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Abstract

Over the years, numerous neutral indium catalysts have been studied for polymerization
reactions. However, recent research conducted by Mehrkhodavandi and co-workers has shed light
on the potential of cationic indium species in catalytic applications.

In a comprehensive study, the impact of carefully designed hemilabile ligands on the
stability, reactivity, and catalytic behavior of indium complexes is explored. Specifically, a family
of cationic alkyl indium complexes supported by hemi-salen type ligands with hemilabile
heterocyclic pendant donor arms are investigated. The stability and stable lifespan of these
complexes directly correlate with the affinity of the pendant donor group to the indium center. The
reactivity of the complexes exhibits the opposite trend in the cationic ring-opening polymerization
of epoxides. Notably, the most stable complex, bearing a pyridyl donor arm, displays the
remarkable ability to polymerize racemic lactide without an external initiator.

The same air-stable cationic alkyl indium complex with the pyridyl pendant arm is
employed to selectively produce high-molecular-weight cyclic poly(lactide) (c-PLA). This
complex enables the reproducible synthesis of c-PLA with low dispersity (P ~ 1.30) and molecular
weights reaching up to 416,000 g mol. Importantly, the complex remains active even after
prolonged exposure to high-humidity air. Furthermore, it could form high-molecular-weight c-
PLLA, c-PDLA, and their stereocomplex without inducing epimerization. The polymerization
occurs through a cooperative Lewis-pair-based coordination—insertion mechanism, involving the
coordination of monomers to the cationic indium center and the ring-opening of lactide facilitated
by the pyridine donor group.

Finally, these complexes are used to delve into the mechanism of the selective synthesis of

spiro-orthoesters, a unique pre-sequenced monomer capable of producing perfectly alternating
iii



poly(ether-alt-ester). Structure function investigations and computational studies were conducted
to elucidate the reaction mechanism. These findings reveal that this reaction follows Michaelis-
Menten type saturation kinetics, which can be attributed to the low Lewis acidity of the indium

catalysts, providing a basis for their exceptional selectivity.



Lay Summary

Researchers have long been investigating the use of neutral indium-based catalysts, but
recent work by the Mehrkhodavandi lab has shed light on the potential of cationic indium species
in catalytic applications. This PhD work explores the impact of specifically designed ligands on
the stability, reactivity, and behavior of indium catalysts, offering valuable insights into the
workings of indium in catalysis. One exciting application of these catalysts was their use to
selectively produce large cyclic poly(lactide), a bio-degradable polymer. This addressed a
significant challenge in the field and opened doors for further advancements in the synthesis of
such polymers. Additionally, these indium complexes proved instrumental in studying the
mechanism of a novel reaction, providing valuable information for the improved design of

catalysts in the future.
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Chapter 1: Introduction

The reactivity of indium(lll) catalysts is defined to a great extent by their ligand
architectures. In this thesis, | propose that by adding tethered hemilabile donor groups, the stability,
reactivity, and reactive mechanism of cationic alkyl indium complexes can be fine-tuned. The
controlled reactivity of these complexes can be used to determine synthetic mechanisms and to
produce novel polymer architectures.

1.1 Indium(l1l) in catalysis

Although it is often overlooked in favor of its group 13 siblings in synthetic chemistry,
indium has seen a steady increase in its applications over the past 50 years.>2 This soft, silver metal
in its elemental form, with the atomic number 49 and symbol In, possesses unique properties that
have attracted the attention of researchers in a variety of fields.®® Indium-based catalysts have
demonstrated remarkable selectivity and efficiency in promoting challenging reactions, making
them valuable in numerous synthetic transformations.® As our understanding of its capabilities
continues to grow, the significance of indium in catalysis is gaining new recognition, paving the
way for innovative advancements in chemical synthesis.

The electronic configuration of indium, [Kr]4d'°5s25p?!, affords two stable oxidation states,
In(l) and In(111). Between these, In(l11) is more stable, making it the most frequently encountered
oxidation state of the metal.” The popularity of In(I11) compounds in catalysis mainly arises from
their ability to accept electron pairs i.e., their Lewis acidity. Lewis acidity can be broadly defined
as the ability of a chemical species to accept electron pairs. Conversely, the ability to donate non-
bonding electron pairs is called Lewis basicity. The reaction between a Lewis acid and a Lewis
base results in the formation of Lewis adducts (Figure 1.1). While compounds of group 13

elements boron, aluminum, and gallium exhibit strong Lewis acidity, indium species tend to be



less acidic owing to the much larger ionic radius of the metal. Unlike other members of group 13,
In(111) species have greater functional group tolerance with lower affinity to amines, hydroxides
and, even aqueous reaction conditions, making them an enticing option as Lewis acidic catalysts

for many chemical transformations.®°

)
A B A B

Lewis base Lewis adduct

Lewis acid

Figure 1.1. Reaction of a Lewis acid and a Lewis base to form a Lewis adduct.

Indium compounds used in catalysis range from simple salts to well-defined
organometallic complexes with polydentate ancillary ligands.51%'* The magnitude of the Lewis
acidity of In(l11) species and the associated reactivity is largely defined by the ligand environment
around the metal center. The most popular In(lll) catalysts are indium (Il1) halide salts,
predominantly used in organic reactions utilizing mild Lewis acid catalysts.®*2-1> When a stronger
Lewis acid is called for, organometallics such as In(I1) triflate (trifluoromethanesulfonate) and
related compounds have been used.'® Indium complexes with more complicated multidentate
ligands have been used mostly as polymerization catalysts.}” Other reactions requiring stronger
Lewis acidity and functional group tolerance have turned towards cationic indium species with
additional vacant sites and increased reactivity.°

Although indium catalysts can take many forms, a common theme in reactive mechanisms
is the formation of a Lewis adduct with Lewis basic substrates and the indium center. Lewis adduct
formation could occur through several possible routes, a) o-interactions with carbonyl, hydroxy,

amine, imine, or thiol groups (Figure 1.2a) b) m-interaction with alkynes, alkenes, or allenes



(Figure 1.2b) and c) Multiple interactions or dual-mode activations (Figure 1.2c). The formation
of such Lewis adducts cause substrate activation by increasing the electrophilicity of adjacent
atoms increasing their reactivity towards nucleophiles.*®

a. Substrate activation by o-interactions

R H R H R R R R R \\InX3 \\InX3
\9/ ~ S - \9/ \I!l/ | N|
X, X, X, inX3 R R, R R,
b. Substrate activation by m-interaction
R;
R Ry —_
1_:=< R1__E__R2 C)\ R4
)_5 : R1\T/a;’
Rsz Rg X,
: R2 “Inx,

=
x
w

c. Multi-site substrate activation

X3|n

N
I O =0
R1)\’/"J\R2 z,

InX, 2
R;<_.F z
4

Figure 1.2, Different modes of substrate activation by indium (I11) catalysts.

These reactive modes have been utilized in numerous organic reactions, including, but not
limited to, ring-forming reactions, addition reactions, substitution reactions, reductive aminations,
hetero-cyclization reactions, rearrangement/isomerization reactions, protection/deprotection
reactions, and polymerization reactions (Figure 1.3). Various aspects of these and other reactions
have been reviewed in detail over the last two decades. The use of In(lll) catalysts in organic
synthesis was reviewed in detail by Frost®, Podlech®®, and Augé.?® Ranu'4, Vaccaro?, and Yadav?2
and focuses on describing reactions promoted by various In(I11) salts. The use of InClz as a catalyst

was the focus of the reviews by Datta® and Singh®® while Kazemi and Yu'? focused on InBrs. Maiti



described the use of In(lll) triflate to catalyze various organic reactions.’®* The review by
Mehrkhodavandi looked at cationic indium species as catalysts in various reactions.'® Chan® and
Loh® reviewed the use of In(111) catalysts in aqueous media. In(I11) catalysts in reactions involving
alkynes and C-C unsaturated systems were described by Selander? and Sestelo'® respectively.
Enantioselective reactions catalyzed by In(111) species was reviewed by Pellissier?* while Yadav?®
and Pineiro? described In(I11) catalyzed multi-component reactions. The review by Jaisankar
described the use of InCls in various heterocycle forming reactions.® Finally, Dagorne!’ and

Garden?”?8 have reviewed some of the polymerization reactions catalyzed by In(111) complexes.
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. Y Indium Coupling

0.
L
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Aromatic reactions

Figure 1.3. General reaction types catalyzed by In(l11) species.

While catalysis by In(111) has been predominantly focused on fine chemical synthesis in
organic chemistry, most of the defined organometallic In(l11) complexes have been utilized in
polymer synthesis. Since the first such complexes were reported by Huang®® and
Mehrkhodavandi®® a number of In(111) complexes supported by a diverse set of ligands have been
reported over the years. The next section of this chapter will focus on the fundamental aspects of
polymer synthesis and the In(lll) catalysts used in these reactions, focusing on their ligand

architectures in order of increasing complexity.



1.2 Polymerization reactions

A significant amount of new research on indium catalysis has focused on polymerization
reactions. There are two main types of polymerizations, chain growth polymerization where the
monomer units are added one-by-one to a polymer chain end until the termination of
polymerization (Figure 1.4a). The second type is step growth polymerization where pairs of
monomer units of various lengths can react until larger polymer units are formed (Figure 1.4b).

Most indium mediated polymerization reactions belong to the former class.

(a) Chain growth polymerization
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Figure 1.4. a) Chain growth polymerization and b) step-growth polymerization.

Chain growth polymerizations have three distinct stages beginning with initiation. This
step usually involves the activation of a single monomer molecule to enable reaction with
incoming monomers. The second step is propagation; the majority of chain growth occurs during
this stage as new monomer molecules add to a reactive chain end, increasing the size of the

growing polymer chain. The last step of polymerization is termination or chain termination. In this
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step, polymerization ends as the reactive chain ends are quenched by various mechanisms. The
reactions kinetics of these will govern how catalysts can control polymer formation.

Polymers are characterized using a few fundamental parameters. Polymer molecular
weight is one of these. As polymer samples consist of molecules that vary in size, it is not possible
to determine the precise molecular weight of the polymer. Consequently, the averages of several
factors to represent the molecular weight of the polymer are used. Molecular weight can be defined
using several methods, but number average molecular weight (Mn), calculated using the mole
fraction of each molecular weight in a sample, (Equation 1.1a) and weight average molecular
weight (Mw), calculated using the weight fraction of each molecular weight, (Equation 1.1b) are
the most widely used and applied. The ratio between these two, Mw/Mn, gives polymer dispersity,
D, (also known as Polydispersity Index, PDI). A dispersity value of close to 1.0 indicates a narrow
distribution of molecular weights, whereas a high dispersity signifies a broad distribution of
molecular weights. A narrow dispersity is generally desirable for many applications as it results in

more uniform properties, whereas a broad dispersity can lead to variable or unpredictable

properties.
3)4 M, 3)4 | EMPN, C)B M,
n- ZNI W ZMiNi Mn

Equation 1.1 Equations for a) Number average molecular weight and b) weight average molecular weight and c)

dispersity.
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Figure 1.5. Microstructures of poly(lactic acid) (PLA) depict polymer tacticity.

Another factor that is important in determining polymer properties is the spatial
arrangement of monomer units. The term ‘tacticity’ is commonly by polymer chemists used to
describe the regularity or irregularity of the stereochemistry of monomers along the polymer chain.
The degree of tacticity is quantified using the probability of finding the same (Pm) or opposing (Pr)
stereochemistry in two adjacent monomer units (Figure 1.5). There are four types of tacticity:
isotactic, syndiotactic, heterotactic, and atactic. Isotactic polymers have a regular, repeating pattern
of monomer units with all the side groups positioned on the same side of the polymer backbone
with a Pm close to 1. Syndiotactic polymers have a regular pattern of alternating side group
positions along the polymer backbone, thus, the probability that two adjacent repeat units have the
same configuration is close to zero i.e., Pm is close to 0. Atactic polymers have a random

arrangement of monomer stereocenters making the probability ¥, hence, Pm is close to 0.5. In



heterotactic polymers, monomer units are arranged in an ordered, alternating sequence with Py
close to 1. Polymer molecular weight, dispersity, and tacticity are important factors in determining
the physical and chemical properties of polymers, such as their mechanical strength, thermal

stability, and solubility, and therefore have important implications for its potential applications.

Control of polymer stereochemistry i.e., stereocontrol is achieved through two different
mechanisms. The first is enantiomorphic site control where the stereochemistry of the polymer is
determined by the stereochemistry of the catalyst/initiator. Hence the stereochemistry of the
product is determined by the overall chiral environment of the growing chain end. The second
mechanism is chain end control where the stereochemistry of the growing polymer chain is
determined by the stereochemistry of the previously added monomer unit and is independent of
the stereochemistry of the catalyst.

1.2.1  Mechanisms of indium catalyzed ring-opening polymerizations

The monomer scope, polymerization control, and mechanism of polymerization will be
largely dependent on the type of indium catalyst used. The vast majority of polymerization
reactions catalyzed by neutral indium complexes involve the ring opening polymerization (ROP)
of lactones. Among these, lactide (LA), a cyclic dimer of lactic acid, is one of the most extensively
used monomers owing to the biodegradable nature of its polymer, poly(lactide) (PLA). Indium
catalyzed polymerization LA and other lactones can be achieved by two alternate mechanisms.
The first of these, the coordination-insertion mechanism, involves the activation of a carbonyl
group on the monomer by coordination to indium making it susceptible to nucleophilic attack and
ring-opening by an alkoxy, alkyl, amide, or halide nucleophile attached to the metal center (Figure

1.6b). The ring-opened monomer forms a new indium alkoxy insertion product which acts as a



nucleophile for subsequent monomers that coordinate to indium, making this the propagation step.
The polymer chain is usually terminated by protonation by water or alcohols. The initiation step
for the second mechanism i.e., the activated monomer mechanism, proceeds in much the same way
as the coordination-insertion mechanism by carbonyl activation (Figure 1.6a). However, the
monomer is ring-opened through nucleophilic attack by an external nucleophile, typically an
alcohol. The propagation and termination steps for this mechanism follow a similar pattern to the

coordination-insertion pathway.
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Figure 1.6 a) The activated monomer mechanism and b) the coordination-insertion mechanism of lactide

polymerization.

During both mechanisms the undesired process known as transesterification can result in
truncated polymer chains and increased dispersity (Figure 1.7). This could take the form of
intramolecular transesterification, also called “backbiting”, or intermolecular transesterification
between two polymer chains. Catalyst design and reaction conditions are often optimized to avoid

these side reactions.
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Figure 1.7. Intermolecular and intramolecular transesterification reactions.

Many indium catalyzed polymerization reactions involving coordination-insertion and
activated monomer mechanisms are living in nature (Figure 1.8a). These are polymerization
reactions which enable precise control over the shape and size of polymer chains through the
ability to pause and resume the reaction. The propagating alkoxide species can be deactivated and
reactivated as required, thus consecutive additions of monomer result in a longer chain length with
each monomer addition. In contrast, non-living polymerizations are uncontrolled, and reaction
cannot be stopped or restarted once it has begun. A subset of living polymerization reactions is
called immortal polymerization (Figure 1.8b). These reactions employ chain transfer agents
(CTAS) to reversibly take up the growing polymer chain from the metal center. The polymer chains
attached to the CTA do not grow any further. However, these chains can be reactivated by chain
exchange between the CTA and the metal center. One of the main limitations of immortal
polymerization is the instability of most metal-based initiators when exposed to significant

quantities of CTAs, notably alcohols.
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Figure 1.8. a) Living polymerization and b) immortal/ chain-transfer polymerization.

Reaction mechanism and control of polymerization (molecular weight, dispersity, tacticity,
etc.) are largely dependent on ligand environment around the indium metal. Fine-tuning ligand
architectures can have a pervasive impact on the activity of the catalyst as well as the
microstructure of the resultant polymers. Thus, unlike most indium catalysts used for reactions in
organic chemistry, catalysts used in polymerization reactions tend to be well-characterized,
discreet organometallic complexes. The next section will focus on ligand architecture and
structure-function relationships of various indium catalysts used in polymerization reactions.
1.2.2 Polymerization reactions by neutral indium catalysts

Indium complexes used in polymerization reactions can be broadly classed into
neutral/uncharged catalysts and cationic catalysts. This subsection will look at various ligand
architectures used in uncharged indium complexes. Looking at progressively complicated ligand
environments.
1.2.2.1 Indium catalysts with monodentate ligands

One of the simplest systems was the in situ generation of bridged dinuclear indium alkoxide
species (1) from a 2:1:1 mixture of InCls, NEts, and benzyl alcohol (BnOH) reported by Hillmyer

and Tolman (Figure 1.9).3! Catalyst 1 could polymerize rac-LA to give high conversions,

11



molecular weights up to 159 kg moland, low dispersity. This system selectively produced highly
heterotactic PLA (Pr=0.97) demonstrating excellent stereocontrol without the use of specialized
ancillary ligands. The polymerization followed a typical coordination-insertion mechanism at two
indium centers initiated by an in situ generated alkoxide species. The function of the amine was to
act as a base and be the counterion to the propagating species. The identity of the halide species
dictated the rate of reaction, with InBrs and Inls being significantly slower than InCls. However,

the mode of stereoselectivity was not well understood.

-

M, = 159 kg mol™’
[LA]/[cat}/[BnOH][NEt5] = 800/1/0.5/0.5, & = 1.09
25 °C, 101 h

Figure 1.9. The proposed structure of the InCls/BnOH catalyst 1 reported by Tolman et al.

In a deviation from the usual lactone polymerization reactions, InCls and InBrs were used
in conjunction with alkyl halides by Carpentier and co-workers for the polymerization styrene and
related compounds through a cationic mechanism to form polyolefins (Figure 1.10).3? The
polymerization was initiated by halide abstraction from the alkyl halide initiator which resulted in
an electrophilic carbocation that could propagate with monomer addition. While this system
mostly produced oligomers, chains with lesser than 100 repeating units, more controlled reactivity
could be obtained when a small amount of donor cosolvent such as di(isopropyl)ether was used to
stabilize intermediates and to solubilize the catalyst. Additionally, cationic co-oligomerization of

styrene and a-methyl styrene could also be achieved with InCls.
12
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X RX initiator (0.1-0.5 mol%)

40-60 °C ‘

Figure 1.10. a) Polymerization of styrenics with InCls or InBrsand b) Proposed mechanism for the In(l11) catalyzed

formation of polyolefins.
1.2.2.2 Indium catalysts with bidentate ligands
Slightly more intricate are the indium complexes supported by bidentate ligands systems.
The very first indium complexes reported for the polymerization of lactones, reported by Huang
and co-workers, used a bidentate (dimethylaminomethyl)pyrrolate ligand system (2-4) for the

polymerization of the seven-membered lactone, e-caprolactone (e-CL), to form polycaprolactone

(PCL) (Figure 1.11).%°
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5
'z
\

MezN — MezN N N
PNy~ i Moz = | N~
~ |n\ ~ |n\N N\ ~ |n‘Me
NMe, NMe, ' NMe,
2 3 4
M, = 114 kg mol™ M, = 95.3 kg mol M, = 72.8 kg mol™
[e-CL}/[cat] = 100 [e-CL]/[cat] = 100 [e-CL)/[cat] = 100
D=1.45,30°C,1h £=1.99,30°C,1h H=1.62,30°C,1h

Figure 1.11. Indium amino pyrrolate complexes (2-4) reported by Huang et al.

Indium complexes with bidentate alkoxide ligands could act either as ancillary ligands or
initiators. The indium species with phosphine oxide-alkoxide chiral ligand systems (5-7) reported
by Arnold and Okuda are prime examples of this type of catalyst (Figure 1.12).3® These catalysts
could produce isotactic PLLA and PDLA from rac-LA. The polymers produced by 5-7 possessed
—N(SiMes)2, -OAr, and alkoxy-ligand chain-ends respectively, indicating a coordination-insertion
mechanism of polymerization. The alkoxy chain-end of polymers formed with 7 pointed to a
possibly labile phosphine oxide moiety and a penta-coordinate active catalyst. Additionally, the
reactivity patterns as indicated by monomer conversions showed that LA prefers to insert into an

indium-alkoxy bond followed by aryloxy and amido bonds in turn.

o ‘Bu
\ 4
Bu,P H
N(SiMe3)2 ?Ar ; ?
| Bu
IBUZP;OIluln-—O:PtBUZ IBUZP;O"'ln-‘O:PtBuz R O~!n‘\‘o§PtBU2
H 4> H H 4> H H* SN H
O Og O Og //O =
z B P
‘Bu Bu ‘Bu Bu Bu, ‘Bu
5 6 7
M, = 121 kg mol™’ M, = 105 kg mol M, = 236 kg mol™’
[LAJ/[cat] =1108 [LAJ/[cat] =1170 [LAJ/[cat] =1248
D =1.56,25°C, 16 h D =1.66,25°C, 16 h H=1.28,25°C, 16 h

Figure 1.12. Indium alkoxide complexes (5-7) reported by Arnold and Okuda.
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The simplicity of alkoxide ligands has also been leveraged to investigate mechanisms of
polymerization reactions, as in the case of the dinuclear dimethylindium alkoxide species used by
Horeglad and co-workers to explore stereoselectivity in PLA formation (Figure 1.13).3* Reacting
In(CHs)s with rac-methyl lactate gave a mixture of (R,R)-8 and rac-8 in a 3:2 ratio. Introducing
an excess of a Lewis basic amine species formed a mixture of homochiral (R,R)-8 and (S,S)-8. This
was caused by Lewis base coordination to the fifth coordination site of indium which promoted
rapid chiral recognized ligand exchange. Polymerization studies of rac-LA with (S,S)-8/amine
indicated that that stereoselectivity was largely dependent on the proportion of excess homochiral
catalyst species with Lewis bases that promoted greater exchange to produce more homochiral

indium complex resulting in more heterotactic enriched PLA.

OPLA R OPLA
I~ ~o
OPLA
s 0._0
N
rLE
’Iu,,,ln/o>lr:l‘n\\\\\‘ o o
7~ Do N
|
O3 M, = 8.4 kg mol”
OPLA [LA]/[cat] = 50
D =1.20,40°C 24 h
P, =0.71
OPLA
,?\ OO
1o, AN
”""'In/o>lr:l‘ wa v o o
77N
1
Ox o
R 4
OPLA
o)
OPLA

OPLA

Figure 1.13. Stereoselective polymerization of rac-LA by the dinuclear alkoxide complex (8) reported by Horeglad

et al.

15



The indium thiolate complexes reported by Briand and co-workers shared a similar
structural motif indium to alkoxide complexes (Figure 1.14).%® The formation of insoluble indium
sulfides was avoided by using bidentate ligands with ester (9) and amine (10) donor groups to
occupy additional coordination sites on indium. The In-O(ester) secondary interaction of 9 was
significantly weaker than the In---S interaction resulting in a dinuclear complex. However, the
stronger In-N(amine) interaction of 10 was sufficient to prevent dimerization of the complex. Both
9 and 10 could initiate the polymerization of rac-LA in the presence of BnOH. While 9 showed
lower Mn and greater dispersity due to transesterification, 10 showed excellent control of
polymerization. However, in the absence of BnOH both catalysts indicated lower initiation and
conversion. Complexes 9 and 10 are proposed to form an alkoxide species with BnOH which then

undergoes a coordination-insertion mechanism to produce PLA.

o 9 10
M, = 9.48 kg mol”’ M, = 13.1 kg mol”’
[LAY/[cat] = 100 [LAJ/[cat] = 100
D =1.45,120 °C, 15 min H=1.10, 120 °C, 15 min

Figure 1.14. Indium thiolate complexes (9 and 10) reported by Briand et al.

Imino- or aminophenolate ligands, formed by coupling salicylaldehyde derivatives with
amines, have been some of the most widely used ligand systems in indium-based polymerization
catalysts. The series of iminophenolate dialkylindium complexes (11a,b and 12a-f) with various

imino substituents, reported for the ROP of LA by Carpentier and co-workers possess this
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structural motif (Figure 1.15).*® The dimethylindium complexes 11a and 11b showed good
performance in the ROP of rac-LA in toluene at 80 °C when combined with 1 or 2 equivalents of
isopropyl alcohol with monomodal but broadened dispersities (P = 1.33-1.96). Higher monomer
loading led to lower molecular weights of the PLAs, indicating poor control over polymerization.
Interestingly, using a larger excess (10 equiv) of CTA during polymerization resulted in PLA with
molecular weights that matched the theoretical Mn values and had narrow dispersity. The
bis((trimethylsilyl)methyl)indium (-CH2TMS) complexes (12a-f) showed similar control over
polymerization in the presence of a larger excess of isopropyl alcohol. These systems efficiently
transferred between the growing polymer chains and dormant alcohols, indicating good control
over polymerization parameters, and showing evidence for immortal polymerization. In contrast
to an analogous aluminum system that showed coordination-insertion ROP of rac-LA, kinetic

studies of the 12f indicated that indium catalysts follow an activated monomer mechanism.

R
_N\In,.n“‘ 11a R = 8-quinolyl
O/ -~ 11b R = N-benzyl-4-piperidinyl
SiPh; 44
R 12a R = 8-quinolyl
=N__ 12b R = benzyl
DLW 12¢ R = CHy(2-pyridyl)
o) SiMey .
12d R = CH,(mesityl)
Siph;\/'essl 12e R = (R)-3,3-dimethyl-2-butyl

12 12f R = N-benzyl-4-piperidinyl

11a M, = 26.6 kg mol™", [LAJ/[cat] = 500, B = 1.90, 80 °C, 16 h

11b M, = 11.8 kg mol™!, [LAJ/[cat] = 1000, P = 1.60, 80 °C, 15 h, 10 eq. iPrOH
12a M, = 13.7 kg mol”", [LAJ/[cat] = 1000, & = 1.12, 80 °C, 18 h

12b M, = 9.5 kg mol™!, [LAJ/[cat] = 1000, ® = 1.13, 80 °C, 16 h

12¢ M, = 14.4 kg mol”, [LA}/[cat] = 1000, & = 1.08, 80 °C, 19 h

12d M, = 13.3 kg mol”', [LA}/[cat] = 1000, P = 1.07, 80 °C, 16 h

12e M, = 12.8 kg mol”", [LAJ/[cat] = 1000, ® = 1.10, 80 °C, 15 h

12f M, = 6.8 kg mol™!, [LAJ/[cat] = 1000, © = 1.06, 80 °C, 3 h

Figure 1.15. Alkylindium iminophenolate complexes (12a-f) reported by Carpentier et al.
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While a bimetallic analogue of 12f (13) showed similar reactivity to the monometallic
complex (Figure 1.16),*” an aluminum analogue of 13 could significantly accelerate the
polymerization of rac-LA. This contrast in reactivity was attributed to the different ROP

mechanisms preferred by the two metals.

n
|
S8
B 13

M, =6.6 kg mol”
[LA]/[cat] = 1000, P = 1.05
120 °C, 2 h, 10 eq. iPrOH

Figure 1.16. Bimetallic indium iminophenolate complex (13) reported by Carpentier et al.

Bis(iminophenolate) ligands, a variant of the iminophenolate motif, were used by
Chakraborty and co-workers to construct a family of bis(tert-butyl)indium complexes with various
imino substituents (14a-d) (Figure 1.17).% These complexes possessed a bidentate coordination
mode with one of the imine moieties remaining pendant to the indium. All the complexes showed
controlled polymerization of rac-LA and L-LA, obtaining close to theoretical molecular weights
and narrow dispersity. In the case of rac-LA, the resultant polymer was isotactic enriched (Pm =
0.70-0.76) indicating moderate isoselectivity. Based on analysis of low molecular weight polymer
produced with a gallium analogue of 14b, ROP of LA was proposed to proceed through a
coordination-insertion mechanism initiated by LA insertion into the M-O(phenoxy) bond for both

metals.
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Bu Bu 14a R = 4-MeOC4H,
14b R = 2,4,6-MesCgH,

/ \ 14¢ R = 2,6-Pr,CgH3
R‘Nl o 14d R = Bu
NN 1 _ _ o
I 14a M, =26.28 kg mol!, [LA]/[cat] = 200, B = 1.08, 140 °C, 16 h
R 14b M, = 24.31 kg mol™', [LA)/[cat] = 200, B = 1.11, 140 °C, 19 h
14c M, = 24.06 kg mol™!, [LA]/[cat] = 200, © = 1.12, 140 °C, 21 h
14 14d M, = 22.67 kg mol™', [LA)/[cat] = 200, B = 1.15, 140 °C, 25 h

Figure 1.17. Indium bis(iminophenolate) complexes (14a-d) reported by Chakraborty et al.

1.2.2.3  Indium catalysts with tridentate ligands

A tridentate diamino phenolate ancillary ligand was used by Mehrkhodavandi and co-
workers in the first indium complex (15a) reported to polymerize rac-LA (Figure 1.18).%° Much
of the foundational studies on indium catalyzed ROP reactions of lactones was accomplished using
15a and its myriad descendants. The dinuclear complex 15a showed homochirality with only
(RR,RR)-15a or (SS,SS)-15a forming, excluding the formation of heterochiral (RR,SS)-15a. This
homochirality was credited with the slight iso-enrichment of the PLA produced (Pm = 0.60).
Additionally, 15a could perform living and immortal polymerization of rac-LA. Subsequent work
showed that the catalyst was also capable of the immortal polymerization of the cyclic ester j3-

butyrolactone (BBL) to produce poly(hydroxybutyrolactone) (PHB).
R! g1 r! R? 15aR'=Me, R2=H, R3=Et, X = Cl
N NHQ 15b R" = Me, R2=H, R®= THMB, X = CI
/ )k/ R? 15¢ R' = Me, R = Me, R® = Et, X = CI;

In\
/ \ 15d R = "Pr, R? = H, R3 = Et, X = Cl
15e R" = Me, R2 = H, R® = Et, X =Br
15f R'= Me, R2=H, R® = Et, X =I

15a M, = 32 kg moI 1 [LAJ[cat] = 200, & = 1.15, 25 °C, 30 min
15b M, = 103 kg mol™", [LA/[cat] = 3125, D = 1.01, 25 °C, 16 h
15¢ M,, = 23.6 kg mol™!, [LA]/[cat] = 204, D = 1.09, 25 °C, 96 h
15d M, = 30.9 kg mol!, [LAJ/[cat] = 200, ® = 1.07, 25 °C, 18 h
15e M, = 45.7 kg mol™!, [LAJ/[cat] = 292, D = 1.05, 25 °C, 24 h
15f M, = 50 kg mol!, [LAJ/[cat] = 510, ® = 1.17, 25 °C, 16 h

Figure 1.18. Dinuclear indium diamino phenolate complexes (15a-f) reported by Mehrkhodavandi et al.
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The same indium complex would go on to show excellent activity in producing copolymers
i.e., polymers composed of two or more different monomer units that are chemically bonded,
resulting in unique properties and a wide range of applications. Using 15a, it was possible to
produce block copolymers, which are polymers made up of two or more distinct polymer blocks,
by sequentially adding different monomers to create di- and triblock copolymers such as PLLA-
b-PLA, PLLA-b-PLA-b-PLLA, PLLA-b-PLA-b-PDLA, and PLA-b-PHB-b-PLA (Figure 1.19).
Either by using tri(hydroxymethyl)benzene (THMB) as a CTA with 15a or using THMB alkoxide

containing 15b, star-shaped PHB or PHB-b-PLLA could also be produced.

OPHB-b-PLLA

1. O
0\)‘L OPHB-b-PLLA
[In]( W

-
v

2 ‘n,,, o (0]
i T =L-LA

070"
TR © 000 «

Cl AB di-block copolymer

\/CN
/\/\ ©00 909

ABA tri-block copolymer

- QOO0

ABC tri-block copolymer

15b

15b
M, = 103 kg mol”!
[BBLY/[LA)/[cat] = 3125/1865/1,
H=1.01,25°C, 16 h

Figure 1.19. Block copolymerization reaction catalyzed by 15a and 15b.

Probing the mechanism of polymerization by 15a showed that the complex does not
dissociate during the ROP of LA. However, in the presence of BBL 15a disassociates to form a

mononuclear active catalyst capable of ROP of BBL (Figure 1.20).%
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Figure 1.20. a) The dinuclear mechamism for LA polymerization and the b) mononuclear mechanism for BBL

polymerization.

The reactivity and isoselectivity of 15a could be significantly influenced by changing the
ligand environment around the complex. Subsequent work by Mehrkhodavandi and co-workers
modified 15a through changing the ligand chirality, substituents on the terminal and central
amines(15c,d), bridging ligands (halogens, alkoxides, aryloxides, and hydroxides), phenolate
substituents, and ligand backbone.*® The replacement of the central secondary amine donor of 15a
with a tertiary amine donor (15c) resulted in over a 100-fold decrease in activity, potentially due
to the absence of N-H hydrogen bonding and consequent dissociation of the dinuclear complex.
When a bulkier N substituent is used in the terminal tertiary amine (15d) there was loss of
isoselectivity due to the dissociation of the dinuclear complex. Indicating that isoselectivity was
associated with the dinuclear mechanism of ROP.

The rate of LA polymerization increased when moving from chloride to iodide bridging
ligands (15a, 15e, and 15f) due to the lowered electrophilicity of the indium centers of 15e and
15f.3 The polymerization rates of derivative complexes with bridging aryloxy ligands (15g-k) was

correlated to the electron donating ability of each aryloxy initiator (Figure 1.21). Strongly electron
21



withdrawing, para-nitro substituted complex 15k showed only low conversions even at longer

reaction times. While more electron donating phenoxides (15g-j) showed increased activity, they

were still less active with slow initiations and less control compared to the ethoxy bridged parent

complex, 15a.

v A NO

“\ N S

Y,

R

15g R = OMe
15h R =Me
16iR=H

15j R = Br
15k R = NO,

15g M,, = 80.5 kg mol', [LA}/[cat] = 260, D = 1.02, 25 °C, 18 h
15h M, = 87.2 kg mol™", [LAJ/[cat] = 270, = 1.06, 25 °C, 18 h
15i M, = 118.5 kg mol!, [LA}/[cat] = 260, D = 1.09, 25 °C, 4 h
15j M, = 166.7 kg mol™', [LA]/[cat] = 270, P = 1.04, 25 °C, 18 h
15k M,, = 13.5 kg mol!, [LA/[cat] = 240, B = 1.22, 25 °C, 72 h

Figure 1.21. Indium diamino phenolate complexes with aryloxy initiators (15g-k) reported by Mehrkhodavandi et

al.

The steric bulk of the ortho substituent of these complexes influenced the tacticity of the

resulting polymer. The use of the silyl substituted catalyst 151 in the polymerization of rac-LA

resulted in atactic PLA (Pm ~0.5). While bulky adamantyl (15m) or cumyl (15n) substituents had

a small effect on reaction rate, the stereoselectivity was similar to the parent complex, 15a (Figure

1.22). One possible explanation for the decreased stereoselectivity observed with a bulkier catalyst

could be the dissociation of the dinuclear catalyst in the presence of lactide in solution.
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PN
} \\ N—H 151 R'=Me, R?=SiPh,
\ i / 15m R' = 1Bu, R? =Adamanty!
ﬁ:[o (o) 15n R'=R2 = C(CHs3)Ph
R1 Rz k R2 R1
At 94% conversion,
151 M, = 84.3 kg mol™!, [LA]/[cat] = 550, B = 1.04
15m M,, = 53.1 kg mol™', [LA]/[cat] = 530, D = 1.04

15n M, = 68.9 kg mol!, [LA]/[cat] = 540, D = 1.03

Figure 1.22. Indium diamino phenolate complexes with various ortho-phenol substituents (15I-n) reported by

Mehrkhodavandi et al.

Changing the ligand backbone from chiral diaminocyclohexane (15a) to achiral
ethylenediamine (16) did not significantly alter reactivity (Figure 1.23). However, the ROP of rac-
LA resulted in purely atactic PLA (Pm = 0.5) indicating the importance of ligand environment in

determining polymer microstructure and properties.

. ) Y, \0 4 \0
tBu/i:’Bu N Bu Bu

16
M, = 30.5 kg mol
[LA]/[cat] = 214, P = 1.07,
25°C, 17 h

Figure 1.23. Indium diamino phenolate complex with an achiral backbone (16) reported by Mehrkhodavandi et al.

In the hopes of preventing dissociation of indium centers and encouraging tandem
reactivity Mehrkhodavandi and co-workers used a bis(diaminophenolate) ligand (a similar
structural motif to 14a-d) to produce the dinucleating indium complex 17 by (Figure 1.24).
However, catalyst 17 displayed a rigid octahedral structure and a congested active site. This was

unlike a majority of previously described indium catalysts featuring square-pyramidal or square-
23



planar structures which provide a free coordination site that can be utilized for LA coordination.
This resulted in very slow activity in contrast to 16 or 15a. Nevertheless, 17 showed good
heteroselectivity in the ROP of rac-LA (Pr= 0.87). Considering the lack of chirality in 17, this

stereoselectivity was attributed to chain-end control.

By
N 1 e
[N\In/O\If:l/Nj
N/=\O/ \\N
7 \ / N
17

M, = 17.1 kg mol!
[LA)/[cat] = 200, D =
1.06,

25 °C, 8 days

Figure 1.24. Indium bis(diaminophenolate) complex (17) reported by Mehrkhodavandi et al.

Mehrkhodavandi and co-workers went on to develop another family of indium complexes
with tridentate (aminoethyl)imino- (18a,b) and phosphiniminophenolate (18c) ligands capable of
ROP of rac-LA and e-CL (Figure 1.25).“> While all three complexes exhibited controlled
reactivity, the presence of the potentially hemilabile morpholine group on 18b caused a 20-fold
decrease in the rate of ROP of rac-LA, possibly due to the morpholine moiety competing with
monomer. However, 18b showed a small heterotactic bias (Pr = 0.63) compared to the other
complexes. Catalysts 18a-c were also capable of fast ROP of e-CL, albeit with a significant loss
of molecular weight and dispersity control. Sequential polymerization of ¢-CL and rac-LA with
18a resulted in PCL-b-PLA block co-polymer while only 18c produced PLA-b-PCL with a reverse

order of polymerization. When rac-LA and e-CL were added at the same time only 18a formed
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PLA-b-PCL copolymers. It is noteworthy that e-CL conversion was noticeable only after rac-LA

was fully converted.

O ASS RaSS

/—\ /\o P
pPh=P—N N—
In \In-/.
: \/0'Bu d ‘o'By By o \'0'Bu
Bu Bu Bu
18a 18b 18¢c
M, = 16.6 kg mol™ M, = 17.2 kg mol™! M, = 15.3 kg mol™!
[LA]/[cat] = 130, & = 1.05, [LA)/[cat] = 125, B = 1.09, [LA)/[cat] = 130, b =
25°C, 24 h 25°C,92h 1.03,
25°C,22h

Figure 1.25. Block copolymerization of rac-LA and &-CL by the (aminoethyl)iminophenolate (18a,b) and

phosphiniminophenolate (18c) complexes reported by Mehrkhodavandi et al.

In another variation of the tridentate iminophenolate motif, Mehrkhodavandi and co-
workers connected two (aminoethyl)iminophenolate ligands through a binaphthol linker and
fashioned a bimetallic indium complex (19a) for the ring opening copolymerization (ROCOP) of
CO2 and cyclohexene oxide (CHO) to selectively produce polycarbonate precluding the formation
of undesirable side products such as cyclic carbonate and polyether (Figure 1.26a and 1.6b).** The
monometallic analogue of this complex, 19b showed significantly lower conversion and produced
a mixture of products. The stark contrast in reactivity between 19a and 19b can be explained
through a cooperative intramolecular initiation mechanism whereby one indium center activated a
coordinated epoxide and a chloride from second indium center ring opens the monomer allowing
for COz insertion (Figure 1.26¢). It is also possible that the In-In spacing prevents ‘backbiting’ and

forming cyclic carbonates.
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é + CO, ot 5 LOC O\éﬁ:‘ + V7 + EC 3

Polycarbonate Cyclic carbonate  Polyether
(PC) (CC)

Bu

“
19a 19b
M, = 4.3 kg mol’! M, = 4.4 kg mol!
[CHOJ/[cat] = 130, B = 1.06, [CHOJ/[cat] = 130, B = 1.01,
80 °C, 24 h, 30 bar CO, 80 °C, 24 h, 30 bar CO,
c) L L

Figure 1.26. a) ROCOP of CO, and CHO to form polycarbonate and possible side products, b) bimetallic (19a) and
monometallic (19b) indium iminophenolate complexes reported by Mehrkhodavandi et al., and c¢) the proposed

intramolecular initiation mechanism.

1.2.2.4 Indium catalysts with tetradentate ligands

Many of the tetradentate ligands used in indium catalysts are based on the (ONNO)-salen
ligand motif composed of a diimino-bis(phenolate) backbone. Carpentier and Sarazin used chiral
(1,2)-diphenylethylene-salen ligands to synthesize the alkylindium complexes 20a-c (Figure
1.27).% These complexes could polymerize rac-LA with 1.0 equiv. of BnOH through the activated
monomer mechanism. While 20a-c were faster than analogous aluminum complexes, they did not
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show any stereocontrol in the ROP of rac-LA. According to kinetic studies, an increase in
electronic density and steric congestion at the metal atom led to a decrease in catalytic activity in

the following order 20c >20a >20b.

Ph  Ph
=N N= 20a R' = CH,SiMe;, R? = R,
M 20b R' = CH,SiMe3, R? = Me, R® = H;
R3 o l1 0 R3 20c R' = CH,SiMe,, R? = Me, R3 = NO,;
R
2 2
R 20 R

20a M, = 8.7 kg mol', [LA]/[cat}/[BnOH] = 100/1/1, B = 1.04, 85 °C, 7 h
20b M, = 5.6 kg mol™!, [LA]/[cat]/[BnOH] = 100/1/1, ® = 1.08, 100 °C, 4 h
20c M, = 11.5 kg mol™!, [LA)/[cat)/[BnOH] = 100/1/1, B = 1.07, 85 °C, 4 h
Figure 1.27. Indium (1,2)-diphenylethylene-salen complexes (20a-c) reported by Carpentier et al.
Mehrkhodavandi and co-workers used ‘Jacobsen’s ligand, a salen ligand with a
diaminocyclohexyl backbone, to support the dinuclear indium ethoxy complex, 21a, for the living
polymerization of rac-LA (Figure 1.28).>° When homochiral (RR,RR)-21a was used for the ROP
of rac-LA, iso-enriched PLA could be obtained (Pm =0.77) through an enantiomorphic site control
mechanism. (RR,RR)-21a preferentially consumes L-LA monomers, resulting in a polymer chain
enriched with L-LA and a high Pm value. The depletion of L-LA caused more D-LA to be
incorporated. With increasing conversion, the latter half of the polymer chain is mainly composed
of D-LA, indicating the formation of a stereoblock polymer. Further mechanistic studies indicated
that 21a dissociates in the presence of donors and the active catalytic species is mononuclear in
nature. This was confirmed when less bulky ortho-phenyl substituents on homochiral (RR,RR)-
21b and (RR,RR)-21c resulted in lowered reactivity and stereoselectivity. While increasing the

steric bulk of the ortho- substituents ((RR,RR)-21c and (RR,RR)-21d) increased the rate of reaction,

it did not have a significant impact on isoselectivity.
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|/| i ) | 21aR'=1Bu, R2=Bu

1t 2 —
N, . / ,‘.m\“““O”"""'u o 21b R' = 'Bu, R“* = Me
U y \\ /'In /O 21cR'=Bu,R?2=Br
Et 21d R' = IBu, R? = Adamantyl
| 21e R' = C(CHj3),PhSiMes, R? = C(CH3),PhSiMe;

_Z/ Z

21a M,, = 34.8 kg mol'1, [LAJ/[cat] = 200, D = 1.39, 25 °C, 1 h
21b M, = 5.6 kg mol™!, [LA]/[cat] = 200, B = 1.19, 25 °C, 2 h
21¢ M, = 11.5 kg mol", [LAJ/[cat] = 200, B = 1.15, 25 °C, 2 h
21d M, = 8.7 kg mol™', [LAJ/[cat] = 200, B = 1.42, 25 °C, 1 h
21e M,, = 5.6 kg mol!, [LAJ/[cat] = 200, ® = 1.56, 25 °C, 1 h

Figure 1.28. Dinuclear indium salen complexes (21a-e) reported by Mehrkhodavandi et al.

To exclude the effects of aggregation on reactivity a series of mononuclear indium-salen
complexes were prepared by substituting the ethoxy initiator with 2-pyridinemethoxide (22a-c)
(Figure 1.29).% The dinuclear (RR,RR)-21a and the mononuclear analogue (RR,RR)-22a behaved
similarly during polymerization except for a short initiation stage in (RR,RR)-21a. Both had similar
activity, isoselectivity, and kinetic profiles. However, less bulky catalysts such as (RR,RR)-21b
had longer initiation periods which disappear entirely in their mononuclear analogues ((RR,RR)-
22b). This further highlights that the mononuclear species is responsible for propagation in these
indium salen complexes and dissociation of dimers was necessary for initiation of LA

polymerization.
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Figure 1.29. Mononuclear indium salen complexes (22a-c) reported by Mehrkhodavandi et al.

When the salen backbone is replaced by binam(1,1’-binaphthyl-2,2’-diamine) the
aggregation issue became more severe in the resulting SalBinam complexes 23a and 23b (Figure
1.30).%° The polymerization of rac-LA using 23a was sluggish and needed high temperatures to
reach complete conversion, resulting in atactic PLA with higher than anticipated molecular
weights. Complex 23b was even more unreactive and it was discovered that 23a transformed into
inactive 23b during the polymerization process. It was hypothesized that the slower polymerization
in the dinuclear complex 23a was due to increased steric hindrance. Aggregation played a
significantly larger role compared to the aluminum and gallium counterparts, illustrating the

importance of ligand design for indium catalysts.
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Figure 1.30. Dinuclear SalBinam complexes (23a and 23b) reported by Mehrkhodavandi et al.

As another derivative of the salen ligand motif, ethylenediamine (24a and 25a) and
diamnocyclohexane (24b and 25b) spined salen-like tetradentate dialkoxy diimino ligands were
used by Carpentier and co-workers for indium complexes capable of polymerizing rac-LA (Figure
1.31).® Interestingly, an attempt to form a methylindium complex with these ligands from InCls
and MeLi resulted in the heterobimetallic complexes 24a and 24b centered around a chelated
lithium atom. The alkylindium complexes 25a and 25b showed some moderate reactivity in the
ROP of rac-LA with low initiation efficiencies owing weak nucleophilicity of the alkyl group in
the coordination-insertion mechanism. Both complexes showed improved control over
polymerization though an activated monomer mechanism in the presence of isopropyl alcohol
(‘PrOH). The heterobimetallic complexes 24a and 24b were also capable of alkyl-initiated ROP of

rac-LA, albeit with increased initiation efficiency. Additionally, 24a and 24b displayed a slight
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heterotactic bias (Pr ~0.60). The increased activity was attributed to the ejected indium center

having lower steric hindrance.

joifeiaii e ietal
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M, = 12.5 kg mol"" M, = 5.7 kg mol” M, = 54.7 kg mol™ M, = 27.7 kg mol”
[LA]/[cat] = 100, D = 1.94, [LA])/[cat] = 100, D = 2.16, [LA]/[cat] = 100, D = 1.21, [LA]/[cat] = 100, D = 2.03,
80°C, 18 h 80°C,1h 80°C, 18 h 80°C,15h

Figure 1.31. Indium dialkoxy diimino complexes (24a and 24b) reported by Carpentier et al.

The SalBinam complex 26 (Figure 1.32) could slowly polymerize rac-LA to produce
atactic PLA in the presence of 1 equiv. of BnOH in toluene.*® However, using a polar solvent such
as THF slightly increased reactivity and showed an increased heterotactic bias (Pr = 0.70)
suggesting that THF may act as a non-innocent co-ligand. The lack of alcoholysis, when 26 is

mixed with BnOH, pointed to an activated monomer mechanism of polymerization.
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M, = 5.9 kg mol”’
[LAY/[cat)/[BnOH] = 100/1/1, © = 1.05,
70°C,7h

Figure 1.32. Indium SalBinam dialkoxy diimino complex (26) reported by Carpentier et al.

A unique modification of the ONNO-salen ligand type incorporating a ferrocene backbone

was used in an indium alkoxy complex (27) that was capable of ROP of various lactones was
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reported by Diaconescu and Quan (Figure 1.33).4’Complex 27 was capable of polymerizing L-LA,
rac-LA, and trimethylene carbonate (TMC) with good control. The most remarkable reactivity
was towards &-CL, d-valerolactone (6-VL), and BBL. These monomers were polymerized to
completion within minutes at ambient temperatures giving high molecular weight polymers.
Notably, 27 was the first indium catalyst reported for the polymerization of 6-VL. However, all
the polymerizations showed low initiation efficiencies indicating a slow initiation step in the

coordination-insertion mechanism.
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Figure 1.33. Ferrocene backboned indium salen complex (27) reported by Diaconescu and Quan and its monomer

scope.

A variation with phosphinimine bonds replacing the imine bonds of 27 was used as a redox
switchable catalyst (28a and 28b) (Figure 1.34).# Complex 28a and 28b contained Fe(ll) and

Fe(l11) in the ligand backbones respectively. These could be interconverted readily by oxidizing
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28a with ferrocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (FCBAr™a) or by reducing
28b with cobaltocene (CoCpz). The reduced complex 28a was inactive in the in the ROP of TMC
at ambient temperature. However, when oxidized to 28b conversions of up to 49% were observed
at the end of 24 h. These results suggested that withdrawing electrons from indium through the

oxidation of the ligand backbone increases the rate of polymerization of TMC.
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Figure 1.34 Redox active indium ferrocene phosphasalen complexes (28a and 28b) reported by Diaconescu et al.

The first indium phosphinimine salen (phosphasalen) catalysts (29a-f) for the ROP of rac-
LA were reported by Williams and co-workers (Figure 1.35).4%°° Phosphasalen ligands contain an
iminophosphorane backbone that can provide higher electron density to the metal center, resulting
in faster reaction rates compared to salen analogues. Complexes 29a and 29b were capable of
rapid, controlled, living polymerization of rac-LA with a high degree of isoselectivity to produce
stereoblock PLA. However, 29a was 4-times faster than 29b and showed a greater degree of
isoselectivity (Pm = 0.85-0.87 vs. 0.72-0.75). This was attributed to the bulky ortho-cumyl
substituents on 29a having a greater directing effect. Substituting the ethylene linker with
propylene (29¢) and dimethyl propylene (29d) resulted in notably slower rates of polymerization.
Asymmetric tert-butyl and phenyl substituents on each phosphorus resulted exclusively in meso-

isomers of indium complexes (29e and 29f) with R,S stereochemistry at each phosphorus. While
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slightly slower than 29a, 29e and 29f showed significantly enhanced isoselectivity (Pm > 0.90)
arising from a chain-end control mechanism. These complexes were also active for the rapid
polymerization of e-CL (29a,29¢,29d, and 29f), BBL (29a, 29c, and 29f), e-decalactone (29a, 29c,

and 29f), and 5-hexalactone (29a and 29c).

Q 29a R' = Ph, R?
1 R2 29b R' = Ph, R?
R N /R1

-(CHy),-, R® = Ph, R* = Et
-(CHy),-, R® = Me, R* = Bu

P=N_ N—FP 29¢ R" = Ph, R? = -(CH,)3-, R® = Me, R* = 'Bu
\In/ 29d R = Ph, R? = -CH,CH(CH3),CH,-, R® = Me, R* = Bu
R3 o” I\O R3 2% R"= 'Bu, R? = «(CHy)3-, R® = Me, R* = Bu
O~pe 29f R' = Bu, R2 = -(CH,)3-, R® = Me, R* = Et
R3 29 R3

29a M, = 69.8 kg mol™", [LAJ/[cat] = 500, & = 1.14, 25 °C, 1 h
29b M, = 50.8 kg mol™", [LA]/[cat] = 500, D = 1.19, 25 °C, 2.6 h
29¢ M, = 36.1 kg mol™", [LA}/[cat] = 500, & = 1.19, 25 °C, 8 h
29d M,, = 29.4 kg mol™, [LA]/[cat] = 500, & = 1.42, 25 °C, 74 h
29e M, = 90.4 kg mol™", [LA}/[cat] = 500, B = 1.26, 25 °C, 8 h
29f M, = 57.0 kg mol™, [LA]/[cat] = 500, ® = 1.17,25°C, 4.5 h
Figure 1.35. Indium phosphasalen complexes (29a-f) for rac-LA polymerization reported by Williams et al.
Williams and co-workers proceeded to use a series indium phosphasalen complexes (29b,
29g-1) as the first indium catalysts for the ROCOP of CO2 and CHO to form polycarbonate (Figure
1.36).! Complex 29g was active for the ROCOP reaction under low COz2 pressure (1 bar) in the
absence of co-catalysts but showed polymodal molecular weight distributions. The presence of co-
catalysts either inactivated 299 or produced cyclic carbonate. As Br was a better leaving group that
facilitates ‘backbiting’, 29h produced mostly cyclic carbonate. Complex 29i was inactive for this
reaction while 29j produced polymers with largely ether linkages. However, the alkoxy complex

29b showed high selectivity for polycarbonate giving monomodal polymer with a narrow

dispersity. The more sterically hindered 291 with a cumy! ortho-phenolate substituent was twice as
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active as 29b. Catalysts 29b, 29k, and 29I also showed chain end control of isoselectivity (Pm =
0.76-0.86) in the 29b <29k <29l increasing order.

29b R =Bu, X = OBu

Ph Ph
| | =t =
Ph\P:N/ \N:P,Ph 29g R='Bu, X =Cl
\In/ 29h R =Bu, X = Br
R o” | o R 29 R='Bu, X=0Ac
X 29 R ='Bu, X = NO,
R

29k R =Amyl, X =0Bu

= = t
29 291 R =Cumyl, X=0Bu

At 1 bar CO,,

29b M, = 1.41 kg mol™', [CHO]/[cat] = 100, P = 1.23, 60°C, 48 h

29g Polymodal M, distribution, [CHO]J/[cat] = 100, b = 1.23, 60°C, 48 h
29h M, = N/A kg mol™!, [CHOJ/[cat] = 100, B = N/A, 60°C, 48 h

29i M, = N/A kg mol™', [CHO]/[cat] = 100, & = N/A, 60°C, 48 h

29j M, =7.50 kg mol!, [CHOJ/[cat] = 100, P = 1.44, 60°C, 48 h

29k M, = 1.60 kg mol"!, [CHOJ/[cat] = 100, b = 1.23, 80°C, 48 h

291 M, = 3.40 kg mol'!, [CHOJ/[cat] = 100, © = 1.32, 60°C, 23 h

Figure 1.36. Indium phosphasalen complexes (29b-29g-1) ROCOP of CO, and CHO reported by Williams et al.

Based on Kkinetic and mechanistic studies Williams and co-workers proposed a
monometallic mechanism different from the previously reported bicomponent or bimetallic
mechanisms (Figure 1.37). The initiation step proceeded with the formation of 1,2-
cyclohexanediol through ring-opening of CHO by trace amounts of water. This diol acted as a
CTA and formed a new cyclohexanediol alkoxide which was inactive for epoxide polymerization,
precluding ether linkage formation. After initiation, CO2 was rapidly inserted to form a stable
hexacoordinate indium carbonate species as the catalyst resting state. This was followed by the
coordination of an epoxide molecule and slow ring-opening to form a new alkoxide bond,
regenerating the active catalyst. The reduced Lewis acidity of indium phosphasalen complexes as
well as the steric bulk of ortho-phenolate substituents was proposed to destabilize the indium

carbonate intermediate allowing further epoxide coordination. Additionally, by virtue of its larger
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ionic radius, indium could potentially allow for cis-coordination of epoxide and carbonate, which

could in turn lower the barrier to insertion and enable the mononuclear polymerization pathway
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Figure 1.37. Proposed mechanism for the ROCOP of CO, and CHO by indium phosphasalen complexes.

The salen framework was further modified by Mehrkhodavandi and co-workers to produce
a PNNO-type asymmetric hemi-salen indium complex possessing a hemilabile phosphine donor
arm (30) for the ROCOP of CO2 and epoxide (Figure 1.38).52 Unlike the phosphasalen complexes
29b, 29k, and 29I, 30 was only active in the presence of co-catalysts and at high CO2 pressures

(30 bar). Using 0.5 equiv. tetrabutylammonium azide ([TBA]Ns) as a co-catalyst produced the
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best selectivity for polycarbonate formation (91%). Analogous aluminum and gallium complexes

showed significantly reduced selectivity for polycarbonate formation.

=

\v/

P/In— tBu

=3.93 kg mol™”
[CHO]/[cat]/[co -cat] = 200/1/0.5
D =1.22,80 °C, 24 h, 30 bar CO»

Figure 1.38. Indium salen complex with a phosphine pendant arm (30) reported by Mehrkhodavandi et al.

The complex 30/[TBA]Ns system followed a bicomponent mechanism in the formation of
polycarbonate initiated by the coordination of CHO to the indium center (Figure 1.39). The
activated CHO is ring opened by external nucleophilic attack by an N3~ ion. COz is inserted into
the new indium alkoxide bond to form an indium carbonate intermediate. Polycarbonate is formed
by the insertion of additional CHO and CO.. The propagating chain dissociates from the indium
center allowing additional CHO coordination and ring opening by the dissociated carbonate chain
end. As an example of using ligand architecture to modulate the Lewis acidity of indium the
phosphine donor arm played two pivotal roles in the system, first, it was responsible for reducing
the electrophilicity of the indium center to polarize the In-OR bond, permitting chain dissociation.
Second, the bulky phosphine arm competes with CHO for coordination space, controlling CHO

coordination and suppressing ether linkage formation.
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Figure 1.39. Proposed mechanism for the ROCOP of CO, and CHO by 30.

The salen ligand motif can be further modified by reducing the imine moieties to secondary
amines forming tetradentate salan ligands. This minor change in the ligand backbone can have far-
reaching consequences for the reactivity of indium complexes. This was exemplified by the work
of Mehrkhodavandi and co-workers in the formation of an air and moisture stable indium complex
(RR,RR)-31b (Figure 1.40).%® When the alkoxy bridged complex (RR,RR)-31a was exposed to
trace amounts of water the hydroxy bridged, water and air stable catalyst (RR,RR)-31b was formed.
Immortal polymerization of rac-LA in air with 10 equiv. ethanol as a CTA with (RR,RR)-31b
produced highly controlled polymerization products. Catalyst (RR,RR)-31b was capable of

controlled melt polymerization of up to 10 000 equiv. of rac-LA and tolerating up to 100 equiv.
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of alcoholic CTAs. When THMB was used as a CTA, high molecular weight star-shaped PLA
could be obtained from unpurified commercial grade rac-LA. Additionally, diblock PLLA-b-
PDLA, PHB-b-PLA, and triblock PLLA-b-PDLA-b-PLLA star-shaped block copolymers were
synthesized by sequential addition of enantiopure monomers. While the analogous salen complex
21a decomposed within hours of air or moisture exposure, (RR,RR)-31b was stable for up to 2
months exposed to air or to 100 equiv. of water. Monomer purity or atmosphere (inert or air) had

no impact on the polymer products.
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Figure 1.40. Air and moisture stable dinuclear indium salan complexes (31a and 31b) reporsted by Mehrkhodavandi

et al.

Two other salan ligands with chiral 2,2’-bipyrrolidine (32a) and achiral methyl substituted
ethylenediamine (32b) backbones to support indium chloride complexes were reported by Buchard
and Jones (Figure 1.41).* Much like the InCls based system 1, efficient ROP of rac-LA could only
be achieved in the presence of BnOH and NEts. Complex 32a showed improved heteroselectivity
(Pr = 0.82) and control of polymerization compared to 1. The achiral 32b was significantly less
selective (Pr = 0.73) with less control over molecular weight. The ROP of rac-LA with 32a and

32b was proposed to undergo a coordination-insertion mechanism with an in situ generated
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alkoxide species, much like 1. Analogous aluminum and gallium complexes were completely
inactive. This differential reactivity was probably due to the larger ionic radius of indium allowing
monomer coordination or the weaker M-X bond allowing the formation of the metal alkoxide
active catalyst. The relative decrease in activity for these complexes in comparison to 15a and 31a

could potentially be caused by the tertiary amine donors, similar to 15c.
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[LAJ/[cat]/[BnOH]/[NEts] = 100/1/1/1 [LAJ/[cat]/[BnOH]/[NEts] = 100/1/1/1
H=1.01,80°C, 24 h H=1.10,80°C, 24 h

Figure 1.41. Indium salan complexes (32a and 32b) reported by Buchard and Jones.

Indium catalysts (33a-c) bearing a tetradentate ligand system based on the salan motif
composed of a (OSSO)-type ligand in place of the usual (ONNO)-salan was reported Okuda co-
workers for the ROP of L-, rac-, and meso-LA giving isotactic, atactic, and syndiotactic PLA
respectively (Figure 1.42).%5% These were the first reports of tetradentate ligands supporting
indium catalysts. Complex 33a had a dinuclear solution structure while 33b and 33c bearing
bulkier ortho-para cumyl substituents were mononuclear in solution. The mononuclear 33b
displayed a faster rate of polymerization in comparison to 33a. Additionally, solution state NMR
spectroscopic studies showed that the coordination of LA to the indium center of 33a forms a
mononuclear species, indicating that the active catalyst was mononuclear in nature. While 33a and
33b produced atactic PLA from rac-LA, the chiral complex 33c showed enhanced

heteroselectivity (Pr=0.77) in THF.
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Figure 1.42. Indium (OSSO)-salan complexes (33a-c) reported by Okuda et al.

Deviating widely from the salen/salan ligand motif are tetradentate ligands that centered
around tertiary amino N atom. These ligands coordinate to the metal center through the central
tertiary amino group and three surrounding donor moieties, superficially resembling a
‘scorpionate’ ligand assembly. This type of asymmetric tertiary amine ligand with two phenolate
groups and a pyridyl group was used by Sun and co-workers to support a water bridged dinuclear
indium catalyst capable of polymerizing rac-LA (34) (Figure 1.43).5" The restriction of motion
upon coordination causes the central nitrogen atom to form a chiral center resulting in two
homochiral water bridged species, N(R,R)-34 and N(S,S)-34. The polymerization of rac-LA was
unaffected by the presence of air, water, or alcohols, giving similar conversions, molecular weights
and dispersities independent of conditions. Additionally, this system also showed a small

heterotactic bias (Pr = 0.65) regardless of the polymerization conditions.
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Figure 1.43. Indium tertiary amine phenolate complex (34) reported by Sun et al.

Another series of tertiary amine ligands were used by Mountford and co-workers to explore
the effect of directing ligands on the ROP of rac-LA(35a-d,36,37, and 38) (Figure 1.44).%8
Complexes 35a-d and 36 included the bis(sulfonamide) amine ligands that were purported
“phenolate mimics” due to the reduced basicity of the amide moieties from the electron
withdrawing effects of the tosyl (-SO2PhMe) groups. Complex 36 existed as a heterobimetallic
indium ‘ate’ complex bridged by an isopropoxide to a lithium atom. A tertiary amine
bis(phenolate) with a pyridine pendant arm supported the alkylindium complex 37. Lastly, 38 was
a dinuclear bridged alkoxide without directing ligands. While all these complexes were active to
varying degrees, 35a, 35d, and 37 showed the best reactivity in the ROP of rac-LA owing to the
strong donor effects of the pendant pyridyl moiety. Catalysts 35b and 35c were about 25-times
slower in their reactivity due to lack of strong donor species to activate initiation. However, all
these catalysts produced polymers with higher-than-expected molecular weights i.e., with a low
initiation efficiency, indicating that only 15-50% of the complex was participating in catalysis.
The heterobimetallic complex 36 was very slow to react but had greater initiation efficiency and

controlled polymerization as result of the superior initiating ability of alkoxides over alkyls or
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amides. Kinetic studies indicated that the lithium atom may play an active role in the catalytic
cycle. The directing ligand-free 38 exhibited rapid and controlled polymerization, with a 99.5%
initiation efficiency. This reactivity was persistent even during melt polymerization. Additionally,

when benzyl amine was used as a CTA, 35a and 38 demonstrated well-controlled immortal ROP

of rac-LA.
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Figure 1.44.Various indium complexes (35a-d,36,37, and 38) reported Mountford et al.

1.2.3 Polymerization reactions by cationic indium catalysts

While there are a few documented cases of cationic indium being used in catalysis, it is not
as prevalent as the use of neutral indium catalysts. Moreover, out of the limited instances where
cationic indium is employed in catalysis, only a small subset is utilized in polymerization reactions.
However, the enhanced Lewis acidity of cationic indium complexes has allowed them to be used
as initiators in polymerizations through cationic mechanisms. The ligands used for these catalysts
largely resemble their neutral counterparts.

The first cationic indium complex to catalyze a polymerization reaction consisted of an

alkylindium (aminocyclohexyl)iminophenolate species stabilized by a donor THF molecule and a
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weakly coordinating [BAr2o] (tetrakis(pentafluorophenyl)borate) counter ion (39) (Figure 1.45).%°
Complex 39 was able to polymerize e-CL at 60 °C in dilute conditions. However, it was not capable
of polymerizing epoxides under the same conditions. When epoxides and e-CL reacted together at
60 °C under the same reaction conditions, 39 catalyzed the quantitative coupling of the two
reactants to form spiro-orthoesters (SOESs). This reaction occurred through epoxide activation by
coordination of the cationic indium center and the subsequent nucleophilic attack by the lactone.
Increasing the temperature to 110 °C resulted in the double-ROP polymerization of SOEs to give
perfectly alternating poly(ether-alt-ester) copolymer in high molecular weights and good control.
The same result could be obtained in one pot by reacting the monomers at coupling conditions,
removing the solvent, and subsequently increasing the temperature to polymerization conditions.
Polymerization was proposed to proceed through a cationic mechanism initiated by activation of
the SOE by indium. Control of polymerization was achieved through a combination of the
moderate Lewis acidity of 39 and stabilization of the cationic growing chain end of the polymer

by the bulky, weakly interacting [BAr2o] counterion.
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Figure 1.45. Proposed mechanisms for the temperature triggered formation (a) and polymerization (b) of SOEs

using 39.
Another series of cationic indium complexes (40a-g) were reported by Mehrkhodavandi
and co-workers using the salen ligand motif (Figure 1.46).5°6! Each of these complexes were
stabilized by two coordinated donor solvent molecules and a weakly interacting counterion. Unlike

40a-f, owing to the more stable counter ion  [BArfa]  (tetrakis(3,5-

45



bis(trifluoromethyl)phenyl)borate), 40g could be synthesized in diethyl ether and was isolated with
two diethyl ether molecules coordinated. All the complexes, 40a-g were active for the cationic
ROP of epoxides (Figure 1.47a). However, 40c showed higher activity in comparison to 40a, 40D,
and 40d due to the greater stabilizing effect of the [SbFs]" counter ion on the cationic growing
chain end of the polymer. Additionally, the donor solvents with higher donicity (the ability of a
ligand to donate electrons to a central metal ion) had a deactivating effect with significantly slower
initiation rates in the order 40e> 40c> 40f. The polymerization of equimolar mixtures of
epichlorohydrin (ECH) and another cyclic ether (THF, oxetane, or oxepane) with 40c resulted in
poly(A-stat-B) type statistical polyether copolymers, where the repeating unit distribution was a
function of the ratio of comonomers (Figure 1.47b). While 40c could not homopolymerize rac-
LA, polymerization of ECH and subsequent addition of rac-LA at high conversions of ECH
resulted in the poly(ether-b-lactide) block copolymer. The more stable species 40g could form the
block copolymer faster with greater control over polymerization in the presence of

triphenylphosphine (PPhs) (Figure 1.47c).

-
Q Tw
s 40a s = THF, A = PF,

=N_J N= 40b S = THF, A = AsFg
4 40c S = THF, A = SbFg
i\ 40d S = THF, A = BF
t o 0 t : 4
Bu H BU 40e S = Me-THF, A = SbFg
40f S = THP, A =SbF
I t y 6
Bu 4 BU 409 S = Et,0, A =BAr

Figure 1.46. Cationic indium salen complexes (40a-g) reported by Mehrkhodavandi et al.
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40c M =120.1 kg mol™", [ECH)/LA/[cat] = 100/176/1, D = 1. 14 25 °C,
(Sequential addition of 1. ECH 18 h, 2. rac-LA 96 h

40g M, = 38.5 kg mol™", [ECH]/LA/[cat]/[PPh3] = 100/262/1, D = 1.14, 25 °C,
(Sequential addition of 1. ECH 2 h, 2. rac-LA 2 h

Figure 1.47. Polymerization reactions promoted by 40c and 40g. a) Polymerization of epoxides, b) statistical

copolymerization of epoxides and cyclic ethers and, c) block copolymerization of epoxides and rac-LA.

The polymerization of epoxides was initiated through epoxide activation by coordination
to the cationic indium center forming an oxonium ion (Figure 1.48a).%° A subsequent nucleophilic
attack by an incoming monomer, ring opens the first epoxide and forms a new indium alkoxide
species. The cationic chain end grows by addition more monomer units. The addition of PPhs
stabilized the cationic chain end and prevented further epoxide polymerization. At the opposite
chain end the indium alkoxide acted as an initiator in the coordination-insertion mechanism of rac-
LA polymerization (Figure 1.48b). The propagating species in the ROP rac-LA was the same as
21a. Like 21a, 40g showed a degree of enantiomorphic site control giving an iso-enriched PLA

block (Pm = 0.72).
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Figure 1.48. Proposed mechanism for the a) cationic polymerization of cyclic ethers and the b) block

copolymerization of epoxides and rac-LA.

1.3 Scope of the thesis

While a wide assortment of ligands has been utilized to explore the reactivity of neutral
indium complexes in polymerization chemistry, cationic indium species remain largely under
explored. Based on the wildly diverse ligand defined reactivity patterns seen for neutral indium
catalysts, there is potential new ligand designs specifically meant for cationic indium catalysts
aimed at expanding their reactivity scope. This work attempts to do this by introducing new ligand
systems and reactivities for cationic indium complexes.

In Chapter 2, the synthesis and characterization of a new family of cationic alkylindium
(cyclohexylamino)iminophenolate complexes with hemilabile pendant donor is discussed. The
effects of the pendant arm on the stability and reactivity are explored through spectroscopic

techniques and the cationic polymerization of epoxides. Chapter 3 focuses on one of these
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complexes, bearing a pyridine pendant donor arm, and its ability to form very high molecular
weight cyclic-PLA. The polymers are characterized, and the mechanism of catalysis is explored
using spectroscopic and kinetic techniques. In chapter 4, a related set of ligands is used to support
cationic alkylinidium complexes to control and slow their reactivity allowing mechanistic studies
into the indium catalyzed formation of spiro-orthoesters by the coupling of epoxides and lactones.

Ultimately, Chapter 5 delves into the prospective paths that can be taken in the continuation

of these studies, presenting potential applications and modifications for these indium complexes.
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Chapter 2: Tuning the stability and reactivity of cationic alkylindium

complexes using hemilabile ligands.

2.1 Introduction

Hemilabile ligands, bearing both substitutionally inert and substitutionally labile bonding
sites, offer a great degree of tunability to the geometry and electronics around a metal center in an
organometallic complex.5? The inert bonding sites on these ligands act as strong anchors to the
metal center while the labile portion can be displaced by substrates with stronger affinity to the
metal center. The re-coordination of the labile portion of the ligand can be achieved when the
bound molecules are either transformed to a more weakly-coordinating entity or when they are
exhausted from a reaction mixture. While a wide array of ligands with these characteristics can be
designed, the basic features of hemilabile ligands remain similar. Hemilabile ligands tend to be
polydentate chelates containing at least two different bonding sites with differing bonding
capabilities (Figure 2.1). One group binds strongly to the metal center (X) and remains innocent
throughout reactive processes while the second group coordinates weakly (L), allowing for easy
displacement by substrate or solvent molecules (Y). While the labile group can be displaced, it

remains in close proximity to the metal center capable of re-coordination to the metal center under

X (\X

| +Y - |

M ~ Y M_Y
L

Figure 2.1. Behavior of a metal complex [(XL)M], bearing a hemilabile ligand in the presence of a coordinating

favorable conditions.526°

ligand, Y.
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Hemilabile ligands have been used extensively to stabilize metal complexes, control, and
even alter reactivity.%®%* A wide array of elegant hemilabile ligand architectures support transition
metal centers with catalytic activity in processes such as carbonylation,®® alkylation,®®

amination, cross-coupling,’®"* and olefin metathesis’?> among others.”>"®
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Figure 2.2. Previously reported aluminum and indium complexes bearing hemilabile ligands (41-46) and cationic

indium complexes reported by the Mehrkhodavandi group (39,40b, 40d and 40f).

In contrast, there are only a handful of reports of the use of hemilabile ligands with main

group metals.”®"® Due to their tunable Lewis acidity and oxophilic nature, complexes of group 13
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elements, especially aluminum®8! and indium®®°! have been used in a variety of reactions ranging
from ring opening polymerization (ROP) of cyclic polar monomers to functionalization of small
molecules.”82-8% However, among the group 13 metals, almost all reports focus on aluminum

complexes (Figure 2.2).

The outer sphere donor groups on these hemilabile ligand frameworks have been utilized

mainly to achieve one or a combination of three outcomes.

(a) (b)

X X (“x

x | |

M * M (I‘{I _— . M
L

De-coordination
and decomposition

Figure 2.3. (a) Decomposition of a metal complex by de-coordination of labile ligand. (b) Stabilization of metal

complex by reversible de-coordination and re-coordination of a hemilabile ligand.

First, hemilabile ligands stabilize metal complexes by providing a proximal, anchored
donor group (Figure 2.3). In the absence of such a donor arm, external ligands are necessary to
stabilize the metal center. Dissociation of unanchored labile ligands results in either adduct
formation or decomposition of the metal complex. However, due to the proximity of the hemilabile
donor groups, re-coordination is facilitated, stabilizing the metal complex. Using this strategy as a
compromise between stability and reactivity, Dagorne and co-workers reported a series of cationic
alkylaluminum complexes, 41, supported by tridentate aminophenolate ligands with piperazine
and morpholine pendant arms.® These complexes were proposed as a more stable alternative to
solvent stabilized cationic alkylaluminum catalysts. Consequently, they mark the first use of
hemilabile ligands in a group 13 catalyst. These complexes were used in the ROP of propylene

oxide and g-caprolactone (e-CL). However, they produce low molecular weight (~2500-4000 Da)
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polyethers along with poly(e-CL) of high dispersity (P =1.6-2.0). Kerton and co-workers reported
the ROP of &-CL using a cationic aluminum complex 42 stabilized by a morpholinyl donor arm in
an aminobis(phenolate) ligand.® In the presence of an alcohol initiator, 42 could produce poly(e-
CL) of narrow dispersity (£ = 1.00-1.05). Using computational methods, they demonstrated 42
was more stable in comparison to hypothetical structures where the morpholinyl oxygen does not
coordinate to the cationic aluminum center. Another cationic aluminum alkyl complex for the ROP
of &-CL, 43, proposed to be stabilized by two hemilabile furfuryl pendant arms on an

aminophenolate ligand was reported by Phomphrai and co-workers.®’

X X
b [ m Ay f |
( ' Y M\Y

L

Figure 2.4. Controlling reactivity at metal center using a hemilabile ligand by (a) stabilizing transition states and (b)

regulating access to coordination sites at the reactive center.

The second use of hemilabile ligands is to provide greater control to reactivity (Figure 2.4).
This can occur through the stabilization of transition states or by regulating access to coordination
sites at the reactive metal center. This type of reactivity control using hemilability was
demonstrated by Shaver and co-workers by showing that the coordination of various donor arms
to an aluminum center in a series of complexes, 44, was key to obtaining control in the ROP of
racemic lactide (rac-LA) and e-CL.%8

Finally, the presence of hemilabile donor groups can completely alter the reactivity of some
metal complexes (Figure 2.5). This could either occur through the activation of the substrate

followed by reaction with the donor moiety or when the dissociation of a strongly binding ancillary
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ligand is enhanced by a hemilabile donor. Kerton and co-workers proposed that a morpholinyl
hemilabile side arm facilitated the displacement of an ancillary chloride ligand in the neutral
aluminum aminophenolate complex 45 to initiate the ring-opening copolymerization (ROCOP) of
CO2 and cyclohexene oxide CHO.® They suggested that the interaction between the morpholinyl-
oxygen and the aluminum center facilitates de-coordination of the chloride ancillary ligand
increasing the Lewis acidity of the aluminum center allowing the coordination and subsequent
ring-opening of the epoxide.®! The same complex was capable of polymerizing -CL initiated by

the insertion of monomer molecules into the AI-Cl bond assisted by the morpholinyl donor arm.&°

(a) '?] +Y (\XI
| _Y L\ M
L Y
X X
®) (l\lﬂ—A Y e
L -Y L Y

A= strongly coordinated leaving group

Figure 2.5. (a) Substrate activation by the metal center for reaction with a proximal donor ligand. (b) Enhancing the

ability of leaving groups to dissociate by hemilabile donors.

Based on available information, the only known indium complex bearing a hemilabile
ligand architecture was described by Mountford and Schréder who reported a cationic alkylindium
aminophenolate complex 46 stabilized by a 1,4,7-triazacyclononane hemilabile pendant arm.
However, this complex was reportedly unreactive towards all nucleophiles and reagents
examined.® It is notable that the hemilabile donor moieties have been primarily used for enhanced
stability of cationic complexes. Whereas in neutral complexes, the main role of donor group was

connected to reactivity regulation.
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Mehrkhodavandi and coworkers have reported cationic indium catalysts supported by
tridentate® and tetradentate®® amino/imino phenolate ligands as catalysts for ROP reactions. Due
to the increased electrophilicity and coordinative unsaturation, these complexes have been used to
study the coupling of epoxides and e-CL to form spiro-orthoesters (39) and the copolymerization
of cyclic ethers and lactide (40b, 40d and 40f). However, these complexes required solvent
molecules for stabilization, and the isolated complexes suffered from rapid decomposition when
the labile solvent molecules were lost. Nevertheless, a ligand architecture with a hemilabile
pendant donor moiety could stabilize the cationic indium center, afford greater control of
reactivity, and potentially change the reactivity pattern altogether.

In the following sections, the synthesis and characterization of the first catalytically active
cationic alkylindium complexes supported by ligands bearing hemilabile pendant donor arms will
be discussed. This is followed by a discussion on the effects of the donor ability of the hemilabile
pendant arm on regulating the stability and reactivity in the ROP of epichlorohydrin, cyclohexene
oxide, e-CL, and rac-LA.

2.2 Results and discussion
2.2.1  Synthesis and characterization of proligands La-g

Proligands La-q are synthesized through the route described in Figure 2.6. Commercially
acquired (£)-trans-1,2-diaminocyclohexane is reacted with one equivalent of hydrochloric acid
before asymmetric protection of one amine by a tert-butoxycarbonyl (Boc) group. The Boc hemi-
protected diamine is alkylated with pendant donor arms via reductive aminations with 2-
carbaldehydes of thiophene (La), furan (Lb), pyridine (Lc¢) and benzene (Ld) with sodium
cyanoborohydride. Deprotection of Boc hemi-protected diamine forms an asymmetrically mono-

alkylated intermediate. Condensation reaction of the diamine intermediate and 2,4-cumyl

55



disubstituted salicylaldehyde followed by recrystallization in pentane forms the proligands La-gin
~65% yield. The *H NMR spectra of the ligands show one characteristic singlet between 8-9 ppm
corresponding to the N=CH resonance. In the 3C{*H} spectra, the N=CH resonances appear the
most downfield at chemical shifts of >165 ppm. Lg was synthesized as a control to approximate

the steric bulk of the donor arms in Lo without the donating ability.
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Figure 2.6. Synthe5|s of proligands La-d

2.2.2  Synthesis and characterization of neutral alkylindium complexes 47a-d

Treatment of Lag with In('Bu)s at room temperature in hexanes results in the almost
quantitative formation of dialkylindium complexes 47a-d (Figure 2.7). Solid-state structures of
47a-d determined by single-crystal X-ray crystallography feature distorted square pyramidal

indium centers (Figures A.57-A.60).
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Figure 2.7. Synthesis of neutral dialkylindium complexes 47a-d

Dialkylindium species 41a-d are isostructural in the solid-state with the distance between
the heterocyclic heteroatoms and the indium center in 47a-c indicating the absence of significant
interactions. This is most apparent in comparison of this distance in 47c and the analogous distance
to the indium center from the ortho-C of the benzyl group in 47d, where no interaction is expected
(Figure 2.8). The 'H and *C{*H} NMR spectra obtained for 47a-d in CDClz agree with the solid-

state structures (Figures A.17-A.35)

Figure 2.8. Complexes 47c and 47d are isostructural and have similar distance between the indium center and the

donor group.
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2.2.2.1 Solution state behavior of 1a-d

P=0----> A
| <
‘ Triethylphosphine oxide
i NPT, | S
’\
47b 1
I
are b o
[
47d a

B ek AR e “Ww'w*wmwmA%Akwﬁ'rww—mk‘\\VWW%h
T T T T T T T
55 50 45 40 35 30 ppm

Figure 2.9. 3P{*H} NMR spectra of OPEt; with 47a-d show a similar acceptor ability. 3*P{*H} NMR (160 MHz,

CsHe, 25 °C) chemical shift of free OPEt; appears at 45 ppm.

To determine donor group interaction in the solution-state, a modified Gutmann-Beckett
method was used to determine relative acceptor ability (Figure 2.9).9- This method involves the
addition of triethylphosphine oxide (OPEts), to form an adduct with the metal complex. As a
response to adduct formation, the 3P nucleus chemical shift of OPEts in 3P{*H} NMR spectra
change relative to free OPEts. A capillary tube containing a solution of free OPEts is added to the
NMR tubes as an internal standard. Complexes 47a-d did not show a significant change in *:P{*H}
chemical shifts relative to free OPEts, indicating that the indium centers of 47a-d have
electronically similar environments. This excludes the possibility of pendant donor interaction in
the solution-state.

2.2.3  Synthesis and characterization of cationic alkyl indium complexes 48a-d

The reaction of 47a-d with the Bransted acid [HNMe2Ph][BArF24] (BarT24= Tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate) in THF forms the cationic species 48a-d (Figure 2.10). After

several hexane washes, residual THF can be removed from complexes 48a-c, while for complex
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2d THF cannot be removed. This is reminiscent of the similar alkyl indium cationic catalyst 39
(Figure 2.2).#* Complexes 48a-c can be synthesized in non-coordinating solvents such as DCM
and benzene, indicating that external donor groups are unnecessary for complex stabilization.
However, attempts to synthesize 48d in DCM and benzene formed decomposition products. The
stability of the complexes in the absence of donor solvents is related to the affinity of the
heteroatom to the indium center (Table 2.1). Complex 48d is highly unstable at ambient
temperatures, decomposing almost immediately. While it can be synthesized at -30 °C, 48d cannot
be isolated in high purity. Complex 48a is stable for up to 48 hours under inert conditions in
ambient temperatures. However, 48a begins decomposition at higher temperatures even under
inert conditions but can be stored at -30 °C for several weeks. The furfuryl bearing 48b is stable
under inert conditions at ambient temperature for several weeks. In contrast, 48c is stable under
inert conditions at room temperature for several months. Surprisingly, for a cationic species, 48c

shows extraordinary stability, being able to withstand exposure to moist air for up to 10 days

(Figure A.62).
Ph
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Figure 2.10. Synthesis of cationic alkyl indium complexes 48a-d
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Table 2.1. Summary of cationic complex synthesis, storage, and longevity.

Complex 48a 48b 48c 48d
Pendant group donor 11 10 33 -
strength @ Ds*

Synthesis temperature ~ Ambient Ambient Ambient -30 °C
temperature  temperature temperature
Synthesis solvents THF, THF, DCM,  THF, DCM, Ce¢Ds THF
DCM, CsDs
CeDs
Stable lifespan ~48 hatr.t. Stableupto Stable up to 10 ~20 mins at r.t.
(Stored under dry N2 ~2 weeksat 10 weeks at weeks at r.t.
. S ~ 1 day at -30
unless otherwise -30 °C r.t. Up 0 10 d oC
stated) pto ays

exposed to moist air

2 | ewis basicity calculated through the stretching vibrational frequency of HgBr» in a given donor solvent.

2.2.3.1 Analysis of 'H NMR spectra of 48a-d
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Figure 2.11. (a) Methylene protons (H«) are an AB pair in 47a and 47b.(b) In 48a and 48b they act like an AX

pair. (*H NMR at 300 MHz in CDCl; at 25 °C)

The disappearance of the peaks corresponding to one of the isobutyl groups attached to the

indium center at & = 0-1 ppm in *H NMR spectra of 47a-d is indicative of protonolysis of an alkyl
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group from the neutral complex. The clean downfield shift of the imine proton signals from
& =~8.10 ppm in *H NMR spectra of 47a-d to § = ~8.20 ppm in 48a-d shows the formation of a
single product. The peaks arising from the heterocyclic protons in 48a-c shift significantly upfield
compared to the neutral species 47a-c, suggesting substantial shielding of these protons on the
formation of cationic complexes.

Further analysis of the *H NMR spectrum of 48c shows that the AB multiplet (v <10 J)
arising from the diastereotopic methylene protons of the pendant arm broaden and shift downfield
by ~0.2 ppm compared to 47c. In 48a and to a lesser extent in 48b, the A5 for these protons
increase, in relation to 47a and 47b, resembling an AX coupling (v >10 J, Figure 2.11). Based on
these observations, the upfield shift of heterocyclic proton signals arise when the outer-sphere
donor group approaches the cationic indium center, enhancing shielding of the heterocyclic
protons. Coordination of the pendant donor groups to the cationic center restricts the free rotation
around the methylene carbon on the linker arm, thereby “locking” the methylene protons in
position giving them distinct magnetic environments increasing the As of these protons.
2.2.3.2  Analysis of NOESY NMR spectra of 48a-c

Coordination of the pendant donor group causes the heterocycle to be spatially near the
isobutyl ligand attached to the indium center. NOESY NMR spectra of neutral complexes 47a-c
show no through space interaction between heterocyclic protons and isobutyl protons (Figure
A.40, A.47, and A.54). However, the o (6.86 ppm) and B (7.05 ppm) protons of the thiophenyl
group of 48a show Nuclear Overhauser Effect (NOE) interactions to isobutyl methylene and
methyl protons respectively (Figure A.40). The o (6.14 ppm) proton on the furfuryl group of 48b

show NOE to the isobutyl methyl protons (Figure A.47). In 48c, the y proton (7.70 ppm) of the
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pyridyl group shows NOE to the isobutyl methyl protons (Figure A.54). The spatial proximity
shown by the heterocycles to the isobutyl methyl groups, in 48a-c in contrast to 47a-c, lends further
credence to the solution state coordination of the pendant donor groups in the cationic complexes

(Figure 2.12).

+

+ +
<: < <: 4§ <:/
\ /
Thioph. o (7.36 ppm) Furan a (6 21 ppm) Pyr. y (7. 66 ppm)

Thioph. B (7.05 ppm)
'Bu CHj; (0.66 ppm) 'Bu CH,4 (0 83 ppm) 'Bu CH,4 (0 87 ppm)

Figure 2.12. Most apparent through-space NOE interactions observed between heterocyclic protons and isobuty!l

ligand for 48a-c (NOESY NMR spectra 400 MHz, CDCls, 25 °C).

2.2.4 Hemilabile behavior of complexes

Although several pendent donor stabilized complexes of group 13 metals have been
reported, the hemilability of the donor moiety is rarely, if ever, explored in detail. To bridge this
gap in knowledge, the following section explores the fluxional nature of the donor arm interaction
under varied temperature and in the presence of external donor species. Due to its easily discernible
furan o proton, the latter section will largely focus on complex 48b.
2.2.4.1 Temperature dependent hemilabile behavior of 48a-c

In previously reported studies with aluminum complexes bearing hemilabile ligands,
temperature was a defining factor in complex stability and reactivity. Phomphrai and coworkers
reported the decomposition of the cationic aluminum complex 43 at 70 °C with Shaver and

coworkers reporting a loss of control in polymerization of e-CL at higher temperature (44).8788 |t
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is likely that decomposition or loss of control occurs with the de-coordination of hemilabile groups
at higher temperatures. The decomposition of 48a with an increase in ambient temperature

warranted an exploration into the temperature effect on 48a-c.

Variable temperature (VT) 'H NMR spectroscopy (25-125 °C, CsDsBr) of cationic
complexes 48a-b show significant changes, while the neutral analogues do not change in this
temperature range (Figures A.63-A.65). The thiophene complex 48a shows significant and
irreversible decomposition beginning at 45 °C, while the pyridyl complex 48c was highly stable,
with only minor changes in chemical shifts even at 120 °C. (Figure 2.13 and 2.15). In contrast,
the furan complex 48b shows a gradual downfield migration of the o furfuryl proton with
increasing temperature, a A of ~0.6 ppm (Figure 2.14). At higher temperatures (125 °C, CsDsBr)
the chemical shift of the o proton approaches that of the free ligand L (6 = 7.20 ppm). This change
is reversible when the temperature is lowered to 30 °C. The de-shielding of the o proton occurs as
its proximity to the indium center decreases with increasing fluxional behavior of the In-Ofuran

interaction at higher temperatures.

} | ) Significant decomposition of complex at higher
A

m j ® | BAAE temperatures
| U B .
_ o N 1 | L 105 °C
/ln/.<\\~< il l 85°C
H” S ’ i 65 °C
w L 45°C
48a ' 25°C

35 ppm

400 MHz ,C,D,Br

Figure 2.13. VT NMR spectra of 48a show the irreversible decomposition of isolated complex when the

temperature is increased from 25-105 °C (*H NMR at 400 MHz in C¢DsBr).
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°C. (e) 1H NMR spectrum of the free ligand (Lb) at 125 °C (1H NMR at 400 MHz in C¢DsBr).
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Figure 2.15. Significant change is not observed in the VT NMR spectra of 48c temperature is increased from 25-

130 °C (1H NMR at 400 MHz in C¢DsBr).

The fluxional behavior of 48a-c is directly related to the donor ability of the heterocyclic
pendant groups. Pyridine having a far greater donor ability (donor strength, Ds = 38) than furan
and thiophene accounts for the unexpected stability of 48c.®** Thiophene and furan have
comparable donor strengths (Ds = 11 and 10 respectively). Therefore, the donor strength alone
does not explain the dramatic difference in stability between 48a and 48b. However, when the
greater aromaticity of thiophene and the availability of electrons in furan for bonding are

considered, the higher stability of 48b can be accounted.%
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2.2.4.2  External donor effect on the hemilabile behavior of 48b

While many of the reported group 13 complexes with reversibly coordinating donor arms
have been proposed to have hemilabile behavior, the de-coordination of pendant donor groups in
the presence of external donors has not been explicitly demonstrated. For these complexes to be
truly hemilabile the pendant donor arm should be able to change its bonding in response to other
coordinating ligands or solvent molecules possessing greater donor ability.%® In order to explore
the hemilabile behavior of these cationic alkyl indium complexes, 48b was chosen to be studied
in detail due to the easily observable o proton chemical shift in *H NMR spectra and its middling

‘Goldilocks’ stability compared to 48a and 48c (Figure 2.16).
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Figure 2.16. Downfield shift of the furfuryl o proton signal of 48b (%) in the presence of (b) THF, (c) pyridine, (d)
triethylphosphine oxide and (e) epichlorohydrin (*H NMR at 400 MHz in C¢Ds at 25 °C)

To ascertain the effect of external donor ligands on the hemilabile donor arm *H NMR
spectroscopy was used to observe the downfield shift of the furfuryl o proton signal of 48b in the
presence of donors in CsDs as solvent. With the addition of THF (Ds = 17) to 48b, a ~0.5 ppm
downfield shift of the a-proton signal was observed in the 'H NMR spectrum (CsDs) of the
mixture, indicating a loss of proximity of the furan moiety (Figure 2.16b). With a weaker donor

such as epichlorohydrin (ECH), only a ~0.1 ppm downfield shift is observed (Figure 2.16e), while
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addition of pyridine (Ds = 38, donor number” Dn = 33.1 kcal mol™®) causes a ~0.6 ppm downfield
shift. (Figure 2.16¢).%>%" Addition of OPEts had the greatest effect with a ~0.9 ppm downfield shift
(Figure 2.16d). While, OPEts has a lower donor number (Dn = 24 kcal mol™) than pyridine, the
predominantly anionic nature of the oxygen leads to a stronger interaction with the cationic indium

center and a greater fluxionality of the In-Osuran interaction. %

The behavior of the pendant arm in the presence of external donor groups can also be
observed using the furfuryl methylene signals in the *H NMR spectra. The chemical shift changes
for these peaks are within 0.2 ppm for THF, pyridine or ECH mixed samples. The unchanged
diastereotopic nature of the methylene proton signals show that interactions with donor species
such as THF, pyridine or ECH with 48b does not cause the complete de-coordination of the
furfuryl donor group in the solution phase at 25 °C, only leading to increased fluxionality
correlated to the donor ability of each external donor. However, in the presence of OPEts, the
methylene proton signals lose their diastereotopic nature and merge to appear as a singlet in the
'H NMR spectrum. Further, the new signals arise ~0.5 ppm downfield to the methylene signals of
the 'H NMR spectrum of unadulterated 48b. Both changes in the spectrum along with the large
downfield shift of the a proton signal, point to the unhindered free rotation of the furfuryl donor

arm due to complete de-coordination in the presence of OPEts (Figure A.73).

A single crystal of solvated 48b (48b.2THF) complex suitable for X-ray crystallographic
analysis was obtained through the slow evaporation of a THF/hexamethyldisiloxane solution

(Figure 2.7). The structure of 48b.2THF reveals a distorted octahedral cationic indium center with

* The negative enthalpy for the 1:1 adduct formation between a Lewis base and the Lewis acid ShCls, in 1,2-
dichloroethane expressed in kcal mol™
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two THF molecules in the axial positions. The bond distances and angles of this structure resemble
that of the cationic salen indium complex 40b (Figure 2.2) previously reported by the
Mehrkhodavandi group.®* The de-coordination of the furfuryl pendant arm in presence of an
external donor entity shows that 48b displays true hemilabile behavior in the presence of a strong

donor ligand.
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Figure 2.17. Molecular structures of complex 48b.2THF (depicted with thermal ellipsoids at 50% probability and H

atoms, minor disorders as well as solvent molecules and counter anion omitted for clarity).
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Figure 2.18. DOSY NMR spectrum of 48b with excess THF in CgDs, shows the independent diffusion of THF and
the complex. (*H NMR, diffusion time (4) = 0.85 s, gradient length (5) = 400 us, 400 MHz, CsDs, 25 °C)

Although the solid-state structure of 48b.2THF shows the coordination of two THF
molecules and the complete de-coordination of the pendant donor arm, the structure is different in
solution. The DOSY NMR spectrum (CeDs) exhibits independent diffusion of 48b and THF
(Figure 2.18). These results point to a weak association of 48b with THF in solution phase. This
observation held true for DOSY NMR of mixtures of 48a and 48c with THF as well (Figures A.70
and A.72). It is possible that this apparent independent diffusion of the complexes and THF is due

to fast exchange occurring relative to the NMR time scale at 25 °C at 400 MHz.

2.2.5 Reactivity Studies
In this section the influence of the hemilabile donor groups on the reactivity patterns of
48a-c is discussed using the ROPs of epicholorohydrin (ECH), cyclohexene oxide, e-CL and rac-

LA.
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2.25.1 Polymerization of epichlorohydrin

Table 2.2. Polymerization of epichlorohydrin with cationic alkylindium complexes.

Ao — ﬂobn

a b

Entry ;I;e(::r?p. Catalyst g;())r)lv. I(\El)na) " Mec(a) P j*e
1 25 48a 59 16 900 27 000 1.42 0.61
2 35 48a 61 16 900 21 300 1.56 0.80
3 60 48a 59 16 400 19 300 1.22 0.85
4f 25 48a <1 - - - -

59 25 48a <1 - - - -

6 25 48b 34 9400 24 000 1.23 0.39
7 35 48b 61 16 900 29 300 1.33 0.58
8 60 48b 55 15 300 21 200 1.30 0.72
of 25 48b <1 - - - -
108 25 48b <1 - - - -

11 25 48c <1 - - - -

12 60 48c <1 - - - -

13 80 48c <1 - - - -
14h 25 48d 73 20 400 20 500 1.50 0.99

Reactions were performed in CsDs for 24 h. [ECH] = 6.37 M, [cat]= 20 mM. [ECH]/[cat] = 300. # Conversion was
monitored by *H NMR spectroscopy. ® M, ca = Calculated number averaged molecular weight = [ECH]/[cat] x
conversion x molar mass of ECH. ¢ M, determined using GPC in THF. ¢ Dispersity = Mu/M,¢ Initiation efficiency
= (M ca/My). TWith the addition of triphenylphosphine. 9 [ECH] = 2.94 M, [cat]= 10 mM, [ECH]/[cat] = 300. "
Catalyst was not isolable.

The cationic ROP of epichlorohydrin (ECH) in CeéDs was used as a model reaction to
determine the effect of hemilabile donor groups on reactivity (Table 2.2). Lacking a side arm donor
group to affect the electronic environment of the cationic indium center, complex 48d shows the
highest activity at 25 °C with an initiation efficiency of 99%.% In contrast, 48c with strong pyridine
donor arm does not polymerize ECH even at 80 °C. Complexes 48a and 48b catalyze the ROP of

ECH at 25 °C with 61% and 39% initiation efficiencies respectively. The initiation efficiency (Mn
69



cal/Mn) of 48b approaches that of 48a at higher temperatures indicating that both complexes
achieve similar reactivity at elevated temperatures. This is consistent with the temperature-
dependent fluxional behavior observed for 48b. De-coordination of the pendant donor arm occurs
more readily with increasing temperature resulting in 48a and 48b behaving in an electronically
similar manner. Additionally, when triphenylphosphine is added to the reaction mixture,
polymerization of the epoxide halts through the formation of a stable quaternary phosphonium
species at the cationic chain end.!® This confirms the cationic nature of the polymerization

mechanism (Table 2.2, entries 4,9).

2.25.1.1 Reaction progression monitoring

To further understand the reactivities of 48a and 48b in the cationic ROP of ECH, the
progression of reaction was monitored in a range of temperatures using in situ real-time *H NMR
spectroscopy. These spectra are utilized to construct percentage conversion of monomer vs. time
plots at 10 °C, 25 °C, 35 °C and 60 °C (Figure 2.19). The polymerization of ECH follows the
general trend of a linear increase in conversion followed by a gradual plateauing of monomer
conversion. As a relative measurement of comparison between the activities of 48a and 48b the
rate of percentage conversion of monomer in the initial linear portion of the plot is considered.
While the rate of conversion increases with temperature for both 48a and 48b, the conversion of
monomer occurs ~3 times faster with 48a compared to 48b at 10 °C and 25 °C (Figure 2.19a and
b). At 35 °C the ratio of conversion rates of 48a to 48b drop to ~1.5 pointing to the higher initiation
efficiency of 48b at increased temperature (Figure 2.19c). The reaction occurs too fast at 60 °C to

measure rates of conversion. However, monomer conversions with both 48a and 48b reach a
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plateau approximately in the same period (Figure 2.19d), establishing that 48b behaves similarly

to 48a as the furfuryl donor arm de-coordinates more readily at higher temperatures.
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Figure 2.19. Percentage monomer conversion vs. time plots (average of a minimum of two trials) for ECH with 48a
and 48b at (a) 10 °C (b) 25 °C (c) 35 °C and (d) 60 °C

2.2.5.2 Polymerization of cyclohexene oxide

The polymerization of highly reactive cyclohexene oxide (CHO) provides a dramatic
example of the tuning of reactivity through the introduction of a hemilabile donor arm (Table 2.3).
Under neat, dilute and even low temperature conditions 48a and 48b polymerize CHO in a
violently uncontrolled fashion, forming polymers with high dispersity and irreproducible
molecular weights. In contrast to these species, 48c reacts slowly to produce higher molecular
weight, lower dispersity poly(cyclohexene oxide), even in neat conditions (Table 2.3, entry 7).
With increasing temperature, the conversion of monomer is increased with a small improvement

in dispersity. When the reaction is conducted in solution, the molecular weight increases further
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with a significant lowering of dispersity (Table 2.3, entry 9). Although 48c is not highly controlled

in general, this change in reactivity shows the significant impact of the hemilabile arm.

Table 2.3. Polymerization of cyclohexene oxide with cationic alkylindium complexes.

Temp. Convd My ca®

Entry C) Catalyst  Solvent (%) (Da) Mn¢(Da) D¢
1 25 48a neat f - ~13000 ~7
2 25 48a CeDs f - ~20000 ~4
3 0 48a Toluene  f - ~19000 ~3
4 25 48b neat f - ~14000 ~5
5 25 48b CeDs f - ~30000 ~3
6 0 48b Toluene  f - ~24000 ~3
7 25 48c neat 58 113800 80800 2.23
8 60 48c neat 93 182500 82800 1.78
9 25 48c CeDs 91 26800 108 600 1.47
10¢ 25 48c neat - - - -

Reactions were performed for 24 h. In solution [CHO] = 8.0 M, [cat] = 5.6 mM. [Epoxide]/[cat] = 300, in neat
conditions [epoxide]/[cat] = 2000. 2 Conversion was monitored by *H NMR spectroscopy. ® My ca = calculated
number averaged molecular weight = [CHO]/[cat] x conversion x molar mass of CHO. ¢ M, determined using GPC
in THF. ¢ Dispersity = My/M,. ¢ With the addition of triphenylphosphine. ¥ Not determined due to uncontrolled
reaction.
2.2.5.3 Polymerization of g-caprolactone
The cationic alkyl indium complex 39 previously reported by the Mehrkhodavandi group
was capable of polymerizing e-CL in the absence of an external initiator.”® Attempts to conduct
the ROP of e-CL using 48a-c at 60 °C and 80 °C did not result in monomer conversion. However,
at 100 °C polymerization ensues with 48a and 48b exhibiting almost complete conversion of

monomer (Table 2.4). The resultant polymer shows similar molecular weights, with 48b giving a

slightly lower dispersity than 48a. However, 48c exhibits only 67% conversion with a lower
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molecular weight polymer and a dispersity approaching unity. The reduction in conversion and
dispersity is directly correlated to the stabilization of the indium center by the hemilabile donor

groups. With 48c giving the highest control in polymerization then 48b followed closely by 48a.

Table 2.4. Polymerization of e-CL with cationic alkylindium complexes.

C\jo—’ ﬁow

a
Entry Temp. (°C) Catalyst conv. Mn¢(Da) DY
(%)
1 100 48a >99 17 600 1.30
2 100 48b 95 17 400 1.16
3 100 48c 67 11 100 1.05

Reactions were performed for 24 h in toluene. [e-CL] = 3.0 M, [cat] = 8.5 mM. [e-CL]/[cat] = 350. 2Conversion
was monitored by *H NMR spectroscopy. ¢ M, determined through GPC in THF. 9Dispersity = My/Mh,

2.2.5.4  Polymerization of racemic-lactide

Based on the body of previous work by the Mehrkhodavandi group involving the use of
indium complexes for the polymerization LA, an exploration of the reactivity of 48a-c in the
polymerization of rac-LA was warranted.303%4053.102103 ynder the reaction conditions 48a does
not polymerize rac-LA, while 48b exhibits only 20% conversion of monomer. Possibly due to the
formation of low molecular weight oligomers, the products could not be isolated. In contrast, 48c
produced high molecular weight, low dispersity polymer with high conversion. (Table 2.5, entry
3). The polymerization of rac-LA in the absence of an external initiator by cationic complex, 48c

is unexpected. This behavior is discussed in more detail in Chapter 3.
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Table 2.5. Polymerization of rac-LA with cationic alkylindium complexes.

L —— &l

Conv.2 Mn calb

c ixd
Entry Catalyst (%) (Da) Mn¢(Da) D i
1 2a <1 - - - -
2 2b 20 - - - -
3 2c 94 34 000 130 000 1.32 0.26

Reactions were performed for 24 h in toluene at 100 °C. [rac-LA] = 1.6 M, [cat] = 6.4 mM. [rac-LA]/[cat] = 250.
aConversion was monitored by *H NMR spectroscopy. ® Mn ca = Calculated number averaged molecular weight =
[rac-LA]/[cat] x conversion x MW of rac-LA. ¢ Determined through GPC in THF. ¢ Initiation efficiency = (M,
caI/Mn)-

2.2.6  Mechanistic considerations
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Figure 2.20. Proposed behavior of cationic complexes with (a) increasing temperature, (b) in the presence of a low

concentration of epoxide and (c) at high concentration of epoxide resulting in cationic polymerization.

Based on the behavior of the complexes in the polymerizations of ECH and CHO and their
temperature dependent behavior the following salient features can be proposed (Figure 2.20). At
high temperature with the de-coordination of the pendant donor arm the stability of the cationic
indium center is lost and decomposition of the complex occurs. However, at a narrow temperature
range for 48a and at a broader range for 48b, the hemilabile behavior of the metal-donor (In-E)

interaction becomes more pronounced with increasing temperature (Figure 2.20a). This, in turn,
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facilitates the competitive coordination of monomer, resulting in higher initiation efficiencies at
elevated temperatures (Figure 2.20b). The initiation of polymerization is also concentration
dependent. At low concentrations the coordination of epoxide to the cationic indium center occurs
reversibly (Table 2.2, entries 5 and 10). At higher concentrations epoxide ring opening and
propagation of polymerization ensues with the attack by a second monomer molecule resulting in
the irreversible de-coordination of the pendant donor arm and the formation of an alkoxide bond

to the indium center (Figure 2.20c).

2.3 Conclusions

In conclusion, the donor ability of the heterocyclic moiety profoundly affects the labile
behavior of the pendant donor arms, and thus the stability and the reactivity of the complexes.
Through the addition of the hemilabile donor groups all three of the main outcomes expected from
hemilabile ligands were achieved. First, the complex stability and stable lifespan was significantly
improved in hemilabile ligand bearing complexes 48a-c relative to the solvent stabilized 48d. The
stability followed the 48d<48a<48b<48c trend pointing to direct correlation of complex stability
and donor ability of the pendant groups.

Second, reactivity was controlled by regulating the coordination of reactants to the indium
center. The reactivity is inversely related to stability. Complexes 48a and 48b are both active for
the ROP of ECH. Unusually for a cationic species, 48c showed controlled reactivity towards ROP
of CHO in neat conditions. The polymerization of &-CL could be carried by 48a-c with the
reactivity being in the following order 48a>48b>48c. The ROP of epoxides and e-CL provide

instances of reactivity control brought about by the hemilabile ligand system.
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Third, typical reactivity of cationic alkyl indium complexes was completely altered by the
addition of the pyridine pendant group in 48c. Complex 48c was capable of ROP of rac-LA. This
is an example of completely altering reactivity at the metal center by a hemilabile ligand system.
The initiation mechanism for this reaction is discussed in further detail in Chapter 3.

2.4 Experimental

General Considerations. Unless otherwise indicated, all air- and/or water-sensitive
reactions were carried out under dry nitrogen using either an MBraun glove box or standard
Schlenk line techniques. NMR spectra were recorded on a Bruker Avance 300 MHz, 400 MHz
and 600 MHz spectrometers. *H NMR chemical shifts are reported in ppm versus residual protons
in deuterated solvents as follows: & 7.27 CDCls, § 7.16 CsDs, & 7.16 CeDsBr *C{*H} NMR
chemical shifts are reported in ppm versus residual *3C in the solvent: § 77.2 CDCls. *’F{*H} NMR
chemical shifts are reported in ppm and externally referenced to neat CFClsz at 0 ppm. 3P{*H}
NMR chemical shifts are reported in ppm and externally referenced to 85% HsPO4 at 0 ppm.

Diffraction measurements for X-ray crystallography were made on a Bruker X8 APEX Il
diffraction and a Bruker APEX DUO diffraction with graphite monochromated Mo-Ka radiation.
The structures were solved by direct methods and refined by full-matrix least-squares using the
SHELXTL crystallographic software of Bruker-AXS. Unless specified, all non-hydrogens were
refined with anisotropic displacement parameters, and all hydrogen atoms were constrained to
geometrically calculated positions but were not refined.

EA CHN analysis was performed using a Carlo Erba EA1108 elemental analyzer. The
elemental composition of unknown samples was determined by using a calibration factor. The
calibration factor was determined by analyzing a suitable certified organic standard (OAS) of a

known elemental composition.
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Polymer molecular weights were determined by triple detection gel permeation
chromatography (GPC-LLS) using a Waters liquid chromatograph equipped with a Water 515
HPLC pump, Waters 717 plus autosampler, Waters Styragel columns (4.6 x 300 mm) HR5E, HR4
and HR2, Water 2410 differential refractometer, Wyatt tristar miniDAWN (laser light scattering
detector) and a Wyatt ViscoStar viscometer. A flow rate of 0.5 mL min* was used and samples
were dissolved in THF (2 mg mL™). Narrow molecular weight polystyrene standards were used
for calibration purposes. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometric analysis of isolated polymers was performed on a Bruker Autoflex MALDI-
TOF equipped with a nitrogen laser (337 nm). The accelerating potential of the Bruker instrument
was 19.5 kV. The polymer samples were dissolved in tetrahydrofuran (ca. 1 g/mL). The
concentration of a cationization agent, sodium trifluoroacetate, in tetrahydrofuran was 1 mM. The
matrix used was trans-[3-(4-tert-butylphenyl)2-methyl-2-propenylidene]Jmalononitrile (DCTB) at
the concentration of 20 mg/mL. A sample solution was prepared by mixing polymer, matrix, and
salt in a volume ratio of 5:5:1, respectively.

Materials. Solvents (THF, pentane, toluene, hexane and diethyl ether) were collected from
a Solvent Purification System from Innovative Technology, Inc. whose columns were packed with
activated alumina. CDCls was dried over CaHz, collected by vacuum distillation and degassed
through a series of freeze-pump-thaw cycles. Dimethylanilinium  Tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate  ([HNMezPh][BArf2s]) was generated by reacting
dimethylanilinium chloride with sodium BAr 24 in diethyl ether at room temperature for 4 h.%° The
solvent was removed under high vacuum, and addition of hexane to the residual precipitated a
white solid. The white solid was isolated by vacuum filtration and dried in vacuo for 4 h. InCls

was purchased from Strem Chemicals and used without further purification. Isobutylmagnesium
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chloride (2.0 M in Et20) and dimethylanilinium chloride (HNMe2zPh]CI) were purchased from
Aldrich and Alfa Aesar, respectively, and used as received. Rac-lactide was recrystallized three
times from dry toluene and dried under vacuum. e-caprolactone were dried over CaHz2, distilled
and stored under molecular sieves. In('Bu)s was synthesized according to a previously reported
procedure.!® Proligands La.q were synthesized by the modification of a previously reported
procedure.%®

Synthesis of proligand La. ()- trans-N-(thiophen-2-ylmethyl)cyclohexane-1,2-diamine
(4.38 g, 20.8 mmol) was dissolved in 50 ml of acetonitrile (ACN) and 3,5-dicumylsalicylaldehyde
(7.45 g, 20.8 mmol) was added while stirring. The solution was heated under reflux for 8 hours,
and the solvent was removed under reduced pressure. The residue was dissolved in a minimum
amount of ethyl acetate and crystallized by slow evaporation at low temperature to yield a pale-
yellow solid (yield 63%). HRMS [M+H]", calculated m/z = 551.3096. Found m/z = 551.3100. ‘H
NMR (400 MHz, CDCls, 25 °C) & 13.23 (1H, br. s., Ar-OH), 8.33 (1H, s, -N=CH-Ar), 7.03 - 7.41
(11H, m, ArH), 7.05 (1H, s, ArH), 7.13 (1H, m,Thioph «), 6.89 (1H, m, Thioph B), 6.74 (1H, m,
Thioph y), 3.97 (1H, d, 2J4-+ = 14 Hz, -CH2- of thiophenyl), 3.86 (1H, d, 2J4-H= 14 Hz, -CHa2- of
thiophenyl), 2.95 (1H, m, -CH- of DACH), 2.63 (1H, m, -CH- of DACH), 1.02 - 1.74 (17H, m, -
CHz- of DACH and -CHs of cumyl), 3C{*H} NMR (101 MHz, CDCls) § 165.7 (N=CH-Ar), 157.8
(Ar C), 150.9 (Ar C), 139.8 (Ar C), 129.2 (Ar C-H), 128.2 (Ar C-H), 128.1 (Ar C-H), 126.9 (Ar
C-H), 125.0 (Ar C-H), 124.3 (Thioph o), 126.8 (Thioph B), 125.2 (Thioph y), 74.4 (C-H of
DACH), 59.5 (C-H of DACH), 42.8 (-CH2- of thiophenyl) 31.1 (-CHs of cumyl), 30.0 (-CHs of
cumyl), 29.3 (-CHs of cumyl).

Synthesis of proligand Lp. (£)- trans-N-(furan-2-ylmethyl)cyclohexane-1,2-diamine

(6.28 g, 323 mmol) was dissolved in 100 ml of acetonitrile (ACN) and 3,5-
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dicumylsalicylaldehyde (11.6 g, 32.3 mmol) was added while stirring. The solution was heated
under reflux for 8 hours, and the solvent was removed under reduced pressure. The residue was
dissolved in a minimum amount of hot hexane and crystallized by slow evaporation at low
temperature to yield a yellow solid (yield 61%). HRMS [M+H]", calculated m/z = 535.3325.
Found m/z = 535.3334. 'H NMR (400 MHz, CDCls, 25 °C) § 13.22 (1H, br. s., Ar-OH), 8.35 (1H,
s, -N=CH-Ar), 7.02 - 7.43 (11H, m, ArH), 7.07 (1H, s, ArH), 7.16 (1H, m, furan o), 6.24 (1H, m,
furan B), 5.98 (1H, m, furan v), 3.73 (1H, d, 2Jn-1 = 15 Hz, -CH2- of furfuryl), 3.69 (1H, d, 2J1-H=
15 Hz, -CH2- of furfuryl), 2.95 (1H, m, -CH- of DACH), 2.57 (1H, m, -CH- of DACH), 1.06 —
2.12 (17H, m, -CH.- of DACH and -CHs of cumyl), 3C{*H} NMR (101 MHz, CDCls) & 165.8
(N=CH-Ar), 157.8 (Ar C), 153.8 (Ar C), 150.8 (Ar C), 139.8 (Ar C), 136.2 (Ar C), 142.0 (Ar C-
H), 128.2 (Ar C-H), 128.1 (Ar C-H), 126.9 (Ar C-H), 125.2 (Furan o), 110.1 (Furan B), 107.0
(Furan ), 74.2 (C-H of DACH), 59.3 (C-H of DACH), 43.1 (-CHo- of furfuryl), 31.1 (-CHs of
cumyl), 29.8 (-CHs of cumyl), 29.2 (-CHs of cumyl).

Synthesis of proligand Lc.(£)- trans-N-(pyridin-2-ylmethyl)cyclohexane-1,2-diamine
(754 g, 36.8 mmol) was dissolved in 100 ml of acetonitrile (ACN) and 3,5-
dicumylsalicylaldehyde (13.2 g, 36.8 mmol) was added while stirring. The solution was heated
under reflux for 8 hours, and the solvent was removed under reduced pressure. The residue was
dissolved in a minimum amount of hot pentane and crystallized by slow evaporation at low
temperature to yield a bright yellow solid (yield 64%). HRMS [M+H]*, calculated m/z = 546.3484.
Found m/z = 546.3483. *H NMR (400 MHz, CDCls, 25 °C) § 8.37 (1H, s, -N=CH-Ar), 7.03 - 7.41
(12H, m, ArH), 7.42 (1H, m,Pyr. a), 7.08 (1H, m, Pyr B), 8.25 (1H, m, Pyry), 7.01 (1H, m, Pyr
3), 3.88 (1H, d, 2Jn-+ = 15 Hz, -CH2- of pyridyl), 3.82 (1H, d, 2J4-+ = 15 Hz, -CH2- of pyridyl),

3.05 (1H, m, -CH- of DACH), 2.52 (1H, m, -CH- of DACH), 1.09 — 2.14 (20H, m, -CH2- of DACH
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and -CHs of cumy!),3C{*H} NMR (101 MHz, CDCls) & 165.3 (N=CH-Ar), 159.7 (Ar C), 157.6
(Ar C), 150.8 (Ar C), 139.6 (Ar C), 128.9 (Ar C-H), 126.7 (Ar C-H), 125.6 (Ar C-H), 125.1 (Ar
C-H), 136.3 (Pyr o), 127.9 (Pyr B), 149.2 (Pyr y), 122.0 (Pyr 8), 74.4 (C-H of DACH), 59.5 (C-H
of DACH), 51.8 (-CH2- of pyridyll), 30.9 (-CHs of cumyl), 30.1 (-CHs of cumyl).

Synthesis of proligand Lg4. (%)- trans-N-benzylcyclohexane-1,2-diamine (5.62 g, 27.4
mmol) was dissolved in 100 ml of acetonitrile (ACN) and 3,5-dicumylsalicylaldehyde (9.83 g,
27.4 mmol) was added while stirring. The solution was heated under reflux for 8 hours, and the
solvent was removed under reduced pressure. The residue was dissolved in a minimum amount of
pentane and crystallized by slow evaporation at low temperature to yield a bright yellow solid
(yield 71%). HRMS [M+H]"*, calculated m/z = 545.3532. Found m/z = 545.3543.'H NMR (400
MHz, CDClIs, 25 °C) § 8.35 (1H, s, -N=CH-Ar), 7.03 - 7.45 (17H, m, ArH, 3.81 (1H, d, 2Jn-H= 14
Hz, -CH2- of benzyl), 3.61 (1H, d, 2Jn-1 = 14 Hz, -CH2- of benzyl), 2.97 (1H, m, -CH- of DACH),
2.61 (1H, m, -CH- of DACH), 1.00 — 2.24 (20H, m, -CH2- of DACH and -CHz of cumyl),"*C{*H}
NMR (101 MHz, CDCls) § 165.6 (N=CH-Ar), 157.8 (Ar C), 150.7 (Ar C), 140.4 (Ar C), 139.7
(Ar C), 136.0 (Ar C), 129.1 (Ar C-H), 128.5 (Ar C-H), 127.9 (Ar C-H), 126.7 (Ar C-H), 125.6
(Ar C-H), 125.0 (Ar C-H), 74.2 (C-H of DACH), 59.8 (C-H of DACH), 50.9 (-CH2- of benzyl),
30.9 (-CHs of cumyl), 29.7 (-CHs of cumyl), 29.2 (-CHs of cumyl).

Synthesis of complex 47a. A 20 mL scintillation vial was charged with proligand La (186
mg, 0.345 mmol) in hexane (5 ml). triisobutylindium, In(CH2CH(CHs)2)3 (100 mg, 0.345 mmol)
was added to the stirring mixture. The reaction mixture was stirred for 4 h at room temperature
and concentrated in vacuo, the residue was cooled to -30 °C to give yellow crystals. The solid was
washed with hexane (3 x 3 mL) and dried under high vacuum for 4 hours. (Yield 94%) Anal.

Calcd. For CasHselnN20S: C 67.84; H 7.65; N 3.60. Found: C 67.56; H 7.55; N 3.70.'H NMR
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(400 MHz, CDCls, 25 °C) & 8.02 (1H, s, -N=CH-Ar), 7.10 - 7.32 (11H, m, ArH), 7.18 (1H,
m,Thioph ), 6.93 (1H, m, Thioph B), 6.86 (1H, m, Thioph y), 6.79 (1H, s, ArH), 3.96 (1H, dd,
2Ju-n =7, 15 Hz, -CH2- of thiophenyl), 3.69 (1H, d, 2J1-H = 7, 15 Hz, -CH2- of thiophenyl), 2.94
(1H, m, -CH- of DACH), 2.58 (1H, m, -CH- of DACH), 0.95 — 2.29 (20H, m, -CH2- of DACH, -
CHs of cumyl and -CH- of Bu), 0.84 (6H, d, 3Jn-n =6 Hz, -CHs of Bu), 0.75 (6H, d, 3Jn-n =6 Hz,
-CHs of 'Bu), 0.47 (2H, d, 3Jun =7 Hz, -CH2- of 'Bu), 0.24 (2H, d, 3J4-H =7 Hz, -CH2- of
iBu),3C{*H} NMR (101 MHz, CDCls) § 171.2 (N=CH-Ar), 168.1 (Ar C), 151.8 (Ar C), 151.5 (Ar
C), 143.1 (Ar C), 141.3 (Ar C), 132.0 (Ar C-H), 131.7 (Ar C-H), 127.9 (Thioph o), 127.5 (Thioph
B), 125.4 (Thioph y), 72.4 (C-H of DACH), 60.9 (C-H of DACH), 44.6 (-CHz- of thiophenyl) 31.0
(-CHz of cumyl), 29.6 (-CHs of cumyl), 28.1 (-CHz of 'Bu), 27.9 (-CHz of 'Bu), 29.5 (-CH2- of
'Bu), 29.3 (-CH:- of 'Bu).

Synthesis of complex 47b. Complex 47b was generated using a similar procedure to
complex 47a (187 mg of Ly, 0.350 mmol, yield=95%). Anal. Calcd. For CasHselnN202: C 69.27,;
H 7.81; N 3.67. Found: C 69.10; H 7.69; N 3.64.'H NMR (400 MHz, CDCls, 25 °C) § 8.06 (1H,
s, -N=CH-Ar), 7.02 - 7.36 (11H, m, ArH), 7.34 (1H, m, Furan o), 6.80 (1H, ArH), 6.28 (1H, m,
Furan ), 6.14 (1H, m, Furan y), 3.81 (1H, dd, 2J1-+=6, 14 Hz, -CH.- of furfuryl), 3.71 (1H, d, 2Jn-
=6, 14 Hz, -CHo- of furfuryl), 2.94 (1H, m, -CH- of DACH), 2.58 (1H, m, -CH- of DACH), 0.97
— 2.31 (16H, m, -CH2- of DACH, -CHz of cumyl and -CH- of 'Bu), 0.88 (6H, m, -CHs of 'Bu),
0.74 (6H, m, -CHs of iBu), 0.50 (2H, m, -CH.- of iBu), 0.11 (2H, m, -CH.- of 'Bu),2*C{*H} NMR
(101 MHz, CDCls) & 171.7 (N=CH-Ar), 168.8 (Ar C), 152.9 (Ar C), 151 (Ar C), 152.0 (Ar C),
151.8 (Ar C), 142.3 (Furan a), 141.5 (Ar C), 132.2 (Ar C-H), 131.8 (Ar C-H), 128.2 (Ar C-H),
127.8 (Ar C-H), 127.1 (Ar C-H), 127.1 (Ar C-H), 124.6 (Ar C-H), 110.8 (Furan B), 107.8 (Furan

Y), 70.6 (C-H of DACH), 61.1 (C-H of DACH), 42.5(-CHz2- of furfuryl) 31.1 (-CHs of cumyl), 29.8
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(-CHs of cumyl), 29.5 (-CHs of cumyl), 28.5 (-CHs of 'Bu), 28.4(-CHz of 'Bu), 28.9 (-CH2- of
'Bu), 29.4 (-CH:- of 'Bu).

Synthesis of complex 47c. Complex 47c was generated using a similar procedure to
complex 47a (191 mg of L, 0.350 mmol, yield=95%). Anal. Calcd. For C4sHesolnN3O: C 68.83;
H 7.83; N 5.43. Found: C 69.87; H 7.61; N 5.70.'H NMR (400 MHz, CDCls, 25 °C) & 8.52 (1H,
m, Pyry), 8.11 (1H, s, -N=CH-Ar), 7.09 - 7.35 (11H, m, ArH), 7.61 (1H, m, Pyr ), 7.16 (1H, m,
Pyr §), 7.03 (1H, m, Pyr B), 6.79 (1H, ArH), 3.84 (2H, m, -CH.- of pyridyl), 3.01 (1H, m, -CH- of
DACH), 2.63 (1H, m, -CH- of DACH), 0.93 — 2.18 (17H, m, -CH2- of DACH, -CHs of cumyl and
-CH- of 'Bu), 0.88 (6H, m, -CHz of 'Bu), 0.60 (6H, m, -CHs of 'Bu), 0.52 (2H, m, -CH2- of 'Bu), -
0.07 (2H, m, -CHo- of iBu),3C{*H} NMR (101 MHz, CDCls) § 171.3 (N=CH-Ar), 169.3 (Ar C),
158.4 (Ar C), 151 (Ar C), 152.0 (Ar C), 142.3 (Pyry), 141.3 (Ar C), 136.6 (Pyr o), 131.9 (Ar C-
H), 131.4 (Ar C-H), 128.0 (Ar C-H), 127.1 (Ar C-H), 125.4 (Pyr 5), 124.4 (Pyr B), 68.4 (C-H of
DACH), 61.5 (C-H of DACH), 49.5 (-CH2- of pyridyl) 31.0 (-CHs of cumyl), 29.9 (-CHs of
cumyl), 29.0 (-CHs of cumyl), 28.3 (-CHz of 'Bu), 27.9(-CHs of 'Bu), 28.2 (-CH2- of 'Bu), 28.1 (-
CH2- of 'Bu).

Synthesis of complex 47d. Complex 47d was generated using a similar procedure to
complex 47a (191 mg of L4, 0.350 mmol, yield=96%). Anal. Calcd. For CssHe1InN20: C 71.48;
H 7.97; N 3.63. Found: C 71.74; H 7.99; N 3.57.1H NMR (400 MHz, CDCls, 25 °C) § 7.85 (1H,
s, -N=CH-Ar), 6.80 - 7.20 (11H, m, ArH), 6.61 (LH, m, ArH), 3.61 (1H, dd, 2311 =7, 13 Hz -CHo-
of benzyl), 3.50 (1H, dd, 2J4-H =7, 13 Hz -CH2- of benzyl), 2.75 (1H, m, -CH- of DACH), 2.41
(1H, m, -CH- of DACH), 0.77 — 2.13 (17H, m, -CH2- of DACH, -CHs of cumyl and -CH- of 'Bu),
0.68 (6H, d, 3314 =7 Hz, -CHs of Bu), 0.53 (6H, d, 3Ju-n =7 Hz, -CHs of 'Bu), 0.32 (2H, d, 3J1-+

=7 Hz, -CHa- of 'Bu), -0.01 (2H, d, 3Jn-+ =7 Hz, -CH2- of 'Bu),*C{'H} NMR (101 MHz, CDCls)
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§ 171.0 (N=CH-Ar), 168.2 (Ar C), 151.7 (Ar C), 151.5 (Ar C), 141.2 (Ar C), 139.8 (Ar C), 132.0
(Ar C-H), 131.5 (Ar C-H), 128.7 (Ar C-H), 127.9 (Ar C-H), 124.4 (Ar C-H), 71.7 (C-H of DACH),
61.1 (C-H of DACH), 50.1 (-CHz- of benzyl) 30.9(-CHs of cumyl), 29.4 (-CHs of cumyl), 29.5 (-
CHs of cumyl), 27.8 (-CHs of 'Bu), 28.1 (-CHs of 'Bu), 29.4 (-CH:- of 'Bu), 29.4 (-CH2- of 'Bu).
Synthesis of complex 48a. A 20 mL scintillation vial was charged with 47a (200 mg, 0.257
mmol) in CsHs (3 ml). [HNMezPh][BAr"24] (253 mg, 0.266 mmol) in CsHs (2 ml) was added to
the stirring solution of 47a. The reaction mixture was stirred for 4 h at r.t. The solvent was removed
in vacuo to obtain a yellow residue and cold hexane (3 ml) was added to the residue. After stirring
for 1 h, the supernatant was decanted off to remove the byproduct NMe2Ph. This step was repeated
at least 3 times until a pale-yellow solid precipitate formed. The product was washed with hexane
(2 x 3 ml) and dried under high vacuum for a few hours. (70%). Anal. Calcd. For
C72Hs2BF24InN20S: C 54.79; H 4.10; N 1.75. Found: C 55.16; H 4.57; N 2.02. *H NMR (400
MHz, CDCls, 25 °C) § 8.22 (1H, s, -N=CH-Ar), 7.76 (8H, br. s., ortho H of BAr‘24), 7.62 (1H, m,
ArH), 7.57 (4H, br. s., para H of BArF24), 6.94 - 7.42 (14H, m, ArH), 7.36 (1H, m,Thioph o), 7.05
(1H, m, Thioph B), 6.86 (1H, m, Thioph y), 4.38 (1H, d, 2Jn-n =13 Hz, -CH2- of thiophenyl), 3.75
(1H, m, -CHa- of thiophenyl), 3.17 (1H, m, -CH- of DACH), 2.29 (1H, m, -CH- of DACH), 0.83
— 2.04 (16H, m, -CHa- of DACH, -CHs of cumyl and -CH- of 'Bu), 0.66 (6H, m, -CHs of 'Bu),
0.73 (2H, m, -CH2- of 'Bu),"*C{*H} NMR (101 MHz, CDCl3) § 169.3 (N=CH-Ar), 163.9 (Ar C),
161.3-162.4 (B-C), 151.7 (Ar C), 150.0 (Ar C), 141.8 (Ar C), 140.2 (Ar C), 138.8 (Ar C), 134.9
(ortho C-H of BArF2), 134.4 (ArC-H), 131.7 (ArC-H), 130.9 (ArC-H), 129.6 (Thioph y), 128.6-
129.4 (qq, 2Jc-F= 3, 32 Hz, meta C of BArt24), 127.4,125.6,123.8,121.9 (9, Jc-r = 273 Hz, -CFa),
128.8 Thioph B), 128.3 (Thioph «), 118.1 (Ar C), 117.6 (para C-H of BArz), 65.5 (C-H of

DACH), 62.6 (C-H of DACH), 46.6 (-CH2- of furfuryl) 32.2 (-CH2- of 'Bu), 30.7 (-CHs of cumyl),
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30.8 (-CHs of cumyl), 28.7 (-CHs of cumyl), 27.6 (-CH3 of 'Bu),'*F{*H} NMR (282 MHz, CDCls):
0-61.9.

Synthesis of complex 48b. Complex 48b was generated using a similar procedure to
complex 48a (200 mg of 47b, 0.262 mmol, yield=75%). Anal. Calcd. For C72Hs2BF24InN202: C
55.35; H 4.15; N 1.77. Found: C 54.86; H 4.18; N 1.89.'H NMR (400 MHz, CDCls, 25 °C) § 8.19
(1H, s, -N=CH-Ar), 7.71 (8H, br. s., ortho H of BArF24), 7.62 (1H, m, ArH), 7.53 (4H, br. s., para
H of BAr 24), 6.90 - 7.36 (12H, m, ArH), 6.21 (1H, m, Furan ), 6.14 (1H, m, Furan B), 6.13 (1H,
m, Furan y), 4.03 (1H, d, 2Jn-1 =15 Hz, -CH2- of furfuryl), 3.80 (1H, m, -CH2- of furfuryl), 3.12
(1H, m, -CH- of DACH), 2.33 (1H, m, -CH- of DACH), 0.85 — 2.29 (19H, m, -CH2- of DACH, -
CHzs of cumyl, -CH- of '‘Bu and -CH2- of 'Bu), 0.83 (6H, m, -CHs of 'Bu), *C{*H} NMR (101
MHz, CDCls) § 170.7 (N=CH-Ar), 165.7 (Ar C), 161.2-162.4 (B-C), 150.0 (Ar C), 146.1 (Furan
§), 144.2.0 (Furan y), 141.5 (Ar C), 139.4 (Ar C), 134.9 (ortho C-H of BAr ), 134.8 (ArC-H),
132.4 (ArC-H), 128.7-129.4 (qq, 2Jc-r = 3, 32 Hz, meta C of BAr ), 127.4,125.6,123.8,121.9 (g,
Yc.r=273 Hz, -CF3), 126.2 (Ar C-H), 125.5 (Ar C-H), 122.0 (Ar C), 117.6 (para C-H of BArF24),
117.3 (Ar C),112.3 (Furan B), 110.9 (Furan o), 64.7 (C-H of DACH), 61.6 (C-H of DACH), 42.5
(-CHz- of furfuryl) 31.3 (-CHs of cumyl), 30.9 (-CHs of cumyl), 30.8 (-CH2- of DACH), 30.3 (-
CH2- of 'Bu), 28.4 (-CHs of cumyl), 27.9 (-CH2- of DACH), 27.8 (-CHs of 'Bu), 23.9 (-CH2- of
DACH), 23.5 (-CH- of Bu), 2*F{*H} NMR (282 MHz, CDCls): § -62.0.

Synthesis of complex 48c. Complex 48c was generated using a similar procedure to
complex 48a (200 mg of 47¢, 0.259 mmol, yield=86%). Anal. Calcd. For C7sHesBF24InN3O: C
55.72; H 4.18; N 2.64. Found: C 55.60; H 4.28; N 2.82.*H NMR (400 MHz, CDCls, 25 °C) § 8.20
(1H, s, -N=CH-Ar), 7.76 (9H, br. s., ortho H of BAr 24 and Pyr y), 7.61 (1H, m, ArH), 7.54 (4H,

br. s., para H of BArfzs), 7.19 - 7.39 (10H, m, ArH), 7.16 (1H, m, Pyr «), 7.10 (1H, m, Pyr §),
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6.95 (2H, m, Pyr B and ArH), 4.02 (2H, m, -CHa- of pyridyl), 3.12 (1H, m, -CHa- of thiophenyl),
3.17 (1H, m, -CH- of DACH), 0.95 — 2.56 (20H, m, -CH.- of DACH, -CHz of cumyl, -CH- of 'Bu
and -CHo- of Bu), 0.87 (6H, m, -CHs of 'Bu), 3C{*H} NMR (101 MHz, CDCls) § 171.0 (N=CH-
Ar), 167.1 (Ar C), 161.8 (B-C), 152.2 (Ar C), 152.1 (Ar C), 150.0 (Pyr ), 149.9 (Ar C), 141.9
(Pyr v), 135.1 (ortho C-H of BArt24), 134.2 (ArC-H), 132.8 (Pyr §), 128.7-129.4 (qq, 2JcF= 3, 32
Hz, meta C of BAr 24), 127.4,125.6,123.8,121.9 (q, YJc-r = 273 Hz, -CF3), 126.2 (Ar C-H), 125.5
(Ar C-H), 124.0 (Pyr o), 117.6 (para C-H of BAr™24), 64.2 (C-H of DACH), 60.6 (C-H of DACH),
47.3 (-CH2- of pyridyl) 33.8 (-CHs of cumyl), 30.9 (-CHs of cumyl), 25.9 (-CHs of cumyl), 27.8
(-CHs of 'Bu), 27.3 (-CH2- of 'Bu),'*F{*H} NMR (282 MHz, CDCls): § -61.8.

Synthesis of complex 48d. Complex 48d was generated using a similar procedure to
complex 48a but was obtained in a mixture of decomposition products and could not be purified.
Synthesis of 48d in THF at -30 °C resulted in less decomposition products. However, 48d could
not be isolated. Anal. Calcd. For C74HesBF24InN20: C 56.70; H 4.20; N 1.70. Found: C 55.10; H
4.50; N 1.71.'"H NMR (400 MHz, CDCls, 25 °C) & 8.36 (1H, s, -N=CH-Ar), 7.70 (8H, br. s., ortho
H of BArF24), 7.52 (4H, br. s., para H of BArF24), 7.07 - 7.45 (14H, m, ArH), 4.17 (1H, m, -CH2-
of benzyl), 3.98 (1H, m, -CH2- of benzyl), 3.76 (-CH2-of THF), 3.50 (1H, m, -CH- of DACH),
3.14 (1H, m, -CH- of DACH), -0.22 — 2.31 (24H, m, -CHz- of DACH, -CHs of cumyl, -CH- of
'Bu, -CH2- of 'Bu and -CHs of 'Bu).

Representative polymerization of epoxides using cationic complexes (48a). A 7 mL
scintillation vial was charged with a solution of complex 48a (19.0 mg, 0.012 mmol) in 0.3 ml of
CesDs. Epichlorohydrin (0.30 mL, 3.8 mmol) was added directly to the vial by a syringe. The
mixture was stirred at 25 °C for 24 h. The resulting solution was concentrated under vacuum for 3

h and then cold methanol was added to it (0 °C, 15 mL). The polymer precipitated from solution
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and was isolated by decantation or centrifugation. The isolated polymer was dried under high
vacuum for at least 3 h prior to analysis.

Representative polymerization of &-CL using cationic complexes (48b). A 20 ml
scintillation vial was charged with a solution of complex 48b (20.0 mg, 0.013 mmol) in 0.5 ml of
toluene. A solution of e-CL (0.5 ml, 4.5 mmol) in 0.5 ml of toluene was added to the vial. The
mixture was stirred at 100 °C for 24 h. The resulting solution was concentrated under vacuum for
3 h and then cold methanol was slowly added to the vial (0 °C, 15 mL). The polymer precipitated
from the solution and was isolated by decantation of the supernatant. The isolated polymer was
dried under high vacuum for at least 3 h prior to analysis.

Representative polymerization of rac-LA using cationic complexes (48c). A 20 ml
scintillation vial was charged with a solution of complex 48c (10.1 mg, 0.006 mmol) in 1 ml of
toluene. Rac-LA (230 mg, 1.6 mmol) was directly added to the vial. The mixture was stirred at
100 °C for 24 h. The resulting solution was concentrated under vacuum for 3 h and then cold
methanol was slowly added to the vial (0 °C, 15 mL). The polymer precipitated from the solution
and was isolated by decantation of the supernatant. The isolated polymer was dried under high

vacuum for at least 3 h prior to analysis.
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Chapter 3: Synthesis of high molecular weight cyclic poly(lactic acid) using an

air stable cationic indium catalyst

3.1 Introduction

Cyclic polymers introduce restrictions to the dynamics of polymer chains due to their lack
of chain ends. This limitation in the number of conformations and movement gives cyclic polymers
greater crystallinity, higher thermal stability, and lower intrinsic viscosity compared to their linear
counterparts.%-113 While petrochemical-based cyclic polymers such as polyolefins, polystyrene
and polyacrylates'**1!" have been studied extensively, biodegradable analogues are less prevalent.
For example, the physical properties of poly(lactic acid) (PLA), a biodegradable!!® and
biocompatible polymer,'t®120 are highly dependent on the topology of the polymer chains. Unlike
other topologies, such as star-shaped or cross-linked PLA, cyclic PLA (c-PLA) holds a distinct
place because it differs from linear PLA only by a single bond. 3121122

Most catalysts reported for c-PLA formation produce polymers with low molecular weights
or high dispersities.!®>33 In addition, the most active catalysts are air, moisture, and functional
group intolerant.!*® Extant catalysts capable of forming c-PLA can be separated into three broad
classes: metal catalysts, organocatalysts, and hybrid metal-organocatalyst systems (Figure 3.1).

The metal-based catalysts proceed through a coordination insertion mechanism of lactide
(LA) with Lewis acidic metals (Figure 3.2a) Organotin catalysts, such as tin(ll) 2-ethylhexanoate
(49),*® form c-PLA through conditions that increase intramolecular transesterification.'?12
Another report showed the formation of cyclic poly(L-lactide) (c-PLLA) with a molecular weight
of 165 kg mol using 49 under neat conditions.!?® These tin systems produce 95-99% cyclic

polymer, however the polymer dispersity is consistently high (b = 1.85 - 8.7). High molecular
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weight, broad dispersity c-PLLA can also be generated using a bis(salicylaldiminato)tin(ll)
catalyst (50).128 A handful of other metals form c-PLA, such as a 1:1 mixture of bismuth
subsalicylate and salicylic acid for the formation of c-PLLA (51)!?° or the pseudo-alumatrane
complex (52)*° for the formation of c-PLLA in the melt. Complex 52 was the first reported

instance in which a group 13 metal complex was used to produced non-oligomeric c-PLA.
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Figure 3.1. Catalysts capable of producing cyclic poly(lactide).

Organocatalysis in this reaction proceeds through a zwitterionic mechanism with a slow
initiation step followed by a much faster propagation step giving rise to c-PLA, which is the Kinetic

product (Figure 3.2b). N-heterocyclic carbenes (NHCs) are prevalent as catalysts in the production
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of c-PLA (53).13%1% Imidazole and alkylated derivatives (54) polymerize L-LA to give cyclic
polymers; however, this system promotes extensive racemization of L-LA to form racemic c-
PLA 1%

(a) Coordination-insertion mechanism for c-PLA formation
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Figure 3.2. Representative mechanisms of the three major groups of catalysts.
The third class of catalysts, metal-organocatalyst systems, utilizes a Lewis acidic metal for
lactide activation coupled with a hemilabile Lewis basic donor ligand capable of ring opening the

monomer (Figure 3.2c). Recently, this principle was used to polymerize L-LA using the air stable,
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zinc zeolitic imidazole framework, ZIF-8 (55); however, the resultant c-PLLA showed low
molecular weights and high dispersity.*®

One of the highest molecular weights and fastest reactivities for c-PLA formation was
obtained using a hybrid Ce(l11)-NHC catalyst reported recently by Arnold, Williams and co-
workers (56).1'2 This system was highly active and produced c-PLA with 95% cyclic fidelity,
reaching higher molecular weight polymers (~ 400 kg mol™?), albeit with only 60% monomer
conversion. At 90% conversion, this system forms c-PLA with a maximum molecular weight of
250 kg mol™. While this benchmark system offers an efficient method for producing high
molecular weight c-PLA, the lower conversions and their highly air sensitive nature can negatively
impact the applicability of this system.?*® Thus, the synthesis of high molecular weight, narrow
dispersity cyclic polymers remain an ongoing research challenge.

Use of a more air and functional group tolerant metal such as indium can offer a solution
to this challenge.>® The cationic alkylindium complexes bearing hemilabile ligands with
heterocyclic side arms (48a-c) described in Chapter 2 are capable of ring opening polymerization
of several oxygenated monomers.*° One of these complexes 48c, featuring a pyridine pendant
arm, polymerized rac-LA to give the highest molecular weight c-PLA reported to date (Figure
3.1).

In this chapter, the polymerization of rac-LA with 48c is studied showing that the resulting
c-PLA has very high molecular weight and low dispersity. Additionally, the complex remains
highly active even after prolonged exposure to moist air. The polymerization mechanism is
explored and the thermal properties of c-PLLA, cyclic poly(D-lactide) (c-PDLA), and a
stereocomplex of the two polymers are investigated. Although indium catalysts have been

extensively used to polymerize LA, none of these could form cyclic PLA.3040:53.102
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3.2 Results and discussion
In this section c-PLA is generated and characterized followed by an investigation into
kinetics and mechanism of polymerization.

3.2.1 Generation and characterization of cyclic PLA

Table 3.1. Formation of c-PLA by ring opening polymerization of rac-LA using complex 48c

. b MnC Mn calcd e e f
Entry [LA])/[cat] Time (h)  Conv. (Da) (Da) b i
1 50 24 >99 36 000 7200 1.27 0.21
2 250 24 >99 132000 36 000 1.30 0.27
39 250 24 97 125000 35000 1.34 0.28
4n 250 24 94 140000 34 000 1.30 0.26
5 1000 48 90 241000 130000 1.42 0.54
6 2000 48 90 292000 259 000 1.28 0.89
7 3000 48 91 416000 393000 1.29 0.94
8 250 24 >99 107 000 36 000 1.28 0.34
ol 250 24 98 93000 35000 1.52 0.38
10K 250 24 <1 - - - -
11 250 24 <1 - - - -
12m 250 24 <1 - - - -
13" 250 24 <1 - - - -

4 Reactions were performed in toluene at 100 °C, [rac-LA] = 0.8 M. ° Conversion was monitored by 'H NMR
spectroscopy. ¢ My, determined through SEC in THF. ¢ M, ca = calculated number averaged molecular weight =
[rac-LA]/[cat] x conversion x molar mass of rac-LA. © Dispersity = My/M,. © Initiation efficiency = (Mn ca/Mn). 9
48¢ was exposed to air for 24 h prior to use. " 48c was exposed to air for 10 days prior to use.' Reaction performed
with L-LA. I Reaction performed with D-LA. ¥ Reaction performed in THF at 100 °C. ' Reaction performed in
tetrahydropyran (THP) at 100 °C. ™ Reaction performed with InBr; at 100 °C. " Reaction performed with 1:1 benzyl
alcohol:48c

The goal of this project was to generate high molecular weight cyclic PLA (c-PLA) while
maximizing monomer conversion. The work from the previous chapter shows that the reaction of
48c with rac-LA in toluene at 100 °C forms high molecular weight c-PLA with a dispersity of

1.30.1° However, the initiation efficiency, Mn ca/Mn, of the process was only 27% (Table 3.1,
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entry 2). By lowering pre-catalyst loadings, and increasing the reaction time, the molecular weights
and initiation efficiencies increase (Table 3.1, entries 5-7). With a LA:48c ratio of 3000, 91% of
rac-LA is converted to obtain the highest molecular weight c-PLA reported to date (Mn 416,000 g
mol™, B = 1.29) (Table 3.1, entry 7). The dispersity of the c-PLA is consistently ~1.3, showing a
high degree of reproducibility and consistency.

Currently, 48c is the only known air stable discrete complex for c-PLA formation. To this
end its reactivity after prolonged exposure to high relative humidity air (>80%) was tested. After
24 h of exposure, 48c polymerized rac-LA without a significant loss of reactivity (Table 3.1, entry
3). After 10 days of exposure this complex shows similar reactivity to the complex under inert
conditions, with only a 5% decrease in conversion (Table 3.1, entries 2 and 4). The resultant

polymer was cyclic PLA (Figures B.5 and B.8) as confirmed by lower intrinsic viscosity.
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Figure 3.3. (a) Magnified MALDI-TOF spectrum of c-PLA (Table 3.1, entry 1). (b) Mark-Houwink plots for high

molecular weight c-PLA (Table 3.1, entry 2) and linear PLA (Table B.2, entry 3)

Complex 48c shows remarkable fidelity in selectively producing c-PLA in low molecular
weight fractions. Matrix-assisted laser-desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry of a sample (Table 3.1, entry 1) shows only peaks arising from the cyclic product

and the linearized polymer bearing a chain-end composed of the matrix material, 2,5-
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dihydroxybenzoic acid formed during the ionization process (Figure 3.3a, Figure B.3 and B.4). To
further establish its cyclic nature, a purified polymer sample was characterized using *H, *C{*H},
COSY, and HSQC NMR spectroscopy (Figures B.11-B.14). As a point of comparison, linear PLA
was synthesized using the air and moisture stable indium catalyst 31b previously reported by the
Mehrkhodavandi group (Table B.2)*® The 'H NMR spectrum of the linear polymer shows signals
from the ethoxy chain-end arising from the initiator moiety on the indium catalyst (Figure B.10).
The lack of signals arising from possible chain-end groups such as methoxide or phenoxide support
the formation of high purity c-PLA in the low molecular weight fractions.

In order to confirm the cyclic nature of high molecular weight fractions of c-PLA, intrinsic
viscosity ([#]) measurements obtained though Size Exclusion Chromatography (SEC) were
considered. Owing to their smaller hydrodynamic radius, cyclic polymers have intrinsic viscosities
lowered by approximately a third in relation to their linear analogues.**! The Mark—Houwink plot
generated for high molecular weight c-PLA (Table 3.1, entry 2) and an analogous linear PLA
sample (Table B.2, entry 3) confirms that the intrinsic viscosity of the linear polymer is
consistently higher than that of c-PLA (Figure 3.3b, Figures B.6, B.7 and B.9). The ratio of
[#7]cyciic/[17]iinear OF 0.70 is in agreement with previously reported theoretical and experimental
findings for c-PLA.2¥"1%2The combination of MALDI-TOF spectra, NMR spectra and intrinsic

viscosity data confirm the capability of 48c to form c-PLA.
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3.2.2 Catalytic behaviour of 48c

Although the term ‘catalyst’ is used to describe most organometallic complexes used in
polymerization reactions, a part of the metal complex initiates the polymerization and modifies its
own structure (Figure 1.6). The complex is usually not restored to its original state, thus they are
often "initiators” instead of “true catalysts”.

Complex 48c behaves as a true catalyst rather than an initiator. To investigate, a reaction
of 48c with 250 equiv. rac-LA was set up and monitored at 24 h intervals. At each interval, an
aliquot was removed to determine monomer conversion and molecular weight, and an additional
250 equiv. of rac-LA was added to the reaction mixture (Figure 3.4, Table 3.2). After each 24 h
interval: (1) a small increase in polymer molecular weight, (2) a reduction in monomer conversion
(99% after the first addition, while only 72% after the fifth addition), and (3) constant polymer
dispersity (~1.3) were observed. While there is a minor increase in molecular weight after each
addition, this is insufficient to be attributed to a ‘living’ polymerization. The increased molecular
weights and lower monomer conversions are the direct result of limitations in mass transfer as the
viscosity of the reaction mixture increases with each addition of monomer. The consistency of the
polymer molecular weights and dispersities suggest that 48c catalyzes the ROP LA to form c-PLA

in a truly catalytic fashion.
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Figure 3.4. The relationship of molecular weight and dispersity at each addition of monomer at 24 h intervals

Table 3.2. Formation of c-PLA using 48c by consecutive addition of rac-LA

Entry [LAJ/[cat] Time(h) Conv." Mq°(Da) D¢

1 250 24 >99 125,000 1.35
2 +250 24 97 140,000  1.37
3 +250 24 86 148,000  1.20
4 +250 24 87 154,000 1.32
5 +250 24 72 188,000 1.31

2Reactions were performed in toluene at 100 °C, [rac-LA] = 0.8 M.
®Conversion was monitored by *H NMR spectroscopy. ¢ M, determined
through SEC in THF. ¢ Dispersity = My/Mh.
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3.2.3 Mechanistic discussion

Ph

Figure 3.5. Proposed mechanism of the polymerization of LA to form c-PLA by complex 48c.

The proposed mechanism for the polymerization of LA to form c-PLA suggests a
bifunctional coordination-insertion process (Figure 3.5). The first step involves the reversible
coordination of LA to the cationic indium center and the de-coordination of the pyridine donor
arm (Figure 3.5A). This process depends on the Lewis acidity of the indium center as well as the

dissociative potential of the pyridine pendent arm.
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A modified Gutmann-Beckett experiment shows that cationic complex 48c is significantly
more Lewis acidic than its neutral dialkyl precursor complex 47¢ (Figure 3.6).° This experiment
also shows that 48c has a relative Lewis acidity comparable to InBrs. But InBrs cannot polymerize
LA under the experimental conditions, supporting the fact that high Lewis acidity in the absence

of an initiator is insufficient for polymerization to occur (Table 3.1, entry 12).

Free OP(Et);
InBr; + 0.8 eq. OP(Et), (c)
N o,
In wBu
N \N, +0.8 eq. OP(Et),
o \ (b)
A

(a)

T T T T T T T T T T T

T T T
95 9 8 80 75 70 65 60 55 50 45 40 35 30  ppm

Figure 3.6. 3P{*H} NMR spectra (162 MHz, CsDs, 25 °C) of a) the neutral dialkyl complex 47¢ b) 48c and c) InBr;
after the addition of 0.8 equivalents of triethylphosphine oxide. The free OPEts shift is determined by the addition of

a capillary inside the NMR tube containing a solution of OPEtzin CgDes.

The ability of 48c to form c-PLA depends on the substrate-triggered hemilability of the
pyridine group at high temperatures. As shown by various NMR spectroscopic techniques, the
pyridine donor arm of 48c remains coordinated to the cationic indium center in solution at room
temperature (Figures A.50-A.55). This is further supported by the solid-state structure obtained
using single crystal X-ray crystallography (Figure 3.7). The pyridine N-In bond length is
approximately 2.25 A. As shown in the previous chapter 1*° detailing the hemilabile nature of this
complex and related complexes, the stability and reactivity of the complexes are positively

correlated to the donor ability of the pendant group. The coordinated pyridine pendant group gives
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48c its stability towards high-humidity conditions. However, it was also found that the donor
triggered disassociation of the pendant donor group is essential for reactivity. Additionally, high

temperatures and competing donor entities can facilitate fluxional behavior in the pendant arm.4

Figure 3.7. The molecular structure of the cation of 48c. (depicted with thermal ellipsoids at 50% probability and H

atoms, Bar®,4 counterion, solvent molecules as well as minor disorders omitted for clarity)

The reversible coordination of rac-LA to the metal center at 100 °C and its disassociation
at 25 °C can be observed by *H NMR spectroscopy. When a 1:1 mixture of rac-LA and 48c are
heated in an oil bath at 100 °C for 12 h, the *H NMR spectrum of the mixture obtained at 25 °C
immediately after the reaction shows a broad polymeric peak at 6 =~ 4.5-5.3 ppm and an
additional quartet at 6 =4.08 ppm (Figure 3.8b). Characterization by COSY and HMBC NMR
spectroscopy confirm that this peak represents a ~12% fraction of rac-LA (Figures B.24 and B.25).
After 30 minutes at 25 °C, this new peak disappears (Figure 3.8c). However, upon reheating the

solution to 100 °C, the reappearance of the peak indicates re-coordination of LA (Figure 3.8d).
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These experiments suggest that reversible lactide coordination to complex 48c is indeed the first

step of the proposed catalytic cycle.
®
ﬂ ,_| I I ( N ,“.Bu
N Y&o
NS @ Oﬁo

(a)

T T
58 56 54 52 50 48 46 44 42 40 38 36 34 ppm

Figure 3.8. rac-LA methine proton region of *H NMR spectra (400 MHz in Tol-dg) of a 1:1 mixture of 48c and rac-
LA a) at 100 °C 0 h, b) at 100 °C for 12 h, observed at 25 °C, c) after an additional 1 h at 25 °C and d) re-heated to

100 °C in the spectrometer.

Pyridine and some of its derivatives have been reported to polymerize LA.*® Hence, at
high temperatures and in the presence of donor solvents, it should be possible for the disassociated
pyridine moiety to polymerize LA. However, when this reaction is conducted in donating solvents
that can prevent monomer coordination, such as THF and THP at 100 °C, no reactivity was
observed (Table 3.1, entries 10,11), showing that the disassociated pyridine moiety cannot
polymerize LA without monomer activation by the metal center. Furthermore, no reactivity was

observed at temperatures below 100 °C, i.e., conditions unsuitable for the disassociation of the

99



pendant arm. These experiments show that for polymerization of LA to occur, the coordination of

monomer to the cationic indium center and the de-coordination of the pyridine pendant group must

both occur.

The second step in the mechanism entails initiation, which ensues when the lone pair on

the disassociated pyridyl group attacks the activated carbonyl of the coordinated LA, ring-opening

the monomer and forming an indium-centered metallocycle that incorporates a pyridinium cation

(Figure 3.5B). In this process the cationic center is shifted from the metal to the pyridine-N.

Propagation occurs through the repeated insertion of monomer molecules to the newly formed

indium alkoxide bond (Figure 3.5C).
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Figure 3.9. Imine (1) and methylene (1) proton regions of *H NMR spectra (400 MHz, 25 °C in CDCls) of a) 47c, b)

complex 48c and ¢) 1:1 mixture rac-LA and 48c heated at 100 °C for 24 h

The formation of the initial and subsequent metallacycles can be observed by NMR

spectroscopy. The *H NMR spectrum of a 1:1 mixture of 48c and rac-LA heated to 100 °C for

24 h shows the complete conversion of LA and new signals corresponding to PLA and a potential

intermediate species (Figure 3.9-1). The new signals are approximately 20% of the complex as

estimated by comparing the CHz-pyridine peaks of 48c (overlapping at 4.10 ppm) with those of
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the metallocycles (6 = 4.45 and 4.65 ppm). The splitting of the methylene proton signals in Figure
3.9-1lc is due to the decreased degrees of freedom due to the metallacycle formation.**® In addition,
the signal for the y-proton of the dissociated pyridine (6 = 8.46 ppm) is downshifted from that of
complex 48c (& = 7.76 ppm) and resembles the same proton signal in the uncoordinated pyridyl in
47c (6 = 8.52 ppm) indicating a loss of proximity of the pyridine to indium (Figure 3.6-11).

The chain termination step happens predominantly by intramolecular chain-transfer
facilitated by the spatial proximity of the two chain ends (Figure 3.5D). Additionally, the
separation of peaks by 72 amu on the MALDI-TOF spectrum suggests extensive
transesterification in formation of c-PLA (Figures B.3-B.5). The proposed mechanism for this
catalyst bears a close resemblance to the zwitterionic mechanism proposed for NHC catalysts and
metal-NHC bifunctional systems (Figure 3.2c).13"1% Similar to the proposal by Arnold and
Williams,'*3 to achieve high molecular weights the rate of intramolecular chain-transfer (i.e.
macro-cyclization) has to be significantly slower than the rate of propagation.

3.2.4 Kinetics of c-PLA formation

The conversion vs. time plot obtained by measuring the conversion of monomer at several
time intervals in a 24 h period using *H NMR spectroscopy shows a long initiation period followed
by a rapid conversion of monomer to polymer (Figure 3.10a). For the first 12 h of reaction the
conversion remains low (~15%) but stable. However, during the second 12 h period, the
conversion increases rapidly to a final value of 97%. Similar to other reports of c-PLA
formation,!3® this shows a slow initiation step (Figure 3.5A and 3.5B) and rapid propagation

(Figure 3.5C) resulting in high molecular weight c-PLA.
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Figure 3.10. a) Conversion vs. time plot for the synthesis of c-PLA using 48c (Reactions were performed in toluene
at 100 °C, [rac-LA] = 0.8 M, conversion determined by *H NMR spectroscopy). b) Initiation efficiency vs. [LA]/[1]

plot for the synthesis of c-PLA (Table 3.1

To understand the nature of the catalyst function in more detail it is imperative to study the
kinetics of the reaction and determine the reaction orders with respect to 48c and monomer. The
formation of product was observed by in situ *H NMR spectroscopy at 100 °C and the integration
of the product peak with respect to the internal standard 1,3,5-trimethoxybenzene was used as an
indirect measure of rac-LA conversion. The concentrations of [48c] or [LA] were varied while the
other component was held constant. Concentration values were chosen to obtain reproducible
measurements to avoid the deviations from linearity that arise at high conversions. The data
obtained for three test concentrations were analyzed using variable time normalization analysis
(VTNA), by plotting the reaction profile against the time axis multiplied by either [48c] (Figure
3.11a) or £[LA] (Figure 3.12c) raised to a numerical power where the reaction profiles overlap
with each other the most when they are raised to the correct order.'*>14¢ Using this methodology,
this system demonstrates a first order rate dependence with respect to rac-LA and a zeroth order

rate dependence for 48c.
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The apparent zeroth-order of the rate dependence with respect to 48c may be more
accurately described as a pseudo-zeroth order rate dependence due to low initiation efficiencies
and the resulting excess of pre-catalyst present in the reaction mixture at [LA]/[48c] ratios <2000.
This pseudo-zeroth order rate dependence on 48c and the increasing initiation efficiencies with
increasing monomer loadings (Figure 3.10b) show that only a small fraction of the pre-catalyst
initiates the formation of c-PLA at lower [LA]/[48c] ratios. As the monomer loading increases, a
larger fraction of the pre-catalyst is activated. Thus, the rate limiting step of the proposed catalytic
cycle can be either step A or B (Figure 3.5).

While the molecular weight of c-PLA is dependent on the rac-LA:48c ratio, which gives
this system characteristics of living polymerization, the stable molecular weights and dispersities
of the multi-addition experiment (Table 3.2) shows that this is not the case. This apparent
contradiction may be explained by the chain termination as monomer is exhausted, reforming
complex 48c, which can be reactivated upon further addition of monomer.

3.2.5 Exploration of polymer tacticity

Most studies on the formation of c-PLA have focused on the polymerization of L-LA to
form c-PLLA. The reactivity of 48c towards the polymerization of L- and D-LA to form c-PLLA
and c-PDLA, respectively, was also explored. The dispersity and the initiation efficiency of the
catalyst remains similar for both isomers (Table 3.1, entry 8). Owing to the difficulties in purifying
the monomer, D-LA polymerizes to give a lower molecular weight and higher dispersity (Table
3.1, entry 9). The c-PLLA and c-PDLA produced using 48c do not show racemization while c-
PLA produced using rac-LA is atactic (Figures B.15-B.17); in comparison, bases such imidazole,
and NHCs show epimerization of enantiopure monomers and form racemized c-PLA in similar

reactions,3+136
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Table 3.3. Reported T, values of cyclic and linear PLLA,PDLA and stereocomplexes of cyclic and linear-

PLLA/PDLA
Polymer M (g/mol)? Tm Ty (°C)>  Catalyst Ref
(°C)°
1 c-PLLA 107 000 178 59 48¢c This work
2 c-PDLA 93 000 149 - 48c This work
3 c-PLLA/c-PDLA 107 000/93 000 220 - 48¢c This work
4 c-PLLA 401 000 172 62 56 13
5 c-PDLA 26 000 132 - 53 11
6°  c-PLLA/c-PDLA 30 000/26 000 179 - 53 11
7¢  c-PLLA/c-PDLA 11 000/11 500 232 - SnNaph; 12
8 PLLA 15 000 150 - 53/BnOH 11
9 PDLA 19 000 157 - 53/BnOH 11
10¢ PLLA/PDLA 15 000/19 000 189 - 53/BnOH 11

@ Molecular weight (Mn) determined using SEC. ® Melting temperature and glass transition temperatures; measured
using differential scanning calorimetry (DSC). ¢ Stereocomplexes prepared by dissolving 1:1 mixtures of c-PLLA and
c-PDLA in dicholoromethane. ¢ Stereocomplexes prepared by dissolving a 1:1 mixture of PLLA and PDLA in
dicholoromethane

The thermal properties of c-PLA produced from rac-LA (c-PLA) as well as c-PLLA and
c-PDLA were determined using differential scanning calorimetry (DSC) (Table 3.3, Figures B.18-
B.20). As expected, c-PLA is amorphous and shows a Tq of 54 °C. However, c-PLLA shows
crystalline characteristics with a Tm of 178 °C similar to previously reported values (Table 3.3,
entry 4).1% Interestingly, the c-PDLA synthesized using 48c (Tm = 149 °C) has a significantly
higher melting temperature than that of the polymer generated by NHC catalyst 53 (Tm = 132 °C)
(Table 3.3, entry 5).1* This difference may be attributed to the epimerization of the stereogenic
centers of D-LA that occurs during polymerization by the NHC catalyst.!** The loss of complete
isotacticity leads to a lowering of the melting temperature of the prepared polymer.

Considering the lack of racemization and the high molecular weight of the cyclic polymers
synthesized using 48c, preliminary DSC analysis was conducted on a 1:1 mixture of c-PLLA and

c-PDLA to determine thermal properties of a stereocomplex of the two cyclic polymers. The Tm
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for the stereocomplex is approximately 220 °C, even without an annealing step (Figure B.21).
While a minor endotherm is observable at 149 °C arising from residual c-PDLA, the DSC trace
does not show any significant melting endotherms or a glass transition step below 195 °C, pointing
to the crystalline nature of the stereocomplex. Previous studies on the Tm of c-PLLA/c-PDLA
stereocomplexes suffered from significant racemization of the homopolymers during synthesis
(Table 3.3, entry 6) and the need for lengthy annealing steps to achieve high melting temperatures
(Table 3.3, entry 7).111112

3.3 Conclusions

The air and moisture stable complex 48c can selectively and controllably polymerize rac-
LA, L-LA, and D-LA to produce high molecular weight cyclic PLA in a highly reproducible
fashion. Chain end group analysis by NMR spectroscopy and mass spectrometry followed by
comparison of intrinsic viscosity with linear PLA conclusively support the predominant formation
of cyclic polymer. The polymerization occurs through a coordination-insertion mechanism with
the monomer coordinating to the cationic metal center and the subsequent ring opening being
initiated by the pyridine group. The de-coordination of the hemilabile pyridine and the
coordination of monomer are essential for polymerization.

Complex 48c acts in a catalytic manner with the molecular weight of the polymer being a
function of monomer: pre-catalyst ratio. Additionally, the cationic complex 48c exhibits the
remarkable ability to survive, without loss of activity, in high humidity conditions for multiple
days. The air stable nature of 48c allows it to be stored in less rigorous conditions and gives it a
long and stable useful lifespan. The true catalytic behavior and stability of 48c makes it an

excellent candidate for industrial applications.
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Furthermore, initial examination of polymer characteristics shows interesting thermal
properties. Ultimately, the production of these high molecular weight polymers will potentially
provide a route to new applications for cyclic PLA.

3.4 Experimental

General Considerations. Unless otherwise indicated, all air- and/or water-sensitive
reactions were carried out under dry nitrogen using either an MBraun glove box or standard
Schlenk line techniques. NMR spectra were recorded on a Bruker Avance 300 MHz, 400 MHz
and 600 MHz spectrometers. *H NMR chemical shifts are reported in ppm versus residual protons
in deuterated solvents as follows: & 7.27 CDCls, § 7.16 CsDs, 3C{*H} NMR chemical shifts are
reported in ppm versus residual *C in the solvent: § 77.2 CDCls. **F{*H} NMR chemical shifts
are reported in ppm and externally referenced to neat CFClz at 0 ppm. 3P{*H} NMR chemical
shifts are reported in ppm and externally referenced to 85% HsPOs at 0 ppm. Diffraction
measurements for X-ray crystallography were made on a Bruker X8 APEX Il diffraction and a
Bruker APEX DUOQ diffraction with graphite monochromated Mo-Ka radiation. The structures
were solved by direct methods and refined by full-matrix least-squares using the SHELXTL
crystallographic software of Bruker-AXS. Unless specified, all non-hydrogens were refined with
anisotropic displacement parameters, and all hydrogen atoms were constrained to geometrically
calculated positions but were not refined. EA CHN analysis was performed using a Carlo Erba
EA1108 elemental analyzer. The elemental composition of unknown samples was determined by
using a calibration factor. The calibration factor was determined by analyzing a suitable certified
organic standard (OAS) of a known elemental composition. Molecular weights were determined
by triple detection gel permeation chromatography (GPC-LLS) using a Waters liquid

chromatograph equipped with a Water 515 HPLC pump, Waters 717 plus autosampler, Waters
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Styragel columns (4.6 x 300 mm) HR5E, HR4 and HR2, Water 2410 differential refractometer,
Whyatt tristar miniDAWN (laser light scattering detector) and a Wyatt ViscoStar viscometer. A
flow rate of 0.5 mL min* was used and samples were dissolved in THF (2 mg mL™). Narrow
molecular weight polystyrene standards were used for calibration purposes. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometric analysis of isolated
polymers was performed on a Bruker Autoflex MALDI-TOF equipped with a nitrogen laser (337
nm). The accelerating potential of the Bruker instrument was 19.5 kV. The polymer samples were
dissolved in tetrahydrofuran (ca. 1 g/mL). The concentration of a cationization agent, sodium
trifluoroacetate, in tetrahydrofuran was 1 mM. The matrix used was 2,5-dihydroxybenzoic acid
(DHB) at the concentration of 20 mg/mL. A sample solution was prepared by mixing polymer,
matrix, and salt in a volume ratio of 5:5:1, respectively. Differential scanning calorimetry (DSC)
measurements were performed to detect the glass transition and melting temperature of the
polymers using a TA instruments — Q1000. Experiments were carried out under nitrogen
atmosphere with ~5 mg of polymer samples sealed in an aluminum pan. Starting from 0 °C,
samples were heated to 250 °C with a 10 °C/min heating rate.

Materials. Solvents (THF, pentane, toluene, hexane and diethyl ether) were collected from
a Solvent Purification System from Innovative Technology, Inc. whose columns were packed with
activated alumina. CDCls was dried over CaHz, collected by vacuum distillation and degassed
through a series of freeze-pump-thaw cycles. Dimethylanilinium  Tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate  ([HNMezPh][BArf2s]) was generated by reacting
dimethylanilinium chloride with sodium BAr 24 in diethyl ether at room temperature for 4 h. The
solvent was removed under high vacuum, and addition of hexane to the residual precipitated a

white solid. The white solid was isolated by vacuum filtration and dried in vacuo for 4 h. InCl3
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was purchased from Strem Chemicals and used without further purification. isobutylmagnesium
chloride (2.0 M in Et20) and dimethylanilinium chloride (HNMe2zPh]CI) were purchased from
Aldrich and Alfa Aesar, respectively, and used as received. rac-lactide was recrystallized 3 times
from dry toluene and dried under vacuum. In('Bu)s was synthesized according to a previously
reported procedure. %4

Synthesis of complex 48c. A 20 mL scintillation vial was charged with 47c (200 mg of
47¢, 0.259 mmol, yield=86%) in CsHs (3 ml). [HNMe2Ph][BArT4] (253 mg, 0.266 mmol) in CeHs
(2 ml) was added to the stirring solution of 47a. The reaction mixture was stirred for 4 h atr.t. The
solvent was removed in vacuo to obtain a yellow residue and cold hexane (3 ml) was added to the
residue. After stirring for 1 h, the supernatant was decanted off to remove the byproduct NMezPh.
This step was repeated at least 3 times until a pale-yellow solid precipitate formed. The product
was washed with hexane (2x3 ml) and dried under high vacuum for a few hours. Anal. Calcd. For
C73Hs3BF24InN3O: C 55.72; H 4.18; N 2.64. Found: C 55.60; H 4.28; N 2.82.'H NMR (400 MHz,
CDCl3, 25 °C) 6 8.20 (1H, s, -N=CH-Ar), 7.76 (9H, br. s., ortho H of BAr 24 and Pyr y), 7.61 (1H,
m, ArH), 7.54 (4H, br. s., para H of BArF24), 7.19 - 7.39 (10H, m, ArH), 7.16 (1H, m, Pyr o), 7.10
(1H, m, Pyr 8), 6.95 (2H, m, Pyr B and ArH), 4.02 (2H, m, -CH2- of pyridyl), 3.12 (1H, m, -CH2-
of thiophenyl), 3.17 (1H, m, -CH- of DACH), 0.95 — 2.56 (20H, m, -CH2- of DACH, -CHs of
cumyl, -CH- of ‘Bu and -CH2- of 'Bu), 0.87 (6H, m, -CHz of 'Bu), *C{*H} NMR (101 MHz,
CDCls) & 171.0 (N=CH-Ar), 167.1 (Ar C), 161.8 (B-C), 152.2 (Ar C), 152.1 (Ar C), 150.0 (Pyr
B), 149.9 (Ar C), 141.9 (Pyry), 135.1 (ortho C-H of BAr2s), 134.2 (ArC-H), 132.8 (Pyr 8), 128.7-
129.4 (qg, 2Jc-F = 3, 32 Hz, meta C of BAr ), 127.4,125.6,123.8,121.9 (q, 1Jc.F = 273 Hz, -CFs),
126.2 (Ar C-H), 125.5 (Ar C-H), 124.0 (Pyr o), 117.6 (para C-H of BArF2s), 64.2 (C-H of DACH),

60.6 (C-H of DACH), 47.3 (-CH2- of pyridyl) 33.8 (-CHs of cumyl), 30.9 (-CHz of cumyl), 25.9
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(-CHs of cumyl), 27.8 (-CHs of 'Bu), 27.3 (-CHz- of 'Bu),"*F{*H} NMR (282 MHz, CDCls): § -
61.8.

Representative polymerization of rac-LA using cationic catalyst 48c. A 20 ml
scintillation vial was charged with a solution of complex 48c (10.1 mg, 0.006 mmol) in 2 ml of
toluene. rac-LA (230 mg, 1.6 mmol) was directly added to the vial. The mixture was stirred at 100
°C for 24 h. The resulting solution was concentrated under vacuum for 3 h and then cold methanol
was slowly added to the vial (0 °C, 15 mL). The polymer precipitated from the solution and was
isolated by decantation of the supernatant. The isolated polymer was dried under high vacuum for
at least 3 h prior to analysis.

Sample preparation for the Gutmann-Beckett method. The required
complex/compound was dissolved in 0.7 mL of CesDs to obtain a 20 mM concentration. This
solution was mixed with 0.8 equivalents of OP(Et)s and transferred to an NMR tube with a J.
Young valve. A sealed capillary containing a 20 mM solution of OP(Et)s was added to the tube
and the tube was sealed. This sample was used to obtain 3P NMR spectra (162 MHz) at 25 °C.

Polymerization of rac-LA using air exposed catalyst 48c. A 10.1 mg (0.006 mmol)
portion of the air exposed catalyst and rac-LA (230 mg, 1.6 mmol) were added to a 20 ml
scintillation vial and sealed with a rubber septum. The vial was flushed in nitrogen gas and 2 ml
of dry toluene was injected. The mixture was stirred at 100 °C for 24 h. The resulting solution was
concentrated under vacuum for 3 h and then cold methanol was slowly added to the vial (0 °C, 15
mL). The polymer precipitated from the solution and was isolated by decantation of the
supernatant. The isolated polymer was dried under high vacuum for at least 3 h prior to analysis.

Sample preparation for kinetic studies. The required amount of complex 48c was

dissolved in 0.4 mL of CDsCsDs (Tol-ds) and transferred along with the required amount of rac-
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LA to an NMR tube with a J. Young valve. A sealed capillary containing a known amount of 1,3,5-
trimethoxybenzene in solution was added to the tube as an internal standard and the tube was

sealed. This sample was used to obtain multiple *H NMR spectra (400 MHz) at 100 °C at regular

intervals to obtain conversion data.
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Chapter 4: Hemilability as a tool: exploring the mechanism of indium

catalyzed coupling of epoxides and lactones

4.1 Introduction

Polymers with precisely controlled alternating monomer units have properties distinct from
their homo-, block- or gradient counterparts.'#"14¢ Therefore, the sequence controlled synthesis of
copolymers is an intriguing chemical challenge.'**° This has been particularly true in the
synthesis of poly(ether-alt-esters) from epoxides and lactones; most attempts to create structurally
pure alternating copolymers form oligomers.t**-1% One successful method for producing perfectly
alternating copolymers has been the polymerization of pre-sequenced monomers.*>*>® One such
class of pre-sequenced monomers is spiro-orthoesters, molecules with three oxygen atoms bound
to a common sp® hybridized carbon in two molecular rings, which are capable of forming
poly(ether-alt-esters) through double ring opening polymerization reactions.160-162

The synthesis of spiro-orthoesters has been dominated by the coupling of epoxides and
lactones in the presence of Lewis or Brgnsted acids (Figure 4.1a).1%3-1%" However, this method
suffers from low selectivity due to competing polymerization of the lactone and epoxide substrates.
These side reactions often necessitate high temperature distillation for product isolation resulting
in low yields (< 50%). While other selective synthetic procedures involving diazo precursors were
reported by Coster and Lacour using rhodium and ruthenium catalysts, respectively,681%° the
requirement for multi-step organic syntheses to produce precursor compounds limits the scope and
versatility of these methods.

Pascault and coworkers proposed a mechanism for the formation of spiro-orthoesters from

lactones and epoxides that involves activation of the epoxide via protonation with an acid, followed
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by attack of a lactone resulting in the ring opening of the epoxide (Figure 4.1b).1° The final step
was ring closure and release of the spiro-orthoester product. Although this hypothesis rationalized
the formation of spiro-orthoesters, the low selectivity of the reported systems has curtailed a
detailed mechanistic examination of this reaction.

(a) Synthesis of spiro-orthoesters from acid-catalyzed coupling of epoxides and lactones
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(b) Proposed mechanism for the formation of spiro—orthoesters by Pascault and co-workers
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Figure 4.1. Prior studies in the coupling of epoxides and lactones.
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Recently, Mehrkhodavandi and co-workers reported that a cationic alkylindium complex
(39) catalyzed the synthesis of a range of spiro-orthoesters from various epoxides and lactones
with exclusive selectivity for coupling over polymerization reactions (Figure 4.1c).%°
Subsequently, 39 was found to be capable of catalyzing the temperature-triggered double ring
opening polymerization of spiro-orthoesters to yield perfectly alternating poly(ether-alt-ester) with
the highest molecular weights reported to date (> 40,000 g mol™).>®

The extended work with cationic indium catalysts in the Mehrkhodavandi group®®®° and the
work described in Chapters 2 and 3 has shown that their stability and reactivity can be significantly
influenced by the addition of a hemilabile donor arm to the ligand backbone.>?*"* For example,
adding a furfuryl pendant arm to complex 39 results in a catalyst with controlled activity and long
and stable lifespan.'*° In this chapter, the controlled reactivity afforded by hemilability is leveraged
to elucidate the mechanism of spiro-orthoester formation using cationic indium complexes with
hemilabile furfuryl pendant arms. The structure-function relationship of different catalysts is
explored while demonstrating that the formation of spiro-orthoesters with these compounds is
governed by Michaelis-Menten-type saturation kinetics.1’>174 Based on available information, this
is the first detailed investigation of the mechanism of the metal-catalyzed formation of spiro-
orthoesters from the coupling of epoxides and lactones. Elucidation of this unique mechanism will
enable development of future catalysis with weak Lewis acids.
4.2 Results and discussion

This section discusses the synthesis, characterization and reactivity studies using complexes
48b and 48e-h. This is followed by experimental and computational studies into the cationic

indium catalyzed coupling of epoxides and lactones.
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4.2.1 Synthesis of compounds

The reactivity of 39 could potentially be probed by tuning the In-alkyl group and by
replacing the coordinated solvent (THF) with a donor arm that can be changed both sterically and
electronically. The alkane elimination reaction of trialkylindium complexes (InRs, R = CHs,
CH2CH(CHs)2, CH2Si(CHs)3) with proligands bearing a hemilabile furfuryl pendant group with
various substituents in the a-furfuryl position (X = H, CHs, Br) forms the neutral compounds 47b
and 47e-h (Figure 4.2). Reacting 47b and 47e-h with [PhNMe2H][BAr 4] (BAr 24 = tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) forms the cationic species 48b and 48e-h. Compounds 48b, 48e
and 48f will be used to probe the effect of the alkyl group while 48g and 48h will be used to probe
the effect of the substituents on the pendant donor arms. Compound 48g has a weakly electron
donating methyl substituent at the a-position of the furan ring, while 48h has a weakly electron
withdrawing bromo group;'>'® both substituents have similar steric bulk.!’"1® All new
compounds were fully characterized (Figures C.1-C.48). Additionally, the solid-state molecular
structures of 47e and 48h were determined by single-crystal X-ray crystallography. In the solid
state, the hemilabile pendant arm is coordinated to the cationic indium center in the absence of

external donors (Figures 4.3 and Figure C.50).14
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Figure 4.2. Synthesis of neutral and cationic indium complexes.

Figure 4.3. The molecular structure of 48h depicted with thermal ellipsoids at 50% probability and H atoms, BArF,

counterion, solvent molecules, as well as minor disordered counterparts, omitted for clarity.
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4.2.2 Evaluation of catalytic competency

Table 4.1 Synthesis of SOE from e-caprolactone (e-CL) and 1,2-epoxy-7-octene (EOE) using various cationic

indium complexes.

0 o—° o/’é_/_/:/—i; + Y_<_/_+/7
/\M:A + O Catalyst - @ + @ 0,]; To/\/\/\n,];

60 °C, C¢Dg, 24h o}
EOE cCL SOE Poly(EOE) Poly(CL)

Entry Catalyst In-R Furfuryl Conversion of Poly(EOE) Poly(CL)
o-X EOE (%) " (%)® (%) ¢
group

1 48e CHs H 48 <1 <1

2 48b CH2CH(CHs3): H 55 <1 <1

3 48f CH2Si(CHs)3 H 78 <1 <1

4 48¢g CH:CH(CH3)  CHs3 57 <1 <1

5 48h CH2CH(CHs):  Br 60 <1 <1

64 39 CH2Si(CH3)3 - >99 <1 <1

@ Reactions were performed in benzene for 24 h at 60 °C, [EOE] = [e-CL] = 0.25 M, [catalyst] = 0.006 M. ®
Conversion was determined by '"H NMR spectroscopy (400 MHz, C¢Ds, 25 °C) and calculated with respect to EOE. ©
Determined by 'H NMR spectroscopy (400 MHz, CsDs, 25 °C). ¢ Previously reported data for cationic indium complex
39.%

Complexes 48b and 48e-h were used as catalysts for the coupling of e-caprolactone (g-CL)
and 1,2-epoxy-7-octene (EOE) to form 2-(hex-5-en-1-yl)-1,4,6-trioxaspiro[4.6]Jundecane (SOE)
(Table 4.1). Compared to 39 (Figure 4.1c), 48b and 48e-h exhibit slower conversions of EOE and
higher stability, making them suitable catalysts to study the specific mechanism of this reaction.
4.2.2.1 Role of the alkyl ligands in determining reactivity

The total conversion of EOE and e-CL to SOE at 24-hour reaction time increases in the
following order 48e < 48b < 48f (Table 4.1, entries 1-3). Correspondingly, 48e has the slowest
rate of conversion of epoxide to SOE monitored over 14 hours through in situ *H NMR

spectroscopy at 60 °C, followed by 48b, with 48f having the highest rate (Figure 4.4).
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Figure 4.4. Conversion vs. time plots of 48b, 48e, and 48f for the formation of SOE monitored by *H NMR

spectroscopy (60 °C, C¢Dg, 400 MH2z).

4.2.2.2 Role of the a-substituent on the hemilabile pendant arm in reactivity

Complexes 48g and 48h show similar conversion of EOE to SOE after 24 h (Table 4.1,
entries 4,5). This is comparable to 48b, which has an unsubstituted furfuryl pendant arm with a
proton at the a-position of the furan. Furthermore, complexes 48g and 48h show only slightly
higher conversion compared to 48b as monitored via in situ *H NMR spectroscopy at 60 °C (Figure
4.5). 1t is evident from these findings that the steric bulk of the substituents on the a-position of
the furfuryl pendant arm does not play a significant role in the mechanism of SOE formation.
Based on these studies complex 48b shows controlled “Goldilocks” behavior, ideal for studying

the mechanism of this reaction.
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Figure 4.5. Conversion vs. time plots of 48b, 48g, and 48h for the formation of SOE monitored by *H NMR
spectroscopy (60 °C, C¢Dg, 400 MHz) showing comparable reactivity regardless of substituents on the furan pendant

arm.

4.2.3 Kinetics of spiro-orthoester formation

To identify the mechanism of SOE formation, Kinetic analysis was conducted to determine
the order of reaction with respect to 48b, EOE, and e-CL. The SOE formation was observed by in
situ monitoring of the SOE methylidene proton peak (R(CH2)sCH=CH2)*® using 'H NMR
spectroscopy at 60 °C. The concentrations of 48b, EOE, or e-CL were varied individually while
the other components were kept constant. For each component, data from three different test
concentrations were evaluated using Variable Time Normalization Analysis (VTNA).14>146 The
reaction profile was plotted against the time axis multiplied by X[EOE], Z[e-CL], or [48Db] raised
to different numerical power to visually overlap the plots (Figures 4.6 and Figures C.56-C.58).
Based on this analysis, the system shows first order rate dependence with respect to [48Db].

However, changing either [EOE] or [e-CL] has no effect on the rate of reaction and shows zeroth
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order rate dependence with respect to both starting substrates. This points to catalyst saturation at

these reaction conditions resulting in pseudo-zeroth order Michaelis-Menten type kinetics.72-17
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Figure 4.6. a) VTNA plots to determine the order with respect to [e-CL]. ([48b] = 0.0127 M, [EOE] = 0.507 M at
60 °C in benzene-dg). b) VTNA plots to determine the order with respect to [EOE] ([48b] = 0.0127 M, [e-CL] =
0.507 M at 60 °C in benzene-ds). ) VTNA plots to determine the order with respect to [48b] ([EOE] = 0.507 M,

[e-CL] =0.507 M at 60 °C in benzene-ds).

4.2.3.1  Michaelis-Menten kinetic analysis

In systems showing Michaelis-Menten Kinetics, the rate of reaction is initially linearly
dependent on the concentration of starting material; however, with increasing substrate
concentration the rate approaches a maximum value for a given catalyst concentration,14%:179.180
The initial rate of SOE formation (M s?) increases when [EOE] and [¢-CL] are increased until the
rate reaches a maximum value (Vmax) indicating that the catalyst becomes kinetically saturated
(Figure 4.7a). In enzyme kinetics, the Michaelis constant (Kwm) i.e., the concentration of substrate

at ¥2 Vmax, is used as a measure of substrate affinity to catalysts. Lower Km values correspond to
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stronger affinity while higher values correspond to weaker affinity.'8! For enzymes, Km values
range from 101-107 M, with the “average” enzyme possessing a Km value of ~10* M.182 Using
the Eadie-Hofstee relationship,!8® a Michaelis constant (Km) of 0.43 M and a Vmax of 6.43 M s*

were calculated for 48b (Figure 4.7b).
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Figure 4.7. a) Saturation plot of 48b. Line is plotted with Kv and Vmax values extracted from the b) Eadie—Hofstee

plot for 48b.

4.2.4  Nature of the active catalyst

Understanding the nature of the active catalytic species is a fundamental step in the
elucidation of the mechanism of spiro-orthoester formation.
4.2.4.1 Temperature dependent behavior of catalysts

The previous studies involving cationic alkylindium complexes bearing hemilabile ligands
described in Chapter 2 have shown that the hemilability of the furfuryl pendant group has a
significant effect on the reactivity of these complexes.*® The change in the chemical shift of the
a-proton of the furfuryl group in 48b, 48e, and 48f is an excellent determinant of the fluxionality
of the donor arm. Using the difference in chemical shift of this proton at 25 °C and chemical shifts
at higher temperatures (Ad), in Variable Temperature (VT) *H NMR spectroscopy experiments, it

is demonstrated that 48e has the lowest fluxionality followed by higher fluxionality in 48b (Figure
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4.8 and Figures C.51-C.53). Complex 48f, bearing the bulky CH2Si(CHS3)s ligand, decomposes
irreversibly at higher temperatures in the absence of external donor groups, showing significantly
greater labile behavior than 48b or 48e. The more fluxional nature of the pendant arm results in
higher reactivity of the cationic indium complexes in the formation of SOE with a reactivity order

of 48e < 48b < 48f (Table 4.1).
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Figure 4.8. a) Downfield shift of the a proton of the furfuryl pendant arm relative to 25 °C, b) VT *H NMR (400
MHz, C¢DsBr, 25-125 °C) spectra showing downfield migration of the a proton of the furfuryl group of 48e and c)

48b

To find a possible explanation for the thermal behavior of these complexes the steric bulk
of the complexes were quantified using buried volume analysis (Figure 4.9).1® The methyl ligand
of 48e contributes the lowest percent-buried volume to the complex, allowing for greater
interaction of the furfuryl pendant group with the indium center. This renders 48e more stable and

less prone to furan dissociation. Correspondingly, the isobutyl ligand of 48b contributes a greater
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percent-buried volume. It was postulated that the increased steric crowding leads to increased

fluxionality of the furfuryl pendant arm, which in turn contributes to greater catalytic activity.

R= CH, CH,CH(CH,), CH,Si(CH,),
% Free Volume 25.5 20.1 18.1
% Buried Volume 74.5 79.9 81.9

*3.5 A radius around In
Figure 4.9. Percent buried volume (at a 3.5 A radius around the indium center) calculation to determine steric bulk

of different alkyl ligands on 48e, 48b, and 48f.

While the CH2Si(CHs)s ligand of 48f contributes a similar percent-buried volume to the
isobutyl group of 48b, it decomposes irreversibly at ~35 °C while 48b is stable up to 125 °C in the
absence of external donors i.e. substrate or solvent (Figure C.53). The difference in the relative
stability of 48b and 48f is very likely electronic in nature, arising from the electron withdrawing
effects of the organosilicon ligand.*®%8 Upon disassociation of the furan moiety, the CH2Si(CHs)3
ligand does not supply the indium center with enough electron density to maintain stability, leading
to decomposition. However, these observations indicate that catalysis is enhanced in conditions
that encourage the dissociation of the pendant arm.
4.2.4.2 Substrate coordination

Substrate coordination to the indium center and product formation can follow several
possible pathways (Figure 4.10). In the first scenario, epoxide coordinates first to the catalyst and
the insertion of e-CL or epoxide into a coordinated epoxide results in either SOE or polyether

respectively (Figure 4.10 Al, A2). Alternatively, e-CL coordinates first and the insertion of
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epoxide or &-CL into a coordinated &-CL results in a cyclic ether-ester compound or
polycaprolactone (Figure 4.10 B1, B2 and Figure 4.11). However, of these pathways, only the
product from path A2, SOE, is observed. While epoxides or e-CL can be homopolymerized by
cationic indium complexes at higher temperatures and concentrations,52%0140 these
polymerizations do not occur under the current reaction conditions due to the relatively low Lewis
acidity of this catalyst. The relative Lewis acidity of 48b, determined by a modified Gutmann-
Becket method,®>%2187 is significantly lower than compounds such as BFs (Figure 4.1a) that can
homopolymerize both e-CL and epoxide under the reaction conditions used (6 = 78.2 ppm for BF3

and & = 69.4 ppm for 48b in the 3!P{*H} NMR spectrum.>®
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Figure 4.10. Possible pathways for substrate coordination and product formation by 48b.

Considering neither homopolymerization products nor a cyclic ether-ester species is
observed, the first step in the proposed mechanism is the activation of the catalyst by the

coordination of an epoxide to the cationic center.
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Figure 4.11. Coordination of e-CL followed by attack of the epoxide is expected to result in the formation of cyclic

ether-esters, which are not observed.

While the metal can accommodate either one or two epoxide molecules,* it is proposed
that only one epoxide molecule is coordinated in the first step. Triethylphosphine oxide (TEPO)
was used as a non-reactive model donor to approximate epoxide coordination in order to probe the
impact of catalyst reactivity with either one or two epoxide molecules coordinated using a
modified Gutmann-Beckett method.*%218" The 3!P{'H} NMR spectrum of 48b mixed with 1
equivalent of TEPO (48beTEPO) shows a broad signal at = 69.4 ppm. The broadness of this peak
arises from the fluxional behavior of the furfuryl pendant arm at 25 °C resulting in the reversible
association and dissociation of the TEPO molecule (Figures 4.12a and Figures C.54, C.55).
Conversely, when 2 equivalents of TEPO are mixed with 48b the resultant *:P{*H} NMR spectrum
for 48be2TEPO shows a single sharp peak at & = 59.6 ppm (Figures 4.12b and Figures C.54, C.55).

While both species show a downfield shift of the 3'P{*H} peak of TEPO compared to free TEPO
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(6 =45.8 ppm), 48beTEPO is significantly more Lewis acidic than 48b*2TEPO and thus expected

to be the more reactive species.?%2
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Figure 4.12. (a) Broad 3'P{*H} NMR spectral peak arising from the coordination of one TEPO molecule to 48b and
(b) the sharp 3'P{*H} NMR spectral peak from the coordination of two TEPO molecules to 48b.

Additionally, computational studies show that the mono-epoxides species is more stable
(~7 kcal mol™) than the bis epoxide species in benzene where the coordination of two epoxide

molecules leads to the complete dissociation of the pendant furan (Figure 4.13). Thus, coordination

of one epoxide molecule leads to the more stable and more active catalyst.
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Figure 4.13. Relative stabilization energies (kcal mol!) of a truncated version of complex 48e bound to one or two

epoxides.
126



4.25 Proposed mechanism for spiro-orthoester formation
Based on the studies in the previous section, spiro-orthoester formation is preceded by the

coordination of a single epoxide molecule resulting in the active catalytic species (Figure 4.14)
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Figure 4.14. Formation of the active catalyst by coordination of epoxide to 48b.

The first in-cycle step of the proposed mechanism involves the Sn2 attack on the epoxide
by lactone and its subsequent ring opening (Figure 4.15A). This attack can occur at either carbon
of the epoxide, resulting in two possible isomers. The latter steps of the cycle involve ring closing,

release of the product, and re-formation of the active catalyst (Figure 4.15B).
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Figure 4.15. Proposed mechanism for spiro-orthoester formation by complex 48b.
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4.25.1 Computational studies

Computational methods were used (see Experimental and Appendix C) to gain further

insights into the selective coupling of epoxide and lactone as well as the product release steps as
Michaelis-Menten saturation kinetics makes it considerably more difficult to study the in-cycle
steps of the proposed mechanism experimentally. These calculations were performed with a
truncated 48e as a model catalyst and 1,2-epoxybutane as a simplified model epoxide (Figure

1.16). Since all four possible stereoisomeric products are observed experimentally, only the

pathway for formation of one stereoisomer was examined for brevity.
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Figure 4.16. Reaction profile of the proposed mechanism of SOE formation by a truncated version of 48e.
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In the presence of &-CL and epoxide, either one can coordinate to the indium center. In the
case of the coordinated e-CL either an epoxide or an additional e-CL can ring open the coordinated
lactone molecule (Figure 4.16¢3 and 4.16c4). However, the kinetic barrier for both these scenarios
is considerably larger than that of &-CL inserting into a coordinated epoxide. This Kinetic barrier
prevents the homo-polymerization of e-CL and the formation of a cyclic ether-ester species. Based
on these calculations, the rate determining step (+16.7 kcal mol™) is the Sn2 attack on and the
simultaneous ring opening of the coordinated epoxide by e-CL, resulting in the formation of a new
indium alkoxy bond (Figure 4.16d). Unlike the ring opening of the indium-g-CL complexes, the
ring opening of epoxides has a noticeably smaller barrier (Figure 4.16¢1 and 4.16c2 vs. Figure
4.16¢3 and 4.16c¢4). This is consistent with observed lack of homo-polymerization products or the

cyclic ether-ester compound.

R= CH, CH,CH(CH,), CH,Si(CH,),
% Free Volume 12.5 5.7 4.7
% Buried Volume 87.5 94.3 95.3

Figure 4.17. Buried volume (at a 3.5 A radius around the indium center) calculation to determine steric bulk of

different alkyl ligands on 48e-SOE, 48b-SOE, and 48f-SOE.

The last step of the cycle is ring-closing by the attack on the carbonyl carbon of &-CL by
the indium alkoxide oxygen and the formation of spiro-orthoester. This is followed by the release
of the newly formed spiro-orthoester and re-formation of the active catalyst upon the coordination
of a new epoxide molecule. Apart from enhancing the fluxionality of the furan pendant arm, the

steric bulk of the alkyl ligand appears to have a noteworthy effect on this last step of the catalytic
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cycle. Buried volume calculations of the catalyst coordinated to the SOE show that the steric
environment around 48b and 48f is significantly more crowded than 48e, potentially accounting
for the faster reactivity of the former two catalysts.

4.3 Conclusion

This study investigated the mechanism and catalyst design involved in the synthesis of spiro-
orthoesters through the coupling of epoxides and e-caprolactone experimentally and
computationally. Model catalysts with different In-alkyl and substituted furfuryl pendant ligands
were used to probe the structure function relationships in reactivity and mechanism. It was
demonstrated that increased steric bulk, and weaker electron donation, of the alkyl ligands
increases the rate of reactivity. Furthermore, weakly electron donating or withdrawing substituents
on the pendant furan moiety have no significant effect on reactivity.

The main question in this study was to determine why these catalysts, in the presence of
lactones and epoxides, form spiro-orthoesters exclusively in lieu of a mixture of SOE, polyether,
and polyesters. The explanation lies with the kinetics of the system governed by the mild Lewis
acidity of these cationic indium complexes.

These catalysts follow Michaelis-Menten type saturation kinetics, with the reaction being
zeroth order with respect to both substrates and first order with respect to catalyst, with a Michalis
constant comparable to a very slow-reacting enzyme. Concurrently, the limited Lewis acidity of
these systems under these reaction conditions prevents polymerization of epoxides or e-
caprolactone.

Finally, it is demonstrated that the reaction mechanism proceeds through the coordination
of one epoxide molecule to the cationic indium center followed by the coupling to a lactone

molecule resulting in the selective formation of spiro-orthoesters. These insights into the
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mechanism and ligand design explain the unique selectivity for spiro-orthoesters in this system,
enhance the understanding of indium in catalysis, and open doors to better and more efficient
catalysis in this and related reactions.
4.4 Experimental

General Considerations. All air- and/or moisture-sensitive reactions were performed under
inert and dry nitrogen atmosphere using an MBraun glove box or Schlenk line techniques unless
otherwise stated. All NMR spectra were recorded on either a Bruker Avance 300 MHz or 400 MHz
spectrometers. The chemical shifts on all the *H NMR spectra are reported in ppm and are
referenced to the residual protons in deuterated solvents. 3C NMR chemical shifts are reported in
ppm referenced to the residual 3C in the solvent.!8 3'P{*H} NMR chemical shifts are reported in
ppm and externally referenced to 85% HsPQO4 at 0 ppm.
X-ray diffraction measurements were carried out on a Bruker APEX DUO or Bruker X8 APEX 11
diffractometer equipped with graphite monochromated Mo-K. radiation. Images were integrated
using the Bruker SAINT software package, and corrected for absorption effects using SADABS
The structures were solved by direct methods and refined by full-matrix least-squares. Structure
solutions were obtained using SHELXT® and refined using SHELXL!® via the Olex2
interface.’® All non-hydrogen atoms were refined anisotropically, and all hydrogen atoms were
constrained to geometrically calculated positions. A Carlo Erba EA1108 elemental analyzer was
used to obtain CHN EA analysis. The elemental composition of unknown samples was determined
by using calibration factor. To determine the calibration factor, a suitable certified organic standard
(OAS) of known elemental composition was used.

Materials. For air- and/or moisture-sensitive reactions toluene, diethyl ether, and hexanes

were collected from a Solvent Purification System from Innovative Technology, Inc. whose
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columns were packed with activated alumina. CDClIs, CsDs, and CeHs were dried over CaHz,
degassed via multiple freeze-pump-thaw cycles, and collected by vacuum distillation.
Dimethylanilinium  tetrakis(3,5bis(trifluoromethyl)phenyl)borate  ([HNMezPh][BarT24]) was
synthesized by reacting dimethylanilinium chloride with sodium Bar™4 in diethyl ether at room
temperature for 4 h.%® The solvent was removed under high vacuum, and addition of hexane to the
residual precipitated a white solid. The white solid was isolated by vacuum filtration and dried in
vacuo for 4 h. Isobutylmagnesium chloride (2.0 M in EO), (Trimethylsilyl)methylmagnesium
chloride (1.0 M in Et20), indium  (Il)  chloride  (InCls), Sodium
Tetrakis(3,5bis(trifluoromethyl)phenyl)borate  (Na[Bar™24]),  dimethylanilinium  chloride
([HNMe2Ph]Cl), e-caprolactone, triethoxyphsophineoxide, trimethyl indium, and 1,2-epoxy-7-
octene were purchased from commercial sources. e-caprolactone and 1,2-epoxy-7-octene were
dried over CaH2, distilled and stored under molecular sieves. In(CH2CH(CHs)2)s and
In(CH2Si(CH3)3)s were both synthesized according to a previously reported procedure.%
Proligand Ly and complex 48b were synthesized according to the procedure reported in Chapter
2. All other proligands were synthesized by modifying previously reported procedures.'4°
Synthesis of Proligand Ly To a solution of (£)- trans-N-((5-methylfuran-2-
yl)methyl)cyclohexane-1,2-diamine (2.58 g, 12.4 mmol) in 80 mL acetonitrile (ACN) was added
3,5-dicumylsalicylaldehyde (4.3 g, 12 mmol) and heated under reflux for 16 hours equipped with
a Dean-Stark apparatus. The solvent was removed in vacuo to afford the crude product in form of
a solid. The crude product was purified via crystallization in pentane to afford proligand Ly as a
yellow solid (yield~% 53) HRMS [M+H]+, calculated m/z=549.3403. Found m/z=549.3476. H
NMR (300 MHz, CDCls, 25 °C) 6 8.37 (1H, s, -N=CH-Ar), § 7.40 (1H, s, ArH), 5 7.14- 7.38 (10H,

m, ArH), § 7.09 (1H, s, ArH), § 5.90 (1H, m, furan y), § 5.86 (1H, m, furan B), & 3.74 (1H, d, 2Jn-
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H = 14.5 Hz, -CHa2- of furfuryl), § 3.63 (1H, d, 2J4-H = 14.5 Hz, -CHa- of furfuryl), § 2.98 (1H, m,
-CH- of DACH), § 2.61 (1H, m, -CH- of DACH), & 2.25 (3H, s, CHs of furan), § 1.09-2.15 (20H,
m, -CHz- of DACH and -CHs of cumyl). *C{*H} NMR (75 MHz, CDCls, 25 °C) § 165.8 (N=CH-
Ar), § 157.9 (Ar C), 8 152.0 (Ar C), 5 151.4 (Ar C), 5 150.7 (Ar C), § 139.7 (Ar C), & 136.1 (Ar
C), § 129.3 (Ar C-H), 5 128.1 (Ar C-H), & 127.0 (Ar C-H), & 125.7 (Ar C-H), & 125.2 (furan o), &
118.1 (Ar C), 8 107.7 (furan vy), 6 105.9 (furan B), 6 74.4 (C-H of DACH), 6 59.4 (C-H of DACH),
8 43.4 (-CH2- of furfuryl), & 33.8 (CH2 of DACH) , & 31.0 (CH2 of DACH), § 30.3 (CH2 of DACH)
, 029.7 (-CHs of cumyl), 6 29.4 (CH2 of DACH), 6 24.6 (-CH3 of cumyl), & 13.7 (-CHs of furan).

Synthesis of proligand Ln. To a solution of (£)- trans-N-((5-bromofuran-2-
yl)methyl)cyclohexane-1,2-diamine (8.22 g, 30.0 mmol) in 80 mL acetonitrile (ACN) was added
3,5-dicumylsalicylaldehyde (10.00 g, 27.9 mmol) and heated under reflux for 16 hours equipped
with a Dean-Stark apparatus. The solvent was removed in vacuo to afford the crude product in
form of a solid. The crude product was purified via using column chromatography using hexanes
and ethyl acerate as the mobile phase to afford proligand Ln as an orange solid (yield~40%).
HRMS [M+H]+, calculated m/z=613.2356. Found m/z=613.2429. *H NMR (300 MHz, CDCls, 25
°C) & 8.34 (1H, s, -N=CH-Ar), § 7.40-7.04 (12H, ArH), 5 6.14 (1H, d, furan y), § 5.90 (1H, d, furan
B), 83.69 (1H, d, 21+ = 15 Hz, -CH2- of furfuryl), § 3.61 (1H, d, 2JH-H = 15 Hz, -CH2- of furfuryl),
§2.92 (1H, m, -CH- of DACH), & 2.57 (1H, m, -CH- of DACH), & 1.05-2.05 (20H, m, -CHa- of
DACH and -CH3 of cumyl). 3C{*H} NMR (75 MHz, CDCls, 25 °C) § 165.7 (N=CH-Ar), 5 157.9
(Ar C), 5 156.3 (Ar C), § 150.9 (Ar C), § 140.0 (Ar C), & 136.3 (Ar C), & 129.2 (Ar C-H), 5 128.2
(Ar C-H), § 127.9 (Ar C-H), 5 126.8 (Ar C-H), § 125.8 (Ar-H), 5 125.2 (furan a), & 120.4 (Ar C),

5 118.2 (Ar C), & 112.0 (furan vy), 6 109.8 (furan B), & 74.6 (C-H of DACH), 6 59.4 (C-H of

133



DACH), § 43.5 (-CHz- of furfuryl), & 33.8 (CHz2 of DACH) , & 31.1-24.6 (CHs of cumyl and CH>
of DACH).

Synthesis of complex 47e. To a 20 mL scintillation vial containing proligand Ly (167 mg,
0.313 mmol) in 4 mL hexanes was added In(CHs)s and the mixture was stirred at room temperature
for 16 hours. The solvent was removed under reduced pressure to afford complex 47e in form of
yellow solid (yield= 94%). Crystallization of yellow solid in hexanes at -30 °C gave yellow
crystals. Anal. Calcd. For formula: CssHa7InN202 C 67.26%; H 6.98%; N 4.13%. Found: C
66.92%; H 6.43%; N 4.16%.H NMR (400 MHz, CDCls, 25°C) § 8.10 (1H, s, -N=CH-Ar), § 7.35
(1H, m, furan a), 8 7.33-7.00 (11H, m, ArH), 6 6.79 (1H, d, Ar-H), 8 6.33 (1H, m, furan y), 3 6.18
(1H, d, furan B), 0 3.87 (1H, m, -CH2- of furfuryl), 6 3.55 (1H, m, -CHz2- of furfuryl), 6 2.95 (1H,
m, -CH- of DACH), § 2.57 (1H, m, -CH- of DACH), § 2.32 (1H, m, -CH2- of DACH), 5 2.16 (1H,
m, -CHz- of DACH), & 1.93-0.98 (18H, m, -CHz- of DACH and -CH3 of cumyl), 5 1.56 (3H, s,
CHs of furan), 5 -0.42 (3H, s, In-CHs), & -1.14 (3H, s, In-CHs). 3C{*H} NMR (101 MHz, CDCls,
25°C) § 170.8 (N=CH-Ar), § 168.8 (Ar C), & 151.7 (Ar C), & 151.4 (Ar C), & 142.4 (furan a), &
141.8 (Ar C), 8 133.4 (Ar C), § 131.2 (Ar C), & 131.0 (Ar C-H), § 127.9 (Ar C-H), & 127.3 (Ar C-
H), 8 127 (Ar C-H), § 126.2 (Ar C-H), § 125.4 (Ar C-H), 5 124.3 (Ar C-H), 5 118.4 (Ar C), § 110.7
(furan B) , & 108.1 (furan y) , 6 67.1 (C-H of DACH) , 6 61.3 (C-H of DACH), 6 41.4 (-CH2- of
furfuryl), 6 33.3 (CHz2 of DACH), 6 31.1 (CHs of cumyl), 6 29.9 (CHz2 of DACH), 6 28.2 (CHzs of
cumyl), 6 25.2 (CHz2 of DACH), 6 24.8 (CH2 of DACH), 6 -9.0 (In-CHs3).

Synthesis of complex 47f. Complex 47f was prepared using a similar procedure as
complex 47e. To synthesize complex 47f, proligand L, (142 mg, 0.266 mmol) and
In(CH2Si(CH3)3)s (100 mg, 0.266 mmol) were used. (yield=93%). Anal. Calcd. For

Ca4He3INN202Si2: C 64.22%; H 7.72%; N 3.40%. Found: C 63.74%; H 7.50%; N 3.31. 'H NMR
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(400 MHz, CDCls, 25 °C) & 8.10 (1H, s, -N=CH-Ar), § 7.36 (1H, m, furan o), 5 7.33-7.01 (11H,
m, ArH), 6 6.81 (1H, d, Ar-H), 6 6.33 (1H, m, furan B), 3 6.15 (1H, d, furan y), 6 3.80-3.66 (2H,
m, -CHz- of furfuryl), § 2.97 (1H, m, -CH- of DACH), § 2.70 (1H, m, -CH- of DACH), § 2.23 (1H,
m, -CHz- of DACH), § 2.08 (1H, m, -CH2- of DACH), & 1.91-0.87 (18H, m, -CH.- of DACH and
-CHs of cumyl), § -0.02 (9H, s, Si-(CHa)s), & -0.22 (9H, s, Si-(CHa)3), & -0.69 (2H, m, In-CHz), &
-1.08 (2H, s, In-CH2), *C{*H} NMR (101 MHz, CDCls, 25 °C) & 171.9 (N=CH-Ar), 5 168.7 (Ar
C), 6 152.6 (furan 6), 8 151.5 (Ar C), 6 142.1 (furan a), 6 141.3 (Ar C), & 134.0 (Ar C), 132.7 (Ar
C-H), 131.7 (Ar C-H), 128.0 (Ar C-H), 127.6 (Ar C-H), 127.0 (Ar C-H), 126.2 (Ar C-H), 125.5
(Ar C-H), 124.6 (Ar C-H), 118.3 (Ar C), 110.6 (furan B) , 107.6 (furan vy), 70.1 (C-H of DACH),
60.7 (C-H of DACH), 42.2 (-CHa- of furfuryl), 34.2 (CH2 of DACH), 25.1-31.4 (CH2 of DACH
and CHs of cumyl), 2.8 ( CHs of Si(CH3)s), 2.4 (CHs of Si(CHz)3), -0.3 (In-CHz2), -0.8 (In-CH>).
Synthesis of complex 47g. Complex 47g was prepared in the form of a yellow solid using
a similar procedure as complex 47e. To synthesize complex 47g, proligand Lg (186mg, 0.338
mmol) and In(CH2CH(CHs)2)s (100mg, 0.338 mmol) were used (yield=98%). Anal. Calcd. For
CasHs1InN202 : C 69.58%; H 7.92%; N 3.61%. Found: C 69.91%; H 7.73%; N 3.59%. 'H NMR
(400 MHz, CDCls, 25 °C) & 8.08 (1H, s, -N=CH-Ar), 5 7.35-7.02 (11H, m, ArH), § 6.81 (1H, m,
Ar-H), 6 6.03 (1H, m, furan y), & 5.90 (1H, m, furan B), 8 3.80 (1H, m, -CH2- of furfuryl), & 3.63
(1H, m, -CHa- of furfuryl), 6 2.95 (1H, m, -CH- of DACH), 6 2.59 (1H, m, -CH- of DACH), 6 2.31
(1H, m, -CH- of DACH), 8 2.26 (1H, s, CHs of furan), 6 2.08 (1H, m, -CH2- of DACH), & 2.15-
0.96 (20H, m, -CH.- of DACH, CH of 'Bu and -CH3 of cumyl), § 0.89 (6H, CHs of 'Bu), § 0.72
(6H, m, CHs of 'Bu), § 0.51 (2H, m, In-CH?2), § 0.06 (2H, m, In-CH2). *C{*H} NMR (101 MHz,
CDCls, 25 °C) 6 171.3 (N=CH-Ar), 6 168.8 (Ar C), & 151.8 and 150.5 (furan o and furan 9), &

141.2 (Ar C),8 133.2 (Ar C-H), & 131.9 (Ar C-H), & 131.5 (Ar C-H), & 127.9 (Ar C-H), § 127.5
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(Ar C-H), § 126.9 (Ar C-H), § 125.9 (Ar C-H), & 125.4 (Ar C-H), 5 124.4 (Ar C-H),5 118.2 (Ar
C),5 108.5 (furan vy), 6 106.4 (furan B),0 69.9 (C-H of DACH),5 60.9 (C-H of DACH), 6 42.2 (-
CHoa- of furfuryl), & 34.0 (CH2 of DACH),5 31.1- 24.8 (CH2 DACH, CHjs of cumyl, In-CH2, CHs
of Bu, CH of ‘Bu),  13.7 (furan CHs).

Synthesis of complex 47h. Complex 47h was prepared in the form of an orange solid using
a similar procedure as complex 47e. To synthesize complex 47e, proligand Ln (208mg, 0.338
mmol) and In(CH2CH(CHs)2)3 (100 mg, 0.338 mmol) were used (yield=91%). Anal. Calcd. For
CasHssBrinN202: C 62.79%; H 6.95%; N 3.33%. Found: C 64.83%; H 7.00%; N 2.97%. 'H NMR
(400 MHz, CDCls, 25 °C) § 8.04 (1H, s, -N=CH-Ar), 5 7.43-6.68 (12H, ArH), § 6.22 (1H, d, furan
B), 8 6.10 (1H, d, furan vy), 6 3.80 (1H, m, -CH2- of furfuryl), 6 3.64 (1H, m, -CH2- of furfuryl), &
2.93 (1H, m, -CH- of DACH), § 2.56 (1H, m, -CH- of DACH), 5 2.23 (1H, m, -CH2- of DACH),
§ 2.04 (1H, m, -CH2- of DACH), § 1.87-0.92 (20H, m, -CH2- of DACH, CH of 'Bu and -CH3 of
cumyl), 6 0.85 (6H, CH3 of 'Bu), 5 0.73 (6H, m, CHs of 'Bu), § 0.46 (2H, m, In-CH2), § 0.10 (2H,
m, In-CHz). B3C{*H} NMR (101 MHz, CDCls, 25 °C) & 171.4 (N=CH-Ar), § 168.6 (Ar C), & 154.8
(furan delta), § 151.8 (Ar C), 5 141.3 (Ar C), 8 133.6 (Ar C), & 132.1 (Ar C-H), & 131.7 (Ar C-H),
§ 128.0 (Ar C-H), & 127.6 (Ar C-H), & 127.0 (Ar C-H), & 125.8 (Ar C-H), & 125.5 (Ar C-H), &
124.5 (Ar C-H), 6 121.1 (furan ), 6 118.2 (Ar C), 6 112.2 (furan B), 6 110.5 (furan y), 6 70.9 (C-
H of DACH),5 60.7 (C-H of DACH), & 42.2 (-CHz- of furfuryl), & 33.9 (CH2 of DACH), 31.2-
24.8 (CH2 DACH, CHz of cumyl, In-CHz, CHs of 'Bu, CH of 'Bu), 28.9 (In-CH>).

Synthesis of complex 48e. To a 20 mL scintillation vial containing complex 47e (158 mg,
0.234 mmol) in 3 mL benzene (CsHs) was added [HNMez2Ph][Bar 2] (243 mg, 0.234 mmol) in 2
mL benzene and the mixture was stirred for 16 hours at room temperature. The residue was washed

with cold hexanes and the supernatant was discarded to remove the NmezPh by-product until a
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precipitate was formed. The precipitate was dried under high vacuum for a few hours (yield= 68%).
Anal. Calcd. For CegHssBF24InN202: C 54.28%; H 3.7%; N 1.83%. Found: C 53.59%; H 3.58%;
N 1.90%. *H NMR (400 MHz, CDCls, 25 °C) & 8.17 (1H, s, -N=CH-Ar), § 7.73 (8H, br. S., ortho
H of Bar®), § 7.64 (1H, m, ArH), § 7.55 (4H, br. S., para H of Bar"2s), 6.87- 7.42 (11H, m, ArH),
6.37 (1H, Furan a), 6.26 (1H, Furan y), 6.21 (1H, Furan B), 4.01 (1H, m, -CH2- of furfuryl), 3.83
(1H, m, -CHe- of furfuryl), 2.98 (1H, m, -CH- of DACH), 0.85 — 2.38 (21H, -CH,- of DACH, -
CHs of cumyl, and CH of DACH), 0.13 (3H, s, In-CHs) 3C{1H} NMR (101 MHz, CDCl3)  170.8
(N=CH-Ar), 165.7 (Ar C), 160.7-163.1 (B-C), 151.9 (Ar C), 150.1 (Ar C), 145.9 (Ar C), 144.2
(furan a), 141.7 (Ar C), 139.6 (Ar C), 135.1 (Bar s ortho C), 134.4 (Ar C-H), 132.1 (Ar C-H),
130.3 (Ar C-H), 128.6-129.7 (Bar24 meta C), 128.3- 120.7 (Ar C-H and CFs), 117.5 (BarF para
C), 112.4 (furan ), 111.0 (furan y), 64.6 (DACH CH), 61.5 (CH DACH), 42.5 (furfuryl CH>),
30.7-23.3 (DACH CH2 and cumyl CHs), -7.8 (In-CHs).

Synthesis of complex 48f. Complex 48f was prepared using a similar procedure to complex
48e. To synthesize complex 48f, complex 47f (213mg, 0.259 mmol) and [HNMe2Ph][BarF24] (269
mg, 0.259 mmol) were used (yield=69%). Anal. Calcd. For C72HessInN202SiBF24: C 54.08%; H
4.03%; N 1.75%. Found: C 53.79%; H 4.60%; N 1.74%. *H NMR (400 MHz, CDCls, 25 °C) §
8.21(1H, s, -N=CH-Ar), 5 7.72 (8H, br. S., ortho H of Bar ), § 7.63 (1H, m, ArH), § 7.54 (4H,
br. S., para H of Bar 24), 6.98- 7.40 (11H, m, ArH), 6.23 (1H, m, Furan vy), 6.17 (1H, m, Furan p),
6.11 (1H, m, Furan a), 4.05 (1H, m, -CHa- of furfuryl), 3.81 (1H, m, -CHz- of furfuryl), 3.11 (1H,
-CH- of DACH), 1.04 — 2.45 (21H, -CH2- of DACH, -CHs of cumyl, CH of DACH), -0.11-0.07
(11H, In-CH2 and Si(CHa)s), 3C{*H} NMR (100 MHz, CDCls) & 170.9 (N=CH-Ar), 165.8 (Ar
C), 161.1-162.7 (B-C), 151.8 (Ar C), 150.1 (Ar C), 145.8 (Ar C), 144.4 (furan a), 141.5 (Ar C),

139.6 (Ar C), 135.1 (C-H of ortho Bar2s), 132.5-120.7 (Ar C-H and CFs), 117.8 (BarF2 para C),
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112.5 (furan B), 111.2 (furan y), 64.8 (DACH CH), 61.9 (DACH CH), 42.6 (furfuryl CHz), 31.4
(CHs of cumyl), 30.8 (CHs of cumyl and CH2 DACH), 28.6 (CHs of cumyl), 28.0 (CHz of DACH),
23.9 (CH2 0f DACH) , 23.4 (CH2 of DACH), 2.0 (Si(CHs)3), 0.3 (In-CHo).

Synthesis of complex 48g. Complex 48g was prepared in the form of a light green solid
using a similar procedure as complex 48e. To synthesize complex 48g, complex 47g (271 mg,
0.349 mmol) and [HNMezPh][Bar 4] (364 mg, 0.349 mmol) were used. (yield= 76%). Anal.
Calcd. For CrsHealnBF24N202: C 55.39%; H 4.08%; N 1.77%. Found: C 54.98%; H 3.84%; N
1.91%. %. *H NMR (300 MHz, CDCls, 25 °C) § 8.22 (1H, s, -N=CH-Ar), § 7.73 (8H, br. S., ortho
H of BarF24), § 7.60 (1H, m, ArH), & 7.54 (4H, br. S., para H of Bar"24), 6.92- 7.44 (11H, m, ArH),
6.08 (1H, m, Furan y), 5.98 (1H, m, Furan B), 4.09 (1H, -CH2- of furfuryl), 3.37 (1H, -CH2- of
furfuryl), 3.21 (1H, m, -CH- of DACH), 1.15-2.40 (9H, -CH2- of DACH, -CH- of DACH) , 2.19
(3H, CHs of furan), 1.74 (6H, CHs of cumyl), 1.59-1.66 (6H, CHs of cumyl), 1.85 (-CH- of 'Bu),
1.05 (2H, In-CHz), 0.72 (6H, CHs of Bu). 2C{*H} NMR (75 MHz, CDCls) § 169.1 (N=CH-Ar),
§164.4 (Ar C), 160.9-162.8 (B-C), 154.7 (Ar C), 151.1 (Ar C), 150.0 (Ar C), 145.9 (Ar C), 141.7
(Ar C), 140.0 (Ar C), 135 (ortho of C-H of Bar®), 134.7 (Ar C-H), 132.0 (Ar C-H), 130.0- 128.90
(Barf2s meta C), 119.3- 128.4 (Ar C-H and CFs), 117.7 (Bar 24 para C-H), 111.9 (furan y), 108.3
(furan B), 65.5 (DACH CH), 42.8 (furfuryl CHz), 31.4 (CH2 DACH), 30.8, 27.8 (cumyl CHs), 29.7
(In-CH2), 27.7 (CHs of ‘Bu), 26.3 (CH of 'Bu), 24.4 (CH2 DACH), 23.4 (CH2 DACH), 13.9 (furan
CHs).

Synthesis of complex 48h. Complex 48h was prepared in the form of an orange solid using
a similar procedure as complex 48e. To synthesize complex 48h, complex 47h (219 mg, 0.260
mmol) and [HNMezPh][Bar24] (271 mg, 0.260 mmol) were used (yield=43%). Anal. Calcd. For

C72He1BrInN202BF24: C 52.48%; H 3.73%; N 1.7%. Found: C 51.86%; H 3.78%; N 1.66%. ‘H
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NMR (400 MHz, CDCls, 25 °C) 6 8.20 (1H, s, -N=CH-Ar), & 7.73 (8H, br. S., ortho H of Bar ),
§7.61 (1H, m, ArH), 5 7.55 (4H, br. S., para H of Bar 24), 6.79- 7.41 (11H, m, ArH), 6.36 (1H, m,
Furan B), 6.14 (1H, m, Furan vy), 3.97 (1H, m, -CH2- of furfuryl), 3.26 (1H, m, -CH- of DACH),
3.18 (1H, -CHo- of furfuryl), 2.33 (1H, m, -CH.- of DACH) ,1.10 — 2.28 (23H, -CH2- of DACH,
CH of DACH, -CHz of cumyl, CH of 'Bu, and In-CH2), 0.78 (6H, CH3 of 'Bu) *C{1H} NMR (100
MHz, CDCl3) § 168.6 (N=CH-Ar), 163.9 (Ar C), 161.1-162.6 (B-C), 151.3 (Ar C), 149.9 (Ar C),
149.3 (Ar C), 142.3 (Ar C), 140.2 (Ar C), 135 (ortho of C-H of Bar‘24), 134.5 (Ar C-H), 131.6 (Ar
C-H), 129.5- 128.6 (meta C of Bar"2s), 128.40-123.3 (CFz and Ar C-H),120.7, 118.7, 118.2, 117.6
(para C-H of BarF24), 66.3 (Furan b), 65.7 (furan a), 66.2 (CH of DACH), 65.7 (CH of DACH),
42.8 (CH: of furfuryl), 31.4- 23.3(CH2 of DACH, CHs of cumyl, CH of 'Bu, In-CH2), 27.8 (CHs
of 'Bu).

Representative synthesis of SOE 2-(hex-5-en-1-yl)-1,4,6-trioxaspiro[4.6]Jundecane
using complex 48b,48e-h. A 7 mL scintillation vial was charged with e-caprolactone (29 mg, 0.25
mmol) and was quantitatively added to another 7 mL scintillation vial containing the required
amount of the complex 48b,48e-h (0.006 mmol) using 0.5 mL CeDs. The mixture of complex and
e-caprolactone was quantitatively transferred to a 20 mL scintillation vial containing 1,2-epoxy-7-
octene (EOE) (32 mg, 0.25 mmol) using another 0.5 mL CsDs solvent. The mixture was stirred at
60 °C for 24 hours. The *H NMR spectrum of the reaction mixture was obtained to find the
conversion and confirm the SOE product.

Sample Preparation for in situ 'H NMR studies. A 7 mL scintillation vial was charged
with e-caprolactone (58 mg, 0.51 mmol) and was quantitatively added to another 7 mL scintillation
vial containing the required amount of the complex 48b,48e-h (0.013 mmol) using 0.5 mL CeDe.

The mixture of complex and e-caprolactone was quantitatively transferred to another 7 mL
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scintillation vial containing 1,2-epoxy-7-octene (EOE) (64 mg, 0.51 mmol) using 0.5 mL CeDe.
The solution was mixed thoroughly and transferred to a J. Young tube and sealed. The *H NMR
spectrum of the reaction mixture was obtained at regular intervals at 60 °C to find the conversion
and confirm the SOE product.

Sample preparation for kinetic studies. Required amounts of e-caprolactone, 1,2-epoxy-
7-octene (EOE), and complex 48b were measured in separate 7 mL scintillation vials. Complex
48b was quantitatively added to the vial containing e-caprolactone using 0.5 mL CesDs and the
mixture was quantitatively added to the vial containing 1,2-epoxy-7-octene (EOE) using another
0.5 mL CsDs. The solution was mixed thoroughly and added to a J. Young tube and sealed. The
sample was used for in situ *H NMR spectra for kinetic studies.

Computational studies. Density Functional Theory (DFT) calculations were performed
using the Gaussian 16'%? package using B3PW91 as the functional*®®!% LANL2DZ* basis set
for indium and def2-TZVP%1 for all other atoms. Accuracy of this level of theory was evaluated
by comparing a truncated version of 48b.2THF° (cumyl groups were substituted with methy!
groups) with its reported crystal structure. Errors in distances and angles were below 5 and 10%
respectively and were thus considered to be appropriate for further studies. Geometry optimization
and frequency calculations were performed in gas phase and solvent corrections were performed
using single point calculations in benzene (¢=2.2706) using the solvation model based on
density.'®® When applicable, the most stable conformer of the molecule was studied. Frequency
calculations for all optimized structures showed no imaginary frequencies except for the transition
states which only had one imaginary mode. Buried volume calculations were performed using
SambVca 2.1°s webtool'® with a 3.5 A radius from the indium center. Hydrogen atoms were

ignored for steric contributions.
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Chapter 5: Conclusions and future directions

5.1 Conclusion

The aim of this thesis was to use novel ligand design to explore the behavior and reactivity
of cationic indium complexes. This work was done with the following main objectives: (1) to
synthesize and characterize cationic alkylindium complexes supported by hemilabile ligands, (2)
to study the stability, reactivity, and reactive mechanisms of these cationic indium complexes, and
(3) to use these reactivity patterns to discover new catalytic applications.

Although cationic indium complexes have potential for novel reactivity, they are difficult
to study due to their propensity to decompose upon dissociation of stabilizing ligands. Chapter 2
describes the synthesis and characterization of a series of a neutral and cationic alkylindium
complexes stabilized by amino-imino phenolate ligands bearing hemilabile heterocyclic donor
arms. While the neutral complexes featured the non-coordinated pendant donor arm, the
transformation of the neutral species into cationic species induced the coordination of the pendant
donor group to form tetra-coordinate complexes. The solution and solid-state behavior of the
cationic complexes were studied to determine their stability and potential for applications in
catalysis. These complexes expanded the repertoire of available cationic indium catalysts.

The first examples of the catalysis of polymerization reactions by cationic indium
complexes supported by hemilabile ligands were described in Chapter 2. While previous studies
had reported cationic indium catalysts, their dependence on coordinated solvent molecules had
made their long-term storage and large-scale synthesis difficult. The pendant donor groups with
increased donicity significantly increases the stability of the new cationic indium complexes. Thus,

these new hemilabile ligands offered a method to stabilize the catalysts, increasing their useful
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lifespan. This has permitted larger scale synthesis of the catalysts enabling the exploration of new
reactivity using new monomers.

The production of high molecular weight cyclic poly(lactic acid) (c-PLA) using the
cationic alkylinidum species with a pyridyl donor arm was described in Chapter 3. This is the first
study to show the use of an indium catalyst in the selective synthesis of c-PLA from racemic-
lactide (rac-LA). The catalyst functions through a bifunctional Lewis acid activation, Lewis base
initiation mechanism. While this system does not exhibit fast polymerization of LA, it offers a
highly reproducible and controlled method to produce high molecular weight c-PLA. Future
endeavors will focus on two areas, (1) large scale synthesis of high molecular weight c-PLA to
explore potential real-world applications, (2) exploration of the monomer scope of this catalyst to
potentially produce high molecular weight cyclic esters/thioesters. This catalytic system can
potentially act as a reliable method to produce novel cyclic polymers and provide an opportunity
to study their properties and possible applications.

The determination of the mechanism of spiro-orthoester synthesis from the coupling of
epoxides and e-CL using the controlled reactivity of cationic alkylinidum complexes stabilized by
hemilabile ligands is described in Chapter 4. Alkyl ligands with weaker electron donation and
larger steric bulk increases the rate of this reaction. These systems show Michaelis-Menten
saturation kinetics, with a large Michaelis constant indicating low substrate affinity. Additionally,
the low Lewis acidity of these cationic alkylindium catalysts do not polarize the substrate enough
to form homopolymers of either of the substrates. The mechanism was determined to be initiated
by epoxide coordination to the indium center followed by subsequent ring-opening by Sn2 type
attack by the lactone, forming spiro-orthoesters. A closer understanding of the role of the

components of these indium catalysts allows us to design ligands and catalytic systems engineered
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for specific reactions or substrates. Further work in relation to this study will focus on studying
the mechanism of indium catalyzed double ring opening polymerization of spiro-orthoesters to for
perfectly alternating poly(ether-alt-esters). Additionally, the rational catalyst design to produce
high molecular weight poly(ether-alt-esters) would allow the study of rheological properties of
these polymers.
5.2 Future directions for cationic group 13 catalysts
5.2.1 Expanding the monomer scope for cationic ROP

A class of potential monomers for future polymerization studies using the cationic
complexes described in Chapter 2 are the sulfur containing analogues of e-caprolactone and
epoxides (Figure 5.1). Sulfur-containing polymers are reported to have high refractive indices,
greater degradability, and different visco-elastic properties compared to their oxygenated

counterparts, 199201

e-thiocaprolactone

Llaayst o g \)\;

Figure 5.1. Potential sulfur containing monomers for polymerization by indium catalysts.

Episulfides

While there is a body of work describing the production of poly(thioesters) and
poly(thionoesters) starting from e-thiocaprolactone or e-thionocaprolactone through bacterial

synthesis,?? enzymatic synthesis,?®® cationic?® and anionic®® organocatalysis, 22" these
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systems lack the versatility and reactivity control seen with metal catalysts. Moreover, there are
no reports of the use of metal catalysts in the ROP of sulfur-containing derivatives of e-
caprolactone.?%2%° The cationic indium catalysts described in Chapter 2 are excellent candidates
for the controlled ROP of these monomers. Further work using these indium catalysts could be
done to produce block, alternating, or random copolymers of oxygen-containing and sulfur-
containing monomers to produce a new class of copolymers with new optical and degradation
properties.?10-215

5.2.2  Simplifying ligand design

The increased interest in cationic group 13 complexes has resulted in a great multitude of
compounds that have multidentate ancillary ligands stabilizing them.832%6 Although chelating
ligands can offer greater capabilities for catalyst tuning, as described in chapters 2 and 4, these
ligands can require multi-step, multi-day syntheses.>®®19140 This synthetic complexity has
hindered the exploration of the behavior and reactivity of these complexes as well as discouraging
prospective industrial use. A potential solution to this problem is replacing intricate ligand
architectures with stabilizing monodentate donor solvent ligands.?!’

Considering results of the studies described in Chapters 2-4 using cationic alkylindium
complexes, focus can be directed towards dialkyl group 13 cations stabilized by monodentate
ligands (Figure 5.2). One of the earliest reports in this regard was by Neumuller and co-workers
in the synthesis of a THF stabilized bis(isopropyl)indium species, 57.2% The solid-state
arrangement of compound 57 consisted of ['Pr2In(THF)2]* cations bridged by [BF4] ions, resulting
in a continuous cation-anion chains. Subsequent work by Atwood and co-workers used bulky ‘Bu-
NH:2 ligands to stabilize the dimethylgallium (58) and aluminum (59) compounds.?*?2° The same

strategy was used by Brintzinger and co-workers to produce a dimethylaluminum cation ,60,
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stabilized by two aniline molecules.??* Close on their heels, Chen and Klosin synthesized a series
of dialkylaluminum cations (61) and a cationic dimethylgallium species (62) stabilized by the
diethyl ether solvent used as the reaction medium.???> The methyl and octyl iterations of 61 were
the first reported cationic aluminum activators in the polymerization of 1-octene. However, the

reactivity of the gallium complex, 62, was not explored.
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Figure 5.2. Previously reported dialkyl cations of group 13 metals stabilized by monodentate ligands.

In contrast to the tetra-coordinate indium complex 57 reported by Neumdiller, Okuda and
co-workers reported a penta-coordinate bis(trimethylsilylmethyl)indium complex (63) stabilized
by three THF molecules.??® Complex 63 showed a square pyramidal solid-state geometry with the
apical THF in closer association with the indium center compared to the basal THF molecules.

Subsequently, the same group reported a bis(allyl)aluminum complex stabilized by THF (64).2%
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The solid-state structure of 64 showed two different coordination modes, a tetrahedral tetra-
coordinate structure with two THF molecules and a trigonal-bipyramidal aluminum center with
the allyl ligands in the equatorial plane with three THF coordinated. The two coordination modes
exist in equilibrium in solution. Complex 64 could stoichiometrically react with benzophenone,
allyl halides, I2, or Brz. The bis(allyl)gallium complex, 65, reported by Okuda and co-workers was
similar in structure and behavior to 64.22 Complex 65 could stoichiometrically react with
benzophenone and isoquinoline to produce the respective insertion complexes of gallium.

Attempts to synthesize purely ion-like group 13 dialkyl cations have turned towards using
very bulky icosahedral carboranes anions as counterions. Reed and co-workers reported a
diethylaluminum complex with a bromine substituted carborane counterion (66) capable of the
catalytic ethenation of benzene, polymerization of cyclohexene oxide, and oligomerization of
ethene.??® This is the only instance of catalytic activity reported for a dialkyl cation of a group 13
metal. A similar series of diethyl- and dimethyl- complexes of aluminum, gallium, indium (67)
with a chlorinated carborane counterion were reported by Knapp and co-workers.??” While these
simple cationic complexes of group 13 metals have been known for decades, their reactivity in
polymerization reactions has been scarcely explored.

The recent work by Mehrkhodavandi and co-workers on cationic alkyl indium complexes
and the work described in this thesis (39 and 48a-h) has shown the potential of these complexes
as catalysts in polymerization reactions and the coupling of epoxides and lactones.**%140.171 While
the work described in Chapters 1-3 demonstrate the utility of these complexes, the complexity of
the ancillary ligand backbone can be a hindrance for further study of these cationic alkyl complexes
and their reactivity. Therefore, dialkyl cations of group 13 metals stabilized by solvent molecules

offer a simple and easily accessible platform for studying cationic complexes of group 13 metals.
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Figure 5.3. The synthesis of cationic dialkylgallium and indium complexes.
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N

These complexes can be easily synthesized in a one-step process by the protonolysis of the
neutral trialkylgallium or indium species with a Brgnsted acid such as [PhNMez2H][BArF24]
(BArF24 = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) in THF (Figure 5.3). Examining the
reactivity of these complexes in ring opening polymerization of epoxides, e-caprolactone, and
spiro-orthoesters would fill a gap in the knowledge of the reactivity of dialkyl cations of group 13
metals. Additionally, the simplicity of these complexes makes them an ideal testbed to study the
behavior and Lewis acidity of these complexes. While Lewis acidity can be quantified using the
Gutmann-Beckett method,??® novel methods such as the fluorescent probes developed by
Baumgartner and co-workers??®2% or computational affinity models?*-23* may provide a better
approximation of effective Lewis acidity of these in the solution phase.

Quantitatively investigating the intricate interplay between structure, Lewis acidity, and
reactivity of these cationic complexes will not only address a significant knowledge gap regarding
cationic group 13 complexes, but also empower future researchers to deliberately tailor catalysts

for defined purposes.
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Appendices

Appendix A - Data associated with Chapter 2.
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Figure A.1. *H NMR spectrum (400 MHz, CDCls, 25 °C) of La
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Figure A.2. BC{*H} NMR spectrum (101 MHz, CDCls, 25 °C) of La
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Figure A.14. BC{*H} NMR spectrum (101 MHz, CDCls, 25 °C) of La
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Figure A.17. 'H NMR spectrum (400 MHz, CDCls, 25 °C) of 47a
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Figure A.18. BC{*H} NMR spectrum (101 MHz, CDCls, 25 °C) of 47a
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Figure A.19. 'H-H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of 47a
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Figure A.20. H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of 47a
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Figure A.21. Nuclear Overhauser Effect spectroscopy (NOESY) NMR spectrum (400 MHz, CDCls, 25 °C) of 47a
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Figure A.22. 'H NMR spectrum (400 MHz, CDClg, 25 °C) of 47b
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Figure A.23. BC{*H} NMR spectrum (101 MHz, CDCls, 25 °C) of 47b
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Figure A.24. 'H-'H COSY NMR spectrum (400 MHz, CDClIs, 25 °C) of 47b
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Figure A.25. 'H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of 47b
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Figure A.27. 'H NMR spectrum (400 MHz, CDCls, 25 °C) of 47¢
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Figure A.28. 3C{*H} NMR spectrum (101 MHz, CDCls, 25 °C) of 47¢
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Figure A.29. H-'H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of 47¢
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Figure A.30. H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of 47¢c
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Figure A.31. Nuclear Overhauser Effect spectroscopy (NOESY) NMR spectrum (400 MHz, CDCls, 25 °C) of 47¢
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Figure A.32. 'H NMR spectrum (400 MHz, CDCls, 25 °C) of 47d
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Figure A.33. 3C{*H} NMR spectrum (101 MHz, CDCls, 25 °C) of 47d
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Figure A.37. BC{*H} NMR spectrum (151 MHz, CDCls, 25 °C) of 48a

205



0.65
0.66
0.73
1.60
1.[523’.-:E
1.76
2297

3.17—

3.75—

4.37~,
4.40"

6.87
7.06
13%
7.57~
7.62
7.76
8.23/

)

—_——
{

7

W NN~ © N L= L P~ mwgc o
SRR S NNQe N
WOM~M~MM~M~W = =r 3] o] o = - o
NSNS N | NP N
_)L_,_"JLAMHL_JL ~ P S ,»’\_J’JJJL-\/A-._..A/‘"L_ PpPmM
-
ﬁ' L] " _3
-~ s
] o
o -4
w @
=5
-6
v S -7
-« —
IH# 8
=9
T T T T T T I
8 7 6 5 3 2 1 ppm

Figure A.38. IH-'H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of 48a
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Figure A.39.H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of 48a
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Figure A.40. Nuclear Overhauser Effect spectroscopy (NOESY) NMR spectrum (400 MHz, CDCls, 25 °C) of 48a
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Figure A.41. 'H-3C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of 48a
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Figure A.42. ®F{*H} NMR spectrum (282 MHz, CDClIs, 25 °C) of 48a
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Figure A.43. 'H NMR spectrum (300 MHz, CDCls, 25 °C) of 48b
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Figure A.44. BC{*H} NMR spectrum (151 MHz, CDCls, 25 °C) of 48b
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Figure A.45. 'H-H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of 48b
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Figure A.46.'H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of 48b
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Figure A.47. Nuclear Overhauser Effect spectroscopy (NOESY) NMR spectrum (400 MHz, CDCls, 25 °C) of 48b
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Figure A.48.1H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of 48b
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Figure A.49. F{*H} NMR spectrum (282 MHz, CDCls, 25 °C) of 48b
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Figure A.50.'H NMR spectrum (300 MHz, CDCls, 25 °C) of 48c
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Figure A.51. BC{*H} NMR spectrum (151 MHz, CDCls, 25 °C) of 48c
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Figure A.53. *H-3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of 48¢
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Figure A.54. Nuclear Overhauser Effect spectroscopy (NOESY) NMR spectrum (400 MHz, CDCls, 25 °C) of 48c
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Figure A.55. ®F{*H} NMR spectrum (282 MHz, CDCls, 25 °C) of 48¢c
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Figure A.56. 'H NMR spectrum (300 MHz, CDCls, 25 °C) of 48d
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Selected bond distance (A) and angles (°) for complex 47a

Bond In1-N1 2.510(3) In1-C32 2.165(4)
distances  IN1-N2 2.293(3) In1-C36 2.169(4)
In1-01 2.205(3)
Bond 01-In1-C32A 98.0(1) 01-In1-N1 147.4(1)
Angles 01-In-C36 95.0(1) N1-In1-C32 99.4(1)
C32-In1-C36 135.0(2) N1-In1-C36 91.9(1)
N1-In1-N2 69.6(1)

Figure A.57. The molecular structure of complex 47a. (depicted with thermal ellipsoids at 50% probability and H

atoms, as well as solvent molecules omitted for clarity).
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Selected bond distance (A) and angles (°) for complex 47b

Bond In1-N1 2.548(1) In1-C32 2.178(2)
distances  'M1-N2 2.269(2) In1-C36 2.187(3)
In1-01 2.203(1)
Bond 01-In1-C32A 94.00(7) 01-In1-N1 148.60(6)
Angles 01-In-C36 101.95(8) N1-In1-C32 90.98(8)
C32-In1-C36 129.61(9) N1-In1-C36 98.52(8)
N1-In1-N2 70.31(6)

Figure A.58. The molecular structure of complex 47b. (depicted with thermal ellipsoids at 50% probability and H

atoms, minor disorders as well as solvent molecules omitted for clarity).
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Selected bond distance (A) and angles (°) for complex 47c.

Bond In1-N1 2.510(2) In1-C32 2.174(2)
distances  M1-N2 2.286(1) In1-C36 2.170(2)
In1-01 2.209(2)
Bond 01-In1-C32A 94.72(7) 01-In1-N1 148.01(6)
Angles 01-In-C36 97.68(7) N1-In1-C32 92.82(7)
C32-In1-C36 135.39(8) N1-In1-C36 98.55(7)
N1-In1-N2 69.95(6)

Figure A.59. The molecular structure of complex 47c¢. (depicted with thermal ellipsoids at 50% probability and H

atoms, as well as solvent molecules omitted for clarity).
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Selected bond distance (A) and angles (°) for complex 47d.

Bond In1-N1 2.516(2) In1-C32 2.170(1)
distances N2 2.286(1) In1-C36 2.176(1)
In1-01 2.206(1)
Bond 01-In1-C32A 97.49(5) 01-In1-N1 148.14(4)
Angles 01-In-C36 94.38(5) N1-In1-C32 98.34(5)
C32-In1-C36 136.55(6) N1-In1-C36 92.87(5)
N1-In1-N2 69.81(4)

Figure A.60. The molecular structure of complex 47d. (depicted with thermal ellipsoids at 50% probability and H

atoms, as well as solvent molecules omitted for clarity).
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Figure A.61. 1P{*H} NMR spectra (162 MHz, C¢Ds, 25 °C) of 47a, 47b, 47c, and 47d after the addition of 0.8

equivalents of OPEts. The free triethylphosphine oxide shift is determined by the addition of a capillary inside the

NMR tube containing a solution of triethylphosphine oxide in CgDs.
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Figure A.62. 'H NMR spectra of 48c before (time = 0 days) and after (time = 10 days) exposure to air for 10 days

continuously. No significant changes were observed.
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Figure A.63. Variable temperature (VT) *H NMR spectra (400 MHz, C¢DsBr, 25 to 125 °C) of 47a. Shifts observed

were reversible. CgDsBr is taken as a reference.
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Figure A.64.Variable temperature (VT) *H NMR spectra (400 MHz, C¢DsBr, 25 to 85 °C) of 47b. Shifts observed

were reversible. CgDsBr is taken as a reference.
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Figure A.65. Variable temperature (VT) *H NMR spectra (400 MHz, C¢DsBr, 25 to 85 °C) of 47c. Shifts observed

were reversible. CgDsBr is taken as a reference.
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Figure A.66. Variable temperature (VT) *H NMR spectra (400 MHz, C¢DsBr, 30 to 105 °C) of 48a. Shifts observed

were irreversible. CsDsBr is taken as a reference.
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Figure A.67. Variable temperature (VT) *H NMR spectra (400 MHz, CsDsBr, 25 to 125 °C) of 48b free ligand Lb.

Shifts observed were reversible. C¢DsBr is taken as a reference.
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Figure A.68. Variable temperature (VT) *H NMR spectra (400 MHz, C¢DsBr, 30 to 120 °C) of 48c. Shifts observed

were reversible. C¢DsBr is taken as a reference.

233



Selected bond distance (A) and angles (°) for complex 48b.2THF

Bond In1-N1 2.468(5) In1-03 2.392(4)
distances | IN1-N2 2.179(5) In1-04 2.354(4)
In1-01 2.127(3) In1-C32 2.128(7)
Bond 01-In1-C32 112.9(2) 01-In1-N1 156.3(1)
Angles 03-In1-04 166.3(1) N1-In1-C32 90.4(2)
N1-In1-N2 72.9(2)

Figure A.69. Molecular structures of complex 48b.2THF (depicted with thermal ellipsoids at 50% probability and

H atoms, minor disorders as well as solvent molecules omitted for clarity)
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Table A.1. Selective crystal data for 47b, 47d, 47a, 47c and 48b.2THF

1b

1d

la

1c

2b.2THF

empirical formula
Fw

T(K)

a(A)

b (A)

c(A)

o (deg)

/ (deg)

7 (deg)
volume (A3)

Z

cryst syst

space group

deatc (g/cm?)

1 (Mo Ka) (cm™)

26max (deg)

absor corr (Tmin, Tmax)

total no. of reflns

no. of indep refins (Rint)
residuals (refined on F?): R1; wR
GOF

no. obsrvns [I > 24(1)]

residuals (refined on F% R1?; wR2)

Ca4 Hsg In N2 O2
762.75

296.15
17.5732(15)
13.8493(11)
18.4226(15)

90

117.891(2)

90

3962.81

4
monoclinic
P2:i/c

1.278

6.34

61.3

0.7005, 0.7461
63957

12154 (0.0394)
0.0523, 0887
1.023

9858

0.0524, 0.0802

Cs He1 INnN2 O
772.78

273(2)
18.4020(6)
13.9008(5)
18.4542(7)

90

119.051(2)

90

4126.72

4
monoclinic
P2i/n

1.244

6.08

61.2

0.909, 0.986
65464

12665 (0.0445)
0.0354, 0.0634
1.032

9908

0.0273, 0.0600

CasHsoINN20 S
778.81

100

18.3672(15)
14.0583(12)
17.9736(14)

90

118.8140(10)

90

4066.39

4

monoclinic
P2i/c

1.272

6.67

55.8

0.982, 0.997
9204

9204 (0.0890)
0.0773, 0.1436
1.067

9510

0.0550, 0.1339

Css Heo IN N3 O
773.78

296.15
18.3804(16
13.9887(12)
18.328(2)

90

119.839(2)

90

4087.71

4
monoclinic
P2i/c

1.257

6.14

61.0

0.6730, 0.7461
56696

12417 (0.0461)
0.0465, 0.0808
1.094

9643

0.0373, 0.0772

Css Ho2 B F24 In N2 Os

1855.26
100
12.616(3)
13.343(3)
26.255(5)
80.163(3
76.369(3
85.869(3)
4229.90

2

triclinic

P-1

1.457

3.87

54.6

0.9887, 0.9977
18759
18759(0.1605)
0.0983, 2141
1.036

9841

0.0794, 2047

*Ri =X |[Fol - [Fel| /Z [Fol-" WR2 = [ X (W (Fo? - F?)* )/ £ w(Fo)2]
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Figure A.70. DOSY-NMR of the mixture of THF and 48a (400MHz, A= 1.2 s, =400 us, CsDs, 25 °C).
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Figure A.71. DOSY-NMR of the mixture of THF and 48b (400MHz, A=1.2's, 6§=400 ps, C¢Dg, 25 °C).
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Figure A.72. DOSY-NMR of the mixture of THF and 48c (400MHz, 4=0.55s, =400 ps, CsDs, 25 °C).
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Figure A.73. 'H NMR of spectra of 48b in the presence of THF, pyridine, triethylphosphine oxide and

epichlorohydrin (400 MHz in CeDs at 25 °C).
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Appendix B - Data associated with Chapter 3.

Bond Inl-N1 2.193(2) In1-N3 2.252(2)
Distances  IMIN2 2.390(2) In1-C32 2.154(3)
In1-O1 2.1093(18)
Bond 01-In1-C32 107.92(12) 01-In1-N3 88.64(8)
Angles O1-In-N1 85.44(8) N2-In1-C32 103.81(12)
N1-Inl-N2 74.60(8) N3-In1-C32 122.74(12)
N2-In1-N3 72.65(8) 01-In1-N2 148.22(8)
N1-Inl-N3 103.23(8)

Figure B.2. Molecular structure of the cation of complex 48c (depicted with thermal ellipsoids at 50% probability

and H atoms, BArF,4 counterion, solvent molecules, as well as minor disorders omitted for clarity)
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Table B.1. Crystal data for complex 48c

48c
empirical formula Cr4.58H66.22BCl3.25F24.00InN30
Fw 1718.96
T (K) 273.15
a(A) 12.7732(14))
b (A) 13.1111(14)
c(A) 22.821(2)
o (deg) 90.294(2)
B (deg) 92.587(2)
y (deg) 93.439(2)
volume (A?) 3810.9(7)
Z 2
cryst syst triclinic
space group P-1
dealc (g/cm?) 1.498
1 (Mo Ka) (cm™) 0.528
20max (deg) 58.34
absor cort (Tmin, Tmax) 0.7005, 0.7461
total no. of reflns 20636
no. of indep reflns (Rint) 20636 (0.0394)
Data/restraints/parameters 20636/1785/1262

residuals (refined on F?): Ri; wR> 0.0842, 0.1424
GOF 1.125
no. obsrvns [/ > 2a(1)] 9858
residuals (refined on F%: Ri%; wR2?)  0.0560, 0.1424

4RI =2 ||Fo| - |Fe|| /Z |Fol.b wR2 = [ Z (W (Fo? - F#)? ) T w(Fo?)2]"?
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Figure B.3. MALDI-TOF spectrum of c-PLA isolated from polymerization of 50 equivalents of rac-LA with 48c in

toluene at 100 °C for 24 hours (Table 3.1, entry 1)
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Figure B.4. High molecular weight fraction MALDI-TOF spectrum of c-PLA isolated from polymerization of 50

equivalents of rac-LA with 1 in toluene at 100 °C for 24 hours (Table 3.1, entry 1)
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Figure B.5. MALDI-TOF spectrum of c-PLA (Table 3.1, entry 4)
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Figure B.6. Mark-Houwink plots for c-PLA (Table 3.1, entry 1) and linear PLA (Table B.2, entry 1)
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Figure B.7. Mark-Houwink plots for high molecular weight c-PLA (Table 3.1, entry 2) and linear PLA (Table B.2,
entry 3)
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Figure B.8. Mark-Houwink plots for high molecular weight c-PLA (Table 3.1, entry 4) and linear PLA (Table B.2,

entry 3)
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Figure B.9. Mark-Houwink plots for high molecular weight c-PLA (Table 3.1, entry 7) and linear PLA (Table B.2,

entry 4)

Table B.2. Synthesis of linear PLA using 31b%

Entry [LA)/[cat] | Time (h) Conv.P Mn® pd
1 250 24 >99 42 000 1.31
2 690 24 >99 104 000 1.07
3 870 24 >99 127 000 1.06
4 1250 24 >99 180 000 1.08

3 Reactions were performed in toluene at 100 °C, [rac-LA] = 0.8 M.  Conversion
was monitored by *H NMR spectroscopy. ¢ Ma determined through SEC in
THF. ¢ Dispersity = Mw/Mn.
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Figure B.10.*H NMR spectrum (400 MHz, CDCls, 25 °C) of linear PLA (Table B.2, entry 1). Inset- methylene

protons of ethoxy chain end group.
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Figure B.11.*H NMR spectrum (300 MHz, CDCls, 25 °C) of ¢c-PLA (Table 3.1, entry 1)
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Figure B.12. *C{*H} NMR spectrum (151 MHz, CDCls, 25 °C) c-PLA (Table 3.1, entry 1)
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Figure B.13. 'H-'H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of c-PLA (Table 3.1, entry 1)
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100

Figure B.14.H-3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of ¢c-PLA

(Table 3.1, entry 1)
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Figure B.15. Methine region of c-PLA polymer *H NMR spectrum (600 MHz, CDCls, 25 °C) (Bottom). *H{*H}
NMR spectrum (600 MHz, CDCl3, 25 °C) of c-PLA (Top). The methine protons of the polymer are decoupled. (Pm

= 0.46)
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Figure B.16. Methine region of c-PLLA polymer *H NMR spectrum (600 MHz, CDCls, 25 °C) (Bottom). *H{*H}

NMR spectrum (600 MHz, CDCls, 25 °C) of c-PLLA (Top). The methine protons of the polymer are decoupled.

Figure B.17. Methine region of c-PDLA polymer *H NMR spectrum (600 MHz, CDCls, 25 °C) (Bottom). *H{*H}

NMR spectrum (600 MHz, CDCls, 25 °C) of c-PDLA (Top). The methine protons of the polymer are decoupled.
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Figure B.18. DSC thermogram of c-PLA produced with 48c (Table 3.1, entry 7)
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Figure B.19. DSC thermogram of c-PLLA produced with 48c (Table 3.1, entry 8)
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Figure B.20. DSC thermogram of c-PDLA produced with 48c (Table 3.1, entry 9)
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Figure B.21. DSC thermogram of the c-PLLA/c-PDLA stereocomplex
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Figure B.22. 3P{*H} NMR spectra (162 MHz, CsDs, 25 °C) of 48c, neutral dialkyl indium precursor and InBr;

after the addition of 0.8 equivalents of OPEts. The free triethylphosphine oxide shift is determined by the addition of

a capillary inside the NMR tube containing a solution of triethylphosphine oxide in C¢De.
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Figure B.23. rac-LA methine proton region of *H NMR spectra (400 MHz in Tol-dg) of a 1:1 mixture of 48c and
rac-LA a) at 100 °C, b) after being heated at 100 °C for 12 h and observed at 25 °C, c) after an additional 1 h h at 25

°C and d) re-heated to 100 °C in the spectrometer.
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Figure B.24. *H-'H COSY NMR spectrum (400 MHz, Tol-ds 25 °C) of Figure B.23b
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Figure B.25. Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (400 MHz, Tol-dg 25 °C) of Figure
B.23b (Red — methine/methyl peaks, black — methylene peaks). Methine and methyl peaks of the coordinated rac-

LA are in the green box and circle respectively).

254



°N i
x H* N_ a '
¥ a I ] /j T
l A M | v | A AV AL M

(9 { () 1°

LJM o B M‘

Y ,f LWV

T T T T T T T T T T ) T T
8.5 8.0 75 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 ppm

Figure B.26. *H NMR spectra (400 MHz, CDCls, 25 °C) of (a) 47c, (b) 48c + 1 eq. of rac-LA heated to 100 °C for

24 h, and (c) 48c
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Figure B.27. SEC traces of c-PLA produced with 48c (Table 3.2, entries 1-5)
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Table B.3.

Cyclic PLA produced by literature reported methods

Conversion

Entry [LA]/[cat] Mn (Da) % b (Mw/My) | Reference
1 5000 401 000 60 1.17 113
2 4000 165 000 100 1.90 123
3 1500 83 000 - 2.79 124
4 200 19000 | Incomplete 2.10 125
5 1000 54 000 97 2.40 126
6 1000 41 000 97 3.00 127
7 200 132 200 89 1.85 128
8 2000 57 000 97 2.20 129
9 407 32 350 39 1.20 130
10 200 26 000 92 1.35 132
11 200 31 400 91 1.16 133
12 100 7500 55 1.09 134
13 200 39 363 90 1.42 135
14 20 47 000 91 1.65 136
15 100 24 500 96 1.62 137
16 3000 416 000 91 1.29 This work

256



Appendix C - Data associated with Chapter 4.
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Figure C.1. *H NMR spectrum (300MHz, CDCls, 25 °C) of proligand Ly. DACH= diaminocyclohexane
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Figure C.2. 8C{*H} NMR spectrum (75MHz, CDCls, 25 °C) of proligand Lg
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Figure C.3. 2D H-'H COSY NMR spectrum (300 MHz, CDCls, 25 °C) of Lg
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Figure C.4. 2D *H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of Ly
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Figure C.5. 'H NMR spectrum (300MHz, CDCls, 25 °C) of proligand Ln
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Figure C.6. BC{*H} NMR spectrum (75MHz, CDCls, 25 °C) of proligand Ln

260



Figure C.7. 2D *H-'H COSY NMR spectrum (300 MHz, CDCls, 25 °C) of Ln
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Figure C.8. 2D *H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of Ln
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Figure C.9. 'H NMR spectrum (400 MHz, CDClz, 25 °C) of complex 47e
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Figure C.10. **C{*H} NMR spectrum (100 MHz, CDCls, 25 °C) of complex 47e
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Figure C.11. 'H-'H COSY NMR spectrum (400 MHz, CDClz, 25 °C) of complex 47e
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Figure C.12. 2D *H-'*C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 47e
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Figure C.13. 'H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of complex

47e
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Figure C.14. 'H NMR spectrum (400 MHz, CDCls, 25 °C) of complex 47f
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Figure C.15. BC{*H} NMR spectrum (100 MHz, CDCls, 25 °C) of complex 47f
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Figure C.16. *H-'H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of complex 47f
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Figure C.17. 2D *H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 47f
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Figure C.18. 2D *H-'3C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of

complex 47f
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Figure C.19. 'H NMR spectrum (400 MHz, CDCls, 25 °C) of complex 47g
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Figure C.20. BC{*H} NMR spectrum (100 MHz, CDCls, 25 °C) of complex 47g
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Figure C.21. 'H-'H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of complex 47g
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Figure C.22. 2D *H-'*C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 47g
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Figure C.23. 'H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of complex

479
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Figure C.24. 'H NMR spectrum (400 MHz, CDClz, 25 °C) of complex 47h
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Figure C.25. BBC{*H} NMR spectrum (100 MHz, CDCls, 25 °C) of complex 47h

275



I [} AL P ppm

L} -

i

L,

8 7 6 5 4 3 2 1 0 ppm

Figure C.26.'H-'H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of complex 47h
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Figure C.27. 2D H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 47h
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Figure C.28.H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of

complex 47h
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Figure C.29. 'H NMR spectrum (CDClIs, 400 MHz, 25 °C) of complex 48e
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Figure C.30. BC{*H} NMR spectrum (75MHz, CDCls, 25 °C) of complex 48e
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Figure C.31. 'H-'H COSY NMR spectrum (400 MHz, CDClz, 25 °C) of complex 48e
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Figure C.32. 2D *H-3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 48e
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Figure C.33. 'H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of complex

48e
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Figure C.34. 'H NMR spectrum (CDCls, 400 MHz, 25 °C) of complex 48f
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Figure C.35. BC{*H} NMR spectrum (100 MHz, CDCls, 25 °C) of complex 48f
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Figure C.37. 2D H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 48f
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Figure C.38. 'H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of complex

48f
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Figure C.39. 'H NMR spectrum (CDCls, 300 MHz, 25 °C) of complex 48g
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Figure C.40. BC{*H} NMR spectrum (75 MHz, CDCls, 25 °C) of complex 48g
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Figure C.41. 'H-'H COSY NMR spectrum (400 MHz, CDCl3, 25 °C) of complex 48g
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Figure C.42. 2D *H-'3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 48g
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Figure C.43. 'H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of complex

489
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Figure C.44. 'H NMR spectrum (CDCls, 400 MHz, 25 °C) of complex 48h
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Figure C.45. BC{*H} NMR spectrum (100 MHz, CDCls, 25 °C) of complex 48h
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Figure C.46. *H-H COSY NMR spectrum (400 MHz, CDCls, 25 °C) of complex 48h
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Figure C.47. 2D H-3C Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum (CDCls, 25 °C) of

complex 48h
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Figure C.48. 'H-13C Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum (CDCls, 25 °C) of complex

48h
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Selected bond length (A) and angles (°) for complex 47e.

Bond In1-N1 2.4593(17) In1-C32 2.150(3)
Distances  NL-N2 2.2921(18) In1-C33 2.164(3)
In1-01 2.1623(15)
Bond 01-In1-C32 93.62(9) 01-In1-N1 154.54(6)
Angles 01-In-C33 101.64(9) N1-In1-C32 92.69(9)
C32-In1-C33 137.37(17) N1-In1-C33 90.14(9)
N1-In1-N2 72.05(6)

Figure C.49. The molecular structure of complex 47e. (Depicted with thermal ellipsoids at 50% probability and H

atoms and minor disorders omitted for clarity).
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Selected bond length (A) and angles (°) for complex 48h.

Bond In1-N1 2.3118(17) In1-02 2.5845(14)
Distances In1-N2 2.1795(16) In1-C32 2.140(2)
In1-01 2.0570(13)
Bond 01-In1-C32 127.77(7) 01-In1-N1 109.13(6)
Angles 01-In1-02 77.83(5) N1-In1-C32 118.28(7)
N1-In1-N2 75.18(6)

Figure C.50. The molecular structure of complex 48h. (Depicted with thermal ellipsoids at 50% probability and H

atoms and minor disorders omitted for clarity).
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Table C.1. Selected crystal data

Complex 47e Complex 48h
Identification code mo_pm280_0m mo_pm282_0m
Empirical formula CssH47InN5O5 C72He1BBrF241nN,O5
Formula weight 678.59 1647.76
Temperature/K 296.15 90
Crystal system monoclinic monoclinic
Space group P2i/c P2./c
alA 12.3599(5) 13.3231(11)
b/A 19.2656(8) 39.918(3)
c/A 14.2292(6) 13.5270(11)
a/° 90 90
/e 98.8620(10) 100.9150(10)
v/° 90 90
Volume/A3 3347.8(2) 7063.9(10)
z 4 4
Peacg/cm® 1.346 1.549
w/mm'? 0.741 1.010
F(000) 1416.0 3312.0
Crystal size/mm3 0.043 x 0.02 x 0.02 0.025 x 0.025 x 0.011
Radiation MoKa (A =10.71073) MoKa (A =0.71073)

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

3.334 10 65.224
-15<h<18,-28<k<28,-21 <
1<21
60479
12198 [Rint = 0.0168, Ryigma =
0.0122]
12198/0/394
1.037
R; = 0.0426, WR; = 0.1082
Ry = 0.0460, WR = 0.1111
3.30/-0.91

3.114 to 61.086
19<h<19,-57<k<57, -
19<1<19
179985
21581 [Rin = 0.0564,
Reigma = 0.0337]
21581/0/962
1.061
R: = 0.0385, WR; = 0.0806
R1 = 0.0547, WR; = 0.0862
0.61/-0.84
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Figure C.51. Reversible Variable Temperature *H NMR spectrum of complex 48e from 25° C to 125° (C¢DsBr, 400

MHz)
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Figure C.52. Reversible variable temperature *H NMR spectrum of complex 48b from 25 °C to 125 °C
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Figure C.53. Variable Temperature *H NMR spectrum of complex 48f from 25 °C to 125 °C. Irreversible

decomposition happens above 35 °C (CsDsBr, 400 MHz)
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Figure C.54. a) 3'P{*H} NMR spectrum of complex 48b and 2 equivalents of TEPO, b) 3:P{*H} NMR spectrum of

complex 48b and 1 equivalent of TEPO, c) 3P{*H} NMR spectrum of free TEPO. (162 MHz, toluene-ds, 25° C).
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Figure C.55.a) *H NMR spectrum of complex 48b and 1 equivalent of TEPO, b) *H NMR spectrum of complex

48b and 1 equivalent of TEPO. (400 MHz, toluene-ds, 25° C)

Reaction order with respect to [48b]

In order to determine the order of reaction with respect to [48b], Variable Time
Normalization analysis (VTNA) was used.*>14® Three reaction profiles were obtained using three
different concentrations of 48b (0.0064, 0.0127, and 0.0191 M) while keeping the concentration
of EOE (0.507 M) and e-CL (0.507 M) constant. Integration of the SOE product was determined
from the *H NMR. By normalizing the time axis by multiplying the time with [48b] raised to the
correct reaction order, the reaction profiles converge. Four different orders have been plotted
(Figure B.56). With 1 as the reaction order with respect to 48b, the reaction profiles overlap with

each other the most.
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Figure C.56. a) Reaction profile when raised to power zero. b) Reaction profile when raised to power 0.5. c)
Reaction profile when raised to power 1. d) Reaction profile when raised to power 1.5. Reaction conditions:

[EOE]=[ e-CL] = 0.507 M; CsDe; 60 °C

Reaction order with respect to [e-CL]

In order to determine the order of reaction with respect to [e-CL], Variable Time
Normalization analysis (VTNA) was used. 4146 Three reaction profiles were obtained using three
different concentrations of e-CL (0.253, 0.507, and 0.760 M) while keeping the concentration of
EOE (0.507 M) and 48b (0.0127 M) constant. Integration of the SOE product was determined
from the 'H NMR. By normalizing the time axis by multiplying the time with [e-CL] raised to the
correct reaction order, the reaction profiles converge. Four different orders have been plotted
(Figure C.57). With zero as the reaction order with respect to e-CL, the reaction profiles overlap

with each other the most.
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Figure C.57. a) Reaction profile when raised to power zero. b) Reaction profile when raised to power 0.5. ¢)
Reaction profile when raised to power 1. d) Reaction profile when raised to power 1.5. Reaction conditions:

[EOE]=0.507 M, [48b] = 0.0127 M; C¢Dg; 60 °C

Reaction order with respect to [EOE]

In order to determine the order of reaction with respect to [EOE], Variable Time
Normalization analysis (VTNA) was used.4>146 Three reaction profiles were obtained using three
different concentrations of EOE (0.253, 0.507, 0.760 M) while keeping the concentration of e-CL
(0.507 M) and 48b (0.0127 M) constant. Integration of the SOE product was determined from the
'H NMR. By normalizing the time axis by multiplying the time with [EOE] raised to the correct
reaction order, the reaction profiles converge. Four different orders have been plotted (Figure
C.58). With zero as the reaction order with respect to EOE, the reaction profiles overlap with each

other the most.
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Figure C.58. a) Reaction profile when raised to power zero. b) Reaction profile when raised to power 0.5. ¢)

Reaction profile when raised to power 1. d) Reaction profile when raised to power 1.5. Reaction conditions: [e-

CL]=0.507 M, [48b] = 0.0127 M; CsDs; 60 °C

R= CH, CH,CH(CH,), CH,Si(CH,),
% Free Volume 15.8 11.3 9.2
% Buried Volume 84.2 88.7 90.8

-

Figure C.59. Buried volume (at a 3.5 A radius around the indium center) calculation to determine steric bulk of

different alkyl ligands on 48e-epoxide, 48b-epoxide, and 48f-epoxide.
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Table C.2. Crystallographic and computational comparison of bond distances and angles of 48b.2THF

Distances (A)

Bond X-ray DFT % error*
Crystallography
IN-O(tHF) 2.39229 2.38305 0.386
IN-O(tHr2) 2.35365 2.40974 2.38
IN-Ophenoxy) 2.12711 2.04549 3.84
IN-Namine) 2.46772 2.45516 0.509
IN-N(imine) 2.17899 2.2153 1.66
In-C 2.12847 2.16668 1.80
Angles (°)
Angle X-ray DFT % error*
Crystallography
O(phenoxy)-|n-N(imine) 84.216 85.275 1.26
N(imine)- |n-N(amine) 72.866 73.434 0.780
Namine)-In-C 90.444 95.458 5.54
C-1In-Ophenoxy) 112.920 106.023 6.11
N(imine)-IN-C 162.362 168.564 3.82
O(phenoxy)-'ﬂ-N(amine) 156.282 158.077 1.149
O(phenoxy)-'ﬂ-O(THFl) 86.067 93.845 9.03
O(phenoxy)-IN-O(THF2) 85.794 87.046 1.46
N(imine)-IN-O(THF1) 79.288 80.964 2.11
N(imine)-1N-O(tHF2) 88.949 88.820 0.145
N @mine)-1N-O(THF1) 95.385 88.025 1.72
N(amine)-1N-O(THF2) 87.721 87.345 0.429
C-In-O(tHFy) 97.101 96.222 0.905
C-In-O(tHr2) 96.204 93.454 2.86
O(tHrF1)-1n-O(THF2) 166.308 169.628 2.00

*(|DFT - Crystal|[/Crystal) x 100
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