cation interactions with uranyl, and has also been used to introduce
a second reduced uranyl moiety (under forcing conditions) in order to study strong
electronic coupling between two uranium(V) centres.“M

Pacman complexes such as XXV and XX VT feature two alkyl substituents at
the meso-position, which is the carbon position that bridges the pyrrole groups in
the dipyrromethane moiety. In these macrocycles, the m-conjugation between the

two imino-pyrrolide coordination units is disrupted, and in this sense these macro-
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cycles differ quite drastically from their porphyrin analogues; in the porphyrin
system, the meso-positions are unsaturated, such that m-conjugation extends
throughout the N, coordination pocket. The pyrrolic dipyrromethene (or dipyrrin)
moieties have been incorporated into pyrrolic Schiff-base macrocycles to some
extent. Complexes (such as XXIII) are formed from a dipyrromethane pro-ligand
that is oxidised to the macrocyclic dipyrrin upon metallation; these are called
“accordion” complexes due to the flexible alkyl spacer groups that do not enforce
a Pacman geometry.?0U20l An asymmetric dipyrromethane Pacman complex of
palladium(IT), which features a di-amido-pyridine group as the second coordi-
nation pocket, has been successfully oxidised to a Pacman dipyrrin complex,“%2
but otherwise dipyrrin analogues of XXV and XXVI have not been reported
previously. Attempts to synthesise macrocyclic dipyrrin pro-ligands are discussed

in Chapter 2, and addressed further in Chapter 3 in the context of metalation.

1.4.2 Acyclic dipyrrin complexes

In contrast to macrocyclic dipyrrins, acyclic dipyrrin compounds have been studied
extensively due to their rich photophysical properties. Boron-dipyrrin compounds
(BODIPY dyes, XXVII, Figure contain a BF, unit bonded to the two
pyrrole nitrogen atoms, and have been used for molecular sensing (as pH and

)2637265 and in luminescent devices.?%® In transition metal chemistry,

chemical probes
dipyrrin ligands have been implicated in interesting catalytic transformations. For
example, an iron(IT) dipyrrin complex carries out C-H bond amination,“®” resulting
in the synthesis of N-heterocycles (XXVTIII).”*® Similar dipyrrin cobalt(III)-
imido complexes carry out stoichiometric C-H bond activation reactions, and
possess unusual electronic structures, exhibiting spin-crossover with changing
temperature.“*” In these examples, the dipyrrin ligand acts as a bidentate (N),-
donor. Donor-expanded dipyrrin ligands have been explored in the literature
to some extent, although the reported diimino-dipyrrin complexes of nickel(II)
have exhibited ligand-centred reactivity with O, (XXIX, Figure [1.8)).%™ These
reactions are metal-dependent and lead to asymmetric imino/carboxylate-dipyrrin
ligands, or meso-hydroxylated dipyrrins.*™ Related bis-amido dipyrrin ligands
have since been prepared rationally, and have shown flexible coordination modes,
acting as an N,O, donor to copper(II) (XXX, Figure and an N;O, donor to
nickel (IT).27

Due to the difficulties in preparing macrocyclic dipyrrin ligands, acyclic, donor-
expanded dipyrrin ligands were also synthesised as part of this work. The synthesis

of transition metal dipyrrin complexes for electro-catalytic CO, reduction is
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discussed in Chapter 4, and the use of one of these new dipyrrin ligands in the

field of uranyl reduction chemistry is presented in Chapter 6.

Mes

NN\

N. N=
Ad  Fel Ad
THF \CI

XXVII XXVIII XXIX XXX
Treibs, Kreuzer Betley Katayev Cohen

Figure 1.8: Literature examples of acyclic dipyrrin complexes. Mes = 2,4,6-trimethylphenyl; Ad
= l-adamantyl.

1.5 Aims of this thesis

This introduction covers many different topics, but the central theme that runs
throughout this work is ligand design, with the aim of using this to influence and
discover new and interesting reactivity. The core aims of the work presented in

this thesis are:

e Synthesise a novel, macrocyclic Pacman dipyrrin ligand to explore new

coordination chemistry;

e Prepare redox-active transition metal complexes for the electro-catalytic
reduction of COy;

e Explore the use of macrocyclic complexes in catalytic ROCOP and oxidation

reactions;

e Investigate uranyl reduction chemistry using a redox-active donor-expanded

dipyrrin ligand.
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Chapter 2

Synthesis and electronic structure of ligands

This chapter outlines the straightforward synthesis of the acyclic and macrocyclic
poly-pyrrolic Schiff-base compounds that are used as ligands for a number of metal
complexes in later chapters. A number of synthetic strategies towards preparing
macrocyclic dipyrrins will be discussed and a comparison of electronic structures

between dipyrromethanes and dipyrrins will be made.

2.1 Ligand synthesis

2.1.1 Synthesis of meso-substituted dipyrromethanes

Dipyrromethanes are prepared from the condensation reaction between pyrrole and
a carbonyl compound. The use of ketones in this reaction leads to dipyrromethanes
that are disubstituted at the meso-position, for example, the reaction of pyr-
role and 3-pentanone affords 5,5-diethyl dipyrromethane.r These disubstituted
dipyrromethanes are not able to undergo oxidation to dipyrrins.

A single meso-substituent may be incorporated if an aldehyde is used in the con-
densation reaction, and the proton-substituent that remains at the meso-position
provides a possibility for oxidation to dipyrrins to occur.** The pentafluoroaryl-
meso-substituent (C4F;) was chosen for this work for several reasons: to improve
the solubility of the larger macrocycles; to enhance the acidity of the meso-proton
and promote oxidation to dipyrrins; and to better stabilise low oxidation-state
metal complexes. Savéant’s work on CiF;-substituted iron-porphyrin complexes
for electro-catalytic CO, reduction is testament to the ability of this group to
stabilise low oxidation states and enhance electro-catalytic activity.”©

The solvent-free method, reported by Lindsey, was used to prepare
5-pentafluorophenyl-dipyrromethane, 1, in 45 % yield, using 10 mol% InCl, as
the catalyst (Scheme [2.1).7 In the *"H NMR spectrum there are resonances for two

equivalent pyrrolic N-H protons at 8.14 ppm, three inequivalent pyrrole proton
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environments at 6.73, 6.16 and 6.03 ppm and one meso-proton at 5.90 ppm. The
YF{'H} NMR spectrum also features three resonances at —141.5, —155.8 and
—161.2 ppm, consistent with a mono-substituted CyF;-group undergoing free
rotation. A single product was detected by GC-MS, eluting with a retention
time of 38 minutes with the expected molecular ion peak at 312 m/z; neither
N-confused-dipyrromethane or tripyrrane were detected, which are previously

reported side-products of this reaction.

F F H, CeFs H, CeFs

100 eq Pyrrole 8
> X = X N\
F F i) 10 mol% InCls, 90 min \nnn—  \wn L

i) Excess NaOH, 45 min

1,45% N-confused Tripyrrane
dipyrromethane not detected
not detected

Scheme 2.1: Synthesis of 5-pentafluorophenyl-dipyrromethane, 1.7

2.1.2 Formylation of dipyrromethanes

The Vilsmeier-Haack reaction is an established procedure for the formylation
of pyrrolic compounds, and it may be used with dipyrromethanes to formylate
both of the unsubstituted a-positions.®* 1,9-diformyl-5-pentafluorophenyl-dipyrro-
methane was synthesised according to a reported procedure, affording 2 as a
brown solid in 75 % yield (Scheme [2.2).% The synthesis of 2 is supported by 'H
NMR spectroscopy, as there is a large change in the chemical shift for the pyrrole
N-H resonance to 10.39 ppm and the appearance of a resonance at 9.29 ppm that
is attributed to the aldehyde protons. Furthermore, the doublet multiplicity of the
two pyrrole S-proton resonances and the evident Cy-symmetry of the compound
indicate that both pyrrole a-positions have been formylated successfully. The
BC{'H} NMR spectrum includes a single aldehyde resonance at 179.2 ppm. In the
YF{'H} NMR spectrum, the C4Fs-substituent appears as a set of three resonances
at —140.4, —153.5 and —160.3 ppm. An additional set of low-intensity *F NMR
resonances at —141.3, —154.5 and —160.6 ppm are assigned to a trace impurity
that may be the source of the brown colour of the compound.

The procedure reported by Lindsey claims that the brown colour of 2 cannot
be removed. Attempts to purify 2 by column chromatography (silica, 80:20:1
ethyl acetate : hexanes : NEt;) or by vacuum sublimation led to decomposition
of the compound. However, 2 can be recrystallised from hot aqueous ethanol (80

% ethanol, v/v) on slow cooling to room temperature. Large, colourless, block

Page 44



Chapter 2. Synthesis and electronic structure of ligands

H{ Cefs DMF
N =
\_NH HN— i) 2.2 POClg, 3 hrs

ii) NaOAc(aq), 45 min H

H CeFs

\

1 2,75%

Scheme 2.2: Synthesis of 1,9-diformyl-5-pentafluorophenyl-dipyrromethane, 2.%

crystals of 2 were obtained using this method and the previously unreported
solid-state structure was determined by X-ray diffraction (Figure [2.1).

The solid-state structure of 2 was refined in the P1 space group and the
asymmetric unit consists of two molecules. In each molecule, the O1-C1-N1-H1
dihedral angle is 4.8° — 5.8°, and the two molecules are aligned such that a pair
of hydrogen-bonds form between their formyl-pyrrole units (r, H1-O1 ~ 2.0 A).
The tetrahedral geometry of the meso-carbon is evident from its bond angles with
neighbouring carbon atoms, which lie in the range 110.0(2)° — 114.7(2)".

Figure 2.1: Solid-state structure of 2, showing the asymmetric unit. Displacement ellipsoids
are drawn at 50 % probability and for clarity, the protons at the pyrrole 3-positions have been
omitted.

2.1.3 Donor-expanded dipyrromethanes and dipyrrins

The Schiff-base condensation reaction between 1,9-diformyl-dipyrromethanes
and a variety of primary amines enables the synthesis of many 1,9-diimino-
dipyrromethane compounds. The use of mono-amine reagents in this reaction
leads to acyclic, donor-expanded dipyrromethanes and dipyrrins.**# One such
dipyrromethane, containing para-tert-butyl-phenyl imine substituents, has been
synthesised and successfully oxidised to its dipyrrin congener. A second dipyrrin
compound, featuring tert-butyl imine substituents was synthesised directly, with-

out isolation of the dipyrromethane intermediate.

Page 45



Chapter 2. Synthesis and electronic structure of ligands

If diamino compounds are used in the Schiff-base condensation reaction, a
[2-+2] cyclisation ensues, affording macrocyclic compounds.*?¥ Two different
macrocycles were prepared using this method; one features ortho-phenylene
“spacer” groups between the two donor-expanded dipyrromethane compartments,

whereas the other features 1,8-anthracenyl spacer groups.

Acyclic dipyrrins

The aryl-substituted diimino-dipyrromethane, 3, was prepared from the acid-
promoted condensation reaction between 2 and p-‘Bu-aniline in methanol.ﬂ Al-
though many acids could be used for this reaction, trifluoroacetic acid (TFA) was
found to give high yields. The iminium-acetate salt of 3 was not isolated, but
instead neutralised with NEt, to afford the free-base form in 74 % yield (Scheme
. 'H NMR spectroscopy indicates a symmetric product in solution, with single
resonances for the imino-protons at 8.18 ppm and the ‘Bu groups at 1.32 ppm.
Two additional resonances, of doublet mulitiplicity, observed at 7.12 and 7.36
ppm are consistent with the introduction of two para-substituted aryl groups.
Finally, there is a resonance for the meso-proton at 5.69 ppm that indicates the
compound is saturated at that position. Further evidence for the introduction of
an imine functional group is provided by the strong infra-red absorption band at
1623 cm L.

Oxidation of 3 to its dipyrrin congener HL' was achieved straightforwardly,
by use of the two-electron oxidant 2,6-dichloro-4,5-dicyano-benzoquinone (DDQ).
This reaction proceeded cleanly in 1 hour, to afford the dipyrrin in quantitative
yields. Loss of the meso-proton 'H NMR resonance observed for 3 concludes that

the oxidation reaction was successful.
2 ‘BUQNHZ H. CFs CeF's
H, CcFs N

S X = XN\
= MeOH \ NH HN CHZCIZ \ NH N=
—_—
i) 2 TFA, 2 hrs N /, DDQ 8 p

H i) 2.1 NEty N N N N
o o R R R R

2 3, 74 %; R = p-Bu-CgH, HL1, 100 %; R = p-Bu-CgH,4

Scheme 2.3: Synthesis of dipyrromethane 3 and oxidation to dipyrrin HL'.

A major problem in the synthesis of 3 is that the unreacted p-‘Bu-aniline and
the by-product salt, [Et;NH||[CF;CO,|, are extremely difficult to remove from

13 and HL' were first synthesised by Dr Daniel Betz. The improved synthesis, electronic
absorption spectra and DFT calculations were carried out by myself.
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the product. Even when the condensation reaction was carried out with sub-
stoichiometric amounts of the amine, it was still present in the product. Attempts
to purify the product by recrystallisation from a number of solvent systems
and methods were not met with success. Column chromatography and vacuum
sublimation methods both led to decomposition of the product. Furthermore,
heating the product to 100 °C (the apparent limit of its thermal stability) under
dynamic vacuum did not remove the amine, despite it having a boiling temperature
of 90 — 93 °C at atmospheric pressure. Due to the high solubilities of 3 and HL?,
the impurities could not be washed away with organic solvents. It was found that
washing a hexanes solution of HL! with water removed the aniline and salt, but
that process led to hydrolysis of the imine. Hence, all further characterisation and
reactions were carried out in the presence of these impurities.

In order to overcome the difficulties inherent in the synthesis of HL', a different
synthetic approach was devised to prepare the alkyl-substituted diimino-dipyrrin,
HL?. It was thought that replacement of the large aryl imine-substituents in
HL! with ‘Bu-substituents might increase rigidity and aid crystallisation of the
dipyrrin; useful both for purification and characterisation. Furthermore, due to the
volatility of ‘BuNH, (boiling temperature of 47 °C), any unreacted amine could
be removed more readily. In order to avoid salt formation from an acid-promoted
reaction and basic work-up procedure, the equilibrium of the Schiff-base reaction
was exploited to drive the reaction towards the targeted product; a large excess of
the reactant, '‘BuNH,, was used (7 equivalents), and Na,SO, was also added as a
drying agent to remove water, one of the products. Heating at 50 °C for 48 hours

in toluene was sufficient to obtain the product as a red solid in moderate yield of

48 % (Scheme [2.4)).

7 BuNH,, Na,S0O, CeFs
Toluene, air N
50 °C, 48 hrs Q N
— - NH N=
N /
NN
Bu Bu
2 HL2, 48 %

Scheme 2.4: Synthesis of dipyrrin HL?.

Unlike HL!, which required a separate oxidation step to afford the dipyrrin,
HL? oxidises in air during its synthesis. The 'H NMR spectrum for HL? indicates
a symmetric product with single resonances for the imine-protons at 7.71 ppm
and the ‘Bu groups at 0.76 ppm. A single set of resonances was observed in the
YF{IH} NMR spectrum, at —160.9, —152.2 and —138.2 ppm, that are assigned
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to the C4F5-substituent. Furthermore, there is a resonance in the *C{*H} NMR
spectrum at 123.0 ppm that is assigned to the meso-carbon; this 1*C resonance is
not observed during a DEPT-90 experiment, meaning that the meso-carbon is
quaternary.

The solid-state structure of HL? was determined by X-ray crystallography
and displays the expected planar geometry around the meso-carbon, with the
bond angles around C10 summing to 360° (Figure . Interestingly, whilst HIL?
was found to adopt a Cy-symmetric solution-state structure by NMR spectrscopy,
in the solid state, one of the imine groups is twisted away from the donor-
compartment, lowering the symmetry to C;. This twisting may have implications
for the coordination chemistry with metal complexes, which is described in later
chapters. HL? was refined in the P1 space group and was found to contain two
molecules of HL? in the asymmetric unit; each molecule is arranged head-to-tail
in a co-planar arrangement with a different, symmetry equivalent molecule of HL?
(in different asymmetric units). There is a short-contact of 3.529(6) A between

these co-planar pairs that implies m-stacking.

(a) (b)

Figure 2.2: Solid-state structure of HL?, showing (a) one of two HL? molecules in the asymmetric
unit and (b) m-stacking in a pair of symmetry-equivalent molecules. Displacement ellipsoids are
drawn at 50 % probability and for clarity, only the pyrrolic protons are shown.

Application of this second synthetic procedure to the synthesis of HL! also
resulted in direct formation of the dipyrrin, negating the requirement for work-up
of the intermediate dipyrromethane and subsequent oxidation reaction. Whilst the
use of this procedure avoided the formation of [Et;NH][CF;CO,|, unreacted p-‘Bu-
aniline was still present. However, the aerobic oxidation of dipyrromethane 3 using
this second procedure indicates that the ease of oxidation of the dipyrromethane
is not governed by the imine-substituent. Rather, it seems that changing the
polarity of the solvent, from methanol to toluene, is enough to promote the aerobic

oxidation reaction.

Page 48



Chapter 2. Synthesis and electronic structure of ligands

Macrocyclic compounds

The ortho-phenylene-bridged macrocycle H4L3 and the 1,8-anthracenyl-bridged
macrocycle H,L* were prepared from the acid-promoted Schiff-base condensation
between equimolar amounts of 2 and the appropriate diamine. Upon neutralisa-
tion of the reaction mixtures with NEt,, the free-base forms of the macrocycles
precipitate from their methanol solutions as dull-yellow solids. Unlike the acyclic
dipyrrins discussed above, the macrocyclic compounds are insoluble in methanol
and can be isolated by filtration, washing with methanol to remove excess re-
actants, salts and side-products. The macrocycles were prepared in yields of
38 % for H,L® and 42 % for H,L* (Scheme [2.5). Due to the light-sensitivity
of 1,8-diaminoanthracene, crude H4L4 is often prepared as a brown solid, but
can be purified by precipitation from a chloroform solution on addition of excess
methanol, affording a yellow solid.

Interestingly, the successful synthesis of H,L? and H,L* relies heavily on the
acid used. For H4L3, TFA is used to promote the condensation reaction, whereas
for H,L*, para-toluene sulfonic acid (PTSA) must be used. If other acids are
used, both syntheses result in the formation of dark intractable solids, with NMR

spectra that are not consistent with either compound.

1

NH,

NH» N
MeOH H
i) 2H*, 3 hrs CeFs

I

i) 2.1 NEt3, 45 mins

2 D = o-phenylene: HuL3, 38 %
=1,8-anthracene: H L4, 42%

Scheme 2.5: Synthesis of macrocyclic compounds H4L3 and H4L4. For H4L3, HT™ = TFA; for
H,L* H* = PTSA.

For both macrocycles, characteristic 'H NMR resonances for the imine protons
were observed at 8.09 ppm for H4L3 and 8.38 ppm for H4L4. Imine IR absorption
bands were also recorded at 1620 ecm™' for H,L* and at 1614 cm~' for H,L*.
No higher-order cyclisation products were observed by ESI-MS, with only the
expected molecular ion peaks observed at 937 m/z for H,L* and at 1080 m/z
for H,L*. Single crystals of both macrocycles were grown and their solid-state
structures were determined by X-ray crystallography (Figure .

The crystal structure for H,L? was refined in the Pnn2 space group. Unlike

previous examples of macrocyclic ligands, H,L? crystallises without any protic

Page 49



Chapter 2. Synthesis and electronic structure of ligands

solvent molecules hydrogen-bonded within the cleft.1? Instead, in the asymmetric
unit, there is one macrocycle molecule and four THF solvent molecules that are
hydrogen-bonded to the pyrrolic N-H protons (r =~ 2 A). All of the hydrogen-
bonded solvent molecules are situated on one face of the macrocycle. Each
imino-pyrrole unit is twisted with respect to its neighbouring units; this non-
folded configuration minimises ring-strain in the molecule. Interestingly, the
two ortho-phenylene groups are co-planar and situated in the same plane, with
a small torsion angle of 3.22°. All eight nitrogen atoms in the macrocycle are
situated no more than 0.35 A away from the mean plane that includes all twelve
ortho-phenylene carbon atoms. This arrangement minimises the occupied volume
in the unit cell and presumably forms in order to maximise packing in the crystal

lattice.

Figure 2.3: Solid-state structures of (a) H,L* and (b) H,L*, showing their asymmetric units.
Displacement ellipsoids are drawn at 50 % probability and for clarity, only the pyrrole- and meso-
protons are shown. For H4L4, three molecules of methanol and one of water hydrogen-bonded
in the cleft are omitted.

The crystal structure for H,L* was refined in the P1 space group. In this case
there are protic solvent molecules in the cleft; three of methanol and one of water
that are hydrogen-bonded to both the pyrrolic N-H protons and imine nitrogen
atoms. In contrast with the rigid, Pacman-shaped structures that anthracene-
bridged macrocycles form with metal ions, the metal-free macrocycle adopts
a relaxed bowl-like geometry, folding about the meso-carbon positions. The
“bite” angle, which describes the internal angle between the two anthracenyl
spacer-groups, is quite large at 127.3(1)°. The nitrogen atoms on each half of
the macrocycle (on one side of the meso-positions) are positioned no more than

0.4 A away from the mean plane that includes and extends from their nearest
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anthracene-group carbon atoms, as was similar in the structure of H,L>.

With two different substituents at the meso-position, the [2+2] cyclisation
reaction could result in either syn- or anti-isomers, where the relative positions
of the meso-substituents dictate the identity of the isomer. Importantly, both
H,L? and H,L* crystallise as the syn-isomer only and there is no evidence to
support a mixture of isomers by NMR spectroscopy, which clearly shows a single
set of resonances for 'H, 3C and '°F nuclei. Considering the relatively low
isolated yields of both macrocycles (ca. 40 %) it is conceivable that the syn-
isomer precipitates from the reaction mixture preferentially, with the anti-isomer
remaining in solution. Similar macrocycles have previously been isolated in much
higher yields of 80 % using the same Schiff-base condensation reaction; but these
macrocycles are symmetrically di-substituted at the meso-position and have only
one possible conformation.’® Furthermore, every metal complex of H,L*, which

will be discussed in later chapters, has been characterised as the syn-isomer only.

2.2 Dipyrromethane oxidation strategies

Whilst the oxidation of acyclic dipyrromethanes occurs readily, macrocycles H,L?
and H,L* could not be cleanly oxidised with DDQ, instead resulting in a myriad of
unidentifiable products by NMR spectroscopy. Similar decomposition was observed
on reaction of H,L* or H,L* with 2,3,5,6-tetrachloro-benzoquinone (chloranil),
Ag,0, I, or Ce(NH,),(NO,)s. Despite previous reports of similar macrocyclic
dipyrromethanes being oxidised with KMnO, or MnO,, no discernable products
could be isolated from those reactions with H,L* or H,L* 2021

As the dipyrromethane macrocycles could not be directly oxidised, a key
synthetic target was the oxidised form of the macrocycle precursor, a 1,9-diformyl-
dipyrrin. If this compound could be synthesised, a macrocyclic dipyrrin might
be prepared from the Schiff-base condensation reaction with either diamine as
described in section 2.1} Scheme outlines the numerous routes attempted to
isolate a 1,9-diformyl-dipyrrin, none of which were met with success.

Direct oxidation of 2 by DDQ or chloranil simply led to decomposition. In
contrast, dipyrromethane 1 was readily oxidised by DDQ or chloranil to afford the
dipyrrin 4, which is a well documented reaction in the literature.“? Unfortunately,
dipyrrin 4 could not be formylated at the 1- and 9-positions using the Vilsmeier-
Haack reaction; at room temperature, no reaction occurs after 3 hours, and heating
to 70 °C causes decomposition. This is perhaps unsurprising, as formylation of a

dipyrrin in the absence of coordinated boron has not been reported previously,
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H, Ar Ar Ar
S CH,Cl, M CH,Cl, m
\_NH HN—7 [0] \_NH N= i) NEt LN N=
ii) BF 5(OEt,) B’
F'F
1; Ar=Cg4F5 4; Ar=CgFg 5, Ar=CgF5
1b; Ar = CgHjg 4b; Ar = CgHg 5b; Ar = CgHsg
Vilsmeier-Haack Vilsmeier-Haack Vilsmeier-Haack
formylation formylation formylation
Ar
TN\
\_NH N=
H H
o 0)

2, Ar=CgFs

2b; Ar = CgHy
MeOH
cat. H* *Ht H20
(Et0)4CH

[O] Ar

XN AN

< \NH  N=

OMe MeO OMe
H OMe MeO H H OMe MeO H

6; Ar=CgFs

MeO

Scheme 2.6: Attempted synthetic pathways towards a 1,9-diformyl-dipyrrin.

whereas there are a few reports of 1,9-diformyl-BODIPY compounds in the
literature. The reported syntheses involve in situ oxidation of a 1,9-diformyl-
dipyrromethane by DDQ at high temperature in toluene, followed by rapid and
sequential addition of NEt, and BF;(OEt,); the yields of this reaction are typically
15 % after purification by column chromatography.®*"2% Unfortunately, isolation
of the pure diformyl-BODIPY compounds could not be reproduced, and neither
could it be formed from the direct reaction of 2 with NEt, and BF4(OEt,), or by
formylation of the BODIPY compound 5.

There is one report in the literature of a Schiff-base condensation reaction
between 4,5-ortho-phenylene diamine and a 1,9-diformyl-BODIPY compound.*® In
that case, the [2+42] cyclisation reaction does not occur. Instead, both amine groups
condense with one aldehyde group, yielding an asymmetric, acyclic BODIPY
compound with an imidazole group at one of the a-positions of the dipyrrin.
It would be interesting to use 1,8-diaminoanthracene in this reaction, as an
imidazole would not be able to form due to the increased distance between
the two amine groups. The diformyl-BODIPY compound would therefore be
a promising precursor for the synthesis of an anthracenyl-bridged, macrocyclic

dipyrrin, especially as there is precedent for the removal of the BF, unit using
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simple Brgnsted acids.“"

It seems that the introduction of the aldehyde groups in the 1- and 9-positions
in the dipyrromethane 2 is the cause of decomposition during the oxidation
reaction, and as such a protection strategy was attempted. The 1,9-diacetal
compound, 6, was successfully synthesised in 95 % yield by the acid-catalysed
acetal reaction of 2 in methanol; PTSA was used as the acid catalyst. The
introduction of acetal groups to both 1- and 9-positions is supported by 'H NMR
spectroscopy, which features a single resonance at 9.34 ppm that is assigned to
the two equivalent acetal C-H protons, and a singlet resonance at 3.49 ppm for
the four methoxy acetyl-substituents. Unfortunately, the acetal compound also
decomposed on oxidation with DDQ or chloranil.

It was suspected that the electron-withdrawing nature of the CiF, meso-
substituent was destabilising the various dipyrromethane compounds during the
oxidation reactions. The reactions summarised in Scheme [2.6| were repeated,
starting from a dipyrromethane with a phenyl meso-substituent, but the 1,9-
diformyl-dipyrrin could not be isolated this way either.

Macrocyclic dipyrrins have been reported in the literature. Those macrocycles
typically feature an alkyl bridge between the two donor compartments, such that
there is no m-conjugation between the two compartments and the macrocycle
has much greater flexibility overall.1?%® It was thought that the difficulty in
oxidising macrocycles H,L* and H,L* might stem from the aromatic spacer-groups
between the two donor compartments, as oxidation to a dipyrrin would lead to
extended m-conjugation across the whole molecule, introducing ring-strain unless
the macrocycle could rapidly fold to a Pacman structure to break the conjugation
and avoid decomposition. In an attempt to alleviate this problem, the imine groups
in H,L? were reduced using excess NaBH, in THF, to afford the macrocyclic amino-
dipyrromethane HgL.> (Scheme[2.7). The *H NMR spectrum of HyL? indicates that
the macrocycle is symmetric, with a single resonance observed for the four amine
protons at 6.98 ppm, and another single resonance observed for the eight methylene
protons at 4.14 ppm. In this environment, all of these methylene protons experience
scalar relaxation from the nearby quadrupolar moment on nitrogen, meaning that
multiplicity in these resonances due to mutual coupling is not resolved. However,
correlation spectroscopy reveals that magnetisation-transfer between these two
proton environments occurs, supporting their assignment. Despite the reduction
in m-conjugation in the spacer group linking the two dipyrromethane units, and
despite the more flexible alkyl connection between them, attempted oxidation of

HgL? still led to decomposition.
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THF

i) 8 NaBHy, 16 hrs
i) H*, H,O

H,L3 HglL3, 80 %

Scheme 2.7: Reduction of the imine functional groups in H4L3 to afford macrocyclic amino-
dipyrromethane H8L3.

2.3 Electronic structures of donor-expanded

dipyrromethanes and dipyrrins

The electronic structures of the acyclic dipyrromethanes and dipyrrins, and the
macrocyclic dipyrromethanes were studied, to investigate whether there is an
underlying reason why the macrocyclic dipyrromethanes could not be oxidised.
The compounds were studied by electrochemical methods, electronic absorption

spectroscopy and by computational methods.

2.3.1 Electrochemistry

Due to the low purity of the dipyrromethane 3 and dipyrrin HL', the electro-
chemical behaviour of those compounds could not be reliably studied by cyclic
voltammetry (CV). Measured against a glassy-carbon working electrode in CH,Cl,,
dipyrrin HL? undergoes two reduction processes at E} —1.51 V and Ej —2.02 V
versus the ferrocenium/ferrocene redox couple (Fc*/Fc = 0 V; Figure (a)).
These two processes are assigned as irreversible due to the lack of associated
oxidation waves on the return scan, and indicates poor stability of the reduced
species. The areas of the cathodic CV waves are similar, meaning that both
processes involve the same number of electrons; these reductions are likely to
involve one-electron each.

Macrocycles H,L* and H,L* undergo irreversible reduction behaviour only,
with no oxidation processes measured for either compound in the electrochemical
window provided by ["Bu,N|[PFg] in THF or CH,Cl,. At a scan rate of 100 mV
s~!, H,L? undergoes an irreversible reduction at By —1.41V (Figure (b)). An
anodic wave is not observed on the return scan unless the scan-rate is increased to

400 mV s~!; at this scan-rate, an associated anodic wave is observed at E; —0.71
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Figure 2.4: Cyclic voltammograms of (a) HL? at 100 mV s~ (b) H,L? at variable scan-rates,
and (c) H4L4 at 100 mV s~!. HL? was measured using a glassy-carbon working electrode in
CH,Cl,. A Pt working electrode was used to study H,L*> (THF) and H,L* (CH,CL,). All
potentials are referenced versus Fct/Fc. A 0.1 M solution of ["BuyN|[PF;] was used as the
supporting electrolyte.

V, 700 mV from the cathodic peak potential. This indicates that reduction of H,L?
at —1.41 V generates an unstable species that undergoes rapid chemical change,
that then undergoes irreversible oxidation at —0.71 V. This process is summarised
as an E;C;E; mechanism, where E denotes electron-transfer, C denotes chemical
change and the subscript ¢ denotes irreversibility (the subscript r would denote
reversibility).

In CH,Cl,, macrocycle H,L* undergoes irreversible reduction at E; —1.78 V,

but in this case, no associated anodic waves were observed even at 500 mV s~.

(Figure (c)).
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2.3.2 Electronic absorption spectroscopy

Due to the intense colours of the donor-expanded dipyrromethanes and dipyrrins
discussed in this chapter, both in the solid- and solution-state, it was thought that
electronic absorption spectroscopy would provide insight into the electronic struc-
tures of those compounds. The measured absorption spectra were complemented
by spectra simulated by time-dependent density functional theory (TD-DFT)
and molecular orbital calculations, in order to provide a detailed description
of the electronic transitions in these compounds. Good approximations for the
absorption spectra were obtained from simulations using the B3LYP functional
and 6-311G(d,p) basis set, and the polarisable continuum model (PCM) solvent
model was employed to simulate solvation by CH,Cl,.

The dominant absorption band for 3 is centered at 373 nm and is comprised
of a mixture of H—(L+1)f] (59 %) and (H—1)—L (32 %) transitions; the H—L
transition appears as a shoulder at 413 nm (Figure (a)). Upon oxidation
to HL', both the (H—1)—L and H—L transitions are bathochromically shifted
to 520 and 540 nm, respectively, while the H—(L+1) transition remains in the
UV-region at 290 nm (Figure (b)). Only the transitions departing to the
LUMO are bathochromically shifted upon oxidation, due to a 1.6 eV stabilisation
of that molecular orbital; this is typical for dipyrromethane compounds.?”

As H2L2 could not be isolated, its electronic absorption spectrum was simulated
only. The simulated spectrum consists of a number of transitions in the UV-region,
dominated by a band centred at 260 nm; many transitions contribute to this
absorption band, with the (H—1)—(L+2) transition being the highest contributor
(47 %). The lowest energy transitions are the H—L and the (H—1)—L transitions
at 321 nm and 299 nm, respectively, that make up a shoulder of the dominant
absorption band. In the case of the tBu-substituted donor-expanded dipyrrin,
oxidation to HL? results in a broad absorption band in the visible-light region,
at 480 nm; the measured spectrum was simulated particularly well by TD-DFT
methods and indicates that this absorption band arises due to the H—L transition
only.

In the case of H4L3, the lowest energy absorption band, measured experimen-
tally at 356 nm, consists of a mixture of the (H—1)—L (34 %) and H—(L+1)
transitions. The H—L transition makes a negligible contribution and is predicted
to occur at 415 nm. As detailed above, the oxidised macrocycle H,L* has not been

synthesised, but its structure and absorption spectrum was predicted by DFT

iwwhere H denotes HOMO and L denotes LUMO.
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Figure 2.5: Experimental (blue) and simulated (red) electronic absorption spectra of (a)
dipyrromethane 3 (b) dipyrrin HL' (c) dipyrromethane H,L? (simulated only) (d) dipyrrin HL?
(e) dipyrromethane H,L? (f) dipyrrin H,L* (simulated only) (g) dipyrromethane H,L* and (h)
dipyrrin H2L4 (simulated only). Spectra simulated by TD-DFT, using the B3LYP functional,
6-311G(d,p) basis set and PCM CH,Cl, solvent model.
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calculations. Interestingly, using a completely flat macrocycle as the initial-guess
geometry, the optimisation calculation resulted in a Pacman geometry. The simu-
lated absorption spectrum consists of a broad absorption band that arises due
to a number of transitions with large oscillator strengths that make significant
contributions: H—L at 712 nm; H—(L+1) at 629 nm; (H-1)—L at 567 nm;
(H-1)—(L+1) at 543 nm; and (H—2)—L at 504 nm. In the case of macrocycle
H,L?, the DFT calculations indicate that oxidation leads to a stabilisation of
both the LUMO (by 1.37 V) and LUMO+1 (by 1.35 ¢V), making the compound
absorbant across the spectral width of the visible-light region. The LUMO in the
oxidised macrocycle is identical to those of the acyclic dipyrrins, consisting of a
conjugated m-system over the imino-dipyrrin manifold. LUMO+1 is identical, but
located on the second coordination compartment.

The changes in electronic structure of H,L* upon oxidation are similar to
those for H,L>. The lowest-energy band in the absorption spectrum for H,L*
was measured at 420 nm, and whilst the absolute energies for the bands in the
experimental spectrum were not accurately represented by the simulated spectrum,
the overall features were adequately modelled. This band at 420 nm was predicted
by TD-DFT to occur at 455 nm and consists of a mixture of H—L (78 %) and
(H-1)—L (18 %) transitions at 460 nm, as well as the (H—1)—(L+1) (73 %) and
H—(L+1) transitions at 448 nm. Oxidation of the anthracenyl-bridged macrocycle
to give H,L* is predicted to result in the largest bathochromic shift of the lowest-
energy absorption band, as the simulated spectrum features a strong absorption
band centred at 765 nm. According to the model, this predicted band consists of
four significant transitions: H—L at 805 nm; H—(L+1) at 775 nm; (H-1)—L at
765 nm; and (H—1)— (L+1) at 746 nm. The bathochromic shift of the transitions
to the LUMO and LUMO++1 are reflected by a 1.13 €V stabilisation of the LUMO
and a 1.15 eV stabilisation of LUMO+-1, whilst the other MOs remain relatively
unchanged.

This investigation into the electronic structures of acyclic and macrocyclic
dipyrromethanes and dipyrrins by electronic absorption spectroscopy has high-
lighted that the frontier molecular orbitals are dominated by the donor-expanded
dipyrrin manifold. There is little difference in the overall description of the elec-
tronic structures of these compounds, and the various imine-substituents seem only
to tune the energies of the frontier dipyrrin orbitals. The use of TD-DFT methods
to simulate absorption spectra has allowed the electronic structures to be compared
with compounds that could not be synthesised and provide further insight. Given

that, from a molecular orbital description, there are no significant differences
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in electronic structure between acyclic and macrocyclic dipyrromethanes upon

oxidation, it seems that the difficulty in isolating macrocyclic dipyrrins stems from

the structure of the molecules. The rapid rearrangement and folding to Pacman

geometries that is required during the oxidation of H,L* and H,L* may be the

cause of decomposition that has been observed. In Chapter 4, coordination of

transition metals will be explored as a templating procedure to promote oxidation

to dipyrrins.
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Chapter 3

Multinuclear zinc complexes for CO, sequestration

This chapter describes the synthesis and structural characterisation of multinuclear
zinc(IT) complexes of the macrocycles discussed in the previous chapter. Their
stoichiometric reactions with CO, are also discussed, as is their application as
catalysts for the copolymerisation reaction between cyclohexene oxide and CO.,,
affording polycarbonate materials. The synthesis and characterisation of complexes
7 to 10 was carried out by myself in collaboration with Dr Thomas Cadenbach

and Tommy A. Hofmann.

3.1 Synthesis of dinuclear zinc complexes

The dinuclear zinc(II) complexes Zn,(L?) (7a) and Zn,(THF),(L*) (7b) were
prepared in high yields of 90 % and 70 % respectively from the trans-amination
reaction of H,L** with two equivalents of Zn{N(SiMe,),}, (Scheme [3.1).

2 ZnEt,
Et
A L NI A LD
N N, N 70N - NS~
_Zn H CeF Zn\N N—2Zn HCeF5 Zn—-N
\ I \WAR H N/ \ )

S /Bt 8a,94%
CeFs

g

3

7b, 70 % 8b, 49 %

Scheme 3.1: Synthesis of the dinuclear zinc(IT) complexes, 7a and 7b, and the tetra-nuclear
complexes 8a and 8b. S = THF.
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The 'H NMR spectrum for 7a in C¢Dj indicates that a symmetric product is
formed, with a single set of resonances observed for the macrocycle. Deprotonation
of the pyrrole nitrogens is indicated by the presence of free HN(SiMe;), at 0.10
ppm and the disappearance of the N-H resonance for H4L3, and the meso-proton
resonance has shifted to 6.99 ppm from 5.88 ppm in H,L?>. Upon metalation,
macrocyclic, pyrrolic Schiff-base ligands fold either at the aromatic spacer groups
to form Pacman geometries, or at the meso-carbon position to form bowl-shaped
geometries, and both have been observed for macrocycles that are similar to
L? (this is discussed in more detail in Chapter 4). It is not possible to deduce
whether 7a adopts a bowl or Pacman configuration from its NMR spectra, and
its X-ray crystal structure has not been determined, as diffraction-quality single
crystals of 7a could not be grown using a variety of methods from several different
solvent mixtures. However, based on the bowl configuration that is adopted by the
macrocycle in its tetrametallic congener (discussed below), as well as its copper(1I),
iron(II) and palladium(II) analogues (discussed in Chapter 4), it is assumed that
7a also adopts the bowl configuration. The MALDI—TO mass spectrum of 7a
features the expected molecular ion peak at 1063 m/z with an isotope distribution
that is consistent with a dinuclear zinc complex.

In the case where a Pacman geometry is formed, following metalation of the
proton meso-substituted macrocycles H4L3’4, three isomers could be observed
depending on the relative orientations of the meso-substituents. In the anti-
isomer, one C4F; group would be exogenous to the macrocyclic cleft and the other
endogenous. In the syn-exo and syn-endo isomers, both CyF, groups would be
either exogenous or endogenous to the cleft, respectively. The 'H NMR spectrum
for 7b in dg-THF indicates that two symmetric isomers are formed from the
reaction, in a 3:1 ratio, and the chemical shifts of these isomers are well-resolved.
For the major isomer, the imine and meso-protons appear at 8.21 and 5.69 ppm
respectively, whereas for the minor isomer those resonances appear at 8.00 and 5.99
ppm. These Pacman isomers are presumably the syn-endo and syn-ezo isomers,
which would both form from folding of the syn-isomer of the metal-free macrocycles
(as discussed in Chapter 2, the anti-isomer of H L. was never observed). Single
crystals of 7b were grown from a THEF solution and the solid-state structure for
the syn-endo isomer was determined by X-ray crystallography (Figure .

In the solid state, two structurally similar molecules of 7b occupy the asym-
metric unit. The macrocycle adopts a Pacman configuration and coordinates one

zinc(II) centre in each N -donor pocket. One THF solvent molecule is coordinated

"Matrix-assisted LASER desorption /ionisation time-of-flight mass spectrometry.
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Figure 3.1: Orthogonal views of the solid-state structure of 7b (syn-endo isomer), showing one
of two molecules in the asymmetric unit. Displacement ellipsoids are drawn at 50 % probability
and for clarity, only the meso-protons are shown.

to each zinc ion on the ezo-face, resulting in a distorted square-pyramidal coor-
dination geometry for each zinc; the sum of N -equatorial bond angles is 352.2°,
the zinc centres are situated 0.372 — 0.414 A from their local N,-plane, and the
internuclear separation is 6.236(1) A. Importantly, 7b crystallises as the syn-endo
isomer only, with the CiF;-substituents pointing into the macrocycle cleft. There
is a twist-angle of 57.72° between the N,-donor plane and the anthracene spacer-
groups; anthracenyl-Pacman complexes are commonly twisted in this way and so
this may not be solely attributed to the C4F;-substituents pointing into the cleft.”

Two isomers are observed after folding of the anthracenyl-macrocycle, L*, into
the Pacman geometry in 7b. In contrast, only a single isomer was observed for
7a and further supports that a bowl configuration is adopted in that case; in the
bowl geometry, the bulky CyF-substituents must point away from the hinge, and
therefore a single syn-isomer is enforced.

A number of macrocyclic zinc(II) complexes that are similar to those of L**
have been reported previously. In those examples, the macrocyclic ligands fea-
ture two alkyl-substituents at the meso-carbon. The zinc chemistry of one such
macrocycle, that also features an ortho-phenylene spacer group, is not straight-
forward, resulting in the isolation of expanded, tri-nuclear [3+43| macrocyclic
complexes when Zn(OAc), is used as a zinc(II) transfer reagent; the bimetallic
[2+2| macrocylic product was only obtained after boiling the pro-ligand with
Zn(BF,), in chloroform.? In contrast, the room-temperature reactions of similar
macrocycles with Zn(BF,), in THF produced fluoride-bridged complexes result-
ing from F-abstraction from the [BF,|” anion, e.g. [Zn,(u—F),(H,L)|[BF,],.% In
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both the tri-nuclear and fluoride-bridged complexes, the pyrrole nitrogens remain
protonated. In contrast, the reproducible and straightforward synthesis of the
bimetallic complex 7a is high yielding, and is likely to be due to the choice of
the silyl-amide starting material rather than a consequence of the changes in the
macrocycle.

Where disubstituted macrocycles feature the anthracenyl spacer-group, Pac-
man geometries are adopted, similar to that observed for 7b, although previous
bimetallic zinc(IT) complexes were found to be complex aggregates in solution and
only formed crystalline materials in the presence of anions such as CI° and OH ",
which were accommodated within the dinuclear macrocyclic cleft.* In these latter
compounds, the internuclear separations determined by X-ray crystallography
ranged from 3.871(1) A for a bound pu-OH to 4.532(1) A for a bound u-Cl; the
internuclear distance for the anion-free complex was predicted by DF'T calculations
to be 4.98 A. These distances are considerably shorter than those in 7b and reflect
the flexibility of the N,-donor set, which facilitates distortion of the zinc cation out
of the N,-plane into the cleft; in 7b this movement is exogenous to the cleft due
to binding of THF. More straightforward solution-state structures are displayed
by 7b in comparison with previous examples and its solid-state structure has been
determined crystallographically; both of these points are attributed to the change

in meso-substituent, from ethyl to C4Fj.

3.2 Synthesis of tetranuclear zinc complexes

In contrast to reactions involving zinc-silylamide, the reactions between H,L** and
ZnEt, do not form the dinuclear complexes 7a,b, but instead form the tetranuclear
complexes Zn,Et,(L?*) (8a) and Zn,Et,(THF),(L*) (8b). This is in stark contrast
to previously reported Pacman chemistry, in which dialkyl meso-substituted,
anthracenyl-bridged macrocycles afforded bimetallic zinc(IT) complexes on reaction
with ZnEt,.# The X-ray crystal structure of 8b was determined (Figure and
shows that each zinc(II) centre is coordinated to an N, imino-pyrrolide chelate in
the macrocycle. Each zinc(II) ion has retained an ethyl group and is coordinated
by a molecule of THF, giving a distorted tetrahedral coordination geometry
around each zinc atom with bond angles in the range 82.1(2) — 141.2(4)°. In order
to accommodate four ZnEt(THF) units, the macrocycle adopts a bowl-shaped
structure, hinging at the meso-carbon with a wide bite-angle of 162.1(1)° between
anthracenyl groups. This is very unusual for this class of macrocyclic complex, as

previous complexes of anthracene-bridged macrocycles have only been observed

Page 63



Chapter 3. Multinuclear zinc complexes for CO, sequestration

to adopt Pacman configurations. The internuclear separations in 8b are large due
to this bowl configuration, in the range 6.981(3) — 7.192(1) A between nearest
neighbours. Whilst high nuclearity complexes of zinc(II) are common in the
literature, their molecular structures are often quite complex and difficult to
predict, usually owing to the incorporation of many bridging ligands forming a
molecular cluster, with supporting ligands coordinated on the periphary. 510 In
this respect, the structure of 8b is unusual in that the four zinc(II) ions are well
separated, which is because its four, bidentate chelating groups are well separated

in the macrocyclic framework.

Figure 3.2: Solid-state structure of 8b. Displacement ellipsoids are drawn at 50 % probability;
for clarity, only the meso-protons are shown and disordered atoms on the ethyl ligands, THF
ligands and CgF5-substituents are omitted.

The 'H NMR spectrum for 8b in dg-THF features a single set of sharp
resonances for the macrocycle, and resonances at 0.99 and 0.12 ppm are consistent
with four ethyl ligands per macrocycle. In the YF{'H} NMR spectrum, the
resonance for the ortho-F nucleus of the C;F;-substituent is broadened severely
at 300 K, but heating the sample to 330 K causes this resonance to sharpen
slightly, at —140.27 ppm. This indicates that there is some restricted rotation of
the meso-substituent, and that 300 K is close to the coalescence temperature.

Whilst the X-ray crystal structure of 8a could not be determined, due to the
high moisture-sensitivity of the complex (discussed below), variable temperature
NMR spectroscopy proved highly informative and was used to deduce its structure.
At 300 K in C4Dg, the "H NMR spectrum of 8a consists of a single set of sharp
resonances for the macrocycle protons, and resonances for the four ethyl ligands
are observed at 1.32 and 0.42 ppm. In the YF{'H} NMR spectrum in CzD,

the resonance for the ortho-F nucleus was broad at 300 K and sharpened at 333
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K, appearing at —140.24 ppm. Such temperature-dependence in the YF{'H}
NMR spectra for 8a and 8b was not observed for 7a,b and implies that there
is restricted rotation of the CiF;-group due to coordination of four ZnEt(THF)
units. However, no nuclear Overhauser interactions were observed between the
ortho-F nucleus and ethyl-protons at 300 or 243 K using F-'H HOESY NMR
experiments, despite a separation of 2.8 — 3.0 A between the ethyl-groups and
ortho-F atoms in the solid-state structure of 8b.

Changing the solvent for 8a, from CyzDg to ds-THF, caused dramatic changes
in the NMR spectra. In the F{*H} NMR spectrum at 300 K, both the ortho-
and meta-F resonances were broadened, and on cooling the solution to 243 K,
both of these resonances were split into two resonances each, indicating completely
frozen rotation of the C4F5-substituent at that temperature. Unlike the "H NMR
spectrum measured at 300 K in CgDg, which consisted of sharp resonances, all
of the resonances in the spectrum measured in dg-THF were severely broadened,
and only sharpened after heating to 330 K. At 243 K, the 'H NMR spectrum
for 8a resolves to give two sets of resonances of 1:1 intensity for all proton-
environments with the exception of the meso-proton. The temperature- and
solvent-dependence of the 'H NMR spectra for 8a is best interpreted for 8a
adopting a bowl structure. In such a structure, the meso-positions form the hinge
of the macrocycle. Unhindered, torsional flexing of the macrocycle about this
hinge produces a Cy-symmetric structure that renders each proton-environment
equivalent at higher temperatures. Due to the thermal barrier for the flexing
vibrational mode, this symmetry is broken at low temperature, giving rise to an
asymmetric structure, but because the meso-protons are located on the hinge
of the macrocycle, they are equivalent even at low temperature. The spectrum
measured at 300 K in dg-THF appears broad due to the inclusion of coordinated
solvent within the cleft; this will increase steric interactions within the cleft and
raise the thermal barrier for the torsional flexing mode.

Conversion of 7a to 8a, and also of 7b to 8b, was achieved on addition of
two equivalents of ZnEt, to the dinuclear complexes. The ortho-F resonances in
both YF{'H} NMR spectra, which appeared sharp in the bimetallic complexes,
broadened on addition of ZnEt, and the 'H NMR spectra for both products are
identical to those of 8a,b. Importantly, the resonances for the four ethyl groups
in each complex are equivalent, indicating a conversion to 8a,b by alkyl-transfer
from one zinc centre to another in each pocket. This conversion also reveals an
interesting change in the anthracene-bridged macrocycle configuration, from a

Pacman structure in 7b to a bowl structure in 8b.
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3.2.1 Attempted small-molecule insertion chemistry with zinc-alkyl

complexes

Due to the literature precedent for zinc-carbon and -hydroxide bonds participating

HHLS gimilar reactions with the tetranuclear zinc-

in insertion chemistry with CO,,
alkyl complexes were attempted. Unfortunately, no insertion of carbon dioxide
was observed with either 8a or 8b, even at 80 °C under 2 atm CO,. In dg-THF,
resonances for an anticipated carboxylate product were not observed, only the
13C NMR resonance of dissolved CO,, was observed at 125.7 ppm for both cases,
and the resonances for the starting compounds were unchanged.

Similarly, a reaction with either 8a or 8b with dihydrogen was not observed at
80 °C under 2 atm H,. A successful reaction with H, would result in heterolysis of
the H-H bond, liberation of ethane gas and formation of a zinc-hydride complex,
but 'H NMR resonances for either of these products were not observed. Similarly,
no 2H NMR resonances corresponding to zinc-deuteride complexes were observed
from the reactions of 8a or 8b with D, gas under the same conditions. Zinc-
hydride complexes could conceivably facilitate insertion of other small molecule
substrates, such as CO, to yield zinc-formate complexes.™

Protonolysis of the ethyl ligands was achieved with pyridinium chloride, in an
attempt to isolate tetranuclear chloro-zinc complexes. These targeted complexes
could in turn be reduced with a strong reductant, such as KCg, to form a tetranu-
clear zinc(I) complex on elimination of KCI. Such a complex could conceivably
act as a four-electron reductant for small molecules, perhaps even dinitrogen given
the proximity and strong reducing nature of the four Zn(I) centres. Whilst gas
evolution was observed on addition of pyridinium chloride to a THF solution of
8a or 8b, single crystals that were grown from both reaction mixtures were found
to be tetrahedral ZnCl,(Py), by X-ray crystallography. It seems that the presence
of pyridine, a strong o-donor ligand, is capable of demetalating the complex
after protonolysis of the ethyl ligands. To avoid the addition of pyridine, similar
reactions with [Et;NH||Cl] and HCI in diethyl ether were performed; both seemed
to result in decomposition of the macrocycles, as the 'H NMR spectra consisted
of a multitude of resonances, and no crystalline products could be isolated from

the reaction mixtures.

3.3 Synthesis of hydroxo- and oxo-zinc complexes

Several attempts were made to determine the solid-state structure of 8a by X-ray

crystallography. However, due to its high sensitivity to adventitious moisture, only
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the hydrolysis product, Zn,(u,—O)(Et),(THF),(L*) (9) was found to crystallise.
In the solid-state structure of 9 (Figure , the macrocycle adopts a Pacman
geometry of Cy, symmetry. Two of the zinc(II) centres are bound by the pyrrole-
nitrogen atoms in each pocket, whilst the other two zinc(II) centres are coordinated
by bridging imine-nitrogen atoms on each ortho-phenylene group; these imino-zinc
centres have retained their ethyl groups. A central oxo dianion is bound to all
four zinc centres and is formally described as acting as an L-type donor to the
two pyrrolide-zinc centres and an X-type donor to the two imino-zinc centres,
resulting in a charge-neutral complex. The bridging p4-oxo dianion in the Zn,O
core results in short Zn- - - Zn distances of 2.8604(6) — 2.8371(6) A, and the core
itself is near-planar, with adjacent Zn-O-Zn bond angles of 90° and nonequivalent
opposite Zn-O-Zn bond angles of 160.45(12)° and 174.81(14)°.

Figure 3.3: Orthogonal views of the solid-state structure of 9. Displacement ellipsoids are drawn
at 50 % probability; for clarity, only the meso-protons are shown and disordered atoms on the
ethyl ligands are omitted.

While the Zn,(u—O) structural motif has been characterised numerous times™?

(187 CSD hits, Zn-O-Zn angle 108.8 4+ 6.7°), including with associated alkyl
groups, €.g. Zn4Etn(u—O), with the exception of zinc-hydroxo cubanes, the
near-planar Zn,O core in 9 is highly unusual. The planar environment for oxygen
O1 in 9 is unique and is presumably enforced by the rigid macrocyclic architecture.
DFT calculations on 9 were carried out to explore the nature of the bonding in
the unusual Zn,(u—O) unit (section below).

Complex 9 was prepared numerous times during crystallisation attempts with
8a, but it was also prepared through rational synthesis. Addition of one equivalent

of H,O to 8a produces a 'H NMR spectrum consistent with the solid-state
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structure of 9, with two equivalent ethyl groups per macrocycle with resonances
at 1.51 and 0.30 ppm. The sharpness of the ortho-F resonance in the room-
temperature "YF{'H} NMR spectrum further indicates a loss of ethyl ligands
from the face of the N,-donor pockets and supports a change in geometry from a
bowl configuration to a Pacman configuration upon partial hydrolysis. Further
hydrolysis results in complete loss of the Zn-Et groups, presumably to form the
mixed zinc-oxo/hydroxide complex Zn,(p—0)(OH),(L?), but this compound has

not been isolated or characterised.

CeFs
Et S\
zn-N 1 N Benzons \“\_O\N\ | /N"'»/.Y"
N\—/ZQ H CeFs /Zn—IN i Zp—O—ZIn B
N H N \\ —>H20 P /"’N/Et |Et \N\\‘-\ .
Et L/~ \_7/ Et -2 CoHg K4 R4
/N H N\

Toluene H,L4
g +
X CO,(2bar) | 4ZnCOg
2 80 °C

8b 10, 82 %

Scheme 3.2: Synthesis of the tetrametallic oxo- and hydroxo-zinc(II) complexes 9 and 10 and
subsequent reaction of 10 with CO, to yield ZnCOs.

Due to the increased separation between the N,-coordination compartments in
the anthracene-bridged macrocycle, the formation of a Zn,O cluster is not possible.
However, complete hydrolysis of 8b with four equivalents of H,O leads to the
clean formation of {Zn(uy—OH)},(L*) (10) in high yield of 82 %. The 'H NMR
spectrum of 10 shows a complete loss of the ethyl ligands and the appearance of two
resonances at 4.14 and 3.36 ppm that are of equal intensity. These resonances are
assigned to two non-equivalent, bridging hydroxide ligands, which each integrate
as two protons per macrocycle. The hydroxyl protons undergo H/D exchange
in a D,0-shake experiment and disappear from the 'H NMR spectrum. The
solid-state structure of 10 was determined by X-ray crystallography and shows
that the zinc(II) centres are coordinated in a similar manner to 8b, bound to each
imino-pyrrole chelate (Figure [3.4).

Each zinc(II) centre is connected to its two neighbours by a bridging hydroxide
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Figure 3.4: Orthogonal views of the solid-state structure of 10. Displacement ellipsoids are
drawn at 50 % probability and for clarity, all protons and one THF solvent molecule in the
asymmetric unit have been omitted.

ligand, which has the effect of closing the relaxed bowl-geometry observed for 8b
to a rigid Pacman geometry of Cy, symmetry. In comparison with the bimetallic
Pacman complex 7b, which had a twist angle of 57.72°, the anthracenyl spacer-
groups are practically orthogonal with the N,-donor planes in 10 (twist angle =
2.44°). The formation of bridging hydroxides also has the effect of shortening the
Zn- - - 7Zn distances greatly, which lie in the range 3.229(1) — 3.4465(9) A. In order to
accommodate this {Zn(us—OH)}, cluster, the two N -donor pockets are distorted
from their planar arrangement and point into the cleft. The syn-ezo-isomer of
10 is observed in the solid state and, unlike the case for 7b, only one isomer
is observed in solution, indicating that the stereochemistry of 10 is dictated by
that of 8b. This simple, molecular {Zn(ue—OH)}, ring structural motif seen in
10 has little precedent. The hexameric complex {Zn(u—OH)("Bu)} is formed
on hydrolysis of Zn'Bu, and is an aggregate of two trimeric {Zn(u—OH)('Bu)},
rings; 18 otherwise, only simple cubanes and extended polymeric structures display

a similar formulation and aggregation to 10.1%

3.3.1 DFT calculations for 9

The X-ray crystal structure for 9 was accurately represented by the BSLYP func-
tional and 6-31G(d,p) basis set, with less than 1.0 % relative error in important
bond parameters around the metal centres in the optimised structure. A com-
bination of natural bond orbital (NBO) population analysis, molecular orbital
theory and group theory was applied to describe the bonding in the Zn,O cluster.

Population analysis indicates that the most significant bonding interactions in the
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Csyy Z1n,0 cluster arise from o-donation from the central oxo dianion into unoccu-
pied 4s and 4p orbitals on the four zinc centres (Figure . Specifically, there
is a by set of atomic orbitals that combine to describe the o{2p,(01)-4s(Zn2,4)}
interaction and a b2 set that describes the o{2p,(O1)-4s(Zn1,3)} interaction, with
interaction energies of 20 kcal mol™! for each reported by second-order perturba-
tion theory. An a; p,(m) interaction extending over the Zn,O cluster also makes
a minor contribution to the bonding (5 kcal mol™!). While Zn-O d-p(7) orbital
interactions are observed, due to the 3d'" electron configuration for zinc(IT), both
the bonding and anti-bonding molecular orbitals (HOMO—126 and HOMO—-51,
respectively) are fully occupied and these interactions do not therefore contribute
to the bonding. Importantly, no Zn-Zn covalent bonds were observed by molecular
orbital calculations or NBO population analysis; therefore, the proximity of the
zinc centres is due to the presence of the oxo-group and the constraints of the

macrocyclic bonding environment only.

@ Zn1 Zn1
zn2—(01)—2zn4 Zn2 Zn4 @. Zn4
@ Zn3 Zn3

a; a, b, by ay
2s(01)+4s(Zn1,3)  2s(01)+4s(Zn2,4) 2p,(O1)+4s(Zn1,3)  2p,(O1)+4s(Zn2,4) 2p,(O1)+4p,(Zn)
13 kcal mol-! 7 kcal mol-1 20 kcal mol! 20 kcal mol-! 5 kcal mol-1

Figure 3.5: Symmetry-allowed atomic orbital contributions to the bonding in the planar Zn,O
core in 9. The interaction energies given are approximated from second-order perturbation
analysis.

3.3.2 Reactivity of hydroxo-Zn complexes with CO,

The insertion chemistry of the alkyl ligands in 9 towards H, and CO, was explored.
However, just as for complexes 8a,b, no zinc-hydride or zinc-carboxylate complexes
were formed.

At 80 °C and under 2 atm CO,, the hydroxo-complex 10 reacted to yield
the free, protonated macrocycle H4L4, observed by 'H NMR spectroscopy. A
white solid was also deposited from the reaction mixture that is assumed to be
ZnCQO,, giving the insolubility of this solid and the literature precedent for its
formation from metal-hydroxide bonds.”? Interestingly, the clean formation of
the protonated macrocycle closes a potential cycle for the conversion of CO, into
ZnCQOg, although in order to achieve turn-over, a series of stoichiometric reactions
involving ZnEt, and water would be required at high temperature, with high

pressure gas-loading. This process is therefore clearly not viable for catalysis or
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CO, sequestration on a large scale. Alternatively, H,L* could potentially act as
a catalyst for the sequestration of CO, as ZnCO, from Zn(OH),, through the

formation of 10 in situ:

CO

3.4 ROCOP catalysis of epoxides and CO,

An introduction to the zinc-catalysed, ring-opening copolymerisation (ROCOP)
reaction is given in Chapter 1. The tetranuclear zinc(Il) complexes 8a,b are
unusual in comparison with other Pacman complexes in that the metal ions are
coordinated by individual imino-pyrrolide units. These complexes are therefore
viable for ROCOP catalysis due to the ancillary alkyl ligands (which can be
exchanged for alkoxide initiating groups) and the proximity of multiple zinc(II)
ions. The general ROCOP reaction and expected products are given in Scheme (3.3
These polymerisation studies were carried out by Shyeni Paul, in a collaboration
with Prof. Charlotte K. Williams (then at Imperial College London).

o) 0
Zn-OR" C _C.
/2\\ + co, - ] {o o/c\% %OM/ 9" o
R R' — n J —
R R' + R R' + R R'
Epoxide Poly(carbonate) Poly(ether) Cyclic carbonate

Scheme 3.3: General ROCOP reaction between epoxides and CO,, catalysed by a zinc(II)-
alkoxide complex. The desired product of the reaction is poly(carbonate), with poly(ether) and
cyclic-carbonate compounds forming as side-products.

3.4.1 Scope of the catalytic reaction

The tetranuclear zinc(II) complexes 8a and 8b were tested as pre-catalysts for the
ROCOP reaction between cyclohexene oxide (CHO) and CO,. As discussed in the
previous section, insertion of CO,, into the metal-alkyl bond was not successful at
2 atm, and so instead, 8a and 8b were reacted with four equivalents of n-hexanol
in situ, to form more reactive zinc-hexoxide complexes through protonolysis of
the metal-carbon bond. Characterisation of the resulting zinc-hexoxide complex
is discussed in Section [3.4.5] below.

Integration of the cyclohexyl methine '"H NMR resonances for CHO (3.14 ppm),
poly(cyclohexylcarbonate) (PCHC, 4.65 ppm), poly(cyclohexeneoxide) (PCHO,
3.43 ppm) and cyclohexene carbonate (4.05 ppm) was used to determine the yields,

%conversion and %selectivity from the reaction. Size-exclusion chromatography
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(SEC) was used to determine both the molecular weight and poly-dispersity index
(D) of the resulting polymers

Initial reactions used neat CHO and 1 atm CO,, at 80 °C, using 0.1 mol%
of the pre-catalyst and 0.4 mol% n-hexanol (Table 3.1, entries 1 and 5). Under
low-pressure conditions, both 8a and 8b were active but slow, with turnover
frequencies (TOFs) of 9 h™! and 3 h™!, respectively. Of the two, 8a performed
best, converting 22 % of the epoxide, forming low molecular-weight polymer (5920
g mol™!) with quite a broad distribution (D = 1.39). However, the polymer
consists primarily of ether linkages, and is mainly PCHO, with only 7 % carbonate
linkages. In comparison, 8b converted only 7 % of the epoxide, and an assessment
of the resulting polymer could not be made due to the low yield.

Pre-catalyst 8a was also tested with methanol as an initiator (Table 3.1, entry
2). The presumed zinc-methoxide complex formed in situ was slightly more active
than the zinc-hexoxide complex, with a TOF of 13 h™!, forming higher molecular-
weight polymer (20,000 g mol~'). However, the molecular weight distribution was
severely worsened (D = 2.19) and the incorporation of carbonate linkages was not
improved. Methanol was therefore not considered a suitable initiator, and only

n-hexanol was used in all future reactions.

Table 3.1: Preliminary testing of 8a and 8b as pre-catalysts for the ring-opening copolymerisation
reaction of neat cyclohexene oxide, or propylene oxide, with various pressures of CO,.

Entry Catalyst [CO,] T  Conv.() TOF® Selectivity(®) M,, / Da
/atm /°C / % /h™t / % (D)@
1 8a 1 80 22 9 7 5920 (1.39)
2% 8a 1 80 31 13 6 20,000 (2.19)
3 8a 30 80 51 21 56 34,700 (1.89)
4 8a 50 80 14 6 29 32,100 (1.57)
5 8b 1 80 7 3 0 — ()
6 8b 50 80 3 1 68 824 (1.09)
TR 8a 50 80 3 1 0 .
g+ 8b 50 80 1 0 0 ()

Reactions carried out in neat CHO, using 0.1 mol% catalyst loading and 0.4 mol% n-hexanol.

* 0.4 mol% methanol used instead of n-hexanol. ** Carried out in neat PO instead of CHO.

(@) Conversion calculated from relative amounts of CHO, PCHC and PCHO by 'H NMR integration.
(®) TON = moles epoxide consumed / moles catalyst; TOF = TON / time. (¢} Calculated from
relative amounts of PCHC and PCHO by 'H NMR integration. (9 Both M,, and P determined by
SEC in THF, calibrated using narrow molar-mass polystyrene standards.

Complex 8a is clearly an active pre-catalyst for the ring-opening polymerisation
(ROP) reaction of cyclohexene oxide. In order to promote CO, insertion and

incorporation of a greater number of carbonate linkages, the pressure was increased

iSome of the SEC data are somewhat peculiar, and are currently being reassessed by the
Williams group, but are reported here in their current state for completeness.
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(Table 3.1, entries 3 and 4). Increasing the pressure to 30 atm improved both the
activity (21 h™!) and the conversion of epoxide (51 %), but most importantly, the
amount of carbonate linkages was improved drastically, at 56 %. The molecular
weight of the resulting polymer was also much higher (34,700 g mol™!), although
the distribution was still broad at 1.89. Increasing the pressure further, to 50
atm, had a detrimental effect on the catalyst activity, selectivity for carbonate
linkages, and conversion of epoxide. This decrease in catalyst activity may be
due to gas expansion of the solution at high pressure, which effectively dilutes the
concentration of the catalyst. The optimal CO, pressure was taken as 30 atm.

High-pressure conditions were applied to the reaction catalysed by 8b (50 atm,
Table 3.1, entry 6). The activity of the catalyst was lowered further, to 1 h™!,
although the selectivity for carbonate linkages was high at 68 %. The resulting
polymer was of very low molecular weight (824 g mol™!) but had a narrow weight
distribution (b = 1.09).

Finally, the ROCOP reaction between propylene oxide (PO) and 50 atm CO,
was tested using 8a and 8b as pre-catalysts, but neither complex was active for
its copolymerisation (Table 3.1, entries 7 and 8). Therefore, only CHO was used

as a monomer in further reactions.

3.4.2 Optimisation of the catalytic reaction

Whilst a reasonable selectivity for carbonate linkages in the polymer was attained
using 8a in 10 M (neat) CHO at 30 atm (56 %), attempts were made to optimise the
reaction conditions to improve the selectivity further. Attempts to promote CO,
insertion over sequential ether enchainment have already been made by varying
the pressure. In order to kinetically disfavour the competing ROP reaction, the
CHO concentration was lowered by the addition of toluene as a solvent. During
dilution, the absolute concentration of the catalyst was kept constant, but the
concentration relative to the epoxide (i.e. the catalyst loading / mol%) increased
slightly, up to 0.67 mol%.

Dilution of CHO from 10 M to 5 M and 1.5 M (Table 3.2, entries 1, 2 and 3)
also lowered the TOF, from 21 h™! to 15 h™!, to 6 h=!. At 1.5 M the conversion
was highest at 90 %, with good selectivity for carbonate linkages at 83 %. The
selectivity was even higher at a concentration of 5 M (90 %), although the
conversion of epoxide was lower at this concentration, at 70 %. A concentration of
5 M (entry 2) was deemed optimal, due to the higher TOF and better molecular-
weight distribution in the polymer (1.61 — 1.77 at 5 M, compared to 3.09 at 1.5
M).
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Table 3.2: Optimisation of the poly(carbonate) selectivity, through dilution of cyclohexene oxide.

Entry Catalyst [CHO] / M Conv.(®  TOF®  Selectivity(® M,, / Da

(|Cat.] / mol%) / % /h™t /% (D)@
1 8a 10 (0.1) G5 21 56 34,700 (1.89)
2 8a 5 (0.2) 70 15 90 394,000 (1.61)
6800 (1.77)
3 8a 1.5 (0.67) 90 6 83 166,000 (3.09)
4% 8a 5 (0.2) 0 0 - )
5 8b 5 (0.2) 2 0.5 83 )

Reactions carried out in neat CHO, at 80 °C, under 30 atm CO,. Concentration of CHO varied by
dilution with toluene, maintaining a constant absolute catalyst/n-hexanol concentration (1:4). * Carried
out at 1 atm CO,. (@) Conversion calculated from relative amounts of CHO, PCHC and PCHO by 'H

NMR integration. () TON = moles epoxide consumed / moles catalyst; TOF = TON / time.
(¢) Calculated from relative amounts of PCHC and PCHO by 'H NMR integration. () Both M,, and B
determined by SEC in THF, calibrated using narrow molar-mass polystyrene standards.

Using the optimal epoxide concentration of 5 M with a low CO,, pressure of
1 atm caused the reaction to fail (Table 3.2, entry 4). Likewise, applying the
optimised conditions to the reaction catalysed by 8b did not improve the activity
of the catalyst (Table 3.2, entry 5). Due to the poor activity of 8b under all
conditions, that complex was not investigated further.

In summary, the optimised ROCOP reaction uses 0.2 mol% of 8a, 0.8 mol%
n-hexanol, 30 atm CO, and 5 M CHO in toluene, at 80 °C (Table 3.2, entry 2,
Scheme . Under these conditions, the catalyst has a modest activity with a
TOF of 15 h™!, converting 70 % of the epoxide substrate. The resulting polymer
has a high number of carbonate linkages (90 %) and very high molecular weight
(394,000 g mol™!, with a second low molecular-weight polymer of 6800 g mol™!)
but has quite a broad molecular weight distribution, with B values between 1.61
and 1.77. The SEC trace is bimodal and indicates that the polymer chains stem
from more than one initiating group, which is quite common in ROCOP catalysis
and is ascribed to adventitious water in the reaction, most likely due to the high

pressure CO,, which is present in a dynamic atmosphere.

(0] (6]
0 0.2mol % 8a )L} J
0.8 mol % n-hexanol %O 0" TOH ‘%0 OH oo
+ <o, - L g
Toluene
80 °C, 24 hr
Gy oatm 70 % PCHC PCHO CHC

63 % 7% 0 %

Scheme 3.4: Optimised ROCOP reaction between cyclohexene oxide (CHO) and CO,, catal-
ysed by 8a after in situ protonolysis with n-hexanol. The desired product of the reaction is
poly(cyclohexyl carbonate) (PCHC), with poly(cyclohexene oxide) (PCHO) and cyclohexyl
carbonate (CHC) compounds forming as side-products.

In comparison with state-of-the-art examples from the literature, the perfor-
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mance of 8a in the optimised catalytic reaction is quite modest, but does represent
a novel mode of reactivity for this class of macrocyclic complexes. Whilst the
highest TOF for 8a (50 h™!, below) is comparable with many complexes in the
literature,“ it is much lower that that of dimeric zinc S-diiminates (ca. 2000 h™*
at 0.1 mol% loading and 7 atm CO,)*# or a cobalt(III) Schiff-base complex (10,882
h=! at 0.01 mol% loading and 25 atm CO,).%¥ In terms of the quality of the
resulting polymer, the dispersity is quite high in those obtained from 8a, whereas
a Mg/Zn hetero-bimetallic macrocycle has obtained polymers with dispersities
close to 1 (at 50 atm, 90 °C).** In this work, high CO, pressures were required to
obtain high selectivity for carbonate linkages in the polymers, and whilst high CO,
pressures are also commonly used in the literature, there are examples where 1 atm
CO, has been used to form poly(carbonate), using manganese(III) porphyrins,

and bimetallic cobalt(II) macrocycles.®

3.4.3 ROCOP reaction monitoring

To determine whether the ROCOP reaction, catalysed by 8a, was a controlled
polymerisation, a series of reactions were carried out under the optimised con-
ditions, and interrupted at different times in order to monitor the progress of
the reaction (Table 3.3). In line with a controlled polymerisation reaction, the
%conversion of the epoxide increases linearly with time, up until 8 hours. After
this point, the %conversion begins to plateau, which is likely where the reaction
rate is limited by the increased viscosity of the solution. This plateau in conversion
at 8 hours is accompanied by a decrease in the TOF values, which decrease from
50 h~! at 2 hours down to 23 h™! and 15 h™! after 8 hours. The selectivity for
PCHC remains high throughout the reaction, around 80 — 90%. Unfortunately,
due to the poor SEC data, it is not possible to comment on the growth of the

molecular weight of the polymer with time.
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Table 3.3: Monitoring the progress of the ROCOP reaction, catalysed by 8a, by interrupting a
series of repeated reactions at various times.

Entry Time Conv.(® TOF® Selectivity(©)
[ % /b7t [ %
1 2 20 50 78
2 4 39 49 90
3 8 59 37 88
4 14 64 23 89
5 24 70 15 90

Reactions were carried out in 5 M CHO, at 80 °C, under 30 atm CO,, using a catalyst loading of 0.2
mol% 8a and a n-hexanol concentration of 0.8 mol%. (¢) Conversion calculated from relative amounts
of CHO, PCHC and PCHO by 'H NMR integration. (®) TON = moles epoxide consumed / moles
catalyst; TOF = TON / time. () Calculated from relative amounts of PCHC and PCHO by 'H NMR
integration.

3.4.4 Polymer end-group analysis

The bimodal SEC trace mentioned above indicates that two different polymers
are growing during the ROCOP reaction, due to different initiating groups at
the metal. This gives rise to a polymer chain of very high molecular weight
(ca. 300,000 g mol™') and a different chain of low molecular weight (ca. 10,000
g mol™!). Analysis of the polymers obtained from the optimised reaction was
attempted using MALDI-ToF mass spectrometry, but was unsuccessful due to the

very high molecular weight of the polymer.

.0 0 0 0
; othQ o0y OH Ho 0T 0 07,0 O
1 11

Figure 3.6: End-groups in the synthesised poly(carbonate), determined by 'H NMR spectroscopy.

In the 'H NMR spectrum of the obtained polymer, resonances that are assigned
to the expected hexyl initiator-group were observed, at 0.88 ppm for the methyl
protons (H,), and 2.26 ppm for the methylene protons nearest the first carbonate
group (Hp). An additional resonance observed at 4.40 ppm is assigned to the
methine proton next to a cyclohexyl alcohol end-group, on the other end of the
polymer (H,, Figure , structure I). This methine resonance integrates in a 1:1
ratio with the methyl resonance from the hexyl group, but its expected ratio
is 1:3. The observed 1:1 ratio is likely to arise from two additional cyclohexyl
alcohol end-groups, on either end of a second polymer chain (H., Figure
structure IT). This second, dihydroxyl-terminated, structure is supported by a 'H

NMR resonance at 3.30 ppm that is assigned to the methine proton of a terminal
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cyclohexyl alcohol group, nearest the first carbonate group in the polymer chain
(Hy).

Whilst the incorporation of a hexyl initiator group was clearly intentional,
with the addition of n-hexanol, the cyclohexanol initiator group was not. Such
an initiator arises due to the presence of water in the reaction, and could form
through two conceivable ways. The first is that water reacts with CHO, forming
cyclohexanediol through hydrolysis of the epoxide. This alcohol then reacts
with 8a, forming the catalytically-active Zn-(cyclohexoxide) species. The second
possibility is that water reacts with 8a in the first instance, forming a Zn-OH
species that facilitates the first ring-opening reaction with CHO to initiate the

copolymerisation.

3.4.5 Protonolysis reactions with the ROCOP pre-catalyst 8a

Whilst the use of the pre-catalyst 8a is convenient from a synthetic standpoint —
it is synthesised from the straightforward reaction of H,L? and ZnEt, — its in situ
transformation to the alkoxide complex means that the speciation of the active
catalyst is ill-defined. This becomes more apparent from the fact that the SEC
trace is bimodal and may in part be due to the reaction between 8a and n-hexanol
being carried out in a large volume of CHO, in which the concentration of water
and other impurities will be comparable to that of the pre-catalyst. In an attempt
to alleviate this problem, the tetranuclear Zn-hexoxide complex was synthesised
on a preparative scale before application in catalysis.

The tetranuclear Zn-hexoxide complex, {Zn(uy—OCH,5)},(L?) (11) was iso-
lated in 84 % yield from the reaction of 8a with four equivalents of n-hexanol
in THF. The reaction proceeds rapidly, with gas evolution observed at the onset
of alcohol addition. In C4Dg, a symmetric product is implied by 'H NMR spec-
troscopy, with a single set of resonances for the macrocycle that are clearly shifted
in comparison with 8a: the imine protons appear at 8.07 ppm; the two pyrrole 5-H
environments appear as doublets at 7.02 and 6.17 ppm; the aryl protons appear
at 6.94 ppm; and the meso-protons appear at 6.38 ppm. Importantly, the ethyl
resonances, that appear at 1.32 and 0.42 ppm for 8a in C4Dy, have disappeared.
In their stead are a number of resonances, of triplet and quartet multiplicity,
in the region 1.89 to 0.57 ppm that are assigned to the new hexoxide ligands.
There are two triplet resonances at higher chemical shifts of 3.83 and 3.70 ppm
that integrate as four protons each per macrocycle; their chemical shifts indicate
that these are hexoxide methylene protons next to oxygen, and their integration

implies that there are four hexoxide ligands in total. The fact that the macrocycle
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overall is symmetric, but the hexoxide ligands appear in two distinct environments,
is reminiscent of the tetranuclear zinc-hydroxide complex 10, in which the four
io-bridging hydroxide ligands appeared in two chemical environments. From these
data it seems that there are two sets of uo-bridging hexoxide ligands, where two
ligands bridge the zinc centres between pyrrole groups, over the meso-position,
and the other two ligands bridge the zinc centres between imine groups, over
the arene spacer group. If these hexoxide ligands were not bridging, and were
isolated on single metal centres, then they would appear as a single resonance,
with integration of eight protons per macrocycle.

In the F NMR spectrum of 11, the resonance for the C¢F5 ortho-F is severely
broadened, which has only been observed for bowl-shaped tetranuclear complexes
so far. This provides further evidence that the complex remains tetranuclear.
Many attempts were made to grow single crystals of 11 for X-ray structural
analysis, but they were not met with success. The solubility of the complex is
quite poor, even in THF, meaning that the compound often precipitated from
solution before it crystallised.

The synthesis of other zinc-alkoxide and -phenoxide derivatives of 8a, through
protonolysis with other alcohols, was not straightforward. The reaction of 8a
with iso-propanol occurred readily, evolving ethane gas from the THF solution.
The 'H NMR spectrum of the isolated product contained a number of broad
resonances in dg-THF at 300 K, that resembled a symmetric product, and implied
successful loss of the ethyl groups from 8a. Fluxionality was suspected from
the breadth of the NMR resonances and so the solution was cooled. At 213
K, the resonances were much less broad and, with molecular motion minimised,
the spectrum revealed that the complex was in fact fully asymmetric, with four
inequivalent imine proton resonances appearing at 8.86, 8.68, 8.48 and 8.40 ppm
and two inequivalent meso-proton resonances appearing at 6.22 and 5.97 ppm.
Importantly, a resonance at 11.98 ppm was only observable at this temperature
and is assigned to a single pyrrole N-H proton, based on its integration of one
proton per macrocycle. In addition, only three iso-propoxyl ligands were observed,
with the ipso-protons appearing as a broad singlet at 4.29 ppm, and the six
inequivalent methyl groups clearly resolved in the region 1.45 to 0.66 ppm. These
observations indicate that the product of the reaction between 8a and iso-propanol
is the trinuclear iso-propoxide complex, Zns(O'Pr);(HL?) (12), that forms as the
result of partial demetalation upon protonolysis. This complex was isolated with
a crystal yield of 45 %.

At 330 K, the 'H NMR spectrum for 12 was more sharp than at 300 K due
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to thermal averaging. The four macrocycle imine protons appear as a single
resonance at 8.36 ppm and the three iso-propoxide ipso-protons appear at 4.11
ppm; their methyl groups integrate as 18 protons at 1.02 ppm.

Large, red, block crystals of 12 were grown by diffusion of hexane vapour
into a benzene solution and the solid-state structure was determined by X-ray
crystallography, confirming that 12 is indeed a trinuclear complex (Figure .
In the solid state, 12 adopts a highly distorted bowl-structure with a smaller
bite-angle between the two halves of the macrocycle in comparison with other bowl-
shaped complexes of the same ligand (which will be discussed in more detail in
Chapter 4). The bite angle is 102° in 12, compared with 152° in Cu,Py,(L*) (13a, 2
pyridine molecules in cleft), 117° in Fe,(THF);(L?) (15a, 1 THF molecule in cleft),
and 111° in Pd,(L?) (20, no molecules in cleft). This small bite-angle is attributed
to coordination of the ligand to an L-shaped, trinuclear zinc-iso-propoxide cluster,
which resembles a cube with two vertices removed. In this cluster, the zinc centres
are bridged by two us-alkoxide ligands and one ps-alkoxide ligand. Each zinc centre
is four-coordinate in a highly distorted tetrahedral coordination geometry, with
bond angles ranging from 81.58(8)° to 143.47(9)°, and in order to accommodate
this, an imine-group from one of the imino-pyrrole chelates is non-coordinating
(N5). The internuclear distances between nearest neighbours in the cluster are
3.0071(5) A (Zn1---Zn3) and 2.8213(6) A (Zn2- - -Zn3). The Zn-O bond lengths,
that describe the edges of the cluster, are fairly regular and are in the range
1.920(2) A to 2.143(2) A. However, the cluster is distorted, with inequivalent bond
angles across the hinge, of 121.4(1)° (Zn2-O1-Znl) and 111.21(8)° (O3-Zn3-02).

Demetalation of the tetranuclear zinc-iso-propoxide complex that presumably
forms initially would yield one equivalent of Zn(O'Pr), per equivalent of 12. This
makes iso-propanol an inappropriate initiator for the catalytic reactions involving
pre-catalysts 8a or 8b, as the simple Lewis acid that is formed will likely contribute
to the competing ring-opening polymerisation of the epoxide to form poly-ether,?”
thereby reducing selectivity for the desired poly(carbonate) product. Demetalation
was not observed during the reaction of 8a with n-hexanol, which may be a result
of the longer-chain alkoxide ligands imparting kinetic stabilisation towards the
tetranuclear cluster. The pK, for n-hexanol is predicted at 16.6 in water®® and is
essentially identical to that of iso-propanol (pK, = 16.5 in water).“? Therefore,
whilst demetalation occurs through protonolysis of the zinc-pyrrolide bond, the
formation of 12 cannot be attributed to a difference in acidity of #so-propanol in
comparison with n-hexanol.

The reaction between 8a and four equivalents of phenol occurred readily and
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Figure 3.7: Solid-state structure of 12 and orthogonal views of the Zn,(O'Pr), cluster with
coordinating atoms from the macrocycle. Displacement ellipsoids are drawn at 50 % probability.
For clarity, only the meso- and pyrrole-protons are shown, whilst four benzene solvent molecules
in the lattice and disordered atoms on one iso-propoxide ligand are omitted.

resulted in a compound which has a similar 'H NMR spectrum to that of 12,
with a single N-H proton resonance observed at 11.76 ppm at 300 K (CyDg);
this indicates that a similar demetalation reaction has occurred. In an attempt
to introduce a kinetic barrier against demetalation, a reaction between 8a and
2,6-di-tert-butyl-phenol was attempted. No reaction was observed at room tem-
perature, with the 'H NMR spectrum of 8a unchanged in the presence of the
di-substituted phenol. However, after heating at 90 °C for 24 h, the 'H NMR
spectrum had clearly changed and implied that partial protonolysis has occurred.
In this case, no N-H proton was observed, indicating that demetalation had indeed
been avoided. However, a triplet resonance at 6.91 ppm, that is assigned to the
para-proton of the new zinc-phenoxide ligands, integrates as only two phenoxides
per macrocycle. A quartet resonance at 0.55 ppm also integrates as two ethyl
ligands per macrocycle, indicating that the product from this reaction is a tetranu-
clear, heteroleptic zinc-ethyl /phenoxide complex Zn,{OPh(2,6—tBu),},Et,(L*).
Although zinc-phenoxide bonds have been shown to initiate the ROCOP reac-
tion,3? this heteroleptic complex was not considered suitable for ROCOP catalysis
as the ethyl ligands are inactive towards CO, insertion and are also likely to be
hydrolysed by trace moisture in the dynamic CO, atmosphere. This heteroleptic
complex is therefore likely to produce a mixture of two polymers propagating
from the catalyst.

After these attempted protonolysis reactions, only complex 11 was used as an

isolated catalyst for the ROCOP reaction, and only n-hexanol was considered as
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an acceptable initiator for the in situ generation of catalysts using complexes 8a
and 8b.

3.4.6 Performance of 11 in ROCOP catalysis

The isolated tetranuclear Zn-hexoxide complex 11 was applied to the optimised
ROCOP reaction (entry 2, Table 3.4), so as to compare its performance with
the analogous Zn-hexoxide complex formed in situ (entry 1). Surprisingly, the
pre-prepared catalyst did not perform as well as the pre-catalyst 8a; the conversion
of epoxide was lowered by 20 %, the TOF was diminished to 11 h™!, and the
selectivity for carbonate linkages was also lowered by 9 %. In terms of the polymer,
that prepared by 11 was of much lower molecular weight (7400 g mol™!) with an
incredibly broad distribution (B = 9.75), although the SEC trace was not bimodal
in this case.

Considering that the polymers obtained from the pre-catalyst 8a contained a
mixture of di-hydroxyl and hexyl terminal groups, it may be that the improved
performance of 8a is due to a mixture of active species, or a heteroleptic complex.
The tetranuclear alkyl complex 8a is known to be highly moisture-sensitive,
forming the p-oxo complex 9 readily. The hydroxyl or hexoxyl derivative of 9
might therefore be one of the catalytically active species.

Table 3.4: Comparison of the performance of Zn-hexoxide catalysts formed in situ, from 8a,
and ez situ (11).

Entry Catalyst Conv.(® TOF® Selectivity(©) M,, @ b @
/ % / h™1 /% / g mol~!

1 8a* 70 15 90 394,000 1.61

6800 1.77

2 11 50 11 81 7400 9.75

Reactions were carried out in 5 M CHO, at 80 °C, under 30 atm CO,, using a catalyst loading of 0.2

mol%. * n-hexanol initiator added with a concentration of 0.8 mol%. (%) Conversion calculated from
relative amounts of CHO, PCHC and PCHO by 'H NMR integration. (*) TON = moles epoxide consumed
/ moles catalyst; TOF = TON / h. (¢) Calculated from relative amounts of PCHC and PCHO by 'H
NMR integration. (4 M,, and P both determined by SEC in THF, calibrated using narrow molar-mass
polystyrene standards.

Although the exact speciation of the active catalyst is unknown, the perfor-
mance of the pre-catalyst 8a is quite good. Importantly, the high selectivity for
carbonate linkages shows that, after some optimisation of the reaction conditions,
the catalytic system has a high efficiency for CO, sequestration, and the success-
ful co-polymerisation is a novel mode of reactivity for this class of macrocyclic
complexes.

Furthermore, the high performance of 8a in comparison with 8b highlights
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the importance of ligand structure in catalyst design. The structures of the

Zn-hexoxide derivatives of 8a and 8b are assumed to be similar to one another,

and analogous to that of the Zn-hydroxide complex 10. The poor activity of

the anthracenyl-pillared pre-catalyst 8b might be due to subtle differences in the

geometry of the Zn-hexoxide cluster; perhaps a small increase in the Zn---Zn

distances (in comparison with 8a) renders the cluster too thermodynamically

stable, and therefore resistant to the chemical changes that are required for CO,

insertion and propagation of the polymer chain.
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Chapter 4

Transition metal complexes for reduction of carbon

dioxide

This chapter discusses the synthesis of several late-transition-metal complexes
of both macrocyclic ligands L? and L*, as well as the acyclic, donor-expanded
dipyrrin ligand L?. Structural characterisation of these complexes has been carried
out principally using X-ray crystallography. Bimetallic copper(II) complexes have
been used to investigate thoroughly the relationship between the macrocycle
geometry and the electronic structure, using voltammetric methods and EPR
spectroscopy. Most of the complexes presented in this chapter have been tested

for electrocatalytic activity towards CO, reduction.

4.1 Synthesis and electronic structure of copper(II)

complexes

In the literature it has been demonstrated that macrocyclic dipyrromethanes
may undergo oxidation to dipyrrins during metallation with transition metals
under aerobic conditions.™*¥ Copper(II) has been implicated in this chemistry, and
copper(II) complexes of the macrocycles L? and L* are therefore attractive targets,
as the air-stability and redox-activity of copper(II) complexes makes their use in
catalysis and electro-catalysis promising. As discussed in the introduction, there
is some literature precedent for copper(II) carrying out CO, reduction,** and it
was hoped that the well-defined geometries provided by the macrocyclic ligands

L? and L* might promote reactivity in this case.

4.1.1 Synthesis of dinuclear copper(II) complexes

The aerobic reaction of macrocycles H,L* or H,L* with two equivalents of
Cu(OAc), in CH,Cl,, in the presence of NEts, yielded dark yellow residues after
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removal of the solvent (OAc = ~O,CCHj, Scheme . The product was found

to be stable on alumina and the crude product was therefore purified by column

chromatography, eluting the pure product as an orange fraction with CH,Cl, (R
= 0.9). A green fraction was fairly mobile in the presence of NEt; (Ry = 0.5), but
was immobile if the base was not used in the synthesis. It was later found that
NEt, was not required, and only lowered the yield of the product considerably,
down to 35 %. The base-free addition of Cu(OAc), to H,L* or H,L* afforded
the bimetallic copper(II) complexes 13a and 13b, respectively, in variable yield
between 20 and 70 % after purification by column chromatography.

CHJCl,, air
/ 2 Cu(OAc), N
Yield: 20 - 70 % J \ I A
N_ N N, N
CeF s Q /:(EY(?T ﬂ

\ THEN,
CeFs

i) 4 K{N(SiMe 3),}
ii) 2 CuCl,
Yield: 75 % 13a

Scheme 4.1: Synthetic routes to 13a as a representative scheme for the synthesis of both
complexes 13a and 13b.

Due to the unpaired electron on each d° copper(II) centre, complexes 13a and
13b are strongly paramagnetic and completely NMR-silent, precluding structural
characterisation using that method. Instead, the syntheses of these compounds
are supported by their electrospray-ionisation mass spectra (ESI-MS). Molecular
ion peaks were observed at 1058 m/z for 13a and at 1203 m/z for 13b, which
correspond to the expected molecular masses for those complexes minus two
protons, i.e. conceivably macrocyclic dipyrrin complexes. The isotope patterns
for these peaks also support the synthesis of bimetallic copper(II) complexes, and
match very well with simulated spectra. Upon metalation of H,L* and H,L*
a lowering of the imine vibrational frequencies is observed in the solid-state IR
spectra, from 1620 cm™! to 1552 cm ™! for 13a, and from 1614 cm~! to 1574 cm ™!
for 13b, indicating coordination of the imine groups to the copper(Il) centres in
both cases.

Single crystals of 13a were grown from a pyridine solution on slow evap-
oration of the solvent, and crystals of 13b were grown from a THF solution
by slow diffusion of hexanes. The solid-state structures were determined by X-
ray crystallography and in both cases, the macrocyclic ligands are non-oxidised

dipyrromethanes, which is evident from the bond angles around the meso-carbon
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atoms (mean a = 110.2° for 13a and 111.0° for 13b). This is contrary to the
mass spectrometry data and implies that the meso-protons are lost under ionising
conditions. This is perhaps unsurprising, considering that those meso-protons
are observed with 'H NMR resonances around 5.9 ppm in the NMR spectra of
the pro-ligands, indicating that they are acidic and possess low bond-dissociation

enthalpies.

Figure 4.1: Solid-state structure of 13a. Displacement ellipsoids are drawn at 50 % probability
and for clarity, three pyridine solvent molecules in the asymmetric unit have been omitted and
only the meso-protons are shown.

Whilst meso-disubstituted macrocyclic ligands adopt Pacman geometries upon
metalation with transition metals,>™ 13a adopts a bowl-conformation in a similar
manner to the zinc(Il) analogue (7a, Chapter 3). The meso-carbon atoms in
the dipyrromethane units form the hinge of the macrocycle, leaving two planar
coordination pockets that comprise two imino-pyrrole chelating units and the
aromatic spacer group. This conformation results in a wide bite-angle of 152°
between the two N,-coordination compartments and a large Cu- - - Cu separation
of 6.493(6) A. The traditional bimetallic copper(II) Pacman complex exhibits
much smaller bite angles (52 — 62°) and shorter Cu- - - Cu separations of 3.47 —
4.05 A B

Both copper(II) centres in 13a are in distorted octahedral coordination ge-
ometries. With a mean value of 2.05 A, the copper-imine bonds are shorter
than the mean copper-pyrrolide bond distances (2.18 A) and is likely due to the
steric constraints around the meso-position, pulling the pyrrole groups away from
the idealised coordination positions. The N,-donor pockets are planar, with the
equatorial bond angles around copper summing to 359.0°. Each copper centre
has two axially-coordinated pyridine ligands with long average bond lengths of

2.15 A, indicative of Jahn-Teller distortions, as expected for a d° cation. Based on
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the solid-state structures of the analogous iron(II) and palladium(II) complexes
discussed below, the bowl-conformation and the torsion between N,-donor com-
partments for 13a is not due to the coordination of two pyridine solvent molecules
within the cleft.

Structurally similar bowl-shaped complexes of meso-disubstituted macrocyclic
ligands have been reported for calcium(I1)? and uranium(IIT).“Y With those
complexes, it seems that the large ionic radii of the metal drive the folding of
the ligand to the bowl-conformation; in those examples, the meso-positions are
located further away from the hinge of the molecule, resulting in larger coordination
compartments for those large metal cations. This also has the effect of creating
much narrower bite-angles between the two pockets, which are reported as 99°
for the calcium(II) complex® and 98° for the uranium(III) complex.™" It seems
that the steric interactions around the meso-position are important in dictating
the conformation of the macrocycle upon metalation, and that by reducing the
steric encumbrance at that position (in this case, changing an alkyl group to
a proton), results in a bowl-conformation for smaller metal cations. As the
meso-proton crystallographic positions are geometrically placed for 13a, they are
pointed at each other with a short distance of 2.1 A; this distance would not be
possible if methyl groups were situated at the meso-positions. For 13a, the C.F;
meso-substituents are co-parallel, but the aryl rings are not overlapping. This
arrangement seems to arise in order to reduce steric interactions rather than as
a consequence of m-stacking, and may be the cause of the 24.8° torsional twist
between the two N,-donor compartments.

In the case of 13a, all of the macrocycle nitrogen-atoms are involved in coordina-
tion of the metal centre. In contrast, in those examples where meso-disubstituted,
first-row transition metal macrocycles do form bowl-shaped complexes, they often
remain protonated at the pyrrole nitrogens and feature bridging anions within
the cleft, such as hydroxide or acetate ligands.® In these examples, it is this
incorporation of additional anionic ligands that seems to be the driving force for
forming a bowl-shaped complex, despite the small ionic radii of the metals, as the
charge-balance in these cases mean that the pyrrole groups are not required for
coordination, releasing strain on the macrocycle.

Due to the large separation between the imine-nitrogen donors in the anthracene-
pillared macrocycle L*, a bowl-conformation is not possible for its bimetallic
complexes. Therefore, in the solid-state, 13b adopts a classic Pacman geometry,
with a Cu- - - Cu separation of 4.818(3) A and a twisting angle of 30° between the

iCrystal radii / A: UM 1.165; Call, 1.140; Cull, 0.870; Zn!!, 0.740.21
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anthracenyl spacer-groups and N,-donor compartments, which is common. 71314
Unlike the zinc(II) analogue, 7b, which exists as a mixture of isomers in solution
and adopts the syn,endo-isomer in the solid state, 13b adopts the syn,ero-isomer
in the solid state. The exclusion of the CiF'5 meso-substituents from the cleft in
the case of 13b means that the macrocycle has a much smaller twist angle of 30°,
which was 57.7° for 7b.

The internuclear separation of 4.818(3) A for 13b is also shorter than that
for 7b (6.236(1) A) and is likely due to the absence of coordinated solvent
ligands pulling the metal cations out of their coordination pockets in the former.
Interestingly, the Cu- - - Cu distance for 13b is also very short compared to related
cobalt (1), palladium(II),” uranium (I11)1% and uranium(VI)¥ complexes of meso-
disubstituted, anthracenyl-bridged macrocycles, which have internuclear distances
of 5.377 — 5.9243 A. The separation in 13b is more similar to the short Zn---Zn
distance reported for related dinuclear zinc(II) complexes that are bridged by
coordinated anions, ™ and is also more similar to the intermetallic separations
offered by diporphyrinanthracene™® and dicorroleanthracene™ ligands (4.52 —
4.68 A) The small meso-proton substituent appears responsible for this short
Cu---Cu distance, as it has the effect of closing the macrocycle cleft, such
that 13b has a negative bite angle of —8.03° between the two N,-donor planes.
This contrasts with meso-disubstituted anthracenyl Pacman complexes, which
have positive bite-angles (14.83° for the copper(II) analogue), where the larger
meso-substituents influence a bending of the coordination pockets away from the

macrocycle cleft.20

Figure 4.2: Orthogonal views of the solid-state structure of 13b. Displacement ellipsoids are
drawn at 50 % probability and for clarity, only the meso-protons are shown.

As the aerobic metallation of H,L* or H,L* with Cu(OAc), did not result

in macrocyclic dipyrrin complexes, improved syntheses of those complexes were
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developed, as the yields from the initial method were variable and were at times
as low as 25 %. Higher, reproducible yields of 75 % were obtained using a
salt-metathesis procedure, carried out under anhydrous, anaerobic conditions. De-
protonation of the pyrrole nitrogens was carried out in situ, using four equivalents
of K{N(SiMe,),} to afford K,L* or four equivalents of Li{N(SiMes),} to afford
Li,L* (K,L* has poor solubility in THF). Reaction of these alkali-metal salts with
two equivalents of anhydrous CuCl, afforded 13a and 13b, which were purified

by column chromatography as discussed above.

4.1.2 Geometric/electronic structure relationships

The folding of 13a to the bowl conformation means that 13a and 13b are not
only structurally very different, but that the copper(II) centres also reside in
different coordination pockets, with different relative orientations between the
ions. The electronic structures of 13a and 13b were studied using a combination
of DFT molecular-orbital calculations, EPR spectroscopy and electrochemistry, to
see if the different geometries and coordination arrangements imposed by changes

in the ligand structure had any electronic consequences.

DFT calculations

The molecular-orbital (MO) structures of 13a and 13b were investigated by DFT
methods. The crystal structures were used as initial-guess geometries, and their
optimised geometries in the triplet spin-state were adequately determined by the
UB3LYP functional and 6-31G(d,p) basis set.

For the geometry optimisation of 13a, the coordinated pyridine solvent
molecules were required to represent the bowl geometry; their omission resulted
in nonsensical folding of the complex. Unlike in the crystal structure, one of
these pyridine ligands is rotated away from the copper centre, but this has not
introduced significant error to the rest of the complex. Overall, there is only
5.3 % relative error in the calculated bond distances between the copper centres
and the macrocycle donor atoms and 6.4 % relative error in the bond angles.
However, the torsion between the two coordination compartments is greatly over-
estimated in the calculated structure, at 51° compared with 26° in the crystal
structure.

Population analysis initially implies that the singly-occupied molecular orbital
(SOMO) of 13a is largely ligand-based, as shown by the MO plot in Figure
(a). However, it can be quite difficult to interpret the MO structure of open-shell
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systems when the canonical a- and [-orbitals are spatially separated, as is the
case here. Using Gaussian’s ability to “biorthogonalize” spatially-separated pairs
of MOs, these orbitals are transformed into single a5 MOs, allowing a more
intuitive interpretation of the orbital structure. Applying this technique to 13a
indicates that the SOMO has a total of 71 % copper d-character, with a 52 %
contribution from one centre and a 19 % contribution from the other; SOMO—1
is equivalent, with the contributions reversed. Calculation of the total unpaired
spin-density, p(a) — p(f), also reveals that the unpaired electron density is situated

in the copper d,2_,2 orbitals, with only minor spin-delocalisation onto the ligand

-y
nitrogen atoms. The total spin-density plot shown in Figure (b) is equivalent to
the combined SOMO and SOMO-—1 orbitals obtained after “biorthogonalization”,
which describes a ¢* interaction between the nitrogen p-orbitals and the copper
dy2_

2 orbitals on each metal.

Yy

Figure 4.3: (a) SOMO of 13a, before “biorthogonalization”. (b) Total spin-density for the
unpaired electrons in 13a. (c) SOMO of 13b, before “biorthogonalization”. (d) Total spin-
density for the unpaired electrons in 13b. All calculated by DFT using the UB3LYP functional
and 6-31G(d,p) basis set.

The crystal structure of 13b was well represented by the UB3LYP functional
and 6-31G(d,p) basis set, with less than 2 % relative error in the metal-ligand bond
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lengths, and a good approximation for the Cu- - - Cu distance at 4.78 A (4.818(3) A
experimentally). The bond angles around the copper(II) centres are also accurately
represented, with less than 1.25 % relative error in the calculated structure. As
for 13a, the SOMO and SOMO-—1 for 13b predicted by population analysis
feature high ligand-character, with major contributions from the anthracenyl
spacer group and minor contributions from the donor-expanded dipyrromethane
manifold (Figure (c)). Biorthogonalization of the a- and [-orbitals reveals
that the SOMO and SOMO—1 feature high metal-character, which is in agreement
with the calculated spin-density for 13b; the unpaired electrons reside in d,2_,»2
orbitals on each copper(II) centre, with only minor delocalisation onto the donor
nitrogen-atoms (Figure [4.3 (d)).

Comparing the molecular orbitals and spin-densities of 13a and 13b, it seems
that despite the differences in molecular geometries and arrangement of donor-
groups in those complexes, the local electronic structures around each copper(II)
centre are very similar. However, the different relative orientation of the two copper
centres in the bowl conformation compared to that in the Pacman conformation
might have an impact on the electronic structure that is not represented by
DFT calculations. In order to investigate these potential differences, which may
result from long-range magnetic interactions between the two copper nuclei, EPR

spectroscopy was carried out on both 13a and 13b.

EPR spectroscopy

Whilst the paramagnetism exhibited by the bimetallic copper(II) complexes hinders
structural characterisation by NMR spectroscopy, the unpaired electron on each
d® copper(II) centre means that EPR spectroscopy can be used to probe both
the electronic and geometric structures of those complexes. For both complexes,
the solution-state X-band EPR spectra were broad and uninformative at room
temperature, but much higher resolution was obtained from frozen THF /toluene
solutions, measured at 80 K

For 13b, the EPR spectrum is characteristic of an .S = 1 spin-system, resulting
from exchange coupling of the two copper(II) nuclei (Figure (a)). Due to
Zeeman splitting in a magnetic field, the m, states of an S = 1 system (m, =
+1,0, —1) will become non-degenerate, and whilst the formal selection rule for
an EPR transition is that Am, = 1, the Am, = 2 transition may be observed in

some cases. Because the microwave frequency of the EPR spectrometer is fixed

TEPR measurements were carried out by Daniel Sells and EPR simulations by Prof. Eric
Mclnnes, at the University of Manchester.
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(at 9.4 GHz for X-band), this formally forbidden transition is observed at half the

magnetic field that the dominant, allowed transition is observed at. This half-field

2122

Am, = 2 transition was observed and measured for 13b, supporting the S =1

spin-state and exchange coupling between the two copper(II) nuclei (Figure

(b))-

r T T T T T T T 1 T T T T T 1 T T T L T T T T T T T N
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B/mT B/mT

(a) (b)

Figure 4.4: Experimental EPR spectra (black) and simulations (red) for 13b, measured at 80 K
on an X-band spectrometer (9.4 GHz), as a THF /toluene glass. (a) The full spectrum, with
the black box representing the region for the half-field transition, (b), which was measured
separately.

The hyperfine structure is well resolved at 80 K, for both the Am, = 1 and half-
field transitions. For an unpaired electron interacting with n nuclei with nuclear
spins, I, there will be 2nl + 1 EPR lines. The half-field my; = -1 — m, = +1
transition gives seven lines, as is expected for an unpaired electron interacting
with two equivalent 3/2 nuclei (copper has two major isotopes — ®3Cu and ®Chu,
summing to 100 % natural abundance — and both isotopes have the same nuclear
spin, I = 3/2). However, the Amg = 1 signal has more than seven lines and
implies zero-field splitting. This is where the m, states are non-degenerate in
the absence of an applied magnetic field, perhaps due to the interaction of the
unpaired electrons with each other. This has the effect that, when the magnetic
field is applied, the energies of the two Am, = 1 transitions (—1 — 0 and 0 — +1)
are not equal and will be measured at slightly different field strengths. On the
other hand, the Am, = 2 transition is unaffected by this because that transition
bypasses the my = 0 state, and so the expected seven lines are observed in that
case.

Simulations used the simple spin-Hamiltonian (equation The exchange

iz electronic Bohr magneton; B, applied magnetic field; g; and A;, local g and Cu-hyperfine

Page 91



Chapter 4. Transition metal complexes for reduction of carbon dioxide

matrix, J, comprises an isotropic component, J*°, which is a scalar, and an
anisotropic moment, J%. The EPR spectra were simulated with the assumption
that this anisotropic moment is dipolar in nature, such that the matrix has

principle components (+1 +1 —2)*J4P where J¥P is a scalar.

H=> BB.g.si+5A0+5.05 (4.1)
i=1,2

It was assumed that the two copper sites are axially symmetric, such that
gz = gy and A, = A,, given that there is no evident super-hyperfine coupling
between the unpaired electrons and the nitrogen atoms in the N,-donor set. The
two CulN, donor planes were assumed to be co-parallel in solution, as they are
found in the solid-state structure, given the rigidity of the two anthracenyl spacer
groups. A large value of J° was arbitrarily set at +50 cm™!, which describes
an antiferromagnetic interaction with the Hamiltonian written as in equation
[ 4.1} when this value is much greater than 5.B.g and A, it has no effect on the
simulated spectrum.

Initially, the principal axis of the g and A tensors, g.A., was assumed to lie
normal to the CuN, coordination plane and was also assumed to be co-parallel
with J3P_ the principal axis of the J 4P tensor that describes the dipolar interaction
between the two copper nuclei. As J&P describes the Cu- - - Cu dipolar interaction,
it should be co-parallel with the Cu- - - Cu vector and is not truly co-parallel with
g.A.. However, the half-field transition is particularly sensitive to the Euler angle,
0, which describes the angle between two coordinate systems (in this case, that
of g and A, and that of J). By varying 6 to obtain the best match between the
simulated and experimental spectra, the angle between g.A. and J3P can be
obtained.®#3%24 In practice, this describes the angle between the Cu- - - Cu vector
and the local z-axes of the copper nuclei, allowing a comparison between the solid-
and solution-state structures to be made. Based on this method, the Euler angle
was predicted to be 30°, which is an exact match for the twisting angle between
the CuN,-plane and the anthracenyl spacer-group in the crystal structure. This
shows that the twisting in the Pacman geometry is not unique to the solid-state
structure, but is a permanent structural feature.

The internuclear distance may also be extracted from the magnitude of J4P,
and this was predicted to be 5.52 A by the EPR simulation.®2%2% This is an
over-estimation of the internuclear distance measured in the crystal structure,

which is 4.818(3) A, and suggests a relocation of the Cu---Cu separation in

matrices; J, exchange matrix.

Page 92



Chapter 4. Transition metal complexes for reduction of carbon dioxide

solution.
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Figure 4.5: Experimental EPR spectrum (black) and simulation (red) for 13a, measured at 80
K on an X-band spectrometer (9.4 GHz), as a THF /toluene glass.

For 13a, the EPR spectrum features much broader linewidths, even at 80
K. The hyperfine structure is nevertheless resolved, and the four-line spectrum
observed would be expected for an unpaired electron interacting with one I = 3/2
nucleus. This indicates that any exchange interaction between the two copper(II)
nuclei is weaker than the hyperfine interaction, and could be due to the increased
separation between the two sites, which is 6.493(6) A in the solid-state structure.
Given that the unpaired electrons are predicted (by the DFT calculations discussed
above) to occupy the d,2_,2 orbitals on each copper(II) centre, the weak exchange
interaction implied by EPR spectroscopy seems to be a consequence of the increased
internuclear separation, rather than the change in relative orientation of the copper
centres, 7.e. the bowl conformation compared to the Pacman conformation. If the
unpaired electron resided in the d,» orbital, then the relative orientations of the
Jahn-Teller axes might have a greater influence on the exchange interactions.

As a Am, = 2 transition was not measured for 13a, an accurate prediction
of the internuclear separation could not be made as for 13b. However, test
simulations gave a rough upper limit of |J4P| < 0.005 cm™?, which would give an
internuclear distance of approximately 7 A. This compares well with the distance
of 6.493(6) A measured in the solid-state structure.

The g-values determined for 13a (g,, = 2.07, g, = 2.15) and 13b (g,, =
2.03, g, = 2.17) are anisotropic and significantly shifted from that of the free
electron (g. = 2.0023). These values are similar to those determined for the
ortho-phenylene bridged, meso-disubstituted Pacman complex CuZ(LMe),8 as

well as those for copper(II) cofacial diporphyrins,“* reflecting similarities in the
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coordination environments, despite the gross structural differences.

Table 4.1: Summary of EPR parameters for 13b and 13a and a comparison with those measured
for the Pacman complex Cu,(LM®)® and the diporphyrinanthracene complex Cu,-DPA.2# n.g.:
values not given in the literature.

Complex g R A,/ Agy / Jdie ) J;j;P /
x107* em™!  x107* em™'  cm™! cm™!
13b 217 203 200 10 —-0.22 +0.011
13a 2.15  2.07 200 10 - -
Cuy(LM) 216 2.02 210 20 n.g. n.g.
Cu,-DPA  2.193  2.05 205 30 n.g. n.g.
Electrochemistry

The electrochemical behaviours of 13a and 13b were investigated by cyclic
voltammetry (CV). Against a Pt-disc working electrode in THF, 13a undergoes
quasi-reversible oxidation at £ —0.10 V versus ferrocene and two, quasi-reversible
reduction processes at Ej —1.47 V and —1.76 V. A comparison of the peak areas
reveals that the oxidation wave accounts for twice the amount of charge passed for
either reduction processes, and the oxidation is therefore ascribed to the concerted

IIT

two-electron oxidation of the Cu'Cu! complex to the Cu™Cu'! complex. This is

supported by the molecular orbital calculations and EPR spectroscopy discussed
above, that show both SOMO and SOMO-—1 are metal-based orbitals; as such,
metal-based redox is expected to occur before any ligand-based redox.

The two, one-electron reductions are assigned to step-wise reduction of copper,
with the reduction to the mixed-valent Cu!Cu' complex occurring at —1.47 V,
and the reduction to the Cu'Cu! complex at —1.76 V. Copper commonly adopts
square-planar coordination geometries in both the +2 and +3 oxidation states,
but the tetrahedral geometry is more commonly adopted in the +1 oxidation
state. Reduction of one copper(II) centre to the +1 oxidation state is likely to
induce geometric distortion in the associated coordination pocket, which would
alter the potential at which the second copper(Il) centre is reduced. Oxidation to
copper(I1I) is likely to be concerted due to the lack of geometric distortion on the
assumption of that oxidation state.

Due to the high intrinsic resistance of THF during electrochemical measure-
ments, the voltammogram for 13a was remeasured in DMF, using a glassy-carbon
disc working electrode (Figure (a)). The electrochemical behaviour is identical
to that discussed above, but the redox potentials are different. At 100 mV s},
13a undergoes quasi-reversible oxidation at EJ —0.26 V and two quasi-reversible

reduction processes at £ —1.18 V and —1.43 V. Based on the measured redox

Page 94



Chapter 4. Transition metal complexes for reduction of carbon dioxide

potential for 13a, Ag|BPh,| would be a suitable oxidant to chemically affect the
Cu(III) /Cu(II) oxidation, and CoCp; would be a suitable reductant to isolate the

Cu!Cu! complex.?
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Figure 4.6: Cyclic voltammograms of (a) 13a and (b) 13b. Both measured at 100 mV s~! on a
glassy-carbon working electrode. 13a was measured in 0.1 M ["Bu,N|[PFg] in DMF, whereas
13b was measured in 0.1 M ["Bu,N]|[BF,| in CH,Cl,.

Unlike 13a, 13b does not undergo any oxidation processes in the electro-
chemical window provided by CH,Cl, and ["Bu,N||BF,|]. Only an irreversible
reduction wave is observed at £ —1.51 V versus ferrocene (Figure 4.6 (b)), and
no associated oxidation features were observed on the return scan, even at faster
scan-rates up to 500 mV s'. In the case of 13b, the Cu(II)/Cu(I) reduction
appears at a single potential, which may be a result of the more rigid anthracenyl
spacer-groups preventing any significant geometric distortion in the coordination
pockets following reduction of copper(II). In comparison, the anthracenyl-bridged,
meso-disubstituted copper(II) Pacman complex also undergoes irreversible, metal-
centred reduction,?? but the metal-centred reduction in the diamagnetic cobalt(IT)
analogue is quasi-reversible.!* It might be that the electronic communication
between the two paramagnetic copper(II) centres, as evidenced by EPR spec-
troscopy, is responsible for the irreversibility of the Cu(II)/Cu(I) reduction. In
contrast, electronic isolation of the metal centres, as in the case of 13a, renders
the electrochemical redox behaviour more reversible, and makes complexes of the

bowl-conformation better suited to electro-catalysis.

4.1.3 Chemical redox reactions of 13a

Chemical oxidation of 13a was carried out with two equivalents of Ag|BPh,], in
an attempt to isolate the Cu™Cu'™ complex, [Cu,(L?)|[BPh,],. Whilst Ag metal
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did precipitate from the reaction mixture, indicating successful oxidation, the
reaction did not proceed cleanly, and the NMR spectra of the crude material
contained many resonances. However, the diamagnetism of the product does
offer some proof that the d° copper(II) centres had been oxidised, rather than
the dipyrromethane unit of the ligand. Unfortunately, single crystals for X-ray
crystallography could not be obtained.

Chemical reduction of 13a was achieved with two equivalents of CoCpj, afford-
ing the diamagnetic Cu'Cu! complex, [Cuy(L?)][CoCpi],. Unlike the oxidation
reaction, the chemical reduction proceeded cleanly, and a single product was
observed by "H NMR spectroscopy in C¢Dg, with the imine protons appearing
as a single resonance at 9.06 ppm, and the meso-protons also appearing as a
single resonance at 6.72 ppm. The diamagnetism of the product again supports
metal-centred reduction, with the formation of a d'® copper(I) complex. This
copper(I) complex has been characterised by NMR spectroscopy only, and its
chemical reactivity has not been explored.

A number of attempts were made to oxidise the dipyrromethane in 13a, using
oxidants such as DDQ and H,0,. However, the formation of a large number of
products was implied by thin-layer chromatography (TLC), and no peaks consis-
tent with the desired bimetallic copper(II) dipyrrin macrocycle were observed by
ESI-MS. Despite a report by Sessler of a macrocyclic palladium(II) dipyrromethane
complex being oxidised to the corresponding palladium(II) dipyrrin using VOCl,
(which included chloride transfer to maintain the +2 oxidation state on palla-
dium),?® the reaction between VOCI; and 13a did not proceed cleanly, and no
single products could be isolated from the mixture.

It was observed that orange-brown solutions of 13a slowly turned to very dark
indigo after standing in air over the course of a few weeks, in a wide range of
solvents including benzene, THF, acetonitrile and CH,Cl,. Some single crystals
were isolated from a concentrated benzene solution, and the solid-state structure
of this indigo-coloured compound was determined by X-ray crystallography The
X-ray crystal structure reveals that the product of the slow, aerobic oxidation of
13a is the desired bimetallic copper, macrocyclic-dipyrrin complex, 14 (Figure
[4.7). Interestingly, the macrocycle adopts the Pacman-configuration in 14, and
represents a switching of geometry from the bowl-conformation in 13a; the
extended m-conjugation of the dipyrrin means that the meso-position cannot be

located at the hinge, due to the increased rigidity. The bond angles around the

The crystals were grown, and the structure determined by Nico Giordano, during the course
of a collaboration with Prof. Simon Parsons, investigating the interactions between 13a and O,
or peroxides through high-pressure crystallography.

Page 96



Chapter 4. Transition metal complexes for reduction of carbon dioxide

meso-carbons are planar, summing to 360°.

In the asymmetric unit of the crystal structure, there are two distinct molecules
of 14. Each molecule of 14 has a hexane solvent molecule located within the
macrocyclic cleft, at slightly different orientations, and at distances of approxi-
mately 4 A. At 4.052(1) and 4.1706(8) A, the internuclear Cu- - - Cu separation
in 14 is much shorter than that found in 13a (6.493(6) A), but longer than
other copper(II) Pacman complexes, where separations of 3.5 to 4.0 A are more
common.® In comparison with other, ortho-phenylene bridged macrocycles, the
bite angles of 62.4° and 66.5° in 14 are slightly wider than previously reported
Pacman complexes of the transition metals, which typically span the range 45° —
62°.8 The twist angles of 18.1° and 21.9° exhibited by 14 are typical for Pacman

complexes.

Figure 4.7: Orthogonal views of the solid-state structure of 14. Displacement ellipsoids are
drawn at 50 % probability and for clarity, one benzene and two hexane solvent molecules have
been omitted, and only one macrocycle out of two in the asymmetric unit is shown.

There is some ambiguity in terms of the copper oxidation state in 14. The
complex is clearly charge-neutral due to the absence of non-coordinating anions or
cations in the asymmetric unit. Such a charge-neutral complex could be described
as either: two copper(I) centres coordinated by a closed-shell, mono-anionic
dipyrrin ligand; or alternatively by two copper(II) centres coordinated by a radical,
dianionic ligand. There is some distortion in the copper coordination geometries,
with neither centre residing in strict square-planar coordination geometries, which
supports the former assignment to some extent. The sum of the equatorial bond

angles in 14 lie in the range 364° — 366°, whilst the trans N-Cu-N angles lie
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between 155.5° and 159.9°.

)f

:

(d) ()

Figure 4.8: (a) SOMO (highest energy); (b) SOMO-1; (¢) SOMO-2; (d) SOMO-3; and
(e) overall spin-density for 14 in the quintet spin-configuration. Calculated using CAM-B3LYP/
6-31G(d,p) with GD3BJ empirical dispersion correction. Viewed downwards from the top of the
coordination pocket, with the second pocket clipped for clarity.

On the other hand, 14 is paramagnetic and NMR silent, meaning that the
former, closed-shell electron configuration is not possible. Using the X-ray crystal
structure as a starting point, the geometries of 14 in the singlet and quintet
spin-states were optimised, using the CAM-B3LYP functional and 6-31G(d,p)
basis set; the GD3BJ empirical dispersion correction was also applied. Comparing
the free energies of the two structures, the quintet spin-state is indeed more
stable by 19.08 kcal mol~!. The spin-density of the quintet structure is spread
over the donor-expanded dipyrrin manifold as well as the d,2_,» orbitals on the
two copper centres, further supporting the +2 oxidation state on copper and
the radical nature of the macrocyclic ligand. The four SOMOs of 14 are non-

degenerate, and the d-orbital on copper makes only a minor (7 %) contribution
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to the lowest-energy SOMO—3; the higher energy SOMOs are all predominantly
ligand-based. Unfortunately, such small amounts of the complex were isolated
in crystalline form that this predicted electronic structure cannot be confirmed
through magnetometry, electrochemistry or EPR spectroscopy.

Many attempts were made to rationally synthesise 14 on a preparative scale
for further characterisation, without success. These attempts included: stirring
a benzene solution of 13a in air, at room temperature and under reflux, for 20
days; sparging a benzene solution of 13a with air for 7 days at room temperature;
and stirring a benzene solution of 13a in air under a UV lamp for 3 days. TLC
implied that all of these reactions formed some indigo-coloured product, and
those products were isolated from the crude reaction mixtures using column
chromatography. However, the yields of the isolated material was minuscule in
each case and the products from each reaction produced no macrocyclic signals in

the ESI mass spectrum.

4.2 Synthesis of iron(II) complexes

4.2.1 Macrocyclic, dinuclear iron(II) complexes

In Chapter 3, it was shown that high-nuclearity zinc(II) complexes of L* and L*
could be obtained using a zinc-alkyl starting material instead of zinc-silylamide.
Similar, tetranuclear complexes of iron(II) were targeted using the iron(II) neo-silyl
starting material, Fe{CH,(SiMey)},(Py),, which was prepared in situ according
to Scheme [1.2/%7 A tetranuclear complex of iron(II) should exhibit interesting
reactivity due to the range of accessible oxidation states of iron, which includes the
0 oxidation state. The small internuclear separation of these metal centres in the
macrocyclic setting might facilitate multi-electron reduction of bound substrates,
conceivably even N, given the literature precedent of nitrogen fixation by molecular
iron complexes. 2892

Addition of an excess of Fe{CH,(SiMe,)},Py,, six molar equivalents, to either
H,L? or H,L* afforded red solids that were paramagnetic and NMR-silent (Scheme
. The products were incredibly sensitive to both air and moisture, turning
black instantly in air, or slowly in a N,-atmosphere glove box. The sensitivity
of the complexes has precluded their characterisation by mass spectrometry
and elemental analysis, and determination of their solid-state structures was also
difficult, as large red crystals of either complex rapidly turned black under Fomblin
oil in air. However, the solid-state structures for both complexes were ultimately

determined by X-ray crystallography, and this revealed that for both macrocycles,
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Hexanes Hexanes
FeCl,.4H,0 ——— > FeCl,Py, ——————> Fe{CH,(SiMey)}(Py),
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0°C -30 °C

~ >
N N N N
CeFs Toluene \Fe/ - N

: - CeFs [~
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Scheme 4.2: Top: synthesis of Fe{CH,(SiMe;)},Py,, an Fe(Il) transfer-reagent.*” Bottom:
synthesis of 15a as a representative scheme for the synthesis of both 15a and 15b.

addition of excess Fe{CH,(SiMes;)},Py, to H,L* or H,L* affords the bimetallic
complexes, Fe,(THF);(L?) (15a) and Fe,(Py),(L*) (15b), respectively.

In the crystal structure of 15a, the macrocycle adopts the bowl-conformation
(Figure [4.9). There are two inequivalent iron(II) centres, with Fel coordinated to
two axial THF solvent molecules in a pseudo-octahedral coordination geometry,
and Fe2 coordinated to one exogenous, axial THF molecule in a pseudo-square
pyramidal coordination geometry. The equatorial macrocycle donor-atoms form
a planar arrangement around Fel, with the equatorial bond angles summing to
360.26°. In comparison, the equatorial bond angles around Fe2 sum to 355.71°
and appears to be the result of the single THF ligand pulling that ion away from
its idealised position. Whilst the Fe2-O3 bond distance of 2.137(1) A is similar to
the Fe2-N bond distances (2.121(1) — 2.175(2) A), the Fel-O1 and Fel-O2 bond
distances of 2.226(1) A and 2.31(2) A are longer, which is most likely due to a
Jahn-Teller distortion in the octahedral coordination geometry.

The internuclear Fe---Fe distance for 15a is 6.062(1) A, which is shorter
than that found for the copper(II) analogue discussed above (6.493(6) A) and
is presumably due to the incorporation of fewer coordinated solvent molecules
within the cleft in the case of the former. This is also reflected by the more narrow
bite angle of 126.5° between the two coordination compartments, compared to the
152° bite angle found in the copper(II) analogue. The torsional twist between the
two pockets is also less pronounced in 15a, at 16.0°, which was measured at 24.8°
for 13a.

For the refined structure of 15b, the R-factor is quite high at 12.5, but the two
macrocycles in the asymmetric unit (15b and 15b’) were both modelled fairly
well with anisotropy (Figure . The cause of the high R-factor seems to be
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Figure 4.9: Solid-state structure of 15a. Displacement ellipsoids are drawn at 50 % probability
and for clarity, modelled disorder on one THF molecule has been omitted, and only the meso-
protons are shown.

the five THF solvent molecules that could not be adequately modelled even with
imposing many restraints. As the molecules of interest were modelled well, their
bond metrics will be reported and discussed despite the R-factor. Both iron(II)
centres in the anthracenyl-Pacman complex reside in distorted square-pyramidal
coordination geometries (sum of equatorial bond angles are 355°), with coordinated
pyridine molecules taking up the axial coordination sites, exogenous to the cleft.
All of the Fe-pyridine bond distances lie in the range of the Fe-N bond distances
with the macrocycle (2.04(1) A —2.19(1) A), and coordination of pyridine pulls
the iron centres out of the N,-donor planes, by 0.301 — 0.417 A. Although the twist
angles between the anthracenyl spacer-groups and the N, coordination pockets
are similar to that for 13b (35° for 15b compared with 30° for 13b), coordination
of pyridine to the iron(II) centres increases the internuclear separation to 5.702(3)
A (15b) and 5.748(3) A (15b’), compared with 4.818(3) A for 13b.

The two non-equivalent molecules of 15b in the asymmetric unit are located
with a close-contact of 3.95(2) A between the anthracenyl spacer-groups of the two
non-equivalent molecules. These molecules are facing the same way, which appears
to be an effect of packing in the crystal structure. Inside the unit cell there are
a total of four molecules of 15b, generated by the inversion-symmetry operator
in the P1 space group, and these are arranged such that the polar C4F5-groups
are all located in the centre of the unit cell along with the majority of the THF
solvent molecules, with intermolecular C---F and F---F distances around 3.2
A. Arranged in this way, the anthracenyl-groups for each molecule pack in an
alternating manner with those of the neighbouring unit cells, with intermolecular
C- - - C distances typically 3.8 A (Figure .

Red, single crystals isolated from one attempted synthesis of 15b were deter-
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Figure 4.10: Orthogonal views of the solid-state structure of 15b. Displacement ellipsoids are
drawn at 50 % probability and for clarity, five disordered molecules of THF solvent have been
omitted, only one of two molecules of 15b in the asymmetric unit are shown, and only the
meso-protons are shown.

Figure 4.11: Packing arrangement in the solid-state structure of 15b, showing the full unit cell
and two molecules of 15b from a neighbouring cell.

mined by X-ray crystallography to be the p-hydroxo-bridged bimetallic complex,
[Fe,(u—OH)(L*)||Li(THF),] (16, Figure , which seems to have formed from
the reaction of 15b with a small amount of adventitious water. This complex is
mono-anionic, evident from the single tetrahedral [Li(THF),|" counter-ion present
within the asymmetric unit; the source of lithium is most likely LiCl from the
in situ formation of the iron-alkyl transfer reagent. Formally, this implies that
either the complex is a mixed-valent iron(II) /iron(III) complex with a bridging
p-oxo ligand, or it is an iron(IT)/iron(IT) complex with a bridging p-hydroxo
ligand. Due to the poor quality of the crystal and low resolution of the data
that was collected, it is not possible to differentiate between a bridging hydroxo-

or oxo-ligand crystallographically. Furthermore, 16 was only isolated as a small
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amount of single crystals, meaning that further characterisation could not be
carried out. However, in terms of describing the formation of 16 using a balanced

chemical equation, a hydroxo-complex seems most reasonable:

Fe, (L") + H,0 + LiCl — [Fe,(u—OH)(L")][Li] + HCI (4.2)

Although the quality of the X-ray crystallographic data for 16 is poor, some
geometric attributes will be discussed. The inclusion of the assumed bridging-
hydroxide ligand between the two metal centres results in an internuclear separation
of approximately 4 A, which is short compared to the structures of 15b and 13b.
In comparison, a previously reported bimetallic zinc(II) complex of the anthracenyl-
bridged Pacman ligand, which features two ethyl meso-substituents, coordinates
anionic ligands between the two metal centres within the cleft. In those zinc(II)
complexes, incorporation of the hydroxide anion, to give [Zn,(OH)(L*)] ™ resulted
in an internuclear separation of 3.87 A, which increased with the incorporation of
larger anions, such as chloride (r, Zn---Zn = 4.53 A) T8 The Fe-O-Fe bond angle
in 16 is fairly linear at ca. 160° and the coordination of the hydroxide ligand has
the effect of distorting the macrocyclic coordination pockets considerably; the sum
of equatorial bond angles around iron(II) in the N -donor set is approximately
330°, and with the pyrrole groups pointing into the cleft of the macrocycle, the
coordination compartments are more reminiscent of calix[4]|pyrrole ligands rather
than porphyrins.?#3¥ Due to the bridging hydroxo ligand enforcing a more rigid
Pacman-geometry, the twist angle is negligible for 16, with the anthracenyl groups
and N,-donor planes practically orthogonal. Finally, the hydroxo O-atom and
the endogenous ortho-F atoms of the C4F; groups are separated by only 3 A,
suggesting that there is a hydrogen bond interaction between the hydroxide and

meso-substituents.

04 02

03

Figure 4.12: Orthogonal views of the solid-state structure of 16. Displacement ellipsoids are
drawn at 50 % probability and for clarity, only the meso-protons are shown, and in the side-on
view (left), the [Li(THF),]" moiety has been omitted.
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Interestingly, the anhydrous synthesis of 15b results in both molecules in the
asymmetric unit adopting the syn-ezo isomer, with the C;F; meso-substituents
pointing away from the cleft of the macrocycle. In comparison, adventitious water
present during synthesis means that 16 crystallises as the syn-endo isomer only,
even though the more constrained geometry in that complex leads to a shorter
distance between the two CiF groups. Because of the rigidity of the macrocycle,
imposed by the anthracenyl spacer-groups, an endo/exo isomerisation is not likely,

and so 15b must exist as a mixture of the syn-endo and syn-exo isomers.

4.2.2 Iron(IT) complexes of a donor-expanded dipyrrin

Coordination of iron(II) to a mono-anionic dipyrrin ligand means that an ancillary
ligand is required on iron to maintain a charge-neutral complex. This opens up
the possibility to explore reactivity that is not possible with the coordinatively
saturated dipyrromethane congeners. For example, alkyl ligands would provide a
reactive Fe-C bond that could be used to explore insertion chemistry of CO,=
or CO®Y Jeading to carboxylate or acyl complexes of iron, respectively. Alkyl
or alkoxide ligands would also make the complex viable for catalytic reactions,
including ROCOP reactions of CO, as discussed in Chapter 3.%? Complexes with
ancillary halide ligands also present interesting synthetic targets, as these may
be reduced with alkali metal reductants, such as potassium graphite (KCg) or
sodium amalgam (Na/Hg), possibly facilitating reduction of gaseous substrates;
there is literature precedent for low oxidation states of iron carrying out reduction
of N, 4842 CO0,,* and H,.##4Y Additionally, ancillary halide ligands may be
exchanged for non-coordinating anions, such as [PFy| ", to form reactive cationic
complexes with increased Lewis-acidity at the iron(II) centre. Iron(II) complexes

of L? with ancillary alkyl and halide ligands were targeted, as shown in Scheme

CeFs
N sive TN
3 Hexane \ NH N= THF
Fe(CH,SiMeg) Py, & / i) K{N(SiMe3),}
N N ii) FeBr,
fBu/ Bu
17, 42 % 18, 82 %

Scheme 4.3: Synthetic routes to Fe(II) dipyrrin complexes.
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Attempted synthesis of an iron(II)-alkyl dipyrrin complex

The dipyrrin HL? was reacted with one equivalent of Fe{CH,(SiMe;)},(Py), in
hexanes, rapidly forming a rose-red solution with some suspended red solids.
After heating this solution to redissolve these solids and allowing it to cool
slowly, single crystals were grown and the solid-state structure of the product
was determined by X-ray crystallography (Figure . The product from this
reaction, Fe(Py)(L*CH,SiMe;) (17), is an iron(II) dipyrromethene complex, but
unexpectedly, the neo-silyl group has carried out nucleophilic attack at the pyrrole
a-position (C20), adjacent to the imine substituent in the ligand framework.
Addition of the neo-silyl group at the pyrrole a-position means that the extended
m-conjugation is disrupted, and C20 is clearly tetrahedral (bond angles range from
113.7(2)° to 104.4(2)°). However, the meso-carbon remains trigonal planar. No
other ions were found in the asymmetric unit, meaning that the ligand now acts as
an asymmetric, dianionic dipyrromethene (referring to this ligand as a dipyrrin is
not appropriate here due to the unusual electronic structure). Whilst the radical
dipyrrin ligands found in the macrocyclic copper(II) complex 14 and the reduced
uranyl complex [21"|[CoCp,| (Chapter 6) are formally dianionic, there are no

examples of dianionic, closed-shell dipyrromethene ligands in the literature.

Figure 4.13: Solid-state structure of 17. Displacement ellipsoids are drawn at 50 % probability
and for clarity, all protons and one hexane solvent molecule have been omitted.

Reactions between porphyrins and butyl-lithium have been reported to result in
nucleophilic attack of the butyl anion, but this occurs at the meso-position rather
than at the already-substituted pyrrole a-position.*! Similarly, the nucleophilic
attack at C20 in complex 17 to form an «,a-disubstituted pyrrole group is a novel
form of reactivity for dipyrrin complexes, but is not without precedent in pyrrole
chemistry in general. An N-alkylated, a-formyl pyrrole forms an «,«a-disubstituted

pyrrole on reaction with POCIl; and NaOAc, by migration of the alkyl (Scheme
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, left).”% Furthermore, pyrrole substituted at the a-position by an aryl group
also yields the a,a-disubstituted pyrrole on reaction with trichloroacetyl chloride

and K,CO; (Scheme right).*

Me
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Scheme 4.4: Literature examples of synthesis of «,a-disubstituted pyrroles.

With the inclusion of a pyridine ligand, the five-coordinate iron(II) centre
in 17 resides in an irregular coordination environment, which is perhaps best
described as a heavily distorted square-pyramidal geometry. Due to the distortion
in the N,-donor set in the dipyrrin ligand, one of the imino-N donors (N4) is
located 1.411 A from the plane described by the remaining dipyrrin donors. The
base of the square-pyramidal coordination geometry (N1 — N4) is therefore tilted,
at 22.81°) in comparison with the planar portion of the dipyrrin ligand. The
Fe-pyridine bond is practically perpendicular to the base of the square-pyramid,
at 86.95°, and the iron(II) centre is located 0.406 A from the base.

Attempts were made to isolate the iron-alkyl dipyrrin complex at lower tem-
peratures, in case the nucleophilic attack on the dipyrrin by the neo-silyl ligand
was brought about through heating during crystallisation. However, no crystalline
material could be isolated through room-temperature crystallisation attempts.
The in situ synthesis of the iron-alkyl dipyrrin complex was also carried out at
room temperature, and then heated under separate atmospheres of 2 bar CO
and 2 bar CO,, as it was thought that the insertion reaction might occur before
nucleophilic attack on the dipyrrin. Unfortunately, no crystalline materials were
isolated from either of these reactions after slow-cooling of the solutions.

Due to the strong paramagnetism at the iron(II) centre, structural information
on the alkyl-dipyrrin complex, 17 or its possible insertion products could not be

obtained using NMR spectroscopy.

Synthesis of an iron(II)-halide complex

A salt-metathesis procedure was implemented to prepare the bromo-iron(II)
dipyrrin complex, FeBr(L?) (18). Deprotonation of HL? was carried out using
K{N(SiMe;,),}, immediately turning the orange THF solution of HL? magenta.
The potassium salt KL was not isolated, but was added directly to FeBr,, rapidly
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forming a dark blue solution. After filtration and slow evaporation of the solvent,

yellow crystals formed and the solid-state structure was determined by X-ray
crystallography (Figure |4.14)).

Figure 4.14: Solid-state structure of 18. Displacement ellipsoids are drawn at 50 % probability
and for clarity, all protons, one THF solvent molecule, and modelled disorder on one tert-butyl
group have been omitted.

It was found that in the crystal structure, 18 exists as a dimeric species that
is the result of significant ligand rearrangement and redistribution. One iron(II)
centre (Fel) is coordinated by the two pyrrolide N-donors from one dipyrrin ligand.
The imine N-donors from this dipyrrin do not coordinate the iron centre, as one
of the imine groups (that includes N4) is rotated away and excluded from the
coordination pocket, whilst the second imine group (that includes N1) points
towards Fel but is located 2.502(5) A away from the metal centre, which is greater
than the sum of ionic radii of iron(IT) and nitrogen (2.24 A) and indicates only
a weak interaction. Fel is also coordinated by one imino-pyrrolide N,-donor set
from a second dipyrrin ligand. This latter dipyrrin has an unusual geometry at the
meso-position, in that both pyrrolide groups point towards the C4F; substituent;
the second N,-donor set of this ligand is formally charge neutral and chelates an
FeBr, unit. Whilst this structure does formally have the formula {FeBr(L?)},,
its formation requires considerable rearrangement from the presumed monomeric
solution-state structure, including breaking of w-conjugation and rotation of one
dipyrrin ligand, and ligand-scrambling between the two iron(II) centres. Whilst the
solution-state structure has not been determined by NMR, due to the paramagnetic
nature of the complex, the fact that it forms blue-coloured solutions in both polar

and non-polar solvents, and is yellow in the solid state suggests very different
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structures in the dipyrrin chromophore.

The two iron(II) centres in the dimeric form of 18 are not only coordinated
by different ligand sets, but also reside in different coordination geometries. The
two bromide ligands and two N-donors from the dipyrrin provide a tetrahedral
coordination sphere around the four-coordinate Fe2 centre, where the bond angles
are between 122.52(4)° and 80.0(2)°. In contrast, the four-coordinate Fel centre
is in a distorted trigonal pyramidal coordination geometry, with N2, N5 and
N6 occupying the basal positions, and N3 occupying the apical position. In
comparison to the long Fel- - - N1 distance, the bond distances between Fel and its
other coordinated nitrogen atoms are between 2.006(4) A and 2.223(5) A, where
the longest bond distance is between Fel and N3, a pyrrolide donor.

4.3 Synthesis of nickel(II) and palladium(II) complexes

The bimetallic nickel(IT) complex Ni,(L*) (19) was first prepared from the reaction
of H,L* with two equivalents of Ni(OAc),, in either CH,Cl,, THF or MeCN. A
red fraction was isolated after passing the crude product mixture through alumina,
using CH,Cl, as the eluent, and this fraction was found to contain 19 in low yields
of up to 20 %. A molecular ion peak was observed by ESI-MS at 1050 m/z, and
its isotope distribution pattern is consistent with that expected for a bimetallic
nickel(II) complex. Single crystals of 19 were grown from a variety of solvent
systems under various conditions, but in all cases the crystals exhibited a plate
morphology, giving rise to very weak X-ray diffraction. The crystal structure for
this compound has therefore not been determined.

An alternative, salt-metathesis procedure was implemented to prepare 19 in
higher yields of 50 %. As for the synthesis of the copper(II) analogue, the potassium
salt K,L* was prepared in situ in THF, and then reacted with NiBr,(DME)
(Scheme . The product from this reaction was also purified by flash column
chromatography, as above.

The nickel(IT) complex could not be characterised by NMR spectroscopy, as it
was strongly paramagnetic. This is unexpected, as the two d® nickel(II) ions are
located in loosely square-planar coordination environments, and should therefore
exhibit a diamagnetic d-electron configuration. It was suspected that coordinat-
ing solvent molecules, such as THF, might occupy the axial positions; in this
case, the octahedral coordination geometry would always exhibit paramagnetism
with a d® electron configuration, having two unpaired electrons in the es, set.

However, batches of 19 synthesised in the absence of coordinating solvent were
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Scheme 4.5: Synthetic routes to the dinuclear nickel(II) complex, 19.

also paramagnetic. A plausible explanation for this would be if the coordination
pockets are equatorially distorted around the nickel(II) centres, in which case the
crystal-field splitting of the d-orbitals would be somewhere between square-planar
and tetrahedral, encouraging a paramagnetic electron configuration.

A bimetallic palladium(II) complex, Pd,(L?) (20), was also synthesised, from
the reaction of H,L* with Pd(OAc), in THF (Scheme . As for the nickel(II)
complex, 20 was also isolated by column chromatography, eluting the product as
a red fraction with CH,Cl,. However, for the palladium complex, the use of the
acetate starting material resulted in the product being formed in an acceptable
yield of 56 %. In contrast to the nickel(IT) complex, 20 is diamagnetic, and was
successfully characterised by NMR spectroscopy. In CDCly, the 'H NMR spectrum
of 20 is consistent with a symmetric macrocyclic product, with a single set of
ligand resonances; the imine protons appear at 7.30 ppm, and the meso-proton

appears at 6.43 ppm.

2 7 \ I D R
N
\P ,N N\ /Nﬂ
1 ACHFs o

H N
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Scheme 4.6: Synthesis of the dinuclear palladium(II) complex, 20.

Single crystals were grown by slow vapour-diffusion of hexanes into a THF
solution of 20, and although they also appeared as thin plates, the X-ray diffrac-
tion was intense enough for the structure to be determined crystallographically.
However, the collected data was quite poor, and refinement became unstable

when the structure was modelled with anisotropy and calculated proton positions.
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Therefore the atom positions in the structure have been modelled isotropically.

Figure 4.15: Solid-state structure of 20, showing (a) a single molecule and (b) the helical
stacked trimer in the asymmetric unit. The structure has been refined isotropically and without
modelled protons.

The crystal structure (Figure reveals that the macrocycle in 20 adopts
the bowl conformation, much like its copper(II) and iron(II) congeners. However,
in this case, there are no coordinating solvent molecules within the macrocycle
cleft, and 20 therefore exhibits an interesting crystal packing arrangement. In
the asymmetric unit, three molecules of 20 are arranged in a helical, m-stacked
trimer, where one planar N,-coordination pocket from each molecule is situated
approximately 3.3 A from its neighbour in the trimer. The second N,-coordination
pocket in each molecule of 20 also contributes to other trimers in adjacent
asymmetric units. Considering the three coplanar coordination pockets in one
m-stacked trimer, they describe a short left-handed (M) helix, although there is
no helicity extending from this trimer with other symmetry-generated trimers

within the expanded crystal structure.

4.4 Electrochemical CO, reduction

Many of the complexes that have been discussed in this chapter were tested
for their activity as catalysts for the electro-catalytic reduction of CO,. Cyclic
voltammetry is a useful technique for assessing the electrochemical reactivity of
redox-active compounds towards CO,, and can be used both to identify electro-
catalytic activity in initial screenings, as well as for more in-depth measurements
to determine kinetic information, such as the turnover frequency.?¥ Due to the
high sensitivity of the technique, only small amounts of the analyte are required.

Suitable proton sources for the proton-coupled electron-transfer reaction between
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the complex and CO, substrate can also be determined using CV, before bulk
electrolysis is performed. Ideally, the complex should display Nernstian redox-
behaviour during the cyclic voltammetry experiment, which would imply that
both the oxidised and reduced forms are stable during turnover, limiting catalyst
deactivation. Addition of a proton source in the absence of CO, should leave the
voltammogram unchanged, and this would indicate that the competing proton-
reduction reaction to H, is minimised. Finally, sparging the solution with CO,
should lead to a large increase in the peak current for the reduction wave of the
complex, which would indicate electro-catalysis. For this experiment, DMF is the
ideal solvent due to its low intrinsic resistance and the high solubility of CO, in
that solvent (0.20 — 0.23 M at saturation).**% Furthermore, Pt-electrodes should
be avoided due to their propensity to carry out heterogeneous proton-reduction.

In the case where a complex appears, qualitatively, to have high electro-
catalytic activity, further analysis can be performed to gain more quantitative
information. Foot-of-the-wave analysis is a technique that can provide estimates
for the catalytic rate constant (k / M~! s71) and the turnover frequency (TOF
/ M~ s71) from a single CV measurement, without performing a lengthy series
of bulk-electrolysis experiments.** Firstly, the voltammogram for the catalyst
without the substrate is measured, and the peak-current for the relevant redox
couple (i% / A) accounts for many parameters that are difficult to determine
individually, such as the real surface area of the electrode (S / ¢cm?) and the
concentration of the active form of the catalyst near the electrode surface (C'% /

mol cm?). The Randels-Sevcik equation describes how these parameters contribute

to 1% (Equation 4.3)).

Fv
RT

The current measured in the catalytic wave (i / A) is then divided by i% and
plotted according to Equation . For a perfect electro-catalyst, the catalytic
wave would be sigmoidal and Equation would be linear. However, due to side-

i% = 0.446 x FSCY\/Dp (4.3)

phenomena and catalyst decomposition, most catalytic waves are not sigmoidal,
and plots from Equation are only linear for the first portion of the catalytic
wave. The slope from this linear foot-of-the-wave is equal to 2.24,/8T/F,2kCY,

VOther parameters not mentioned: F is the Faraday constant, 96,485 C mol~'; Dp is the
diffusion coefficient of the active form of the catalyst / cm? s™1; R is the gas constant, 8.314 J
K~! mol~!; and T is the temperature / K.

ViE is the applied potential / V; EOPQ is the standard potential for the redox couple between
the active form of the catalyst P and the inactive form Q.
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from which the rate constant, k, can be determined.

i 1
ip 1+ oxp[ER(E — Epg)]

(4.4)

Once the rate constant is known, the relationship between the TOF and the
applied overpotential ( / V) can be determined according to Equation .
Taking the log of the TOF and extrapolating the straight line back to zero
overpotential gives the most important value; TOF,. This is the intrinsic activity
of the catalyst and allows it to be compared fairly with other electrocatalysts from
the literature. The standard reduction potential of CO, to CO (in DMF, using
water as a proton source) has been determined previously as —0.690 V versus the
normal hydrogen electrode (NHE), or —1.33 V wersus ferrocene.*® Figure m
shows idealised plots that lead to determining TOF, through foot-of-the-wave
analysis.

2
TOF = i (4.5)
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Figure 4.16: Determination of the intrinsic activity of an electro-catalyst by foot-of-the-wave
analysis. Idealised plots show: (a) the catalytic wave, plotted after adjusting the current and
potential to take into account the peak height and position of the catalyst in absence of the
substrate; (b) the foot-of-the-wave equation (equation 4.4 in the text), which gives the rate
constant from the slope; and (c) the relationship between logTOF and the overpotential, where
the intrinsic catalyst activity is given by the y-axis intercept.

4.4.1 Screening of copper(II) complexes

The voltammetry for 13a has already been discussed above. Addition of 4.6 M

water to the solution of 13a left the voltammogram mostly unchanged. There

vity is the scan-rate / V s~1; C is the concentration of CO,, which is 0.23 M at saturation in
DMF.

Vili 0 o is taken here as the standard potential for the reduction of CO, to CO in DMF (—1.33
V wersus ferrocene)4% ) is the overpotential / V (n = ES, — E).
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was a slight cathodic shift of the peak potentials for all processes (ca. 50 to 100
mV), and some loss of the current for the return Cu(III)/Cu(II) reduction wave (3
pA, 25 %). In the presence of CO,, the quasi-reversibility of the two Cu(II)/Cu(I)
reduction processes is lost and there is a slight increase in the peak current at the
second reduction wave (7 pA, 30 %). This is indicative of a reaction between the
CulCu! complex and CO,, but the very small current increase implies that this
reaction is stoichiometric rather than catalytic (Figure [.17] (b)). Using phenol
as a stronger proton source (pK,, phenol = 9.98; pK,, water = 15.7)* did not
increase the peak-current at the second reduction potential.

204 20

-0.26 V —N,
154 15 +4.6 M H,0
+0.23 M CO,
10 104
5 51
i - i 04
= 0 =
-5
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-10 4
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-1.75 150 -125 -1.00 -0.75 -050 -025 0.0 025 -1.75 -150 -125 -1.00 -0.75 -050 -025 0.0 0.25
E /V vs Ferrocene E /V vs Ferrocene
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Figure 4.17: Cyclic voltammograms of 13a, measured at 100 mV s~! on a glassy-carbon working
electrode in a 0.1 M ["Bu,N]|[PFg] solution in DMF. (a) CV measured under N,. (b) Overlaid
CVs measured under Ny, then in the presence of 4.6 M H,O and again after sparging with CO,.

Despite the lack of electro-catalytic activity, a stoichiometric electrochemical
reduction of CO, in the presence of 13a was attempted. It was thought that
this might yield a copper complex featuring a reduced CO, moiety, which would
give useful information about the intermediates involved along the CO, reduction
pathway. Controlled-potential electrolysis (CPE) was conducted for two hours at
—1.60 V wersus ferrocene using a reticulated vitreous-carbon (RVC) electrode, a 1
mM solution of 13a, 5 M water as the proton source, and 0.23 M CO,. Throughout
this experiment, a gas evolved from the electrode surface, which could conceivably
be either CO, from the two-electron reduction of CO,, or H, from the reduction
of H'. Due to the lack of a suitable GC instrument, the composition of this gas
has not been determined. However, the proton-coupled, two-electron reduction of
CO, (in the absence of an electro-catalyst) occurs at —1.17 V wversus ferrocene,
and proton reduction occurs at —0.69 V. Given that the CV analysis did not
indicate any catalysis was taking place, the gas evolution observed is most likely

to be from heterogeneous electron-transfer from the electrode. Unfortunately, the
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product of this electrochemical reaction derived from 13a could not be cleanly

isolated from the electrolyte solution, and the product could not be characterised.

4.4.2 Screening of iron(II) complexes
Screening of the bimetallic iron(II) macrocycle, 15a

An optimised DFT structure for 15a could not be obtained, as convergence
did not occur. Instead, the molecular orbital structure of 15b was explored in
order to obtain some insight into what redox processes might be expected for the
macrocyclic iron(II) complexes in the CV experiment. The geometry for 15b was
optimised in a DFT calculation, using the UB3LYP functional and 6-31G(d,p)
basis set, and represented the X-ray crystal structure of the pyridine adduct
well. The five SOMOs for the high-spin quintet state featured a large amount of
ligand-character, but the calculated spin-density reveals that the four unpaired
electrons reside on the metal centres, with only minor spin-delocalisation onto
the ligand (Figure . This indicates that, as for the copper(II) complexes,
metal-centred redox should be expected to take place for the macrocyclic iron(II)

complexes.

Figure 4.18: Spin-density plot of 15b, calculated with the UB3LYP functional and 6-31G(d,p)
basis set.

The cyclic voltammogram of 15a, measured at 100 mV s~! in DMF, displays
a range of redox processes and reveals that there are many accessible oxidation
states for iron in 15a (Figure [4.19 (a)). Two quasi-reversible oxidation processes
were observed at £ —0.03 V and +0.22 V versus ferrocene and are assigned to
step-wise oxidation, first forming the mixed-valent Fe'''Fe!l complex, and then

the Fel"Fel complex. As for the step-wise reduction of 13a, it is assumed that
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oxidation of 15a occurs step-wise due to a geometric distortion in one coordination
pocket upon oxidation of one metal, which perturbs the thermodynamics governing
the second oxidation process.

An irreversible reduction was observed at EJ —2.27 V that is assigned to
the Fe(II) /Fe(I) couple and describes the concerted, two-electron reduction to
the Fe'Fe! complex. The integrated area of this peak is equal to the combined
areas for both Fe(IIT) /Fe(II) oxidation waves, supporting a two-electron reduction.
A second irreversible reduction was observed at E; —2.77 V, which is assigned
to the two-electron reduction of the Fe'Fe! complex to the Fe’Fe® complex. In
comparison with iron-porphyrin complexes that have displayed efficient electro-
catalytic reduction of CO,, the reduction potentials for both the Fe(II)/Fe(I) and
Fe(I)/Fe(0) redox couples for 15a are approximately 700 mV more negative.*®
Nevertheless, the accessibility of the Fe(0) oxidation state is promising in terms of
reduction chemistry, and this oxidation state could be accessed chemically, using
sodium naphthalenide, which has a formal oxidation potential of —2.95 V versus

ferrocene in DMF.>
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Figure 4.19: Cyclic voltammograms of 15a, measured at 100 mV s~! on a glassy-carbon working
electrode in a 0.1 M ["BuyN|[PFg] solution in DMF. (a) CV measured under N,. (b) Overlaid
CVs measured under N,, then in the presence of 1 M benzoic acid, and again after sparging
with CO,. * Denotes a solvent-based impurity that is present in the background scan.

Due to the high moisture-sensitivity of 15a, water is not a suitable proton
source. Addition of anhydrous benzoic acid to the solution of 15a left the features
in the voltammogram largely unchanged, with a small increase in the peak current
for the Fe(II)/Fe(I) reduction wave (10 pA). The change in the pH of the solution
seems to have extended the electrochemical window in the cathodic direction by
a small amount, such that the Fe(I)/Fe(0) reduction wave is more prominent.
Sparging the solution with anhydrous CO, results in the loss of the Fe(I)/Fe(0)
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reduction feature, and a marginal increase in the peak current for the Fe(II)/Fe(I)
reduction wave. This indicates that it is the Fe'Fe' complex that reacts with

CO,, but from the marginal current response, this reaction is not electro-catalytic

(Figure [4.19] (b)).

Screening of the iron(II) dipyrrin complex, 18

The voltammetry of the bromo-iron(II) dipyrrin complex 18 was not straightfor-
ward. Measured in DMF, the CV of 18 featured 6 anodic waves on the return,
anodic scan (between 0 and —1.8 V) that are not clearly attributed with the three

most prominent cathodic waves that were observed on the forward, cathodic scan

(Figure [4.20] (a)).
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Figure 4.20: Screening of electrocatalytic activity of 18 by voltammetry. (a) Cyclic voltammo-
gram of 18, measured under N, at 100 mV s}, overlaid with the linear-sweep voltammogram,
measured at 10 mV s~! with stirring. (b) Cyclic voltammograms of 18, measured at 100 mV
s~! under N,, CO, and in the presence of benzoic acid. (c) Relationship between TOF and 7,
determined from foot-of-the-wave analysis. (d) Relationship between log TOF and 7, yielding
log TOF, at the y-axis intercept. All measured with a glassy-carbon working electrode, in a 0.1
M ["BuyN][PF;] solution, in DMF.
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In the case where the CV is complicated, it is often helpful to measure the
linear-sweep voltammogram (LSV) whilst stirring the solution. With stirring, the
measured current for a redox process is limited by mass-transport rather than
diffusion, and the LSV therefore appears as a series of steps rather than waves. The
sign of these steps indicates whether a process is an oxidation (positive current)
or a reduction (negative current), and the height of the step is proportional to
the number of electrons involved; analysing the heights of the steps therefore
also helps identify which processes are due to minor species in solution. The
LSV was measured at 10 mV s~! with stirring of the solution, and revealed that
18 undergoes a two-electron, irreversible oxidation at Ej +0.66 V, as well as
a one-electron, quasi-reversible oxidation at £ +0.29 V. This latter oxidation
process is assigned to the Fe(III)/Fe(II) redox couple, whilst the former oxidation
process is tentatively assigned to a ligand-centred oxidation. Complex 18 also
undergoes a series of irreversible, one-electron reduction processes, at E; —0.76,
—1.42 and —2.12 V| respectively. The reduction at —2.12 V is assigned to the
Fe(IT) /Fe(I) redox couple, as this reduction occurs at a similar potential to the
Fe(IT) /Fe(I) reduction observed for 15a. By comparison with the CV of KL?,
which was measured in CH,Cl, and undergoes irreversible reduction processes at
E; —1.29 and —1.57 V, the two reduction processes at —0.76 and —1.42 V for 18
are assigned to reduction of the dipyrrin ligand.

Whilst the complexity of the voltammetry was initially suspected to be a
consequence of impure material, identical voltammograms were recorded for
material that was three-times crystallised from hot toluene. Given the unusual
dimeric structure that was identified in the solid state by X-ray crystallography,
it may be that the complexity of the voltammetry is a consequence of complex
speciation in solution.

In the presence of CO,, there is quite a large current increase for the Fe(II) /Fe(I)
reduction wave at —2.12 V; the peak of the wave is not observed, and the wave
runs out of the edge of the electrochemical window. Addition of benzoic acid as a
proton source for the electrochemical reaction allowed the peak for the catalytic
wave to be observed, presumably because the reduction is more thermodynamically
favoured when coupled with the addition of protons, and therefore occurs at more
positive potential (Figure (b)). There is an 18-fold increase in peak current
for the Fe(II) /Fe(I) reduction process in the presence of both benzoic acid and
CO,, indicating that complex 18 has significant electro-catalytic activity after
accessing the +1 oxidation state. Whether the complex is carrying out reduction

of CO, or H' is not clear from the CV measurements. Unfortunately, due to a
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lack of a GC instrument, the amount of H, produced from the electrochemical
reaction has not been determined, and neither has the Faradaic efficiency.

From a foot-of-the-wave analysis of 18, it was determined that the electro-
catalysis begins at a high overpotential of +0.8 V. The catalytic rate constant was
found to be 92.4 4+ 8.8 s7!, which results in a maximum TOF of 185 s~! at an
overpotential of 1.0 V. At zero overpotential, the intrinsic activity of the catalyst,
TOF, = 5 x 107 M~! s7! (Figure [4.20] (¢) and (d)). The performance of 18
is therefore comparable with Savéants iron TDMP electrocatalyst (n = 0.89
—1.04 V; 1ogTOF, = —13.9 s71), but is inferior to the iron TDHPPE| porphyrin
catalyst that features an internal proton relay (n = 0.41 — 0.56 V; logTOF, =
—4.6 s71).H0

4.4.3 Screening of a nickel(II) complex

The bimetallic nickel(IT) complex, 19, undergoes a two-electron reduction to the
Ni'Ni' complex at ES —1.84 V versus ferrocene, and also undergoes a two-electron
oxidation to the Ni™MNi! complex at the edge of the electrochemical window, at
B¢ +0.34 V (Figure m (a)).

50 60 o
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40 0 +4.6 MH,0
304 3] +0.23 M CO,
20 20
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E /V vs Ferrocene E /V vs Ferrocene
(a) (b)

Figure 4.21: Cyclic voltammograms of 19, measured at 100 mV s~! on a glassy-carbon working
electrode in a 0.1 M ["Bu,N]|[PFg] solution in DMF. (a) CV measured under N,. (b) Overlaid
CVs measured under N,, then in the presence of 4.6 M water, and again after sparging with
CO,.

A CPE experiment was carried out to quantify the number of electrons involved
in the reduction step. From an RVC electrode and at an applied potential of —2.0

V wversus ferrocene, 27.73 C of charge was transferred to 0.14 mmol of 19 over

XTDMPP = tetrakis(dimethoxy-phenyl)porphyrin.
*TDHPP = tetrakis(dihydroxy-phenyl)porphyrin.
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5500 s. According to Equation this corresponds to a two-electron reduction

process.

_ @
F.n,

Addition of water to the solution left the voltammogram entirely unchanged,

(4.6)

Ne

and sparging with CO, resulted in a small increase in the peak current at the
potential for Ni(II)/Ni(I) reduction (20 pA, Figure [4.21] (b)). In the absence of
added water, and in anhydrous solvent, there is a current increase at the peak
potential in the presence of CO, that increases further when water is added. This
indicates that there is some intrinsic reactivity of 19 towards CO,. However, it
was deemed that this current response in the presence of CO, and water was not
pronounced enough for the complex to be regarded as electro-catalytic, and was
not studied further.

4.4.4 Screening of a palladium(II) complex

For the bimetallic palladium(II) complex, 20, an irreversible reduction was ob-
served at Ef —2.10 V wversus ferrocene that, based on the quantitative CPE
measurements carried out for 19 above, was similarly assigned to the concerted,
two-electron reduction to the Pd'Pd! complex (Figure 4.22] (a)). An irreversible
oxidation process was also measured at EJ +0.30 V, that is tentatively assigned
to the Pd(III)/Pd(II) oxidation; however, its proximity with the edge of the
electrochemical window precludes accurate integration of the anodic peak area to
compare with the Pd(II) /Pd(I) reduction.

Whilst the addition of water or phenol to the solution left the voltammogram
unchanged, so did sparging with CO,, indicating that there is no reactivity
between the electro-generated Pd(I) complex and CO,. Addition of acetic acid
to the solution of 20 resulted in a large increase in the peak current at the
Pd(II)/Pd(I) reduction potential (50 pA), indicating significant proton reduction
by Pd(I). This is unsurprising based on the pK, of acetic acid (4.76) and propensity
of palladium(II) complexes to catalyse proton-reduction.*? Sparging this latter
solution with CO, resulted in negligible increase in the peak current (Figure
4.22 (b)). Even in the presence of the strong proton-source to promote the
proton-coupled reduction of CO,, selective electro-catalytic reduction was not

observed.

Xin, is the number of electrons; @ is the charge / C, determined from integration of the
amperogram; n, is the concentration of the analyte / mol; and F' is the Faraday constant, 96,485
C mol 1.
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Figure 4.22: Cyclic voltammograms of 20, measured at 100 mV s~! on a glassy-carbon working
electrode in a 0.1 M ["Bu,N]|[PFg] solution in DMF. (a) CV measured under N,. (b) Overlaid

CVs measured under N, then in the presence of 1 M acetic acid, and again after sparging with
CO,.
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Chapter 5

Mixed-metal catalysis for hydrocarbon oxygenation

In Chapter 4, the synthesis and characterisation of the proton meso-substituted,
dinuclear copper(II) complexes 13a and 13b was discussed, and the related,
previously reported, alkyl meso-disubstituted Pacman complex 13c was also
mentioned (Figure . In this Chapter, the use of these complexes as catalysts
for the oxygenation of hydrocarbon substrates is presented. It was discovered
that mixtures of the copper(II) complexes and FeCl, are catalytically superior in
comparison with either component in isolation. As cooperative catalysis between
copper(II) and iron(III) is novel in the area of oxygenation catalysis, attempts were
made to characterise the catalyst, deduce the reaction mechanism, and explore

the reaction scope.

13a 13b 13c

Figure 5.1: Dinuclear copper(II) hydrocarbon oxygenation catalysts: the bowl-shaped complex
13a and the Pacman complexes 13b and 13c.

This research was inspired by previous, related chemistry of Pacman com-
plexes in the literature. Dinuclear Pacman diporphyrin complexes of iron(II)
activate O, leading to reactive iron(IV) pj-oxo complexes (through photolysis of
iron(I1I) pe-oxo intermediates) that oxidise hydrocarbon substrates to alcohols.t
As the structurally related Schiff-base Pacman complexes of cobalt(II) catalyse
the microscopic-reverse O, reduction reaction,“* it was anticipated that reactions
between complexes 13a — 13c and hydroperoxides might form reactive species akin

to butterfly MO,M complexes.*® Furthermore, electrochemical measurements for
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both 13a and 13c indicated that the copper(III) oxidation state is also accessible
for these complexes, leading to the possibility of the formation of reactive Cu™-OH

complexes which participate in hydrogen-atom abstraction (HAA) reactions.™

5.1 Catalysis with dinuclear copper(II) macrocycles

Preliminary catalytic reactions involving only the dinuclear copper(II) complexes
13a — 13c were carried out in d3-MeCN. Xanthene was used as a substrate due
to the low bond-dissociation energy of its benzylic C-H bond (Hpiss = 75.5 keal
mol 1) and tert-butyl hydroperoxde (TBHP, 70 wt% in water) was used as
an oxidant (Scheme . The use of complexes 13a — 13c as catalysts for this
reaction was first tested at loadings of 0.2 mol% with respect to xanthene. All
three complexes are catalytically inactive at room temperature, but with heating
at 333 K, the substrate is consumed within 2 hours, as evinced by the loss of the

benzylic proton resonance at 4.05 ppm in the 'H NMR spectrum.

O‘Bu

(0]
H H 2.2 TBHP H OH
o - + LI
MeCN 2hr 0
(0]
333K
o,
Xanthene 100 % Xanthydrol (tert-Butyl)xanthyl Xanthone
7% peroxy-ether 33%

60 %

Scheme 5.1: Oxygenation of xanthene catalysed by the dinuclear copper(II) complexes 13a —
13c at 333 K. The yields of the alcohol, peroxy-ether and ketone products at 2 hours are shown
and were determined by 'H NMR spectroscopy.

Three oxidation products are formed and, after carrying out the reaction on a
preparative scale (1 mmol), these products were isolated by column chromatog-
raphy and identified as the benzylic alcohol (xanthydrol), the organo-peroxide
((tert-butyl)xanthyl peroxy-ether) and the benzylic ketone (xanthone). In ds-
MeCN, xanthydrol has a characteristic benzylic proton doublet resonance at 5.77
ppm, xanthone has a doublet resonance at 8.26 ppm due to a pair of equivalent
aromatic protons, and (tert-butyl)xanthyl peroxy-ether has a singlet benzylic
proton resonance at 5.98 ppm. The identity of (tert-butyl)xanthyl peroxy-ether is
supported by elemental analysis and its mass spectrum that shows a molecular-ion
peak and isotope distribution pattern consistent with its potassium adduct (309
m/z). One side-product of the reaction is tert-butanol, identified by the singlet
resonance at 1.17 ppm due to the methyl protons. Importantly, 9,9-bixanthene
is not seen, a product which might be expected to form in a free-radical reac-

tion mechanism through homo-coupling of organic radicals following HAA from
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xanthene.'® The characteristic resonances for xanthene and its three oxidation
products are well resolved in the mixture and allowed the reaction to be monitored
by 'H NMR spectroscopy (Figure . At 333 K, in a quiescent reaction mixture,
93 % conversion of the substrate is seen within 30 minutes, giving a turnover
frequency (TOF) of 1015 h™!.
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Figure 5.2: Monitoring the copper(II)-catalysed xanthene oxygenation reaction by in situ 'H
NMR spectroscopy, showing (a) the full reaction and (b) a detailed view of the start of the
reaction. Reaction conditions: 0.2 mol% 13c, [xanthene]y = 0.15 M, [TBHP], = 0.30 M, 333 K,
d3—MeCN.

The peroxy-ether and ketone products form rapidly in yields of 60 % and 33
%, respectively at 2 hours, whilst xanthydrol is formed in 7 % yield. After this
initial period, the concentrations of both the peroxy-ether and xanthone almost
plateau for 10 hours before the peroxy-ether slowly oxidises to the ketone at a rate
of 7.2 x 1077 mol dm~3 s, consistent with auto-oxidation. At room temperature,
this non-catalysed peroxy-ether oxidation reaction is slow (3090 x = 1.1 x 10™% mol
dm™2 s71) but is accelerated in the presence of 0.2 mol% of 13c (v300 x = 1.8x107°
mol dm~3 s7!), indicating that the copper catalyst undergoes deactivation in
the high temperature xanthene reaction. Complete inhibition of the catalyst
by xanthone or tert-butanol is ruled out by separate reactions in which these
compounds are present in the initial reaction mixture but where the catalyst still
displays high activity.

Chapter 4 showed that variation of the ligand scaffold in the macrocyclic
complexes 13a — 13c causes dramatic changes in terms of their geometric and
electronic properties. Despite these differences, varying the catalyst 13a — 13c did
not change the activity or distribution of products, nor did it make the catalyst
more or less susceptible to deactivation or inhibition. As the dipyrromethane

groups containing meso-H substituents in complexes 13a and 13b could potentially
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L34 only complex 13¢ was used to study

undergo oxidation chemistry to dipyrrins,
these catalytic reactions in further detail, so that the geometry and electronic

structure of the catalyst was better defined.

5.2 Cooperative catalysis with copper(II) and iron(III)

Whilst the copper(II) complexes are highly active towards catalysing xanthene
oxidation, the activity quickly arrests. In order to address this issue, FeCl; was
employed as a simple iron(III) co-catalyst, as it had been demonstrated previously
to act as an effective catalyst for the oxidation of benzylic alcohol substrates.t? It
was hypothesised that this mixed-metal system would carry out tandem catalysis,
with the copper(II) complex catalysing xanthene oxidation to form a mixture
of xanthydrol and the peroxy-ether. After rapid deactivation of the copper(II)
catalyst, FeCl; would then catalyse further oxidation of the intermediate products

to form xanthone in improved yields at shorter reaction times.

4 TBHP O'B“
H H 0.1 mol% [Cu]
(o) MeCN 4 hr
300K
100 % 9% 72 % 19 %

Scheme 5.2: Oxygenation of xanthene catalysed by the dinuclear copper(II) complex 13¢ and
FeCl; at 300 K. The yields of the alcohol, peroxy-ether and ketone products at 4 hours are
shown and were determined by 'H NMR. spectroscopy.
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Figure 5.3: Representative plots showing progress of the copper(II) /iron(III)-catalysed xanthene
oxygenation reaction, monitored by in situ 'H NMR spectroscopy. Reaction conditions: (a) 0.1
mol% 13c, 0.1 mol% FeCl;, [xanthene]p = 0.15 M, [TBHP|y = 0.57 M, 300 K, d3-MeCN; (b)
0.2 mol% 13c, 0.2 mol% FeCl,, [xanthene]y = 0.075 M, [TBHP]; = 0.30 M.
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Surprisingly, at initial catalyst loadings of 0.2 mol% of 13c and 10 mol%
FeCl;, the reaction proceeded at room temperature, achieving 30 % conversion
of xanthene after just 30 minutes. By lowering the loadings of both catalysts to
0.1 mol%, the background activities of the individual catalysts are minimised;
in isolation, 13c shows negligible activity at room temperature, whilst FeCl,
achieves only 13 % conversion after 2 hours. In contrast, the mixture of 13c and
FeCl; at 0.1 mol% loading achieves 80 % conversion within 2 hours. Reaction
monitoring by 'H NMR spectroscopy reveals that the substrate is completely
consumed after 4 hours (Scheme , Figure , with product yields of 72 %
for (tert-butyl)xanthyl peroxy-ether, 19 % for xanthone and 9 % for xanthydrol.
Longer reaction times (12 hours) and higher relative concentrations of TBHP
drive the selectivity towards the ketone product (in excess of 80 %).

In contrast to the high temperature reactions catalysed by 13a — 13c only, when
FeCl, is present, oxidation of the intermediate products to yield xanthone continues
at an enhanced rate compared to the non-catalysed reaction. Deactivation of the
copper(II) catalyst is avoided by addition of FeCl;, and the room-temperature
activity seen indicates that tandem catalysis is not taking place as, in that case,
the initial oxidation of xanthene catalysed by complex 13c would still require
heating to initiate the reaction. Instead, the addition of FeCl; appears to generate

a new species that is able to catalyse the reaction at room temperature.

5.2.1 Cycling experiments

To test the stability of the mixed-metal catalyst further, recycling was attempted.
Xanthone often precipitates from quiescent MeCN reaction mixtures when formed
in high concentrations. Stirring a reaction mixture containing xanthene and four
equivalents of TBHP at room temperature, in the presence of 0.1 mol% 13c and
FeCl,, affords xanthone as a white precipitate after 16 hours. However, filtering
the solution to remove xanthone and recharging the solution with more xanthene
and TBHP led to no further conversion of the substrate. Therefore, under these
conditions, the catalyst is stable for only one cycle of the xanthene oxidation
reaction.

In contrast, the catalyst was much more stable at very low loading of 0.002 mol%
13c and FeCl,, and could be recycled multiple times. A stirred room temperature
reaction between xanthene and four equivalents of TBHP was carried out in MeCN,
and the reaction was monitored periodically by 'H NMR spectroscopy. The catalyst
is surprisingly active under these conditions, facilitating 90 % conversion of the
substrate in just 30 hours; the TOF at 50 % conversion is high at 1595 h=!. Under
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these low-catalyst conditions, no xanthone precipitates because (tert-butyl)xanthyl
peroxy-ether is instead formed as the major product (78 % selectivity at 30 hours).
The solution was recharged with xanthene and TBHP and the reaction was
carried out for a second cycle. The catalyst is slower in the second reaction,
proceeding with an approximate 60 % reduction in the rate compared with the
first reaction. However, 80 % conversion of xanthene is achieved after an additional
96 hours. After recharging the solution again, the catalyst activity depreciated
significantly, carrying out only 13 % conversion in the next 48 hours; by this point
the approximate rate had depreciated by 90 % compared with that of the first
reaction. Nevertheless, the catalyst is able to carry out more than two sequential
reactions at very low loading, giving a high final turnover number (TON) of
103,500. By monitoring the progress of the reaction, it was found that the TOF
diminished by approximately 100 h™! every 10 hours, indicating slow but steady
catalyst deactivation (Figure . The solubility of xanthene in d3-MeCN on
successive recharging of the mixture is much lower than that in clean solvent,
and it is plausible that saturation of the reaction mixture with the products also
reduces the rate of reaction. These results indicate that the ketone product is

partly responsible for catalyst decomposition or inhibition.
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Figure 5.4: Assessing the stability of the 13c/FeCl; catalyst in the xanthene oxygenation reaction
through multiple reaction cycles. Reaction conditions: stirring d3-MeCN, room temperature,
[xanthene]y = 0.17 M, [TBHP], = 0.68 M, 0.002 mol% 13c, 0.002 mol% FeCl,. (a) Monitoring
of the xanthene concentration by H NMR spectroscopy to determine the %conversion and TON.
(b) Monitoring changes in TON and TOF during the course of the reaction.

5.2.2 Determining the role of FeCl,

To investigate the role of FeCls, a catalytic reaction was carried out using 13c
(0.1 mol%) and InCly (0.5 mol%) as a chloride-containing, redox-inactive Lewis
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